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PREFACE 

This volume contains the Proceedings of the fifth SLAC Summer Institute 

on Particle Physics which was held at the Stanford Linear Accelerator Center 

July 11-22, 1977. The topic for this year's Institute, "Quark Spectroscopy and 

Hadron Dynamics," was covered by usage .of the format of previous years with a 

one-week long intense, pedagogic review of the material followed by a three-day 

topical conference. 

The Institute was attended by 317 physicists from 18 countries. Over half 

of the participants were experimentalists. The meeting derives its importance not 

only from the topicality of the subjects and the high quality of the lectures, but 

also from the fact that there are few continuing meetings in the United States in 

which the frontiers of the field are regularly reviewed and which make a positive 

effort to encourage strong participation from the experimental physicist community 

The lectures covered the spectroscopy of quarks and leptons, discussed why 

the quarks are not observed freely in nature, and reviewed the properties of 

hadronic systems built from the various quark building blocks. Once again, the 

afternoon discussion sessions were well attended and provided an opportunity for 

informal, and often exciting, exchanges of ideas on the day's lecture material. 

During the topical conference there were fifteen reports on the leading work in th 

field with many last minute results from SPEAR, DORIS, and FNAL. 

Again, the smooth running of the Institute and the informal, friendly 

atmosphere which characterized the meeting were due, in large part, to the 

careful planning and hard work of the Coordinator, Martha C. Zipf, assisted by 

Delores Adams and Joan Meister. 

David W. G. S. Leith and Frederick J. Gilman 

Program Directors 
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Abstract 

We review the physics of quarks and leptons within the framework 

of gauge theories for the weak and electromagnetic interactions. The 

WBinberg-Salam SU(2) x U(1) theory is used as a "reference point" but 

models based on larger gauge groups, especially SU(2)L x SU(Z)R x U(l), 

are discussed. We distinguish among three "Generations" of fundamental 

fermions: The first generation (e-, ve, u, d), the second generation 

(u-a v u' 
c, s) and the third generation (r-, v 

T' t, b). For each 

generation we discuss the classification of all fermions, the charged 

and neutral weak currents, possible right-handed currents, parity and 

CP-violation, fermion masses and Cabibbo-like angles and related 

problems. We review theoretical ideas as well as experimental evidence, 

emphasizing open theoretical problems and possible experimental tests. 

The possibility of unifying the weak, electromagnetic and strong 

interactions is a grand unification scheme is reviewed. The problems 

and their possible solutions are presented, generation by generation, 

but a brief subject-index (following the table of contents) enables 

the interested reader to follow any specific topic throughout the 

three generations. 
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1. Introduction 

1.1 Quark and Lepton Spectroscopy 

At the time of this writing we have clear evidence for the exist- 

ence of four different flavors of quarks and five flavors of leptons. 

There is indirect evidence for, at least, one additional quark and one 

additional lepton. In the last few years, various authors have enter- 

tained speculations involving even larger numbers of quarks and leptons. 

The proliferation of quarks and leptons has been sudden and largely 

unexpected. For ten years (1964-1974), the world of particle physics 

was more or less content with three quarks and four leptons. However, 

now we regard the number of fundamental fermions as yet another un- 

known parameter in our theoretical picture of the structure of matter. 

With the proliferation of quarks and leptons,a new field of 

investigation has opened up. Suddenly, the old u-e puzzle is general- 

ized to the much more complex problem of understanding the quark and 

lepton mass spectrum. The problem of computing the Cabibbo angle 

expands into the question of calculating several such angles in the 

quark and lepton sectors of the theory and a possible connection is 

establis!led between these angles and CP violation. An important (but 

poorly understood) relation probably exists between the masses of the 

fundamental fermions and the Cabibbo angles. Several hints seem to 

connect quarks and leptons to each other and one wonders about the 

study of all fundamental fermions under the roof of a common “grand 

unification” gauge group of the strong, electromagnetic and weak 

interactions. Some of these problems have been with us in one form 

or another for several decades, but the theoretical and experimental 

developments of the last few years have provided a new dimension to 

each one of them. 

Hadron spectroscopy is still very much alive. It is still 

interesting, as well as important, to classify the observed hadrons, 

study strong, weak and electromagnetictransitions between hadronic 

levels, understand the quark rules which govern hadronic collisions, 

and search for exotic hadrons. Theoretically, the study of the hadron 

as a system of confined quarks is one of the most important unsolved 

problems of physics. Quantum-Chromo-Dynamics (QCD) is the candidate 

theory for explaining quark confinement, and some of its features (such 

as asymptotic freedom) are tested in deep inelastic collisions and in 

processes which are forbidden by the Zweig-Iizuka rule. All of these 

topics relate to hadron spectroscopy. 

At the same time, we begin to see glimpses of the next 

spectorscopy: the spectroscopy of quarks and leptons. Here we try to 

understand the mass pattern of the fundamental fermions (rather than 

the composite hadrons). We study weak transitions between fundamental 

fermions (sometimes by extracting the necessary information from weak 

hadronic transitions). We ask questions such as: How many types of 

quarks exist? How many leptons? What are their symmetry properties? 

What is the gauge group of the weak and electromagnetic interactions? 

To which representations of this gauge group do we assign the left- 

handed and the right-handed fundamental fermions? What are the 

properties of the gauge vector Bosons and the Higgs scalar particles 

in such a theory? What are the experimental values of all Cabibbo- 

like angles? How can we calculate these angles? Can we incorporate 

the phenomenon of CP-violation into our gauge theory, and predict its 

observed magnitude? 

The present review is devoted to the open problems of quark and 

lepton spectroscopy. Some of these problems are listed above while 

others will be raised throughout our discussion. Whenever the answers 



are known, we try to provide them. When they are not known (in most 

cases!) we outline some of the possible directions of attacking the 

problem. Whenever possible, we discuss experimental tests of the 

various ideas and models. 

1.2 Theoretical Framework: A “Minimal” SU(2) x U(1) Theory 

we do not yet know which is the ultimate gauge algebra of the 

weak and electromagnetic interactions [l]. It is likely, but not 

certain, that the correct algebra includes SU(2) x U(1) as a sub- 

algebra (perhaps in a trivial way, i.e. the correct algebra G 

SlJ(2) x U(1)). We will devote some of our attention to models based 

on different gauge algebras. However, all the algebras considered by 

us include SU(2) x U(1). Consequently, we choose to use SU(2) x U(1) 

as the basic theoretical framework for our discussion [2]. 

Unless otherwise stated, we will therefore always assume that the 

weak and electromagnetic interactions are described by a renormalizable 

gauge theory based on SU(2) x U( 1). The theory contains four gauge 

bosons W+, W-, Z” and y , corresponding to the four generators of the 

algebra. Except for the fermion masses, the fine structure constant 

CL and the W’-mass, the theory contains one parameter - the Weinberg 

angle f3,,, defined by the relation: 

w 

A = -W3sin8 
(1.1) 

lJ P w 
+ Bllcose w . 

Where Z A W3 
u’ LJ’ II’ 

BP are respectively, the vector fields of the neutral 

weak gauge boson, the photon, the third component of the SU(2) triplet 

of gauge fields, and the U(1) gauge field. 

From time to time we will speculate on the properties of the 

Higgs scalar particles of the theory. However, unless otherwise 

stated, we will assume the simplest allowed Higgs structure. In the 

“standard” left-handed SU(2) x U(1) model, this involves four fields 

transforming like two SU(2) doublets. Three of these fields “convert” 

into the longitudinal modes of the vector fields when the W+, W-, Z 

acquire their masses, while one neutral scalar Higgs state remains as 

a physical particle. The simplest Higgs structure (as well as other 

patterns based only on SU(2) doublets) provide us with the well-known 

mass relation: 

M 2!.5 
Z cosew :+gf . (1.2) 

Whenever necessary, we will assume that the SU(3) gauge group of 

color is the underlying algebra of the interactions between quarks and 

gluons. This assumption is not crucial to most of our discussion, and 

it becomes relevant only when we discuss the possible unification of 

strong, weak and electromagnetic interactions. 

We summarize: unless otherwise specified we assume throughout 

this review - 

(i) SU(2) x U(1) gauge theory of weak and electromagnetic 

interactions. 

(ii) Simplest possible Higgs particle structure. 

[iii) Color SU(3) gauge theory of quarks and gluons. 

1.3 Outline of Review 

Our discussion does not follow the historical order of develop- 

ments- in the physics of quarks and leptons. Instead, we follow a path 

which is, pedagogically, more appealing to us and which could have 

been the historical order! 
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We introduce the fundamental fermions in three “generations”: 

First generation: Ve’ e , u, d. 

Second generation: v , p-, c, s. 
LJ 

Third generation: vT, T-, t, b. 

For each generation we discuss all theoretical and experimental 

question”s which arise, even if, historically, some of these questions 

may have emerged only after the discovery of a subsequent generation. 

Thus, the discussion of topics such as parity violation in Atomic 

physics or quark-lepton unification by an SU(5) or an SO(10) algebra 

precedes not only a discussion of the charmed quarks, but also the 

muon or the strange quark. 

For each generation we study all known processes involving the 

fundamental fermions of that (and preceding) generation. At each stage 

we introduce the new physics ingredients which are necessary for a 

discussion of the appropriate generation, and review the combined 

pattern or quarks and leptons up to that point. 

Due to OUT “quasi-historical” approach. certain topics are dis- 

cussed several times in different chapters. In order to enable the 

reader who is interested in one specific issue to find all references 

to it, we have included a brief subject index which appears immediate- 

ly after the table of contents. 

The detailed plan of the review is the following: Chapters 2, 3 

and 4 are devoted, respectively, to the first, second and third 

generation of fermions. Chapter 5 mentions some open problems. 

I” Section 2.1 we briefly review the properties of charged 

currents involving first-generation fermions. This is followed in 

Section 2.2 by a discussion of neutral currents and their implications 

for the classification of right handed fermions. We emphasize that 

neutral current experiments enable us to obtain information about the 

classification of a given fermion into a multiplet of the gauge group, 

even if other fermions in the same multiplet are not observed. Sections 

2.3 and 2.4 are devoted, respectively, to the properties of the right 

handed electron and the right handed u and d quarks. The complete 

SU(2) x U(1) picture of left and right-handed first-generation fermions 

is then reviewed in Section 2.5, reaching the tentative conclusion 

that the standard Weinberg-Salam model is extremely successful, except 

for the lack of observed violation of parity in atomic physics 

experiments. This last difficulty leads us to search for a somewhat 

larger gauge group which, however, duplicates the Weinberg-Salam model 

for charged current processes as well as neutrino-induced neutral 

currents. Such a model is the SU(2)L x SU(2)R x U(1) scheme which we 

discuss in detail in Section 2.6. 

In Section 2.7 we turn to the mass spectrum of first-generation 

fermions. We observe that the spectrum is essentially well “understood”, 

at least qualitatively. (We realize that the pattern of the second 

generation turns this “understanding” into a totally unexplained 

mystery, but that happens only in Section 3.10.) The possibility of 

relating quarks and leptons to each other is motivated in Section 2.8, 

followed by a discussion of several unification schemes in Sections 2.9 

and 2.10. We distinguish between “simple unification” schemes which 

unify only the weak and electromagnetic interactions, using a simple 

(or “pseudosimple”) Lie algebra and “grand unification” schemes which 

relate the strong, weak and electromagnetic interactions. We show 

that all “simple unification” schemes must involve an SU(3) subalgebra. 

Among “grand unification” models we emphasize those based on SU(5) and 

SO(10). We conclude Chapter 2 by a brief summary of the first-genera- 

tion fermions. 



Our discussion of the second generation of fermions begins in 

Section 3.1, in which the left-handed fermions are classified and the 

Cabibbo angle is introduced. The possibility of right-handed doublets 

of quarks is discussed in Sections 3.1, 3.2 and 3.3. Section 3.2 is 

devoted to arguments against the existence of a (c,d)R doublet. 

In Section 3.3 we discuss experimental tests for the existence of a 

(CTS) R doublet. We conclude that, at present, there is no compelling 

evidence for or against such a doublet. 

Flavor conserving neutral currents involving second-generation 

fermions are briefly discussed in Section 3.4, followed by a general 

analysis of flavor conservation by neutral currents in Section 3.5. 

We review the theoretical conditions for “natural” flavor conservation, 

and conclude, in Section 3.6, that there is strong evidence not only 

against IaS/ = 1 neutral currents, but also against (AC1 = 1 

neutral currents. The SU(2) x U(1) classification of second-generation 

fermions is summarized in Section 3.7. 

Possible Cabibbo-like angles and mixing effects in the leptonic 

sector are introduced in Section 3.8. Various mechanisms for transi- 

tions such as u- + e-y are briefly discussed. 

one of the most attractive features of some gauge models is the 

inclusion of a CP-violating interaction within the framework of the 

theory. At the level of the first two generations of fermions, CP- 

violation can be introduced only through the couplings of the Higgs 

mesons or through right-handed currents. All of these issues are 

analyzed in Section 3.9, where we also conclude that the “standard” 

left-handed model can accommodate CP-violation only at the six-quark 

level. A brief discussion of the masses of second-generation fermions 

is given in Section 3.10. Unfortunately, all we can do in this dis- 

cussion is to expose our total ignorance and OUT lack of ability to 

compute either the fermion masses or the Cabibbo angle. While the 

main ingredients of the concept of “grand unification” are introduced 

aIready in Chapter 2, we devote Section 3.11 to grand unification 

schemes which relate the first and second generation fermions to each 

other. We emphasize the E(7) model, but conclude that it leads to an 

unacceptable value of the Weinberg angle. Section 3.12 contains a 

brief summary of the second-generation fermions. 

Our discussion of the third generation of fermions begins with a 

general introduction in Section 4.1. We mention several possible 

patterns for the fifth and sixth quark, and conclude that the assumption 

that the third generation is similar to its two predecessors, is an 

attractive, but unproven, possibility. We then introduce the third- 

generation fermions one by one. Section 4.2 contains a discussion of 

the properties of the r-lepton with an emphasis on its decay modes. 

In Section 4.3 we show that it is almost certain that the T-lepton is 

accompanied by its own neutral lepton. Whether this lepton is very 

light (~300 MV) or heavy (>2 GeV), we do not know. There are many 

possible models for the leptonic sector including six or more leptons. 

We mention some of them in Section 4.4. Section 4.5 is devoted to a 

general discussion of possible experimental and theoretical motivations 

for the introduction of the top and bottom (t and b) quarks. The 

“quarkonium” family of b6 or tt mesons is discussed in Section 4.6 

with special emphasis on the properties of the recently discovered 

T and T’ particles. We indicate that the b6 assignment for T is 

slightly favored over tt. 

Sections 4.7-4.10 contain a detailed discussion of the left- 

handed six-quark model. The model is introduced in Section 4.7 where 

three Cabibbo-like angles are introduced and their numerical values 

are estimated. Sections 4.8 and 4.9 are devoted to a discussion of 
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the weak production and weak decays of mesons including b-quarks and 

t-quarks, respectively. A detailed discussion of CP-violation in the 

K-t? system and the electric dipole moment of the neutron is presented 

in Section 4.10. In Section 4.11 we briefly consider right-handed 

currents involving the six quarks of the first three generations. 

Using a variety of theoretical and experimental arguments, we conclude 

that within SU(2) x U(l), such currents are unlikely. Finally, we 

summarize the third-generation fermions in Section 4.12. 

Our final chapter i5 devoted to a brief overall summary and to 

the discussion of open experimental and theoretical problems. In 

Section 5.1 we discuss our present overall view of the correct gauge 

theory of quarks and leptons. We consider SU(2)L x SU(2)R x U(1) to 

be the most likely candidate. In Section 5.2 we review several 

experimental issues which remain open. These include the trimuon 

events observed in neutrino scattering, the question of parity 

violation in neutral currents, the search for right handed charged 

currents, the decays of the ? lepton, some open problems in thee-family 

and T-family and the question of neutrino masses. Our review concludes 

in Section 5.3 with a short list of outstanding theoretical problems. 

which is the correct gauge group? Do we have any theoretical guide- 

line for the total number of quarks and leptons? How can we calculate 

the masses and angles which are generated by the spontaneous symmetry 

breaking mechanism? What is the connection between quarks and leptons? 

The answer to any of these profound questions will undoubtedly provide 

us with a significantly better understanding of the world of quarks 

and leptons. 

2. First Generation Fermions: v 

2.1 Charged Weak Currents and the Classification of Left-Handed 

Fermions 

The first generation of fermions includes two leptons (ve and e-), 

and two quarks (u and d). The charged currents represent the ve ++ e- 

transition and the u * d transition. 

Information concerning ve +-+ e- is obtainable from b-decay and 

H-decay: 

n+p+e-+; e (2.1) 

p- + v + e- + ;)= . (2.2) 
u 

In both cases all data are consistent with a pure left-handed V-A 

leptonic charged current: 

J- = ;e Y.p-Y5)=- . (2.3) 

Small contributions from non-vectorial currents (S,P,T) are not 

completely excluded. However, in the absence of any good theoretical 

reason to consider such terms,we are probably safe in ignoring them. 

The contribution of right-handed V+A currentsiseither absent or very 

small. Here we could envisage interesting theoretical models in which 

a right-handed ice- term is actually small, but non-vanishing. TWO 

examples of such schemes are: 

(i) In an SU(2)L x SU(2)R x U(1) gauge theory [3] (see Section 

2.6) we could have “; >> $; , yielding right handed charged-current 

effects which are usually suppressed by a factor : u”&yy4 . 

(ii) In an SU(2) x U(1) model, the right handed electron could 

be in a doublet with a heavy neutral lepton Ne while a right-handed 



ve is in a different SU(2) multiplet (assuming that it is not massless). 

We could then have a small Cabibbo-like angle E , mixing the right- 

handed Ne and ve . The right handed ve u e transition would then 

be suppressed by a factor sin2c . 

Both of these possibilities are not excluded. The most we could 

do within the framework of such models, would be to use the data in 

order to set an upper bound on %pw; or on sine . In both cases 

the bound will depend on other factors, such as the classification of 

u, d and II . 

Having mentioned these possibilities we will say no more about 

them, and assume that the left handed ve and e transform like a 

double of SU(2) x U(1): 

v e 

l-1 = L 
(2.4) 

while the right-handed electron ei is not in the same SU(2) x U(1) 

multiplet as veR . 

Note that we have not used here the information coming from the 

only measured purely leptonic process involving first generation 

leptons : 

C + e- + Ge + e- . 
e (2.5) 

This process involves charged as well as neutral currents, and the 

present quality of the data enables us only to draw conclusions con- 

cerning the neutral currents, assuming that the charged currents are 

purely left-handed. We discuss Gee- elastic scatterin in Section 2.3. 

The charged current involving u and d quarks cannot be studied 

directly. Like all quark currents, it can be determined only with 

the aid of several theoretical assumptions. Experimentally, B-decay 

data enable us to compute GA/G” where GA and GV are defined by the 

phenomenological form of the hadronic current 

J- = i+JGV A 5 + G Y In (2.6) 

The vector and axial-vector quark couplings are related to GA/G” by 

the Adler-Weisberger relation 141. Its success hints that the charged 

quark current is of the form: 

J- = ;yo(l - y&d . (2.7) 

This conclusion is supported by several other successes of the 

SU(2) x SU(2) algebra of currents [S]. These include several different 

sum rules for deep inelastic scattering, relations between deep in- 

elastic ep and vp scattering and several current algebra predictions. 

All of these support the charged quark current of equation (2.7). 

However, small contributions from other terms cannot be excluded, and 

the two simple models outlined above in the leptonic case, could again 

yield small right handed u ++ d transitions. 

Barring such a situation, we assert that the left-handed u and d 

are in an SU(2) x U(1) doublet: 

u’ 

11 
(2.8) 

dL 

while u R and dR are in two different SU(2) x U(1) multiplets. 

The approximate equality (“universality”) of the couplings of 

the u * d and v - e- e transitions is a necessary consequence of 

the gauge theory. The deviation from universality is presumably due 

to impurities in the eigenstates of the weak SU(2) x U(1) multiplets, 

and the Cabibbo mixing of states explains this deviation (see 

Sect ions 3.1) . 
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We conclude that the left-handed first-generation fermions fall, 

to a good approximation, into two SU(2) x U(1) doublets: 

” ” e 

i-l II = L dL 
(2.9) 

We now turn to the classification of right-handed fermions. 

2.2 Neutral Weak Currents and the Classification of Right Handed 

Fermions 

The SU(2) x U(1) classification of right handed fermions could 

be studied, in principle, by observing right-handed charged current 

transitions involving ve, e, u, d, etc. No such transitions have been 

clearly observed. Within the SU(2) x U(1) theory this still leaves 

two possibilities: 

(i) The right-handed fermions v eR’ eR. uR, dR belong to 

SU(2) x U(1) singlets. Consequently, they do not couple to Wf and do 

not participate in right-handed charged current transitions. 

(ii) Some or all of the right-handed fermions belong to 

SU(2) x U(1) doublets (or higher multiplets). The right-handed charg- 

ed currents are not experimentally observed at a given energy because 

the other fermions in the same multiplets are heavy, and cannot be 

produced at that energy. 

At any given energy below the threshold for producing the 

alleged heavy right-handed fermions, it is not possible to distinguish 

between these two alternatives on the basis of charged current 

processes. 

On the other hand, neutral current experiments do not necessitate 

the presence of the elusive heavy fermion (or fermions) which belong 

to the same representation. The weak neutral current in SU(2) x U(1) 

has the form: 

J neutral = J3 - 2sin20WJem (2.10) 

where J 3 is the third component of the SU(Z)-vector, and B,V is the 

Weinberg angle (Equation 1.1). Consequently, any neutral current 

measurement involving a fundamental fermion f,provides us with a 

measurement of 13(f). When the vector and axial vector neutral currents 

are separately determined, we may deduce the values of 13(fL) and 

13(fR) for the left- and right-handed fermion f. Note, however, that 

the Weinberg angle BW has to be determined before we can translate 

neutral current data into statements about 13(fR) . 

In general, the determination of 13(fR) does not uniquely 

determine the SU(2) x U(1) multiplet of the right handed fermion (e.g. 

I3 = 0 could correspond to I = 0 or I = 1 , etc.). However, if we 

limit ourselves to SU(2) singlets and doublets, 13(fR) , of course. 

determines the multiplet. 

The crucial point here is the fact that we do not have to perform 

any high energy experiments in order to determine 13(fR) , even if 

the other fermion in the same doublet is extremely heavy. Thus, if 

an atomic physics experiment or a nuclear reactor experiment tells us 

that 13(eR) = - 5 , we know that a heavy right-handed neutral lepton 

with I3 = + I 2 must exist. This is one of the most fascinating 

aspects of the properties of neutral currents in a gauge theory: a 

“table-top” atomic physics experiment can tell us about the existence 

of a new fundamental fermion with a mass of a few GeV! 

In order to translate these principles into practical calcula- 

tions [6], we now define the following left-handed and right-handed 

neutral current couplings for each fermion f: 

11 



In SU(2) x U(1) we have: 

L 
g f = 213(fL) - 2sin2BWQ(f) 

R 
g f = 213(fR) - 2sin28,,,Q(f) 

(2.11) 

(2.12) 

(2.13) 

where Q(f) is the electric charge of f . 

For the left-handed first-generation fermions we assume (Section 

2.1): 

‘3(“eL) = ; ; 13$) = - + ; 13(UL) = ; ; 13(dL) = _ f . (2.14) 

There is no evidence for a right-handed ve . All known experiments 

involve only v eL ’ Consequently, we can shed no light on the existence 

and assignment of veR . The quantities that we wish to study are: 

13(eR) * 13(uR) and 13(dR) . For convenience, we introduce the 

notation: 

Hence : 

of = 213(fR) ; 

B,L = -1 + 2x ; 

L 
gd = -1 +$x ; 

x = sin20 w . (2.15) 

9: = ae + 2x 

g,” = a” - ox (2.16) 

R 2 
gd = a d+3X . 

The next two sections are devoted to a phenomenological discussion of 

the parameters ae, au, ad and x . 

2.3 The Right-Handed Electron 

The most direct information concerning the properties of the 

right-handed electron comes from neutrino-electron elastic scattering. 

Four such processes can be, in principle, measured: 

; +e-a.; +e- 
e e (2.17) 

* + e- + v + e‘ 
e e (2.18) 

(2.19) 

” +e-+V +e- . 
u ” (2.20) 

The processes (2.17), (2.18) involve charged currents as well as 

neutral currents, while (2.19), (2.20) are pure neutral current 

reactions (to lowest order). Assuming the standard V-A form for the 

charged ve * e currents and neglecting terms of order me/E v , we 

find : 

o(jee- + Gee-) = KE,[(gg2 + +(2 + gk)2] (2.21) 

u(vee- + v,e-) = KEv [$(gz) 2 + (2 + kyl (2.22) 

u(iue- -c Gue-) = KEv[(gi)2 + $(gb)‘] 

u(vue- + vue-) = KE,[$gE)2 

(2.23) 

(2.24) 

where 2 Gm 
“=-I;;” (2.25) 

-Experimentally, the process (2.17) has been measured [7] using 

the ;je flux coming out of a nuclear reactor. In that case, me/Ev 

is not negligible and additional experimental factors enter. The 

limits on gi and gb for two different intervals of the neutrino energy 
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are shown in Fig. 1. 

The reaction (2.18) has not been measured. Reactions (2.19) and 

(2.20) were studied in the Gargamelle Bubble Chamber [8]. Three ;Ile 

events and no vue events were seen, yielding a measured rate for (2.19) 

and an upper limit for (2.20). The corresponding restrictions on gb 

and gt are shown in Fig. 2. Additional data on the same reaction have 

been recently analyzed but not yet published by the Aachen-Padova 

collaboration [9]. Their recent data are consistent with Fig. 2. The 

present data for the reactions (2.17)-(2.20) are summarized in Fig. 3. 

We find that there are two overlap regions which are consistent with 

all data. Since Equations (2.21) - (2.24) are invariant under 

gz--gt, the two allowed regions are symmetric with respect to the 

gb axis. The most probable value for gk and 9: are : 

-0.5 f 0.2 (2.26) 

e,R = ?(O.S f 0.2) . (2.27) 

Since we know that - 

gk = -1 + 2x 

we determine x to be: 

(2.28) 

x = 0.25 * 0.1 . (2.29) 

Consequently, the two solutions for gf yield the following values 

for ae = 2I,(e&: 

I. ae =o; 13(eR) = 0 

II. cle = -1 ; Ij(eR) = - + . 

On the basis of the “world’s data” on neutrino-electron scatter- 

ing we find that the right-handed electron may be either in an 

Figure 1: The allowed range of g,” and g: as determined from 

uel(be=) . The two shaded regions correspond to data from 

two dii‘ferent ranges of neutrino energy [7]. 
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Figure 2: The allowed range of gi and 9,” as determined from 

be1 (vu=) and oel(GPe) [8]. 

Figure 3: The allowed range of g! and g l? e , as determined from all 

available data on ve scattering. ‘The two diagonal lines 

represent a left-handed SU(2) x U(1) model (g, = gR - 1) 

and a vector SU(2) x U(1) model (g, = g,) In both cases 

2 x = sin Ej,, ‘L 0.25 . 
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SU(2) x U(1) singlet or in a doublet, while in both cases 

x = sin28 - 0.25 . 

Note that solution I(ae = 0) corresponds to the “standard” 

Weinberg-Salam left-handed model. Solution II (ae = -1) leads to: 

and to a vanishing axial vector coupling of the electron to the 

neutral current. A new heavy neutral right-handed lepton is predicted, 

in this case, as the 1 I3 = + T member of the doublet containing the 

right-handed electron. 

Notice that both solutions happen to correspond to ($I2 = g12. 

Consequently, in both cases, o el(cue) = ael(vue) . However, in the 

case of solution I (a, = 0) the ratio o(;ue)/o(vue) is extremely 

sensitive to the value of sin20 w . The general expression is: 

‘el (‘Ue) 
16x2+(1-4x) 

16x2+(1-4x)+3&1+4x) = 

I 

16x2+3(1-4x) 
For a=0 

oel(vu=) - 16x2+3(1-4x)+u(u+4x) 
(2.31) 

1 For u=l 

An accurate measurement of this ratio would provide, in this case, a 

good determination of BW (Figure 4). For solution II, o(;ue)/o(vne) =l 

regardless of the value of BW . The unpublished data of Reference [9] 

seems to indicate that oel(;ue) # oel(vVe) . It would be interesting 

to have better data on this issue. 

An additional measurement of the neutral weak current of the 

electron is provided by the search for parity violation in atomic 

physics phenomena. Such parity violations can be due to products of 

vector and axial vector terms, where one term represents the electron 

neutral current while the other represents the nucleon (or u and d) 

neutral current. 

4 
4- 

a,=0 

a,= -I 

I I I I I * 
0.2 0.4 

X=sin2& 

Fi gure 4: Dependence of oel(;ue)/oel(vne) on x = sin28W for a left- 

handed SU(2) x U(1) model (a e = 0) and a vector model 

(a = e -1) . 
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I” general, the effects of atomic parity violation would be 

proportional to [lo] : 

J; J; * Ji JAq 

where the indices A,V, e, q stand for axial vector, vector, electron 

and quark respectively. However, in heavy atoms the contribution of 

the JAq term is very small (proportional to the recoil of the nucleus), 

and the dominant term is given by: 

JAJV e q * (&& Kg; + s$ UZ+N) + (gt; + g;) (Z + WI (2.32) 

Here Z and N are, respectively, the number of protons and neutrons in 

the atom under discussion. 

The experiments carried out, so far [ll], used Bismuth atoms 

(I = 83, N = 126). Assuming x = 0.25 , we get from Equation (2.16) : 

g; = 0.67 ; g; = -0.83 ; gt = au-o.33 ; R 
gd = ad+ 0.17 . (2.33 

Hence, the right-hand side of Equation (2.32) is: 

K = (1 + ae) (-126 + 292a ” - 335crd) . (2.34) 

In the case of the standard Weinberg-Salam left-handed model 

(ae = au = ad =O), wehave K=126. Experimentally, the latest 

results are [ll] (in the same units): 

K = 16 ?: 24 (Oxford) 

K = -8 ? 24 (Seattle) . 

The conversion of the directly measured rotation angle to a value 

of our K-parameters requires assumptions on the atomic wave-function. 

There are some indications of ambiguities in thesecalculations. It is 

still possible that the discrepancy between the measured effect and the 

predictions of the Weinberg-Salam model is much smaller than that 

suggested here. We will have to wait for a more accurate experiment 

in order to be certain that the discrepancy is indeed substantial. 

One intriguing possibility is, of course, that the correct value 

isK=O. This could be due to the electron coupling, yielding: 

‘e = 213($ = -1 (2.35) 

and preferring the solution II of Fig. 3. It could also be due to the 

quark coupling, namely: 

-126 + 292ou + 335~1 d = 0 . (2.36) 

This is a” unlikely possibility, but we return to it briefly in 

Section 2.4. A third possibility is that the weak neutral current 

actually conserves parity. Such a hypothesis, together with the vN 

and ;N scattering data, would force us outside SU(2) x U(l), and 

necessitate more than one neutral weak boson. We return to this 

possibility in Section 2.6. 

We summarize our conclusions concerning the right-handed 

electron: 

Within SU(2) x U(l), neutrino-electron elastic scattering data 

yield sin2eW % 0.25 and allow the right-handed electron to be in an 

SU(2) singlet (ae = 0) or doublet (ae = -1) . Atomic parity violation 

experiments indicate that the second possibility (eR in a doublet) is 

more likely. 

2.4 The Right-Handed u and d Quarks 

Information on the properties of right-handed u and d quarks can 

be obtained from several different processes. The most important 

among these are deep inelastic neutrino and antineutrino neutral- 

current processes. 
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The measured experimental quantities are: measured values [13] are around 0.4-0.45, yielding: 

R = o(v + N -+ v + anything) 
v o(v + N -+ II- + anything) 

(2.37) 

R- = o(; + N + ; + anything) 
v (s(v + N -f u+ + anything) 

(2.38) 

Experimentally, an average over the four available experiments [12], 

ignoring energy variation, gives: 

Rv = 0.28 f 0.04 

R; = 0.38 f 0.05 . 

All experiments are, more 01‘ less, consistent with these values. 

If we assume that deep inelastic neutrino scattering can be 

described by the quark-parton model and if we temporarily neglect the 

contribution of the “ocean” of qi pairs in the nucleon, we obtain: 

R” = + (L + f R) (2.39) 

R; = f (L + 3R) (2.40) 

where 

L = &;I2 + (&I2 = (1 - $2 + (-1 + $x,2 (2.41) 

R = ((I2 + (g,R)2 = (CL” - +x) 2 + (CI + fx) 2 
d . (2.42) 

Experimentally, the quark-parton model is in reasonable agreement with 

experiment. However, the contribution of the qs “ocean” amounts to 

10% or so of the cross section. In particular, the ratio: 

o(v + N + p‘ + anything) 
o(; + N -f u+ + anything) 

(2.43) 

is predicted to be l/3 in the absence of “ocean” contributions. The 

: [q(O-i(Oldc 
B=; 4 0.8 

J [q(G+;(Oldc 
0 

(2.44) 

where q(c), i(.!,) are the usual momentum distribution functions for 

quarks and antiquarks in the nucleon and 5 is the momentum fraction 

carried by the quark. B = 1 corresponds to a vanishing “ocean” contri- 

bution. 

In the presence of “ocean” contributions (but neglecting s<, cc 

pairs in the “ocean”), Equations (2.39), (2.40) are modified as follows: 

Rv = $ [L+R(Z&] ?r i (L + 0.42~) (2.45) 

R; = ; [L+R(g)] s $ (L + 2.3R) (2.46) 

It is easy to see that R is not very sensitive to the values of 

a ” and ad . In fact, Fig. 5 shows R as a function of x for all four 

combinations of au = 1,0 and od = 0,-l (using Equation (2.45) and 

assuming B = 0.8). In the experimentally interesting range 

(Rv = 0.28 * 0.04), all four curves yield similar values of x. We may 

therefore use the experimental value of R in order to determine the 

approximate value of x = sin2 @w* before we begin OUT discussion of 

‘% d’ and o In all cases we obtain 0.2 < x < 0.5 . For od = 0 , 

41 = 0 we actually find 

x = 0.29 f 0.08 

in magnificent agreement with the value determined in Section 2.3 from 

purely leptonic processes. 
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Figure 5: R as a function of x = sin2’$, for four different sets of v 

au’ od values. The shaded region represents the experimental 

value of R v . For all au, ad values, 0.2 < x < 0.5 . 

Having determined x, we may now use the measured value of Rj in 

order to determine the allowed range for ?I’ od (using Equations 

(2.46), (2.41), (2.42)). Figure 6 shows the allowed values of ou, cxd 

for two representative x-values: x = 0.25 and x = 0.35 . For all 

acceptable x-values, ad = -1 is excluded. We therefore conclude that 

the right-handed d-quark probably belorigs to an SU(2) x U(1) singlet. 

In the case of x = 0.25 , au = 1 is also excluded and the only 

allowed solution is Od = a” = 0 , as required by the standard left- 

handed Weinberg-Salam model. However, for x = 0.35 , ou = 1 is not 

ruled out. Consequently, we cannot completely reject the possibility 

that the right-handed u-quark is in an SU(2) x U(1) doublet. (Note 

that for ou = 1 , ad = 0 , Fig. 5 actually gives x = 0.32 + 0.05 .) 

It might be interesting to see whether any of the allowed regions 

of a”, ad would lead to vanishing parity violation in the atomic 

Bismuth experiment. The condition for the vanishing of the quark 

vector neutral current is (Equation (2.32)): 

r: 

126 (x = 0.25) 
2920”-335ad = 332x + 43 = (2.47) 

159 (x = 0.35) . 

The only au, ud values consistent with Equation (2.47) as well as 

with the observed value of R; are: 

cl 4 -0.4 . ” -0 > ‘d (2.48) 

These values do not correspond to any physically interesting situation. 

Elastic neutrino-nucleon and antineutrino nucleon experiments 

could serve as additional constraints [14] on au, ad and x . However, 

present data 1151 cannot exclude any of the otherwise allowed 

possibilities. A substantial improvement in the elastic data 

(expected soon!) should provide additional information. 
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Figure 6: The allowed range of CL”, nd as determined by the experimental 

value of R-. Y The two shaded regions correspond to x = 0.25 

and x = 0.35 , respectively. The two diagonal lines 

represent the condition for a vanishing quark vector current 

J V 
9 

, for the same x-values. 

we conclude that, within the SU(2) x U(1) theory, all data are con- 

sistent with x = sin2BW 2, 0.25-0.30 and the right-handed u and d 

quarks being in SU(2) singlets (a u = ad = 0). The assignment of the 

right-handed u to a doublet (au = 1) is not completely ruled out, 

provided that x is somewhat larger. The smallness’of 

effects in the Bismuth experiment is probably not due 

vertex. It is presumably due to the electron vertex, 

a e = -1 (see Section 2.3). 

parity violation 

to the hadronic 

implying 

2.5 Summary : SU(2) x U(1) Classification of First Generation Fermions 

we now summarize the conclusions of the previous four sections, 

trying to remain within an SU(2) x U(1) theory: 

(i) The left-handed first-generation fermions belong to two 

doublets: 

v U 
e 

I-l 11 

(2.49) 

‘? L dL 

(ii) The Weinberg angle can be determined from elastic neutrino- 

electron scattering and, independently, from the deep inelastic neutral 

current process Y + N -f v + anything . In both cases, sin2BW can be 

approximately deduced without determining whether the right-handed e, 

u or d belong to singlets or doublets! We find: 

x = sin20W = 0.25 + 0.1 (ve elastic scattering) (2.50) 

0.2 < sin2eW < 0.5 (v+N-t v + anything) (2.51) 

We can therefore assume that: 

2 0.2 c sin 0 w < 0.35 . (2.52) 

(iii) If we accept the contradiction between the pure left-handed 

model and the atomic Bismuth experiment, we must conclude that, within 
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SU(2) x U(l),the right-handed electron is probably in a doublet: 

(2.53) 

The singlet assignment for eR is consistent with all the elastic 

v-e data, but would lead to substantial parity violation in atoms. 

(iv) The right-handed d quark is in a” SU(2) x II(l) singlet. 

(v) The right-handed u quark is probably in a singlet, although 

the doublet assignment is not completely ruled out. 

The most likely SU(2) x U(1) classification, consistent with all 

data, is: 

[I:], tl, [:I, (“)R (d)R (2.54) 

where the only allowed modification is the assignment of uR to a 

doublet. 

Further experimental tests of these assignments and of the value 

of sin20W will be provided by: 

(a) Better data on all four ve elastic processes (Equations 

(2.17)-(2.20)). 

(b) Additional atomic-physics parity-violation experiments. In 

particular, the above assignment does not lead to a vanishing neutral - 

axial-vector quark current. Co”seque”tly, it would lead to significant 

parity violation effects in light atoms, particularly in hydrogen! 

(c) Elastic vN and ;N experiments could provide further tests 

for the classification of uR and dR . 

(d) Deep inelastic scattering of polarized electrons on nucleons 

provides another probe of the neutral weak current [16]. In this 

process, a” asymmetry is expected from the above SU(2) x U(1) assign- 

ment (see also Table IIin Section 2.6). 

(e) A different type of asymmetry can be measured in the reaction 

e+ + e- + p+ + p- . The forward-backward asymmetry of the produced 

II+lJ- pairs depends on the neutral axial vector current couplings of the 

electron and muon [17]. No asymmetry is expected in a” SU(2) x U(1) 

model, if the right-handed electron belongs to a doublet. 

0” a phenomenological level, OUT analysis gave quite satisfactory 

results. We have a unique SU(2) x U(1) classification of all left- 

handed and right-handed first-generation fermions, with a unique value 

of the Weinberg angle. Several additional experimental tests are 

expected soon. 

From the theoretical point of view, the resulting scheme is un- 

satisfactory: The symme:ry between quarks and leptons is destroyed 

by the right-handed couplings; triangle anomalies are not cancelled; 

incorporation of the quarks and leptons in a larger unification scheme 

appears to be very difficult. Our theoretical prejudices tell us 

that we should be ahle to do better! 

2.6 A Possible Extended Gauge Group: SU(2) x SU(2)R x U(1) 

In the previous section we have see” that the study of all 

available data involving first-generation fermions has yielded a unique 

consistent solution based on SU(2) x U(1). The solution treated 

electrons and quarks in a different way. It corresponded to a pure 

left-handed model in the quark sector and to a vector-like scheme in 

the lepton sector. While this may be the correct answer, our 

theoretical prejudices guide us in a different direction. 

In order to pursue other possibilities we note that the standard 

Weinberg-Salam left-handed model is, so far, in very good agreement 
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where e is the electromagnetic coupling constant and BW is a Weinberg- 

like angle. The masses of the two neutral Z-Bosons are related by: 

M; (2.60) 
A 

= t( 
v 

cos26W 

Notice that the left- and right-handed neutral Bosons are mixed 

in a “maximal” way, creating a pure vector and a pure axial-vector 

neutral Boson ZV and ZA. 

All left-handed fermions are assigned to (i, 0) representations. 

All right-handed fermions are in (0, +) representations. The fermion 

masses (or, at least, mass differences) must be generated by Higgs 

mesons belonging to the (’ 1) multiplet. 2’ 2 
Such Higgs particles would 

also couple to the gauge Bosons and will spoil the simple Wi and Z 

eigenstates which emerged from our previous discussion. We assume 

that the vacuum expectation values of the (T. 7 ’ ‘) Higgs mesons are very 

small relative to h and that, consequently, the physical Wf and Z 

states are not very different from the ones listed above. 

At this point,we have to introduce into the theory some ingredient 

which would give us the usual left-handed charged currents and eliminate 

any presently observable right-handed charged currents. This can be 

done in two different ways: 

(i) We may introduce yet another Higgs multiplet which will 

affect the masses of Wi without contributing to any other vector Boson 

mass. This could be done [19,20] by introducing Higgs fields 6L and 

6R belonging to the (1,0) and (0.1) representations of SU(2)L x SU(2)R. 

These new Higgs fields do not contribute to the masses of the neutral 

vector Bosons, but they may influence the charged-Boson masses. We 

assume : 

<6L> = Ig] <6R> = I] (2.61) 

(2.62) 

while we still preserve the relations: 

(2.63) 

In such a scheme all right-handed charged current transitions are 

suppressed by, at least, factors of h2/A2. We may, for instance, assign 

uR and dR to the same (0, 2 r, multiplet, leading to deviations of order 

h4/A4 from the usual V-A theory in O-decay. We can always choose 

X/A to be sufficiently small so that the model is consistent with all 

present experiments. The set of Higgs particles which is introduced 

in this model suffers from an important theoretical drawback [23]: its 

pattern does not survive higher-order loop corrections. In this sense, 

the pattern of spontaneous breaking of parity invariance is not 

natural. Several ideas have been proposed in order to rectify this 

difficulty 1231, but the situation is still somewhat unclear. 

(ii) A second option would be [21] to keep MWt = $- but 
L 

exploit the orthogonality of WE and W; . 
R 

In that case we must assign 

heavy fermions to some of the right handed doublets which contain 

eR’ ‘R’ dR. All charged current neutrino-initiated processes would 

follow the usual V-A theory, since the left-handed neutrinos in the 

beam would couple only to Wi, which then couples only to uL, dL, etc. 

On the other hand, the successful V-A description of nucleon B-decay 

tells, us that Wi does not contribute significantly and that at least 

(U R. dR) or (veR> e$ cannot be in a (0, 2 multiplet of 3 

SU(2)L x SU(2)R x U(1) . Some heavy fermions are then needed in order 

to form doublets with eR or uR,, dR 
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In both versions of the theory, the weak neutral-current 

Lagrangian would be: 

1 + - (J 3 2 

Jcos28w v - sin e J )Z ] Wem V 
(2.64) 

The effective Hamiltonian of the weak neutral current would then have 

the form: 

JAJA + (2.65) 

It is clear that the neutral-current interactions conserve parity. 

Furthermore, the equal coefficients of J J and JVJV guarantee that 
AA 

the left-handed component of the ;v neutral current couples only to 

the left-handed component of the ee OF uu or ad current. Consequently: 

(i) All neutral current processes involving left-handed neutrinos 

obey the phenomenological description of the standard left-handed 

Weinberg-&lam model, yielding the same relations between sin28W and 

the measured experimental quantities. Thus, sin‘8 w s 0.2-0.35, as 

found in our analysis of Sections 2.3 and 2.4. 

(ii) All neutral current processes in which neutrinos do not 

participate, aremanifestly parity conserving, yielding no parity 

violation in any atomic physics process and no asymmetry in deep in- 

elastic scattering of polarized electrons on protons. 

(iii) All charged current processes involving first-generation 

fermions obey the usual V-A theory. 

The most remarkable property of the SU(2)L x SU(2)R x U(1) model, 

is the identity between its predictions for neutrino-induced neutral- 

current processes and the predictions of the standard left-handed 

Weinberg-Salam theory. This identity is not accidental. In fact, it 

is a special case of a general theorem [22,24] which states the 

following: Consider a gauge theory based on a group G’ x G” x U(1) 

in which all Higgs particles are either G’-singlets or G”-singlets. 

In such a theory, all neutral current processes involving a neutral 

particle which is a G”-singlet, will be fully described by the 

G’ x U(1) subgroup. The detailed proof can be found elsewhere [24], 

but the situation is intuitively clear: If a particle transforms as a 

G”-singlet , it couples only to the vector-Bosons and Higgs particles 

which are G”-singlets. In such a case, its interactions cannot 

possibly be influenced by the nature of G”. Hence, the left-handed 

neutrino which is an SU(2)R singlet, does not couple to W’ R’ w;, XR or 

AR. Its interactions are entirely described by SU(2)L x U(1). 

In Table IIwe present a comparison of the predictions of four 

models: 

(a) The standard left-handed Weinberg-Salam model (“Standard 

Mode 1”) 

(b) An SU(Z) x U(1) vector model in which all fermions are in 

doublets and all neutral weak currents conserve parity (“Vector Model”). 

(c) An SlJ(2) x U(1) model with the assignments of Section 2.5: 

% 
in doublet; uR, d R in singlets; (“Asymmetric Model”). 

(d) The SU(2)L x SU(2)R x U(1) model described in the present 

section (“Left-Right Model”). 

It is clear from the table that the standard and vector models 

are ruled out, respectively, by the atomic Bismuth experiment and 

the neutral-current G/v ratio. The two other models (described, 

respectively, in Sections 2.5 and 2.6) are consistent with all present 

data, but differ in their predictions for the last three processes in 

the table [17,22]. Any one of these processes could distinguish between 

these models. Our theoretical prejudices favor the 

SU(2)L x SU(2)R x U(1) model. 
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2.7 The Mass Spectrum of First-Generation Fermions 

The four first-generation fermions exhibit a very simple and 

reasonable mass spectrum. All its qualitative features can be more OF 

less “understood” by simply considering the different interactions 

involved: 

(i) The u and d quarks are heavier than the ve and e leptons. 

This is presumably due to the strong (QCD) interactions of quarks which 

somehow generate the quark-lepton mass differences. 

(ii) The ve-e and the u-d mass differences are of the same sign 

and roughly the same order of magnitude. Both are presumably due to 

electromagnetic differences, since the two fermions within each doublet 

have identical weak and strong interactions. We have: 

m(e) - m(v,) ?. 0.5 YeV 

m(d) - m(u) 5 2.5 MeV. 

We thus see that, at least superficially, the qualitative mass 

pattern is as simple as it could be, and all mass differences simply 

reflect the different interactions enjoyed by different fermions. 

These simple remarks exhaust our understanding of the mass 

spectrum. From this point onward, we are only able to ask questions: 

(a) Is the neutrino massless? If so, why? There must be some 

symmetry principle which prevents the neutrino from acquiring a mass. 

We do not know what it is. There may be a symmetry which forbids 

neutrino mass-terms to all orders, leading to a vanishing mass. 

Alternatively, it is conceivable that some symmetry prevents low order 

mass terms, and small high order terms are allowed. In that case a 

small but finite neutrino mass may be generated. The present 

limit [25] : 
m(v,) c 60 eV 

still allows concoctions such as m(v,) Q a'm(e) . The (approximate?) 

masslessness of the neutrino is probably related to the left-right 

asymmetry observed in the weak charged currents, but we do not know of 

any satisfactory explanation of either phenomenon. 

(b) What are the masses of u and d? The mass difference can be 

safely estimated. The masses themselves are either: 

m(u) Q m(d) 4 300 MeV (2.66) 

as obtained from “mechanical” mass formulae (m(u) ‘L i m(p)) or: 

m(u) Q m(d) * few t+!eV (2.67) 

as obtained from calculations [26] of the symmetry breaking of chiral 

SU(~) x SIJ(~). It seems that in different contexts we must use different 

u and d masses. This may mislead us when we try to relate u, d masses 

to c, s masses, etc. 

(c) Isospin symmetry (m(u) % m(d)) appears natural when only 

first-generation fermions are considered. It presumably follows from 

e << g st (2.68) 

where e and gst are the electromagnetic and strong (QCO) coupling 

constants, respectively. However, the peculiar pattern of second 

generation masses leads us to consider isospin symmetry as an exception 

rather than the rule. It is possible that isospin symmetry represents 

the overall smallness of the u and d masses, rather than the smallness 

of their mass difference [27]. 

(d) The alleged simplicity of the first-generation mass spectrum 

is valid only if no heavy fermions (such as N e, b, t) appear in the 

same doublets with e, u, d. Among the models of Table I only two 

have this feature: The standard model and the SlJ(2)I, x SU(2)R x U(1) 

model with sR >> M,,,; In all other models, additional fermions play 

an important role. 
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(e) Finally, we must make the most obvious remark: If our 

“explanation” of first-generation masses is valid, the mechanism which 

generates the masses of the second and third generations must be 

completely different, and it involves totally new physics ingredients. 

Alternatively, if all fermion masses are generated in the same manner, 

the simplicity of the first-generation spectrum must be regarded as 

accidental. Both of these possibilities are unattractive. We return 

to discuss them in Section 3.9, but we can offer no solution. 

2.8 The Quark-Lepton Connection: Introduction 

The building blocks of matter are quarks and leptons. Are they 

related to each other? 

Six differentarguments are usually mentioned as a motivation for 

considering a possible connection between quarks and leptons: 

(i) To the extent probed by presently available momenta, quarks 

and leptons are “pointlike”, J = i fermions. 

(ii) Quarks and leptons appear to respond to the weak interactions 

in an analogous way. Left-handed quarks and leptons are in SU(2) x U(1) 

doublets. Right-handed quarks and ldptans do not seem to participate 

in the observed charged currents. There is a general similarity 

between the observed spectra of quarks and leptons, generation by 

generation. 

(iii) The quantization of electric charge in the quark sector 

is clearly related to that of the lepton sector. This is not 

guaranteed by SU(2) x U(1). Within SU(2) x U(1) there is no reason 

for any special relationship between, say,the electron charge and the 

proton charge (or between Q(e) and Q(u), etc.). 

(iv) The Weinberg angle BW is a free parameter in SU(2) x U(1) 

Or sum X su(2)R x U(1). Hence, the weak and electromagnetic 

interactions are not truly unified in such models. In a true unifica- 

tion scheme we should be able to compute BW from the symmetry properties 

of the unifying gauge group. Such a unification scheme may include the 

strong, weak and electromagnetic interactions and involve a quark- 

lepton connection. 

(v) The strengths of the weak and electromagnetic interactions 

become comparable at s ?, 4. The effective strong interaction coupling 

constant in asymptotically free QCO decreases logarithmically at high 
._ 

momenta. At sufficiently high energies, perhaps of order 1O1’ GeV 1281, 

the strong interactions presumably become comparable to the weak and 

electromagnetic ones. At such high energies, we may have an overall 

symmetry unifying all of these interactions, and relating the quarks 

to the leptons. 

(vi) Empirically, the sum of electric charges of the first- 

generation fermions vanishes (counting the three quark-colors): 

Q(ve) + Q(e-) + 3Q(u) + 3Q(d) = 0 . (2.69) 

A similar relation holds for second-generation fermions, etc. In a 

pure left-handed Weinberg-Salam model, this is actually a necessary 

condition for the elimination [29] of the triangle anomalies [30]. In 

other models, the anomalies are automatically cancelled, regardless of 

the sum of fermion charges. The fact remains, however, that the sum 

vanishes. One possible explanation for this may be the fact that in 

any model which contains the electric charge and which assigns quarks 

and leptons to the same multiplet of a simple group, the sum of quark 

and iepton charges must vanish. This may very well be the reason for 

the validity of Equation (2.69). 

It is clear that a successful “grand unification scheme” of strong, 

weak and electromagnetic interactions would automatically account for 
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all of the six items which we have just enumerated. However, we should 

perhaps study them separately, in order to see whether “grand unifica- 

tion” is indeed necessary for each one of them. 

The first two points (i), (ii), are qualitative statements con- 

cerning the similarity between quarks and leptons. They do not impose 

any specific mathematical connection between them, although the 

similarity would perhaps be more natural in theories in which such a 

connection exists. In any event, even if we accept that points (i) 

and (ii) guide us towards a quark-lepton connection, there is no reason 

to insist that it must assume the form of a grand unification group, 

assigning quarks and leptons to the same multiplet. 

The nexttwo items (iii), (iv) clearly point at a “truly unifying” 

gauge group larger than SU(2)x U(1) O= SU(2)Lx SU(2)Rx U(l). The gauge 

group has to be either a simple group G or a “pseudosimple” direct 

product of the form G x C with a discrete symmetry relating the coupling 

constant of the two G’s. It must unify the weak and electromagnetic 

interactions, but need not be related to the strong interactions. In 

such a situation, charge quantization becomes universal and the 

Weinberg angle is uniquely determined, without introducing quarks and 

leptons into the same multiplet. We refer to such a theory as “simple 

unification”. 

Only the last two items (v), (vi), seem to require “grand 

unification” of strong , weak and electromagnetic interactions. In 

fact, the possible equality of strong and weak coupling constants 

actually sets the energy scale in which the symmetry limit of such a 

grand unification scheme may be realized. This energy scale 

(SlOl’ GeV) forces us to extrapolate our present ideas over many 

orders of magnitude. Most of the resulting symmetry relations are 

unlikely to be ever tested. 

Summarizing OUT discussion, we find that we have: 

(a) Qualitative motivation for a quark-lepton analogy (points 

(i), (ii)). 

(h) Strong motivation for “simple unification” which, however, 

may leave quarks and leptons unrelated (points (iii), (iv)). 

(cl Some motivation for “grand unification” (points (v), (vi)). 

We must remember, however, that “grand unification” automatically 

achieves “simple unification” while the reverse is, of course, not true. 

We now proceed to discuss the general features of “simple 

unification” and “grand unification”. 

2.9 “Simple Unification” 

A “simple unification” scheme is based on a gauge group G such 

that : 

(i) G is simple or pseudosimple (i.e. direct product of 

isomorphic groups, with equal coupling constants). 

(ii) G3 SU(2) x U(1) 

(iii) G commutes with SU(3)c and, therefore, does not connect 

quarks to leptons. 

Any “simple unification” group would have additional weak gauge 

Eosons, presumably heavier than Wf and Z, but hopefully in the general 

mass range of 102-lo4 GeV, well below the m8ss range required by “grand 

unification” (see Section 2.10). The quantization of all electric 

charges follows a pattern which is determined by the gauge group, thus 

explaining the relation between quark and lepton charges. The Weinberg 

angle is determined by the group, and is given by [ZS]: 

2 i Iti 
sin 8 =L-- 

’ IQ; 
(2.70) 

i 
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Where the summation is done over all quarks or all leptons in any 

representation of G. 13 and Q are the diagona1 neutral generators 

obeying a relation of the form: 

while the corresponding vector fields An and W3 
P 

obey: 

Au = W 
311 

sinew + 1 BjWj 
j 

Gj are all the diagonal generators of G which are orthogonal to 13; 

Wj are their corresponding vector fields; aj and Bj are numerical 

coefficients. 

An important consequence of any “simple unification” scheme are 

the conditions: 

quEks Qi = O ’ 1eptLons Qi = O 
(2.73) 

for all quarks or all leptons in any given representation of G. 

Starting with the u, d quarks with charges $ , - f we immediately con- 

clude that any “simple unification” theory must include, as a subgroup, 

an SU(3) gauge group of the weak and electromagnetic interactions. 

Moreover, if we restrict our attention to models in which all quark 

charges are % or - f (excluding 5 , - f , etc.) we find that the quarks 

must always come in SU(3)-triplets. Each triplet will then include an 

SU(2) doublet (Q = f , - $ and SU(2) singlet (Q = - $). The full 

“simple unification” group may be larger than SU(3) but it must contain 

an SU(3) subgroup in such a way as to guarantee that all quarks are 

in triplets of that SU(3) subgroup [31]. This can be achieved with 

G = SU(6), SU(3) x SU(3), SU(3) x SU(3) x SU(3), etc. The full scheme 

would then be based on: 

G>SU(3)> SU(2) x U(1) . (2.74) 

It is easy to see that all such theories will have several common 

properties: 

(i) We must have at least four (possibly many more) gauge Bosons 

beyond those of SU(2) x U(1). Their masses are likely to be, at least, 

several hundred GeV. 

(ii) The first generation of quarks must be supplemented by, at 

least, one additional Q = - 5 quark. 

(iii) Leptons and quarks must belong to inequivalent representa- 

tions. Leptons belong, at least, to SU[3) octets. 

(iv) We must either have positively charged leptons, or have 

leptons and antileptons in the same N(3) multiplet, leading to lepton 

number nonconservation. 

(v) The Weinberg angle is determined. If the operator I3 in 

Equations (2.70), (2.71), (2.72) is identified with the third generator 

or an SU(2) subgroup of SU(3), we have: 

(2.75) 

in clear contrast with experiment. However, if G is sufficiently 

large, we may identify I3 in several different ways within G. Thus, 

if G = SU(3)L x SlJ(3)B and if 13 of Equations (2.70), (2.71), (2.72) 

is a generator of SU(3)L, we may obtain [32J: 

sin20 = 3 
W 8 (2.76) 

which is perhaps not completely ruled out by experiment (see Sections 

2.3, 2.4, 2.5). We do not know how to construct a reasonable “simple 

unification” scheme with a value of sin2BW smaller than 5 . 

(vi) Any value of the Weinberg angle which is determined by G 

will not be substantially modified by renormalization effects, once - 

we move away fron the mass region of the heavy vector Bosons. Thus, 
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the theoretical value of BW can be directly confronted with experiment. 

Furthermore, the determined value of eW will remain unchanged if the 

simple unification group G is embedded in a grand unification group G*. 

All renormalization effects of G* will not modify the value of BW which 

has already been determined by G! 

(vii) There will, in principle, he flavor changing neutral currents, 

connecting the two Q = - 3 quarks in the same SU(3) triplet. The 

experimental effects of these currents may be small, due to large 

W-masses or additional discrete symmetries or cleverly chosen values of 

Cabibbo angles, or other means. However, there is no “natural” flavor 

conservation built into the theory (see Section 3.5). 

Our overall conclusion is that “simple unification” schemes are 

extremely restrictive. They have several features which are somewhat 

unpleasant: e,,, is too large; no natural flavor conservation by neutral 

currents; unequal number of Q = $ and Q = - 5 quarks; either positive 

charge leptons or lepton number nonconservation. The least unlikely 

candidate for “simple unification” is SU(3)l x SU(3)8 1321. While we do 

not consider it to be a very attractive gauge group, we cannot rule it 

out at the present time. 

2.10 Grand Unification 

A grand unification scheme [33], [34] is based on a group G* such 

that: 

(i) G* is simple or pseudosimple. 

(ii) G*3 SU(2) x U(1) x SU(3)color 

The gauge Bosons of G* include the twelve gauge Bosons of 

SU(2) x U(1) x SU(3)c (W’, Z,y and eight gluons) as well as many 

additional Bosons, some of which must transform nontrivially under 

both SU(2) and SU(3) . 

The “grand unification” group G* may or may not include a 

“simple unification” subgroup G such that G commutes with SU(3)c and: 

G*l G x SU(3)cD SU(2) x U(1) x SU(3)c (2.77) 

If it does, the entire discussion of Section 2.9 applies to G*, in- 

cluding the determination of B W, the requirements concerning an SU(3) 

subgroup and the restrictions on the quark and lepton spectrum. 

However, it is entirely possible that G * does not contain any “simple 

unification” subgroup. In that case,all results of the previous section 

are inapplicable to G*. 

All grand unification schemes have several important common 

features: 

(i) The mass scale in which the grand unification scheme achieves 

its symmetric limit can be estimated by studying the momentum 

dependence of the “running” coupling constant in asymptotically free 

QCD. Various estimates [28], [35] range between 10 15 and 10 lg GeV. 

At least some of the gauge Bosons which generate G* presumably acquire 

masses of that order, in the process of spontaneous symmetry breaking. 

(ii) G* must contain a set of gauge Bosons [33], [34] which carry 

the quantum number of both SU(2)weak and SU(3)color. The minimal set 

of such Bosons transform as a (2,3) multiplet of SU(2) x SU(3). 

Together with the conjugate states in a (2.5) multiplet, we must have, 

at least, twelve such Bosons. These Bosons convert a quark state into 

a lepton state and vice versa. They are sometimes referred to as 

“leptoquarks”. They must be extremely heavy and they may be “confined” 

if all color-carrying states are “confined”. 

(iii) Quarks and leptons may be assigned to the same irreducible 

representation of G*. This immediately means that baryon number and 
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lepton number cannot commute with all generators of G*. Thus, baryon 

number and lepton number, if they are to be conserved, must be identified 

within G*. Any exactly conserved quantum number within a gauge theory 

corresponds to a massless gauge Boson. Consequently, if baryon and/or 

lepton number are exactly conserved, we must have at least one addition- 

al neutral massless gauge Boson, in addition to the photon and the 

(confined?) gluons. Such a massless Boson does not seem to exist in 

nature. We therefore conclude that baryon number and/or lepton number 

cannot be exactly conserved in a grand unification schemer33,341. This 

leads to the prediction that the proton is not stable. Its decay modes 

depend on the specific theory, but they may be e.g.: 

p + e+ + TI’ or p+v+v+;+rr”, (2.78) 

1n order to preserve agreement between the observed lower limit of the 

proton’s lifetiine (Q1030 years) and a given grand unification scheme, 

we may need to postulate that the masses of the gauge bosons which 

mediate processes such as p + e+ + no are somewhere between 10 15 

and 10 19 GeV, depending on the model. This is consistent with estimates 

of the energy scale of grand unification, but it is certainly far 

removed from any present or future experimental studies. 

(iv) The Weinberg angle is, again, determined by the following 

expression (see Section 2.9, Equations (2.70), (2.71), (2.72)): 

(2.79) 

where now the summation is over all quarks and leptons in the same - 

representation of G*. In general, the value of 8W obtained in such 

a way will be valid only at the grand unification mass (10 15-1019 Cev) . 

In order to estimate ew at currently available energies, we have to 

compute the renormalization corrections to ew. This cannot be done 

in a reliable way, and it involves a wild extrapolation. Crude estimates 

based on the procedure of Ceorgi, Quinn and Weinberg [28] indicate that 

sin2eW may move from 0.375 at the grand unification mass to 0.2-0.3 

or so at present energies [35]. However, such a substantial renormaliza- 

tion correction appears only when G* does not contain a “simple 

unification” subgroup G. If such a subgroup G exists, 0,~ is determined 

by G and its value cannot be changed in the process of spontaneous 

symmetry breaking from G’ to G. 

Note that a complete list of all fermions in one representation 

of G* determines the symmetry value of sin20W. Hence, any grand 

unification scheme based on the first generation fermions v e, e, u, d, 

with no additions, would give: 

sin2eW = f [if 13(fR) = 01 
(2.80) 

sin’8 W = i [if 13(fR) = I,(f,)] . 

We now briefly mention several specific grand unification schemes 

which are of interest: 

(i) The SU(5) Model [36]: The minimal grand unification scheme 

is based on SU(5). This is the smallest simple algebra containing 

SU(2) x U(1) x SU(3), and the only one which has the minimal number of 

leptoquarks (twelve). The left-handed first-generation fermions and 

antifermions are assigned to a reducible 10 + 5 representation: 

5 3 (2,l) + (1~5) = (ve,ewjL + q (2.81) 

102(2,3) + (1,3) + (l,l) = (u,dlL + lb), + (e’), (2.82) 

The subsequent SU(2) x U(1) classification is, of course. that of the 

standard left-handed Weinberg-Salam model (which disagrees with the 
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atomic physics parity violation experiments; see Sections 2.3, 2.5). 

The neutrino must be massless. The Weinberg angle is sin2eW = i , but 

it may be renormalized down to around 0.2 (see [35]). The leptoquark 

masses must be of the order of 10 19 GeV and the Higgs particles must 

also be extremely heavy in order to protect the present limit on the 

proton lifetime. In SU(5), not only baryon and lepton number, but 

even fermion number, is not conserved. The theory has no anomalies. 

(ii) The SO(10) Model [34], [35] : A more atttractive scheme is 

based on SO(10). This is the smallest simple group which contains 

su(2)L x su(2)R x U(1) x SU(3), and is therefore the natural grand 

unification scheme for the SU(2)l x SU(2)P x U(1) theory of weak and 

electromagnetic interactions (see Section 2.6). The left-handed first- 

generation fenions and antifermions are assigned to the 16-dimensional 

spinor representation of SO(10). We may consider several different 

symmetry breaking chains: 

(a) SO(lO)x SU(5)I SU(2)l x U(1) x SU(3) 

Here the 16-dimensional representation of SO(10) has the following 

SU(5) decomposition: 

161) 10 + 5 + 1 (2.83) 

This provides us with the feature of including all left-handed fermions - 

and antifermions of one generation in one irreducible representation 

(unlike the SU(5) case). The additional singlet is the left-handed 

antineutrino which could have a mass. 

(b) SO(lO)~SU(2)h x SU(Z)n x U(1) x SU(3)c . 

In this chain the 16-dimensional representation has the following 

content: 

162 (2,1,3) + ( 2,1,1) + (1,2,3) + (1,2,1) . (2.84) 

The four terms in Equation (2.84) correspond, respectively, to 

(u,d)l; (ve,e-)l; (:,a),; (Ge.e+)h. 

(c) SOL SU(2)l x SU(2)g x SU(4) . 
C 

Here the 16-dimensional multiplet decomposes into: 

16>(2,1,4) + (1,2,;i) . (2.85) 

SU(4) c is the generalized color group, including lepton number as a 

“fourth color”. This was advocated a long time ago by Pati and 

Salam [33] who pioneered the study of grand unification schemes. 

The different symmetry breaking chains of SO(10) can be 

summarized by the diagram: 

SO(10) 

SU(5) 

2 
SU(Z), x su(2)R x U(1) x SU(3)c 

SU(2) x SU(1) x SU(3), 

U(l), x SU(3)- 

The SO(10) scheme predicts sin2eW = G . The renormalization 

correction may modify this value to about 0.25-0.3. Chanowitz, Ellis 

and Gaillard have actually argued [35] that the renormalization 

corrections to ew in SO(10) are smaller than those in SU(5), yielding 

a more satisfactory value of sw. Here, again, leptoquarks must be 

extremely heavy, fermion number is not conserved and the theory is 

anomaly-free. 

(iii) Gursey and collaborators [37] have proposed models based on 

the exceptional groups E(6) and E(7). We return to these models in 

Section 3.11. At this point we remark, however, that all such models 

include a “simple unification” subgroup and are therefore subject to 
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our discussion in Section 2.8. In particular, the E(7) scheme 

predicts sin*BW = $ , a value which is not substantially modified by - 

renormalization, and is inconsistent with experiment. 

We believe that the most attractive grand unification scheme for 

first-generation fermions is the SO(10) model. It provides a reasonable 

value of 8 W' "explains" why the sum of quark and lepton charges equals 

zero, provides a natural classification of the observed quarks and 

leptons and reduces naturally to SU(2)L x SlJ(2)R x U(1). It suffers 

from the disadvantages of all grand unification schemes: Extremely 

heavy gauge Bosons, baryon and lepton number violations, and a grand 

unification mass which necessitates extrapolations over 15-20 orders 

of magnitude. 

2.11 Summary: First-Generation Fermions 

The first-generation fermions raise many of the fundamental 

problems of the physics of quarks and leptons. Their left-handed 

SU(2) x U(1) classification is simple and straightforward. Their 

right-handed classification is less clear. Present data dictate either 

leptonic right-handed doublets and quark right-handed singlets, or a 

gauge group which is larger than SU(2) x U(1). An attractive 

possibility is a version of SlJ(2)L x SU(2)R x U(1) whose uredictions 

coincide with those of the left-handed Weinberp-Salam model for all 

charned current and all neutral current reactions involving neutrinos, 

while at the same time all neutral currents conserve uaritv. Future 

asvmmetrv measurements in hvdrown atoms, uolarized eo scattering, 

and e+e- + u+p- will test these ideas. 

The mass spectrum of first-generation fermions appears to be 

qualitatively simple and "explainable". Whether this is an illusion 

we will know only when we understand the masses of the next 

generations. 

The motivation for connecting quarks and leptons already exists 

at the level of the first-generation fermions. The group SO(10) seems 

to be the most attractive candidate for a grand unfication of first- 

generation fermions. It incorporates SU(2)L x SU(2)R x U(1) in a 

natural way and has several other advantages. However, like all grand 

unification attempts, it suffers from several difficulties and un- 

pleasant features. 
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3. Second-Generation Fermions: v , P- ,c,s 

3.1 Charged Weak Currents and the Classification of Second- 

Generation Fermions 

The second generation of fermions includes two leptons (vu and u-) 

and two quarks (c and s). The muon was the first fermion of that 

generation to be discovered. WIen it was identified as a lepton, the 

central problems of the second generation of fermions were already 

clearly states: Why do these fermions exist? What distinguishes them 

from first-generation fermions? First we had the u-, duplicating all 

properties of e-, except its mass. Later, v was found, presumably 
u 

duplicating ve . The strange and charmed quarks seem to duplicate the 

strong, weak and electromagnetic properties of the down and up quarks, 

respectively (again-except for their masses). The central mystery of 

the second generation, namely-the reason for its existence, remains 

unsolved, forty years after the discovery of the muon. More on that 

in Section 3.10. 

The charged weak currents of the second generation involve the 

” - u- and the c * s transitions. However, we now have, for 
u 

the first time, a possibility of “generation mixing”. There is nothing, 

apriori, to stop the mixing of e- and u-, ue and v , u and c, d and s. 
11 

Every such pair contains two particles with identical values of all 

the conserved quantum numbers of the non-strong interactions. Con- 

sequently, if the usual particle labels define the “physical” mass 

eigenstates, the SU(2) x U(1) representations may contain mixtures of 

such states. 

In the leptonic case we will temporarily assume m(ve) = m(vP) 

In that case, the mass does not select specific eigenstates v e and u 
” 

We can then define the left-handed v and v e ~ to be the SU(2) x U(1) 

companions of the left-handed e- and u-, respectively, and no further 

mixing is allowed among left-handed leptons. We return to this 

question in detail in Section 3.8 and consider the case m(ve) # m(vS. 

Until then, we assume equal neutrino masses and no mixing of left- 

handed leptons. The decay 

(3.1) 

is consistent with a pure V-A transiton. Hence, the u- ++ v 
v 

transition presumably involves only left-handed leptons. The relevant 

charged current is: 

J, 0: ;U~aU-~5) u- (3.2) 

and the left-handed \) 
P’ 

u are in an SU(2) x U(1) doublet: 

” IJ 
I-i “L, (3.3) 

The quark case is, of course, different. We define u, d, c, s 

to be the mass eigenstates (also the strong interaction eigenstates). 

If we then postulate that all four left-handed quarks are in 

SU(2) x U(1) doublets, we may choose either u and c or d and s to - 

define the two SU(2) x U(1) doublets. We then have the following 

equivalent SU(2) x U(1) assignments of the four left-handed quarks 

of the first two generations: 

1 L 
(3.4) 

d’ = dcosg + ssing u’ = ucosg - csing 
or (3.5) 

5’ = -dsine + scose c’ = usine + ccosg 
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and 0 is the Cabibbo angle. For e # 0 we now have not only 

u ttd, c ++ s charged current transitions, but also u ++ s, c ++ d 

transitions of strength Gsine. We will consider every one of these 

four transitions separately. The two transitions involving u-quarks 

are well studied: 

(il u ctd. We have already discussed this transition in 

Section ‘2.1 and noted that it is consistent with being a pure left- 

handed transition. We are now in a position to use the strength of 

the u ++ d transition in order to determine 0 . The properties of 

the gauge theory dictate equal couplings for the charged currents: 

+,wY5) IJ- and &Jl-y5W’ (3.0) 

Hence, the strength of the u f-* d transition should be given by 

Gucose where G 
is the coefficient of the v u u term. Experiment- 

u u 
ally, the vector couplings of nucleon O-decay and p-decay yield [38]: 

cm28 = 0.948 f 0.004 . (3.7) 

(ii) ” -5. The strangeness changing charged current can be 

studied in semi-leptonic hyperon decays and K-decays such as 

K- -- - +u”p) K + nfx, A -P pe-; e’ f -+ Ae-c,, etc. All of these 

transitions are consistent with a V-A current: 

bpY5)S 

with strength Gsin0 where [38]: 

(3.8) 

sin9 = 0.229 + 0.003 . (3.9) 

While there is no evidence for any right-handed u * s transition, 

its existence (with a strength smaller than Gsine) cannot be excluded 

(see also our discussion in Section 2.1). The value of the Cabibbo 

angle as determined from the IASI = 1 charged current is in extremely 

good agreement with the S-decay determination of cos*e. Several 

recent discussions of the separate determination of case and sine 

yield [38] : 

1 - (sin2fl + c0s2e) 2 0.004 . (3.10) 

The calculation of Sirlin 1391 actually leads to an even more 

stringent limit: 

1 - (sin28 + 03s2e) 5 0.001 . (3.11) 

This “maximal allowed deviation from a four-quark Cabibbo theory” will 

play an important role in our discussion of the left-handed six quark 

model (Section 4.7). 

The V and A structure of transitions involvingthe charmed quark 

(c t-f d, c c-f s) has not been directly studied, so far. We have, 

however, indirect considerations which enable us to determine the 

properties of these transitions. The next two sections are devoted, 

respectively, to the cd and & charged currents. 

3.2 The Case Against a Right-Handed cd Charged Current 

The c++d charged-current transition can be directly studied 

in the decay process: 

c+d+e++v e (3.12) 

or the production process: 

” +d+p-+c. 
IJ 

(3.13) 

we have four different indications which favor a predominantly 

left-handed c ++ d transitions: 

(i) D-meson decays. The charmed D-mesons should decay through 

a c++s or c ++ d transition. The c -+ s left-handed 

transition is of strength Gcose while the c ++ d left-handed 
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coupling is Gsint?. Consequently, if all c-decays are left-handed we 

expect: 

r(c + d + e + + Ve) 

r(c + 5 + e+ + ve) 
c sin28 % 0.05 . (3.14) 

on the other hand, if we have a c +-+ d right-handed transition of 

strength G we would expect: 

T(c -f d + e+ + ve) 5 r(c + s + e+ + ve) . (3.15) 

Experimentally, one should measure the ratio: 

r(D + e+ + v e + i + anything) 

f(D + e+ + 
(3.16) 

v e + anything) 

This ratio would be around 95% for the standard left-handed model. but 

around 50% for a model with a full-strength right-handed c++d 

transition. Semileptonic D-decays have been observed both in e+e- 

collisions and in neutrino reactions. The fraction of decays contain- 

ing K-mesons seems to be substantial and probably larger than 50%. 

However, the semileptonic data [40] are not yet sufficiently precise 

in order to definitely distinguish between a branching ratio of 50% 

and 95%. A somewhat less definitive prediction involves the overall 

(semileptonic and nonleptonic) ratio: - 

F(D + k + anything) 
T(D + anything) (3.17) 

Here, again, the ratio would be either 95% or 50%, but in order to 

obtain this prediction we have to assume that we have no special 

enhancement or suppression mechanisms of specific nonleptonic 

channels. Such effects exist, of course, in nonleptonic K-decays and 

hyperon decays, where AI = $ amplitudes are strongly enhanced, 

leading to a small semileptonic branching ratio. We believe, however, 

that such enhancement effects are not very prominent in D-decays in 

view of the “reasonable” semileptonic branching ratio [41]: 

r(D + semileptonic) 2, D 2 
T(D + all) (3.18) 

We therefore consider the ratio (3.17) to be a reasonable test for the 

existence of right handed c +-+ d transitions. Experimentally,it 

seems that most D-decays do contain K-mesons and that the 95% estimate 

is probably preferred [42]. 

Finally, we have an upper limit 1431 on: 

r(D” + 1~+ + *-) < D,07 
T(D” -+ K7 + T+) - 

(3.19) 

This, again, indicates the absence of right-handed cd terms which 

might yield: 

r(D” + n+ + n-) n, I’(D’ + K- + n+) . (3.20) 

We summarize: The percentage of K-meson events in two-body 

D-decays is definitely above 90%. It is almost certainly around 90% 

in overali D-decays, and it is probably around the same value in semi- 

leptonic decays. All of these indicate, with varying degrees of 

experimental and theoretical certainty, that there is no substantial 

c++d right-handed transition. 

(ii) Charmed particle production by neutrinos. Events of the 

type : 

” 
P 

+ N + v- + ii+ + anything (3.21) 

are presumably mostlyduetothe production of a charged particle follow- 

ed by its semileptonic decay. The average S-value (momentum fraction) 

of the u-u+ events in vN scattering is significantly larger than 

the corresponding c-value for ;N [44]. The absolute rate of p-u’ 
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events is larger in vN than in ;N [44]. Both of these facts indicate 

that most of the u-u+ events in vN scattering occur when the charmed 

quark is produced off a valence quark: 

v +d+u- +c. 
!J (3.22) 

By studying the y-distribution of these events we may then determine 

whether they are produced via a left-handed d t-f c transition 

(yielding a constant y-dependence) or a right-handed transition 

(yielding a (l-y)‘ dependence). Furthermore, the production rate 

would be much higher in the case of a right-handed transition. 

The production rate of v-u+ events in UN scattering is [44] 

somewhat less than l%, consistent with a production fraction of the 

order of sin‘0 s 0.05 times a decay branching ratio of the order of 

10%. Should we have a right-handed d -f c transition of strength G, 

approximately 25% of all vN events would contain charmed particles 

and the rate of p-p+ events would be larger than 2%. This seems some- 

what large when compared with the observed p-p+ rate. 

The y-distribution of u-p+ events in vN collisions is 

consistent with a pure left-handed current and inconsistent with a 

dominant right handed c t-f d transition 1441. We,therefore, conclude 

that the neutrino data favors a left-handed c ++ d transition. 

(iii) K”-K” -s--L mass difference. The mass of the charmed quark was 

originally estimated 1451, within the standard left-handed model of 

Glashow, Iliopoulos and Maiani (GIM) [46] from the observed s L K”-K” 

mass difference. The estimate is based on the diagram of Fig. 7a. 

One obtains: 

AM = K(mf-III:) Cos28 sin28 , (3.23) 

where the constant K involves factors (of G, M,+,, etc.) which are 

irrelevant to the present argument. Inserting the experimental 

cos 8 

SL i W dL 

dL iv”“” 
sin e SL 

(01 

cos 8 

sL f W 

(b) 

Figure 7: Dominant contribution to Ki-KF mass difference in 

(a) left-handed model; (b) a model with a right-handed 

c f-+ d transition. 
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values of AM and 8 one obtains the successful estimate [45]: 

m “” 1.5 Gev c (3.24) 

If we now have a right-handed c c-t d coupling of strength G, the 

expression for A!! acquires a contribution (Fig. 7b): 

(3.25) 

where K is the same factor as in Equation (3.23). It is easy to 

see that the latter contribution to AM is larger than the first one 

by a factor of 100. Consequently, the estimate of mc, based on a 

right-handed c ++ d coupling and the experimental value of AM, yields 

the totally unacceptable value mc s 150 MeV . This argues very 

strongly against such a right-handed current [47]. 

(iv) Nonleptonic K-decays. Golowich and Holstein [48] have 

presented another interesting argument against a right-handed c ++ d 

transition. They studied the transformation properties of the weak 

Hamiltonian HW for nonleptonic K-decays, under chiral SlJ(2) x Su(2). 

In a V-A theory, the AI = ; , f pieces of HW transform like the 

(+ , 0), (i , 0) representations of SO(2) x SU(2). Consequently: 

[HW, Q+Q,l = 0 and VW> Q,l = - [HW, Q,l (3.26) 

where Q, Q, are, respectively, the vector and axial vector charges. 

In a theory with a substantial V+A current connecting c - d , 

the AI = $ piece of HW will contain a term: 

~ya(l-Y5)c.~Yo(l+Y5)d (3.27) 

Such a terlli belongs to the (0, resentation of SU(2) x SU(2) 

and obeys: 

[H;‘2, Q-Q,] = 0 and [H l/2 
W ,Q5] = [H;‘2, Ql (3.28) 

If the AI = i piece of HW is dominated by this term we have the 

following situation: 

(i) In the standard left-handed model: 

g? , Q,] = - [H;‘2, 91 ; #‘a Q,l = - [H;“, Ql . (3.29) 

(ii) In a model with a right-handed c ++ d current: 

[Hi’* . Q,l = - tH;‘2, Ql ; [H;‘2, Q,] = [H;‘2, Q] . (3.30) 

We can then distinguish between the two models by measuring the 

relative sign of the I = i and I = 5 amplitudes in K-decays. ThkXe 

amplitudes are related by PCAC to the corresponding [HW, Q,] commutators, 

and their measured values clearly favor the case (i), again ruling out 

a substantial c cf d right-handed term [48]. 

‘lhefour arguments listed above are more than sufficient for 

excluding a right-handed SU(2) x U(1) doublet of the form: 

c 

II 
(3.31) 

dR 

None of these arguments can, at present, exclude a right-handed 

c ++ d transition of strength Gsint?, namely, a comparable amount of 

left and right-handed c ++ d couplings. Such a possibility can be 

excluded only by much better data on the production of charmed mesons 

by neutrinos, or by a detailed analysis of decays such as: 

D++~++v;D+o+e++“e. (3.32) 

The last two arguments (concerning the Ki-KF mass difference and 

nonleptonic decays) are important because they lead to a general 

result: In an SLJ(2) x U(1) model, no heavy quark can have a left- 

handed coupling of order G to the s-quark (or d-quark) and at the same 

time a right-handed coupling of order G to the d-quark (or s-quark). 
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This is a significant constraint on models involving third generation 

quarks. 

3.3 Is There a Right-Handed cs Charged Current? 

The left-handed c and s quarks are presumably connected by a 

charged current of strength Gcos6, leading to predominant strange 

particle decays of charmed mesons (see Section 3.2). Do we also have 

right-handed c tt s transitions of strength E? 

The phenomenological analysis of this problem is more difficult 

than the corresponding discussion of right-handed c+-+d terms in 

Section 3.2. A right-handed (c,d)R doublet would lead to an almost 

pure V + A coupling for c ++ d (because of the sin6 suppression of 

the left-handed coupling). On the other hand, a (c.s)R doublet would 

yield approximately equal amounts of V + A and V - A couplings, leading 

to an almost pure vector interaction. While in the c c-f d case it 

was sufficient to exclude a dominant V + A term, here we try to exclude 

an equal amount of V + A and V - A. 

At present, there is no convincing experimental or theoretical 

indication against a right-handed c * s term. There are, however, . 

four items that we would like to discuss in this connection: 

(i) F+ -decays. Certain rare decays of the F+-meson [49] provide 

a relatively clean test of the V, A structure of the C+-+S 

transition [SO]. The decay F++u+v can proceed only via an axial 

vector coupling. It is forbidden if the 5s current is pure vector 

and is suppressed by a factor sin46 if we have a right-handed doublet 

(c,s)~ Similarly, the decay F+ + (37) + 
is strongly suppressed in 

the presence of a (c,s)~ doublet. Both of these tests will be 

decisive [SO], but they involve extremely rare decay modes of the F+. 

(ii) D -f K*eve The decay D -f K*e+” e is, presumably, the 

dominant semileptonic decay of the D-meson. It is also the simplest 

decay which could proceed by both V and A currents. A detailed measure- 

ment of the electron momentum spectrum in this decay could distinguish 

between V - A, V + A or pure V [Sl]. The present data [52] (which 

represents D +ee+ + anything, without K*-detection) is consistent 

with a pure V - A transition. However, pure V cannot yet be excluded. 

We must emphasize that all the tests concerning FC and D decays 

test the effective V, A structure of the meson weak current rather 

than the “bare” weak couplings of the c and s quarks. The connection 

could, in principle, be made using methods similar to those of Adler 

and Weisberger [4], but the application of such methods for the cs 

current is not straightforward. 

(iii) ;+N + u++v-+anything. A somewhat more direct test of the 

c-s current involves the production of n-v+ pairs in & reactions 

Assuming that such pairs emerge from the production and decay of 

charmed particles, the dominant mechanism will be: 

v + ; -f u+ + c 
1 u- + ; + up 

(3.33) 

where the struck ; belongs to the qi “ocean” in the nuclear target. 

The observed rate of antineutrino u+u- events, as well as their 5 

distribution, are consistent with this assumption [44]. We may then 

use the y-distribution in order to determine the V, A structure of 

the production mechanism. For a pure V-A model the struck s and the 

produced c will be right-handed, yielding a constant y-dependence. 

A pure V + A (not wanted by anyone) would produce a (l-y)* dependence. 

A pure vector (representing approximately equal left-handed and right- 

handed c +-+ s terms) would give: 

s %l + (1-Y)2 (3.34) 
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The present data [44] is consistent with a constant, is in- 

consistent with (l-~)~, but probably cannot exclude [l + (l-y)‘]. 

Better data on ;-production of u+p- pairs is likely to be the best way 

of settling this issue. 

(iv) L+ enhancement in nonleptonic strange particle decays. 

It has been known for a long time that AI = l/2 matrix elements of 

the effective weak Hamiltonian for nonleptonic decays of strange 

particles are strongly enhanced relative to AI = i nonleptonic matrix 

elements and relative to semileptonic transitions. There is some 

circumstantial evidence that the enhancement comes from “single quark 

operators” such as the one shown in Fig. ga. Such terms contribute 

only to the AI = i nonleptonic decay. The case in which both 

couplings in Fig. 8a are left-handed or right-handed, contributes to 

the renormalization of the quark wave-function rather than to the non- 

leptonic decay matrix element. The right-left coupling not only 

contributes, but is proportional to the mass of the intermediate 

charmed quark and is therefore presumably enhanced over other terms. 

Since we excluded a substantial right-handed c ++ d coupling the most 

logical possibility [53] would be to have a right-handed c +-+ s 

coupling of order G followed by a left-handed c c-f d coupling of 

strength Gsine. Whether the strength of such a term is sufficient 

for explaining the AI = $ enhancement we do not know, but it is 

certainly an interesting possibility. One immediate corollary of this 

mechanism is the prediction that nonleptonic charmed particle decays 

will not have such an enhancement because the intermediate quark mass 

(ms) is much smaller (Fig. 8b). Consequently, semileptonic branching 

ratios for D, F and the charmed baryons would be substantially larger 

than the corresponding branching ratios for Kz, A, E and 3 . 

(b) 

Figure 8: Possible contributions to (a) strangeness changing and 

(b) charm changing nonlep tonic decays. The diagrams 

represent a weak Hamiltonian which is a “single-quark” 

operator, guarranteeing a AI=+ rule. The shaded 

“blob” represents gluon exchanges. 
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electromagnetic coupling of 13 = + l/2 leptons (neutrinos) and the 

vanishing of the vector weak coupling of 13 = + l/2 quarks. one can 

prove that these two facts actually follow from each other in a large 

class of grand unification schemes, which includes all interesting 

models [SS]. We do not know how important or profound this observation 

is. 

The decay 0 -f v; is even more difficult to detect than *+vv, 

and it is practically hopeless. 

We therefore conclude that a direct study of flavor conserving 

neutral currents involving s or c quarks is unlikely in the foreseeable 

future. 

3.5 "Natural" Conservation of Flavor by Neutral Weak Currents 

When a generator of a Lie algebra acts on a component of a given 

irreducible representation, it transforms it into another component 

of the same irreducible representation. I" a gauge theory, the vector 

Boson fields generate the gauge algebra. Consequently, they can only 

connect states belonging to the same representation. If two different 

flavors of quarks with equal electric charges belong to two different 

representations of the gauge algebra, the neutral-current generators 

cannot connect them. 

In the standard left-handed model we can always select u and c 

or s and d to be the unmixed states in SU(2) x U(1) doublets (see - 

Section 3.1). We can do so, regardless of the specific value of the 

Cabibbo angle 0 Hence, in such a theory, there will be no strange- 

ness changing (id) or charm changing (&J) neutral currents. This 

is, of course, the famous GIM mechanism [46], which originally led to 

the prediction of charm. The conservation of flavor by the neutral 

current is "natural" in the sense that it occurs for any value of 9 

and does not require a specific value for any mass or angle parameter. 

Our ability to assign u and c or s and d as pure SU(2) x U(1) 

states, regardless of the value of e , follows from the assumption that 

the equal-charge quarks were assigned to identical SU(2) x U(1) mul- 

tiplets. Consequently, any linear combination of them would also 

entirely reside in such a multiplet. Had we assigned, say," and c 

into a doublet and a singlet, respectively, the SU(2) x U(1) eigenstates 

would have been uniquely determined by the value of 8 and we would 

have no freedom in rearranging u and c to belong to two different 

SU(2) x U(1) representations. In such a case, charm-changing neutral 

currents would exist, and their strength would depend on the value of 

the u-c mixing angle. 

The general conditions for "natural" flavor conservation has 

been studied by several authors [56]. Within SU(2) x U(1) we can 

define neutral-current coupling matrices GL and GR, generalizing o"* 

definitions of the couplings gLf and g R. 
f I" Section 2.2. We then have 

the matrix relation: 

GL = 1; - 2sin2eWQ (3.38) 

GR = 1: - 2sin2eWQ . 

If we use the basis of the "physical" (mass eigenstates) quarks, 

flavor conservation means that GL and GR must be diagonal. However, 

if we consider all quark flavors with a common charge Q, "natural" 

flavor conservation means that GL and GR be diagonal for any set of 

values of the (generalize4 Cabibbo angles. This can happen only if 

GL and GR are multiplets of the unit matrix for all quarks of the 

same charge. Hence, all equal-charge quarks must have the same Ii- 
R values and the same 13-values 
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If we further want to exclude effective flavor changing neutral 

currents of order Ga we have to consider single loop contributions to 

the effective coupling. The effective matrix element to order Gu may 

include all neutral second order operators, namely: 

uy , (ILj2 > (I;12 , (IR12 . 

Hence, the required condition is that all equal-charge quarks have 

identical values of IL and identical values of 1’. The leading term 

in the effective neutral weak interaction will then be of order 

Ga (m@$, consistent with the observed magnitude of the Ki-Kl mass 

difference and the KF + u+II- decay [56]. 

Additional constraints are required if we want to prevent 

effective flavor-changing neutral currents due to the exchange of 

neutral Higgs particles. 

An important theoretical question is whether we must demand that 

any gauge theory obeys “natural” flavor conservation. The success of 

the GIM mechanism is impressive, and the smallness of charm changing 

neutral currents is gradually being established. It would be extremely 

ugly if these would be mere accidents. However, even if we adopt ‘the 

point of view that there is nothing accidental about flavor conserva- 

tion, we still have two options: 

(i) Adhere to the conditions listed above. This would practically 

limit us to SU(Z), U(1) or their products, as the candidate algebras 

of weak and electromagnetic interactions. All larger groups such as 

SU(3), and all “simple unification” schemes are excluded [35]. 

(ii) We might use a larger gauge group, but impose “natural” 

flavor conservation by introducing additional discrete symmetries. 

Such a mechanism exists, for instance, in the SU(3) x U(1) model (571. 

Our own prejudice is that “natural” flavor conservation should be 

a property of the correct gauge theory, and that the introduction of a 

special discrete symmetry for the sole purpose of enforcing it, is 

somewhat artificial. We do not feel that imposing “natural” flavor 

conservation by the neutral Higgs particles is necessarily a mandatory 

requirement. 

3.6 Experimental Evidence Against 1 AS ( = 1 and (AC ( = 1 Neutral 

Currents 

The smallness of (AS/ = 1 neutral weak interactions has been 

known for many years. The two outstanding examples are, of course [25]: 

m(K;) - m(K;) Q 3.5 X 1O-6 eV (3.39) 

W; -+ LJ+P-) -6 $10 
(K; + all) 

(3.40) 

Both of these results are significantly below the expected values from 

an effective neutral interaction of order G . Both are consistent with 

estimates of order Ga (mz/M$ , and are smaller than flavor-conserving 

neutral weak processes by seven orders of magnitude. It is these 

experimental observations which led to the prediction of charm, and 

they form the basis to our belief in the GIM mechanism 1461. 

Now that charmed particles have been discovered, we are immediate- 

ly led to ask whether charm changing neutral currents are also absent. 

There are two simple methods for searching for such currents, and both 

have yielded negative results: 

(i) Do-Do Mixing. A charm changing neutral current could 

produce Do-B0 mixing through a diagram such as Fig. 9. The amount 

of Do-b0 mixing depends on the relative strength of Do decay and the 
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t d,s I 4s 

Figure 9: A contribution to Do-0’ mixing. 

Do ++ 0' transition. If the Do tf Do transition is of order G we 

would expect substantial (if not complete) Do-b0 mixing. If charm 

changing neutral currents are absent, we expect, of course, no 

mixing [SS] 

The dominant decay modes of Do include c particles. Kost o” 

decays include K’s. In the case of Do-Do mixing. we would expect a K 

with the “wrong” strangeness to be produced in Do-decay. In particular, 

one may study the process: 

e+ + e- + Do + Kf + anything 

L Kin: 
(3.41) 

In this process, the two detected charged K-mesons will have opposite 

charges in the absence of Do-Do mixing (neglecting effects proportional 

to sin48 21 0.004). In the case of complete Do-b0 mixing there will 

be no correlation between the charges of the two K-meson. It is 

convenient to define: 

osite -N s am! E = NoEp 
N opposite +N 

SCUlE 

(3.42) 

where N opposite’ N are, 
same 

respectively, the number of events showing 

K-meson pairs with opposite charges andthe same charges. For complete 

mixing: c=O. In the absence of mixing: c=l. The preliminary 

experimental determination gave [59]: 

E = 0.76 i 0.17 . 

Thus, complete mixing is excluded. The existence of a /AC1 = 1 

neutral current of order G is extremely unlikely, and the leading 

IACl = 1 term may well be of the same order of magnitude as the 

/ASI = 1 neutral interaction. 
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identical to those of the first generation. If this hypothesis is 

correct, we would be left, again, with only one possible SLl(2) x U(1) 

classification, duplicating the classification of the first generation 

(see Section 2.5). Alternatively, we could extend the gauge group into 

SU(Z)L x SU(2)R x U(1) and have left-handed doublets in the (l/2,0) 

representation and right-handed doublets in the (0,1/2) (see Section 

2.6). The present data concerning second-generation fermions (except 

for vu) sheds no light on this question and adds no information con- 

cerning sin2BW. 

3.8 Flavor Conservation and Cabibbo-Like Angles in the Leptonic 

sector 

The “generat ion mixing” introduced by the Cabibbo angle is due to 

the fact that the "mass eigenquarks” do not coincide with the 

SIJ(2) x U(1) eigenquarks. The transformation between the two sets of 

eigenquarks is given by the Cabibbo rotation. In the leptonic case, 

a similar situation would occur if we could uniquely define “mass 

eigenleptons”. We now consider several cases: 

(i) m(y) = m(v 1 in a left-handed model. In this case (in- 

cluding, of course, the possibility of m(u,) = m(vp) = 0) the "mass 

eigenleptons” can be arbitrarily chosen. The Cabibbo rotation becomes 

meaningless, and we actually define ve and vu to be the SU(2) x U(1) 

left-handed partners of e- and u-, respectively. In that case, all 

couplings between fermions and gauge Bosons will automatically conserve 

wnumher and e-number. If all right-handed leptons are in singlets 

and if we temporarily ignore the Higgs mesons, u-number would be con- 

served to all orders of the weak interactions, without having to 

postulate it as a special symmetry. A sufficiently complex set of 

Higgs mesons would then be the only agent which could lead to u-number 

nonconservation in a left-handed SlJ(2) x l!(l) model [61]. Typical one 

loop and two loop diagrams contributing to u + ey in such a theory 

are shown in Fig. 10. The two-loop contribution is probably dominant 

and one finds [61]: 

(U- + e-+-d P,, o(f) 
3 

(p- + e-+Ge+vu) 
(3.49) 

This is comparable with the present experimental upper limit. Note, 

however, that with the minimal set of Higgs particles no such contribu- 

tions exist and IJ * e-i is forbidden. 

(ii) m(vc) # m(vp) in a left-handed model. If the two neutrinos 

have different masses, the “mass eigenleptons” will, in general, be 

different from the SU(2) x U(1) eigenleptons. In that case, the entire 

Cabibbo formalism is reproduced. The left-handed doublets will be: 

(3.50) 

where 

“L = vecosg + vllsing 
(3.51) 

\)’ I 

u 
-vesin$ + vucos+ 

ve, \I LJ 
are the “mass-eigenleptons” and $ is a leptonic Cabibbo angle. 

We continue to assume that all right-handed leptons are singlets. The 

mixing of neutrinos will allow u-number violating transitions, through 

diagrams such as Fig. 11. However, the rate for p- + e-+y in such 

a model is hopelessly small [62]: 

(V- -+ e-+-f ) -Of 
full2 

(lJ- + e-+Ge+vu) 
I ! 

* $ sin2$ . 

% 
(3.52) 
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Figure 10: Typical (a) one-loop and (h) two-loop contributions to 

u- + e-y in a model involving a non-minimal Higgs 

structure 1611. The two-loop diagram is probably dominant. 

Figure. 11: A mechanism for the reaction pw + e-y in a model 

involving Cabibbo-like mixing in the leptonic sector. 
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For the present upper limit on m(vll) we obtain a ridiculously small 

branching ratio of less than 10 -19 . It is clear that any effect which 

is proportional to Am: is unlikely to be detected in this case! The 

v,-v 
u 

mixing leads to other effects such as “neutrino oscilla- 

tions” [63]. This would happen in the following way: Neutrinos 

emitted in TI+ + p+ + v decay would be the v; mixture of ve and vv. 

The resulting neutrino beam will be a time-dependent mixture of the 

two mass eigenstates v and ” e ?J’ 
The probability of finding the 

SU(2) x U(1) eigenlepton v; then depends on the time evolution of the 

beam. Consequently, the ratio between produced e+ and !J+ will vary 

along the beam line. Such effects can be, in principle, detected in 

neutrino experiments. 

(iii) u-number Violation in a Right-handed Model. We now 

consider a model (see Section 2.5) in which both the left-handed and 

the right-handed e- and p- are in SU(2) x U(1) doublets: 

[;:lL [:‘j, [jR [;ii, (3.53) 
For simplicity, ve and II may be massless. N: and Ni are neutral 

u 
SU(2) x U(1) eigenleptons representing a mixture of “mass eigen- 

leptons” Ne and Nu [64]: 

N; = I\‘ecosx + NusinX 

(3.54) 
N; = -Nesinx + Nucosx 

The mechanism which violates v-number conservation is, in this case, 

identical to the one described above in the case m(vp) # m(v,) 

The theoretical expression for the p -L e+y branching ratio is 

similar: 

(u‘ -+ e-+y) SO 

I 
u. 

O’,)2-m(N,)2 
II 

4 

* sin2x . 
(U- + e-+QJu) 1 (3.55) 

However, it is now entirely possible that m(N) Q few GeV , 

consequently ) we may obtain u- + e-+y branching ratios around 

10-8 - lo-lo ) comparable with present experimental upper limits. The 

left-handed N-leptons (about which we assumed nothing, so far) may also 

mix with the neutrino, leading to additional contributions to 

pe -f e-+y [65]. 

There are, of cou*se, many other variations of the SU(2) x U(1) 

theory, leading to different forms of u-number violation. The common 

feature of all such theories is the fact that in the absence of 

Cabibbo mixing, u-number is automatically conserved (except for the 

Higgs couplings). Consequently, all p-number violations are propor- 

tional to the mixing parameters as well as to the (mass) 2 differences 

of the mixed states. In order to obtain a nontrivial effect, these 

masses have to be of the order of GeV or so, implying the existence of 

heavy neutral right-handed leptons. 

In an su(qL x SU(2)R x U(1) theory, the u-number violation effects 

discussed here are basically unchanged. The only minor differences 

involve (i) replacing EZ\I by M,+, and K$, according to the involved 
L R 

coupling, and (ii) elimination of contributions from right-left 

diagrams in which the two W-couplings to the leptons are of opposite 

handedness. 

3.9 CP Violation in a Gauge Theory 

The charged weak current of the standard Weinberg-&lam left- 

handed model can be written as: 
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be achieved if the matrix elements of the weak current would contain 

complex phases which cannot be eliminated by redefining the physical 

states, and which are, therefore, experimentally observable. 

There are, at least, three ways to achieve this within the frame- 

work of the SU(2) x U(1) gauge theory (but not within the simplest 

four-quark verison of the standard left-handed model). We now discuss 

them briefly: 

(i) CP-violation and Higgs Mesons. We may remain with only four 

quarks and only left-handed currents but introduce the complex phase 

parameter into the interactions of the Higgs particles [66]. The 

“minimal” set of Higgs particles in the Weinberg-Salam model includes 

four scalar states. Three of them are “eaten up” by the three massive 

vector gauge Bosons and one remains as a physical particle. The 

couplings of this particle cannot induce CP-violation. It is clear, 

however, that we can also introduce a larger set of Higgs particles. 

Such an assumption is neither elegant nor necessary, but it is perfectly 

consistent with all the requirement of the theory. Weinberg [66] has 

pointed out that the (otherwise ugly) possibility of increasing the 

number of Higgs particles, enables us to introduce an arbitrary relative 

phase parameter between the interactions of different Higgs particles. 

Such a phase will produce CP-violation through the interference of 

diagrams involving different virtual Higgs particles. This is the 

only way of incorporating CP-violation into the standard left-handed 

model without introducing new quarks or new currents. The attractive 

feature of this idea is the natural smallness of the CP-violating 

amplitude, relative to other weak amplitudes. The resulting CP- 

violating amplitude successfully “imitates” the predictions of the 

superweak theory, in accordance with experiment. The unattractive 

d 
J = (UC) v&l-v5) A s 

0 

where A is a unitary 2 x 2 matrix. In principle, such a unitary 

matrix can be fully parametrized in terms of four real parameters. -- 

However, three of these parameters can be “absorbed” into the 

definitions of the quark states, u, d, c, s. In other words, we can 

redefine u as ueie without suffering any observable consequences. 

Four quark states can absorb only three phase parameters - one for 

each quark except for one overall phase. We therefore remain with an 

A-matrix which is fully determined by one real parameter. A is then 

necessarily an orthogonal matrix and the single parameter can be chosen 

as the Cabibbo angle 8 : 

case sins 
A= 1 

I 

(3.57) 
-sin8 1 case . 

All matrix elements of weak currents involving the four quarks 

and the four vector gauge particles (W’, We, Z’, y) will be relatively 

real in such a theory. Consequently, CP is necessarily conserved in a 

gauge theory based on the left-handed model of first and second- 

generation quarks. 

One might suggest that the interaction responsible for CP viola- 

tion is not an integral part of the gauge theory of weak and electro- 

magnetic interactions. In that case, all the fundamental questions 

which were solved by the introduction of gauge theories must be re- 

opened. It is not clear, for instance, that a gauge theory with 

an external CP-violating piece remains renormalizable, etc. 

It would be much more attractive to be able to account for CP- 

violations within the framework of the gauge theory, in a fashion 

that preserves all the beautiful features of the theory. This could 
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feature is the explicit dependence on the properties of the Higgs 

particles, and the required non-minimal set of such particles. 

(ii) CP-violation and Right-handed Currents. If we do not appeal 

to the Higgs particles, we may still introduce CP-violation at the 

level of second generation quarks. This can be done by the introduction 

of right-handed weak currents and in particular the C.-s right- 

handed transition discussed in Section 3.3. The idea is simple: the 

2 x 2 matrix A which we have discussed above, has “lost” three of its 

arbitrary parameters through a redefinition of the quark states u, d, 

c, s. If, however, some of the same quarks also participate in a right- 

handed current, we do not have any more freedom to absorb the phase 

parameters of the additional current into the redefined quark states. 

In other words, a relative phase between the left-handed transitions 

and the right-handed matrix elements cannot be, in general, eliminated. 

This method of violating CP was first suggested by Mohapatra [67] 

several years ago, and was later discussed by other authors [68]. It 

also leads to predictions which imitate the “superweak” results for 

the K”-Ko system, but the typical strength of the CP-violating inter- 

action has to be postulated and cannot be derived. 

(iii) CP-violation and the Number of Quarks. It is clear that 

the simplest way to produce CP-violation would be to increase the number 

of quarks [69]. The argument for CP-conservation in the case of the 

left-handed four-quark model started with four (2 x 2) parameters of 

a unitary matrix and continued with three (4-l) “absorbed” phases. 

Generalizing the argument to n doublets of left-handed quarks would 

give an n x n 2 unitary matrix A with n real parameters. The total 

number of quarks is ?n, allowing us to “absorb” (2n-1) phases into 

the definitions of the quark states. We remain with n2-(Zn-1) real 

parameters, while an n x n orthogonal matrix allows only b(n-1) 

parameters. We are therefore left with an n x n unitary matrix 

containing: 

i n(n-1) real rotation angles (generalized Cabibbo angles) 

i (n-l) (n-2) phase parameters (CP violating phases). 

For one generation of quarks (n = 1) we have no angles and no phases. 

For two generations, we obtain one Cabibbo angle and no phases. For 

three generations, we obtain three angles and one phase parameter, 

yielding CP-violating effects within a purely left-handed SU(2) x U(1) 

gauge theory [69]. We discuss this possibility in detail in Sections 

4.7 and 4.10. 

We do not have a strong prejudice for or against any of the 

above mechanisms for CP-violation. It is important to realize that 

almost any extension of the four-quark left-handed model leads to CP 

violation. At the present time the extension to six quarks appears 

to be most attractive, due to reasons which are unrelated to CP- 

violation (see Section 4.5). We therefore prefer the six-quark version 

of CP-violation over the options of introducing right-handed c ++ s 

currents or complicated Higgs spectra. 

3.10 The Mass Spectrum of Second-Generation Fermions and the 

Cabibbo Angle. 

We have seen, so far, that the second-generation fermions behave 

in all respects like their first-generation predecessors. Their weak, 

electromagnetic and strong interaction patterns are identical. The 

only exception is the mass spectrum, which was simple and qualitatively 

“understandable” for the first-generation fermions, but is totally 

puzzling in the case of the second generation. 
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There is no explanation whatsover for the u-e, c-u and s-d mass 

differences. While the v,-e and u-d differences may well be of electro- 

magnetic origin, the vu-u and c-s differences are larger by 2-3 orders 

of magnitude. The “e-e and the u-d differences are of essentially 

comparable order of magnitude and equal signs. The v~-!.I and c-s 

differences are of different orders of magnitude and opposite signs. 

Except for the presence of the Cabibbo angle which is likely to enter 

into various mass calculations, we see no reason for the totally 

different mass patterns of the two generations. 

On the level of naive qualitative speculations, the simplest 

“explanation” could have been the following: There is a new inter- 

action (beyond the usual weak, electromagnetic and QCD interactions) 

which distinguishes between fermions of the two generations. First- 

generation fermions do not participate in this interaction (presumably 

having vanishing values of some new charge which couples to it). 

Second-generation fermions respond to the “new interaction” and lareely 

acquire their masses through it. Thus, the alleged “new interaction” 

is responsible for the p-e mass difference as well as for the mass 

values of the c and s quarks. Such a speculation is not, apriori, 

unattractive. After all, something must eventually distinguish 

between the muon and the electron! 

The real difficulty of our naive “new interaction” is, of course, 

the incredibly accurate measurement [70] of the muon magnetic moment, 

which agrees with the QED prediction to within 25 parts per billion 

in g (or 25 parts per million in g-2). Our “new interaction” must be 

strong enough to account for the muon mass, but weak enough to con- 

tribute to (g-2)u below the present experimental uncertainty, and 

below the contribution of the ordinary weak interactions. 

An example for such an artificial interaction (which, however, 

teaches us nothing new) is the coupling of the Higes particles to the 

fermions. This coupling is, by definition, proportional to the fermion 

mass. It distinguishes between 11 and e, c and u, etc. At the same 

time, the Higgs-particle contribution to g-2 is well below the present 

level of experiments [71]. The Higgs couplings teach us nothing new, 

since the fermion masses are introduced into them “by hand”. Whether 

a more meaningful “new interaction” exists we do not know, but it is 

attractive to assume that in some approximation, all first-generation 

fermions are massless, while second generation fermions acquire their 

mass through a mechanism which distinguishes between the two genera- 

tions. 

The asswption of zero “bare mass” for the first-generation 

fermions leads to an interesting speculation concerning the value of 

the Cabibbo angle [72]. Assuming that prior to the Cabihbo mixing: 

In: = InI =o 

we may obtain the following mass matrix for the u and c quarks: 

O m”c 
1 (3.59) 

m* 0 

Cl, mc 
i i 

The unitary matrix needed to diagonalize this mass matrix can be 

defined by a rotation angle 81 which can be expressed in terms of the 

final mass eigenvalues mu and mc: 

2Jm 
tan 2e1 = * 

c ” 
(3.60) 

A similar angle, 82, “rotates” the “bare” do and s states into the 
0 

“physical” d and s : 
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2Jmdms 
tan28 =p 2 ms-m d 

(3.61) 

The Cabibbo angle is, of course, given by: 

2% 2&K- 
arc tan - - arc tan uc 

ms-m mc-m (3.62) 
d u 

Assuming: 

mu ‘L 4 MeV; md ‘L 7 MeV; ms I 150 MeV; mc 5 1500 MeV (3.63) 

we find: 

e Q 9’ 

Compared with the “experimental” value of 13’ (see Section 3.1). The 

agreement is not bad, in view of the crude assumptions used here. 

This calculation of the Cabibbo angle ignores several important 

effects and involves some unjustified assumptions. We do not consider 

it to be a solution to the problem of understanding the relation 

between fermion masses and Cabibbo angle. We have mentioned it here 

only as an illustration of one possible way of attacking the problem. 

Otller interesting attempts have been suggested by different 

authors [7.3]. 

3.11 Grand Unification and the Second Generation of Fermions 

We have indicated in Sections 2.9 and 2.10 that all the motiva- 

tions for a quark-lepton connection or for a grand unification of 

strong, electromagnetic and weak interactions already exist at the 

level of first-generation fermions. The second-generation fermions 

do not add to these motivations. Models such as the SU(5) and SO(l0) 

schemes (see Section 2.10) relate only quarks and leptons of the same 

generation. Consequently, each generation of fermions is assigned to 

a separate representation of the grand unification algebra. In the 

case of SO(lO), the left-handed fermions v 
11’ 

p. c, s (and the left- 

handed antifermions) form a 16-dimensional multiplet, analogous to the 

one formed by ve, e, u, d. In SU(S), the second-generation fermions 

form an additional set of 10 + L? multiplets. Such grand unification 

schemes shed no light on the distinction between different generations. 

In fact, it is clear that in such models the Cabibbo angle (or angles) 

which represents “generation mixing” cannot be understood within the 

framework of the grand unification group. It is also apparent that 

the mass differences between first- and second-generation fermions are 

not due, in such models, to any of the interactions which are represented 

by the gauge Bosons of the grand unification algebra. 

There are more ambitious models which try to assign all fermions 

(of both generations) to one large multiplet of a grand unification 

scheme. The most interesting model in this category is the E(7) 

model [37]. 

In E(7), all fundamental fermions are in the “spinor” 56- 

dimensional representation. E(7) has a maximalsubgroup SU(6) x SU(3). 

SU(6) is the flavor gauge algebra and SU(3) is the usual color gauge 

group. The 56-multiplet of E(7) decomposes into the following 

SU(6) x SU(3) multiplets: 

562 (6.3) + (i;,?) + (20,*) . (3.64) 

Hence, the fundamental fermions are: 

(i) Six quarks (color triplets) 

(ii) Six antiquarks (color antitriplets) 

(iii) Twenty leptons and antileptons (color singlets) 
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Since the electric charge is a” SU(6) generator, we conclude that.i” 

this model, N(6) is a “simple unification” group (see Section 2.9). 

It includes a” SU(3) sub-group and dictates the charges of the six 

quarkstobe~,-f,-~,~,-f,-~; Hence,thefourquarksof 

the first two generations are supplemented by two additional Q=-$ 

quarks. The Weinberg angle is predicted, at the N(6) level, to obey: 

sin 2 3 0W = 4 (3.65) 

in clear conflict with experiment. There is no reason to expect the 

SU(6) gauge Bosons to have very high masses. Consequently, the 

renormalization effects on 2 sin 0 W should not be substantial (see 

Sections 2.9, 2.10). 

The leptons and antileptons fall into a 20-dimensional 

representation of SU(6). Lepton number is not conserved. There are 

four negatively charged leptons (e-, n-, r- and one more), four 

positively charged leptons (their antiparticles) and twelve neutral 

leptorls. Of the four negatively charged leptons, two must be in 

SLl(2) x U(1) triplets, and two are in doublets. 

The E(7) model represents a bold attempt to unite all fermions - 

in one multiplet. Unlike SU(5) or SO(10) it makes a definite pre- 

diction about the total number of quarks and leptons. It predicts an 

unequal number of Q = 2/3 and Q = -l/3 quarks. All of these pre- 

dictions can be tested. The main difficulty of the model is, 

however, its unacceptable value for sinZBW . 

Any model (including E(7)) which introduces fermions of different 

generations into the same multiplet of a grand unification gauge group 

must violate natural flavor conservation by neutral currents. If the 

s and d quarks belong to the same representation of such a” algebra, 

it must have a generator corresponding to a” sd neutral current. 

Such a current can be made small by various means, such as assuming 

a very large mass for the corresponding vector Boson. However, the 

absence of IASI = 1 and IAC( = 1 neutral currents must be introduced 

explicitly into the model, and it does not follow “naturally”. 

We believe that the two major difficulties mentioned above (i.e. 

sin28 w and the absence of natural flavor conservation) provide us with 

strong arguments against such models. However, their explicit pre- 

dictions concerning the existence and number of various quark- and 

lepton-flavors will serve as the most conclusive test. 

3.12 Summary: Second-Generation Fermions 

The second generation of fermions raises only one new fundamental 

question: Why do these fermions exist, and what distinguishes them 

from their predecessors? 

All weak interactions of second-generation fermions are, so far, 

consistent with being identical to those of the first generation. 

There is no indication for right-handed charged currents. All left- 

handed fermions seem to fit in SU(2) x U(1) doublets. There is no 

evidence against the hypothesis that the classification of second- 

generation fermions is identical to that of the first generation. 

The mass pattern of the second generation fermions is completely 

mysterious and the presence of “generation mixing” by the Cabibbo 

angle is the only obvious connection between the two generations. It 

is very likely that the Cabibbo angle (or angles) and the fermion 

masses are intimately related. 

The natural conservation of all flavors by the neutral currents 

emerges as a” attractive hypothesis, and it provides a” important 

constraint for model building. 
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4. Third Generation Fermions: v , T-, t. b 

4.1 Introducing the Third Generation of Fermions 

Unlike the first two generations of fermions, the third generation 

is not yet established. We have very strong evidence for the existence 

of the t--lepton, some evidence for the fifth quark (probably b), 

indirect evidence for a neutral lepton related to T and no concrete 

evidence for a sixth quark. 

We do not know of any profound reason for the existence of the 

third generation of fermions (or for the existence of the second 

generation, for that matter). The discovery of the r--1epton (like 

the discovery of the p--1epton) was both surprising and “unwanted” by 

any convincing theory. 

While the first two generations are clearly similar to each 

other in many respects, the pattern of the third generation is not yet 

established. There are several possihilities. Some of them are the 

following: 

(i) The third generation of fermions is analogous to the first 

two generations. It includes two leptons (vt and T-) and two quarks 

(t and h). The left-handed leptons and quarks belong to SU(2) x U(1) 

doublets with possible Cahibbo-like mixing with earlier generations [74]. 

(ii) There is no third generation. The fifth and sixth left- 

handed quarks are associated, respectively, with the first and second 

generations. Both have Q = - i and they are denoted by b and h. 

Each generation of quarks forms a” SU(3)-triplet. The t-quark does 

not exist. The additional leptons join ve, e, v , n in a” SU(3) octet. 
!J 

Such a situation occurs in practically all “simple-unification” 

schemes (see Section 2.9), such as SU(3) x SU(3), E(6), E(7). 

etc. [31, 32, 371. 

(iii) The r-lepton belongs to a third generation which is similar 

to the first two, but each generation of left-handed leptons contain 

three leptons: (me, e-, E-); (v 
lJ’ 

n‘, W-); (vT, T-, T-). The fifth 

and sixth left-handed quarks belong to the first two generations which 

contain (each) a triplet of left-handed quarks. This is the case in 

the SU(3) x U(1) model [57] invoked to account for the trimuon events 

observed in neutrino processes (see Section 5.2). 

There are other possibilities which we will not discuss here. All 

of them can he tested experimentally, by studying the production and 

decay properties of the new leptons and new quarks. 

As a reference point and a convenient theoretical framework, we 

will use the possibility (i). namely: a third generation of fermions 

which is as similar as possible to the first two generations. When- 

ever possible, we will discuss experimental tests of this hypothesis. 

4.2 The t-Lepton: Experimental Facts and Open Problems 
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The first indications for the existence of the s-particle were 

announced [75] in July 1975. In the two years since that time, many 

of its properties were elucidated. It is now clear that, barring the 

possibility of a completely new type of particle, the t appears to be 

a lepton. Its know” properties are briefly summarized here: 

(i) The mass of T- is around 1.9 GeV [76]. There is some indica- 

tion of r-events at the v’(3.77) resonance region, hinting that the 

mass may he somewhat lower [77]. There is no evidence of r-events at 

$’ (3.68)) hence: m(r) is probably larger than 1.84 GeV. The T-IIIPSS 

is suspiciously similar to that of the charmed D-meson (1.87 GeV), hut 

all other properties of t and D are radically different. 



(ii) The’energy dependence of the production cross section 

.?++e- + 7++7- is consistent with the expression computed for a point- 

like J = $ particle [78]. Better data are required in order to fully 

establish this point. The energy dependence for T+T- production is 

different from the energy dependence for 06 production. 

(iii) The decays: 

T- * e-+v+v (4.1) 

T- + p-w+; (4.2) 

are observed at a branching ratio of 15%-20% (each)[79]. This is 

consistent with theoretical expectations [80]. We have deliberately 

avoided any labels for the neutrinos, and we return to this question 

in Section 4.3. 

(iv) The momentum spectra of the electrons and muons produced 

in t-decay are consistent with the prediction of a pure V-A theory [78]. 

However, other possibilities such as various combinations of V-A and 

V+A are not yet excluded. The momentum spectrum of electrons in ‘I- 

decay is completely different (much “harder”) than the one observed in 

D-decay. 

(v) The p-v and A;v decay modes have been observed with the 

following branching ratios [81,82]. 

B(T- + p-+v) z 0.24 + 0.09 (4.3) 

B(T- + A1+u) 5 0.11 f 0.07 (4.4) 

These values are consistent with theoretical expectations [SO]. The 

decay: T- + TI-+v has not been observed [al] and there is some doubt 

as to whether it occurs at the expected branching ratio of 7-10%. We 

hope that this point will soon he clarified experimentally. 

(vi) Assuming that a new neutral lepton v ‘I is emitted in all - 

t-decays, the following upper limits for its mass are obtained 1821: 

m(v,) < 300 MeV (from T- + A;+vr) (4.5) 

m(v,) < 550 MeV (from T‘ -f e‘+Ge+v ) . 7 (4.6) 

(vii) The following upper limits have been obtained for r-decays 

in which e-number, n-number or r-number are not conserved [83]: 

9(-r- + e-+y) < 2.6% (4.7) 

B(t- * p-+y) < 1.3% (4.8) 

B(r- + e-+E‘+e+) -Z 0.6% (L’ f e7 or UT) (4.9) 

(viii) All properties of t are consistent with the hypothesis 

that it is a sequential lepton, namely - a lepton carrying its own 

conserved (or, effectively coserved; see Section 3.8) quantum 

number [78]. 

We will therefore assume that T is a lepton which belongs to a 

new SU(2) x U(1) multiplet, and is not associated with e or n . 

4.3 Does T- Have its Own Neutral Lepton? 

The simplest pattern for the coupling of the r-lepton to the 

charged weak current duplicates the couplings of the electron and muon. 

We assume that T- and a new neutral lepton vr form a left-handed 

SU(2) x (J(1) doublet, forming a charged weak current of the form: 

JT Y,(l-Y5)T‘ (4.10) 

There is no evidence against this simple hypothesis. However, 

it is interesting to study whether the existence of a new neutral 
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lepton is indeed a necessary consequence of the present experimental 

information on the T-particle [84]. 

We could avoid the new neutral lepton by assigning the left-handed 

T- to an SU(2) x U(1) singlet. In the absence of Cabibbo-like mixing 

between T-, e‘ and p-, a singlet T- would be stable. This is, of 

course, unacceptable. However, there is no apriori argument against 

r-p or T-e mixing. When such mixing is present we would have two 

doublets and one singlet: 

1 (4.11) 
L (7’lL 

where the “weak eigenleptons” e’, II’, T’ are given by: 

v 
!J 

!J’ 

e’ e 
II :I !J’ =B u (4.12) 

T’ ‘I 

and B is a unitary 3 x 3 matrix. The decay of T- will then proceed 

through the T--component residing in the same doublet with ve or v . 
P 

The leptonic decays of T- would then involve an “ordinary” neutrino 

(ve or vP) and an “ordinary” antineutrino (ce or Gu). Horn and 

Ross [84] have studied this possibility and showed that the following 

partial widths emerge for purely leptonic T-decays: 

F(T- + p-e-e+) = r(~- -f e-p-u+) = K(l-4x+8x2) (4.13) 

r(r- -+ p-u-u+) = r(T- + e-e-e’) = ZK(l-4x+6x2) (4.14) 

r(T- -+ ,,-v~;~) = r(r- + u-veue) = r(=- -f e-vUGp) = r(T- -+ emveGe) = K 

(4.15) 

r(T‘ + e-vu;e) = r(r- + p-veGP) = 4K (4.16) 

where K is a factor which depends on the mixing angles of the matrix B 

and on x=sin2Bw. From Equations (4.13)-(4.16) we obtain the following 

interesting relation: 

r(T- (4.17) 
r(T- 

+ e-e-a+) z 1 _ 4X + g? x2 'L 0.4 
+ u-v;) 

where r(s- + e-a-a+) represents the sum of all possible combinations 

for a’ H e7 or u’ , and r(r- -c v-v;) represents a sum over all types 

of neutrinos. We have used x s 0.25 - 0.3 . The observed branching 

ratio [79] for I- + P-V; then leads to the prediction: 

I-(T- -f t-i-L+) 'L 6% - 8% (4.18) 

in gross disagreement with the much smaller experimental upper limit [83]: 

r(r- + a-11-11+) < 0.6% (4.19) 

We therefore conclude thatthe”concocted”modelwhich attempts to avoid 

a new neutral lepton, fails [84]. Thus, we have indirect evidence that 

such a lepton exists, and is probably associated with T- in the same 

left-handed doublet: 

(4.20) 

We still have two possibilities concerning the mass of u : T 

(i) m(v_) < m(T-) . In this case vT is emitted in all r-decays 

and the experimental limit [82]: 

is valid. 

ln(VT) < 300 Mev (4.21) 

(ii) *) > m(T-) . In this case we expect Cabibbo-like mixing 

among the three left-handed doublets: (ve.e-); (vu,p-); (v~,T-) . 

The T- could decay through such mixing effects without emitting a v . 
T 

The mass of u T could easily be of the order of 10 GeV [85]. An amusing 

consequence of this scheme is the transition p- -f e-+y which proceeds 
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through the Cabibbo-like mixing of the leptonic doublets. The branch- 

ing ratio for u-+ee-cy is then proportional (see Section 3.8) to [m(v,)12 

and is of the order of 10 -’ for m(vT) % 20 GeV [85]. We have no 

reason to believe that m(vr) > m(T-) and we consider it to be a 

somewhat ugly (but not yet excluded) possibility. 

We summarize: we have indirect evidence for the existence of a 

neutral lepton associated with T‘ . It is probably lighter than 300 MeV, 

although it may still be heavier than T- . 

4.4 Models with Six or More Leptons 

Assuming that vr exists, we have at least six leptons. There is 

a wide variety of models based on six or more leptons which are not 

inconsistent with the available data. We briefly list here several 

such models. Our list is far from exhaustive. 

(i) Left-handed six-lepton SU(2) x U(1) model. This is the 

simplest scheme involving three left-handed doublets: 

I”:1 i”:l I?1 (4.22) 

All right-handed leptons are in SU(2) x U(1) singlets. This classifica- 

tion contradicts the atomic physics parity violation experiment (see 

Sections 2.3, 2.5). Each of the three neutral leptons ve,vuand vr 

may or may not be massless. If one or more neutral leptons has a mass, 

Cabibbo-like mixing is very likely, leading to decays such as 
_ _ 

u- + e-+y, T- + p +y, T -f e-+-f . The rates for these decays are pro- 

portional to the mixing angles and to the neutrino mass differences 

(see Equation (3.52), Section 3.8). 

(ii) Vector-like leptonic SU(2) x U(1) model. The only 

SU(2) x U(1) classification of the right-handed electron, which is 

consistent with all data (Sections 2.3, 2.5), is in a doublet. Extend- 

ing this conclusion to all other leptons we end up with a six-lepton 

vector-like model, having the three left-handed doubletsof Equation 

(4.22) and three right-handed doublets : 

(4.23) 

Here, at least some of the neutral leptons must be massive in order 

to avoid conflict with the V-A features of u-decay, B-decay and hyperon 

decays. It is clear that in such a model m(Ne) # m(Nu) # m(Nr) 

Consequently, a 3 x 3 matrix of Cabibbo-like angles leads to elaborate 

mixing effects, as well as to violations of e-number, P-number and 

r-number conservation. It is also possible that some of the right- 

handed neutral leptons are related to some of the left-handed ones. 

For instance, if vr is heavy (see Section 4.3), it is entirely possible 

that v T 5 Ne or vr s NP . A six-lepton model with massive neutral 

leptons of different masses will, in principle, exhibit CP-violation 

effects analogous to those expected in a six-quark model (see Section 

3.9 and 4.10). 

(iii) More complicated SU(2) x U(1) models. More complex 

SU(2) x U(1) models may involve larger number of leptons, or the 

assignment of some right-handed leptons to doublets and others to 

singlets. Some other schemes propose SU(2) triplets of the type: 

lE’7 
(4.24) 
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and yet others involve doubly charged leptons. We see no reason to 

adopt any of these models and will not discuss them any further. 

(iv) suO,I x SU(2)* X U(1) . In Section 2.6 we discussed the 

attractive possibility of an SU(2)L x SU(2)R x U(1) gauge algebra. 

The full lepton classification of such a model presumably includes the 

three left-handed doublets of Equation 4.22 in three (5 , 0) representa- 

tions of SU(2)b x SU(2)R x U(1) . The corresponding right-handed 

leptons are in three (0, + representations. Note, however, that in 

the version in which M,,,; >> MW; (see Section 2.6) it is entirely 

possible that the right-handed neutral companion of the electron (or, 

respectively, n or 5 ) is ve (or, respectively, v or v T 1. In such 
IJ 

a case all v-particles have non-vanishing masses. The dominance of 

left-handed couplings in p-decay and B-decay is then guaranteed by the 

asymmetry of the Wf masses rather than by an asymmetric lepton classi- 

fication. 

There is only one piece of experimental data which might motivate 

us to consider complicated leptonic models, involving eight or more 

leptons and large gauge groups: the trimuon events observed in 

neutrino reactions. We return to this issue in Section 5.2. 

4.5 

There is no fundamental theoretical argument which tells us that 

the number of different types of quarks must be larger than four. 

However, there are several phenomenological and theoretical considera- 

tions which may already necessitate additional quarks. Some of these 

considerations are: 

(i) The observations of the new n+u- resonance T(9.5) [86] and 

its possible excited state T’(10.1)[87], are most easily interpreted 

as bound states of a new type of quark. We discuss the implications 

of the T-particles in Section 4.6. At this point we only state that 

their existence is, at present, the strongest indication for the 

presence of a fifth quark. 

(ii) The first two generations of fermions exhibit a certain 

degree of quark-lepton symmetry or, at least, analogy. The existence 

of the r-lepton and its probable neutral partner v 
T’ implies that a 

new doublet of quarks will be needed in order to preserve the same 

symmetry [74]. 

(iii) In a pure left-handed SU(2) x U(1) model, the requirement 

of an equal number of left-handed quark doublets and lepton doublets 

is not just a question of aesthetics or a pleasant analogy. The 

divergent parts of the triangleanomaly diagrams [30] are removed [29] 

only if the (v T, T-) doublet is supplemented by a (t,b) left-handed 

doublet. 

(iv) We have seen in Section (3.9) that in a pure left-handed 

SU(2) x U(1) model, CP violation is naturally introduced at the level 

of six quarks, while at the four-quark level it can be only induced 

through the couplings of a sufficiently complicated set of Higgs 

particles. WhiIe there are several different ways of incorporating 

CP-violation into a gauge theory of the weak interactions, the simplest 

and most direct appears to be the introduction of six (or more) 

quarks [69]. We discuss CP-violation in the six-quark model in 

Section 4.10. 

(v) In Section 2.6 we have discussed a left-right symmetric 

SU(Z)b x SU(2)P x U(1) model. We mentioned two variations of the 

model : one [19,20] in which MWi << MW; and one [21] in which 

y = y but the right-handed doublets always connect light 

fermions to heavy fermions. In this second version, the right-handed 
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partners of the u and d quarks must be new quarks, presumably b and t, 

respectively. Note that this requirement is not related to the “y- 

anomaly”. No y-anomaly is expected in such a model, because of the 

orthogonality of Wt and Wi . However, the fifth and sixth quarks are 

necessary in the second variation of the SU(2)L x SU(2)R x U(1) 

model. 

Except for the existence and interpretation of the T particles, 

none of the above arguments is entirely convincing. However, their 

accumulated weight should certainly lead us to study seriously the 

various features of the proposed t and b quarks. 

4.6 New Mesons with b or t Quarks: The T-Family, B-Mesons and 

T-Mesons 

One of the simplest methods of discovering a new type of quark q 

is, of course, the observation of its bound qi system. The successful 

description of the $-family in terms of the simple “charmonium” 

model [SB] encourages us to speculate on the features of similar 

systems involving heavier quarks such as b or t. The “standard” work 

on this subject is the analysis of Eichten and Gottfried [89], which 

predicts the level structure of Figure 12 for a q4 system, as a 

function of the mass of the heavy quark. Eichten and Gottfried used 

the same potential which proved successful in the case of charmonium 

and showed that with such a potential the energy differences between 

the levels shrink as the mass of the quark increases. Furthermore, 

the number of levels below the threshold for the production of pairs 

of new mesons, increases as a function of the quark mass. 

z 0.8 
9 

s 0.6 
iii 

15 0.4 

0.2 

4 

I 2 3 4 

Mq 

5 

Figure 12: Relative positions of the levels of “quarkonium” as a 

function of the quark mass [89]. 
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The observation of the T particle in the reaction [86] 

p + nucleus + T + anything 

L v++u- 

(4.25) 

immediately led to its interpretation as a bound state of a new heavy 

quark and antiquark with a quark mass around 4-5 GeV. For such a mass 

value, the Eichten-Gottfried analysis leads to the following predic- 

tions [89] : 

(i) m(T’) - m(T) % 420 MeV . (4.26) 

(ii) From the mass difference quoted in (i), it follows that the 

decay 

T’+T+n+n (4.27) 

is not a dominant decay mode of T’ . Consequently, the branching 

ratios : 

B, = r(T’ + v+u-1 
T(T’ -+ all) 

and B = r(T -+ IJ+U- 
r(T + all) (4.28) 

are not very different. Assuming that T and T’ are b6 or t? bound 

states, we obtain a rough estimate [go]: 

:~r 0.6 (for a b-quark; Q = - $ ) (4.29) 

E or 0.4 (for a t-quark; Q = $ ) (4.30) 

(iii) A third level, T” is predicted below the “continuum”, with 

m(T”) - m(T’) 2, 330 MeV (4.31) 

and 

B,, = r(T” -+ U+P-) 
r(T” + all) % 0.7 B’ (for b or t) . (4.32) 

(iv) In a hadronic production pro’cess, such as p+p -t T+anything, 

the expected production rates of T, T’ and T” are comparable to each 

other. The mass differences are of the order of 5%, and the full mass 

dependence of the production cross-section is expected to yield effects 

of the order of, at most, factor of two or three [go]. Since both the 

production cross-section and the IJ+!J- branching ratios for T, T’ and 

‘P’ are predicted to be more or less of the same order of magnitude, we 

expect to see all three resonances as II+~- bumps in pp scattering. We 

denote : 

N(T) = o(p+p + T+anything) * l'(T + p+u-) 
r(T + all) (4.33) 

A typical estimate then yields [go]: 

N(T) - N(T') * N(T”) 1, 1:0.3:0.15 (for b-quark; Q = - f ) (4.34) 

N(T)*N(T’) :N(T”) s 1:0.12:0.05 (for t-quark; Q = $) (4.35) 

Note that all estimates for the branching ratios B and the resonance 

signals N depend on the smallness of the decay T’ + T+n+n . This, in 

turn. is very sensitive to the T’-T mass difference which is predicted 

to be 420 MeV. 

Experimentally, a double peak structure is observed [87] in the 

10 GeV region (Figure 13). However, the mass difference between the 

two peaks appears to be closer to 600 MeV, and definitely larger than 

the predicted 420 MeV. This immediately implies that the br’anching 

ratio 

B, = r(T’ + V+IJ-1 
r(T’ + all) 

(4.36) 

is significantly smaller than the predicted value (Equations (4.29), 

(4.30)) . Consequently, the resonance signal N(T’) should be 

substantially smaller than predicted by Equations (4.34), (4.35). 
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Experimentally [87] : 

(4.37) 

+w+ . . . . . . . . . .._... Qaoo . . . . . . . . . 

I I I I I I 
0 9 IO I I 

Mass (GeV) 

Figure 13: The measured cross section 

d*o 
dm dy for p+p + T+anything times the branching 

y=o 

ratio B = F[; z ii;;) , after background subtraction. 

The two peaks presumably correspond to T and T’ [87]. 

consistent with Equation (4.33), but totally inconsistent with our 

entire line of reasoning (because Equation (4 .33) was based on a 420 XeV 

T’-T mass difference while the data give a 600 MeV difference!) 

This puzzling situation may or may not be settled in the near 

future. However, we still feel fairly confident that the T and T’ 

represent bound states of (at least one) new heavy quark. 

Assuming that we have here only one new quark, is it the bottom 

quark (b) or the top quark (t)? 

(i) Various estimates of the absolute production cross-section 

favor the b-hypothesis [go], [91]. However, we cannot regard these 

estimates as conclusive since there are still some important open 

questions concerning the mechanism of JI production in hadronic reactions. 

(ii) The relative size of the T and T’ signals also tends to 

favor the b-hypothesis. We have seen in Equations (4.34) and (4.35) 

that N(T’) :N(T) is expected to be larger for b than for t. If anything, 

it is too large. 

(iii) It is likely that a reliable picture of the T-family will 

emerge only from the observation of these particles in e+e- collisions. 

The production cross-sections for: 

+ 
e + e- -+ T, T’, T” , etc. 

as well as the widths for radiative decays between C = -1 and C = cl 

states-depend on Q*, the squared charge of the new 

quark. This should enable us to determine whether we are facing a 

b-quark or a t-quark. 

60 



Note that the properties of “toponium” or “bottomonium” are 

independent of the weak interaction properties of the new quarks. On 

the other hand, most of the properties of low-lying mesons containing 

one new quark are sensitive to the gauge theory assignment of the left- 

and right-handed b-quark (or t-quark). The most notable exception to 

this statement are the charges of the new mesons. For instance, the 

lowest-lying mesons including b-quarks presumably correspond to the 

isospin doublet: 

B” s (bd) ; B- s (b;) 

while the lowest-lying mesons with a t-quark are: 

T+ s (td) ; To f (t;) 

The observation of new charged mesons and their decay modes to charmed 

or strange mesons could determine whether we have a b or a t quark. 

The B- and T+ would decay into charm=+1 or strangeness=-1 systems 

while T-(=7*) and B+(=i-) would decay into charm=-1 or strangeness=cl 

systems. 

4.7 The Left-handed Six Quark Model 

We now proceed to introduce the left-handed SU(2) x U(1) six-quark 

model [69,92], including the left-handed doublets 

(4.38) 

with possible Cabibbo-like mixing, and the right-handed singlets: 

(“I, (dlR (cl, (slR w, (blR (4.39) 

While our discussion centers on the SU(2) x U(1) model, we note that 

an SU(2)L x SU(2)R x U(1) model based on the same six quarks (Section 

2.6) would lead to the same predictions for all charged current and 

flavor-changing neutral current processes. In such a model the left- 

and right-handed quarks are in the (l/2, 0) and (0, l/2) doublets, 

respectively. 

The charged quark current of the SU(2) x U(1) model has the form: 

.J- = (; : t) yLL (l-y5)A (4.40) 

where A is a unitary 3 x 3 matrix. The most general form of the 

matrix A can be represented by [69]: 

r 
c1 s1c3 s1s3 

A= i6 i6 
-slc2 ClC*C3-s2s3e C1C2S3+S2C3e (4.41) 

i6 i6 
51S2 -ClS2C3-C2s3e -C1S*s3+C*C3e , 

where: 

‘j a c0se” s. : sine.; 
3 1 3 

j = 1,2,3 . 

The three angles 61,E2,E3 are Cabibbo-like angles, representing 

mixing of the three left-handed doublets. The phase angle 6 introduces 

CP-violation (see Sections 3.9, 4.10). 

What can we say about the values of the parameters 61,92,e3,6? 

The angle Ol is the original Cabibbo angle. The value of costll is 

directly measured in nucleon E-decay and is found to be 

cOsel = 0.974 k 0.002 (4.42) 

E$ = (13.2 C 0.5)’ (4.43) 

The combination sinelcos03 appears in all strangeness changing semi- 

leptonic decays. It corresponds to the sine factor in ordinary 

Cabibbo theory. We find: 

sinelcose3 = 0.229 + 0.003 (4.44) 
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yielding: 

(4.45) 

CT: 

e3 2 16 0 (4.46) 

We do not have a direct determination of 82 . However, we can 

set a bound on 02 using a theoretical estimate of the Ki - K”L mass 

difference [go]. We have already mentioned (in Section 3.2) that a 

successful estimate of the mass of the charmed quark can be obtained 

by considering the contribution of Figure 7a to the Ki - KL mass 

difference. In a model involving a t-quark in addition to the c-quark, 

such an estimate should presumably remain valid. It now relates the 

Ki-KF mass difference to a certain function of mc, mt and 82. The 

usual expression (Equation 3.23) : 

AW : Km2 cos28sin28 c 

is replaced by [go]: 

AM : (4.47) 

where K is, again, a factor depending on parameters such as G and MW 

but not on the quark masses or Cabibbo angles. 

It is clear that for very large values of mt, equation (4.47) will 

hold only if s; << 1 . Crudely speaking, we must have: 

m 
tan2B2 < C 

“t 
(4.48) 

If mt is somewhere in the S-20 GeV range, we obtain: 

e2 < 30’ (4.49) 

For larger values of mt we clearly obtain lower values of e2 . 

We cannot establish an upper bound on the phase angle 6 . We will 

see in Section 4.10 that we can only state that sins # 0 and is larger 
-3 than 5 x 10 . 

We conclude that all e-angles in the Cabibbo matrix A are small: 

e1 I 13O ; O2 
0 <30 ; e3 < 16’ (4.50) 

The three doublets: 

IJ, I:l, IbtlL 
(4.51) 

are mixed by relatively little amounts, and the main weak transitions 

will normally connect u to d, c to s, t to b . Transitions proportional 

to sinei (i = 1,2,3) become important only when the main transitions 

are kinematically forbidden, as is the case in strange particle decays 

and, possibly in bottom-quark decays (see Section 4.8). 

4.8 Weak Production and Weak Decays of b-Quarks in the Left-handed 

Six Quark Model 

Having determined the bounds on the mixing angles el, e2 and e3, 

we can now proceed to discuss the production of b-quarks in neutrino 

reactions and the weak decays of mesons containing b-quarks. 

The simplest and most likely mechanism for b-production is the 

reaction: 

v+u+u+ +b. (4 .S2) 

The production rate is proportional to sin281 2 *sin e 3 ’ Using the 

known value of 81 and the bound on 03 (Equation (4.50)) we get: 

o(;+N -+ u++b+anything) i o.5% 
o(;+N + u++ anything) 

(4.53) 
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Another mechanism for b-production in <N scattering involves the c- 

quarks of the “qq-ocean” in the target nucleon. The cross-section for: 

;+c+u++b (4.54) 

includes the coupling strength of the c ++ b transition, which is 

likely to be significantly larger than the corresponding u ++ b 

transition. However, the production cross section is strongly 

suppressed by the small parameter which represents the probability 

of finding a cc pair in the nucleon. If the bound 83 < 16’ is more 

or less saturated, the process (4.52) is expected to dominate. However, 

if e 0 
3 c<16 , production off a c-quark may become the largest source 

of b-quarks. In that case, the production rate will probably be 

significantly smaller than the 0.5% of Equation (4.53). 

The production of b-quarks in neutrino (rather than antineutrino) 

reactions proceeds only via the “qq-ocean”, and the expected rate is 

substantially smaller than in <N reaction. 

Assuming that mb < mt , the dominant weak decay modes of the 

b-quark are: 

b + c+e-+; e 

b -t c+u-+; (4.55) 

b -t c+d+; 

All important decay modes will include charmed particles [92]. Assum- 

ing that the semileptonic branching ratio 

r(b + c+u-+;,, 
(b + all) (4.56) 

is of the order of lo%, we conclude that for every event of the type: 

;,+u’u++b (4.57) 

we will have: 

(i) 0.1 events with a u+u- pair 

(ii) 0.1 Events with a ufv+ pair 

(iii) 0.01 events with a u+u-u+ triplet 

If 83 c 81, the overall rate of “unusual” multimuon events due to 

b-production would be: 

o(;+N + v++v++anything) %5X 10 -4 

o(;+N + u++anything) 
(4.58) 

o(;+N + pi++p-+p++anything) I 5 x 10 -5 

o(;+N + u++anything) 
(4.59) 

If e3 < e1 , the corresponding rates are, of course, lower. At the 

same time, trimuon events and equal-sign dimuons may come from other 

sowces such as production of cc pairs. 

If %>y, the dominant weak decay modes of the b quark are: 

b+t+e-+; e 

b+t+u-+< e 

b+t+d+; 

(4.60) 

In that case, t-decays resemble c-decays (see Section 4.9), and the 

decays b + t will have similar characteristics to the decays b+c 

mentioned above. Consequently, the general features of the experimental 

signature of b-decays are independent of whether m, > m or “r, < mt . 

The lowest lying mesons containing b-quarks are expected to be: 

B” s (b?l) ; B- 3 (bG) 

Their leading decay modes are, presumably: 

B0 + D++e-+; e ’ D++u-+;, ; D+pions (4.61) 

B- -+ D’+e-+< e ’ D”+u-+Ge ; D+pions . (4.62) 

If the angles e2, e3 are sufficiently small, the lifetime of the B” 
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meson may be relatively long. In that case, B”-io mixing effects may 

be substantially larger than Do-Do mixing and CP-violating effects may 

be stronger than they are in the K”-Ko system [90,93]. 

If we identify the T as a b6 state, the “ass of the B” and B- 

mesons is expected to be approximately 5 GeV. The presently available 

neutrino beams should enable us to produce such mesons, and with 

improved studies of multimuon events in ;N scattering, we may find 

further evidence for the existence of the b-quark. 

Needless to say, in the left-handed SU(2) x U(1) model no “y- 

anomaly” is expected in GN scattering. In the SU(2)L x SU(2)R x U(1) 

model with a (u,b)P, doublet in the (0, l/2) representation (see 

Section 2.6) we do not expect right-handed b-production in anti-neutrino 

experiments, because of the orthogonality of Wi (which couples to the 

” 
lJ 

or vu beam) and Wi (which couples to the right-handed b). In 

such a model, the experimental situation of b-production in neutrino 

processes is identical to that of the left-handed SU(2) x U(1) model 

discussed in this section. However, any degree of mixing between Wt 

and Wi would change this conclusion and would allow for the production 

of right-handed b-quarks. 

4.9 Weak Production and Weak Decays of t-quarks in the Left-Handed 

Six-Quark Model 

We first consider the case mt < mb . In this case direct 

production of t-quarks in neutrino reactions will mostly proceed by 

converting a “valence” d-quark into a t-quark: 

v +d+u-+t 
” 

(4.63) 

A second possible mechanism would utilize the strange quark of the 

“q&ocean”: 

v +s-+u-+t (4.64) 
!J 

5 + ; -+ p+ + t (4.65) 
v 

The production of a d-quark is favored by the large “valence” to 

“ocean” probability ratio. The production of an s-quark enjoys a 

larger “Cabibbo-factor”. Both of these mechanisms are, of course, 

completely analogous to the mechanisms for charm production. For the 

dominant mechanism we expect that, well above threshold for t-produc- 

tion : 

o(v,,+d + p-+t) ~ tan2e 
2 (4.66) 

o(vu+d + u-+c) 

Using the crude estimate of Equation (4.48) we then find: 

o(v,,+d + u-+t) < 2 

o(vu+d + 11‘+c) “t 
(4.67) 

For mt c 5 GeV and Ev 4 200 GeV we would expect at most 1% of all 

vN events to contain a t-quark. 

The decay modes of the t-quark are very similar to those of the 

c-quark (as long as mt < “b) . 
The dominant decays involve strange 

particles: 

t -+ s+e++v, 

t + s+u++u ?J 
t + s+u+a 

The lowest lying mesons containing t-quarks are 

T+ 5 (ta) To Z (t;) 

and their most likely decay modes 

T + i?+e++ve+pions 

(4.68) 

(4.69) 
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T + k+u++ve+pions (4.70) 

T + k+pions (4.71) 

An interesting indirect source of t-quarks (for mt < % ) is the 

production of b followed by the b + t decay. A typical process 

would be: 

vu+u + u++b em+< 

L+ : 
t + 

! 

p-+v (4.72) 

d +; 

If mt<m b , practically all b-decays will include a t-quark (unless 

the b-t mass difference is small). 

The experimental signature of t-quarks produced in neutrino 

experiments is very similar to the signature of the charmed quarks. 

For instance, t-production in vN scattering would lead to U-U+ and 

u-e+ events similar to those generated by c-production. The only 

different feature which might be observable would be the average trans- 

verse momentum of the p+ or e+ relative to the direction of the 

allegedly exchanged W-Boson. The transverse momentum of the p + m t-decay 

is likely to be larger than that of the c-generated u+. Consequently, 

a high statistics experiment might detect a two-slope structure in the 

pT distribution of the p+‘s. The second slope will gradually appear 

only at high energies, above the t-threshold. 

All the above remarks relate to the case mt < mb . However, 

assuming that the T particle is a b6 state (see Section 4.6), it is 

more likely that “b < mt . In that case, the A matrix of Equation 

(4.41) together with equation (4.50) predicts that all dominant t- 

decays will include a b-quark: 

t + b+e++v e 

t + b+u++v 
u 

t + b+u+a 

(4.73) 

Since most b-decays involve a charmed quark, t-decays will often 

exhibit a remarkable cascade, such as: 

t + b+u++v 
I lJ 
4c+p-+Gp 

I, +p++v 
u 

(4.74) 

Assuming that: 

lYt+b+u++v ) r(b+c+u-+; ) 
-----!+e” 

r(c+s+Ll++; ) 

(t -+ all) (c + all) u % 10% (4.75) 

and that, well above the threshold for t-production (see Equations 

(4.66), (4.67)) : 

o(v+N-tp-+t+anything) ~ o 5% (4.76) 
o(v+N-+u-+anything) 

we expect the following rates of multimuon events due to t-production: 

R(y-p+) ?I 10 -3 

R(p-p-) % 5 x 10 -4 

R(;p-u+) 4 1O-4 (4.77) 

R(,,-,,+,,+) -5 % 5 x 10 

R(p-,,+u-II+) 5 x 10 -6 Q 

Here R(v-x) is defined as: 

R(p-x) = o(v+N-+-+t+anything) . r(t+x+anything) (4.78) 
o(v+N-+-+anything) r(t + all) 
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The rates for all of these multimuon signals are quite small. However, 

some of the signatures are unique (especially those of - ’ + and u!Ju 

ll-!J+u-!J+ 1. 

4.10 CP-Violation in the Left-Handed Six-Quark Model 

The incorporation of CP-violation into the gauge theory was 

actually the first motivation for the introduction of the six-quark 

model [69]. CP-violation is naturally built into the left-handed six- 

quark model (see Sections 3.9, 4.7). The phase parameter 6 is 

responsible for all CP-violating effects in the quark matrix elements. 

Thus, the CP-violating amplitudes are proportional to sin&. 

If we restrict our attention to CP-violating phenomena involving 

the three “light” quarks u, d and s, we immediately see that all such 

CP-violating amplitudes are proportional to sine3 . This follows from 

the structure of the matrix A (Equation (4.41)). The relevant matrix 

elements of A are A 22 and A 32’ 
in which e i6 is always multiplied by 

sine3 We can further show that all CP-violating amplitudes involv- 

ing only external u, d, s quarks must vanish in the limit mc = mt . 

The proof is simple: if m c = mt and if the c and t quarks do not 

appear in the initial or final state of the considered transition, 

we may always choose one linear combination of c and t which decouples 

from both the d and s quarks. Consequently, no interference between 

amplitudes of different phase is possible. We therefore conclude that 

all CP violating transitions involving only u, d,s quarks must be 

proportional to rn: - m: 

The overall conclusion of this discussion is that all CP- 

violating amplitudes among states containing only u, d, s quarks must 

be proportional to: 

Cm 
2 
c - III:) sine3 sin6 (4.79) 

This holds for all CP-violating K-decays as well as for the electric 

dipole moment of the neutron. 

Why is CP-violation a small effect? The present theory does not 

answer this question. The parameters e3 and 6 may be extremely small, - 

but they do not have to be small. All we know is: OlsinSs, 

O<sine3s.28. This is, of course, consistent with, but does not - 

explain, the magnitude of CP-violation. 

We now proceed to calculate the parameters of the CP-violating 

amplitudes in K” + 2s . This was first done by Pakvasa and 

Sugawara [94] and, independently , by Maiani [95]. The standard 

formalism starts from the mass matrix of the neutral K-system with 

matrix elements Mke - +ir ka. 

(4.80) 

‘k9. x 
= zrr 1 (k/Hwlx)(x(HwjU 6(Ex-Mo) (4.81) 

If CP is violated, the M-matrix is not symmetric and its eigenvalues 

are proportional to 

(l-~)Ko+(l+s)E 0 ; (l+~)Ko-(l-~)g 0 
(4.82) 

The E-parameter which characterizes the magnitude of CP-violation in 

the Ko eigenstates is given by: 

(4.83) 

where AM = m(KS) - m(KL) and Ts is the width of Kg . The violation 

of CP in K L + 2n may be due either to the mixture of opposite CP- 
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The small observed magnitude of E is unexplained (butnotinconsistent 

with the theory). In fact, using: 

IE] s 2 x 10 -3 

s3 < 0.28 ; s2 < 0.5 

(4.90) 

(4.91) 

we obtain from Equation (4.89) : 

sins > 5 x 10 -3 (4.92) 

At least one of the parameters B2, 63, 6 must be small in order to 

account for the smallness of e 

The E’ parameter is experimentally consistent with zero, and is 

definitely much smaller than E This is actually predicted in the 

left-handed six-quark model [94, 961. There are two classes of 

diagrams which contribute to E’ (Figure 15). The diagram of Figure 

15 a involves the conversion of a cc or t: system into dd. This is 

strongly suppressed by the Zweig-Iizuka rule. The suppression factor 

cannot be determined accurately but is probably of the order of l-10% 

The second diagram (Figure 15 b ) involves a term of order k$/% . 

For mt : S-20 GeV , this gives us another factor of I%-10%. The 

estimates of E’ are given by 194, 961: 

Figure 15 a: 

Figure 15 b: sin6 s2c2s3 (cc-St) 

(4.93) 

where cc, ct are the cc and ti Zweig-Iizuka suppression factors, 

respectively. We therefore conclude that: 

A2 1 1 I I 5+- 
E (l%-10%) 

0 
(4.95) 

s 

d C,? 

c,t d 

(a) 

d 
, 

d d 

(b) 

d 

Figure 15: Diagrams contributing to E’ (a) A mechanism suppressed 

by the Zweig-Iizuka rule. (b) A mechanism suppressed by 
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This prediction is consistent with the experimental situation and 

represents a nontrivial success of the model. 

Predictions of the model for other CP-violating K-decays have been 

extensively discussed by Ellis et al. [96]. In all interesting cases 

the predictions of the model are experimentally indistinguishable 

from the predictions of the superweak theory. 

The electric dipole moment of the neutron is due, in the six 

quark model, to the diagram of Figure 16. It is easy to see that here, 

again, the CP-violating effect would disappear if either 13~ or 6 would 

vanish; it would also vanish if mc = mt or m *=mb( since here the 

s-quark does not appear in the initial or final state). k!aiani [95] 

and Ellis et al. [96] have discussed this process. The predicted 

dipole moment is [96]: 

rJ I I Go. 2 (m:-mz) (<-m:) 

e 
Ir 2 sins s1s2c2s3 m 

n ll 4 " 

(4.96) 

Substituting Equation (4.89) into this expression and assuming 

D 

I I e 
% 10-30 cm 

n 
(4.97) 

This prediction is, again, not very different from the predictions of 

the superweak theory, and is, again, consistent with (but far below) 

the present experimental limit. 

The overall emerging picture is the following: CP violation is 

naturally incorporated into a gauge theory based on the left-handed 

SU(2) x U(1) six-quark scheme of Section 4.7. There is no inconsistency 

with experiment, but the smallness of the c-parameter is not predicted. 

The relation E’ << E is a natural consequence of the model and an 

Figure 16: Dominant contribution to the neutron electric dipole in 

the left-handed six-quark model. 
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extremely small electric dipole moment for the neutron is predicted. 

If and when the b- and t-quarks are discovered, it would be extremely 

interesting to determine e2 and 13~ from the weak production and weak 

decays of the heavy quarks. This would enable us to express all CP- 

violating amplitudes in terms of a single parameter 6 . At the present 

time all we know is that,within the left-handed six quark model: 

e1 5 13O ; e2 < 30’ ; e3 < 16’ ; 6 > 0.3O (4.98) 

4.11 Right-Handed Models Involving b- and t-Quarks 

The last four Sections (4.7-4.10) were devoted to a discussion 

of the purely left-handed six quark model. We assumed (Section 4.7) 

that all right-handed quarks are in SU(2) x U(1) singlets. We noted 

that the two versions of the SU(2)L x SU(2)R x U(1) model of Section 

2.6 would lead to similar predictions for charged currents, either 

because t$+,* << tj,,,+ 
L R 

or because of the orthogonality of WE and Wi . 

We now proceed to discuss the possibility of observable right- 

handed charged currents involving the six quarks, u, d, c, s, t, b . 

We continue to use the left-handed assignments of Section 4.7 but 

consider possible right-handed doublets. Our discussion of charged 

currents in Sections 3.1 and 3.2 has led us to exclude the following 

right-handed doublets: 

(u,dlR ; (u,s) R ; (cAp, . (4.99) 

Consequently, the only possible right-handed doublets are: 

(t,d), 

(c,s) R; @,SIR (4.100) 

(u,blR ; (c,b)R ; (t.bjR . 

Our analysis of the neutrals currents in Section 2.4 excluded the 

possibility 13(dR) = - i This excludes any (q,d)R doublet, including, 

of course, (t,d)R . The same analysis indicates that UR is probably in 

a singlet, but that conclusion is not yet fully established. Thus, 

the (u.b)R doublet is unlikely, but not ruled out. 

If the T is a b6 state, the mass of the b-quark (and the B-, 8’ 

mesons) is expected to be around 5 GeV. In this case, a right-handed 

(u,b)R doublet would lead to a substantial “y-anomaly” in ;N scatter- 

ing, and to a significant rise with energy of the ratio 

o(;+N + u++anything) 
o(v+N + u-+anything) 

(4.101) 

The absence of these effects [13] together with the identification 

T = b6 will provide us, if confirmed, with an additional convincing 

argument against a (u,b)R doublet 

We have discussed the (c.s)~ doublet in detail in Section 3.3. 

There is no evidence for it, but no direct evidence against it. 

However, the natural conservation of charm by neutral currents (see 

Sections 3.5, 3.6, 3.7) led us to believe that 13(cR) = 13(uR) 

This, presumably, indicates that cR is also in a singlet. 

If we accept this conclusion we remain with one and only one 

possible right-handed SU(Z) x U(1) doublet: 

t II bR 

As long as the b- and t-quarks are not discovered we obviously cannot 

exclude such a doublet. However, we have no reason to expect its 

existence and the natural conservation of b-number and t-number by 

neutral currents would not permit it. 
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Our overall tentative conclusion is that, within SU(2) x U(l),it 

is unlikely that any right-handed doublets of quarks exist. 

R.ight-handed doublets within various versions of 

SU(2)L x SU(2)R x U(1) are, of course, allowed. In the version with 

M+ << $* , right-handed charged currents are always suppressed, and 

thkir detiction depends on the value of Mh,;/v , In the version with 
R 

“f = yv’ ) the right-handed doublets can be detected, in principle, 
R 

through complicated decays such as: 

b+s+u+; (4.102) 

or: 

t+c+d+i (4.103) 

both proceeding through a Wi . The detection of such decay modes 

and their identification as being induced by Wi would be extremely 

difficult. 

4.12 Summary: Third-Generation Fermions 

The basic questions of the third generation of fermions are very 

simple: 

(i) Does the third generation exist? 

(ii) If so, does it follow a similar pattern to its two 

predecessors? 

(iii) If so, why? 

We have almost conclusive evidence for the T--1epton and for its 

sequential character. 

We have convincing indirect evidence for the neutral lepton v?, 

but we are not sure about its mass (less than 300 MeV or more than 

2 GeV?). 

We have good evidence for a new quark in the existence of T and 

T’ . We have hints that the new quark is the b-quark, but we cannot 

be certain until it is observed in e+e- collisions. 

There is no experimental evidence for any additional quarks. 

The assumption that third-generation quarks and leptons follow 

the same pattern of the first and second generation does not contradict 

any known data. However, there is very little data to support it, at 

the present time. 
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naive!) model works so well, is amazing. It is consistent with almost 

all established experimental facts including all charged current 

processes and all neutral current processes involving neutrinos. It 

is consistent with theoretical prejudices such as the absence of 

anomalies and “natural” flavor conservation by neutral currents. 

There are only two problems: 

(a) The smallness (or absence) of parity violation in the atomic 

Bismuth experiments [ll] implies that the right-handed electron is not 

a singlet. It could be in a doublet, but then we run into anomalies 

and into other theoretical unpleasantness. 

(b) There is no clear mechanism for parity violation in the 

theory. The left-and right-handed fermions transform in an asymmetric 

way, and the theory does not conserve parity at any stage. This is 

particularly embarrassing in view of the fact that CP violation is 

incorporated into the theory in a natural way and is generated by the 

same spontaneous symmetry breaking mechanism which generates the masses 

and the Cabibbo angles. 

In a well-defined, tightly built model such as the SLl(2) x U(1) 

gauge theory, it would normally be very hard to rectify these two 

difficulties without losing some of the successes or creating other 

difficulties. However, the extended SU(2)L x SU(2)P x U(1) model 

(Section 2.6) can do precisely what we need: 

(i) All right-handed fermions continue to be in singlets of 

W(2) L but are in doublets of SU(2)R. Hence, all left handed fermions 

are in (i , 0) multiplets and all right handed fermions are in 

5. Summary and Open Problems 

5.1 Do We Have a Successful Gauge Theory of Quarks and Leptons? 

A surprisingly successful and simple picture of the world of 

quarks and leptons is obtained within the original example [2] of a 

gauge theory for the weak and electromagnetic interactions: 

SU(2) x U(1) . 

This picture includes the following ingredients: 

(i) The gauge group is SU(2) x U(1). 

(ii) We have six quarks and six leptons. 

(iii) All left-handed fermions are in SU(2) x U(1) doublets: 

where small Cabibbo-like mixing definitely exists for quarks and may 

exist for leptons. 

(iv) All right-handed fermions are in SLl(2) x C(1) singlets. 

(v) CP-violation is incorporated into the gauge theory. 

(vi) The pattern of Higgs particles is minimal: there are two 

SU(2) 1 U(1) doublets before symmetry breaking and one remaining 

physical Higgs particle after symmetry breaking. 

(vii) The masses of W’ and Z and the Weinberg Angle are 

2 
5x3 ew c 0.25 - 0.3 (4.105) 

M+%6R GeV (4.106) 

MZ -u 81 GeV (4.107) 

This model is,essentially,the simplest possible gauge theory for the 

weak and electromagnetic interactions. That such a simple (almost 

(0, $1 
(ii) Parity is conserved by the original Lagrangian of the model, 

and is spontaneously broken by the usual Higgs mechanism which induces 

left-right asymmetry. 
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(iii) All neutral currents conserve parity, but all neutrino 

induced neutral-current processes obey the predictions of the standard 

SU(2) x U(1) theory, in agreement with experiment. There is no parity 

violation in atomic physics (to lowest order in the weak interaction). 

(iv) We pay a price in the form of a more complicated spectrum 

of gauge Bosons and Higgs particles. This was discussed in detail 

in Section 2.6 and we will not repeat it here. 

We believe that the SU(Z)L x SU(2)R x U(1) picture provides an 

attractive framework for the continued study of gauge theories of the 

propeties of quarks and leptons. New experimental problems may arise. 

We discuss several such problems in Section 5.2. Many theoretical 

problems remain open. We list some of them in Section 5.3. 

5.2 Experimental Loose Ends and Open Problems 

At the time of this writing there are several experimental “loose 

ends”, concerning the properties of quarks and leptons. At the rate 

of progress of this field, some of these issues may be resolved and 

other problems may emerge before this review is published. We feel, 

however, that a short discussion of these points is both necessary 

and useful. 

(A) Trimuon events. There are several potential sources of 

events of the type: 

” 
u 

+ N -t u- f u- + u+ c anything (5.1) 

The sources include: (i) Trivial background due to K and pi decays, 

accompanied by “ordinary” u-pairs. (ii) A normal charged-current 

event, accompanied by a low mass u+u--pair produced by a virtual 

photon or by a vector meson. (iii) Associated charm production 

followed by c + u+ and c + u- decays. (iv) Production of a b 

or t quark followed by a cascade of semileptonic quark decays (see 

Equations (4.59), (4.74), (4.77). 

All the above sources are consistent with the overall view of 

Section 5.1. It is not entirely clear whether the present data [97] 

on trimuon events in vN scattering (Reaction 5.1) are consistent with 

the combined contributions of the above mechanisms. It is possible 

that of the fifteen or so presently observed trimuon events, few are 

due to each of these mechanisms. At the same time, it is possible 

that at least some of the observed trimuons are of a different source. 

A particularly interesting hypothesis which has attracted attention is 

that some trimuon events are generated by a mechanism in which all three 

muons are associated with the leptonic vertex and are due to a sequence 

of decays of a new lepton [98]. Such a new lepton X‘ must have a 

significant charged current coupling to v . It cannot be accommodated 
il 

within the simple theories of Section 5.1. Several ways out have 

been proposed: 

(i) An SU(3) x U(1) gauge group in which SU(3) triplets of 

quarks and leptons appear [57]. In particular, a left-handed triplet 

including (V 
ll’ 

v-, h+!-) is assumed. The u -f M- transition is induced 
11 

by a charged gauge Boson V+ which is different from the usual W+. 

With the aid of an extra discrete symmetry, the SU(3) x U(1) model 

can be arranged to agree with all charged and neutral current data 

as well as with the absence of anomalies and the “natural” conservation 

of flavors in neutral currents [S7]. The SU(3) x U(1) model appears 

to be the most attractive model which can accommodate the M- lepton. 

However, if such a lepton is not needed by the trimuon events, there 

is no compelling motivation for pursuing an SU(3) x U(1) scheme. 
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(ii) Within SU(2) x U(l), the Mm-1epton can be accommodated 

only at the expense of artificial concoctions involving universal mixing 

of all fermions [99]. The idea is simple: A significant LOP + M- 

transition requires that kc has a large component in the same 

SU(2) x 11(l) doublet as u . This doublet can have the form: 
u 

(5.2) 

However, the v + u- 
u 

transition will now have a strength Gcose , 

inconsistent with u-e universality and with the Cabibbo Universality 

relating P-decay to E-decay. This can be rectified if all “standard” 

I3 = - $ fermions (e-, d, s) are mixed with new heavy fermions, with 

the same universal mixing angle CL . We consider this to be an ugly 

scheme. 

(iii) Other models for the M--1epton involve various versions 

of SU(2)b x SU(2)R x U(1) [loo], SU(3) x SU(3) [32] or larger groups. 

We will not discuss these models in detail. 

(B) Parity Violating Neutral Currents. At present, there is no 

experimental proof of parity violation by the neutral current. All 

neutrino-induced reactions have a left-right asymmetry built into the 

initial state. Hence,the final state is not parity invariant, but the 

current may still conserve parity. Within the framework of the left- 

handed SU(2)x U(1) model, the data tell us that neutral currents must 

violate parity. On the other hand, in the SU(2)b x SU(2)R x U(1) 

model, all neutral currents conserve parity. The best experimental 

way to probe this issue is to look for parity violation in neutral 

current processes which do not involve neutrinos. These include 

atomic and nuclear physics experiments and asymmetry measurements in 

e++e- -L u++u- and e+p + etanything. All of these experiments may be 

performed in the near future. Table11 (Section 2.6) serves as a guide 

on this subject. In particular, it is important to improve both the 

theoretical analysis and the experimental accuracy of the atomic 

Bismuth experiments in order to find whether their result is, indeed, 

an order of magnitude below the predictions of the standard 

SU(2) x U(1) model. 

(C) Right-Handed Charged Currents. There is no positive 

experimental evidence for right-handed charged currents. There are, 

however, confusing hints. One of them is the “y-anomaly” which was 

claimed by one experiment and is not seen by others 1131. It would be 

important to settle this dispute and to rule out a right-handed u * b 

transition in GUN scattering 

The possible existence of a (c. s)R douhlet is still an open 

question (Section 3.3). Studies of D and F+ decays as well as the 

y-distribution of ;+N + u-+u++anything should help to clarify this 

question. 

CD) r-Decays. The V,A structure of -r-decays is not fully under- 

stood. This must be settled in the near future. The potential 

problem [81] of not observing T- + TI-+v should be carefully studied. 

We hope to hear soon that the decay has been observed at the expected 

level. The properties of ur are not known, but their understanding 

will probably require several years of study 

(E) Heavy qq Systems. There are still some important open 

problems in the Charmonium spectrum and, now, also in the T-family. 

In Ckarmonium, the X(2.85) and x(3.45) states are extremely puzz- 

ling [loll and seem to defy any sensible classification. In the T- 

family, the relative n+u- branching ratios of T and T’ are incompatible 

with the T-T’ mass difference (Section 4.6). All of these problems 
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understanding of the structure of matter must establish a clear 

connection between quarks and leptons. Such a connection will be an 

important step towards a unified picture of the fundamental huilding- 

blocks of matter and their interactions. 
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QUARK CONFINEMENT* 

S. D. Drell 
Stanford Linear Accelerator Center 

Stanford University, Stanford, California 94305 

LECTURES PRESENTED AT THE SLAC SUMMER INSTITUTE, JULY 1977 

These lectures are concerned with the problem of "where are the quarks?" 

Almost 10 years ago the classic MIT-SLAC experiments on deep inelastic electron 

scattering' revealed the existence of localized bits and pieces of electromag- 

netic charge and current within the proton. These more elementary parts of 

the proton--or partons--were inferred from the Bjorken scaling behavior. 2 

Furthermore, the subsequent studies with electron, muon, and neutrino beams 

as well as the spectacular results of electron-positron collisions have 

strengthened the interpretation of partons as quarks. 3 In fact today there 

is no persuasive alternative to the physical picture of hadrons as rather 

loosely bound aggregates of relatively light quarks. However beyond the 

impressive successas of the quark model in its diverse applications to spec- 

troscopy4 (both old and charmed), scaling behavior, and quark line counting 

rules for large pT processes, 5 there remains a dilemma: why are individual 

quarks apparently trapped within the hadron? 

As you well know the actual experimental nature and extent of quark trap- 

ping or confinement is not completely settled by experiment. Although many 

searches have failed to find fractionally charged particles to a very low 

density in matter,6 LaRue, Fairbank and Hebard have recently reported 

observation of fractional charges on two superconducting Ni spheres weighing 

*Work supported by The Department of Energy. 
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lo-4 grams and magnetically levitated between condenser plates. Their response 

to a periodic electric force is interpreted as evidence of charge l/3 on the 

spheres. If supported and confirmed by subsequent experiments this result 

will imply that quark confinement is not permanent but that quarks may in 

fact be paroled from their hadronic prisons by sufficiently high energies, 

perhaps one or more orders of magnitude greater than the hadron mass. 

The purer the field theorist, the more unacceptable is this alternative 

to permanent confinement. In these lectures I won't take sides. I simply 

want to describe, explain, and analyze some theoretical efforts to understand 

the novel behavior of quark constituents in the hadron. In contrast to atomic, 

molecular, and nuclear forces that grow stronger the smaller the distance 

between the interacting particles, the forces between quarks grow weaker at 

small distances--that is how we understand Bjorken scaling and the almost-free 

quark dynamics, or asymptotic freedom, for large momentum transfer processes. 

On the other hand, these forces grow vary strong--perhaps without limit if the 

confinement is indeed permanent, corresponding to "infra-red slavery"--as the 

separation increases corresponding to the dynamics of strongly interacting 

quarks at low momenta. (See Fig. 1.) 

Such novel, unconventional physical behavior translates into new and 

different mathematical behavior in the fundamental underlying theory. This 

behavior is opposite from what we are familiar with in QED, our only true 

and tested friend in the theoretical world. 

It is well known that in quantum field theories we must renormalize the 

coupling constants. In quantum electrodynamics the charge is the dimensionless 

coupling constant; and the renormalized charge eR is smaller in magnitude than 

the bare one e o introduced in defining the Lagrangian and Hamiltonian of the 

0 
QUARK SEPARATION 8-77 31651, 

Fig. 1 
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theory. eR is the charge of the physical electron dressed by quantum fluctua- 

tions. The vacuum, or ground state, of the quantized electromangetic field 

is bubbling everywhere with virtual electron-positron pairs. Their presence 

originates in the zero point quantum fluctuations of the electromagnetic field 

strengths. Since all components of E and B don't commute we cannot set them 

identically to zero; only their average strength can vanish. The virtual 

pairs in the vacuum are physically polarized in the neighborhood of an elec- 

tron by the electrostatic forces. 8 The effect of this polarized cloud of 

pairs in the vacuum sea is to partially shield and reduce the strength of the 

electron charge when it is viewed from a distance greater than the range 

characteristic of the polarization, i.e., the electron compton wavelength 

Thus the electron charge as seen by a macroscopic applied field, or by a test 

charge at distances > R, corresponding to scattering with q < mc, is 

eR = 
where pa(r) = e063(r) for an electron at the origin; and pp(r) is illustrated 

in Fig. 2. When however we probe the electron at small distances we see inside 

the polarization cloud and eventually, for q >> mc, probe the bare charge 

e. > eR. This physical picture is important in assuring us that in QED, the 

simplest of gauge field theories, the exact force law grows stronger more 

rapidly than l/r at smaller distances, and decreases for large r. This is 

precisely opposite to the desired behavior for explaining confinement and 

asymptotic freedom; i.e., a charge that grows weaker when probed at small 

Fig. 2 

distances but grows stronger at large separation. 
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From the above discussion there is a clue as to how field theory must be 

changed from QED if we are to construct a theory that incorporates asymptotic 

freedom. Spurred by the successes of QED as well as by their mathematical 

beauty we work in the context of gauge theories--such as QED--i.=., theories 

with space-time dependent symmetry transformations under which the theory is 

invariant, y&. in QED 

f,(x) -t Ap(x) + 2x 
a2 

Q(x) -f (1 + ie6x(x))$(x) . 
Evidently we will require a more complex gauge theory than QED for which 

the gauge group is U(1): i.e., the group of space-time dependent phase transi- 

tions on one complex or two real fields, representing a charged particle. The 

U(1) symmetry leaves the charge residing on the electron. In contrast if the 

forces are to weaken at short distances the coupling strength must weaken for 

large q and this can happen only if the polarization cloud can acquire at 

least some of the charge of the particle itself. This in turn means that the 

quanta must be able to remove charge from the sources in contrast to the 

electrically neutral photons of QED. This is a possibility for non-abelian 

gauge theories' when other special requirements are also satisfied. A non- 

abelian gauge theory is one with internal syraaetry transformations that act on 

the particle labels themselves, such as turning protons into neutrons in the 

example of SU(2), in addition to depending on space-time coordinates, c. 

$ + (1 + ig -$ Sx")JI . 

It has been shown for example that a renormalizable SU(3) gauge theory of 

strong interactions formulated with massless gluons that are color octets-- 

this is a renormalizable theory so long as the gluon fields are massless-- 

has the property of asymptotic freedom if there are not too many quarks whose 

masses are "light" on the scale of momentum transfers exhibiting the weak 

coupling limiting behavior and hence scaling. 10 

However the fact that the theory includes massless gluons introduces its 

own difficulties. With non-abellan theories the method for removing infra-red 

divergences is more complex and delicate than that of Bloch-Nordsieck since 

the ordering of vertices matters and there is no sinple classical current be- 

havior in the soft gluon limit. 11 This very difficulty has been conjectured 

into a virtue in order to explain quark trapping. The untamed singularities 

in the infra-red or soft gluon limit are presumed 12 to be the source of an 

interaction strength that grows beyond bounds as the separation between quarks 

increases. There is no mathematical proof of this conjecture; what is more 

quarks may have in fact been observed. 7 So this is a questionable conjecture 

on all grounds. What is known from the constructive analysis of Cheng, Eichten, 
1* 

and Li" is that the requirements of asymptotic freedom and of freedom from IR 

divergences are mutually incompatible in renormalizable gauge theories. Hence 

we must have IR divergences if we are to insist on asymptotic freedom and, 

therefore, it is necessary for us to appeal to confinement as a way of remov- 

ing the IR difficulty. It is asserted that we cannot radiate massless gluans 

and consequently we avoid the infinities associated with their massless prop- 

agation. 

This framework of ideas has aesthetic appeal although lacking hard 

calculational foundations. The problem we face as theorists is one dating to 

Year 1 of modem physics--how to solve relativistic field theories without 
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resorting to weak coupling iterative expansions for implementing the renor- 

malization program. In other words, how can we test our theoretical ideas 

when we cannot solve our equations. That is today's problem and explains 

why I must proceed by asking very limited questions in search of modest pro- 

gress and encouragement; and why I must resort to simple models that to many 

may appear to be little nore than elementary school exercises. We ask: 

What do we need, phenomenologically, of a field theory for confinement? 

What methods can we bring to bear on field theory for constructing non- 

perturbative solutions? An iterative procedure starting with quark and gluon 

degrees of freedom can hardly be expected to give low-lying physical hadronic 

spectra in a reliable way in a finite number of practicable operations. 

We take the following as the starting ingredients of a theory: 
14 

1) There are three flavors of light "old" quarks. Massive new quarks 

(with "charm" and perhaps more varieties) are, by assumption, not 

essential in the study of confinement. 

2) Quarks carry a hidden quantum number "color." Hadrons are always 

formed of combinations of quarks that are color neutral. The quarks 

come in three colors and the theory is invariant under SU(3) of 

color; then the configurations QQ and QQQ are the simplest colorless 

structures, corresponding to mesons and baryons respectively. Since 

these colorless--or color singlet--combinations of quarks have the 

quantum numbers of normal hadrons, the problem of quark confinement 

becomes that of color confinement. 

3) Massless gauge gluons are the quanta carrying the force between 

quarks. The color quantum number plays the same role that electric 

charge does in QED; and the colored quarks interact with one another 

via colored electric and colored magnetic fields. What we are 

describing here is a non-abelian gauge theory along the lines first 

introduced by Yang and Mills. 
15 In contrast with abelian QED, where 

the quanta are electrically neutral and do not change the charge of 

their sources, the gluons are themselves colored. They must remain 

massless, as in QED, for the theory to be renormalizable in the 

usual fashion. However in order to maintain local color conservation 

(i.e. color conservation as a local, not simply a global, symmetry) 

the gluons must carry off, say, red-blueness upon changing a red to 

a blue quark. This means that such a theory with SU(3) of color 

must have 8 gluons corresponding to all 3 x 3 - 1 = 8 color combina- 

tions, where we have subtracted the combination that is colorless 

and does not enter the theory. Another new feature of such a non- 

abelian gauge theory is that, being colored, gluons change the color 

charge of their sources. As we mentioned earlier such a theory can 

lead to forces that grow weaker at smaller and smaller distances, 

becoming asymptotically free at very short ones. 

Such an asymptotically free gauge theory--henceforth called QCD--presents 

itself strongly as appropriate for a fundamental underlying theory of strong 

interactions if we can explain why we see neither quarks nor IMSS~~SS gluons-- 

namely if we can explain "color confinement"! Furthermore for the theory as 

stated thus far the confinement must be permanent: no massless gluons are 

observed. In the highly successful theoretical tradition of turning adversity 

into achievement, or m to 0, we appeal to the infra-red divergences to trap 

the quarks and gluons as noted earlier. This is a hope! Color confinement 

has not been proved for such theories. We are dealing with strong forces 
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and looking for composite bound states of quarks that form the observed 

extended hadrons. But we have thus far lacked the mathematical methods for 

constructing such states from elementary quark and massless gluon constituents. 

The distance from starting point to physical matter is too great for perturba- 

tion theory. 

In particular since we must avoid an iterative weak coupling expansion 

and the actual implementation of the renormalization procedure in terms of a 

Feynman graph expansion we must do something about the infinities buried in 

quantum field theory. In principle this can be done by introducing a cut-off 

and working with a theory that is finite at each stage. If the low-lying 

states and their excitation energies remain finite at the end in the limit 

of the cut-off increasing to m we may consider this approach satisfactory. 

One way to implement a cut-off procedure is to formulate the theory on a 

finite lattice with a finite number of degrees of freedom--in the same way 

that we can approximate a continuous string by a weighted one, or vice versa. -- 

In fact in their pioneering original paper on field quantization, Heisenberg 

and Pauli 16 started from a discrete theory in terms of discrete cells in space 

and proceeded to the continuum limit. We reverse this step with the lattice 

theory. This procedure, formulated initially by Wilson 11 . III the language 

of path integrals and transcribed to Hamiltonian form by Kogut and Susskind 18 

has stimulated a lot of work--a fair amount of it right here at SLAC. 19 

Although no definitive solutions of physical gauge theories have been obtained, 

both physical insight and reliable and straightfonvard methods have been 

developed and I will describe them in my second lecture. 

A very nice phenomenological approach that is less ambitious on funda- 

mental theoretical grounds on one hand but which has been impressively 

successful in reproducing known physical properties of low-lying hadronic 

states on the other is the approach of semi-classical "bag" theories; and in 

particular the MIT bag model. 20 In this approach the bag is posited by fiat 

in the form of boundary conditions imposed on a canonical field theory. 

Alternatively one can proceed by constructing exact solutions of the clas- 

sical field equations in the interacting field theory that localize the 

energy in space and that cannot be found by iterative procedures starting 

from empty space vacua. Such solutions--known as solitons--occur 21 in field 

theories with degenerate vacua, in which case they are frequently referred to 

as topological solitons, an example of which is the 't Hooft-Polyakov mono- 

pole 
22 in three dimensions; they also occur in field theories with conserva- 

tion laws of charge, isospin, or some appropriate additive quantum number 

reflecting an internal symmetry, in which case they are referred to as non- 

topological solitons. 21 A well studied example is that of a charged bose or 

fermi field interacting with a neutral scalar Higgs field. The SLAC bag 

model 
23 and other similar ones 

24 
which construct semi-classical extended 

hadrons from local field theory are of this latter class. Aside from being 

semi-classical solutions--i.e. solutions obtained by neglecting quantum fluc- 

tuations and zero point corrections to a one-particle treatment of the quarks, 

such approaches also have the presumed drawback of violating the requirements 

of asymptotic freedom since they contain Higgs scalars explicitly in the 

Hamiltonian. I view these Higgsons as a phenomenological crutch for con- 

structing low-lying colorless hadrons from QCD. They are useful because field 

theory has not yet fully demonstrated the ability to predict such hadrons from 

gluons and quarks alone. 
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The MIT bag model treats a hadron as a finite region in space to which 

almost free and light quarks are confined by fiat. This is accomplished 

formally by modifying the free quark field theory by two assumptions: 

1. A constant energy density is added to the Hamiltonian within the 

hadron, i.e.: 

T!Jv -f T!Jv +g w B 

within the bag, or 

H+H+B 

where the volume tension B acts to compress the bag against the 

outward pressure of the quark gas. 

2. A boundary condition is imposed such that the colored fields of 

quarks and gluons are confined within a finite region of space-- 

i.e., the interior of the hadron: 

nP(TPV + g" B) = 0 on the surface 

In this initial zeroth order formulation of the MIT bag model, if we treat 

the surface as that of a spherical static bag, or "cavity," of radius R, the 

energy of a quark in the bag is 

E=r+B47iR3 
R 3 

where cz 2 is a constant characterizing the energy of a massless fermion in 

a spherical well with infinitely high walls. The minimum gives a ground state 

energy and bag radius of 

4 c l/4 
Eo=q; Ro= (1.1) 

Adding massless color gauge fields, or gluons, to the bag Hamiltonian, 

with the assumption that the SU(3) color symmetry is unbroken, leads to the 

result that all hadronic states have conventional quantum numbers; i.e., they 

are color singlets. This follows from the boundary conditions for the color 

gauge fields which require that they vanish on the surface of the bag if the 

total energy-momentum are conserved within the bag world line--i.=., within 

the hypertube representing the space-time trajectory of the bag. This is the 

formal statement of gluon confinement and gives 

"u3~v = 0 on the surface 

where n 
lJ 

is the space-like normal to the surface. Since by Gauss' law, the 

total color charge of a bag is given by a volume integral of the divergence 

of the color electric field, we have 

Q = 
J 

d3r aks -kO = 
color 

J 
d S n$F lJ0 = 0 (1.2) 

bag bag 
volume surface 

Hence only color singlet bags can be formed. 

With the inclusion of gluons and of interactions between the quarks via 

gluon exchange the bag model is reminiscent of nuclear shell theory which 

describes nuclear spectroscopy in terms of nucleons confined within a phe- 

nomenological nuclear potential and interacting with one another via a spin- 

orbit potential that shapes the shell structure. Here the bag is a relativis- 

tic representation of the dominant confining forces. There is a residual and 

relatively weak quark-quark interaction resulting from the exchange of an 

octet of massless colored gluons and which is expressed via the Yang-ml16 

mechanism. The quark-quark interaction is required to be weak at short 
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distances so that Bjorken scaling is not destroyed. It is also required to be 

weak at large distances, or near zero momentum, if we are to avoid large 

renormalizations of the impressively successful naive quark model estimates of 

transitions among low-lying baryonic states. The bag provides the infra-red 

cutoff so that the quark-gluon interaction is treated iteratively in a weak 

coupling expansion, only the lowest contribution of which has been analyzed. 

In this approximation, the MIT bag model remains a static spherical 

"cavity" in which quarks and gluons and their first quantized modes of motion 

satisfy appropriate boundary conditions which insure that only color singlets 

occur. It is a four-parameter model since in addition to the volume tension 

B, there is also the quark-gluon coupling constant ac = g2/4rr, which charac- 

terizes the strength of the quark-quark interaction; the mass of the strange 

quark, ms # 0, which characterizes the breaking of the W(3) flavor symmetry; 

and a constant Z 0 that characterizes the volume dependent zero point energy 

associated with the quantum modes of the bag. 

There are four contributions to the energy of a hadron: 

(1) The kinetic energy of the quarks confined in the bag; for N quarks 

in S-orbits within a spherical bag of radius R this is given by 

N 

Ekinetic = i +miR) + (miR? (1.3) 

i=l 

where xi(miR) is the wave number of a quark in the static bag as fixed by 

boundary conditions, and is slowly varying with quark mass, with x,(O) z 2. 

This term gives rise to roughly 314 of the mass of a typicalhadron. 

(2) The bag energy which expresses the fact that the confining potential, 

or pressure B, has a dynamical origin in an underlying relativistic field 

theory and thus carries energy; in QCD it is the average gluon field energy 

within the bag, 

E =B. VOl (1.4) 

(3) The zero point energy of all the modes in the static bag, or cavity, 

enters because it changes with the volume of the cavity. In conventional 

field theory formulated over all space it is highly divergent but can be dis- 

carded as a constant, the same for all processes. Here we simply parametrize 

the finite part of the zero point energy by 

EO 
= -ZO/R (1.5) 

A divergent contribution proportional to V = 4n/3 R3 is submerged in a 

renormalization of B, and for simple slab-like and spherical models with 

spinor and vector field constituents there are no contributions to EO propor- 

tional to R2 , R, or constant. 

(4) There is a contribution to the energy associated with the gluon 

mediated interactions between the quarks. The bag itself is assumed to be 

the expression of the strong, long-range confining forces whose energy Is 

given by (1.4). The residual quark-quark interaction is treated pertur- 

batively to lowest order in ac = g2/4n. The two lowest order Born graphs 

are shown in Fig. 3. Since to this order no gluon self-couplings occur the 

gluons behave like 8 independent color fields ? and it", a = 1, . . . , 8, 

which must satisfy the boundary conditions for confinement. The assumption 

made in treating the self energy contributions (Fig. 3b) is that only those 

+(a) parts of it are retained that are required to enable E and b" satisfy the 

required boundary conditions on the bag surface, i.e., 

+ 
n * 2 (R) = 0 (1.6) 
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Fig. 3 

-+ 
n x 2 (R) = 0 

Otherwise the self energy 

assigned phenomenological 

(1.7) 

contributions are assumed to be included in the 

quark masses. The interaction energy from Fig. 3a 

is static and has the electrostatic and magnetostatic contributions of, 

respectively, 

AR(;) = 3 g2z c I d3 r 2 (r) . q(r) 
a 

b=g 
(1.8) 

(1.9) 
b=g 

To this must be added from Fig. 3b the contributions required to turn (1.8) 

and (1.9) into interaction energies of fields 2 
+a and B for which the boundary 

conditions (1.6) and (1.7) are satisfied. This is no problem for the 2 

which, as constructed from the quark current distribution by Maxwell's 

equations, automatically satisfy (1.7), i.e., it follows from 

; 

where pi(r) is the scalar magnetization density for a quark of mass mi in the 

lowest cavity eigenstate, that q satisfies (1.7) automatically. However, the 

Ei (') do not satisfy the cavity boundary condition (1.6), a deficiency most 

easily remedied by adding the static electric self-energy from Fig. 3b tO 

(1.8) leading to 
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(1.11) 

Note that 

(r) 

c 
-+ 

c 
Aa f 

j 
E:(r) = 

j ' 4nr2 i 
d3r' pj (r') 

0 

and if we neglect quark mars differences p. = p, independent of j. Hence 
I 

c 
j 

q I g;,, > = cl (1.12) 

so that the boundary condition (1.6) is satisfied since the color charge 

density vanishes locally.25 

With these assumptions--in particular the assumption of zero local color 

separation in a spherical cavity--the electrostatic interaction energy van- 

ishes, and the final expression for the magnetic interaction simplifies to a 

spin-spin term 

AEM = qzGi . Gj)T I$R, mjR) (1.13) 

i>j 

where A = 1 for a baryon and = 2 for a meson; !.I is the quark modes' magnetic 

moment, and I is a mass dependent constant. This interaction splits the 71 

from the p mass, and the N from the A in the right direction. 

The sum of the four contributions to the hadron energy; i.e., (1.3), 

plus (1.4), plus (1.5), plus (1.13) evaluated in the appropriate spin and 

flavor state in the spherical static bag is then variationally minimized with 

respect to the radius R to determine the hadron mass. The spectrum of the 

ground state baryon [56] and meson [35] together with static properties of 

these states are then compared 20 with the predictions based on four adjustable 

constants in Fig. 4 and Table I. 

Fitting the data with these ingredients has been a considerable triumph 

of this MIT bag approach as seen in the next two figures. Note that these 

results emerge from a lowest order perturbation calculation of the quark-quark 

spin dependent interaction for which the expansion parameter is determined to 

be ac = 0.55. 

Buoyed by these results, one can press on further to study low-lying 

excited hadrons for which one quark is in a P-wave excited state and the re- 

mainder are in the ground state. In such a study of l/2- and 3/2- baryons 

and of Of and If mesons there are no additional free parameters since all were 

determined in the fit to the ground state l/2+ and 3/2+ baryons and O- and l- 

In this case the study is limited 26 mesons. to quarks in Pl,2 states in a 

spherical cavity in order to satisfy the boundary conditions, which for the 

quark field become on the spherical surface 

; . V(Gq) = -2B 

and can therefore not be satisfied locally for distributions, such as P3,2 

states, that are not spherical. Since the calculations are carried out to 

lowest order in a=, the quarks are treated as non-interacting in forming the 

states. 

However, there is a problem. If one makes hadrons out of quarks only 

In S112 and Pl,2 modes, one finds that the resulting baryon spectrum contains 

states which do not exist in nature. These states turn out to be modes where 

the center of mass of the quarks moves relative to the surface of the bag- 

so-called translation modes. Such modes are spurious and result from use of 
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Axial-Vector F 
Coupling 
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Table I 

Experiment MIT Bag 

2.79 

-0.685 

-0.240 * 0.021 

0.93 f 0.16 

-0.53 t 0.13 

-0.69 f 0.27 

1.9 

-213 

-0.255 

0.97 

0.31 

-0.36 

-0.56 

-0.23 

Experiment (Cabibbo) MIT Bag 

0.41 t 0.02 

0.83 * 0.02 

As = 0 As = 1 

0.44 0.47 

0.65 0.71 

Experiment MIT Bag 

Charge 
Radii 

I 

l/2 
0.88 + 0.03 fm 

(ri) 
l/2 

-0.12 + 0.01 fm 

0.73 fm 

0 fm 

Fig. 4 
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a fixed cavity approximation for the bag. In reality, the quarks may move 

at will, and the surface of the bag will move to keep them confined: if the 

quark's center of mass moves, so will the "center" of the bag. 

This problem has been discussed by Rebbi. 27 Its resolution involves 

including P,,,2 quark modes in the spectroscopy, since the translation modes 

are eigenstates of orbital angular momentum. However, P3,2 modes cannot 

satisfy the bag boundary condition locally over the surface of the bag. In 

order to perform the calculations, the boundary condition has to be composed 

only to achieve a global pressure balance and spherical cavities are used for 

confinement. The resulting spectrum for the L = 1[70] baryon states of nega- 

tive parity, built of two quarks in 1s 112 cavity eigen modes and the third 

quark in a linear combination of 1Pl,2 and 1P3,2 modes is too low as found 

by deGrand 28 and shown in Fig. 5. Much of the blame for this defect is 

attributed to the P3,2 states whose eigenfrequencies are found to be quite 

small. Resolution of this difficulty awaits future study that will require 

going beyond a static spherical cavity approximation. 

Next I turn briefly to the problem of deriving bag models from local 

canonical field theory. 23,24 The fundamental idea is that the vacuum is 

highly polarized in the presence of quarks. The "bags" themselves are 

extended, coherent vacuum excitations to which the quarks, which may have 

an extremely large bare mass, are bound. The mechanism creating the bags in 

the published models is a scalar Higgs field that develops a non-vanishing 

expectation value. A non-abelian colored gauge interaction is introduced 

'a la QCD so that the binding to form low mass bag states occurs only when 

the quarks form color singlet states which are the hadrons. Within the bag 

the interaction between the quarks is relatively small, i.e., negligible in 
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comparison with the very strong interaction binding the quarks to the bag 

and forming their wave functions. This gives a picture of hadrons as 

bound states of two or three almost free quasi-particles from which they 

derive their SU(3) properties. However there is an energy associated with 

the size of the bag--or vacuum excitation--containing the quarks which pre- 

vents their being separated. In this picture quark trapping may be just an 

approximate state of affairs at low energy and massive individual colored 

quarks may be found at higher energies after all. 

The mechanism for polarizing the vacuum and forming "bags" is the same 

one giving rise to the abnormal states in the Lee-Wick theory of uniform 

nuclear matter.29 In their example with many particles, a classical treat- 

ment with neglect of surface effects is valid. To illustrate this idea, 

consider the following classical energy expression for a statistical ensemble 

of N nucleons, each of mass M, plus a scalar field with the self coupling 

illustrated in Fig. 6. 

E = /pdV[M + go(x)] + /dVU (0) 

p(x) represents the number density of nucleons, 

N I /pdV 

and g is a measure of their interaction strength with the field strength 0. 

The "normal state" of matter is described by setting 0 = 0 so that the field 

state is at the minimum energy U(O) = 0 and the assemblage of nucleons, 

neglecting surface and kinetic effects (i.e., the height of the fermi surface 

relative to their mass energy), is 

E n0KUUl 
= MN = pOVOM 

Fig. 6 

in terms of the uniform nucleon density p. within the volume Vo. 

93 



The "abnormal state" is described by "polarizing the field vacuum" and 

exciting the field strength (I = dc, the value at the local minimum in Fig. 6 

within the volume V. of nucleons, i.e., 

u = -CT 
c 

inside V. 

o=o outside V 0 . 

The total energy is now given by 

(1.14) 

E abnormal 
= poVo(M-go=) + LX-oc)Vo = Rnormal + V. 

and evidently at large enough densities p. the abnormal state (1.14) will be 

at a lower energy than the normal one. 

As these models have been implemented so far the color interaction 

involving the gluons plays no direct role in the energies and structure of 

the color singlet states that are the hadrons. This is because the solutions 

have been constructed by treating the Higgs scalar field and the gauge fields 

classically and by ignoring the quantum fluctuations in treating the quark in 

term of single particle Dirac theory. In particular the single particle 

energies of quarks trapped in bags vs. free particle quark states are con- 

sidered but the shift in vacuum energies of the quarks due to the presence 

of the bag is ignored (i.e. we work in the tree approximation, and normal 

ordering terms are dropped). The canonical field theory approach to bags 

shares with the MIT bag model approach the defect that neither is as yet a 

fully quantized field theory. 

Recently T. D. Lee and collaborators 21'24 (R. Friedberg and A. 

Sirlin) have given a thorough and systematic discussion of these quasiclas- 

sical soliton solutions for interacting spinor, scalar, and vector gluon 

fields. General solutions of the coupled field equations, including the 

limiting forms reducing to both the MIT and SLAC bag solutions have been 

described. Friedberg and Lee have also studied the accuracy of the quasi- 

classical approximation in the two limiting regions where exact answers are 

known. For fully relativistic theories of interacting spinor-scalar fields 

in the weak coupling limit the ratio R of exact binding energies to those 

calculated quasiclassically is 

R=l when N >> 1 

R = 0.77 when N=2 

where N is the number of fermions bound together. For non-relativistic quark 

fields, but relativistic scalar fields, they find 

R = 1 when N is arbitrary and the coupling is strong 
or when N >> 1 and the coupling is arbitrary 

R = 0.77 when N = 2 and the coupling is weak. 

It remains unknown however how good R is when N Q 2 or 3 as for mesons and 

baryons, and when the fields are relativistic and the coupling is strong. It 

is to this question that I now turn. In Appendix A, the quantum corrections 

are calculated for a special example in lx - It dimension and shown to be 

large for N = 1 and strong coupling. 
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QUANTUM FIELD THEORY ON A LATTICE 

We shall now formulate quantum field theory on a lattice. Our first 

reason is to convert quantum field theory to a finite, well defined one with- 

out implementing a renormalization program which, in practice, requires an 

iterative weak coupling expansion in Feynman graphs. Such iterative steps 

cannot help us in calculating finite physical quantities in the presence of 

strong interactions. It is a deeper question of whether or not to take the 

lattice spacing a+0 in the end, retaining the low lying spectra and long 

wavelength coherent phenomena that survive this limit. Perhaps there is a 

fundamental length or structure on a scale that is sufficiently small, 

2 (few) x 10 
-16 

cm, that it has not yet been probed by experiments. This can 

remain an open question today since we are concerned only with excitations 

of a few GeV and with structures >, 10 
-14 

cm. Particularly in this lecture I 

will discuss models leading to coherent "soliton" solutions and phase transi- 

tions. 

The second season for going to a lattice is that phase transitions and 

coherent states have been extensively studied in statistical mechanics and 

solidstate physics which can provide us with powerful methods and deep insights. 

The alternative of working in momentum space, as we normally do with Feynman 

propagators, and simply cutting off the momenta at a kmax Q l/a, the recipro- 

cal of the lattice spacing, is less rich in helpful insights. The question 

of phase transitions enters naturally into these discussions as shown in 

Fig. 7. A weak coupling, abelian gauge theory like QED exhibits and describes 

free electrons and massless quanta. However we seek a strong coupling, non- 

abelian gauge theory, like QCD, which confines its quarks and vector gluons, 

Confined 
Quarks and 

GI uons 

QCD? 

Color Confinement 

Free Electrons 

Free Massless 
Quanta 

QED! 

ABELIAN 

Fig. 7 

NON-ABELIAN _^,_. 
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but which exhibits and describes physical hadrons. Is there a phase transi- 

tion as we go from weak to strong coupling? or from abelian to non-abelian 

gauge theories? are both of the above required? or neither, i.e., is there 

a smooth transition with a typical quark mass characterized by, say, 

'L 10 
-3 GeV for g2 = & 

* ?r 1. e-l/g2 
0 a 

2> >>lOGeVforg ~1 

To be useful, the procedure of going onto a lattice should not destroy 

symmetries of the theory. This means we require internal symmetries such as 

local gauge invariance and chiral symmetry to remain exact. Those derived 

from the homogeneity and isotropy of space, i.e., Lorentz and Poincare' 

invariance, will be lost because there are now only discrete symmetries on 

the lattice. But we require relativistic results for spectra, say, in the 

low energy region as well as in the a + 0 limit. 

Let us first transcribe the gradient operator and then its gauge 

invariant form to a discrete lattice. For simplicity in writing I will use 

the notation of a one-dimensional spatial lattice; its generalization to 

three dimensions causes no problem. Time will be treated as a continuous 

variable, since I am constructing a Hamiltonian formalism, although formula- 

tions putting time on a discrete lattice have also been developed and give 

no special difficulties. 

The continuum variable x is replaced by a discrete lattice of length 

L and spacing a E l/A defined so that there are (2N + 1) points: 

L = (2N + l)a (2.1) 

With periodic boundary conditions, the allowed momenta on the lattice are 

k,zn 
L 

and 

k 2n = - N. *ax L 

n = 0, *1, . . .iN 

The volume integral then becomes simply a sum over lattice points: 

(2.2) 

(2.3) 

(2.4) 
j=-N 

The fields and canonical moments are defined at discrete lattice points and 

their fourier expansion includes a finite number of modes up to k 
*ax: 

+k *ax 

@(X) + +j = 
c 

eikj'A $(k) 

k=-km=, 

1 
'k = 2N + 1 c 

tJj e 
-ikj/A 

j 
The lattice version of the canonical (anti-) commutator relations is 

[ 1 flj. !J.t = -iAcS. 
3 Jj' 

(2.5) 

(2.6) 

The simplest and most direct definition of the gradient on the lattice is as 

a difference operator 

- (2.7) 

This gives for the kinetic energy term in the Hamiltonian of a scalar field 

$ 
J- 

dx(V@)2 ++ F $+(k)*(k) f4A2 sin251 (2.8) 

which reduces to the usual quadratic in k for k/2h << 1, and for all k gives 

the connection between energy and momentum for a free particle of mass m: 
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(V$jj 5 c ik eikj'* Q(k) 
k 

= 5 qj, 

J t 

1 $ eik(j-j')l* iE 
2N + 1 

As defined, for N + m 

' -(-)j-j 
d'(j - j') = (j-j,) jjcj' 

=o j = j’ 

and shows that the gradient couples sites all along the lattice 

pleteness I record the analogous result in 3 dimensions 

6;(j-i') = 6'(j - j;) hj x j, fjj j, 
y' y 7.I z 

to show that it remains simple. 

(2.13) 

For com- 

(2.15) 

Next we must form a gauge invariant derivative - i.e., introduce gauge 

fields while preserving local gauge invariance on the lattice. In continuum 

QED, local gauge invariance leads to a differential law of current conserva- 

tion; i.e., locally at any point the time rate of change of the charge density 

equals the negative of the divergence of the current density from that point. 

The formal expression of the underlying local gauge invariance is this: in 

the Lagrangian or Hamiltonian of the theory there appear only the fields 

themselves 

(2.14) 

viz. 1-F 
4w 

Fuv (2.16) 

viz. + $+ (x) 2 .(3 - ieX(x))$(x) 

which is invariant under 

On the lattice we have no local divergence of the current but can speak 

only of the (color) charge being moved in a discrete step from one lattice 

site to the next and so on. Indeed by (2.13) and (2.14) the lattice gradient 

moves a particle along the entire lattice chain (in the direction of the com- 

ponent of the gradient by (2.15)). To preserve local color charge conserva- 

tion-and the asymptotic freedom idea-evidently the gauge field must be 

defined on the links joining the lattice sites if we are to avoid discon- 

tinuous steps of color charge disappearing from one lattice point and appear- 

ing on another one. This is the formulation of K. Wilson and of A. Polyakov, 17 

who independently introduced the lattice theory with gauge fields thus defined 

as the oriented links or strings between nearest neighbor lattice points. In 

the language of abelian QED the operator representing a gauge field must trans- 

form like a field with charge +1 at the starting point of the link and with 

charge -1 at the final end point. If we start with a quark of charge +l at 

lattice point j and wish to move it to the next point j+l, gauge invariance 

requires that a unit bit of string be created pointing from j to j + 1. This 

is the operator U i?. 
( i,j+l) 

which transforms like a field with charge +l at 

j and -1 at j + 1. This process is illustrated as follows in Fig. 9. The 

simplest gauge invariant expression expressing this transition is 

or interaction terms formed gauge invariantly 
'j "t'j, j+l)'j+l 
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U(jl,j2) = II 
il<a<j2 

U(fi) (2.23) 

and observe that with the convention 

*(I11 2 1 , = -W2 1) = -AC-g1 2) 

we have 

"('11,2 ) 
+ 

= u (112,1) = u+(-il,2) (2.24) 

nvariant extension of (2.16) to the lattice as We can now write the gauge i 

(2.19) 

if under the local gauge transformation, 

~~ -, -W(j) +$. e 

J, j+l 
-f .ieX(j+l) 

'j+l 

we also stipulate 

u(aj, j+l) + = iex(j) U(Xj j+l)e -iex(j+l) 
(2.20) 

Thus the form of U such that (2.17) carries over to the lattice for nearest 

neighbor points is 

uWj,j+l) = = ieMkj, j+l) (2.21) 

with A(L 
j ,j+l ) + A(e j j+l) +$ 

f 
x(j) -x(j +U] (2.22) 

under a gauge transformation. Equation (2.21) is the lattice form of the 

exponential of a line integral from j to j + 1. To transport charge over a 

succession of links we write the ordered product 

(2.25) 
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and observe that in the continuum limit a + 0, (2.25) reduces 
30 to (2.17). 

For a non-abelian gauge theory the analogue to (2.21) is 

(2.26) 
- 

where the ia are the c-number matrices belonging to a specific (NN) representa- 

tion of the gauge group, par ex. the 8 hermitian generators of SU(3). The 

ordered product construction of (2.23) applies also in this case. In the 

lattice formulation the unitary operators (2.21) and (2.26) defined on lat- 

tice links (as illustrated in Fig. 9) replace the gauge field ia appearing in 

(2.16) in the continuum theory. 

Local gauge invariance requires that new string bits be created for 

each increased unit of separation of a particle q and anti-particle c on the 

lattice. If each string bit has a finite mass (corresponding to finite field 

energy) the mass of a gauge invariant state increases without bound as the 
- 

separation between q and q grows; this behavior corresponds to confinement. 

What we must establish is that the lattice gauge theory we have formulated 

when applied to weak coupling abelian QED in 3x-lt dimensions does not con- 

fine; but does confine for non-abelian QCD and strong coupling. 

Nothing like this has been accomplished yet. Calculations so far by 

Wilson17 and by Kogut and Susskind and collaborators 
18 have been iterative 

strong coupling treatments and contain approximations that make it impossible 

to judge the content of the theory independent of the validity of the cal- 

culational techniques. The problem at this time is to develop calculational 

methods that one can trust so that the result of calculating mass spectra in 

QCD will equally well destroy the theory if they fail to reproduce the observed 

spectra as they will confirm it if they do! No weaseling out! Wilson's 1975 

result from his strong coupling expansion is a nucleon mass of 1720 MeV with 

a large lattice spacing of l/5 x 10 -13 cm. The Pads extension of strong 

coupling calculations by Kogut, Susskind and collaborators gives a a/N mass 

ratio of .82 instead of .15 and contains difficulties related to the use of 

(2.7) for the gradient together with a compensating point splitting prescrip- 

tion to avoid the difficulty in (2.11). These efforts and our local ones 19 

are proceeding-it is slow and difficult work. Neither simplifying extreme 

of very weak or strong coupling approximations is adequate. I wish here to 

describe the methods we are exploiting and validating by solving simple models 

with known exact properties against which we can improve our understanding and 

approximations. We believe the basic problem that must be solved first is 

that of developing simple, understandable, intuitive techniques of calculation 

with which to arm oneself before undertaking the assault on the real physics 

problem. 

TRANSVERSE ISING MODEL 

Tne transverse Ising model in l-space, l-time dimension describes an 

array of spins with nearest neighbor interactions in the presence of a con- 

stant transverse magnetic field and is an interesting example on which to 

test methods for two reasons: 

1) There are a finite number of states for the spin degree of 

freedom (up or down) at each lattice site in common with spin 

l/2 quark theories (in l-x dimension there are four states at 

each site for each color of quark: 0, q, 4 and qi). 

2) The exact solution of this model is known 31 and calculations 

can be compared with exactly computed critical indices and tem- 

peratures of the known phase transition. 
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The Ising model Hamiltonian represents an approximation to the Q4 field 

theory in the lx-lt dimension if we are far into the spontaneously broken 

symmetry region with strong coupling. To see this we write this theory on 

the lattice in terms of dimensionless canonical variables, and using the 

nearest neighbor gradient 32 

i H = & [t p: + “0(x; - q2] +g qij, - xj)2 

P. E--71 
i j 

[ 1 Xj.Pj' = is.., 
JJ 

3 

(2.27) 

The lowest two eigenlevels of the single-site Schri;dinger problem (neglecting 

the coupling between two neighboring sites j and j + 1 in the gradient term) 

lie deep in the potential well if the zero point energy is very small com- 

pared with the height of the center bump; i.e., 

A; f. << x0 f; 

These two low lying levels are, respectively, symmetric and antisymmetric 

under reflection as shown in Fig. 10. The energy gap between them is propor- 

tional to the tunneling between the two minima in the double-bottomed potential 

ho(XjT - f$2 at ffo. Since (2.28) means that there is very little tunneling 

this gap is very small-i.e., 

-A4f3 
AC k OO.<A f 4 

gap 
% A0 f. e 0 0 (2.29) 

Fig. 10 

if X4 f3 >> 1 
00 . When conditions (2.28) and (2.29) are satisfied we can neglect _ 

higher excitations at each lattice site. The two states retained correspond 

to the spin down and up configurations in the Ising model. The gradient term 
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induces mixing between the symmetric and antisymmetric solutions which is 

approximately given by 

<Sym lxjl antisym>2 2 fi 5 A, (2.30) 

When this mixing is comparable to the gap separating the levels-i.e., for 

(2.31) 

the gradient term is comparable to the single site terms and we can make 

neither a weak nor strong coupling limiting approximation. Condition (2.31) 

requires fi <C 1, X0 >> 1, consistent with iz fi >> 1. 

The explicit form of the Hamiltonian in this approximation can be 

written in terms of Pauli matrices 

i H =&{$ co OS(j)} -Ebo o,(j) ox(j + I) 
j=-N j=-N 

(2.32) 

which is just the transverse Ising model. Looking back at (2.27) we see the 

value of configuration space methods in studying strong coupling problems in 

field theory. For large A0 the character of the solutions is determined by 

the potential term and so it makes sense to start in a representation or 

language that diagonalizes this part of the Hamiltonian. This is what we do 

in configuration space by expressing H as a sum of single site Schrb'dinger 

problems, with the "relatively" small gradient term providing the coupling 

between different sites. Such couplings can be treated iteratively in this 

limit. The spectrum of eigenstates at each site is identical. The eigen- 

states of H are then characterized by specifying the different individual 

levels of excitation populated at each site. Barring additional degeneracies 

arising for specific values of X0 and fi, the first excited state will be 

(2N + l)-fold degenerate corresponding to having the excited level at any 

one of the lattice sites. When the gradient terms are included in H, their 

effect is to lift this degeneracy; they also mix these states in general with 

the ground state and with the morehighly-excited spectrum. It is when 

these gradient-induced splittings are small relative to the spacing between 

the single-site excited states that the site basis is expected to provide 

a reasonable picture of the true ground state. In contrast for weak coup- 

lings, we want to treat the gradient exactly and this we accomplish by working 

in momentum space in terms of which the gradient is diagonal end a propagator 

formalism is then useful for iterating the relatively weak potential terms. 

Important features of the solution to (2.32) can be learned from study- 

ing its limiting behavior for ~,/a, + - (strong coupling) end E~/A~ + 0 

(weak coupling). In the strong coupling limit, E~/A~ + m, (2.32) describes 

an assembly of noninteracting spins that all line up with spin down in the 

nondegenerate ground state 

lo>=; “1 0 j (2.33) 

of energy density (in units of A) Eo(Ao/so + 0)=-~~12. The particle-like 

excitations lie +Eo above the ground state for each site excited to the spinup 

configuration, In the opposite, or weak coupling extreme, E~/A~ + 0, 

the eigenstates 

bj = /$ (:), 

and 

(2.34) 

(2.35) 
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diagonalize the Hamiltonian. Tne ground state is doubly degenerate, being 

formed as a product of states (2.34) at each site, or all states (2.35) at 

each site. For each "wall" between two adjacent sites, one formed as (2.34) 

and the other reversed as (2.35), there is an excitation of +2Ao units of 

energy. In this extreme the excitations are kink-like as illustrated by 

Fig. 11. These low lying excitations in the weak coupling limit correspond 

to collective "kink" states rather than single particle excitations. 

From a study of the exact H, (2.32), it is known 31 that a second order 

phase transition occurs between the nondegenerate ground state (2.33) and the 

degenerate configurations (2.34) and (2.35). The transition occurs when 

~~ = 2A 0 . 
The behavior of the order parameter, or "magnetization," in this 

model is given by 

([I - (Eo,2Ao)2]1'8 for x $ 1 '", 

(u,) = 
I 0 

&O 

for2ag ' l 

(2.36) 

It is these exact results that we must reproduce by a simple and direct cal- 

culational procedure that lends itself to generalization to 4-dimensional 

gauge theories. Our approach is as follows: 

1) Divide the lattice into small blocks containing several adjacent 

sites, as illustrated in Fig. 12 for two-site blocks. Within each 

block diagonalize the two site Hamiltonian; viz. for (2.32) 

H(l) 
- A, ox(l) ox(2) (2.37) 

Fig. 11 

which has 22 = 4 eigenstates 
33 that can be determined exactly. 
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Fig. 12 

2) "Thin" the degrees of freedom by a truncation procedure which 

amounts simply to keeping a suitable subset including the lowest 

lying of these eigenstates and discarding the higher excitations. 

This is equivalent to a variational solution using a trial form 

that spans a subset of the full Hilbert space and constructing an 

effective truncated Hamiltonian. Our simplest algorithm for (2.37) 

is simply to keep the two lowest of its four eigenstates. Part of 

the motivation of our work with this model is to learn by experience 

the ingredients of accurate algorithms. 

3) We then iterate this procedure, including thereby more terms 

in the gradient that couple different lattice sites by forming 

neighboring blocks: two neighboring blocks into superblocks in the 

example in Fig. 13. The two retained eigenstates from the original 

blocking form a block basis in terms of which to express the 

Hamiltonian. In this simple example we again find a spin form 

since there are 2 eigenstates at each block site; but the effec- 

tive coupling strengths, block spacings, and energy intervals 

are renormalized. 

4) We repeat the same steps successively, continually eliminating 

the higher excitations. We can think of this procedure as succes- 

sively eliminating higher momentum states in constructing the 

series of truncated Hamiltonians to describe the physics of the 

low moment"m states alone. 

5) The iterative steps are continued until the successive rescal- 

ing leads to a soluble problem, either in the weak or strong 

coupling regime, for the treatment of the remaining coupling terms 
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H2(2) 
L!J 
i+,(3) 

HZ(~) 3164b.3 

Fig. 13 

between different blocks contained in the gradient term. 

Applying this procedure to (2.37) we note that within one block of two 

adjacent sites there are four independent states which we denote by I+f> , 

I++>, 1+4>, and If+>, where I++> f 14bl If>2, etc. The problem of diagonaliz- 

ing the f-site Hamiltonian reduces simply to one of diagonalizing two 2 x 2 

matrices, since ICC> mixes only with I4+>, and ICS> with It+>. The eigen- 

states and eigenvalues are simply found and are given in Table II. step (i) 

of our general procedure will be to choose this set of four eigenstates as 

the new orthonormal system which we will use to construct a basis for H. 

step (ii), the thinning out procedure, is simply accomplished by retaining 

only the two lowest energy states in Table II for each box when we add back 

the terms linking different boxes in (2.37). It is reasonable to expect 

that the most important part of the true ground state will be in the subspace 

spanned by these two states in each box. In order to implement this approxi- 

mation we need only construct the truncated or effective Hamiltonian for 

this choice of trial states and see if we can solve it. 

To compute H(=) we label each L-site box by an integer 'p' and divide 

the Hamiltonian into two parts, H1 and Hp. H1 contains only those terms in 

(2.37) which refer to single boxes and H2 contains the remaining interaction 

terms in (2.37) which couple sites in adjacent boxes; i.e., 

H2 = -AoCUx (p,l) ox (p+l,O) 
P 

where ax(p,a) operates on the spin in box p and at site CL = 0, 1 within each 

box. In keeping with our approximation of retaining only the two lowest 

(t=) states in each box, the truncated H1 can be written as a sum of 2 x 2 

matrices operating on the two states we keep for each box. In particular 
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Table II 

State Energy 
Energy Relative to 

Lowest State 

P--- 0 so + A; - A 

t E;+A; If--- 
2 

*a = 
0 /A, . 

(tr) 
referring to Table II we see that Hl can be written as 

(2.39) 

The eigenstates of (2.39) can be written as products over boxes of the two 

lowest eigenstates in Table II; i.e., 

p1 >= box& p I*(')' 
(2.40) 

Hence the interaction (2.38) can now be re-expressed in terms of the trun- 

cated basis (2.40) by evaluating its matrix elements for flipping one "spin" 

in each of two adjacent boxes. To compute this we take the matrix element 

of ox(p,l) between the states 

and 

Iq$(P) >= i I+4>+ 
( 

I4+> 
I 

The actual computation is quite trivial: 

Ux(P,l)/io(P)> = ~ & I++>+ a0 i4+>p 
[ I 

and so 

<$(P) lUx(P,l) IILo(P) > = 
1 + a0 

+cqi 

Similarly 

<JI1(P + l)Iux(P+l,o)l*o(P+l)>= 
1 + a0 

@-qi 

(2.41) 

(2.42) 

(2.43) 

(2.44) 

(2.45) 

It follows from this that for 'j' in the p 
th box, and for both cases a = 0 

and 1, 

1 + a0 
U (tr)(j) = 

x 420 + a;, 
ax (P ) 

(2.46) 
1 + a0 

u (tr)(j + 1) = 
x 

$G-q 
Ux(P + 1) 

We can now rewrite our effective Hamiltonian for the two site box. Since our 

truncation procedure retained just two states per box we again have a spin 

form for-the truncated Hamiltonian. H(t=) has exactly the same form as the 

original Hamiltonian but different coefficients: 
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*cm = c 
P 

~l(qp+qqp-$~)p(qp+l] (2.47) 

where 

Cl = 

cl = w - A0 (2.48) 

and 

Al = 
A00 + a0j2 

2(1 + a;’ 

At this point we face one of two possibilities. Either the values of 

~~ and A 1 are such that we can treat the resulting effective Hamiltonian, 

H(tr)(l) by perturbation theory for E~/A~ > 1 or cl/Al < 1; or, we may repeat 

the same procedure that we just went through, but this time combining 

neighboring pairs of blocks p in the Hamiltonian H 
(t=) and thereby including 

additional interaction terms in a new basis to which we again apply the 

same state-thinning steps as in (2.38) to (2.47). One readily sees in the 

comparison of (2.47) with the original (2.37) that each successive restric- 

tion of our class of'trial wave functions by this procedure leads us to a new 

effective Hamiltonian of the same form as the original Hamiltonian, and with 

the coefficients of the effective Hatiltonian given by (2.48) in terms of the 

coefficients found in the preceding step of the calculation. 

The details of this procedure and its systematic improvement with more 

sophisticated and general, but nevertheless very simple, truncation steps 

are discussed in Ref. (1%). For these lectures I will simply summarize the - 

more salient features: We define the ratio after n iterations 

Y” z @/A), 

and study 

NY,) E Y,+~ - Y, (2.49) 

in order to see whether with successive iterations this ratio decreases, 

driving us to the weak coupling or gradient-dominant limit, or whether it 

increases driving us to the strong coupling limit. R(y) is plotted schemati- 

cally in Fig. 14. This figure shows that there are three fixed points in our 

procedure of generating new effective Hamiltonians in successive steps (called 

a "renormalization group transformation" by Wilson and Kadanoff); namely, at 

y = 0, y =m, and y, = 2.55 . . . . At fixed points, the ratio y L e/A does not 

change as the iteration process is continued and so H 
tr changes only by an 

overall scale. When R(y) = 0 we have a fixed point. There is also a fixed 

point if y = m and R(m) > 0 so that this value cannot be reduced. whenever 

R(y) < 0 the ratio (E/A) = y decreases for that iteration and so the new 

(E'/A') lies to the left of the y we started with. Since, as shown in Fig. 

14, R(y) is negative for all y < y, = 2.55 we see that if we start at any 

point in this range, successive iterations of our truncation procedure will 

drive us to a form for the effective Hamiltonian which is the weak coupling 

perturbation theory limit. On the other hand, for y > y, successive itera- 

tions drive us to y = m since, in this case, R(y) > 0. This implies E/A >> 1 

which is the strong coupling limit of the Hamiltonian. Hence those theories 

described by (2.37) for which the initial y < y, are theories with a degenerate 

ground state and spontaneously broken symmetry as described earlier. On the 

other hand, for y > y, we have a unique ground state. Clearly y c is the point 

at which the nature of the ground state changes, and so y, is the critical 

point of this theory. 
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R(y) 

- 
yc= 2.55348456.u y = (c/A) 

,012*, 

Fig. 14 

The result y, = 2.55 . . . which is obtained from our simple procedure is 

not far from the exact transition point y exact 
c = 2 discussed above (2.36). 

The fixed points y = 0 and y = m are the stable fixed points of this renor- 

malization group transformation, and the fixed point at y = y, is an unstable 

fixed point. The fact that at y = y, the Hamiltonian continues to reproduce 

itself up to a scale factor says that at this critical point the physics 

going on at different length scales is essentially the same. 

One can further discuss the order parameter (2.36) which we find with 

the above procedure to have a critical index of 0.39 instead of the exact 

result of l/8. The simple modification of replacing ao, as defined in Table 

II by our truncation procedure, by a variational parameter a(~lA) determined 

at the end of the iteration to minimize the energy reduces the calculated 

value to l/5. The comparison of the ground state energy density computed 

this way and the exact energy is show" in Fig. 15. The worst disagreement is 

3%. This can be readily reduced further. 
34 Discontinuities in the ground 

state energies are also well reproduced by this procedure as described else- 

where."' 

Abstracting from this model we see that study of R(y), which gives the 

change in the ratio of the single site potential terms in the theory to the 

gradient terms coupling neighboring sites, teaches a great deal about what we 

want to learn from the study of gauge theories and confinement. Let us con- 

sider such theories with only one coupling constant--i.e., one single site 

potential term in the theory--which is the strength of the coupling between 

the quarks and gluons. Then with y defined as above as the ratio of the 

strength of the single-site coupling to the gradient term, we can plot the 

general form of the function R(y) = (change of y in finite number of iterations) 
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as in (2.49). A few examples of simple forms for R(y) are given in Figs. 

16a-16~ and lead to different conclusions about the theories they are assumed 

to characterize. 

In Fig. 16a we see that R(y) 2 0 for all values of 0 (y 2". If a 

theory has this form for R(y) we can conclude two things. First, the points 

y = 0 and y = m are the only fixed points of the theory. The Hamiltonian at 

y = 0, i.e., zero coupling constant, is a "free field theory," and can 

presumably be solved exactly. The y = m Hamiltonian becomes the single site 

Schrb'dinger problem with neglect of the gradient terms. Second, we observe 

that if we start at some finite value of y successive iterations drive us to 

larger value of y; i.e., R(y) > 0. Eventually after a finite number of 

iterations our problem can be studied by treating the gradient terms as a 

perturbation on the single site terms. Hence, in any theory for which 

R(y) > 0 we can conclude that the low energy (or long-wavelength) physics is 

described by an effectively strong-coupling constant Hamiltonian. It follows 

from this discussion that the mass gap in such a theory will be given by 

calculating the gap between the first two eigenstates of the effective single 

site Sch&dinger problem. The gap is thus a function of the effective single 

site coupling g,, where the subscript denotes the many iterations N >> 1 to 

reach the strong coupling behavior. In general, since the scale of H is set 

by the cutoffA, this means that the lowest mass gap in the theory will be 

%k,. However, the scale of physical masses should be negligible with respect 

to the maximum momentum A if we are to retain practical Lorentz invariance 

for the low-lying eigenstates in spite of our cutoff procedure. Therefore we 

are only interested in theories for which $0 <<< 1, or in other words, &A 

finite (and perhaps % 1 GeV). 
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Fig. 16 

Generally the Hamiltonian at a fixed point reproduces itself up to a 

scale factor p, and after N iterations the overall scale of HN is ApN. 

Since this should be finite (2 1 GeV) this suggests that the question of the 

practical relativistic invariance of a theory for which R(y) behaves as in 

Fig. 16.9 can be settled by computing the scale parameter p in the y = 0 limit. 

If we find p < 1 then we can take the cutoff A + - and still keep the masses 

of the lowest states finite if we choose the original bare coupling constant 

g0 to tend appropriately to zero as a function of increasing A. This is an 

example of a theory whose short distance behavior is "free" but whose long 

wavelength behavior is not. Such a theory could describe asymptotically free 

quarks for high momenta and also give confinement. 

If we next look at R(y) for Fig. 16b we come up with the opposite con- 

clusion. If R(y) < 0 each successive set of N-iterations will make it smaller. 

Hence the large wavelength or low energy physics of this theory is given by 

weak coupling perturbation theory, whereas the single-site or short distance 

behavior is governed by a strong coupling constant. 

Fig. 16~ tells us that the two different cases can occur depending upon 

the starting value for y,i.e., whether yO < y, or y0 > y,. This is just the 

form of R(y) calculated for our Ising model in Fig. 14 and one can refer back 

to the exact solution of this theory 31 to see how an effectively relativistic 

theory emerges. 

The use of the function R(y) to catalogue types of theories has its 

analogue in the study of the renormalization group equations in momentum 

space, yhere one encounters the well known b(g) function in terms of which 

the asymptotic behaviors of field theories are described. Both functions, 

B(g) =*d R(Y), describe the change in coupling constant (g or y) as we change 
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the scale of distance in the theory. The two functions are complementary to 

one another in that we have introduced R(y) here in coordinate space, whereas 

B(g) normally appears in the momentum space analysis of the renormalization 

group equations. In our renormalization group procedure an a lattice we build 

larger and larger blocks at each state of the calculation so that we are 

studying the behavior of the theory at lower and lower momenta. When working 

in momentum space one normally studies the renormalization group equations by 

scaling up the momenta to higher and higher values at each stage, and COP 

respondlngly to smaller and smaller values of the underlying lattice spacing. 

In our approach Fig. 16a describes a theory which is asymptotically free (high 

momenta) and Fig. 16b describes one that is infrared stable. The B function 

has just the complementary behavior as illustrated by Fig. 17 for asymptoti- 

cally free and infrared stable theories. 

THIRRING MODEL 

The Thirring model 35 of quartically self-coupled fennions, described 

by the Hamiltonian 

is a more interesting one for applying these methods for several important 

reasons : 

I.) It deals with fermions (2 la quarks). 

2) It is essential to use the definition (2.13) for the lattice 

gradient which couples distant lattice sites in order to avoid the 

deficiency in (2.11) of doubling the number of states as illus- 

trated in Fig. 8 and at the same time preserve chiral symmetry. 

3) In the continuum 'Ihirring model the wave function renormaliza- 

tion 22 vanishes when the strength of the coupling g exceeds a 

P(g) 

0 

k 

9 

5-77 (0) 

Fig. 17 

111 



finite critical value and it is important to reproduce this 

behavior indicating failure of the multiplicative renormalization 

procedure and the concomitant loss of the single charged fermion 

(and generally charged degrees of freedom) from the finite mass 

is most readily recognized in momentum space which diagonalizes the gradient 

operator. In fact with 

b(k) 3 ___ J& F bj ewikj" 

spectrum. Failure of such states to propagate is a form of con- 

finement in this model. 
d(k) f & c d. eeikj" 

j ' 

Introducing dimensionless field variables x. = ‘Aj and a convenient 
J we have 

matrix representation that diagonal&es the quartic term in (2.50); viz. nn 
H(g = 0) = c k(b+(k)b(k) - d+(k)dW) 

k=-nA 

(bj,b;,j = (dj.d;,j = 6jj, 

= 0 etc. 

(2.51) 

the Hamiltonian can be written 36 

iA’ (j, -d: d. 

j,,j, 
Jl 32 1 

(2.52) 

-g C (n+(j) + n,(j) - 1)2 
j 

where r+,(j) : bJ bj and n,(j) Z di dj are number operators. Ihis theory 

possesses two conserved "charges" 

Q = c (%(j) - 
j 

n,(j) ) =c 
j 

:x; xj: 

Q5 = c (“b(j) + n,(j) - 1 
j 

= c x; Y5 xj 
j 

(2.53) 

as well as discrete P, C, and T operations for classifying states. The weak 

coupling limit g = 0 reduces to free massless fermions, the solution to which 

(2.54) 

k max 

- ndW 

(2.55) 

The lowest eigenstate of (2.55) corresponds to filling all k < 0 states with 

fermions (b-quanta) and all k > 0 ones with antifermions (d-quanta), i.e. 

%(k) = 8(-k) 

rid(k)) = B(k) . 

This leads to a doubly degenerate ground state in the neutral Q = 0 sector 

depending on whether the k = 0 state is empty (Q, = -1) or occupied by a pair 

(Q, = +l) and to two states of the same energy and with charge Q = +l, Q, = 0 

corresponding to a fermion or an antifermion present in the k = 0 state. The 

energy of these four-fold degenerate states is 

k max 

. E. = -2 kGo k 
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In contrast the strong coupling limiting behavior g >> 1 is found 

simply from the quartic term in (2.52) which can be diagonalized on each site 

separately. There are only four states at each site corresponding to rib(j)) 

= 1, 0 and n,(j) = 1, 0. These site states, their quantum numbers and 

eigenenergies are shown in Table III, where O> is defined by bj/O(j) > = 

djlO(j)> = 0. 

We see therefore that at each site the Q = 0 states, corresponding to 

nothing or a bound pair at a site, are degenerate ground states, with the 

single fermion states of charge Q = +1 pushed up in energy by gh. Therefore 

any neutral state which contains an unbound pair with a fermion and an anti- 

fermion split to different lattice sites will lie higher in energy by 2gA for 

each such split pair. One can of course study how the gradient term splits 

the 2(2N + l)-fold degeneracy of the ground states with Q = 0. However it is 

clear that we are seeing here a form of quark confinement in the strong 

coupling limit with g >> 1 since the gap to propagating single quark states 

is % 2gA >> A, the lattice cutoff. 

The perturbation treatment of the gradient term in the strong coupling 

limit has been given.lgb It is clear from the form of (2.52) that the gradient 

moves single fermions or antifermions from one lattice site to another and 

gives no first order energy shift to the low lying states with Q = 0 and 

"b(j) = n,(j). In second order either a fermion and antifermion are both 

moved from a common initial lattice site to a common final one, as illus- 

trated (Fig. 18a), or the (anti-) fermion is moved away and returns to its 

initial site (Fig. lab). 

It is not surprising that there exists a spin formalism in the sector 

of low lying states in which each lattice site is either empty (spin down) 

state 

lo> 

I+>= b+lO> 

I->= d+lO> 

Table III 

' 9 45 -g %(j) 
+ 

n,(j) - 1 I 

0 -1 -g 

+1 0 0 

-1 0 0 

I?>- b+d+lO> 0 +1 -g 

(a) 
first . . . . . . - . . . . . . 

I! order ----c + 

second A . . . . . . 
order ---+ + 

(b) 
first . . . . . . AL . . . . . . 

+ order --- *+ 

8 -77 

second -* . . . . . . 
order ---.- 

f ,165A10 
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or occupied by a pair (spin up). In fact the second order treatment of the 
^ 

gradient gives an effective Hamiltonian in order llgL that is identical to the 

Heisenberg antiferromagnetic chain about which a great deal has been known 

since the work of Bethe 37 in 1931. In particular such a system is known to 

have a doubly degenerate ground state for a chain with an odd number, 2N + 1, 

of lattice sites corresponding to the odd site being either spin up (S3 = h) 

or down (S3 = -4) and to have a low lying excitation spectrum of spin waves 

that is linear in k, without a mass gap, for an infinitely long chain. 

Our interest, as in the Ising model, is mainly in the intermediate 

coupling region where the Thirring model changes from free fermion to no single 

fermion propagation. Can we understand what is going on, as learned from the 

study of the continuum model, by our lattice truncation methods? 

Aside from detailed technical issues associated with the fact that 

fermions give us two eigenstates at each lattice site for both particles and 

antiparticles and with the use of the gradient operator 6' coupling distant 

lattice sites, (2.32) for the Ising model and (2.52) are very similar. There- 

fore so is the formal treatment via the lattice blocking procedure--and not 

surprisingly the success of these methods as well as the character of the 

results that are obtained. Already we have noted the strong coupling limiting 

behavior that charged fermions move high up to mass s gA and fail to propagate. 

In fact these methods show 19d that there is a critical coupling strength such 

that for g > g 
cr 

2 1.1 we are driven to the strong coupling limiting behavior; 

whereas for g < gcr, the Hamiltonian converges to the same fixed form that 

the free g = 0 Hamiltonian iterates to. What happens is that the wave function 

renormalization constant defined as the amplitude to create a Q = 1, Q5 = 0 

state at rest from the vacuum, i.e., 

Jzz(g)(;) f <OIx(k = o)l+> 

vanishes for finite g 2 gcr even in the presence of a finite cutoff iz. when 

one discusses the continuum Thirring model it is necessary to give singular 

quantities in the theory well defined meanings. For example Johnson intro- 

duced a point splitting prescription 

to define the current, where the bracket indicates a suitable averaging over 

directions of E. This procedure also leads to a wave function renormalization 

Z,(g) that vanishes at a finite value of g, similar to the lattice result. 

In both formulations the theory cannot be multiplicatively renormalized for g 

greater than some finite critical value g cr and the Schwinger terms are similar. 

The picture emerging from this truncation procedure is found to be con- 

sistent with the continuum model in that there is a finite critical value gcr 

such for g < gcr the theory has no mass gap; for g > gcr the cutoff lattice 

theory cannot be multiplicatively renormalized in the usual fashion. The lat- 

tice theory still exists for g > go; in fact, for this region its behavior 

seems entirely sensible and is driven to the strong coupling limit which 

corresponds to a Heisenberg antiferromagnetic chain with nearest neighbor 

interactions only. This theory possesses a massless excitation spectrum as 

first found by Bethe. For g > gcr, however, the "single particle" operator 

-&- 
/ G- 

dx J;'(x) fails to create any finite energy states from the vacuum. In 

fact, the excitations of unit charge are found to lie an energy s gh above 

the ground state. This result shows that for a certain region of the parameter 

g the particles and low-lying excitation spectra found in finite cutoff lattice 
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theories are not simply related to the fundamental field introduced in the 

starting Lagrangian and Hamiltonian. 

The breakdown of multiplicative renormalization and the concomitant loss 

of the charged degrees of freedom from the finite mass spectrum is interesting 

in that it seems to occur in several types of lattice theories for appropriate 

values of coupling constant. The strong coupling limit of the Schwinger 

mode138--i e . ., QED in lx-lt dimensions--is very similar to the Thirring model 

in that charged fermion states move up to high mass and fail to propagate. 19b 

In particular each bit of gauge field adds an energy % gOA, where go is the 

dimensionless coupling constant and is related by go E e/A to the dimensional 

charge e as defined in (2.21) for a lx-lt dimensional gauge theory. Hence 

in this extreme limit each lattice site is "neutral." However the results 

of the blocking procedure with arbitrary coupling strength have not yet been 

found. Presumably if there is a qualitative difference between non-abelian 

gauge theories to which we look for an explanation of quark confinement, and 

these non-gauge models, it will be that for the gauge theories whenever g # 0 

we will lose the simple multiplicative renormalization procedure and, with 

it, propagating free fermion (quark) states. 

This is where our program now stands. Having also shown that the itera- 

tive renormalization group techniques that I have been describing in this 

lecture satisfy Coleman's theorem 
39 by not predicting false Goldstone bosons 

in lx-lt dimensions, 40 we are finally ready to tackle gauge theories in 

higher dimensions. 

APPENDIX A 

In this appendix, we consider the lx-lt dimensional version of the scalar 

field Lagrangian used in the SLAC bag model to illustrate the importance of 

understanding the quantum corrections to the semi-classical analysis. Start 

ing with the Lagrangian (f2 > 0) 

L -/d+(v)2 -+($- x(g2 _ f2)2] (A.1) 

we exhibit the "kink" or soliton state and show that it is a low-mass con- 

figuration only in the strong-coupling regime of the theory. 
41 

Hence when 

we go beyond the semiclassical tree approximation, we must face the problem 

of solving a strong coupling quantum field theory. 

The Hamiltonian corresponding to (A.l) is 

+ X($2 - f2) 
2 

(A.21 

with TI Z 4 the canonical field momentum: 

[ 
n(x,t),Q(x',t) 1 = -i&(x - x') . 

Ignoring the quantum aspects of the theory, we drop the momentum TI in 

(A.2) and treat 4(x) as a static classical field: Q + g(x) I Ipcl(x). Evi- 

dently the ground state energy of the positive definite classical Hamiltonian 

H 
Cl 

(A.3) 

vanishes for a constant field 

g(o) =?f (A.4) 

Equation (A.4) describes the doubly degenerate ground state. The general 

solution of (A.3) satisfies the non-linear Euler-Lagrange equation 
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+ - 4 hg(g2 - f2) = 0 (A.5) 
dx“ 

and substituting any solution of (A.5) in (A.3) g ives the classical energy 

E(g). The only time-independent solutions of (A.5) that give a finite value 

for the energy Hcl in addition to (A.4) are the one-parameter family of "kinks" 

f - 
g (x,x,) = + f tanh fhh f(x - x0)) 

Substituting (A.6) in (A.3) yields the classical energy 

gkink =$J2Af3 

We readily demonstrate that the kink describes a stable configuration even 

though its energy (A.7) lies above the ground state value of E" = 0 for the 

constant configuration (A.4) by constructing a conserved "charge" from the 

current 

jp(x) = E -W ; 
w axv 

lJ,v = 0,l 

E,,” = -E,,” ; Eel = 1 

Evidently 

ajpp = 0 

and so 

Q E/dxjo(x) =jdx 2 = $(m) - $(--) (A.9) 

(A.8) 

is a time-independent quantity. The conserved "charge" (A.9) vanishes for the 

vacuum state (A.4) since g(m) = g(-m); for the kink (A.6), however, Qkink = 

+2f # 0. Hence the kink is stable. 

The usual way to construct the quantum corrections to the kink is by 

expanding in a power series of the fluctuations about the classical solution 

@(x,x,) = SW + @‘(x,x,) (A.lO) 

However, such an expansion converges, if it indeed converges at all, only in 

the weak coupling regime, whereas the semi-classical treatment indicates that 

the strong coupling regime is the one of interest to us. To make this point, 

introduce (A.lO) into (A.2) so as to obtain 

(A.ll) 

where we have used (A.5) to eliminate the terms linear in 4'. The usual weak 

coupling approach to (A.2) is to expand $ about the constant g = if correspond- 

ing to the minimum in the classical energy. The quadratic terms in (A.ll) 

lead to normal mode motion for oscillators of mass 

- 
mf =/ax f. (A.12) 

Since the classical kink energy is given by (A.7), we expect the kink to be a 

better approximation to the low-lying energy states of the theory than the 

perturbative result only if 

gkink cc m f 
(A.13) 

or 

f2 <c 1. (A.14) 

The condition (A.13) corresponds to strong coupling according to (A.ll) since, 

for fixed oscillator mass (A.12), it is equivalent to the conditions 

h >> m: and (A.15) 
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In this regime the non-linear cubic and quartic corrections in (A.ll) will be 

large and their higher order contributions important. 

A systematic application of the standard iterative techniques of renor- 

malizable quantum field theory shows directly the importance of developing 

a strong coupling approach for this regime of parameters. Returning to (A.ll), 

we already have computed the classical energy difference between a kink solu- 

tion (A.6) in the Q = 2f sector and the classical ground state energy of the 

constant g(x) = f in the Q = 0 sector. It is given by (A.7); i.e., 

bkink - EOjclassic,, = ; J2 f3 . (A.16) 

In order to evaluate the lowest order quantum mechanical energy difference 

between the "kink" and no kink solutions, we must also include the zero point 

energies due to quantum fluctuations computed from (A.11). In particular, 

these vacuum fluctuations are different in the two sectors for different 

values of g(x) and this difference must be computed for us to know the true 

excitation energy of the kink state with Q = 2f relative to the Q = 0 ground 

state. 

An equivalent way of describing these corrections is as the sum over the 

loop corrections to the tree approximation. To lowest order the one loop cor- 

rection to the zero point energies due to quantum fluctuations is calculated 

by neglecting the cubic and quartic terms in fA.ll). In particular, we must 

calculate the shift in the sum over the spectrum of zero point energies for 

small oscillations about the kink solution (A.6) for g(x), relative to the 

oscillations about the constant g(x) = f. This difference was computed by 

41 For the constant solution, the sum over the . Dashen, Hasslacher, and Neveu. 

zero point energies is given formally by 

n k 

(A.17) 

which expresses the sum over plane wave solutions with mass mf = J8x f as in 

(A.12). For the kink solution we expand the field in normal modes 

Q’(x,t) =& &-- (“,W a* + “;(x,t) a;) (A.18) 
n 

i'(x,t) 3 77 = -ixfi ("9, - "2:) 

+ 
L I 
a,,=*, = 6 

n;n’ 

with un forming a complete basis of solutions to the Schrb'dinger equation 

derived from (A.ll): 

[f-4+g2-f2)]"n=Etun . (A.19) 

As shown by Dashen, Hasslacher, and Neveu (A.19) can be solved in terms of 

known functions when g is given by the kink (A.6), and the shift of zero 

point energy from (A.17) can be evaluated after performing a simple mass 

renormalization. They found 

AEQ.M4~ (E,-un)+-+h 

n 

(A.20) 

i.e., the kink energy is shifted down by an amount of the order of mf itself 

as a result of the quantum excitations being drawn into the potential well at 

the kink boundary. The moral to be drawn from (A.20) is that the shift in the 

fluctuation energy in the l-loop approximation is a very large one, much 

larger than the classical kink energy itself, which as shown in (A.16) is 
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smaller by the factor f* << 1. Evidently then an expansion in fluctuations 

about the "soliton" solutions of the classical problem does not define a 

reliable iterative procedure for our purposes and we are faced inescapably 

with the challenge of strong coupling theory. 

As was shown subsequently in a fully quantized variational analysis of 

this theory, 19a formulated on a discrete lattice, the results (A.7) plus 

(A.20) for the kink are, in the limit of low-lying kink energy, just the 

expansion of an expression 

(QW 
Ekink 

where f* Cf 5 0.83. 
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HADRON SPECTROSCOPY 

Frederick J. Gilman 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94305 

I. INTRODUCTION: THE QUARK MODEL 

Hadron Spectroscopy is a subject which is interesting in its own right. The 

question of how matter is organized certainly falls within the bounds of the sub- 

ject matter of physics and is therefore something we as physicists want to under- 

stand. With hundreds of hadronic states known to exist we have a substantial 

problem on our hands. Aside from that, it must be admitted that some people 

enjoy botany--working out a classification scheme and finding a specimen of some 

rare species can be a lot of fun. 

In past years, another reason often given1 for studying hadron spectroscopy 

was that it reflects the symmetries of strong interactions. Jn other words, a 

symmetry group of the strong interactions, if realized in the conventional way, 

results in hadrons falling into mass degenerate multiplets which correspond to 

irreducible representations of the symmetry group. If the symmetry was only 

approximate, there could be breaking of the mass degeneracy, but still recog- 

nizable multiplets. 

However, much of our present interest in hadron spectroscopy stems from 

another source, the evidence for hadronic substructure. Hadron spectroscopy, 

plus a great deal of other evidence points toward such a substructure, and in 

particular to a quark basis for hadronic matter. By interpreting hadron spectros- 

copy we can deduce some of the properties of the quarks. 
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Furthermore, in the absence of free quarks, it is through hadron spectroscopy 

that we can learn about the dynamics of hadron constituents, and in particular 

about the quark-quark forces. Included in this is the nature of quark confinement 

and the kind of force law involved, as well as finer details such as the “residual 

forces” responsible for mass splittings, the relativistic or non-relativistic 

character of the situation, etc. 

In the following lectures we shall pursue the subject of hadron spectroscopy 

from what has now become the conventional, quark mode1 point of view. Much 

of the discussion of the “new” particles will be found in the lectures of M. Perl’ 

which complement these. 

We start by outlining the basic components of the picture of hadron spectros- 

copy we will use. This is widely, but not universally, shared by most particle 

physicists. 

Quarks 

Having already cited quarks as the building blocks of hadrons, let us review 

the evidence briefly: 

(1) Deep Inelastic eN, pN, vN, and ; N Scattering. 

The magnitude of the cross section, scaling behavior, and the relation- 

ship of structure functions observed in deep inelastic scattering indicate that the 

nucleon has point, spin l/2 constituents with which the weak or electromagnetic 

current interacts. 3 Further, the amount of scattering depends on whether the 

target is a neutron or proton and on the spin orientation of the proton, 4 
so that 

the constituents which are related to the nucleons isospin or spin are also what 

is “seen” by the weak or electromagnetic currents. 

(2) Electron-Positron Annihilation 

The ratio R of the cross section for e+ e- - hadrons to that for e+e- - p+p- 

is a (different) constant both below and above charm threshold, as it should be if 

the basic process were production of a pair of point particles, followed by their 

eventual materialization as hadrons. 5 
In fact, the part of R due to charmed meson 

production at SPEAR agrees with what is expected from the basic process of pro- 

duction of a pair of charmed quarks. 6 Furthermore, the observation of back-to- 

back jets at SPEAR yields the additional information that their angular distribu- 

tion is characteristic of production of a pair of spin l/2 particles. 5 

(3) Hadron Spectroscopy. 

With a few possible exceptions, 7 the hundreds of hadrons we now know are 

understood as quark-anti-quark bound states (mesons) or three quark bound 

states (baryons). An enormous simplification has taken place and is part of the 

standard “lore”. Now one often forgets that something as basic as the ordering 

of spins and parities of states (O-,1- as lowest mass mesons and l/2+, 3/2+ as 

lowest mass baryons is trivially understood in the quark model but is otherwise 

quite mysterious. 

(4) Weak and Electromagnetic Current Matrix Elements. 

The quark model gives us a quantitative understanding of both the magnetic 

moments and magnetic transition moments between the ground state baryons, as 

we will see in detail later. When formulated in the general framework of the trans- 

formation from current to constituent quarks,’ one can discuss the photon transi- 

tion amplitudes from the nucleon to excited nucleon resonances. When a few 

reduced matrix elements are fixed in terms of known amplitudes, one gets correct 

predictions for the signs and magnitudes of a fair number of other amplitudes. 1 

Further, if one is willing to use PCAC to relate matrix elements of the atial- 

vector current to pion amplitudes, then a similar theory of pionic transitions 

ensues. Again the signs and magnitudes of many amplitudes are correctly given. 

It would seem very unlikely that all this is an accident. 
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(5) High Transverse Momentum Phenomena 

It seems very plausible that high transverse momentum hadron production 

in hadron-hadron collisions has its origin in “hard scattering” of constituents of 

the hadmns. ’ When compared to (l)-(4) above the connection to quarks is much 

less direct, and certainly not unique. But the similarities to hadron production 

in deep inelastic scattering and electron-positron annihilation, especially the 

production of jets in each case, are quite striking. Although it is much harder 

to get precision information on quarks in this case, this is an important area of 

research exactly because it may give us information on quark dynamics in a dif- 

ferent setting. 
10 

Color 

Quarks are thought to carry a strong interaction charge called color. There 

are three such colors, which we take as red, yellow, and blue. Present experi- 

mental evidence for the need for color comes from three sources: 

(1) The rate for x’-tY Y . The amplitude for no- Y Y, when related to that 

for a1Ap - Y Y by PCAC, has a magnitude and sign given by the triangle graph 

(with a closed fermion loop) anomaly 11 . m the coupling of two vector currents to 

an axial-vector current. Without color, one gets the wrong rate. With it, the 

amplitude is increased by a factor of three and the rate by a factor 9. It then 

agrees with experiment. 12 

+- 
(2) The ratio R =o(e’e- -+ hadrons)/o(e+e- -+ (1 ~1 ). Color increases the 

predicted cross section (on the basis of the quark model) by a factor of three. 

This is needed to get even rough agreement with experiment both below and above 

charm threshold. 5 

(3) The Baryon Wave Function. The wave function for fermions should be 

totally antisymmetric. If the three quarks in a baryon are a singlet with respect 

to color (see below), the color part of the wave function is antisymmetric. Thus 

the remainder (spin, space and quark type or flavor) must be symmetric. This 

is indeed the case from the experimental spectrum and in particular is true for 

the ground state which has a symmetrical spatial wave function combined with 

one symmetrical in spin and flavor. 

Each of these experimental pieces of evidence for color needs some theoretical 

analysis to deduce the appropriateness of the concept of color, but they only in- 

volve “counting” the color quantum numbers. There are other, non-experimental, 

reasons for color, which have a much less solid basis in concrete facts. They 

all involve using color as a non-Abelian charge in a gauge field theory context. 

Nevertheless, they are important and have much to do with the overwhelming 

acceptance of the idea that colored quarks and gluons are the basis of all strong 

interactions. 

(1) Quantum Chromodynamics (QCDL. 

The theory of quarks coupled via the color “charge” to gauge vector bosons 

(gluons) is often referred to as QCD. The color gauge group is SU(3) and there is 

an octet of gluons. It is a non-trivial point that QCD is the only known field theory 

(and a non-Abelian gauge theory at that) which has a change of being the correct 

one for strong interactions. 

(2) Asymptotic Freedom 

Under certain conditions a non-Abelian gauge theory like QCD has the 

property of asymptotic freedom: 13 the effective coupling constant vanishes 

logarithmically at small distances, i.e. at large four-momentum squared. This 

allows one to “understand” the scaling behavior (characteristic of free field 

theory) observed in deep inelastic scattering. Even more, the theory predicts 

that scaling is not exact and the (small) predicted logarithmic breaking is con- 

sistent with what is seen in recent experiments. 3 
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(3) Infrared Slavery 

The increase in the coupling constant as one goes to larger distances 

inspires the hope that the color forces become infinite for very large separations 

and quarks (and other objects with color) are confined. Up to now this has not 

been shown rigorously, but there are some suggestive model calculations of how 

it might come about. 14 

(4) Okubo-Zweig-Iizuka15 Rule Violation 

Certain strong interaction decays where none of the final hadrons contain 

the quarks of the initial hadron, are very much suppressed in rate. This is 

particularly well exemplified in the case of the “new” particles. A theory of 

these processes involving intermediate gluons leads to a systematics of the mass 

and spin-parity dependence of the degree of suppression. 
16 

(5) Spin-Dependent Quark-Quark Forces 

Such forces result in hadron states with the same quark content but 

different relative spinorientations being split in mass. From the experimental 

observations it seems that the force between quark and quark in a baryon must 

have the same sign as between quark and antiquark in a meson. Exchange of a 

neutra1 vector meson without color does not yield such a result, but exchange of 

gluons coupled to color does if within color singlet mesons and baryons. While 

single gluon exchange does not have to be the origin of all such forces, it still 

is to be desired that the lowest order effect have at least the right sign. 

(6) Dynamical Gluons 

Sum rules for deep inelastic scattering indicate that quarks do not carry 

all the momentum or energy of the nucleon. 3 If the remainder is assigned to the 

gluons they should manifest themselves in a variety of ways by interacting with 

quarks and other gluons to produce hadrons in hadron-hadron collisions, to pro- 

duce gluon jets in e+e- collisions, etc. 
17 

Confinement 

As we have already indicated above in our discussion of “infrared slavery,” 

color is central to another aspect of quarks, that of confinement. We will take 

as a principle, perhaps derivable at a later time from QCD, that color is con- 

fined, i.e. only color singlet states can be seen. Then both quarks and gluons 

are not found among the asymptotic states of the theory. Bound states which are 

colorless can be and are seen: they are the hadrons. 

The form of the effective color confining potential is not known for sure. Some 

arguments 14 . in QCD and the string model suggest that the effective potential is 

linear, V(r) = kr, so that the force, -dV/dr = -k is a constant. It then takes 

infinite energy to move a quark infinitely far away, as expected for a confining 

potential. Estimates of the constant, k, principally from fitting charmonium 

spectroscopy 18 suggest that k= 0.2 GeV2 = 17 metric tons X (the acceleration of 

gravity). 

Flavor 

In addition to carrying color, quarks are distinguished from one another by 

their “flavor. ” At present we know of four flavors for quarks: up, down, 

strange, and charm. A fifth flavor (at least) is strongly suspected on the basis 

of the recently discovered T enhancement 19 at - 9.5 GeV in the muon pair spec- 

trum produced in proton-nucleon collisions. A particle data group type summary 

of the quark flavors is given in Table I. 

The masses given in Table I of course cannot have the usual meaning since we 

do not see the quarks as free particles. They are so-called “constituent masses” 

and occur as parameters with the dimensions of mass in certain equations. They 

are different than current quark masses which occur in other equations. Any 

meaning to be attached to them is only within these equations, if then. 
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TABLE I 

Quark Flavors a la the Particle Data Group 

Quark Jp 
Mass 
WV) Q/e Baryon No. Strangeness Charm 

Mesons 

In the case of mesons it is simple to see that the color wave function 

s lR q2R + qlBq2B + %Yq2Y 

u I/2+ -350 213 II3 0 0 

d I/2+ -350 -l/3 113 0 0 

S 1/2+ -500 -l/3 113 -1 0 

c I/2+ - 1650 213 113 0 1 

? l/2+ -5000 7 I/3 0 0 

The values of Q/e are most easily obtained by noting that baryons contain three 

quarks. Then the A*, A’, A’, A- charge states of the 3-3 resonance yield the 

u and d quark charges, while the Z 
*+ *o 

, Z , C*- or-Q- force the charge on the s 

quark to be -l/3. In the case of the charmed quark, the best present evidence 

for Q/e = 2/3 comes from the charges of the Do and D’, the (non-strange) mesons 

containing a charmed quark. That it is a charmed quark and not antiquark in the 

Do and D’ follows from assuming that c --) s in weak decays (so that the states 

with a charmed quark decay into final hadrons with strangeness -1). 

There is other confirmatory evidence for all these charge assignments, such 

as the size of the change in R in e+e- annihilation on crossing the appropriate 

threshold, the size of the electromagnetic coupling of the vector mesons, etc. 

We now review briefly the states composed of quarks which we do observe, 

the hadrons. The simplest possible hadrons are made of a quark and an antiquark 

forming a meson, or three quarks, forming a baryon. All other combinations of 

one, two, or three quarks and/or antiquarks have a net color (are not singlets 

under color SU(3)) and are forbidden by the principle of color confinement. 

is a normalized color singlet for any antiquark (iI) -quark (q2) bound state. 

The quark and antiquark spin may be combined to form a total quark spin, 

S, which is either 0 or 1. When coupled with the relative internal orbital angular 

momentum, L, we can form a total meson angular momentum, Z= X + S: 

To complete the meson wave function we can choose any of the four (or more 7) 

flavors (u, d, s, c) for the quark and any of the four flavors for the antiquark. Thus 

there are 16 possible flavor possibilities for each value of L, S, and J. A meson 

wave function in the quark model then can be written in factorized form as 

Y (,&lor Wwlet)x QflavorX 
I 

Since the quark and antiquark have opposite intrinsic parity, the overall parity 

of such a mesonic system is P = (-l)L + ‘. For charge self-conjugate meson 

states, i.e. composed of iiu, dd, %I, & or a linear combination, the charge 

conjugation quantum number is C = (-DL + (’ + I) + ’ = (-1) L + ‘. Thus the 

L = 0, charge self-conjugate mesons, with S = 0 and 1 have Jpc =O-+andl--, 

respectively. 

Baryons 

For baryons the situation is a little more complicated. The normalized color 

singlet state with quarks qIq2q3 is 
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qlR q2R q3R 
1 

x6= q1B ‘2B ‘3B 

qlY 92Y 93Y 

as is easily seen by noting that a transformation induced by an element of the 

color SU(3) group multiplies the matrix in the determinant above by another 

matrix of determinant unity. 

The total quark spin, S, may be l/2 or 3/2. This is to be combined with the 

net internal orbital angular momentum L, to form the total baryon angular 

momenunn, J= 2 +2. The internal orbital angular momentum can be constructed 

in several ways, but most simply one may takeT12 as the orbital angular momentum 

between quarks 1 and 2 and add to itT3, the orbital angular momentum of the third 

quark relative to the center of mass of the first two, to form c=?12 +73. 

The flavor wave function is also a bit more complicated than for mesons 

because not all flavor states are allowed for a given L and S due to Fermi statis- 

tics. With a color singlet wave function which is antisymmetric, the remainder 

of the baryon wave function must be symmetric. We will discuss the detailed 

’ implications of this later. 

I12 + 13 
The parity of a baryon state defined as above is P = (-1) . In particular, 

the ground state, with all relative orbital angular momenta zero, has positive 

parity. 

Exotics 

The meson and baryon states we have discussed so far are the conventional 

ones of the quark model and involve the minimum number of quarks and/or anti- 

quarks which can form a color singlet. We might well define a manifest exotic 

as a state with quantum numbers such that it cannot be made out of quark-antiquark 

in the case of a meson and three quarks in the case of a baryon. 

Traditionally, one breaks up exotics into two categories. Exotics of the first 

kind, or “flavor exotics, I’ are states in SU(2), SU(3), . . . representations not 

found when hadrons are formed as described above. Examplesinclude doubly 

charged mesons, a baryon with positive strangeness, a meson with two units of 

charm, etc. 

Exotics of the second kind are sometimes called “CP exotics. ” These are 

specifically mesons with parity P = (-l)J which have CP = -1 or a meson with 

Jpc,o-- . Neither of these can be formed from a quark and antiquark. A 

particular example of such an exotic is a vector meson with even charge conju- 

gation. 

In models which have a mechanism for forming exotic states, very often there 

are hadrons which do not have manifestly exotic quantum numbers themselves, 

but which have a quark content such that they have exotic relatives. These states 

are sometimes called “crypto-exotics. ” It is convenient to extend our definition 

of an exotic to include them. From here on an exotic is a meson which is not a 

quark-antiquark state or a baryon which is not three quarks. To use this defini- 

tion we of course imply that we can tell what quarks are inside a given hadron ! 

There are many examples of predictions of such exotic states: 

(1) q?lq?l mesons and qqq qq baryons as in bag model calculations;20 

(2) (ca(cq) bound states of two charmed mesons to form “molecular” I 

charmonium;21 

(3) Baryonium; 22 

(4) _ Mesons composed of iq in a color octet state coupled to a gluon;23 

(5) Quarkless states composed of gluons alone or ‘1glueballs;“24 
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(6) States where the energy-momentum and perhaps spin are carried by fields 

other than the quarks, such as a neutral “soul;” 25 

(7) String excitations in a model of quark binding through a field theoretic 

string. String excitations may also be coupled to the quark orbital angular momen- 

tum to produce a fairly complicated spectroscopy. 26 

In fact, it is difficult to avoid exotic states with any real dynamics in a field 

theoretic framework. For no matter whether we confine quarks with gluons, with 

strings, or with some other fields, in a true field theory the binding field will have 

dynamical degrees of freedom of its own. Then, in addition to the quarks, there 

will be other fields which carry energy and momentum--which have their own 

spectrum of excitations and can “slosh” around inside the hadron relative to the 

quarks. The coupling of these excitations to the quark excitations in general gives 

rise to extra, sometimes manifestly exotic, states in the hadronic spectrum in 

addition to the ones usually expected. It is thus not a question so much of whether 

exotic states exist at all: almost any theory of hadrons worthy of the name pre- 

dicts them at some mass. The important question is quantitative: at what mass and 

with exactly what quantum numbers do they occur? 

II. RADIAL AND ORBITAL EXCITATIONS: THE “OLD” MESONS 

As indicated in the previous section any flavor of quark can be combined with 

any flavor of antiquark to form a possible flavor state for a meson. With four 

flavors of quarks the possible states are then: 

ilU 

2, 

SU 

CU 

iid US UC 

dd ds dC 

Ed ss SC 

ad ES CC 

These sixteen flavor possibilities are available, indeed they are compulsory 

for each value of L, S, and J. With a fifth quark, there are 25 such states; with 

a sixth, 36. 

If the u and d quarks are degenerate in mass and have the same strong inter- 

actions, e.g. through gluon exchanges, then there is an SU(2) symmetry of strong 

interactions, usually called isotopic spin invariance. Similarly, to the extent 

that the u, d, and s quarks may be regarded as degenerate and have the same 

strong interactions one has SU(3) symmetry. The 16 states shown above may be 

split up into multiplets corresponding to irreducible representations of these 

symmetry groups as shown in Table II. 

TABLE II 

SU(2) and SU(3) Multiplets for Mesons 

Quark Flavor State 
Isospin SU(3) 

(SU(2) Representation) Representation 

du 
SU 

(iiu - dd)/,fZ iid 1 

Ed l/2 

dS 

US l/2 
(iiu + dd - 2:H)/J6 0 i 

8 

;IC UC m 3 

SC 0 1 

CU ad l/2 1 3 
CS O I 

(& + dd + &)/JB 0 1 

SC 0 1 
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In the limit where all four quarks are degenerate, one would have an SU(4) 

flavor symmetry. The SU(3) 8, 3, 3, and the combination of singlets, 

(iiu + ad + Es - 3ac)/m then form a 15 dimensional representation of SU(4), with 

the orthogonal state, (iiu + dd + ss + &)/fi, remaining as a singlet of SU(4). 

One might ask why one now bothers to study the “old” meson spectroscopy 

since charmonium (the set of cc states) serves as such a clear example of the 

meson ground state and excited levels, and “when you’ve seen one quark flavor 

combination, you’ve seen them all. ‘I The answer, first of all, is that is is pre- 

cisely by comparing the ground state and excited levels for different flavors, that 

we learn that they are very similar. Secondly, there are differences in the de- 

tailed level structure and these reflect critically on the dynamics between quarks. 

Thirdly, certain L, S states are much more accessible and hence better studied, 

for the “old” mesons (e g . ., high orbital angular momentum excitations), while 

other types of states are clearer experimentally for charmonium or charm. 

For the L = 0 ground state there are sixteen JP = O- (S = 0) and sixteen l- (S = 1) 

flavor combinations. It now appears that all these mesons have been found experi- 

mentally. They are discussed in the lectures of M. Perl. 
2 

We proceed then to 

discuss the radial and orbital excitations, particularly of the “old” mesons. 

We define a meson radial excitation as a state which has all the same quantum 

numbers, including internal quark L and S, as another tlq2 state at lower mass. 

The idea as well as the name for such states is borrowed from non-relativistic 

potential theory. There, in a potential of sufficient strength, one finds a series 

of such levels, each successive radial excitation having another node in its radial 

wave function. Familiar examples of such a situation occur for the Coulomb, 

harmonic oscillator and linear potentials. 

Suppose such a higher mass pseudoscalar or vector meson is discovered; is 

it necessarily a radial excitation of the ground state? For a JP = O- state the 

answer is yes; one can only make a pseudoscalar out of a quark and antiquark if 

L = S = 0. Thus all quantum numbers including L and S are the same as that for 

the ground state pseudoscalar. For a? = - 1 state, this is not necessarily so. 

Both internal L = 0, S = 1 and L = 2, S = 1 can result in Jp = l- states and only 

the first case meets our definition of a radial excitation of the ground state. 

Furthermore, the closeness in mass of L = 0 radial excitations and L = 2 states 

in linear and harmonic potentials makes mixing between the corresponding J P = l- 

states very likely. 

Barring such complete mixing, how can we tell the L = 0 from L = 2 vector 

mesons? First, if a pseudoscalar partner is found nearby in mass, we know it 

must be a radial excitation, and hence also the vector meson. Second, if we have 

enough confidence in our knowledge of the potential binding the quark and anti- 

quark together, then we can calculate the mass predicted for a given state and 

expect experiment to agree. Along the same lines, if we know experimentally 

the mass of expected nearby states, it may be possible to associate a new state 

with L = 0 or L = 2 depending on its mass. Third, in a nonrelativistic picture 

r g .+ e+e-)cf jf(r = o)j 2, the square of the spatial wave function at the origin. 

This vanishes for L = 2 in the nonrelativistic approximation. For charmed quarks 

at least, even after relativistic corrections, the L = 2 vector mesons should have 

a very much smaller leptonic width than those with L = 0. Last, in a theory of 

pionic decays based on the quark model, the relative signs of various vector 

meson decay amplitudes are different depending on whether L = 0 or 2. For 

example, the amplitudes for pl -+ r u) vs. p’ + II r have a different relative 

sign 27 if the p’ is a quark-antiquark state with L = 2 rather than L = 0. Similar 
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considerations led to the establishment 28 ofaP= 3/2, I = 3/Z pion-nucleon 

resonance at -1700 MeV as a radial excitation of the A (1232) rather than an L = 2 

baryon state. 

The most persuasive evidence for a sequence of mesonic radial excitations 

comes from charmonium. There we have 29 
the $ = $ (3095) and its radial 

excitation Z/J’ E $(3684), The new state, 3o $(3772), on the basis of its leptonic 

width and agreement with potential model calculations is most likely an L = 2 level, 

though with some mixture of the L = 0 radial excitation, I/J’. The mass region 

between -4 and -4.2 GeV contains several bumps, with one very likely another 

radial excitation of the 41. The J1(4414) fits fairly well as yet a third radial excit- 

ation. There is every reason to expect still higher mass radially excited states, 

but they become very difficult to distinguish from background because of the 

increasing total width and smaller coupling to e+e-. 

With some recent additions to the list of known states, the evidence for radial 

excitations in the “old” meson spectrum is fairly convincing by itself. The only 

establishedI mesonic radial excitation for quite some time was the p’ (1600). In 

the last year or so it has been joined by a K’ (1400), which was found 31 in an iso- 

bar analysis of the Klrrr final state produced in KA p collisions at 13 GeV/c. It 

is a 3’ = O- state decaying to K(rr)s-wave, so, as noted before, it must be a 

radial excitation of the ground state K(495). It has a possible partner in the 

K* ’ (1650)) a vector meson found in some K?r phase shift solutions from the same 

experiment. 32 The situation in the later case is very similar to that for T T 

phase shifts, where some solutions show the ~‘(1600) rather distinctly. 

The last few months have seen a population explosion among vector mesons 

composed of “old” quarks. The initial result from Orsay 
33 was an indication 

of a resonance decaying to 5n near 1780 MeV. This has been followed by evidence 

for a relatively narrow bump at -1820 MeV from Frascati. 34 Even more recent 

data indicates that the region from 1500 to 2000 MeV may be quite complicated 

with as many as half a dozen (or even more!) vector meson states found in that 

region. 35 Inasmuch as we do expect both L = 0 radial excitations and L = 2 

vector mesons composed of uu, dd, and Ss in that mass region, such a compli- 

cated situation is not totally unexpected. At still higher mass there are indica- 

tions of a bump in inclusive K* production in e+e- annihilation 36 near 2100 MeV 

(a+“?) and also a bump in diffractive six pion photoproduction mass spectra37 

(a p”?) around 2200 MeV. 

The situation for the mass spectrum of established ground state mesons, and 

their radial excitations with non-zero isospin is summarized in Fig. 1. Note 

the apparent regularity: MP2 - M 2 2 =M* -M 
7l K K 2 FsM~*~ - MD2 i51 MK*v2 - MK,2. 

This is not true for the corresponding states composed of (&I + dd)/n, Es, or Fc 

quarks (with isospin zero). Even so, Fig. 1 does suggest that there should be a 

II’ in the 1300 to 1400 MeV mass range. Further, it is of considerable interest 

to see if L = 2 vector mesons lie nearby those radial excitations with L = 0, as 

seems to be the case with B(3684) and +(3772). Although much remains to be 

sorted out, nevertheless, both charmonium and the “old”meson spectroscopy 

emphatically indicate that a sequence of radial excitations does e&t in the meson 

spectrum. 

The other clear set of excitations in the meson spectrum is that corresponding 

to non-zero orbital angular momentum between the quarks. The only orbitally 

excited states explored experimentally with even moderate thoroughness are 

those with L = 1. We recall from Section I that the quark model rules say that 

for each quark flavor combination we have an L = 1, S = 0 state with p = 1+- 

and L = 1, S = 1 states with flc = O++, I”, and 2*. 
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Fig. 1 M eson ground states and radical excitations with non-zero isospin. 

The most spectacular examples of the L = 1, S = 1 states are the X(3414), 

X (3508), and X(3552) levels of the charmonium (cc) system.” 38 The L = 1, S = 0 

charmonium state has odd charge conjugation and will be difficult to find experi- 

mentally--so we shouldn’t worry that it isn’t an established state. J.n fact, we 

have every reason on the basis of charmonium to expect that the L = 1 meson 

states will be found in all possible quark flavor combinations. 

For the Jp = 2+ states, this expectation is already fulfilled for the u, d, and 

s flavors. All the needed states are established, and we have the “ideal” or 

“magic” mixing situation shown in Table III. 

TABLE If1 

P= 2+ Mesons Composed of u, d, and s Quarks 

Quark Flavor State Observed Mesonf’ 

du, (%I - dd)/JZ, cd A2(1310) 

(iiu + dd)/J2 f(1270) 

SU :d K*(1420) 

& US i(*(l420) 

SS f’(1515) c 

The Jp = l+ states of u, d and s quarks are a traditional area of experimental 

confusion. However, in the last year or so the situation is beginning to clarify. 

The biggest single advance has been the evidence 39,40,41 for two Q mesons, 

Q,( -1300) and Q,(- 1400), which are axial-vector states containing a strange 

quark and a u or d quark. The observed states are actually mixtures 
40 of the 

S = 0 and S = 1 quark model states. The B(1235) meson is an established 12 

candidate for the isospin one axial-vector state composed of u and d quarks with 
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quark spin S = 0. The D(1285) (not to be confused with the charmed mesons) is 

the only established12 mospin zero meson which likely has JR = l+ (and from 

its positive charge conjugation would correspond to S = 1). 

Along with the Q mesons, the traditional problem child of the axial-vector 

mesons is the A 1. Even here some real progress is being made. 41 
Although 

earlier analyses of diffractive three pion production were never able to show 

evidence for a real resonance at the peak mass of -1100 MeV, more recent 

theoretica work4’ with multichannel analyses do indicate resonance behavior, 

although perhaps at a higher mass (even possibly 1400 to 1500 MeV). At the 

same time, more direct experimental indications of a resonance decaying to 

?~p at -1100 MeV come from several different experiments performed at 

CERN. 41 It seems unlikely that the uncertainty with regard to the Al will persist 

very much longer. With, in addition, the new evidence 43 for the heavy lepton 

decay 7 + Ali+ , the establishment of a suitable isovector meson to match the 

L = 1, S = 1 axial-vector state of the quark model seems finally to be within sight. 

While the situation for l+ states composed of u, d, and s quarks is considerably 

improved, that for the JR = Of states is more confusing than ever. The 6(970) 

seems healthy enough l2 as a candidate for the I = 1 state composed of u and d 

quarks. However, the s-wave Kn phase shift rises slowly and passes through 

900 near 1250 MeV. If defined as a strange, Jp= 0+ resonance, I2 it must be 

very broad ( -450 MeV), and furthermore, the drop in elasticity and phase motion 

at higher mass ( -1400 MeV) is then suggestive of another resonance in the same 

channel. 4o The isospin zero s-wave rr phase shift does much the same thing: 

it passes slowly through 90’ near 700 MeV [e(700)? 71, exhibits a clear resonance 

which also couples to I@ [S (990)] , and very likely shows another resonance, the 

C’(lZOO), as a broad state. Discarding the E (700), the latter state’s width is 

-600 MeV; otherwise it is narrow (-200 MeV). 

The possibility that there are too many I = 0 and/or strange 0’ states to fit 

the quark model is a big headache. Down through the ages, various explanations 

of this (e.g. dilatons, 44 glueballs, 45 cryptoexotics7) have been entertained which 

allow some or all of the observed 0’ states to be other than {q L = 1 levels. On 

the other hand, if we throw out the ~(700) (and a higher mass K* besides K (1250) 

we have a “peculiar I’ SU(3) octet plus 46 singlet with respect to quark model mass 

formulas. It is difficult to be optimistic that this situation will be resolved soon. 

It is fortunate that we have the X states, the full set of 2+ states composed of u, 

d, and s quarks, and the improving situation with l+ mesons to bolster our con- 

fidence that all the L = 1 levels will be found eventually in all quark flavor com- 

binations . 

At the next level of orbital excitation, L = 2, we expect S = 0 (JR’ = 2&) and 

S = 1 (Jpc = l--, 2--, 3--) states. Of these only the 3- states are in good shape: 

the g(1690), (u*(1675) and K*(1780) are all established12 to have JR = 3-. The 

“ideal” or “magic” mitig pattern seems evident also, and we expect an gs 

(&like) state with JR = 3- at 1850 to 1950 MeV. Other candidates for L = 2 levels, 

like the A3 (Jp = 2-) and L (Jp = 2-) remain to be firmly established, l2 but 

enough has been found to give us assurance that all the L = 2 levels must exist 

for all quark flavor combinations. 

When we get to L = 3, the only established state 12 is the h(2040). which fits 

as the L = 3, S = 1 isoscalar state composed of u and d quarks with s = 4+. 

There are, however, some signs of a 4” K* state 
40 

near 2100 MeV and also of 

the corresponding I = 1 non-strange state. 41 

At still higher mass, there are bumps 12 in the Fp total cross section at 

-2190 and - 2360 MeV. Recent results 47 from cp + r-n-?: using both differen- 

tial cross section and polarization measurements strongly suggest broad 
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resonances at 2150, 2310, and 2480 MeV with J PC = 3-- , 4++, and 5-- respec- 

tively. This later result matches fairly well with an earlier fit 
48 to angular 

distributions for : p + i;p p assuming one pion exchange, which suggested a 

sequence of resonances in the same mass range. 

Thus it is suggestive, at the very least, that many, broad, states occur at 

high masses. There seem to be narrower states as well, 
49 although these may 

have another origin. Certainly, looking at the Regge plot of spin versus mass 

squared in Fig. 2, there is no sign that even the conventional states on the 

leading trajectory do not continue without interruption well into the 2 GeV mass 

region. The major outstanding question is tie existence and nature of other, 

non-qq states in the meson spectrum. 

III. BARYONS 

As already discussed in Section I the overall color singlet nature of the three 

quarks in a baryon results in a color part of the wave function which is completely 

antisymmetric. According to Fermi-Dirac statistics the remainder of the wave 

function must be symmetric. 

For the ground state, with all quarks in relative s-waves and L = 0, we have 

a symmetric spatial wave function. If the total quark spin is S = 3/2, then the 

spin wave function is symmetric and the only remaining quantity, flavor, also 

must have a symmetric wave function. With four quark flavors from which to 

choose, there are 20 possible symmetric three quark flavor states. These are 

shown in Table IV, together with the corresponding observed baryon, if known. 

In the case of total quark spin S = l/2, it may be shown that the spin wave 

function is of “mixed symmetry. ” With a symmetric ground state spatial wave 

function, Fermi-Dirac statistics now demands a mixed symmetry flavor wave 

function. With four quarks, it turns out there are again 20 such quark flavor 

states. It is purely an accident that the number of flavor states is the same 

TABLE IV 

S = 3/2 Baryon Ground States 

Quark Flavor States Observed St.ates12’50 

“UU uud udd ddd A ++,+po’ -(1232) 

uus uds dds c *+p”* -(1385) 

uss dss z**“> -(1530) 

sss fi(1670) 

uuc udc ddc Z*, or Cl *++~+‘o(2500?)51 

USC dsc S *+, 0 (?) 

ssc T *o 
(3 

ucc dcc *u *++ 
xu > xd (?) 

*c 
SW 

xS (3 

ccc e++ (3 

as for a symmetric flavor wave function: as we will see below, this is not true 

when there are other than four quark flavors. The appropriate mixed symmetry 

states composed of u, d, s, and c quarks, together with their experimental counter- 

parts, are shown in Table V. 

It is instructive for some of the things to follow to exhibit the explicit quark 

model wave functions as they depend on spin and flavor. We denote by UI an “up” 

quark with spin component S, = +1/2, ui an “up” quark with spin component 
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TABLE V 

S = l/2 Baryon Ground States 

Quark Flavor States Observed States12’50 

uud 

“US 

uuc {ud)c 

Iuslc 

[us1 c [dsl c 

Ml c 

UCC dcc 

udd 

id s 

W s 

uss 

ddc 

{ds)c 

ssc 

dds 

dss 

N"'(940) 

c+* O* -(1190) 

A(1115) 

z”’ -(1320) 

Cc or CIH1+‘o(2426?)52 

Sf’O (?) 

To (?) 

A+‘“( 7) 

A~ or Cz (2260)51 

g+ , 

x; (3 

{ ) - symmetrized, in flavor [ 1 z antisymmetrized in flavor 

S, = -l/2, etc. Then the wave function for a A* with Js = 3/2 is simply, 

UT d UT , while that for a A’ with Ja = 3/2 is, (l/$3) (UT UT dT + uT dT UT + dT UT UT). 

In the case of a A’ with Jz = + l/2, we must have complete symmetry in both spin 

and flavor, so the normalized wave function is: 

(l/&)(uT UT dl+ UT dl UT + dI UT UT + ut ul dt+ UT dT ul + dt UT ul + ul UT dt 

+ uldTuT+ dTuluT). 

For the nucleon, say a proton with J, = l/2, one may construct the wave 

function in several ways. The simplest, perhaps, is to start with u and d quarks 

having S = S, = 0. This is antisymmetric in spin, so we antisymmetrize in flavor 

also to obtain something symmetrical under overall interchange of the two quarks: 

(UT dt- dtul - ul dT + dluT )/2. 

If we now add a third quark, UT and completely symmetrize it with the first two, 

we get on normalizing the result: 

(l/a) (2uT UT di + 2uT dluT + 2dl UT UT - UT dT ul - dT UT ul - dt ul UT 

-uTuldT -uluTdT -uldTuT ). 

To get the neutron wave function with J, = l/2 we need only make the interchange 

u ud. The other L = 0 baryon wave functions are constructed analogously, and 

can be obtained straightforwardly. 

As a first use of these wave functions let us consider the static electromagnetic 

properties of baryons. We picture these as arising from those of the constituent 

quarks. We have been doing this all along for the charge: 

Q (hadron) = FQi (quark). (1) 

Now we do the same for the magnetic moments. In other words, we assume that 

ji (badron) =c j?i (quarks). 
i 

(2) 

We define the magnetic moment for a particle of spin J as 

/is CJ a= JlpalJa=J>. (3) 

133 



This coincides with the usual definition for J = l/2, 1, etc. With our previous 

assumption we have 

p = <Jz = Jx=J> . 

At this point the “quark masses, ” mi, appearing in Eq. (4) are not defined 

and need not be directly related to the masses discussed in Section I. Setting 

m =m U d, we calculate the values of the baryon magnetic moments shown in 

Table VI, with the aid of the explicit wave functions developed above. 

There are also two transition moments that are experimentally accessible and 

calcuable in the same way. These are )+A and nAp, which are -l/fi and 

m3, respectively in the units of Table VI. 

The comparison of these theoretical values with experiment is shown in 

Table VII. We fix ap = 2. ‘79 and calculate all other moments. In the column 

labeled mu/ms = 1, SU(3) symmetry is assumed. The value mu/ms = 0.7 

corresponds to the constituent quark masses given in Table I and agrees some- 

what better with experiment. The overall agreement with experiment is certainly 

very adequate, if not close to spectacular. 

Radial excitations of the baryon ground state, as for meson radial excitations, 

differ only in having a different radial wave function and should have the same 

spin and flavor states available as the ground state. For S = 3/2 we then have a 

symmetric flavor wave function, while for S = l/2 one of mixed symmetry. The 

number of possible baryon (three quark) flavor states as a function of the number 

of different quark flavors is given in Table VIII. Also shown is the number of 

flavor states times the number of Ss states available for the entire ground state 

or its radial excitation. We often refer to the set of these states by their total 

spin (Sa) and flavor multiplicity, e.g. for three quarks (u, d, s) it is the “56”, 

made up of an SU(3) octet with S = l/2 and a decuplet with S = 3/2. 

TABLE VI 

Baryon Magnetic Moments in the Quark Model 

state n (units of e/2mu) 

A* 2 

1 

0 

-1 

4/3 - l/3 (mu/y.) 

l/3 - l/3 (mu/m,) 

2/3 - l/3 (mu/m,) 

2/3 - 213 (mu/m,) 

-l/3 - 213 (mu/m,) 

-(mu/m,) 

P 1 

n -2/3 

c+ 8/9 + (l/9) (mu/m,) 

co 2/9 + (l/9) (mu/m,) 

c- 
-4/9 + (l/9) (mu/ms) 

A0 -l/3 (mu/m,) 

z” 49 - 4/g (mu/m,) 

p- l/9 - 4/9 (mu/m,) 
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TABLE VII TABLE VIII 

Comparison of Theory and Experiment for Baryon Magnetic Moments Multiplicity of the Baryon Ground 
State or its Radial Excitations 

Magnetic Moment 

Theory 
12 mu/ms = 1 mu/ms=0.7 Experiment 

(Nucleon Magnetons) 

aP 2.79 (input) 2.79 (input) 2.79 

nn -1.86 -1.86 -1.91 

‘Ict 2.79 2.70 2.622.41 

fiTiY .73 .84 

p z- -. 93 -1.02 -1.482 .37 

PA -.93 -.65 -.67+ .06 

I*pO -1.86 -1.49 

pz- -, 93 -.56 -1.85 2.75 

P2A -1.61 -1.61 

‘AP 
2.63 2.63 2.6 to 3.454 

No. of Baryon Flavor States No. of Spin Times 

N = No. of Quark Flavors s = l/2 S= 3/2 Flavor States 

1 0 1 4 

2 2 4 20 

3 8 10 56 

4 20 20 120 

5 40 35 220 

6 70 56 364 

Besides the ground state or its radial excitations, we will of course have 

the same accounting of baryon spin and flavor states whenever the quark spatial 

wave function is symmetric. For then the flavor times spin wave function is 

required to be symmetric, and we have exactly the same arguments on the 

available spin and flavor states that led us to Table VIII, for the ground state 

or its radial excitations. 

For baryon orbital excitations one can in principle have quark spatial wave 

functions which are symmetrical, antisymmetrical, or of mixed symmetry. 

The lowest orbital excitation, that with L = 1, turns out to have a spatial wave 

function with mixed symmetry among the three quarks. For the case of quark 

spin S = 3/2 (a symmetric spin wave function), this forces a mixed symmetry 

flavor wave function. However, when S = l/2 (mixed symmetry spin wave 

function) the overall Fermi-Dirac statistics can be satisfied with either a 
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symmetrical, mixed symmetry, or antisymmetrical flavor wave function. The 

situation with regard to the multiplicity of baryon flavor states in this case is 

shown in Table IX. 

TABLE JX 

Multiplicity of the Baryon Orbital Excitations with 
Mixed Symmetry Spatial Wave Functions 

N = No. of Quark Flavors 

1 

2 

3 

4 

5 

6 

No. of Baryon Flavor States No. of Spin 
s = 3/2 s = l/2 Times 
Mixed Antisym. Mixed Sym. Flavor States 

0 0 0 1 2 

2 0 2 4 20 

8 1 8 10 70 

20 4 20 20 168 

40 10 40 35 330 

70 20 70 56 572 

Again, such an array of spin and flavor states will arise any time the three 

quark spatial wave function is of mixed symmetry. The set of these spin and 

flavor states is then often referred to by their total spin times flavor multi- 

plicity, e.g. for three quarks one has the “70”, composed of an S = 3/2 SU(3) 

octet and an S = l/2 SlJ(3) singlet, octet, and decuplet. 

Aside from the observed charmed baryons, which are candidates for being 

members of the L = 0 ground state, only states composed of u, d and s quarks 

are known for baryons. Therefore, in discussing the observations of radially 

and orbitally excited baryonic levels, 55 we consider only states composed of 

three quarks. As indicated above, we refer to the multiplets of given L by their 

spin (S,) times flavor multiplicity. 

The first excited baryon level above the ground state is a 56, L = 0 multi- 

plet, i.e. a radial excitation of the 56, L = 0 ground state. Its most familiar 

non-strange member is the Roper resonance, N*(1470). The radially excited 

counterpart of the 3-3 resonance is the A*(1690). 

At slightly higher mass, on average, is a set of negative parity states 

which form a 70, L = 1 orbital excitation. All seven of the non-strange reso- 

nances needed to fill this multiplet are known to exist with the right spins and 

isospintino more and no less than the expected states. 

Above the 70, L = 1 there is another possible radial excitation of the ground 

state 56, L = 0. However, most of the evidence for this is based on the N*(1780) 
+ 

with Jp = i and confirmation of the whole multiplet awaits evidence for some 

of the other states. 

In the same mass range there is a further established multiplet, a 56, 

L = 2. Most, if not all of the six non-strange states sitting in this multiplet 

are found experimentally, including the long established N*(1688) with p =;+ 

and the A*(l950) with Jp = T. 

In the 2 GeV mass region there is fairly good evidence for a 70, L = 3 

set of states. In particular the established N*(2190) and N*(2140) with JP = z- 

and z- respectively, rather uniquely fit into just such a multiplet. 

P 9+ At still higher mass there are the established J = 5 N*(2220) and the 

++ A*(2420). Even though essentially all the other states remain to be found, 

these two levels are very likely the first members of a 56, L = 4 multiplet. 

Thus we see a fairly extensive sequence of radial and orbital excitations 

in the baryon spectrum, just as in the case of the meson spectrum. A few more 

multiplets are quite possible in the mass range discussed up to now (e.g. a 56, 

L = 2 radial excitation and a 70, L = 1 radial excitation). 
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The established multiplets so far all have the property that L even corre- 

sponds to a flavor times spin multiplicity of 56 while those with L odd have a 

multiplicity of 70. While this is trivial for the ground state, or first orbital 

excitation, it is entirely non-trivial that we do not see, say, 70, L = 0 and 

70, L = 2 multiplets below 2 GeV. (These are expected in a harmonic oscillator 

potential to be degenerate with the 56, L = 2). The full significance of this for 

the quark-quark force remains to be seen. In fact, there are recent suggestions 

that the empirical connection of 56’s and ‘70’s with L even and odd, respectively, 

may break down: this is based on a 5/Z- A* near 1960 MeV which would seem to 

fit best in a 56, L = 1 multiplet. 56 

At still higher mass spins and parities are unknown, but there are N* 

bumps at 2650 and 3030 MeV and A*‘s at 2850 and 3230 MeV. If one draws the 

leading A* Regge trajectory (Fig. 3) it has a slope very much like that for the 

mesons (Fig. 2). Further, if we take the A*(2850) and A*(3230) as the next two 

states on the leading trajectory with Jp = 15/2+ and 19/2+, respectively, then 

we have 5 states, all seemingly on a linear trajectory. As with the mesons, we 

have no reason to doubt that the baryon spectrum continues on to much higher 

masses, albeit with broader, low elasticity states, making it almost impossible 

to isolate individual levels and their quantum numbers. 

Iv. HADRON MASSES 

As in our treatment of all other aspects of spectroscopy in these lectures, 

we discuss the subject of hadron masses within a picture of hadrons as composed 

of quarks. More particularly, we will work in a constituent or “atomic” model 

with quarks bound by an effective potential due to the action of colored gluons. 58,59 

In such a picture, hadron masses come from four sources: 

(1) Quark masses; 

5 0 

/ 

4 hm 
/ 

0 / 
/ 

J / 
/ 

3 w**’ 0 
/ ’ 9 

/ 

6 

2 

0 
0 I 2 3 4 5 6 7 

11-77 M2 (GeV*) 331982 

Fig. 2 Leading Regge trajectory for mesons (solid squares) and states established 

in Reference 47 (open circles). 

137 



(2) The primary level of excitation of the potential, in other words the 

kinetic and potential energy of the quarks; 

(3) The residual interactions between quarks of a spin-spin, spin-orbit 

or tensor force character, which split the principal levels of the potential; 

(4) The gluons which carry energy (or mass) by themselves and also pro- 

vide diagonal and off-diagonal elements to the meson mass matrix due to tran- 

sitions of the form glql ugluons +-4 S2q2. 

The division among categories (1) through (4) is somewhat arbitrary. For 

example, sources (2) and (3) may be thought of as coming from the same basic 

origin, the exchange of gluons between quarks. If we could solve QCD the quark- 

quark interaction should emerge in toto from theory and give us (2) and (3) in 

one swoop. 

Further, different values of the quark mass could well result in making 

(2), (3) and/or (4) different for various quark flavors. Thus effects from (1) 

could, for example, actually manifest themselves as mass splittings through a 

difference of forces of type (3). 

The effect of the gluon energy, source (4), is usually assumed to be the 

same for all baryons with given L. On the other hand, mesons, qq. jwithi#j, 

are distinguished from those with i = j for given L, S, and J by the gluon anni- 

hilation and creation terms noted in (4). 

Let us then examine where various masses and mass differences arise 

from in terms of sources (1) through (4). 

Masses of Orbital and Radial Excitations Relative to the Ground State 

Almost by definition these come from source (2), the level of excitation of 

the overall binding potential. Examples are the mass splitting between the L = 0 

and L = 1 mesons or L = 0 and L = 1 baryons. The o- f, p - AZ, K* - K**(1420), 

I (I 1 II II 1 I II' 

IO - /4230)7- 
/ 

/ 

J ,a? 2850 I? 

5- #kJ~ / 

A!f;1950~ / 
/ 

,A?: 232) 

o//’ ” ” ” ” ” ” 
0 2 4 6 8 IO 12 14 

11-77 M* (GeV*) 3319A3 

Fig. 3 Leading isospin 3/2 baryon Regge trajectory. 
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9 - f’ and i-x (3552) mass differences, l2 which are each -450 MeV, are all 

of the type: l- (L = 0) - 2’ (L = 1). From this pattern 
57 

we expect that the 2’ 

D** is at M D* 
+ 450 MeV = 2450 MeV and the 2’ F** at ME* = 2600 MeV. 

If we measure the L = 0 to L = 1 mass splitting for baryons by that between 

states with symmetric spin wave functions (or between those with mixed symmetry 

spin wave functions), we also find a value of -450 MeV. As for the meson 

examples given above, this mass splitting seems to be independent of quark 

flavor. 

Splitting of States with Given L and S, Different J 

This arises from spin-orbit forces or tensor forces which fall into cate- 

gory (3). In atomic physics this is called fine structure. For mesons, such 

forces give different masses to the 6, Al, and A2, or the x0, “1, and x2. 

These mass differences are all in the range 100 to 200 MeV for mesons, but 

somehow turn out to be very much smaller for baryons, e.g. the near degeneracy 

of the I/2-, 3/2- and 5/2- N*‘s with L = 1 and S = 3/2. 

If the spin-orbit force arose from an “effective vector” exchange between 

the quark and antiquark in a meson and the effective potential is attractive, then 

it is possible to show that the mass splitting is proportional to 2 . zwith a 

positive coefficient. Since 

x. & J(J + 1) - L(L + 1) - S(S + 1) 
2 

the L = 1, S = 1 meson states would be O+, l+, and 2” in order of increasing 

mass. This is just the case for X0, XI, and “2. In principle the tensor force 

could have ruined this ordering, but at least for charmonium it turns out to 

have a smaller, but non-zero, coefficient. 
59 

There is no proof that the quark-quark force has to have an “effective 

vector” form. Of course, this would result automatically if one gluon exchange 

dominated. But in the case of charmonium this gives rise to mass splittings 58 

which are too small by an order of magnitude. There is no reason to expect 

that one gluon exchange is the dominate source of the spin-orbit force for any 

of the other mesons either. 

Splitting of States With the Same L, Different S 

These again have a source (3) origin, but are of the spin-spin variety. 

Such terms result in the N - A, z-S*, etc. mass difference for baryons and 

ther-p, K - K*, D - D*, etc. splittings among mesons. They also split the 

B relative to the A2, Al, and 8. 

If the interaction between quarks has an effective vector character, then 

in a non-relativistic situation the spin-spin interaction contribution to the mass 

from quarks i and j has the form: 

1 
AM&s a - TY m.m. i 

1 3 
- 3 q2V(rij) , (5) 

where V(r) is the effective potential in configuration space. With a single vector 

particle being exchanged, the proportionality constant in Eq. (5) has opposite 

signs for the case of two quarks (in a baryon) or a quark and antiquark (in a 

meson). However, if colored gluons are exchanged in color singlet hadrons, 

it turns out that the sign of the proportionality constant in Eq. (5) is the same 

for mesons and baryons. 58,59,60 Furthermore, the sign is such (positive) that 

with v2V(r) positive (as it is expected to be) the system with parallel quark 

spins has a higher energy than that with antiparallel spins. So if we accept the 

sign and general form of the spin-spin interaction that comes from colored gluon 

exchange, we predict that the P is heavier than the TI, the K* heavier than the K, 
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and A heavier than the nucleon. While just one gluon exchange is unlikely to 

dominate completely in all these cases where mass splittings are a few hundred 

MeV, the experimentally observed sign in mesons and baryons seems to indicate 

that gluon exchange has something to do with at least the qualitative nature of 

these splittings. 

Because of the explicit quark masses in the non-relativistic form of 

AM s-s, even states with the same quark flavors but different relative quark 

spin orientations have different masses. This may well be the origin of the 

mass difference between the A and I. 58,60 

To see this, assume that 

- -e 
AMsSs = c x23 

i>j m.m. 
1 1 

(6) 

where c is a positive constant for the L = 0 baryons. In the Z , the u and d 

quarks are in a symmetrical (I = 1) flavor state and hence a symmetrical 

(S = 1) spin state. The total spin of all three quarks is l/Z. This leads to 

+ -4 1 
su’sd=z , Ua) 

s’ 
4 - 4 1 

u . ss=s d * ss=-- 2 VW 

Hence, 

‘-Is+ 6’) = 

=c -c 
4mi mum~ ’ 

(8) 

on taking mu = md. For the A, the u and d quarks are in antisymmetrical 

flavor (I = 0) and spin = 0) states. Then for the A’, 

.-+ -9 
su Sd = - 3/4, @a) 

and 

so that 

‘d 
.;,=g .;p, 

u 

AM&A) = - + . 

4mu 

Combining (8) and (lo), we have 

M(P) - M(A’) = -% - c m2 mm 
U u s 

=2 l-2 . ( ) 

(9b) 

(10) 

Since the strange quark is heavier than the up (or down) quark, we have 

MxO > M,,” in agreement with experiment. 

It is interesting to note that the AC and Xc would be split in mass by the 

same mechanism. With the charmed quark replacing the strange one, 

(12) 

Since mc> ms, this mass difference should be even larger than that between the 

1 and A. If we identify the 1, with the BNL neutrino induced h47r system 52 

at 2426 MeV and consider the AC to be at 2260 MeV, 51 then this prediction is 

correct! 
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Splitting of States with Different Flavor 

Such mass differences arise directly from source (l), but as we just saw 

they can arise indirectly from (3)l(or (2)) . The splitting of different flavor states 

with the same L, S, J and a11 other quantum numbers, allows us to estimate 

constituent quark mass differences. For example, we take 

ms - m U 
zM(R-) - M(Z*) u M(E*) - M(Z*) 

z M(X*) - M(A) uu 150 MeV (13) 

Similarly, 

mc - m S 
= M($ ) _ M(T*) = 1150 MeV (14) 

Essentially the same mass differences are obtainable by considering the ground 

state vector mesons, i.e. 2(mc - ms) ij M(G) - M($) and 2(ms - mu) = M(e) - M(P). 

To get an absolute quark mass scale we must fix one of these masses. One 

way to do this is from charmonium, where calculations indicate MC c 1650 MeV. 

Another way is to take M U 
o Md to be MN/3 or M,/2, A third method is to take 

the expressions in terms of quark masses for the baryon magnetic moments in 

Section III very seriously. All these methods give the same answer: 

mu 7.2 m 
d 

x 350 MeV 

ms cs 500 MeV 

mc = 1650 MeV. (15) 

These “constituent quark masses” were already given in Table I. We repeat the 

caveat given there: These are not real masses, but only parameters with the 

dimensions of mass that appear in certain equations discussed above. Other 

equations give other values, e.g. current quark masses. 

In addition to quark masses, gluons (source (4)) can also give hadrons 

composed of different flavors different masses. In particular, consider the 

contributions to the meson mass illustrated in Fig. (4). For mesons with net 

flavor (i.e. , i # j), the second diagram makes no contribution to the mass 

matrix, for the gluons do not carry flavor. But for mesons with no net flavor 

(i = j), the second diagram contributes. Suppose it has the same value for all 

i and k, i.e. is flavor independent. Then for mesons with no net flavor we have 

two extreme situations. 

If the first diagram due to the quark masses dominates the mass matrix, 

then the I = 0 eigenstates are (&I + zd)/fi, ss, and cc. We have the situation 

of “magic mixing” at the SU(3) level. The vector mesons (p), o, 9, $ are a 

good example, as are the JB = 2+ and 3- mesons. 

On the other hand, if the second diagram due to annihilation into gluons 

dominates the mass matrix for N quark flavors, then its eigenstates are the 

SW) flavor singlet and non-singlet (s). For example, with u, d, and s quarks, 

the I = 0 eigenstates would be the SU(3) singlet and octet states, (%I + ad + &z)/fi 

and (iiu + dd - Z&)/n, respectively, The “old” pseudoscalar mesons are closer 

to, but not exactly in, this situation. 

Furthermore, our assumption of the flavor independence of the second 

diagram is only approximate. Asymptotic freedom suggests that more gluons 

or higher mass of the meson makes the second diagram smaller. l6 Analysis 

of the situation with charmonium suggests a fairly big flavor dependence. 61 

It will be interesting to test these ideas on the & mesons in the L = 1 and L = 2 

levels to see if the expected dependence on mass and gluon number is found 

experimentally. 
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Fig. 4 (a) Meson mass matrix contribution due to quark mass. 

(b) Meson mass matrix contribution due to gluon annihilation. 

“Electromagnetic” Mass Differences 

A particular example of some importance of the ideas we have been dis- 

cussing is hadron electromagnetic mass differences. These have their origin 

in two physically distinct sources. First is the difference in mass of the u and 

d quarks. This is a source of type (l), which also has indirect effects of type 

(3). Second, there is explicit photon exchange between quarks, a manifest 

electromagnetic process. 

By an accident (? ?) of nature the u - d mass difference andthe effects due 

to photon exchange are of the same order, namely several MeV. Thus both are 

usually treated at the same time as “electromagnetic” mass differences. 

These mass differences are characterized by several unique features. 

First, we can surely treat the splittings to lowest order in the perturbation. 

Further, we have a known interaction: one photon exchange in lowest order 

leads to a Coulomb interaction and to a magnetic dipole interaction. The first 

is proportional to the product of the charges, QiQj, of the quarks involved, while 

the second is proportional to the product of their charges and the dot product of 

their spins, Q.Q.< . 5 . 
111 

For the L = 0 baryons composed of u, d, and 8, these 

quantities and the quark masses, summed over the appropriate flavors, are 

given in Table X. 

We shall now assume that the mass of a state is determined by 

M=M +& mi+cx Q.Q.+c~~,Q~Q~~~.~~ . 
0 i=l l,>j l I l>J 

(16) 

Here MO depends on sources (2), (3) and (4) and consequently is different for 

each L, S, J, etc. All the “electromagnetic” effects are assumed to be in the 

last three terms: the difference in u - d quark masses in Emi, and the Coulomb 

and magnetic interactions in the last two terms, with cl and c2 constants for a 
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given excitation of the overall binding potential. We neglect a possible dependence 

of c2 on the mass of the quarks involved (at least for u, d, s). Also neglected at 

this simplified level are indirect effects of type (3), e.g. differences in the 

spin-spin interaction (buried in MO) arising from strong interaction gluon 

exchange because different mass quarks (u and d) are involved. These more 

indirect effects, which are not necessarily negligible, can be taken into account 

in a more sophisticated calculation. 
62 

If we apply Eq. (16) to the L = 0 baryons, 
58 then there are three param- 

eters (mu md, cl, and c2) that enter mass differences, while there are four 

independent octet baryon mass differences. There is, therefore, one relation: 63 

M(p) - M(n) + M(e) - M(Z) = M(Z+) - M(I.-). (17) 

Experimentally, the left- and right- hand sides are -7.69 f 0.6 MeV and 

-7.98 ? 0.08 MeV, respectively. 

The three remaining independent mass differences may be solved for 

mu - md, cl, and c2: 

mu - md = -1.9 MeV, (18a) 

cl = 3.6 MeV, (18W 

c2 = -7.2 MeV. WW 

Looking back at Table X, we find that the proton-neutron mass difference of 

-1.3 MeV arises as -1.9 MeV, + 1.2 MeV, and -0.6 MeV from the mu - md, 

Coulomb, and magnetic terms respectively. The correct experimental sign is 

due to mu - md! In general, all three terms give comparable contributions to 

baryon mass differences. The magnetic term is not negligible. - 

TABLE X 

“Electromagnetic” Terms Contributing to Ground State Baryon Masses 

State F mi C QiQj 
i>j 

c QiQj”i . 5 
i>j 

P 

n 

9 

l? 

c 

A 

A++ 

A’ 

A0 

A- 

2*+ 

,X*0 

z*- 

z 
*o 

*- 
z 

n- 

2mu + md 

mu+ 2m d 

2mu + ms 

mu+m +m 
d s 

2md + ms 

mu+2m 
6 

md+2m 
S 

mu+m +m 
d s 

3mu 

2mu + md 

mu + 2m d 

3md 

2mu + ms 

mu+m +m d s 

2md + ms 

mu+ 2m 
S 

m +2m d s 

3mS 

0 

-l/3 

0 

-l/3 

l/3 

-l/3 

l/3 

-l/3 

4/3 

0 

-l/3 

l/3 

0 

-l/3 

l/3 

-l/3 

l/3 

l/3 

l/3 

l/4 

l/3 

0 

-l/12 

l/4 

-l/12 

l/6 

l/3 

0 

-l/12 

l/12 

0 

-l/12 

+1/12 

-l/12 

+1/12 

+1/12 
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nor the ground state decuplet one may now deduce the relations: 58 

M(A++) - M(A+) = M(p) - M(n) + M(H+) + M(X-) - 2M(Z”), Wa) 

M(A+) - M(Ao) = M(P *+) - M(I *‘) = M(P) - M(n), Wb) 

M(Ao) _ M(A-) = M(x*O) - M(Z*-) = M(E *‘) - M(E*-) VW 

= M(p) - M(n) - M(P+) - M(Z-) + 2WZ’). 

Only the last of these is testable now with some sensitivity: 

M(,-*O) - M(,-*-) = -3.3 + 0.6 MeV and M(p) - M(n) - [M(X+) + M (I-) - 2M @‘)I 

= -3.07 ? 0.10 MeV, in good agreement. Adding (19b) and (19c) we obtain 

M(Z*+) - M(I*-)= 2M@) - 2M(n) w3) 

- M(X+) - M(Y) + 2M(Z”). 

The left- and right- hand sides of this later relation are -4. 1 ? 1.5 MeV and 

-4.36 ?O. 10 MeV, so it is consistent with experiment within rather large errors. 

This striking success for predicting ground state baryon electromagnetic 

mass differences on the basis of Eq. (16) is not repeated for mesons. If we stick 

to u, d, and s quarks there are only two independent mass differences: . 

M(r+) - M(*o) and M(K+) - M(K’). Since QiQj and QiQjxi gj are proportional 

for mesons of given total quark spin (like pseudoscalars), there are also only 

two ildependent parameters (say mu - md and cl). Therefore we do not get mass 

formulas like Eqs. (17), (18), (19), and (20) in this case. 

While there is no relation, we can still invert the equations relating the 

two mass differences to the two parameters. Since the pion must be a deeply 

bound, relativistic system there is no reason for Eq. (16), linear in s m. 
1 1 

to be valid. Indeed if we push blindly ahead we find mu - md = -7.1 MeV, which 

very much disagrees with the value derived from the baryons. 

It appears that to describe the meson electromagnetic mass differences 

we need to go beyond our simplified formula, Eq. (16). Some success62 has 

been reported, including values for the D and D* electromagnetic mass differ- 

ences in agreement with experiment, by taking into account the difference in 

the strong spin-spin interaction due to m - md. 
” 
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LECTURES ON THE QUARK MODEL, ORDINARY MESONS, 
CHARMED MESONS, AND HEAVY LEPTONS 

Martin L. Per1 
Stanford Linear Accelerator Center 

1. INTRODUCTION 

These lectures have two connected themes. First the quark model 

is used to discuss the masses, internal quantum numbers, and weak de- 

cays of the ordinary mesons and charmed mesons. In this discussion 

the quarks are treated as elementary particles; and this view is parti- 

cularly valuable in discussing the weak decays of the mesons. About 

314 of the lectures are devoted to these topics. 

The last l/4 of the lectures is devoted to the theory of, and 

evidence for, a new charged lepton produced in e+e- annihilation. In 

developing the theory of the decay modes, and in comparing the heavy 

lepton with the singly charmed meson we make extensive use of the 

connections between the weak decays of quarks and the weak decays of 

leptons. 

2. THE QUARK MODEL FOR MESONS 

I will use the fractionally charged quark model, Table I, to: 

a. explain the internal quantum of the mesons such as spin, 

charge, parity....; 

b. discuss the weak decays of mesons. particularly of 

charmed mesons; 

C. understand the general mass spectrum of the mesons. 

Some general references are: 

R.H. Dalitz in High Energy Physics (Gordon and 
Breach, 1965). 

the 

R.H. Dalitz in Meson Spectrocopy (Benjamin, 1968). 

J.D. Jackson in Proc. of SLAC Summer Inst. on 
Particle Physics - 1976 (SLAC-198). 

TABLE I 

The fractionally charged quarks with spin l/2 and baryon 
number l/3 

NkX7E !.I d s c 

Old Name P n A s' 

I 112 112 0 0 

I2 l/2 -112 0 0 

Q +2/3 -l/3 -113 +2/3 

S (strangeness) 0 0 -1 0 

C (charm) 0 0 0 1 

We assume a meson consists of one quark, qi, and one antiquark, i., 
3 

bound together by a non-relativistic potential V(qi, ij). No one really 

understands why this non-relativistic model works so well considering 

that the forces between the quarks are strong. A meson then has a mass 

M = mi + mj + V(qi. 4j) (1) 

if its quark content is a single type of quark and a single type of anti- 

quark. Here mi, mj are the masses of quark i and antiquark j. 

g general a meson may have mixed quark content such as the 11' = 

(u& - d&/v?. Therefore define a diagonal quark mass operator M + % 

where 

\lulMlu;) =(;I%/;) = mu 

"dIMId: = 'alG\a, = md \ 
(7-j 

and so forth. Let x(q, <) be the quark content wave function: for 

exampie no has x = (u; - da)/fi. Th en the meson mass is given by 

M = <xlM + “Ix) + V(q, 4) (3) 
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For example The degeneracies are shown schematically in Fig. 1. 

M = 
no 

:u; - da\M + Ml"; - da,/2 + V 

= (m +mU+mdtmd)12+V U (4) 

= mu t IrId t v 

& this model the spinandparity are calculated using LS coupling 

as follows 

L = orbited angular momentum between qi and 4. 3 

S = total spin of qi and q. = 0 or 1 
3 

J = total angular momentum. 

Therefore 

Ifs=O,thenJ=L ; 

ifS=landL=O,thenJ=l ; (5) 

if S = 1 and L > 0, then J = L - 1, L. L f 1 . 

we use atomic spectroscopy notation: 

2Sfl n LJ 
(6) 

where n is the radial excitation quantum number and L is written 

S, P, D, F....for L = 0, 1, 2, 3... Since qi, ij are a fermion-anti- 

fermion pair the parity is given by 

P = -(-UL (7) 

To get a feeling for the energy degeneracy of a state n 
2s+1 LJ as a 

function of n, S, L, and J we consider two potentjals: 

a. the attractive coulomblike (hydrogen atomlike) potential 

V(r) = -A/r , A > 0 (8a) 

b. the attractive harmonic oscillator potential 

V(r) = %Kr2 , K>O (8b) 

However the potential used most commonly for (q,, tj) is the 

attractive linear potential 

V(r)=Br , B>O (9) 

The calculation of the S state energy levels for a linear potential is 

discussed in App. 1. Figure 2 compares the energy level spacings for 

the S states for the three potentials when the spacing is the same 

between the two lowest level for all the potentials. 

3. THE GROUND STATES OF ORDINARY MESONS 

A. The Psudeoscalar Mesons: The ground state pseudoscalar mesons 

have 

L = 0, s = 0, J = 0, P = -1 (10) 

hence they are in the lSo state. Their quark content and some properties 

are given in Table II 

Name Mass I 
(MeV/c2) 

K+ 494 Js 

K" 498 4 

ii0 498 4 

K- 494 % 
t Ti 140 1 

Ilo 135 1 

n- 140 1 

n 549 0 

q' 958 0 

TABLE II 

Quark Content 

us 

d; 

SZ 

s; 

.a 

(ui - d;i)/Ji 

d; 

I 

(u; + da - 2ss)/& 

(uii + da + s,(/& 
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We see how beautifully the quark model explains all the internal 

quantum number of these mesons. The quark content of the K and TI mesons 

is straightforward, but as the parenthesis indicate the r~, n' quark 

content is not straightforward. Here we have given the SU(3) quark 

wave functions. (II; + da + &)/a is an SU(3) singlet and (6 + da - 

G//6 is an Iz = 0 state which is orthogonal to it and to the 11'. I 

will return to the 11, n' quark content question after discussing the 

l!lS.SSeS. 

To begin the discussion of the masses we use Eq. 3 with the extreme 

simplification: 

V$, Sj) = -c" (11) 

where E 
b 

is a binding energy independent of the quark content and the 

SU(3) multiplet. Also assume 

and let 

"u = md = m (12) 

ms - Ill= 6 (13) 

Then MK=Zm+ 6-s' 

(14) 
MT= 2m- Eb , 

hence 

6 =nl 
S 

- m = s - Mn= 363 M&'/c' (15) 

Using Eq. 15 

M(u; + da - 2s;) - MK = 6/3 = f121 M&'/c' 
(17) 

M(u; + da + s:) - MK = -613 = -121 M&/c' 

But 

Mll - % = 
+51 MeV/c' , 

Mn, - % = +460 M&'/c2 , 
(17) 

hence this simplest model does not fit Mq or Mn,. 

We can obviously fit M,,, by settting x(n') = (u; f da + ss)/Jj 

and allowing Eb to depend on the SlJ(3) multiplet. Then 

SW Z \(I) (18) 

and we can adjust s(l) to give M ,. But we still cannot fit well 
n 

MT' %I and Mn simultaneously. In his lectures F. Gilman discusses 

more sophisticated models for the masses, however fitting these pseudo- 

scalar masses with the simple quark model remains a problem. (We shall 

see in the next section that the vector meson masses can be easily 

fit.) 

Finally we note that there is no clear experimental proof for 

setting 

x(r,') = (u; + dz + ss)/fl 
(19) 

x(n) = (u; + dd - 2ss)/& 

beyond the arguments that then we can fit M n, by adjusting Eb(l). 

B. The Vector Mesons: For the vector mesons 

L = 0, s = 1, J = 1, P = -1 (20) 
hence they are in the 3S1 state. Their quark content and some pro- 

perties are given in Table III 

Name 

K *i 

K*o 

z*0 

ii- 
K 

+ 
P 

0 
P 

P 

w 

0 
151 

Mass 

(MeV/c') 

892 

892 

892 

892 

770 

770 

770 

783 

1019 

I 

TABLE III 

Iz 
Y 

%I 1 

-5, 1 

k -1 

-4 -1 

1 0 

0 0 

-1 0 

0 0 

0 0 

Quark Content 



Here the quark content of the $ has been made ss to explain $ pro- 

perties such as 0 + K+K- being the dominant decay mode. We then set 

x(w) = (II; + dd)/fi to give a quark wave function orthogonal to the no 

and 0. These are not the SU(3) multiplet quark contents for the I = 0 - 

states. 

We now repeat the simple mass calculation of the previous section 

using Eb(8) = s(l) = s. Then 

6=m 
s - m = I.+ - Mp = 122 MeV/c2 (21) 

Then the theory predicts 

M, - Mp = 0 

M9 - Mp = 26 = 244 MeVfc2 
(22) 

This is in good agreement with the measurements: 

M, - Mp = 13 MeV/c2 

M$ - Mp = 249 M&J/c2 
(23) 

Thus the simplest quark model mass calculation works here. 

4. A LOOK AHEAD ON CHARMED MESON MASSES 

Lets be very, very simple by using the mass values from the last 

section and assuming 

s = O! 

Then 

m = Mp/2 = 385 MeVlc2 

ms = Mx" - Mp = 507 MeV/c2 

Following Eq. 2% "e get the mass of the charm quark, mc, 

"c = %/2 = 1547 MeV/c' 

(24) 

U-6) 

Then we predict the mass of the D or D* meson should be 

M,, or Sk -L m + mc = 1932 MeV/c' (27) 

The measurements are 

M 
Do 

= 1863 w/c2 , 

MD*0 = 2006 MeV/c' , 

(28) 

which means that Eq. 27 is a surprisingly good estimate considering 

the extreme simplicity of the theory. 

5. WEAK DECAYS VIA THE QUARK MODEL 

We are going to study nexttheuse of the quark model for the weak 

decays of the hadrons. We do this for two reasons: 

a. The quark model provides a simple way to systematize the weak 

decays of the hadrons. 

b. The understanding of the properties of the charmed mesons 

depends upon a clear picture of their weak decays. 

In this section we compare non-quark and quark models for a simple 

weak decay mode - the leptonic decay of a pseudoscalar. 

P+ + a+ + v.t (29) 
where e is a lepton and ve is its associated neutrino. Examples are: 

f +ti;c+v 
u 

f + +e +v e 

K+ +!l++v 
(30) 

P 

D+ +u++ v 
!J 

Some references for notation and method of calculation are M.L. Pa-l, 
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High Energy Hadron Physics (Wiley, 1974); and J. Bjorken and S. Drell, 

Relativistic Quantum Mechanics (McGraw-Hill, 1964). 

A. Non-quark Model Calculation of P+ + e+ + up 

M = p mass, m = a mass, P = P four-momentum, p = e four-momentum, 

k = vk four-momentum. 

Decay width = - Pi) 

iTi2 = sp~siM12 

M = '; P"UQ(p)~U(l - Y5)U,,(k) (32) 

G = 1.02 x 10-5/M;rotan 

(31) 

f = constant which takes account 
of unknown vertex (in "nits 
of mass) 

(33) 

Then in rest frame of P 

lTl2 = 2f2G2rn2[M2 - m21 

J 3 3 
$f$+ S4(P) = nk"/M 

0 0 

Finally we get the classic result 

r 

(34a) 

(34b) 

(35) 

For a pion TTi = l/rv = 2.6 x 10 -8 sec. Therefore 

fn = .92 MT = 129 MeV (36) 

In Sec. 5C we shall see that the quark model provides an understanding 

of why fn 2 MT. 

B. 
+ + 

Quark Model Calculation of 1T -t II + VI 

We "se a bound state calculation. Some references are J.J.J. Kokkadee, 

The Quark Model (Benjamin, 1964), R. Van Ibyan and V. Weisskopf, Nuovo 

Cimento so, 617 (1967). 

D 
. 

0 f (-1 J ._ ,j?.- ' 

Let v rel 
= relative velocity of u and 2 quarks. Then for a bound state 

r ..=, l*(o) I2 (37) 
V 

O(" + ;i + II + vr) 

where Ji(r) is the ua spatial wave function with normalization 

ld3rl$(L)12 = 1 (38) 

For Prel +. 0 we calculate ~(u f a + e +y) in the extreme non-relativistic 

limit 

(2n)4 U(" + a + L + ve) = - 
4m2V q rel 

IT'12 = c IM'1' 
spins 

M' = 2 ~u(p")Y"U-$~a)~,(~)Y,(l - Y5)U,,(k) 

Pi) (39) 

(40) 
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Here mq is the quark mass and p,, pi, p, k are the four-momenta of the 

u, i, e and uL respectively. Then in the rest frame of the T 

(TV/* = 16 C3m;(M2 - m*) 

The reader should compare Eqs. 40 and 41 to Eqs. 34a and 32 respectively. 

Finally using M % 2m 
9 

o(u+La.+v,) =+--(@)(I-~)' (42) 

2 
r *2 II = 1*,(0)1* k m2(1 - 3) 

M 

Comparing Eq. 43 with Eq. 35 

fn = 2/J1(O)l/5 

C. Quark Model Interpretation of fn: If we use 

Then e,(O) = (2rrRn ) 3/2 -1 and 

fn = l/(rM:'*R;'*) 

Finally using the crude approximation Rn I l/M, 

fn Q M,ln 

(43) 

(44) 

(45) 

(46) 

(47) 

which should be compared to f = .92 Mn in Eq. 36. 
n 

Thus: 

a. we have obtained the correct order of magnitude for fn 

b. the calculation can obviously be improved by changing 

D. Generalization for Other Pseudoscalar Mesons: If we use the crude 

idea that all ordinary pseudoscalar mesons have the same radius R then 

from Eq. 46 

f;lf; = M,/MK 

and we predict 

r(K+ + p+vu) 

r (I!+ + u+v") 
should 

2 

i 1 l-- 

equal 
; 

2 
"u 2 

i ) 
1 -y-l 

M n 

(48) 

(49) 

But this is wrong because K'+ vfV 
lJ 

involves a strangeness changing 

current and hence the Cabibbo angle - the subject of the next section. 

6. STRANGENESS CHANGING DECAYS AND THE CABIBBO ANGLE 

The weak decay calculations which we have been doing generalize 

into a current-current interaction: 

(50) 

where J is a weak current. For example, in Eq. 32 J = FP' is the current 

changing the meson into the vacuum. (For the rest of this section we 

suppress the momentum and spin structure of J.) 

J is divided as follows: 

J = JL + Jh (51) 

where .JQ is the lepton part of J and Jh is the hadron part. In all of 

our calculations J, is taken to have a V-A structure as in iieyp(l - Y5)lJv. 

But theV, A structure is not fixed in Jh. There we write 

Jh = J; + J; (52) 
$ll T’ or R 

c. in general fn is related to the ua wave function. 
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and this has no strangeness changing neutral current. 

We put all this together by defining the doublets 

i:I),(;y) , (:Ni (64) 
where 

d' = +d cos 'tic + s sin Bc 

(65) 
s' = -d sin 'dc + s cos Bc 

Then for the doublet (i) the charged current contribution is 

JC = a6 

and the neutral current contribution is 

(66) 

Explicitly 

JN = ;a - 68 (67) 

C 
J, 

= ;=e- + C i (68a) 
u 

Jg = cos eC(;d + cs) + sin eC(;s - cd) (68b) 

J; = Ueve + ;Pvu - e-e- - i-P- (68c) 

Jt = ;u + cc - id - & (68d) 

s ---- --..---------.~----.-. .---.~ -. u 

\ 
w- ----If____ Q--- 

\. 
SIM (3c \ 3, 

Fig. 3 

It is now easy to represent pictorially the decays of the s quark 

(Fig. 3) and the c quark (Fig. 4). In these figures the Cabibbo factor 

in the amplitude is given under the diagram; and for clarity we use the 

still hypothetical W intermediate boson. 
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c3i clzFL: 
C C C 

c3: c3: 
c c C 

(a ) non-leptonic decays 

( b ) leptonic decays 

b. Evidence for the existence of the F meson was presented at this 

conference by W. De Boer and the reader is referred to his paper. 
+ 

3128A61 B. Theory of the D-" Decay Modes: We expect the D to decay weakly 

8. SINGLY CHARMED MESONS 

A comprehensive review of the properties of the singly charmed 

D mesons has been given by G.J. Feldman at this conference. Therefore 

I will limit this written version of my lectures to a discussion of 

the quark model picture of these mesons, and I will only give some 

illustrative data. 

A. Internal Quantum Numbers and Quark Content of Singly Charmed Mesons: 

The quark model predictions are given in Table IV 

TABLE IV 

NaIlI= D 

Charm 

strangeness 

I 

+1 

0 

l/2 

L 
z 

Quark content 

Pseudoscalar name 

vector name 

+1/2 

4 

D+ 

D *+ 

-112 

c; 

IJo 

D *0 

F 

+1 

fl 

0 

a. As reviewed by Feldman at this conference the D and D* have 

been found and studied. All measurements on the D's are con- 

sistent with the above table and with J'(D) = O-, J'(D*) = l- 

Fig. 4 
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into decay modes which predominantly contain (Fig. 3) 

c+s+u+;i 
c+s+e++v e 

+ c+s+p +v 
!J 

These modes should dominate by the factor 

( -.--.A cos sin e 0 ) 2 5 2 1 216 
c sin B C 

over the next strongest modes. For example we expect 

(69) 

(70) 

ND0 + K-n+) ; I'(D' + K-T+) 
t 16 (71) 

r(D" + T-r+) r(D' -f K-K+) 

The decay modes which have been seen, Table V, taken from Feldman's 

paper at this conference, are in very nice agreement with these quark 

model predictions. Incidently most of the D's decay modes contain one 

or more TI 0, s and are very difficult to find in present detectors. 

TABLE V 

0.B in nb for various D decay modes at three values of E 
EC.,. (G=V) c.m. 

-f 
3.774 4.028 4.414 

D K+n- 0.272 0.05 0.57 * 0.11 0.30 t 0.09 

O+- 
K pi v +c.c. 0.44 f. 0.11 1.09 t 0.30 0.91 + 0.34 

-+ 
K+T-llfn- 0.34 * 0.09 0.83 k 0.27 0.91 + 0.39 

VI+*- --- co.04 --- 

K+K- --- CO.04 --- 

TOTAL Do 1.05 + 0.15 2.49 + 0.42 2.12 * 0.53 
OBSERVED MODES 

D+ ii",++,... 0.15 * 0.05 ~0.18 --- 

-++ 
K+,-,- 0.34 + 0.05 0.40 + 0.10 0.33 f 0.12 

+ -+- ll7rn --- CO.03 --- 

C. Theory of the F+ Decay Modes: The expected hadronic decay modes are 

shown in Fig. 5. For leptonic decays just replace (u, ;i) by (ve, e or 

(V "I lJ) 

I- & ---.. -). 

As described by De Boer at this conference the F 
+ 

* no + anything 

and F + + no + f decay modes of the F have been seen. No one has found 

any decay modes containing K pairs. 

D. Masses of the D-D* System and D* Decay Modes 

The masses of the D-D* system are 

M 
Do 

= 1863.3 ? 0.9 MeV/c' 

M + = 1868.4 ? 0.9 MeVfc' 
D- 

M *o = 2006. t 1.5 M&/c' 
D 

M *+ 
D - = 2008.6 ? 1.0 MeV/c2 
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The decay Of a D* to D requires no change in the strange or charm 

quark content, hence this decay can proceed through the strong or electro- 

magnetic interactions. The strong decay of course requires sufficient 

mass difference between the D* and D for a r to be produced. Figure 6 

summarizes the mass differences situation in terms of Q values; only 

the D *o + D+ decay has insufficient mass difference to produce a 71. 

9. THE ENERGY LEVELS OF CHAR?lONIIM 

We now have extensive information on the charmonium family of particles: 

o/J, $I', $(3772), and x states. In this written version of my lectures 

I will only discuss the energy level scheme because an extensive review 

has just been done by G.J. Feldman and mysefl which will appear in Phys. 

Reports. (This review was also issued as SLAC-PUB-1972). 

A. Theory of Charmonium Energy Levels 

We consider the cc system and use the quark model described in 

Sec. 2. We have states n 2s+l LJ where n is the radial excitation quantum 

number, s is the total spin (0 or l), L is the orbital angular momentum, 

and J is the total angular momentum. We expect the mass spectrum in Fig. 7 

with the following considerations 

a. The rate of mass increase with radial excitation depends 

upon the type of potential as discussed in Sec. 3. 

b. The effect on the mass of the orbital excitation (increase 

in L) depends upon the potential V. Some examples are given in 

c., d., e. 

c. For an attractive coulomb potential, Vcoul = - constant/r, 

and spin zero particles, E(n, L) is degenerate in L. 

A 2005 
cu 
\u 
3 

cf 1870 

2 1865 

1860 

7 77 

FIG. 6, Q values for D* + D transitions. 
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hadrons 

+“(3684) 
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y*31 

hadrons 69 

_- 
I 0 

++ ++ 

d. If V is attractive and its r dependence is steeper than l/r, 

E(n, L) increases. 

e. If there is a spin-orbit coupling, 

v spm-orbit = f(r) J.L , (73) 

then E(n, L, J) will depend on L and J. 

f. If there is an 51.52 interaction between quarks ql and 42; 

then for the same n and L, E(n, L, J) will depend on J = sl + 

s2. ?# 

B. Identified Charmonium Energy Levels: Figure 7 shows the charmonium 

states which have been found, and the conventional association of them 

with n2s+1LJ states. For the justification see G.J. Feldman and 

M.L. Pal, Phys. Report (to be published). I have not listed the possible 

charmonium states associated with the peaks in o(e f + e- -+ hadrons) at 

3.95, 4.1, or 4.4 GeV because the structure and nature of these peaks is 

obscure at present. For eaxmple the 4.1 is probably split into 2 peaks, 

and the SLAC-LBL collaboration has never felt sufficiently sure of the 

nature of the 3.95 peak to discuss it in detail in a publication. 

10. THEORY OF LEPTONIC AND SEMI-LEPTONIC DECAYS OF THE D MESONS 

We now turn to a discussion of the theory of the leptonic and semi- 

elptonic decays of the singly charmed D mesons. In the next section we 

will then compare this theory with the theory of the decays of the 

heavy leptan. We are then prepared to describe our present experimental 

knowledge of the semi-leptonic decays of the D mesons in Sec. 12. And to 

conclude these lectures we present in Sec. 13 the evidence for, and pro- 

perties of, the proposed T heavy lepton. These four sections are 

Fig. 7 
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where q2 = (P - K?and 

In Eq. 79 

F(q') = transition form factor for D + K (80) 

lTj2 = z: lM12 cos2 Bc (81) 
spins 

M= ++"~,(P)yu(l - y5)Uv(k) 

Since cos oc % 1 we shall neglect it. 

In the rest frame of the D 

ITI* = 8~~[2p k - p.k] 00 

and 

- q2]F2(q2) 

or 

dr G3M -=--[4pk - 
dpodK 32n3 0 0 q2]F2 (q') 

0 

Remember p, = II energy and K 0 
= K energy in the D rest frame. 

The kinematic limits on K, are 

K 
M2 + m2 M 

0) max = --ET--- m-20 ? 

K = 
(M - 2po)* + rn2 M 

0, min *CM - 2po) m-to 2 

where M is the D mass and m is the K mass. 

Since we don't know much about F(q2) we write 

(82) 

(83) 

(84) 

(85d 

(85b) 

JdKo[4poko - q2]F(q2) = IF(q2)$Ko[4p,,k,, - q*] 

= <F(q2)) 
4P3P,x - PO)* 

M - 2~~ 
(86) 

where 

P 
_ M2 - m2 

max 2M 

Finally we obtain the lepton energy spectrum 

2 
dI'= G2M,F2(q2)\ 'o(', - p,) 

2 

dpo 8rr3 * - 2~~ 

It is useful to define 

, O<y<l ; 

Then Eq. 87 becomes 

dr 
d,= 

-52Mp;ax F2(q2)? zcl _ )2 

167~~ C-Y 

where 

(87) 

(88) 

(89) 

M ML 

M* - m2 

To see how dr/dy behaves it is a useful approximation to ignore m2 

with respect to X2, then 

_ = G*i$ ‘F2(q2)> &I 
dy 192n3 

[Y2U - Y)l (90) 

where we have explicitly indicated the D mass. Figure 8 shows this 

function normalized so that (dl'/dy) = 1 
max 
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The total decay rate is 

r(DD'+ -90 *e+\p '% (F2(q2)) ) -- 
192~~ 12 (91) 

Comparing this to the leptonic decay rate, Eq. 75, we obtain 

pure leptonic decay rate ~ mi+n2ec -4 
semi leptonic decay rate 

M4D 

?I 10 to 10 -6; (92) 

where we have set (F2(q2)) ~1 and fD x. MT. Rence the pure leptonic decay 

rate of the D is negligible compared to the semi-leptonic decay rate. 

C. Inclusive Semi-leptonic Decays of the D and the Total Decay Rate: 

The inclusive semi-leptonic decay rate is given by the quark model diagram 

in Fig. 9 

for 

The quark decay 

D+ + fi+ + uL + (hadrow)' 

c+s+~++v II 

is just like 

+ T + GT + e+ + ve 

As we show in the next section, all these weak decays have 

ail 
kndrolr 
5Catv 

(93) 

(94) 

(95) 

(96) 

where M is themass of the initial particle and all the final particles 

have zero mass. 

To calculate r(D+ + Il+vQ(hadrons)') we treat the c quark as free 

in the D; and we let the probability for 

s + d + hadrons 
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be 1. Then using Eq. 96, 

r(D++ !?vQ(hadrons)o) = - (97) 

where mc is the c quark mass. 

We cannot make a present comparison of this to Eq. 91 for the 

exclusive decay D+ + .t+v,K' because our models are too crude. All we 

really know is the G2t$(192n3) factor. 

To calculate the total decay rate compare Fig. 10 for 

r(D+ + hadrons) (98) 

*’ z 

: C 

CJ / 
:,..G] 

+ 

with Fig. 9. We do the following: 

a) ignore the second diagram, 

b) do c -+ s + u + a as we did c + 8 + p. + vI1, 

c) let the probability for u + a + hadrons be I. 

Then 

r(D+ -+ hadrons) = $$@$ x 3 (99) 

where the factor 3 is for the three colors for the quarks. Then we 

predict the relative decay rates in Table VI. 

TABLE VI 

DECAY MODE RELATIVE RATE FRACTIONAL RATE IN % 

D+ + e+ + Ve + (hadrons)' 1 20 

D+ + U+ + vv + (hadrow)' 1 20 

D+ + (hadrons) 
+ 

3 60 
- 

TOTAL 5 100% 

Measurements on the inclusive lepton decay modes yield about 10X for 

either the e or p mode separately (Sec. 12), which is in fair agreement 

with out calculations considering the crudeness of our models. Finally 

D lifetime 2 [$]-' % +(ty (u lifetime) 

% 7 x lo-l3 set (100) 

Some references on the decay modes of the D mesons are: 

A. All and T.C. Yang, Phys. Lett. m, 275(1976); 

I. Hinchliffe and C.H. Llwellyn Smith, Nut. Phys. E, 45(1976). 

M.K. Gaillard et&., Rev. Mod. Phys. 47, 277(1975). 
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Figure 11 from Hinchliffe and Llewellyn Smith shows some detailed 

calculations on various exclusive semi-leptonic decay charmed of the D; it 

should be compared with Fig. 8 

11. THEORY OF THE DECAYS OF CHARGED LETPONS 

In Sec. 13 there is a brief discussion of various types of leptons -- 

sequential, paraleptons, and ortholeptons. The calcuations done here apply to 

these types; except for the decay modes E- + ; f Ge + e- and M- + ; + ; 
e u u 

where E- and M- are parleptons. For illustrative purposes I will use the se- 

quential type with lepton r and associated neutrino v 7' 

A. Purely Leptonic Decays: The purely leptonic modes are 

T- + v -be-+; T e 

T- * v T+' e -+; 

which occur thru the diagram: 

(101) 

For the T, v7, e, ve the four-momenta are P, K, p, k and the masses are 

m, 0, 0, 0. I will do both V-A and V+A coupling 

cm4 r=T / 
d3Kd3pd3k 

(2n)ggKop,ko 
IT12S4(Pf - Pi) 

where 

M = fF fiV (Kh'l(l + hy5);$~) 
T 

x ~,(P)Y,(~ - y5)Uv (k) 
e 

(102) 

(103) 
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In gq. 103: 
For V+A coupling 

A = +l for WA coupling of T to VT 

A = -1 for V-A coupling of T to vT 
(104) 

Then after much calculation 

c 1~1~ = 32 $[(l - k)';.PK.p + (1 + 02:.Kp.Pl (105) 

spins 
V-A term V+A term 

First we do V-A; that is 1 = -1. 1n the rest frame of the T 

r = +/K'p~;~ 6(Ef - Ei) 
(2n) 

After more manipulation 

rd.- 
w5 
dr -= 
dpo 

(106) 

G2nl - Pi (3m - 4PJ 
12n3 

(107) 

Here p, is the energy ofthelepton in the T rest frame. It is convenient 

to define 

y = 2pJm , 0 6 y \< 1 (1’38) 

di- G2n15 
-=3 dy 

y2(3 - 2y), for V-A 
967 

Also 
25 r=Gm 

192n3 

(109) 

(110) 

and 

dr * -= 
dy 

- y2(1 - y) 
16~~ 

, for V+A 

G2m5 l-z------ 
192n3 

(111) 

(112) 

as before. 

Figure 12 compares the V-A to V+A y spectrum in the rest frame of 

the 7. We note that V-A gives a harder spectrum; and this is used in 

Sec. 13 to show that V-A fits the T data better than V+A. 

which is the classic result we have already used. 
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(113) 

Incidently, it is easy to calculate the spectrum for pure V 

coupling by setting h = 0. Then 

d? G2ra5 -=- 
dy 96n3 

y [4.5 - 4y] for pure v 

The same result is obtained for pure A coupling. 

B. T + "T+ II- Decay Mode: The 

T- + UT -I- .- 

is calculated just as we calculated *- -+ II- + 

diagram 

(114) 

v in Sec. 5A. In the 
11 

the 7, VT, v- have four-momenta p, k, P and masses m, o, 0 respectively. 

Then 

OnI4 r = &fy?: p IT1264(P, - Pi) (115) 
n 

00 

(116) 

M = $ P"Er(p)y,,(l - y5)Uv (k) 
T 

(117) 

where we have assumed V-A coupling. In the rest frame of the T 

This leads to 

(119) 

Conventional theory assumes f - fll = .92 rnn 

C. Other Decay Modes and the Charged Lepton Lifetime: The calculation 

of the decay rates for other decay modes: 

T- + " T + P- 

T-'V +A- 
T 

are more complicated. The basic references are: 

H.B. Thacker and J.J. Sakurai, Phys. Lett. m, 103(1971); 

Y.S. Tsai, Phys. Rev. DC. 2821(1971). 

(120) 

Expected decay modes for a conventional, sequential, V-A, charged 

lepton with 1.9 Ge"/c' are given in Table VII. Table VII exhibits the 

important results that for a mass 1.9 GeV/c' charged lepton most of the 

decay modes will give only one charged particle -- an e, u, or hadron. 

Figures 13 and 14 give the predicted branching ratios and lifetimes 

for a conventional, sequential, V-A, charged lepton. 

12. MEXSURRMENTS ON SEMI-LEPTONIC DECAYS OF D MESONS 

At this conference comprehensive reports on data on the semi- 

leptonic decays of D mesons have been presented by W. De Boer, R. Madaras, 

and J. Kirz. 

lTl2 = 2f2G2m[2P.kpo] = f2G2m4 (118) 
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TABLE VIII 

Predicted branching ratios for a T- sequential charged heavy 
lepton with a mass 1.9 GeV/c, an associated neutrino mass of 0.0, 
and V-A coupling. The hadron continuum branching ratio assumes 
a threshold at 1.2 Ge Vfcr production of ;d quark pairs whose final 
state interaction leads to the hadron continuum. 

decay mode 

number of 
charged particles 

branching ratio in final state 

Appendix I : The Linear Potential 

vTe-; .20 1 e 
VTp-; .20 1 

!J 

vTn- .11 1 

V,K- .Ol 1 

vp- .22 1 
*- 

\)TK .Ol 1 

v A- T 1 .07 1, 3 

vr(hadron continuum)- .I8 1, 3, 5 

13. EVIDENCE FOR, AND PROPERTIES OF, THE PROPOSED T CHARGED LEPTON 

In this written version of these lectures I am inserting for this 

section a review on the T charged lepton which I presented at the 1977 

International Symposium on Lepton and Photon Interactions at High Energies 

(Hamburg, 1977). 

For S states the radial part of the SchrBdinger equation iS : 

-b2 d2U 32 + V(r)U = EU 
dr 

where the entire radial wave function is 

R(r) = U(r)/= 

Inserting the linear potential V(r) = Br 

2 
e + ?.!! (E - Br) U = 0 
dr2 h2 

(2) 

At r = 0 we require U(0) = 0 to make R(0) finite. Equation 2 reduces 

to the Airy Equation 

d2U -- 
dz2 

7-u = 0 

by setting 

(E - Br) 

To get U(0) = 0 we look up the zero of LJ in Eq. 3, U(z1) = 0, 

U(t2 = 0), U(z3 = 0) . . . . and set 

l/3 

=1 

(3) 

(4) 

(5) 
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SLAC- PUB-2022 
October 1977 
(T/E) I. INTRODUCTION 

Since the discoveryls2 of anomalous e*pF events at SPEAR two and one half 
years ago, there has been a steady increase in the data on these events and the 
related two-charged prong e*x’ and p*xir events. All such data which has been 
published, or has been presented at this or previous conferences, agree on the 
following points. 

a. Anomalous two-charged prong leptonic events (e$‘, e*xr, r*x’, 
e+e-, u(%-) are produced in e+e- annihilation. 

b. Most of these events do not come from the decays of charmed - 
particles. 

c. The behavior of these events is consistent with the hypothesis that 
a new charged lepton, 7, exists with a mass of 1.9 * 0.1 GeV/c’. 

Points a and b have been thoroughly discussed by the individual speakers using 
their own data; and so with respect to these points I will only summarize their data 
and conclusions. In this paper I will put more emphasis on point c, the consist- 
ency of the data with the r hypothesis; and on using the r hypothesis to deduce a 
variety of properties of the r . 

I will try to give a complete set of experimental references in this paper. I 
will give very few theoretical references because I have given complete lists of 
older theoretical references in two review articles; 9 3 * and T. F. Walsh5 will pro- 
vide an up-to-date theoretical summary. 

An excellent and recent experimental review6 of the heavy lepton in e+e- 
annihilation was given by G. Flugge at the 1977 Experimental Meson Spectroscopy 
Conference; and I gave an earlier review7 at the XII Rencontre de Moriond. 

II. SUMMARY OF THEORY 

A. Sequential L&on Model 

REVIEW OF HEAVY LEPTON PRODUCTION IN e+e- ANNIHILATION* 

Martin L. Per1 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94305 

ABSTRACT 

fT The existing data on e p , e*x’, ~.l*x~, and related events produced 
in e+e- annihilation are reviewed. All data are consistent with the exist- 
ence of a new charged lepton, r*, of mass 1.9 * .1 GeV/c2. 

(Invited talk presented at the 1977 International Symposium on 
Lepton and Photon Interactions at High Energies, Hamburg, 
Germany, August 25-31, 1977.) 

*Work supported by the Department of Energy. 

In discussing the evidence for the r I shall distinguish several possible types 
of leptons. First there is the sequential type: 

Charged lepton Associated neutrinos 
e+ ‘e* ue 
P* 

* vPsvH 
7 “r’v7 

0) 
. . 
. . 

in which the T- and its associated neutrino, vr , have a unique lepton number which 
is conserved in all interactions. This is a simple way to prevent the electromag- 
netic decays T-- e-u7 , p-v,. The purely leptonic decay modes are 

7--v +e-+5 
7 e 

7--v 7 +p-+i 
(2) 

P 
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Depending on the r mass, XT+, and the nature80fgthe coupling there will also be 
semileptonic decay modes containing hadrons r such as: 

7 -Y +n 7 (3) 

-Y7 +p- (4) 

--c” t II- + lr+ + A- 
7 (5) 

B. Paralepton Model 

Another simple way to suppress the electromagnetic decay of the r is to as- 
sume it is a paraleptonlo where the r has the lepton number of the oppositely 
charged e or p.Il Specifically: 

E- has the same lepton number as e’ 

M- has the same lepton number as ,ut 

C. Ortholepton Model 

In principle the r could have the same lepton number as the same sign e or ,u. 
We then call it an ortholepton. I6 Specifically: 

e*- has the same lepton number as e- 
(1) 

Jo*- has the same lepton number as !J(- 

Then the ev* or uyp* coupling must be strongly suppressed to make the electro- 
magnetic decay rate small compared to the weak decay rate, as is required by the 
data (see 10~). I shall not discuss other models. 3l 5* II*12 

III. SIGNATURES FOR NEW CHARGED LEPTONS 
PRODUCED IN e+e- ANNIHILATION 

A. e$’ Events 

The cleanest signature for new charged lepton production is 
+ e +e--7 

t 
+ 7- 

k I 
T7e+ve v,p-v i( 

Such events must have: 

i. +- an e fi -+ or e p 
ii. no other charged particles 

iii. no photons 
iv . missing energy 

V. anhard” heavy lepton momentum spectra for the e 
andp as shown in Fig. 1. 

(8) 

Charmed Meson 
B. eix’, p ‘x’ Events 

lieovy Lepton Decoy The decay of a r with a mass of 
1.9 GeV/c2 is expected to yield only one 
charged particle (an e, p, or hadron) a 
large fraction of the time; perhaps as 
much as 85% of the time. This leads to 
a two-charged prong event with or with- 

.-I> Momenfum of e orp 
out photons: 

lll7.l + 
e+te-- 7 + 7- (9) 

Fig. 1 Schematic comparisonof the mo- k t 
mentum spectrumfor a lepton 
from a heavv lenton decav com- e v7x- + b 0 y’s 

pared to the”legon spectrumfrom 
a charmed particle semileptonic where x is an e, p, or charged hadron. 

decayorfrom atwo-bodydecay. 

IV. e*u’ DATA 

Table I lists the e$~ data rePorted previously or at this conference; and Figs. 
2-4 show the lepton momentum spectra. All the sets of + events in Table I have 
the following properties: 

a. Their production cross section and properties are consistent with 
their sole source being the pair production of a mass 1.9 f 0.1 
GeV/c2 charged lepton. 

b. No other explanation for these events has been Pit forth which fits 
their production cross section and properties. 

events, with 3.85 E,. m. 5 7.8 GeV, 
from the SLAC-LBL Magnetic 
Detector Collaboration7, I5 cor- 
rected for background. Here 
r=(p-0.65)/(pm,-0.65) where p is 
the e or p momenta in GeV/c. The 
solid theoretical curve is for the 
3-body lep$onic decay of a mass 
1.9 GeV/c 7; the dashed theoretical 
curve is for the 2-body decay of an 

0 0.5 1.0 unpolarized boson; and the dash- 
FI, I $/,I.) dotted theoretical curve is for the 

2-body decay of a boson produced 
Fig. 2 The momentum spectrum for ep only in the helicity = 0 state. 
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TABLE I 

Data on ep events. In addition to the lower limits on p and p all these sets of p 
events have acoplanarity reyuiremeots such as 10’ or 0 . f ’ Th references should 
be consulted for details on the event selection criterion. 

I5 r-YE-7 
IO 

5 

? t 0 

= 2 40 Electrons 

30 

20 

IO 

1”_ 

* t 

0 

Comment Ref. Experimental 
group or 
detector 

M. Bernardini 
et al. -- 

1 I c. in. 
range 
WV) 

1.2 
to 

3.0 

S. Orioto 
et al --* 

2.6 
to 

3.0 

SLAC-LBL 3.8 
magnetic to 
detector 7.8 

PLUTO 
Group 

3.6 
to 

5.0 

LBL-SLAC 3.7 
lead glass to 
wall 7.4 

DASP Group 4.0 
to 

5.2 

13 Sarly search at 
mONE, 
epton mass 
2 1.0 GeV/c 

2 

- 

The muon and electron spectra for ep events 
with 4.0 5 E,. m. ( 7.4 GeV from the LBL- 
SLAC Lead Glass Wall Experiment20*21; com- 
pared with the theoretical curve for the 3-body 
leptonic decay of a mass 1.9 GeV/c2 7. Here 
r = (P-P,ut)/(P -pcut) where Rut = 0.65 GeV, 
for the muons%% 0.40 GeV/c for the electrons. 

Fig. 4 

Early search at 
4DONE, 
lepton mass 
2 1.15 GeV/c2 

14 

0 0.4 0.8 
,.I, r 1,,,.. 

First evidence. 
Used to determine 
mT, q,, r-v7 
coupling. 

192 
15, 
16 

0.65 190 46 
0.65 

i 
0.3 23 1.9 
1.0 , 

In Figs. 2 and 4 

r = (P- P,,)/(P,- pcut) (10) 

is a variable used to consolidate the lepton momentum spectra from different 
E energies. Here p is the momentum of the e or p in GeV/c; pmax is its 
mc&%um value which depends on E, m and m,. ; and pcut is the low momentum 
cutoff used in the selection of the ep kvints. 

V. $x+ DATA 

These two-charged prong events have the form 

e+ + e- - p 
* + xr + > 0 photons; x = e or hadron (11) 

Note that unlike the ep events, photons are allowed in theHe events to allow con- 
tributions from decay modes like T-- p + vT - K- + y + y + v7 . In these events 
p*pr pairs we excluded either by direct identification of the x as ap or byp pair 
background subtraction. The @*x7 data reported previously and at this conference 
is summarized in Table II. 

Figures 5 and 6 show the SLAC-LBL magnetic detector data.25 Note in Fig. 
5 that the 2-prong events have a considerably larger production cross section than 
any other single multiplicity. This is also true for other px and ex data and is 
one of the basic reasons why the 2-prongpx and ex events require a lepton source 
explanation. Figure 7 shows the beaufitul data of the PLUTO Group.26 

Very clean. 6,l’ 
Strong argument 18, 
against charm. 19 

Very clean. 
Low p, cutoff. 

- 

20, 
21 

0.4 22 0.4 
0.65 

!--l- 0.15 11 0.7 Good y detection. 
Good hadron 
identification. 

22 

I I 

506- 0 Fig. 3 The electron momentum spec- 
T4- trum for ep events with. 
r 4.0 < 5 5.0 GeV from the 
i52- PLI?TO EC. Group6* 17, lg; compared 

m. 

?I with the theoretical curve for the 
0 

0 0.5 1.0 1.5 2.0 

.-7, pe IGeVlc) ,211.. 
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TABLE II 500 /(-I, 

Data onb*xT events (Eq. (11)) as described in the references. These sets of I I (a) - 

100 - 

50 - 

20 - 

2 IO - 
‘: 1000 I 1 

3 

3 500- + (bl - 

g 200 - 
5 IOO- + 

50 - 20 - t, I 

IO - 
5 1 I I I I 
0.4 0.8 1.2 1.6 2.0 2.4 2.8 

v-7, MOMENTUM (GeV/c) x,x, 

events have acoplanarity cuts. 
- - 

Experimental 
group or 
detector 

E c. m. 
range 
(@V) 

Maryland- 
hinceton- 
Pavia 

4.8 

SLAC-LBL 4.0 
magnetic to 
detector 7.8 

PLUTO Group , 4.0 
to 

5.0 

Number px 
events 
above 

background 

Comments Ref. Lower 
limits 
onP!J 

IGe$d 

1.0 
-0.1 

1.0 
0.2 

0.7 
-0.1 

First evidence. 
Small statistics. 

4.0 
to 

5.2 

103 f 18 
above 

E c. m. =5* a 
GeV 

Strong signal above 25 
5.8 GeV. Clearly 
different from p+ > 2 
charged particle 

----I events. 

Strong signal in 3 6, 
E ranges in 
4% %!EV regions. 

17,19 
26 

-230 

Fig. 6 Differential cross section for 
anomalous muon production 
versus momentum for (a) two- 
prong events and (b) multiprong 
events in the Ec. m. range 5.8 
to I. 8 GeV from the SLAC-LBL 
Magnetic Detector Collabora- 
tion. 25 The solid curve repre- 
sents the expected cross section 
from the decays of a mass 
1.9 GeV/c2 7. 

0.7 
-0.1 

Can be directly corn- 22 
pared to ex events. 

DASP Group 0 I 2 3 
, 77 P (G&‘/c) u,,.m 

Xl2 

Fig. 7 The muon spectrum for ,ux 
events from 

El 
he PLUTO 

Group’* 17*1 compared to 
the theoretical curve for the 
3-body leptonic decay of a 
mass 1.9 GeV/c2. 

Maryland- 
Princeton- 
Pavia 

8+4 -3 
Good charged prong 
detection. 

27,28 

: t 

t 

/ I I t t- 

(bl - 

250 

VI. e*x* DATA 

These events are of the form 
+ e + e- - e* + x’ + ) 0 photons x =p or hadron (12) 

and are listed in Table III. 

Figures 8 and 9 show the preli?Jnary momentum spectrum of the e in the ex 
event from the DASP21 and DELCO group respe 

B 
tivcly. Both spectra are con- 

sistent with that expected from a 1.9 * 0.1 GeV/c charged lepton. 

b 100 

Fig. 5 (a) Anomalous muon production 
cross section and (b) ratio of 
anomalous muons to candidates 
versus the number of observed 
charged prongs in the Ec. n,. 
range 5. S to 7.8 GeV from the 
SLAC-LBL Ma etic Detector 
Collaboration. R 2 3 4 5 6 2-f 

CHARGED PRONGS OBSERVED : 
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TABLE III 

Data on e*x’ events. See references for the aCOpkilxIrity cut. 

Experimental Ec m Lower Number of Comments Ref. 
. . group or limits ex events 

detector range 
WV) on “e above 

P, background 
fGeV/c) 

LBL-SLAC 3.7 0.4 See hadronic decay 20,21 
lead glass to 0.65 70 modes of 7. 
wall 7.4 

DASP Group 4.0 
to 

5.2 

.2 

.2 60 
See hadronic decay 22,29 
modes of 7. 
K/x ratio = 0.07 
i 0.06 compared to 
0.2410.05 for23 
charged prong e 
events 

DELCO 3.1 
to 

7.4 

.l 

.3 
230 Very, very clean 30 

e selection with 
large solid angle 

VII. e+e- AND p’j~- DATA 

0.15 I-l 

Fig. 8 The electron spectrum for ex 
events from the DASP Group 
(Refs. 22, 29) compared to the 
theoretical curve for the 3- 
body leptonic decay of a mass 
1.9 GeV/c2 T. 

If the r hypothesis is correct one 
should observe noncoplanar events of 
the form 

e++e--e++e-+missing energy 

e++e- -fi++p-•missing energy 
(13) 

which are not from QED processes. It 
is difficult to isolate such anomalous 
events because of contamination from 
QED processes such as 

e++e- -p++jL-+ y 

e++e- -jA++jl-+ y+y (14) 

e++e- -p++p-+e++e- 

in which only the p(‘u- pair is detected. 
Two results have been reported. 

PRELIMINARY 

35r------ 

25 

3.8~Et,,,<5.0GeV 

n Dota 
. Monte Carlo 

1 mT = 1.85GeWc 

. 

- 

Fig. 9 Preliminary data from the 
DELCO Group30 on the elec- 
tron spectrum for ex events, 
compared to a theoretical 
Monte Carlo calculation for 
the 3 -body leptonic decay of 
a mass 1.85 GeV/c2 7. 

e+e- and !.I$- pairs in SLAC-LBL 
magnetic detector dnta31-eie- and G+!J- 
pairs were selected requiring pe > 0.65 
GeV/c, pp > 0,. 65 GeV/c and Oc, 
After corrections (which are lar 

1 >20°. 
!i ‘e) for 

QED processes and for hadronic back- 
grounds, the following ratios of number 
of events is found. 

Number ee 
Number ey.~ =0.52+.10+; 

(15) 
Number pp 
Number e# = 0.63i.10*.19 

Here the first error is one standard 
deviation in the statistical error; and 
the second error is the limits on the 
systematic errors added in quadrature. 

f- u pairs in Colorado-Pennsyl- 
vania-Wisconsin “Iron Ball” experiment 
at SPEAR32,28-Using ~~‘1.2 GeV/c 
and Bcopl > 10’ this experiment finds 
25 ,u(+II- events. The expected back- 
ground from QED processes and hadronic 
contamination is 14 events, leaving 11 
anomalous p+u- events. The authors 
report32 that this number is consistent 
with that expected from the 7. 

VIII. WRY THESE ANOMALOUS TWO-CHARGED PRONG EVENTS 
ARE NOT FROM CHARMED PARTICLE DECAYS 

There are two reasons why there is a natural tendency to try to explain these 
anomalous two-prong events as due to the semileptonic decays of a pair of 
charmed particles. First the el.r events were found just as the hunt for singly 
charmed mesons began. Second as shown in Section lX.A the r mass lies within 
100 MeV/c2 of the D meson masses. Nevertheless it has been shown repeatedly 
that almost all of ep events and most of the ex and ~LX events require a non-charm - 
explanation. The best way to see why this is so is to read the papers of each 
experimental group to see why they each came to this conclusion using their own 
data. Here I will summarize the reasons for this conclusion. 

A. Summary of Why Anomalous Two-Prong Events are not From Charm 

i. Very few or no 2 three-charged prong e*pT events have been found com- 
pared to the number of two-charged prong, 0 photons e’$r events. 15,17, I9 Since 
charm will produce more ) three-charged prong ep events than two-charged prong 
ep events, particularly at high Ec m. 
ep events cannot come from charm. 

energy, the two-charged prong, 0 photon, 
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additional argument against V+A coupling is that 
one cannot obtain a consistent mr value as shown 
in Table V. 

where the branching ratios to e and p are taken to be16 De=B,,=. 186 and Aeti is the 
product of the acceptznce, the trigger efficiency, and various wrticlc loss correc- 
tions. From Fig. 12 we see that if we take R, at the ;ir(3772) as being its nonzero 
value, the r mass lies in the range of 1800 to 1875 MeV/c2. In any case we see 
that R, is a monotonic function of Ec. m. as it must be for the heavy lepton. 

IV. PROPERTIES OF THE 7 

A. r Mass 

Table IV gives those rr+ values which have been reported. I have not included 
information where data is said to be consistent with a certain m, but no error on 

TABLE V 

mr for V+A coupling and my =O. 0. 
7 

that m, is given. 

TABLE IV 

Measurements of mr assuming V-A coupling and mv7 = 0.0. 

Ref. 
- - 

L 

Usingp.x events, the PLUTO Group also 
find&r19 the V-A coupling is favored over V+A 
coupling. Neither experiment is able to say any- 
thing about coupling intermediate between V+A and 
V-A such as pure V or pure A. 

X. DECAY MODES OF T 

A. Purely Leptonic Decay Modes 

Table VI gives the existing data on the purely 
leptonic decay rates: Be for T-- e-v,;, and 
% for 7 --p-+.$. 

- 
Comment Method T Mass 

(GeV/c2 ) 
Data 
Used 

epss 
at 

3.772 

ex 
at 

3.772 

1.91 f .05 Statistical error PI 
cos e co11 

r 

composite 

“PX 

pee pp 

u ex 

1.85 f .lO Statistical error 7,16 

this 
P-W 

21 

SLAC-LBL 
magnetic 
detector 

Fig. 13 r for all e@ events 
from the SLAC-LBL 
Magnetic Detector 
Collaboration. r is 
defined in the cap- 
tion of Fig. 2. 

1.88 f .06 Statistical error 

1.90 t .lO Statistical and 
systematic err01 

1.93 * .05 

1.800 to 1.875 

1.800 to 1.875 

PLUTO Group 

We note that these purely leptonic branching ratios are in agreement within the 
errors. This is a very pleasing result considering the wide variety of methods and 
the difficulty of working with these small signals. These measurements are also in 
agreement with the theoretical calculations for a m, = 1.9 GeV/c, m,,r =O. 0, V-A 
coupling, sequential charged lepton, and Table VII. 

If eb’s at 3.772 
are from 7 

lf ex’s at 3.772 
are from 7 B. Semileptonic Decay Modes 

Table VIII gives the existing information on semileptonic decay modes of the 7. 
Comparing this table with Table VII we see that several of the predicted decay 
semileptonic modes of the r have been seen, and within errors they have the 
expectant branchin- ratios. The T-- T-+Y has not been seen: using Be=. 2, the 
DASP Group find.@ a preliminary result l$ = .02 i .025. If further experiments 
confirm this relatively low value of B, then the present theory of the nature of the 
r lepton will have to be revised. For example: the r might not have V-A coupling 
to the conventional weak currents. 

Since this is t&e first presentation of the “Al” + “r decay mode by the SLAC- 
LBL Collaborators; J3 I will show some preliminary graphs. (Incidcntly the nom- 
tion “Al” is used because the expected spin (1.‘) of the AI has not been tested and 

B. v Mass -7- 
Two upper limits have beeir set on rnrr . Using ep events’l. 16: rnrr ( 0.6 

GeV/c2 with 95% CL. Using ~.rx eventslY: rnrr ( 0.54 GeV/c2 with 95R CL. 

C. cv, Coupling 

Using Fig. 13 we find 7* l6 that V+A coupling has a ? probability of less than 
0.17; to fit the r distribution (Lq. (IO)) of the ep $vents. V-A coupling h?s 1 SO!% L ‘ 
~2 probability. If we ignore tbc r=. 1 point the XI probability Ior Vi-A is 5%. An 
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TABLE VII 

Predicted branching ratios for a T- sequential charged heavy lepton 
with a mass 1.9 GcV/c’ , an associntcd neutrino mass of 0.0, and V-A 
coupling. The predictions are based on Rcfs. 8 and 9 as discussed in 
Ref. 34. The hndron continuum branching ratio assumes a threshold 
at 1.2 GeV for production of ud quark pairs whose final state interac- 
tion leads to the hndron continuum. From the third column it is pre- 
dicted that 85’& of the decays of the 7 will contain only one charged 
particle. 

TABLE VI 

The measured fractional decay rates Be and l$. V-A coupling, 
%=I.9 GeV/c and m 

VT 
= 0.0 was used to calculate acceptances. 

Experimental 
group or 
detector 

Data 
Used 

Be or B 
P 

Comment Ref. 

Decay mode Branching ratio Number of 
charged particles 

in final states 

.20 1 

Y* n- .11 1 

vT K- . 01 1 

“f- .22 1 

v7 K*- .Ol 1 

v A- 71 
.Ol I,3 

v- (hadron continuum\- .18 I,3,5 

TABLE VIII 

Observed semileptonic decay modes of the 7. V-A coupling, m7 = 1.9 GeV/c2 and 
mv7 =O. 0 was used to calculate acceptances. Here h means hadron. 

Experimental group Decay mode 
or detector (for 7-) 

Branching ratio Ref. 

LBL-SLAC lead glass wall 1 h-+v_+,Oy’s 1 0.45*0.19 1 20,211 

DASP Group P- + v7 
I 

0.24* .09 22 

DASP Group 

PLUTO Group 

B,B,-0.004+.005 22 

0.11&.04*.03 19 
for “Al” - all 

_I 
LBL-SLAC lead glass wall 
and SLXC-LBL magnetic 

“Al”- + v 35 7 
detector 
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0.2 1 Prehmmory 

++ 

“r = 0 

0.1 +, ++ 1 16Y 

0.1 j- I 1 

OL ’ - -ep+,+-+ 1 -41 
0 0.7 1.3 1.9 2.5 3.1 0 2 3 

. 7, m3,, bd) lll,.ll e-7, m3n (w& I,,,.,, 

Fig. 14 p/p candidates versus tnvar- Fig. 15 3-particle invariant mass dis- 
iant mass of remaining three tribution opposite nm0n.s cor- 
prongs in C-prong events. rected for hadron misidentifica- 

tion. The curve gives the mass 
distribution expected from non- 
resonant production (T- vrp), 
corrected for acceptance effects, 
and normalized to the data in the 
range .7< +11< 1.8. 

and because the evidence from hadronic experiments on the A1 is confusing. The 
SLAC-LBL analysis which was carried out by J. Jaros selects events using the 
following criteria 

i. E, m > G GeV 
ii. 4-dharged prongs with total charge 0 

. . . 
111. one of the prongs must be identified as a muon by the muon tower 

or mini-muon tower of the magnetic detector 
iv. ~fi > 0.9 GeV/c. 

Figure 14 shows the ratio p/p candidates versus the mass of the 3s system. 
(The non+ particles are assumed to be pions.) Only the 0 photon data shows a 
ratio greater than the -0.05 expected from li decay, K decay, and punchthru. 
Fiyrc 15 shows the 371 mass spectra of the 0 photon events corrected for back- 
ground. The g?nk in the 1. -1.2 GeV/c2 region is too narrow to come from the 
nonresonant 7 - - VT+7 +P decay mode. Figure 1G shows that the p in 
these events have “hard” spectrum required for the 7. 

‘Lu Fig. 16 Muon spectrum opposite tri-pions 
with l.O< 1x13s~ 1.3. The curve 

0 2 3 
is the Monte Carlo prediction for 
m,=1.85, m,,.=O, V-A, 

9.2, P (GeVk) IlllAU EB=3.5, normalized to the data. 

C. Upper Limits on Rare Decay Modes 

TABLE IX 

Upper limits on rare decay modes of the 7 using V-A coupling, 
mr = 1.9 GeV/c2, m VT =O. 0 for acceptance calculations. 

Experimental group Mode Upper limit on c. L. Ref. 
or detector branching ratio 

PLUTO Group T-- (3 charged particles)- 0.01 95% 6 

PLUTO Group IT-’ (3 charged leptons)- 1 0.01 1 95% 1 6 ( 

SLAC-LBL mag- 
netic detector I 

-r-1(3 charged leptons)- 
I 

0.006 190% 1 361 

SLAC-LBL mag- 
netic detector r--p- + so 0.024 90% 37 

PLUTO Group i---e- + y 

7--p-+ y 0.12 90% 6 
I I 1 I I 

LBL-SLAC lead 
glass wall 7--e-+ y 0.026 90% 38 

1 
LBL-SLAC lead 
glass wall 7--p- + y I 0.013 1 90% 1 36 1 



(1) 
(2) 
(3) 

(4) 

(5) 
(6) 

(7) 

(11) 
(12) 
(13) 
(14) 

ii:; 

(17) 
(18) (19) 
(20) 
(21) 
(22) 
(23) 
(24) 

XI. coNcLUsIoNs 

All data on anomalo~~s c/i. ox, /lx, ec andw cvcnts produced in 
&e- annihilation is consistcnl. with the csistcnce of a rnas~ -__ 
1. 9+ 0. 1 GcV/c’ charged lcpton, the T . 

This data cannot be explained as coming from charmed particle 
decays. 
Many of the expected decay modes of the 7 have been seen. A 
very imprtant problem is the existence of the T-- v?~- decay 
mode. 
There has not been t.he space to discuss it here, but 1” expxi- 
ments697 say that the 7 cannot be a muou-related ortholepton or -- 
paralepton with convention~al coupling strengths. The results 
in Eq. (15) say that the 7 is not an electron-related 

s” 
%lCp- 

ton79 31 using the theoretical work of Ali and Yang. 0 The 7 
may be a sequential lepton or an electron-related ortholepton. 
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1. INTRODUCTION 

Early evidence for the quark structure of hadrons was indirect. 

The symmetries found in hadron spectroscopy showed that particles could 

be explained by the appropriate grouping of three quarks. our present 

and early enthusiasm for the quark model is derived from these early 

successes. Fred Gilman and Marty Per1 have made a detailed review 

in these proceedings of the spectroscopy of particles composed of quarks. 

Quark model predictions for particle production in terms of sum rules 

and scattering amplitudes have also been made. The earliest of these 

was the recognition that the pion composed of two-quarks and the proton 

(three quarks) should have the ratios of their total cross sections on 

protons equal to two-thirds which is approximately the case. 

Inelastic lepton-nucleon scattering at large momentum transfer 

provided a direct means of probing small distance nucleon structure. 

The early results from SLAC showed a large cross section at high 

momentum transfer suggesting (in analogy the Rutherford alpha-scat- 

tering experiment) that the scattering took place from fundamental 

point-like constituents within the nucleon. These data were soon 

interpreted in terms of the quark-partonmodel whose important feature 

suggested by Feynman is its emphasis on the infinite-momentum frame. (1) 

In this frame the proper motion of the constituents of the proton is 

slowed down by the relativistic time dilation, and the proton charge 

distribution is Lorentz-contracted as well. Then for violent enough 

collisions the incident lepton scatters instantaneously and incoherently 

from the individual constituents of the proton as viewed in the 

diagrams of Fig. 1. 

Before 

y/c+-+q 

e 

After 

hadrons 
1 hodrons 

1. Diagram for inelastic electron scattering from the constituents 

of the proton. 
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Bjorken(') extended this simple picture to observe that the 

fundamental reaction is that of elastic scattering of the electron 

on the parton and predicted that the structure function vW2 was only 

a function of x = Q2/2Mv. The scaling variable x gives the fraction 

of momentum carried by the struck parton. The structure function 

measures the momentum distribution of the partons within the proton. 

The approximate scaling (3) seen in Fig. 2 has a spread invW2 of 

about 30% with Q2 and v each varying by an order of magnitude. 

Since this exciting time in the late sixties and early seventies 

data from neutrino scattering, hadronic final states in fip collisions, 

e+e- annihilation, large pT in hadron collisions, and jet formation 

are now available. It is the goal of these lectures to look at the 

production process in these different reactions in terms of the 

underlying quark-partan dynamics. 

We will assume the partons are the familiar u, d, s quarks and 

their anti-particle counterparts. The charm quark c will be included; 

however, for most of what I say it is not important. The quantum 

number assignments are given in Table I. 

TABLE I: Quantum number assignments for the up-u, down-d, strange-s, 

and charm-c quarks. 

u - s d -5 

Charge 213 -l/3 -l/3 213 

Baryon I/ l/3 l/3 l/3 l/3 

strangeness 0 0 1 0 

Charm 0 0 0 1 

Spin 112 l/2 112 l/2 

I 

0.1 

0.01 

0.001 - L I I I I I 1 

0 0.2 0.4 0.6 0.8 1.0 

x= Q2/2Mu Il”1.l. 

2. Values ofvW2 for the proton with Q2 > 1 GeV2 and W > 2 GeV. 

SLAC data except for large vertical bars below x = 0.3 are 

obtained from muon data taken at Fermilab. Figure from Ref. 3 
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The quark-parton model has the proton made up of three valence 

quarks (u, u, d) and a "sea" of qi pairs. 

We will begin with a discussion of the spin of the quarks and 

show how the experiments in electroproduction and ate- collisions 

support their spin l/2 character. The next section will deal with the 

quark momentum distribution functions within the nucleons. We will 

review how these are obtained from electroproduction and neutrino 

scattering. We will see that the leading hadrons produced in ep and 

vp collisions reflect these quark momentum distributions. In 

Section IV we investigate inclusive hadron distributions produced 

in different reactions and compare their average multiplicity, average 

transverse momentum, and Feynman scaling of the final state hadrons. 

In the last section we will look at exclusive states in terms of the 

predictions of the additive quark model which assumes that only a 

single quark-quark scattering occurs for peripheral hadron interactions. 

I. SPIN OF THE PARTONS 

A. Electroproduction 

The measurement in electroproduction of the ratio of the 

scattering by longitudinal (US) and transverse (oT) photons can be 

interpreted in terms of the spin of the partons. For spin l/2 partons 

helicity will be conserved in the scattering process and a parton whose 

direction is reversed will have to absorb a unit of angular momentum 

in order to maintain the same helicity, and hence only contribute to o . 
T 

Similarly, a spin 0 parton would contribute only to os. The 

longitudinal and transverse components of the flux of virtual photons 

in ep scattering can be adjusted at a particular point in the Q2 

and v plane. For large incident electron energy we mainly 

have transverse photons. However, if the incident electron has 

just enough energ to reach the Q2,v point then we have a large 

longitudinal photon flux. The SIX-NIT(') groups have measured 

the ratio of the longitudinal to transverse cross sections R = oL/uT. 

In Figure 3, their measurements of R are shown for different x 

values as a function of Q2. Rp is small as expected for spin l/2 

quarks. For simple models with spin l/2 constituents, Rp should 

vanish as l/Q2. The results are consistent with either a limiting 

behavior or with R = constant. (3) 
P 

The measurements with polarized electrons on polarized protons 

yield further information on the spin structure of the quarks. These 

measurements were carried out at SLAC using the PEGGY polarized 

electron source developed by Yale (5) . Longitudinally polarized 

electrons provide a flux of elliptically polarized virtual photons 

and the polarized target gives a target of polarized quarks. Only 

when the spins are antiparallel can the spin l/2 quark absorb the 

unit of angular momentum. Naively, only one of the quarks contributes 

tn the scattering when the virtual photon and target polarizations 

are aligned (a 
312 

) and two contribute when the polarizations are 

opposite (0 
l/2). 

The measurement of the asymmetry parameter 

A = n1/2 - n3/2 

O1/2 + *3/2 
(1) 
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is shown in Figure 4 along with the predictions from the quark- 

parton models of Kuti-Weisskopf and Close (6) . Obviously, our naive 

calculation of A = (2-1)/(2+1) = l/3 is only a crude approximation. 

The data are consistent with either model. The asymmetries are 

positive and large, in agreement with predictions of quark-parton 

models of the proton having spin-112 constituents. 

B. e+e- Collisions 

The quark model for e+e- collisions assumes a single 

photon coupling to quark anti-quark pairs or lepton 

pairs (see Figure 5). The strength depends on the square of the 

charge. The final state hadrons result from the fragmentation of 

the quarks (see diagram b of Figure 5). This simple picture 

predicts scaling of the total cross section, i.e., the energy dependence 

for e+e- + hadrons is the same as that for e"e- + 1;'~~. If the spin 

of the quark is l/2 as is the muon then the ratio of the cross sections 

is the sum of the squares of the charges of the quarks, 

f- 
R = o(e e -f hadrons) E c Q; 

oce+e- + pf-) i 
(2) 

The SPEAR measurements (7) of R are shown in Figure 6. R is 

approximately constant at R 2 2.5 for E < 3.7 GeV. As Ecm increases cm 

R rises with a structure occurring in the 4 GeV region. Above 4.5 GeV 

R is again coastant at a value of R "y 5. The increase of R near 4 GeV 

suggest a threshold for production of new particles. This result 

came before the discovery of the J/Q and JI'. With the discovery of 

these narrow states and charmed mesons we are confident that the 

step in Ris due to the coupling of the photon to charm anti-charm 

efe--+P+P- 

e- P- 

(01 

e+ P+ 

e+e- - hodrons 

e- 

(b) 

e+ 

P-l, 

5. Diagrams for e+e- + p+;'11- and the quark model diagram for e+e- 

-+ hadrons through an intermediate qi pair. 
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6. e+e- + hadrons: Ratio of cross sections for e'e- + hadrons 

to e+e- + u+p-. Figure from Ref. 7. 

quark states. 

The magnitude of R gives us additional information about the 

quarks. A naive calculation below charm threshold gives 

compared to the measured value of about 2.5. In terms of the quark 

model for hadron production, either there must be more quark pairs 

or the charge assignments of the quarks are wrong. As discussed 

by F. Gilman in these proceedings, a solution is to add a new quantum 

number, color, to the traditional quark. We then obtain R = 2 

for three triplets of fractionally charged quarks. The opening of 

charm threshold (Q = 7 would yield R = 3 5 as compared to the measured 2, c 

value R 5 5 (see Figure 6). An additional contribution to R is from 

the heavy lepton discovered by the SPEAR group (8) also with a 

threshold near E = 4 GeV. At the higher energy the heavy lepton pair 

production will contribute one unit to R and because of its decay will 

be included in the measurement of e+e- + hadrons. We expect from 

the quark model with color plus heavy lepton production a value R = 4 i 

compared to the SPEAR measurement of R of 5 to 5.5. The recent 

measurement from DESY by the PLUTO group shows R between 4 and 5, as 

reported by W. DeBoer(') in these proceedings. The systematic 

uncertainty of these measurements is 10 to 20% and are in agreement 

with the value R = 4 f. 
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C. Jet Structure in e+e- Annihilation 

Jet structure has long been recognized as a natural prediction of 

the quark-parton model and has been investigated in lepton production (10) 
, 

l=*ge PT reactions("), and e+e- collisions("). Because the initial 

state is simple,e+e- annihilation should have unambiguous jet structure. 

Here the quark anti-quark pair are initially produced back-to-back. 

The quarks fragment to hadrons with limited transverse momentum with 

respect to the original quark direction. At high enough beam energy 

the hadrons have longitudinal momentum larger than the <pT> s 350 MeV 

and jets are seen. At SPEAR energies the jet structure has been 

observed but since the CMS energy is not large enough their existence 

is determined by a statistical analysis (12) . 

In order to determine how jet-like an event is we find the 

direction for each hadronic event which minimizes the sum of the 

squares of the transverse momenta of the detected tracks. We then 

calculate a quantity called sphericity 

s = 
3($ Pii) min 

+2 (3) 
2 E Pi 

For events with tracks distributed isotropically (looking like a 

balloon) sphericity will be near one, for events with limited 

transverse momentum (jet-like events) S approaches zero. The observed 

sphericity distributions (12) for three cm energies are shown in Figure 7. 

The curves give comparisons to jet model and phase-space model cal- 

culations. At E 
cm 

= 3 GeV very little difference between the two 

OBSERVED SPHERICITY DISTRIBUTIONS 
HADRON EVENTS, > 3 PRONGS 

l Data 
--- Monte Carlo, Phase Space 
- Monte Carlo, Limited 

Transverse Momentum 

60 
50 
40 
30 
20 
IO 
0 

(b) _ 

~- 0 0.2 0.4 0.6 0.8 
SPHERICITY l/lOD8> 

7. Observed sphericity distributions for e+e- + hadrons. SPEAR 

data from Ref. 12. 
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models occur, however, by 2.6 GeV the data clearly are only compatible 

with the limited transverse momentum model and is evidence for jet 

structure in e'e- hadron production. 

The jet direction angular distribution reflects the angular 

distribution of the initial quark production. The most general 

angular distribution is 

do z = 1 + a cos2B + aB2sin20 cos2$ (4) 

where IP is the transverse polarization of the beam. For spin l/2 

particles (e.g. e+e- 
f- 

+ u 11 ) alpha is 1 and for spin 0 particles 

alpha is -1. It is very difficult to determine the spin character 

from the theta dependence alone simethe SPEAR detector measures the 

“0, 
3; 0 

5 1000 
W 

iz 
800 

E ,-.-,-,, = 7.4 GeV (b) 

theta dependence about case = 0. Here the difference between 

1 + cos2e and sin20 is small. Fortunately, the beams at SPEAR 

become transversely polarized due to synchrotron radiation. The 
600 

SPEAR magnetic detector has full angular coverage in phi hence the 

cos29 dependence can be investigated. From efe- + pfp- the SPEAR 

analysis finds <lP'> = 0.47 + 0.05 at E = 7.4 GeV. At 6.2 GeV cm 

400 
: 

<P2> = 0 as expected due to a depolarizing resonance of the storage 

ring. The phi distributions of the jet axis are shown in Figure 8 o” 45” 90” 135” 180” 

400 

300 

200 

E cm =6.2 GeV (a) . . 

‘+++++++++++++ + + +++ 

for the hadronic events. The jet axis was determined by minimizing AZIMUTHAL ANGLE OF JET AXIS 1755*3 
the transverse momenta as discussed above. The data at 6.2 GeV 

are isotropic as expected since the polarization is zero. At 7.4 GeV 

8. e+t?- -f hadrons: Azimuthal angular dependence of the jet axis. 

SPEAR data from Ref. 12. 

we see an asymmetry with maxima and minima at the same values of 

+ as found in e+e- 
f- 

+!lFi. 
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The measured value of a in Equation 4 will be less than the true 

value of a because of the incomplete acceptance of the detector, the 

loss of neutral particles, and the method of reconstructing the jet 

axis. A Monte Carlo was performed treating the generated tracks 

as the detector would. This jet model calculation gives a = 0.97 ? 0.14 

for the produced jet axis angular distribution. This means that the 

jet axis angular distribution is consistent with that for a pair of 

spin 112 particles. In the framework of the quark-pa-ton model, the 

quarks must have spin l/2 rather than spin zero. 

II. QUARK MOMENTUM DISTRIBUTION FUNCTION 

Complete knowledge of the deep inelastic structure functions for 

electron and neutrino scattering off protons and neutrons is sufficient 

to obtain the momentum distribution function of the quarks in a 

proton(1 ' 14). In this section, we will look at a few examples of how 

we obtain the quark distributions. 

As our first example, the measurement of VW? (x) andv WY (x) 

near x = 1 gives the relative strength of the d(x) and u(x) distribution 

functions where u(x) means the number of u-type quarks with fraction 

momentum between x and x + dx. Neglecting the contributions from the 

"sea" quarks we have: 

“WY (x) = $ m'(x) + $ xd'(x) 

vw;p (x) = $ m"(x) + $ xd"(x). (5) 

By isospin symmetry the number of d-type quarks in the neutron is the 

same as the number of u-type quarks in the proton. Therefore we assume 

“(X) = UP(X) = dn(x) (6) 

d (4 = d'(x) = u"(x) 

The ratio 

VW? (x) = 9 G x"(x) + $ xd(x) 1+4d(x) 
R = = u(x) 

4+d(x) 
(7) 

uwy (x) $ m(x) + $ xd(x) 
u(x) 

gives the relative strength of d(x) and u(x). R can have a value 

between l/4 and 4. Since we have neglected the contributions from the 

"sea" quarks, Equation 7 should not be valid near x = 0. The measure"ents 

of R are shown in Figure 9. At the largest x the ratio approaches 0.25 

suggesting that d(x)/"(x) + 0 as x + 1. Farrar & ,.(16) solve for 

d(x)/"(x) in Equation 7 in terms of R and "se the data of Figure 9 to 

obtain the x-dependence of d/u. Figure 10 shows that d(x)/"(x) tend 

to fall as 1 - x for x > 0.4. The systematics in the data do not rule 

out d(x)/"(x) ; 0.2 near x = 1. 

In neutrino scattering the V-A coupling in charged current 

interaction is much more selective than in electroproduction. As we 

heard in H. Harari's lectures, the Cabbibo theory of hadronic interactions 

contain two isospin doublets: 
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(8) 

where d' = dcosec + s sin0 and s' = -dsinec + scos8 . Weak decays 
c c 

occur within a doublet. The relative strength of the coupling is 

proportional to cos2Bc 'L 0.95 or sin2ec 4 0.05. Table II gives a list 

of allowed neutrino and anti-neutrino reactions. The Cabbibo favored 

reactions are given first and the valence quark scattering is given 

on the left. 

The column labelled f(y) gives the expected distribution in 

E -E 
Y= v P. This comes from 

E \, 
the V-A nature of the coupling. If we 

look at"the neutrino-quark scattering in the center of mass both 0" and 

180" are allowed by conserving helicity and angular momentum. 

00 180" 

However, the antineutrino-quark scattering at 180 o is forbidden by 

angular momentum conservation, since it is impossible to both conserve 

the angular momentum and maintain the proper helicity of the two 

scattered particles. 

before 
"S-Q", f 

q fqO"q+ u ' G8Og q 

o.k. forbidden 

Table II: Allowed neutrino and antineutrino reactions on quarks. 

favored 

ValenCe SeEi 

v+d+p-+ u .q& v+s+u-+c m 
flat flat 

disfavored V+d+v-+c flat 

sin20 c 

;+u+!J++s (1-Y)2 

G&l-+;i (l-Y)2 

VtC+U-+S WYj2 

v+c+p++s (l-Y)2 

>&I++; flat 

GIG+,++; flat 

v+s+p-+u flat 

V+&-+S (l-Y)* 

VtC+p-+Z (l-Y)2 

;+c+l,l++d (l-Y)2 
- - 
.+d+U++: flat 

,+s+,++u flat 

E -E 
In terms of the scaling variable y = u the neutrino distribution E 

v 
from quarks will be flat and the antineutrino one will follow (1-y)'. 

In Table II the column labelled f(y) gives the distribution for the given 

reactions. Note that antineutrino scattering from the sea antiquarks 

gives a flat distribution in y. It is just this property that allows us 

to measure the antiquark contribution to the structure function in deep 

inelastic neutrino scattering. 

From Table II we see that the main contribution in vp scattering 

is from the d-quark and in ;p scattering is from the u-type quark. 
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Therefore, the ratio 

$& 1” = d(x) (10) 
& 13P (l-y)*u(x) 

Farrer s &.(16) extract d(x)/u(x) after integrating over y and 

accounting for the relative normalization of the cross section using 

the x-distribution from the 15' HBC. The comparison of d(x)/"(x) 

from electroproduction and neutrino interactions is shown in Figure 11. 

The neutrino data are in good agreement with the electron scattering 

experiments. 

1.2 

1.0 

0.8 
The neutrino and antineutrino scattering experiments are very 

important to the determination of the "sea" quark distribution functions. 

The valence quark contribution to antineutrino scattering has a (l-y)* 
5 0.6 

distribution while the contributions from the antiquarks are flat in y. 

Therefore near y = 1 only the antiquarks contribute in antineutrino 

scattering. This is seen clearly in the 15' HBC data shown in Figure 

12(17) . A fit to the data gives a value for the antiquark component 

as 0.12 + 0.05. 

In a similar way the Gargamelle experiment (18) has determined 

0.4 

0.2 

the quark and antiquark distribution functions as a function of x'. 
n 

I I I I 

$f$ (SLAC Data) 

0.44 (k $y(& zyp 

(E=IO-200GeV y=O.l-0.8) 

As seen in Figure 13, the major contribution comes from the quarks; “0 0.2 0.4 0.6 0.8 1.0 
however, a significant but smaller antiquark contribution is present 

7-77 X=Q2/2mv 322QA47 
at small x. We also see that neglecting the "sea" quark contribution 

above x = 0.2 is reasonable. 
11. Data on the ratio d(x)/u(x) from neutrino and antineutrino 

experiments on hydrogen (open circles). Data from electron 

scattering experiments on hydrogen and deuterium is shown 

for comparison (black dots). 
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An example of the quark distribution functions obtained from the 

electraproduction and neutrino scattering data is shown in Figure 14 

as determined by Field and Feynman (19) . Figure 15 shows the comparison 

to the neutrino scattering data and the electraproduction data using 

the distribution functions of Figure 14. 

III. QUANTUM NUMBER RETENTION 

Neutrino scattering on protons occurs as a result of the d-type quarks 

yielding a u-type quark in the virtual Wf direction (see diagram of 

Figure 16). One of the most interesting questions concerning quark 

jets is whether the quark quantum numbers are retained in the quark 

fragmentation region. In the above example of neutrino scattering we 

expect a positive charge excess for the target and W+ fragmentation regions 

with the target region excess twice that of the Wf region (see Figure 

16). 

The results of the University of Michigan HBC experiment (*') are 

shown in Figure 17. The open circles show the positive charge excess 

and show an asymmetry of the type expected. 

Other evidence for quantum number retention is seen in the 

electraproduction results of Martin et al. -- (**) (Figures 18 and 19). 

They observe an excess of rr+ over II- which increases with increasing 

x. The x-dependence of the n'/*- ratios agrees well with model calcu- 

lations using quark distribution functions like those of Figure 14 (23) . 

The u-type quark is dominate at large x giving the excess positive 

charge as seen in Figure 18. The increase of the Ktlv' ratio can be 

0.8 

0.6 

Quark Distributions 

I I I 
Proton 

0.2 0.4 0.6 0.8 1.0 
9-77 XI 3220A53 

14. Quark distributions within the proton. Figure from Ref. 19. 
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e+ e- - hadrons 

\ \ Q’ 
\ \ 

% 

yv or W+ 

% P 
\ Jet 

\,Axis 

QP -Q’ hadrons 

-#---Jet Axis 

-rrP 

/ 
,/Jet Axis 

T-,7 w-High pT 321OAII 

20. Diagrams for the indicated reactions showing hadrons produced 

with respect to jet-axis, defined by the scattered quark directions. 

collisions. The experimental data has been reviewed by Albini et al. (25) . -- 

A phenomenological fit was performed to the proton-proton multiplicity 

over the available energy range. The best X‘ fit is 

<II > ch pp -t x 
= 2.50 + 0.28 in Ea + 0.55 Qn2 E (12) a 

where Ea z G - sM - $ is the available energy for particle production. 

Figure 21 shows the mean charged multiplicity in pp collisions versus 

the available energy Ea = & -2Mp; the curve is the best fit, Equation 12. 

Figure 21 shows the same parameterization also fits meson-proton collisions. 

What is more remarkable is that the "universal curve" fits the <rich> 

recoiling against slow protons in the reaction hp + px. The e+e- 

and 2,~ + L'x charged multiplicities follow the same parameterization; 

however, the vp are somewhat larger than the pp behavior. In the vp 

plot the dashed line gives the "universal" behavior. 

Recently, the multiplicity has been measured in 200 GeV/c pp 

collision with large transverse momentum jets (26) . The average charged 

multiplicity was found to be about 15 in these events as opposed to 

8 for normal events. The extra multiplicity may be due to quarks scattering 

at large angles fragmenting into hadrons. 

We might expect the <nch > of large pT jets to behave in the 

"universal" way. The ISR data(27) . 1s shown in Figure 22 as a function of 

the pT of the trigger pion. Here the average multiplicity is that 

recoiling against pT. The curve of Figure 22 shows the behavior of 

199 



I 
I 

a 
I 

I 

- -- -0 

m
 

a.l 
- 

All3lldIllnw
 

039W
H

3 

O
 

P 

h h I h 

8 N
 



l/2 <rich> in e+e- collisions. The factor l/2 is taken since only 

away side jet multiplicity is counted. 

B. Transverse Momentum Distribution 

The limiting of transverse momentum relative to the beam direction 

in inclusive hadron production is familiar to us. The e'e- production 

of jets suggests this to be a fundamental characteristic of the hadron 

fragments from quarks. If this is the case then the transverse momentum 

distribution should be independent of how the jet is produced. We 

should obtain comparable average transverse momentum with respect to 

the jet axis in e+e-, VP, .pP, PP. and large pT jets in hadron collisions. 

However, we may expect differences which arise mainly from our inability 

to define the exact jet direction because we do not detect all final 

state particles and uncertainties in the initial quark direction due 

to its transverse momentum within the hadron. 

This latter effect is illustrated in Figure 23. We assume the jet 

direction in ep collisions is along the virtual photon direction in 

the y,p ems system. However, the quarks within the proton may have 

internal transverse momentum zT with respect to the proton direction. 

The fragmenting hadrons have the characteristic CT transverse mOment"nl 

distribution with respect to the parent quark direction. Therefore, the 

measured pT distribution will be a function of ;T and +%. If CT is large 

compared to zT then the internal motion within the proton in ep, vp, and 

pp + high pT events will effect the transverse momentum distributions 

of the hadrons. 

P-77 

23. Diagram for scattering on quarks with internal transverse 

moment"m ': 
T' 

The final state hadrons have transverse momentum 

h' with respect to the parent quark direction. Experiments 
T 

measure ; T' 
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Before looking at the <pT> distribution in proton reactions, let us 

first look at e'e- + hadrons. The hadrons produced in jets in e+e- 

collisions only have c 
T' The observed pT distribution with respect 

to the jet axis is shown in Figure 24 for the 7.4 GeV SPEAR data (12) . 

The Monte Carlo calculation with limited transverse momentum reproduces 

the data if the hadrons have a mean <gT> with respect to the jet-axis 

in the range of 325 to 360 MeV/c (12) . 

Instead of using the W+ direction in the W' proton CM& the neutrino 

on proton data of Chapman et al. (28) 
-- are analyzed with respect to the 

direction of the total detected hadronic system. This means that the 

transverse momentum distributions should be similar to that measured 

+- 
in e e annihilation. They obtain an average pT of Q350 MeV with little 

or no Q2 dependence for 0 < Q2 < 60 GeV'. 

The electroproduction data are shown in Figures 25 and 26 (29) . 

The data are analyzed with respect to the virtual photon direction and 

yield an average pT increasing with Q2. In Figure 26 the slope of the 

exponential p; fall-off is plotted (<pi> = A-'). In photoproduction 

at Q2 = 0 the hadron component is dominant. As Q2 increases the virtual 

proton becomes more point like and the hard scattering process on the 

quarks become more important. At large Q2 
2 

the <pT> presumably reflects 

both the contributions from ST and zT. 
2 

Such a large value of <pT> 'L 1 GeV2 

seen in Figure 26 means that CT must dominate the transverse momentum 

distribution at large Q2. 

It has been suggested (30, 31) that for a given Q 
2 

the 2, dependence 

of the hadron's transverse momentum should be scaled by the fraction of 

IO5 

IO4 

s 
r” 

g 
\ IO3 
8 
5 
FE 

IO2 

IO’ 

I I I I ( I I I I 1 I I I I 1 

E c.,.,,= 7.4 GeV 2 3 prongs 

‘\ 
l Data 

-. 

1 
- Monte Carlo, 

Jet Model \ \ 
\ --- Monie Carlo, 

\ 
\ Phase Space 

\ ‘\ 
1 \ \ \ 

- 

PL (GeV/c > 
2945815 

24. e+e- + hadron. , transverse momentum distribution of hadrons 

with respect to jet-axis. Figure from Ref. 12. 
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E 
momentum the hadron has of the parent quark: z = F , 

*ax 

2 
PT 

= h2 + z2k2 
T T (13) 

The average value of pT is given in Figure 27 as a function of z. 

Near z = 0 the average value of pT should be <hT> if Equation 13 is 

valid. The data of Figure 27 is in remarkable agreement with the e+e- 

results. Up to z-values of 0.5,Equation 13 seems to describe the data. 

However, above this value the <pT> levels off or perhaps falls near 

z = 1. M. Gronan and Y. Farni (30) obtain from the up data with z < 0.5 

<hT' = "350 MeV 

<kT> = 900 t 150 MeV 

Again, as in ep + eT"x, we find a large value of CT. However, we do 

not understand the behavior above z = 0.5. 

In high pT events from pp collisions, it is convenient to use the 

hadron transverse momentum with respect to the trigger plane, Pout, 

as defined in Figure 28. The reason for this is that it is difficult 

to determine the jet-direction. The trigger particle is assumed to 

approximately define the jet plane on the opposite side. 
The Pout 

distribution for particles with energy greater than one-half the jet 

energy is shown in Figure 29 (11) . The <P out > = 530 + 20 MeV/c is large 

and does not depend on the momentum of the jet as seen in Figure 30. 

P Out does depend on the fraction momentum the hadron has in a way similar 

to that found in ep collisions as seen in Figure 31 where the z 
E 

x z is the Feynman scaling variable (normally called x) and is used to 
2 

distinguish it from x = k 

0.8 
pN--ph’ x ( 150 GeV/c) 

H. L . Anderson 
o h+ 
x h- 

27. Average value of transverse momentum for the reaction 

f UN -t u b x, Data of Ref. 32. 
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dependence of <Pout> is given. The definition of zE can be obtained 

from Figure 28 and is an approximation to z since the pT of the trigger 

particle is assumed to be the pm,, in the opposite side jet. In the 

framework of a picture with jets originating from partons, one expects 

the following approximate dependence of <P* out 
>0"7. : E 

<P2 = +;>++z; <h' 2 
out' T 1 + z2 

E <kc, (14) 

where l?' T is the transverse momentum of the trigger hadron with respect 

to its parent quark direction. The factors l/2 enter because Pout 

is measured instead of pT. Assuming <hG'> = <h$ = 0.167 GeV' then 

<k;> I 0.49 GeV*. It is interesting that large average transverse 

momenta are again observed. Additional factors may be present besides 

a transverse component of the quarks within the proton. For example, 

among the particles with z E 
> 0.5 there may still be some which do not 

come from the fragmentation of the scattered partons. 

These large transverse momentum distributions indicate an 

unexpectedly large internal transverse momentum of the constituents 

within the hadrons. Large <pT> have also been observed in high mass 

lepton pairs produced in hadron collisions. A discussion of how the 

internal transverse momentum reveals itself in peripheral hadronic 

scattering has been made by E.M. Levi" and M.G. Ryskin (33) . 

C. Scaling of Hadrons from Quarks 

Feynman scaling implies that the distribution of hadrons from a 

particular quark flavor depends only on the fraction of energy taken by 

the hadron. This means that the z. = E 
hadronlEjet distribution for +*s II 

produced from the u-type quark in vp scattering, e'e- annihilation, 

and high pT jet events should be the same. A more familiar test of 

Feynman scaling is to look at the energy dependence of the hadrons 

produced in a particular reaction. 

Scaling in e+e- interactions has sdojdz independent of the e+e- cm 

energy. Here s accounts for the energy dependence of the flux of q; 

pSLilX. We know that exact scaling will not hold at SPEAR energies, 

because passing through charm threshold gives more qt pairs and 

the average multiplicity rises slowly with energy (7) . However, the 

SPEAR data(=) do show approximate scaling for z > 0.2 as seen in 

Figures 33 and 34. Recently, the DASP experiment (34) has measured 

separately the pion and kaon distributions. Their data shown in 

Figure 35 have little energy dependence for both the pions and kaons; 

however, the energy range tested only goes out to E = 5 GeV. cm 

Hadron scaling has also been investigated in jets recoiling against 

high p 
.T 

triggers in pp collisions. The ISR data(") from the split 

field magnet is shown in Figure 36. The definition of zE is given in 

Figure 28 and is an approximation to the actual z-value. Here pT (trigger) 

approximates the recoiling jet momentum. The lack of scaling even for 

=E near 1 can be due to several factors: 

a) Spectator hadrons are included 

b) Approximations used in obtained zE 

Cl Transverse momentum kT of the quarks. 
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35. Energy dependence of 2 for different z interval for the 

pions and kaons separately. DASP data from Ref. 34. 

The effect of these contributions to the non-scaling behavior seen 

in Figure 36 has been determined by the authors of Reference 11. 

They performed a Monte Carlo calculation assuming quark-quark scattering 

and fragmentation into hadrons. Details of the calculation can be found 

in Reference 11. The comparison of the Monte Carlo to the data is 

shown in Figure 37 where the pT dependence of the cross section for 

=E 
> 0.5 is plotted. The spectator contribution shown separately falls 

off rapidly with pT. A contributuion to the pT dependence also comes 

from the zT distribution of the quarks within the hadrons. These 

Monte Carlo calculations indicate that scaling, if there, will only 

be observed at higher PT. 

We have seen indications in the data that lead us to believe that 

the quark-parton interpretations of hadron production have some merit. 

One of the most interesting questions is the nature of the basic 

scattering process yielding the high pT jets. The constituent interchange 

mode1(24) has the basic scattering mechanism as quark-meson scattering. 

This model gives very impressive agreement to the transverse momentum 

dependence and energy dependence to various reactions. The interpretation 

put forward by others (19, 31, 35) has quark-quark scattering as the 

basic scattering mechanism. In order to obtain a faster fall-off with 

pT than the-$dependence expected for a point-like scattering process, 

PT the s and t dependence of the quark-quark scattering process is adjusted 

to yield the expected pT behavior (19) . Detailed Monte Carlo calculations 

and higher pT data should help resolve this question. 

209 



I 

- 
G

 
E 
.- 

- 
d= 

-ii- 

y’ m
 a 

-t 

3zp 
m

 
D

 
gzp 

- BP 
/ 

-i 
G

o 

ln 
d w

 
N

 
G

 
‘;! 

I 
I 

I 
I 

I 
I 

I 
I 

I 
q - N

 . 
- 9 - c9 
0 c9 
0 

0 . 
- 

0 



. - 

V. SOFT SCATTERING OF QUARKS IN PERIPHERAL HADRON INTERACTIONS 

A. Cross Section 

The additive Quark Model assumes that peripheral interactions 

occur by a single quark-quark scattering process. Only in the single 

scattering process does quantum number exchange take place. 

q1 

42 42 
43 43 

The spectator quarks recombine with the scattered quarks to form the final 

state hadrons. A single scattering process means baryon exchanges are not 

allowed and the small u-channel cross sections support this. 

The OZI r"lec3@ . 1s a direct consequence of this limitation. 

The well-known reaction ~-p + $n is forbidden by this rule as well 

as n-p -L $n. The $($I) is mainly a state of ss(cc) quarks. In order 

for the reaction to take place two scattering processes would be required. 

The strong suppression of r-p -t @n can be seen in Figure 38 where the 

allowed 
+ 

reactions 71 p * pn and n n + wp show a similar energy dependence 

but are a factor 100 or more larger in cross section. The reaction 

pi p + $n can proceed through a small admixture of nonstrange quarks in 

the 4, as given by the w-0 mixing angle. 

100 F 

n 
* 

b 

1.0 1 

0.1 r , II 

I 2 5 IO 20 

I I I 

0-(77-p--+) 

I UC+-p --pn)/lOO 

l’l *i+ 

b * 

CT.(?T+fl --wp)/lOO 

plo,, (GeV/c) 
38. Energy dependence of the cross section for the OZI allowed 

+ 
reactions n p + on and n n + up compared to the forbidden 

process n-p + On. The allowed reaction cross sections are 

divided by 100. 
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If all the $ production proceeded via the w-4 mixing then we would 

expect the production mechanism to be similar in both reactions. The data 

of the Argonne effective-mass spectrometer (37) for v-p + $n are found to 

have a shallower t-dependence than the w-data. The flatter t-distribution 

and a sharper energy dependence below 5 GeV may indicate a double scattering 

process of the quarks, s-channel N* production or a small ss content of 

the pion. 

A test of the 021 selection rule in 4 production was studied 

by V. Blobel st. (38) in pp collisions at 24 GeV/c. The inclusive 

$ cross section is found to be 158 f 35 ub compared to 3490 i 420 ub 

for inclusive pa production (only a factor 20 times smaller). Phi 

production is allowed by the Zweig rule if accompanied by strange 

particles; however, no tendency is observed for the final states to 

contain visible strange particles in conjunction with the 0. However, 

the suppression mechanism may not be valid near Feynman x = 0 because 

of a finite ss content of the protons. 

B. Spin Dependence 

The predictions of the additive quark model for the correlations 

between the charge properties and spin configurations in peripheral 

collisions have been successfully tested in a number of reactions. 

The constraint that only one quark in each hadron interacts places 

requirements on the allowed spin states of the final hadrons. one can 

also identify the quark-quark amplitudes in different reactions, 

then obtain relations between these reactions. 

As an example, the reaction 

K-p + n-Y*+(1385) 
+ 

o-+*0 - 3+ 
T (15) 

in general can have four independent amplitudes. If the quark model 

relations are satisfied only one amplitude remains. To see this we 
* 

show in the diagram below the scattering process K-p + r-Y . 

; “- 

" Y* 

u 

Here we see that the scattering process is sd + ds of spin l/2 particles. 

We choose the axis of spin quantization in the direction normal to the 

quark-quark scattering plane. The spin projection on this axis is called 

the transversity. The transversity of a single spin l/2 quark can only 

change by zero or one unit. Therefore, scattering transitions in the 

transversity basis are those with no transversity flip or double flip, 

one for each quark. A single flip would not conserve transversity. 

Since only the s-quark scatters and the final state must be a O- meson, 

the double flip amplitudes are ruled out, hence only no-flip amplitudes 
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are allowed. The quark model predicts for the E(1385) 

T3 L=T-3L=0 
I- 2 22 

T11 = T 1 1 -- ---- 
22 2 2 

(16) 

The reaction K-p + n-C+(1385) has been measured by the 

Amsterdam-CERN-Nijmegen-Oxford collaboration at 4.2 GeV/c (39) and their 

transversity amplitudes are shown in Figure 39 as a function of t'. 

Except at t' Q 0 the data are in good agreement with the additive quark 

model predictions of Equation 16. The non-zero double-flip amplitude 

at small t may result from double scattering contribution where the 

spectator quarks scatter elastically. A hint of the violation mechanism 

+ *- 
is obtained by studying the forbidden process K-p + TI Y which requires 

double scattering. From Figure 40 we see that the dominating amplitude 

T3 1 for this exotic process agrees roughly with the T3 1 amplitude 
--- --- 
2 2 *+ 2 2 

of K-p + n-Y , both in size and t behavior. 

+ *- 
Since the energy dependence of the exotic reaction K-p + P Y 

is much larger than that of the allowed reaction we might expect the 

double scattering process to be negligible at higher energies. The 

K-p + n-Y *+ + *+ reaction and the charge exchange reaction II"~ + K Y 

are being studied in high statistics (150 and 275 events/pb) exposures 

of the SLAC Hybrid Facility (40) . Their density matrix elements in the 

transversity frame are given in Figure 41 for ?r+p + K+Y*. Only about 

K-p--rr-Y*+(1385) 

ANCO EXPERIMENTS 
1.0 

++++++++++ I I I 
1 I 1 

T3/2 42 

0.5 - 
T ‘/& 

0 I 
y-l- ( ’ V&, 

T 
+4+7j-+ 

- 3414 

0.5 - --I- 

t++tt,t,t,, 1 

.f+++++;;,2 

O , I I I 
1 
J 

0 0.5 1.0 1.5 0.5 
1-77 t’ OtGe”2i 

1.0 1.5 2.0 
1770*40 

39. t-dependence of transversity amplitudes at 4.2 GeV. Figure 

from Ref. 39. 
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40% of the final statistics were available for these preliminary results. 

The figure gives the relationship between the density matrix elements 

and the transversity amplitudes. In most cases good agreement with the 

expected behavior of the additive quark model is seen. However, the 

low t behavior in the double flip amplitudes still shows non-zero 

behavior consistent with the magnitude seen in the 4.2 GeV K-p data. 

The so-called class B relations relate the quark-quark amplitudes 

in different reactions. For example, we compare the two reactions 

PP + A *l-l 

P u u n 

d d 

u 

PU 

P u 

In both reactions the basic process is du -t ud and therefore the 

amplitudes for the p" can be related to those of the A ++ , in particular 

u 
<'2'A (17) 

0.12 
0 A++ Moments ( pp - A” n) 

t 1/2p” Moments (srp-‘pOn) 

0.08 

0.04 

0 

-0.04 

t+ + t i 
%I 
___------ --- i ---- -0 6 + 

- 0.08 
0 

I I I I I I I I I I I 

-0.4 

-------7 --_--- - +++ t t + + 
y;!” y: _--- ---__ - 

-L + 1 ( > Y$ + t 

-0.8 
I I I I I I I IIll 

0 0.5 1.0 

7-17 fi (GeV) 3220A.1 
42. Comparison ofp t-channel helicity decay moments in v-p + pan 

and A +t t channel helicity moments in pp + A +t n at 17 GeV/c 

[41] as function of Lt. The p-moments are represented by the 

solid lines. Quark model Class B relations predict 
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The two reactions have been measured by the CERN-Munich-UCLA collaboration 

at 17 Gcz"/c(~~). Figure 42 shows the A decay moments together with P 

moments divided by 0.2 as a function of t. Due to the much higher 

statistics the p moments are represented by curves. The agreement is 

surprisingly good. whereas many of the predictions like those of our 

- *+ 
first example (K-p + T Y ) can be obtained by other models (duality, 

SU(3) and exchange degeneracy, Stodolsky-Sakurai), the class B relates 

meson properties with baryon properties, which is typical for the 

additive quark mode1(42). 

CONCLUSIONS 

One of the most exciting questions in physics today concerns the 

underlying quark structure of hadronic matter. Deep inelastic scattering 

and jet production hint that we are studying basic quark processes. We 

have found many similarities in diverse reactions. In some cases, we 

don't quite understand the data as in the non-scaling behavior found in 

high-pT events. HClwE!vf?r, on the whole the results are encouraging. 
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GENERAL CHARACTERISTICS OF HADRON 

PRODUCTION AT SPEAR* 
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I. INTRODUCTION - 

The very first and preliminary data on the production of hadrons 

by e+e- annihilation were presented at the Kiev Conference five years 

ago(l) causing great excitement. These first results from ADONE at 

Frascati were confirmed and the hadronic nature of the final states was 

proven in the years following. In Figure 1 the most recent update of the 

measurements at ADONE (2-S) are plotted along with other low energy data 

from orsay and Novosibirsk.(7) The quantity R, the ratio of the total 

hadron production to muon pair production is evaluated as a function of 

the c.m. energy Ec m In spite of large errortj and inconsistencies between . . 

various measurements, they clearly show that hadron production is substan- 

tial, i.e., it is comparable or greater than u-pair production. 

- 
Work supported by the Department of Energy. (Presented at the SLAC 
Summer Institute, Stanford, CA, July 11-22, 1977.) 
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Results on multihadron production by e+e- annihilation as a 

function of c.m. energy E, m . Data from Frascati (ADONE), (Z-5) 
Orsay (ACO), (6) 1Jovosibirsk,'(7) and Cambridge (CEA).(8) 

By far the most serious problems these pioneering experiments at 

Frascati had to face came from the small solid angle of the detectors. 

They typically covered no more than 20% of 471 and were placed at interac- 

tion regions nearly as long as the detectors. With two charged parti- 

cles required for triggering this lead to a total acceptance of 10% or 

less, introducing large systematic uncertainties. 

The second generation results from the non-magnetic detector BOLD 

at CEA,(8) a device with much larger solid angle, was at first met with 

considerable skepticism. Low beam intensities limited these measure- 

ments to two energies, Ec m . . = 4 GeV and Ecmm = 5 GeV. The results, 

indicating a significantly higher value of R have been confirmed by 

more recent data from SPEARc9) and DORIS.(lo'll) 

In this report we shall discuss what we have learned about hadron 

production at SPEAR since the discovery of the two narrow resonances, 

$ (3095)(12'13) and $ (3684).(14) To a large extent, this will be an 

update of Roy Schwitter's presentation at the Photon-Lepton Symposium 

two years ago at Stanford. (15) In particular, we shall address our- 

selves to difficulties related to the model dependence of the detector 

efficiency and effects of the heavy lepton production. We shall include 

recent results on inclusive production of kaons, protons and A hyperons 

and their implications for charm particle production. 

II. PARTON MODEL 

Accepting the traditional concept that the electron does not 

directly couple to hadrons, the production of hadrons by e+e- annihila- 

tion proceeds dominantly via the exchange of a single, time-like photon 

between the lepton and the hadron system. Higher order photon exchange 
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processes generally produce particles at small angles to the beams. 

Since present detectors do not cover this angular range these processes 
- 

are of limited importance to hadron production at present energies. 

If we restrict ourselves to the one-photon photon exchange as the 

main process for hadron production by e+e- annihilation (Fig. 2a). we 

see that the annihilation itself is well understood in terms of a point- - 

like lepton-hadron vertex, whereas all ignorance is hidden by the cross 

hatched region of the photon-hadron vertex. We know, however, that the 

hadron system must have the quantum numbers of the photon, i.e., 

3 PC = 1-- and all additive quantum-numbers are equal to zero. A compar- 

ison with the diagram for muon pair production in Fig. 2b illustrates 

that the quantity of more direct interest than the total hadronic cross 

section, 0 had' is R the ratio of hadron to muon pair production, 

R = !T!EA wfth = 52 
%!J 9ll 3s . 

Here s is the square of the mass of the virtual photon and (1 the fine 

structure constant. 

One of the most fundamental theoretical concepts for high energy 

particle physics is that of scaling. It says that ohad should vary 

like l/s for large s or stated differently, the ratio R is expected to 

approach a constant value; "large" generally means large compared to 

any mass or energy involved. The simplest argument to predict scaling 

is one of dimensional analysis. It says that at high energies the only 

unit of length is s-l/2, -1 thus a cross section must behave like s . 

A far more appealing picture that arrives at the same answer is 

the parton model.(16) Measurements of deep inelastic electron-nucleon 

e+ 

e- 

e- 

(a) 

e+ 
(b) 

Fig. 2. Feynman diagrams for one-photon exchange 

(a) e+e- + hadrons; (b) e+e- -+ LI+U-. 
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scattering led to the hypothesis that hadrons are built out of constit- 

uents, the partons, which have point-like coupling to the electromagnetic 

current. Thus, photon-hadron interactions are basically photon-parton 

interactions and consequently hadron production in efe- annihilation 

proceeds via the formation of pairs of parton-antiparton. If partons 

have spin l/2 then the cross section for producing the free qiGi pair is 

the same as for producing a p+u- pair, except for the difference in 

electric charge Q, 

(e+e-+ s& = 9,' CT,,,, 

Assuming further that the qiGi pairs convert to hadrons with probability 

one, the hadronic cross section equals the sum of the individual parton 

pair cross section, and 

Given a fixed number of partons having specified charges Qi, R is 

constant, and hadron production is said to exhibit scaling. wherever 

a threshold for the production of higher mass constituents is reached, 

there should be an upward step in R proportional to Qi2 of the new 

parton. The value of R at any given energy provides information about 

the number and properties of the partons produced. Clearly, the exist- 

ence of partons is purely hypothetical, but they help to explain a great 

deal of data. 

If one associates partons with quarks of spin l/2, available in 3 

colors) then one obtains 

R = uds 3 ((2/3)2 + (l/3j2 + (1/3j2 ) = 2; 

and above charm threshold 

R udsc = 10/3 

Another consequence of this particular model of hadron production 

is the jet-like structure of the final states that arises due to limited 

transverse momenta of the hadrons relative to the parton direction of 

motion. The angular distribution of the jet-axis has been found to 

agree with the 1 + cos 2 
6 distribution expected for spin l/2 parton- 

antiparton pair.(17) 

Furthermore, the inclusive momentum spectra are expected to exhibit 

scaling at high energy. In complete analogy to deep inelastic ep scatter- 

ing the most general form of the differential cmss section can be written 

as a function of two structure functions W. and W 
1' 

= [W,(x,s) (1 + cos 2 
dxdR 4r 9) + W,(x,s) sin291 

where 

x = 2Eh/Ec m ; B = Ph/Eh . . 

and P h, Eh are respectively the momentum and energy of the hadron. If 

at sufficiently high energy W. and Wl become independent of x, do/dx will 

decrease like l/s (Bjorken scaling) and the ratio R will be constant. 

III. THE MAGNETIC DETECTOR AT SPEAR 

The solenoidal magentic detector built and operated by the SLAC-LBL 

collaboration is shown in Fig. 3. It provides a nearly uniform field 

of 4 kG over a volume 3-m long and 3 m in diameter. A particle produced 

in the interaction region first traverses the 150 pm steel vacuum pipe, 
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Fig. 3. End view of the SLAC-LBL magnetic detector. 

then a pair of cylindrical scintillation counters and two proportional 

wire chambers that form an element of the trigger system. Continuing 

outwards, the particle passes through 4 sets of magnetostrictive spark 

chambers, a trigger hodoscope that provides time-of-flight measurements, 

the one radiation length coil, and array of shower counters. Most 

hadrons are absorbed in the 20 cm thick iron yoke and will not reach a 

set of spark chambers outside that aids muon identification. The momen- 

tum analysis (resolution Ap/p = 0.015 p) and particle identification 

of the detector extend over 65% of 4r; the azimuthal acceptance is com- 

plete, and the subtended polar angle ranges for 50' to 130". The 

hardware trigger requires at least two charged particles each firing a 

trigger counter and an associated shower counter in coincidence with the 

beams. This requirement, which restricts the data sample to events with 

at least two particles with momenta above 200 MeV/c, and the limited 

solid angle of the apparatus are largely responsible for the uncertainties 

in the cross section data. 

The data analysis distinguishes two general categories of events, 

lepton pairs 

f- +- 
>',- 1 u"+$ 

and hadronic final states, 

+- 
e e + hadrons. 

A hadronic event is required to have three or more tracks forming a 

vertex within the luminous region of the machine. &o-prong events are 

also included in the hadronic event sample provided the tracks are 
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acoplanar with the beams by at least 20" and have momenta exceeding 

300 MeV/c. 

IV. TOTAL CROSS SECTION 

The major aim of the SLAC-LBL experiment was to obtain an accurate 

measurement of the total hadronic cross section o 
had over as wide a 

range in energy as the storage ring would allow. ohad is given by 

(1) 

where Mi is the number of events observed with i charged tracks, ?z the 

average efficiency of all events and IPdt is the integrated luminosity 

as monitored by Bhabha scattering events in the same detector. The 

important factors limiting the precision of ohad are (a) the statistical 

error of the event sample, (b) the level of background in the data, 

(c) the systematic error in the luminosity monitoring, and (d) the 

systematic errors in the evaluation of the detection efficiency. As 

we shall see, the last point is the most serious. 

The raw number of detected events in the hadronic event class is 

first corrected for various sources of background. Beam-gas interactions 

are estimated from event rates just outside the interaction region. 

Beam-gas backgrounds amount typically to 6% of the total. Cosmic-ray 

background is suppressed to a negligibly low level by the TOF system. 

Contaminations due to electrodynamic final states arising from two- 

photon processes and radiative e+e- or n+u- production are calculated 

to be of the order of a few percent. A correction is made to the two- 

prong events. Evidence for non-hadronic multibody final states origi- 

nating from the production and decay of a pair of heavy leptons (18) will 

be presented below. Such events should not be included in the hadronic 

cross section measurement. The average detection efficient E is defined 

as the ratio of the number of events observed to the number of produced 

events, i.e., 

: = c f-$/C Nj, 
i j 

where Nj is the number of events produced with j charged particles. 

Observed and produced multiplicities are related by 

(2) 

(3) 

where E. 
lj 

is the efficiency for detecting an event with i prongs, when 

it was produced with j charged particles. The matrix elements c.. are 
1J 

computed by a Monte Carlo simulation of the experiment. Known properties 

of the detector, such as solid angle, trigger biases, cuts in the data 

analysis, and a plausible model of the final states are necessary ingre- 

dients of such calculations. Given the coefficients E. 
lj ' Eq. (3) is 

inverted by a maximum likelihood fit to obtain the produced multiplicity 

distribution N., and thereby E. 
J 

Three different models of multihadron production have been used 

to check the sensitivity of E to the choice of the model and to compare 

with the data. All pion final states are simulated by a two-jet model, 

in which the jet axis has a 1 + cos 2 
B angular distribution and particles 

are emitted from each jet with transverse momenta limited by a matrix 

element of the form 
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The total multiplicity and the charged multiplicity as well as the trans- 

verse momentum cut-off b and the orientation of the jet axis have been 

adjusted to agree with the data. (17) The production and decay of a pair 

of heavy leptons of mass 1.9 GeV is simulated in accordance with its 

predicted properties. (19) The third model reproduces the associated 

production of D and D* mesons near threshold. All parameters like the 

masses, relative production rates and branching ratios have been chosen 

to agree with the data at 4.03 GeV. (20) 

In the following we shall compare in some detail the observed and 

the Monte Carlo simulated distributions. The results are shown on an 

arbitrary scale with statistical errors only. In Figure 4 the momentum 

spectra are presented for selected c.m. energies, separately for Z-prongs 

and multiprongs. The normalization of the 'r-pair Monte Carlo is abso- 

lute, the sum of all model calculations are normalized to the total 

number of events. At 4.03 GeV the pion model is normalized to fit the 

data for x < 0.6. Below charm threshold at 3 GeV the all pion jet model 

fits the data reasonably well, whereas the same model shows a strong 

disagreement with the data at 7.4 GeV, particularly for two-prong events. 

The difference can, to a large extent, be accounted for by the expected 

contribution from T+T- production. The remaining excess in the data at 

very small x can be explained by a contamination from two-photon processes 

that has not been subtracted in these plots. At 4.03 GeV the difference 

between the sum of pion and heavy Iepton production is limited to x c 

0.5 and can be well understood in terms of charm production near threshold. 

The discrepancy between the data and the jet model calculation can also 

be observed in the angular correlation of two prong events. The jet 

E c,m,i 3.0 GeV E C.m.= 4.03 GeV E C,m.= 7.4 GeV 
103, / / t I , I , t / , I , 1 j 

!L (01 2 Prongs 
Monte Carlo 

- -- e+e-- PiOrlS 

= (b) 2 Pronqs 
Monk Carl0 

( / ) - - - e+c- Plans 
(2) - - e+e--r+r- 

i'\ \ 
ii ' 

2 Prongs 
Monte Carlo 

(1) ---e+e-- Pms 
(2) -.-e+e---r+r- 

-Sum (l)+(E) 

0 0.4 0.8 0 0.4 0.8 0 0.4 0.8 1.0 

..,? ~p’2p/Lm. 1117m 

Fig. 4. Observed x distributions for charged particles at various 

energies. The data are compared to different Monte Carlo 

simulations. The errors are purely statistical. 
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model fails to reproduce the pronounced backward peak in the collinearity 

angle, while this enhancement is present in the heavy lepton simulation 

(Fig. 5) and can make up for this discrepancy. In conclusion, the high 

energy data indicate the presence of dynamics that cannot be described 

by a jet model for hadron production. The fact that the jet model simu- 

lation used here does not take into account the production of kaons, 

nucleons and other heavier particles may account for some differences 

between data and model, but it can hardly explain this large a discrepancy. 

If we accept the existence of such a heavy lepto", we should subtract 

this "on-hadronic contribution from our data. In the following we shall 

take a double route by presenting the results with and without this sub- 

traction. As a consequence we obtain two different multiplicity distribu- 

tions and two different efficiency curves. If we include all events 

remaining in the hadronic category after subtraction of beamgas and 

two-photo" backgrounds, the average detection efficiency rises from 

roughly 35% at 3 GeV to 63% above 6 GeV (Figure 6a). The subtraction 

of events expected from T'T- production predominantly affects the two- 

Prong events and raises z to more than 70% at high energy (Fig. 6b). 

A complete, though preliminary, result on measurements of the hadronic 

cross section Ohhad over the whole c.m. energy range of the SPEAR machine 

was first presented two years ago at Stanford. (15) Since then many 

aspects of the analysis have been improved and detailed studies of the 

detection efficiency have been performed. A present day update of the 

results is given in Fig. 7 in terms of R = ohad/upu. The difference 

to the earlier publication is fairly small, and the situation reminds me 

IO3 I I 

E c.m. = 7.4 GeV 

\ 

\ 
.J’\. 

(I 

? 

2 Prongs \ 

Monte Carlo ‘\ 

) - - e+e-- Pions ‘\ 

(2) --- + - e+e---r T 
- Sum ( I 1 + (2) 

-1.0 -0.5 0 0.5 1.0 
COSB 317283 

Fig. 5. Comparison of the collinearity angle in two-prong events 

at 7.4 GeV in data and model. 
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of advertisements of a German automobile company, that were published 

year after year showing a long list of improvements and change* of the 

new model, though to a casual observer the car looks still the **me after 

more than 20 years. R is approximately constant below 3.5 GeV with a 

value around 2.6. Above 6 GeV, R is approximately constant with a value 

around 5.5. In between, there is a rather complex structure with peaks 

at 4.03 GeV and 4.41 GeV that are related to charm production thresholds. m,m 

Details are not mapped out here due to somewhat coarser binning in energy. 

Radiative corrections have been applied to the data to remove the tails 

of the narrow J, resonances. The errors include statistical and systematic 

point-to-point errors. There is an overall uncertainty of _+ 10% in the 

normalization and there could be an additional variation of up to 10% from 

the lowest to the highest energy due to incorrect modeling in the Monte 

Carlo. 

In Figure 8 the ratio R is presented for the heavy lepton subtracted 

data, indicating a plateau of R = 4.5 above 6 GeV, exactly one unit of R 

less than before the subtraction. Most of the rise in R near 4 GeV is 

observed in the multi-prong data, while the two-prong events show a very 

small increase relative to p-pairs. The data are in general agreement 

with the quark-parton model; though quantitatively there may be *ome prob- 

lems since we observe BR = 1.9, while we expect only AR = 413. Likewise 

the model predicts R = 2 in the low energy region where we observe R = 2.6. 

If we take this measurement at face value and a**ume that the predictions 

of the simple model are uniformly too low by 30%, then we would predict 

a value of R = 4.3 above threshold for charmed particles and find good 
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4 
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_ (b) 

R2 2 
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t +++++++++t++# 

- ++ t tt 
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Fig. 8 The ratio R for the heavy lepton subtracted data; (a) all 

events, (b) two-prongs only, (c) multi-prongs only. The 

errors are statistical only. 
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agreement with the data. In any case, the present uncertainties are too 

large to draw any decisive conclusion with respect to the quark model. 

The data presented here are in good agreement with meaurement at 

DoRIs(22,23 below 5 GeV, though our results Seem to indicate a somewhat 

larger value of R. In this comparison, one should take into account that 

there is very little overlap between the two experiments at the higher 

energies. 

V. CHARGED EWLTIPLICITY 

The charged multiplicity distribution of the hadronic final State* 

are obtained from the observed distributions as a by-product of the Monte 

Carlo analysis that is used to determine F. The energy dependence of the 

charged multiplicity for all events in the hadronic category (Figure 9) 

is consistent with the logarithmic rise of the form 

<n> 
ch 

=a+benE c.m.' 

where a = 2.3 and b = 1.3. A similar parametrization fits multiplicity 

growth in hadron-hadron interaction*. (24) A logarithmic rise of <n> 
ch 

is a consequence of the limitation in transverse moment* of the produced 

particles and is expected to set in when their average longitudinal momen- 

tum clearly exceeds their average transverse momentum. There is little 

evidence for a break in the distribution around 4 GeV, though the error* 

are large and the quality of the fit is fair. If we subtract the expected 

multiplicity distribution for the heavy leptons events from the observed 

data, the average produced multiplicity exhibits a step by roughly 0.7 

between 4 GeV and 5 GeV. From this we derive an average charged multi- 

plicity of 6.6 for charmed particle production around 7 GeV. This result 

6 

<rich> 0 

(a) 

-<rich> = 2.3 + I.3 !n E,.,. 

'(%h> = @'-'Em, + 
3.5 
2.8 

Heavy Lepton Subtracted 
I I I I I --J 
3 4 5 6 7 8 

E c.m. (GeW 32111)p 

Fig. 9. Average charged multiplicity v* c.m. energy (a) for all 

events, (b) for heavy lepton subtracted events. 
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is supported by a direct measurement of <n>,h for events containing 

charmed rneson~.(~~) Thus the smooth rise observed for all events includ- 

ing the heavy lepton can be understood as being the result of a mixture 

of two new processes, one with low the other with high multiplicity. 

This has been well confirmed by the study of inclusive lepton spectra. (18) 

Examples of charged multiplicity distributions at several c.m. 

energies are given in Figure 10, with and without the subtraction of the 

heavy lepton contribution. The unsubtracted data show a surprisingly 

large fraction of two-prongs, whereas the subtracted distributions resemble 

the familiar Poisson shape at all energies. 

A comparison between multiplicity data from pp annihilation (26) and 

pp interactionsc2') and e+e- annihilation may provide some insight in the 

dynamics of hadron production. In Figure 11 the average multiplicity of 

negative particles is plotted versus energy for the three interactions. 

The annihilation data show a much higher multiplicity than pp collisions. 

This is et least partially explained by the fact that there is more energy 

available in annihilation than in non-annihilation processes. The annihi- 

lation data seem to suggest a similar asymptotic rate of increase (i.e. 

coupling constant) as the hadron-hadron interactions. At low energy the 

pi and e+e- data agree well, but the e+e- data exhibit a considerably 

slower rise with energy. 

The multiplicity distributions of the annihilation processes are 

much narrower than those of the pp interactions, indicating that the 

correlations between the produced particles are different. In order to 

compare the widths of the multiplicity distributions of various processes, 

6 All Events + Heavy Lepton Subtracted 

P-77 

6.2 GeV 7.4 GeV 

I I I I I I I I 

48 48 
CHARGED MULTIPLICITY 

Fig. 10. Cliarged multiplicity distributions for selected c.m. energies 

before and after subtraction of the heavy lepton contribution. 
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c.m. energies. The data are presented in terms of the scaling variable 

x defined as 

x = 2p/Et m . . . 

This particular definition has been chosen because in general the momentum 

of the particle, not its energy is measured. The results are presented 

for the quantity s do/dx which is expected to scale at high energies. 

The integral of this function can be written as 

J s do/dx = <n> ch . s . o had . 

The area under s do/dx must increase with s, because both the mean 

charged multiplicity and s . o had increase. 

The efficiency for the detection of a single charged particle has 

been evaluated by Monte Carlo, the result is shown in Figure 13 for two 

extreme energies. E varies smoothly as a function of x, with a sharp 

decrease below 150 MeV. The uncertainties in E could be as large as 20% 

for the lowest and highest values of x, varying smoothly with x. These 

uncertainties are mostly caused by uncertainties in particle tracking and 

the model calculations. The data are presented in Figure 14 with purely 

statistical errors. The spectra for all energies rise sharply at small 

x, peak below x = 0.2, and then fall with increasing x. The area under 

the curve grows significantly as expected from the sum rule, but almost 

all of the increase is in the low x region. Above x = 0.2, the spectra 

are independent of energy for Ec m greater than 4 GeV. For x _> 0.5 the . . 

232 



SINGLE PARTICLE EFFICIENCY 
I .o I I I I 

-E c,m. = 7.4 GeV IO4 

ki 02 . 

0 
0 0.2 0.4 0.6 0.8 I .O 

= 9-77 xp 2p~Lll. 3272811 

IO' 

9-n 

I , I ( I 1 I 1 1 I , , 1 I I I 1 1 

3 
. Ec.m.=7.4 GeV _ *E c.m.= 4.4 I GeV 

i ‘“b.4, 

A EC.,,,.=423 GeV I +y EA. v EC.,,,.= 4.03 tieV 

,A l E,.,.=3.0GeV 1; 1 l E Ic.,,,.= 3.OOGeV 

11 It 11 1 ’ 
0 0.2 0.4 0.6 0.6 0 0.2 0.4 0.6 0.8 1.0 

xp =2~/Ec.m. 1171,11 
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Fig. 13. Single particle efficiencey E(X, Ec.m.) for 3.0 GeV and 

1.4 GeV c.m. energy. 
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data scale to within 20% over the entire energy range. This is rather 

remarkable considering that the ratio R changes dramatically around 4 GeV. 

On the other hand, we know that the pair production of charmed particles 

near threshold is confined to small values of x. At higher energies the 

spectra for the decay products of charmed particles seem to be not too 

dissimilar from all other particles produced. The cross sections presented 

here are somewhat larger than those of the DASP experiment at DORIS. 
(29) 

The same trend was observed in the total cross section data and are most 

likely related to differences in the overall detection efficiency and 

normalization. 

VII. INCLUSIVE K" AND ho PRODUCTION 

The SLAC-LBL collaborations have recently reported measurements of 

the production of neutral K mesons (30) as well as A hyperons and protons. (31) 

These measurements are important in their own right, but are of particular 

interest in e+e- annihilation as a probe for thresholds for the production 

of pairs of charmed particles. The lowest-mass particles carrying the 

quantum number charm should decay weakly to states of non-zero strangeness. 

The thresholds for the pair production of charmed mesons should therefore 

cause a rise in K meson production, whereas charmed baryons should give 

an increase in the production of A hyperons and protons. 

1. Inclusive K" Production 

The study is based on large data samples of multiprong events recorded 

between 3.0 Gev and 7.6 GeV c.m. energy. Neutral kaons are identified 

by their decay KS+ ri+n-. Cuts on the reconstructed decay vertex and the 

effective mass of the pion pair are applied to suppress background from 

pions produced directly. For a 20 MeV/c* wide interval centered on the 

K" mass the signal to background ratio amounts to roughly 5.0. The 

2 observed width of 18 MeV/c (FWHM) agrees well with the estimated resolu- 

tion of the detector. The purity of the KS sample is obtained at the 

expense of a rather low detection efficiency. E is essentially zero 

below 100 MeV/c, it rises smoothly and reaches a maximum of roughly 25% 

at 1 GeV/c momentum. A cut at 200 MeV/c is applied to the data, the loss 

of low momentum KS has been estimated by extrapolation of the invariant 

spectrum to zero momentum. The correction amounts to 4% or less. 

The results in terms of a comparison of the inclusive kaon production 

to total hadron production and to muon pair production are given in Fig. 

15. The errors indicated include statistical errors added in quadrature 

to systematic uncertainties. These systematic errors are estimates of 

the point-to-point fluctuations which arise from the background subtrac- 

tion and corrections for losses due to cuts. The errors are consistent 

with the reproducibility of the results under various other selection 

criteria. Not included is the 15-20% uncertainty in absolute normaliza- 

tion, mainly due to our lack of knowledge about the multiplicity and 

dynamics of final states containing neutral kaons. 

We assume an equal number of KS and KL and define fK = 20~ /u s had 
and 

$ = 20K /uliu. Above 4 GeV, where most of the data have been recorded, 
S 

there is roughly one KS for every four hadronic final states. The ratio 

%' 1s roughly constant at a value of 2.2 for energies above 4 GeV, except 

at 4.028 GeV and 4.415 GeV where we observe significant deviations from 

this average. Below 3.8 GeV, RK is smaller by more than a factor of two, 

though the statistics are very limited. 

234 



0.6 

0.4 

f K 

0.2 

0 

4 

RK 

2 

0 
3 

2aKs - 
f, = - 

cHAD 

b) 

- +--P-l ++++*-++ 
--t 

2ai(S 
RK=- 

7-w 

5 6 
E c.m. (GeV) 

Fig. 15. Inclusive production of neutral kaons as a function of c.m. 

energy; (a) ratio of kaon to total hadron production, 

(b) ratio of kaon to p-pair production. Errors include 

systematic uncertainties. The data point at 3.1 GeV 

refers to the $(3095) resonance. 

A difference between the data recorded at the center of the peaks at 

4.028 GeV and 4.415 GeV and the data in the high energy plateau can also 

be found in the inclusive energy distributions. In Fig. 16 the data are 

presented in terms of the scaling variable xE = 2EK/Ec m , where EK denotes . . 

the kaon energy. Again, the KS rates have been doubled to obtain the 

neutral kaon cross sections. Beyond x = 0.6 the spectra agree for all 

c.m. energies. At low x, however, the 4.028 GeV and 4.415 GeV data are 

strongly enhanced compared to the data sampled below 4 GeV and above 

6 GeV. A similar behavior has been found for charged pions and kaons. (15,29,32) 

Assuming that the production of charged kaons is equal to neutral 

kaons, we have used the neutral kaon spectra to correct the spectra. of 

all charged particles for their kaon content and thereby obtain the charged 

pion spectra. In Figure 17 the inclusive energy spectrum for charged 

pion is compared to the inclusive K" spectrum in the high energy data. 

The two spectra are different by roughly a factor five but follow the 

same slope. 

In summary, the inclusive neutral kaon production has roughly the 

same energy dependence as the total hadronic cross section. The rate RK 

rises just below 4 GeV, peaks at 4.028 GeV and 4.415 GeV and reaches a 

plateau above 5 GeV. The observation of similar enhancements in the 

number of kaons per hadronic event supports the hypothesis that the rise 

and the structure in total hadron cross section is due to the threshold 

for associated production of charmed mesons that decay preferentially to 

final states of non-zero strangeness. The kaon excess occurs for x ~0.6, 

as expected for a decay product of pair produced charmed mesons near 
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threshold. This interpretation of the enhanced kaon rates has been 

confimed by the observation of exclusive decays of the Do and D+ mesons. (34,35) 

The results presented here are in general agreement with measurements 

at DESY on inclusive K +(32) and KS production, (33) below 5 GeV. Neither 

DESY group, however, has observed the enhanced kaon yield at the 4.415 

GeV structure. This may be due to the fact that their data were not taken 

at the peak of this resonance, but spread over a much wider range in 

energy. 

2. Inclusive Baryon Production 

Protons and antiprotons are identified with the help of the time-of- 

flight system. This system consists of 48 scintillation counters arranged 

in a cylindrical array immediately outside the spark chambers at a radius 

of 1.5 m from the beam axis. Both ends are viewed by photomultipliers 

and pulse height and delay times of the signals are measured. As time 

reference the beam collision time is used which is derived from a pick- 

up electrode. The system is calibrated with Bhabha scattering events. 

The rms resolution of the system is 0.35 ns, which allows an unambiguous 

identification of protons and antiprotons up to 1 GeV/c. For higher 

momenta the following prodecure has been designed to correct for the 

limited resolution of the TOF system. Using a Monte Carlo simulation of 

the detector we compute as a function of momentum a matrix of misidentifi- 

cation probabilities E.., where the indices i, j stand for 71, k, p. The 
11 

first index corresponds to the measured mass of a particle, the second 

gives the true ID of a particle. The diagonal element eii of this 3 x 3 

matrix give the probability that a particle is correctly identified, while 

the off-diagonal elements cij give the misidentification probabilities. 

For low momenta ~~~ becomes a unit matrix, whereas for higher momenta 

the off-diagonal terms become more important. An inversion of these 

matrices allows us to evaluate the produced spectra of il, k, and p from 

the observed spectra. This technique deteriorates at momenta above 2 GeV/c 

where the particle assignment becomes almost random. We therefore estimate 

the particle yields in this region by extrapolation of the invariant spectra. 

The above analysis has been carried out for negative particles only, as 

to avoid background from beam-gas interactions in the proton yields. A and 

1 hyperons are identified by their two-body decay. The vertex reconstruc- 

tion is identical to the KS decay. In addition, we require that one of 

the prongs must have a TOF probability of more than 1% for being a p or 

i. We have found a sample of almost 1000 A and n decays in 350,000 events. 

The efficiencies for events containing A hyperons or nucleons have 

been studied with the help of a Monte Carlo program. The lack of knowl- 

edge of the production mechanism and the dynamics of final states contain- 

ing baryons introduces an overall uncertainty of roughly 25%. The detec- 

tion efficiency for events containing antiprotons ranges from circa 33% 

at 3.7 GeV to 50% at 7.4 GeV. The A efficiency is calculated to be roughly 

a factor of three smaller. 

The results are presented in Figure 18 in terms of R = 2;/0 the 
P P w' 

ratio of the inclusive charged nucleon to the p-pair cross section, and 

RA = 'u* + ~'/Uuu> the ratio of the inclusive A hyperons production to 

0 !J!J' 
Rp shows a rapid rise from roughly 0.3 below 4.4 GeV to 0.6 above 

5 GeV c.m. energy. RA appears to have a similar increase, though statisti- 

cal and systematic errors are much worse. RA is about lo-15% of Rp at 

all energies. The observation of a rise in Rp around 4.4 GeV, well above 
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the threshold for charmed mesons near 4 GeV, suggests a baryon threshold 

near 4.4 GeV. Indeed, candidates for singly charmed, nonstrange baryons 

have been observed in photoproduction (36) and neutrino interactions. (37) 

The most direct evidence for the production of charmed baryons in 

.+e- annihilation would be the observation of peaks in invariant mass 

distributions of decay products of such baryons. No such peak has been 

observed, the acceptance of the magnetic detector for the expected decay 

modes is, however, very low. Therefore, the lack of direct evidence for 

charmed baryons is still consistent with expected production rates. 

If the increase in inclusive baryon cross sections around 4.4 GeV 

is due to the onset of charmed baryon production the small value of R 

relative to Rp indicates that their weak decays lead preferentially to 

nucleon6 and C' hyperons and not A or X0. The easiest explanation for 

this observation would be a dominant decay of charmed baryons to nucleon, 

kaon and pions. 

VII. SUMMARY 

Hadron production by e+e- annihilation has developed into an extremely 

rich and interesting field. The results of the SLAC-LBL experiment at 

SPEAR can be summarized as follows: 

1. Aside from the very narrow resonances $I (3095) $ (3684) the 

variable R, the ratio of hadron to p-pair production, is 

approximately constant at a value of 2.6 below 3.5 GeV, and 

at a value of 4.5 above 6 GeV. These two scaling regions are 

connected by a region of complicated structure due to charm 

threshold and resonance formation. 
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2. Momentum spectra and angular distributions for low multiplicity 

events clearly deviate from the jet-model predictions and there- 

by support the existence of a sequential heavy lepton. T+T- 

production has therefore been subtracted from the hadronic data. 

3. The mean charged multiplicity increases logarithmically with 

energy and after subtraction of the heavy lepton contamination 

shows a step of 0.7 around 4 GeV. 

4. Single particle inclusive spectra exhibit Bjorken scaling for 

x > 0.6 over the energy range from 3.0 GeV to 7.6 GeV. 

5. Kaon production follows the rise of the total cross section and 

shows similar structure near 4 GeV as expected for the charmed 

meson threshold. Inclusive baryon production suggests a thresh- 

old for charmed baryon pair production between 4.5 GeV and 5 GeV. 

I" summary, general features of hadron production e+e- annihilation 

are well described by the parton model. The regions of constant R, scal- 

ing of inclusive spectra and slow multiplicity rise are direct consequences 

of the parto" picture. The size of the step in R between 3.5 GeV and 5.5 

GeV is roughly one standard deviation larger than expected. This could 

either be explained by quark-gluon interactions that are ignored in the 

simplest model or be the result of measurement errors. We are looking 

forward to the second generation experiment at SPEAR that is expected to 

provide us with a more satisfactory answer. 
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Properties of the D Mesons* 

G.J. Feldman 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 

I. Introduction 

The purpose of this talk is to review what we have learned from the 

study of non-leptonic decays of D mesons. 1 The relevant world data come 

from two experiments which were performed using the same detector, the 

SLAC-LBL magnetic detector at SPEAR. 2 SLAC experiment SP17 ran on the 

magnetic detector through July 1976; experiment SP26 ran from October 1976 

through June 1977. The SP17 data which we shall use are*published3 or 

have been submitted for publication. 4,s However, with one exception,6 

the SP26 data are unpublished and preliminary.7 

In section II, we shall review briefly the measurements of the 

$(3772) since it will play a major role in the determination of D meson 

properties. Section III will discuss the accurate determination of D 

masses and their consequences. Inclusive measurements and tagged events 

will be the subjects of sections IV and V, respectively. The distinction 

between inclusive measurements and tagged events is that in the former 

one detects a D decay and ignores the remainder of the event, while in 

the latter, one detects a D decay and studies the remsinder of the event. 

Due to a lack of time, we shall not be able to cover a number 0: 

important topics on which we have experimental information. These include 

D and D* spins, 8 00 D -D mixing, 3,4 and p and K* formation in D decays. 599 

*Work supported by the Energy Research and Development Administration. 
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p2 is small, about 0.08 (CeV/c)2. Thus any error in p is demagnified 

in its effect on the determination of the mass. The final result is 

that we measure masses in $" decays with an rms resolution of about 

3 MeV/c2, which is a factor of 5 to 10 better than they can be measured 

at higher energies. 

Charged kaons are identified by time-of-flight measurements 18 and 

neutral kaons are identified by measurement of the dipion mass and the 

consistency of the dipion vertex with the assumed kaon decay. 19 FOK 

each particle combination we first require that the measured energy agree 

with Eb to within 50 MeV and then calculate the mass from Eq. 3 with 

E = Eb. The results, given in Fig. 4 in 4 MN/c' wide bins, show clear 
+ + 

signals in five modes including the previously unreported mode D- + Ksm-. 

Figure 5 shows the D+ and Do mass spectra for the sum of all observed 

modes in 2 MeV/c 2 bins. The mass difference of about 5 MeV/c' between 

the D+ and Do is clearly visible. Fits to the mass spectra give 

and 

M 
Do 

= 1863.3 + 0.9 MeV/c2 (4) 

M 
D+ 

= 1868.4 : 0.9 MeV/c' . (5) 

The errors are dominated by systematic uncertainties such as the absolute 

momentum calibration and the stability of E 
b monitoring. The D+-Do mass 

difference is determined to be 5.1 ? 0.8 MeV/c 2 . ; It LS known more precisely 

than either D mass because several systematic errors cancel in the mass 

difference. The theoretical estimate of this mass difference has been 

widely discussed with estimates ranging from 2 to 15 MeV/c 2 20 . 

B. D *0 Mass 

To obtain the D *0 mass we employ the same trick with D*'D % 
production 

at 4.028 GeV with the following differences: 4 
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a) We observe the Do from D *0 + Don0 decay. Since the Q value of 

the reaction is small, the Do carries off most of the D *0 momentum. Thus 

the detection of the Do rather than the D *Cl causes no real problem. 

b) There is contamination from D 
*+ + Don+ and D *0 -t D'y decays. 

Figure 6a shows the contributions to the Do momentum spectrum. The pro- 

blem here is to determine the center of peak B [D*' + D'S'] in the 

presence of peaks A [D*+ + D"lrf] and C [D*' + D'y I. 
The data and a fit to the data are shown in Fig. 6b. The D *0 

Ol&SS 

is determined to be 2006 2 1.5 MeV/c2. The uncertainty is larger here 

than it was for the Do or D+ because of the difficulty of extracting the 

signal and because the fit is not perfect. 

C. D 
*+ 

Mass 
*+ *- 

There are insufficient statistics to enable us to observe D D 

production at 4.028 GeV (see Fig. 6c), so another method is used to 

obtain the D 
*+ 

We observe the D 
*+ 

mass: -t Don+ decay directly.3 Since 

the Q value is small the f momentum will be only m,jm * (2 7%) of the 

D* momentum. 
D* 

It is thus necessary to use high momentum D 's from high 

energy data ((Ecem.) = 6.8 GeV) to obtain pions with enough momentum to 

be visible in the magnetic detector. 

The kinematics in this case are not as transparent as they were in 

the previous cases, but the essential point is that the Q value determines 

the kinematics and even a crude measurement of the Q value translates 

into a very precise measurement of the D 
*+ 

mass. Figure 7 shows the 

D*+-Do mass difference in 1 MeV/c2 bins. The Q value is determined to be 

5.7 ? 015 MeV which, when combined with the Do mass, yields a D 
*+ mass 

of 2008.6 5 1.0 MeV/c'. 

D. Mass Differences and Q Values 

We previously gave the mass difference 

6Zrn -m 
DC Do 

= 5.1 + 0.8 MeV/c2 . (6) 
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r(D*+ + D+y) _ -- 
r(D*' -+ D'Y) 

(94 

where p is a quark magnetic moment which we assume is inversely proportional 

to the quark mass. Thus, * 

r(D*+ + D+yl 

r(D*' + Do-t) 
(%) 

taking ma = m . 
u 

The quark masses are not real masses and cannot be de- 

termined with any real accuracy. We will thus take two extreme cases to 

test the sensitivity of this assumption: m,hc = mp/mJ, and m,/mc = 0. 

We obtain 

l/25 for >= - mP 

r 0 
*+ 

+ D+Y) 
c m* 

= 

r(D 
*0 

+ D'Y) ! m 
l/4 for " = 0 . 

c 

(9c) 

The results are given in Table II. Independent of the details of 

assumption (c), B(D*+ + D+y) is small, and B(D *+ 
+ Don+) is about twice as 

large as B(D *+ + D++. By accident, the total D *0 width is about equal 

to the D *+ 
width. The best experimental information on D* widths comes 

from Fig. 7 from which we can deduce that r *+ < 2.0 MeV/c' at the 90% 

3 
D 

confidence level. 

TABLE 

D* branching fractions and widths. 
of the input data and the assumptions 

+ 
B(D* + Dn-) 

B(D* + Dn') 

B(D* + DY) 

r (D*') /r CD*+) 

D *0 

0 

0.55 + 0.15 

0.45 c 0.15 

--- 

IV. Inclusive Measurements 

A. Relative Branching Fractions 

The cross section times branching 

have been determined at Ec m = 3.774, 
. . 

the +" (i.e. 3.774 GeV) are shown in Fig. 

GeV are shown in Fig. 9. 5 The results 

Do branching fractions from 3.774 GeV 

data from 4.414 are not in as good agreement, 

there are higher backgrounds at 4.414 

difficult to extract the signal. No conclusive 

decays has been seen at any energy. There 

for Ec m = 4.028 GeV which are consistent . . 

suppression. 
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TABLE III 

0-B in nb for various D decay modes at three values of EC m . . 
E (G=V) Mode c . m . 

3.774 4.028 4.414 
-t 

Do K+IT- 0.27 2 0.05 0.57 I! 0.11 0.30 I! 0.09 

KOrr+n- + C.C. 0.44 r 0.11 1.09 -.! 0.30 0.91 + 0.34 

KTTfn+n- 0.34 + 0.09 0.83 + 0.27 0.91 + 0.39 

t- lrn --- < 0.04 --- 

K+K- --- < 0.04 --- 

Total Do 

observed modes 

1.05 'r 0.15 2.49 f 0.42 2.12 + 0.53 

D t iFOn+ + C.C. 0.15 + 0.05 < 0.18 --- 

-tt 
K+*-V- 0.34 + 0.05 0.40 r 0.10 0.33 + 0.12 

++- < 0.03 --- Tiiil --- 

B. Absolute Branching Fractions 

In the $" we have for the first time a situation in which charm pro- 

duction is sufficiently simple that we can use measurements of the total 

cross section and of 0.B for D decay modes to calculate absolute branching 

fractions. 

The inputs are 

given in section II. 

The assumptions are 

=) The y" is a state of definite isosopin, either 0 or 1. This 
- 

assumption gives equal partial widths to DoDo and DtD- except for phase 
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space factors. 

5) The phase space factors are given by Eq. 2. The value of r is not 
- 

known, but as r varies from 0 to infinity, the fraction of DoDo changes 

from 0.59 to 0.53. We can thus take this fraction to be 0.56 + 0.03. The 

error due to the uncertainty in r is small compared to other systematic errors. 

c) Dij is the only substantial decay mode of the '#'I. The rationale 

for this assumption was discussed in section II. 

The results are given in Table IV. The !?"f decay mode of the D+ is 

comparable in size to the Do -+ K-IT+ decay mode. This decay does not appear 

to be suppressed as was suggested from the analogue of octet enhancement in 

strangeness changing decays. 
23 

TABLE IV 

D branching fractions. See the text for a discussion of the 
input data and the assumption which were used. 

Mode Branching fraction (X) 

Do K-n+ 2.2 + 0.6 

F,+il 3.5 2 1.1 

K- ,+n- ,+ 2.7 + 0.9 

D+ Ka -Z+ 1.5 f 0.6 

K- ,+l: 3.5 + 0.9 

C. Comparison to the Statistical Model 

It is instructiveto compare the absolute branching fractions given in 

Table IV to the predictions of a statistical model. This model, due to 

Rosner,24 uses a Poisson multiplicity distribution and, within each multi- 

plicity, equal contributions from each isospin amplitude. There is no real 

theoretical justification for this model and one should probably view its 

predictions with a certain degree of skepticism. Nevertheless, it can 

serve as a crude guide to the reasonableness of our measurements. 

The statistical model predicitons are given in terms of the ratio of 

a given state to the sum of allstatesof the form K + n~i. Therefore we 

will define f Knn to be the ratio 

f =EB(D+K+nn) 
Knn B(D + all) * (10) 

In addition to K + IITI, "all" will include KQ + ~TI, semi-leptonic decays, 

and Cabbibo suppressed decays. In Table V we list the prediction times 

f Knn divided by the measurement. We expect this quantity to be unity, but 

it appears that this will be true only if fan is about 0.35. This value 

seems low as we would expect a value of 0.6 or higher if the semileptonic 

branching fractions are of the orderof 0.2 for the sum of electronic and 

muonic modes. 1 We may have here the start of a D branching ratio crisis, 

but I think we should reserve judgement until some modes involving ~"5 

are measured. 

TABLE V 

Comparison of the absolute D branching fractions from Table IV 
with the statistical model of Ref. 24. See text for the definition 
of f Knn' 

mode prediction/measurement * 

Do K-n+ (2.7 + 0.7) fKn,, 

zT+il- (3.4 + 1.1) fKnn 

K-n+li-f (2.6 + 0.9) fRnn 

D+ &+ (8.7 + 3.5) fKnv 

K-ll+?l+ (2.9 + 0.7) fKnn 
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D. Charm Production at 4.028 and 4.414 GeV 

With the absolute branching fractions from Table IV we are now in 

a position to calculate the amount of charm production at two of the pro- 

minent peaks in the 4 GeV region. 

The inputs are 

=) o-B from Table III, 5 and 

b) B from Table IV. 

There are no additional assumptions to those already used in constructing 

Table IV. 

We define RD = oD/(20pp). The factor of 2 in the denominator takes 

into account the fact that charmed particles are produced in pairs, so that RD 

can be directly compared to the total hadronic R. In particular, we compare 

it to 

R (11) new : R - Rold - R, 

where R is taken from measurements of the total hadronic cross section, 11 

R old ( 2.6) is taken from measurements of the total hadronic cross section 

below charm threshold,6 and RT is the theoretical expression for the pro- 

duction of a 1.9 GeV/c' mass lepton. 

R, = )15(3 - 62) . (12) 

If D's and T's are the only new particles being produced then R,,, should 

equal RD. If the production of F's, charmed baryons, or even other new 

particles are sizable, then R,,w will be larger than RD. 

The results are given in Table VI. R is calculated from all ob- 
Do i+ 

served Do modes and also from just the better-measured K n mode. At 

4.028 GeV these two measurements are consistent and Rnew is consistent 

with being equal to R,,. At 4.414 GeV the two measurements differ some- 

what, but nevertheless it is clear that whatever else may be happening 

at 4.414 GeV, most of the excess cross section is going into D production. 25 

We shall return to a discussion of R +/RD in section 1V.F. 
D- 

I 

TABLE VI 

Charm production at 4.028 and 4.414 GeV. See text for defi- 
nitions and a discussion oftheinput data and assumptions which were 
used. 

4.028 GeV 4.414 GeV 
-+ -+ 

a11 Do modes K+n- only all Do modes K+n- only 

c 2.8 + 0.7 2.4 
Do 

+ 0.9 2.8 + 0.9 1.5 + 0.6 

c+ 1.1 -r 0.4 1.1 + 0.4 1.1 + 0.5 1.1 + 0.5 

ti 3.9 r 0.8 3.5 + 0.9 3.9 f 1.0 2.6 + 0.8 

< 3.4 + 1.1 3.4 + 1.1 2.7 f 1.1 2.7 + 1.1 new 

t +/'b 0.28 + 0.09 0.31 2 0.10 0.28 + 0.11 0.42 + 0.14 
D- 

E. Charm Production at High Energy 

The calculation of charm production in the high energy continuum is 

not as straight forward as it was at 4.028 and 4.414 GeV because 

=) There are no measurements of D+ production in this region, and 

b) The best measurements of Do production are somewhat incomplete 

and indirect. 

However, there is just enough information to justify a crude calculation. 

The inputs are 

=) uD*' . B(D*+ -+ Do=+, . B(Do -f K-r+, = 13 _+ 4 pb, 3 

b) (25 ? 9)X of Do production comes from D *+ production,3 and 

c) B(D" -t K-n+) from Table IV. 

Due to the techniques employed in Ref. 3, inputs (a) and (b) refer only 

to Do's with momenta greater than 1.5 GeVfc. We shall thus only be able 
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to calculate a lower limit a* RD, although there is likely to be only a 

smell amount of low momentum D production. 

The assumptions are 

=) Equal production of charged and neutral D *, s, and 

b) Except for D* decay, equal production of charged and neutral D's. 

The results for(Ec.m.) = 6.8 GeV are 

+ 0.7 

'b >/ 0.9 (13=) 
- 0.5 

R = 1.7 ? 0.8, end 
new (13b) 

R "1% = 0.33 + 0.08 . f13c) 
D 

These results are consistent with R,,, = RD, but also allow for a 

reasonable amount of F and charmed baryon production. 

F. Alternate Calculation of R +/RD at 4.028 GeV 
D- 

In section 1V.D. we calcualted R +/RD using relative and absolute 
D 

branching ratios as inputs. We can check the consistency of our measure- 

ments by calculating this quantity at 4.028 GeV by an almost orthogonal 

technique. 

The inputs are 

a) D* branching fractions from Table II, and 
- 

b) The relative D 
*oT - 

D , D*'D', and DoDo production rates. 4 

The assumptions are 

a) The $(4030) is a state of definite isaspin, either 0 or 1, so 

that there is equal production of charged and neutral D's and D*' 6, except 

for phase space factors. This assumption is somewhat questionable; it 

has been suggested that the $(4030) may have mixed isospin. 
26 

- 
b) The phase space factor for D*D* production is proportional to 

The result is 

R "/RD = 0.25 + 0.15 , (14) 
D 

which is consistent with the determinations of 0.28 f 0.09 and 0.31 f 

0.10 from Table VI. 

It is clear from these measurements that the fraction of charged 

D produciton at 4.028 GeV is significantly smaller than that et 3.774 

GeV where we have assumed R / D+ % = 0.44 + 0.03. In the near future one 

should be able to combine this result with inclusive lepton production 

et 4.028 and 3.774 GeV to calculate the ratio of D+ to Do semileptonic 

branching fractions. Since semileptonic decays are AI = 0 transitions, 

this ratio is the inverse of the ratio of Df to Do lifetimes. 27 

V. Tagged Events 

With the discovery of the $I", it becomes possible for the first 

time to "tag" charmed 

-+ 
Do decay into K II in 

a without bias, at a D 

in a known direction. 

particle decays. For example, if we detect a 

a JI" decay, then we are also looking, essentially 

decay where the 2 has a momentum of 300 MeV/c 

A. Decays With All Charged Particles 

In section 1V.B. we determined absolute D branching fractions by 

employing some very reasonable assumptions about the nature of $'I. 

We can now check these assumptions by using tagged events to measure D 

branching fractions. 

We use the five decay modes shown in Fig. 4 as the tagging decays 

and look for events in which all or all but one of the decay products 

of the other Daredetected. There are 194 tagging Do decays and 82 
$ 

tagging D- decays. 

3 
PDX. 
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-+ -+ 
We find eight cases of K+n- or K+n-n+,- decay opposite the tagging 

decays. These eight cases come from six events because in two cases 

both halves of the event tag each other, and such events must be counted 

twice. Correcting for detection and triggering efficiencies, these 

events give 

B(D" + K-n+ or K-n+n-n+) = (6.2 + 2.7)% (15) 

which is consistent with the value of (4.9 ? l.l)% from Table IV. 
-++ 

There are two cases of a K+?x-n- decay opposite from a tagging 
f 

D- decay, each from a separate evetit. These two events give 

B(D+ + K-c+n+) = (3.4 + 2.4)% , (16) 

which is in clearly fortuitous agreement with the value of (3.5 f 0.9)% 

from Table IV. 

We can now turn these results around and use them to calculate 

* " branching fractions without the aid of any assumptions. 

The inputs are 

6) a-B for D decays at the +" (Table III), 

b) B for D decays from the tagged events (Eqs. 15 and 16). end 

c) *" total cross section measurements. 
6 

The results are given in Table VII along with the values which 

were assumed in section 1V.B. The measurements are consistent with 

the assumed values. 

Table VII 

JI" branching fractions in per cent. See the text for 
a discussion of the input data. 

B measured B (assumed in Sec. 1V.B.) 

* 11 + DOz 44 + 22 56 t 3 

$" + D+D- 44 + 33 44 + 3 

'4" + D6 88 + 40 100 
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B. Decays With One Missing Neutral 

We can also look for events with a charged kaon, another charged 

particle, and a missing, near zero-mess, neutral particle opposite 
-+ 

These decays could be Do + K+n-r', Do 
-+ 

a tagging Do decay. + K+e-v, 

or D 0 T+ 
+ K u v modes, which we shall designate as D D n3' e3' end D 

P3 

for short. There are ten cases of these events, which leads to 

B(Dv3) + B(De3) + B(D,,3) = (11.7 3 4.1)% . (17) 

Unfortunately it is quite difficult to distinguish between, 

D 
n3 end DE3 decays in the magnetic detector because 

d the leptons often have low momentum and are not discriminated 

from pions, and 

b) low energy li"s are difficult to detect. 

Figure 10 is a computer reconstruction of the one event, out of 

these 10 events, most likely to be a DQ3 decay. One is viewing the 

magnetic detector along the beam. The short closed boxes represent 

trigger counters and the long open boxes represent shower counters 

which have fired. Tracks labeled with the subscript 1 are from the 

tagging decay while those labeled 2 are from the other D decay. The 

tagging decay here is Do + K-n+n-n+. Note that the 250 MeV/c 

IT+ in the upper right hand corner backscatters and eventually reaches 

the trigger counter to the right of the K-. Although the computer 

does not track the backscatter the full distance, the trigger counter 

in question fires 15 nsec late which is consistent with this hypothesis. 

There a-e two charged particles left in the event. The positvely charged 

particle is unambiguiously identified as a kaon by tine-of-flight end 

the 650 MeV/c negatively charged particle is identified as a muon by 

the firing of a spark chamber located behind the flux return. There is 

about a 12% probability that a pion of this momentum would penetrate 



FIG. 10. in event which is interpreted as 

,,,'I + Do i? 
L -+ $p-;; L K-nflt-n+ 

see text for discussion. 

the flux return and be misidentified as a muon. There is approximately 

500 MeV/c of missing momentum in the direction indicated by "3,". The 

missing energy in the event is consistent with being equal to the missing 

momentum and within errors one cannot determine from missing mass whether 

the missing neutral is a neutrino or no. If we assume that the missing 

neutral is a *', then in the worst case at least one of the decay 

photons must be in the active area of the shower counters and deposit 

at least 200 MeV of energy. The probability of the shower counters 

failing to fire on a 200 MeV photon is between 10 and 20%. Thus, every- 

thing else being equal, this event is 50 to 100 tines more likely to 

be a Dug decay than a Dlr3 decay. I have selected this event for a de- 

tailed discussion not so much to convince you that it is a DQ3 decay as 

to demonstrate the difficulty of distinguishing these decays in our 

present detector. 

C. Charged Multiplicity in D Decays 

To determine the charged multiplicities in D decays, we count the 

charged particles opposite a tagging decay and use a Monte Carlo cal- 

culation of efficiencies to unfold the true distributions from the ob- 

served distributions. 28 
In this preliminary analysis we have used only 

-+ -++ 
the K+n- and K+?r-n- modes as tagging decays. Backgrounds, which are 

typically about lo%, have been explicitly subtracted from the data. No 

attempt has been made to identify neutral kaons so that a Ks decaying 

to two charged pions will count as two charged particles. 

The raw data are displayed in the top portion of Fig. 11 and the 

unfolded data are displayed in the bottom portion. Do's decay primarily 

to two charged particles, while D +, s decay to roughly equal numbers of 

one and three charged particles. The mean charged multiplicities are 
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2.3 -r 0.2 (18a) 

(“J,+ = 2.3 k 0.3 . (lab) 
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FIG. 11. Observed and true (unfolded) charged multiplicities 
for D decays. 

The statistical model assumed somewhat higher charged multiplicities, 

typically about 2.7. 

D. Two-prong Do Decays 

Events in which only two charged particles are produced are of 

special interest experimentally because 

=) there is background in two-prong events from QED processes, 

b) they have a much lower detection efficiency in the magnetic 

detector and most other detectors, and 

C) T+T- decays occur primarily in two-prong events. 

We can calculate the fraction of D6 decays that go into two charged 

particles directly from the data in Fig. 11: 

DODo : 2fof2 = (11 r 7)X (19a) 

D+D- : f; = (17 + 8)% . (19b) 

Here fn represents the fraction of decays to n charged particles. The 

fractions of two charged particle events given by Eq. 19 are not vastly 

different from the overall fraction of two prong events. We thus ex- 

pect to see the same type of variation with energy in the two prong cross 

section as in the multiprong cross section. 

Semileptonic decays of D's and leptonic decays of T'S are often se- 

parated experimentally by multiplicity: the D's are presumed to decay 

prfmarily into events with four or more charged particles while T'S are 

presumed to decay primarily into events with two charged particles. 29 

It is thus important to measure the extent to which semileptonic D decays 

can occur in two-charged-prong events. We do not presently have enough 

information to determine this but we can set upper limits by assuming 

that semileptonic decays always occur in the lowest possible charged 

mutliplicities. 
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- 

For DoDo decays the lowest charged multiplicity is clearly 

two, therefore - 
DoDo 2-prong lepton fraction < f. 

< 13% at la c.a. WJa) 

For D+D- decays one might expect that the upper limit is just fl. 

However we can obtain a better limit if we assume that Cabbibo suppressed 

decays are unimportant. Then the simplest semileptonic decay is DC + K'a+v. 

0 The K looks like zero prongs two-thirds of the time and like two prongs 

one-third of the time. Therefore 

D+D- Z-prong lepton fraction < 0.66 fl 

< 34% at 10 CJ. (2Ob) 

E. Neutral and Charged Kaon Production in D+ Decays 

If we assume that Cabbibo suppressed decays are unimportant and if 

fl > 0.33, then D+'s must decay to neutral kaons more often than they 

decay to charged kaons. The proof is straightforward: Df's decay to 

K-‘s,so to conserve charge a Df decay to a charged kaon must contain 

at least three charged particles. A D+ decay to a neutral kaon will 

appear to be a three-or-more charged particle decay at least one-third 

of the time because the kaon will decay into T'n-. Therefore, if D+'s 

decayed equally to neutral and charged kaons. at least two-thirds of 

decays wouldhavethree-or-more charged particles and fl < 0.33. 

From Fig. 11, fl = (41 2 11)X, so it is likely that the condition 

fl > 0.33 is met, but it is not conclusive. 

It is often assumed that overall there should be equal numbers of 

charged and neutral kaons from charmed particle decays. This need not 

be the case and, in fact, is not even true in the statistical model. 
24 

The predictions of this model are shown in Table VIII. The symmetry in 

the semileptonic decays is a consequence of the fact that these decays 

are A I = 0 transitions. It is clear that if there are equal numbers 

of neutral and charged D's produced then in this model overall there 

would be more neutral kaons than charged kaons in their decays. 

Table VIII 

Fraction of neutral and charged kaons in D decays according 
to the statistical model (Ref. 24). 

Do nonleptonic 

D+ nonleptonic 

Do semileptonic 

Df semileptonic 

0 K K- 

0.54 0.46 

0.68 0.32 

0.38 0.62 

0.62 0.38 

VI. Epilogue: A Beautiful Event 

If you study Fig. 11 carefully, you will notice that in the raw 

charged mutliplicity for tagged Do decays the number of five-prong 

events is zero, but not the number of six-prong events. In fact, 

exactly one decay with six charged particles was detected. When we ex- 

amined this event, we were amazed to discover that there was, within 

errors, no missing momentum or energy. This event, which is shown in 

Fig. 12, is 

e+e- T -, t,,” + Do D (21) L L K-r+ . 

If one were so foolhardy as to calculate a branching fraction for 

-0+-+- Do *K IT Tr 7 Tf from this single event, one would obtain the clearly 

absurd value of about 25%. We were thus very lucky to be able to 

see this beautiful decay. 
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I. Introduction 

At last year’s Summer Institute there were good reasons 

to believe that the rich structure in the total cross 

section in e+e- annihilation was due to the production 

of charmed quarks. Evidence for the charm interpretation 

of this structure included the following observations: 

a. The existence and small widths of the J/$ and g’ and 

the intermediate PC/X states. References can be found 

in recent reviews on e+e--annihilation above 2 GeV, 

Ref. 1-3. 

b. Discovery of the D-mesons, as narrow peaks in the Kr 

4) invariant mass spectra . 

c. Discovery of the semileptonic decays of the new hadrons 5) . 

During last year some of the ‘missing’ pieces were found, 

namely a strong increase in the inclusive kaon production 

6, 7) and discovery of the F-mesons 8) . 

A few observations could not be explained by the charm theory, 

namely the observation of many dilepton (eu) events at center 

of mass energies above 4 GeV 9) and the large value of R in 

that region IO, II) . M. Per1 interpreted the ep events as 

decay products of a new heavy lepton f,lZ) . 

In this report I will discus; data, obtained at the e+e- 

storage ring DORIS during last year. The two interaction 

regions were mainly occupied by the experiments DASP, PLUTO 

and DESY-Heidelberg, who obtained data on 

I. Charmonium spectroscopy 

2. The total hadronic cross section between 3.6 and 5.2 GeV 

3. Anomalous lepton production resulting from the weak 

decays of charmed hadrons and heavy leptons 

4. F-meson production. 

2. Detectors 

Before discussing the data, I will briefly describe the 

detectors. Fig. I shows a cross section of the PLUTO 

detector built by groups from DESY and the Universities 

of Hamburg, Siegen and Wuppertal. The superconducting 

solenoid (1.4 m diameter, 1.05 m length) produces a 2 T 

. . magnetic field parallel to the beam axis. Inside the solenoid 

there are 14 cylindrical proportional wire chambers (PWC’s) 

interleaved with two cylindrical lead converters. whose radii 

and thicknesses are 37.5 cm, 0.4 RL and 59.4 cm, 0.72 RL, 

respectively. Electron and photon detection is achieved over 

56 % of 4rr by counting the number of tracks in the PWC’s 

behind the lead converters. The probability to misidentify 

a hadron as an electron was measured to be 3.5 + 0.7 %. The 

electron detection efficiency rises from 20 I at 0.3 GeV/c 

to 80 X above 0.7 GeV/c. Muon identification is achieved 

in 43 X of 4n by PWC’s behind a 68 cm thick iron absorber. 

The hadron absorber causes a mOmenturn cutoff at p = 1.0 GeV/c. 
P 

The measured hadron punchthrough and decay is 2.8 + 0.7 %. 

The detector is triggered by hardwired logic combinations 

of PWC wires. It requires at least two tracks with a 

minimum transverse momentum of 0.24 GeV/c. The solid angle, 

subtended by the trigger, is 86 Z of 4rr. 
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I ran yoke . . __ 

superconducting 

muon chambers 

lead converters 

proportlonol -- 
chambers 

Fig. I View of the PLUTO detector along the beam axis 

Details of the I km 

Cylindrical Detector 
0 7 15 Irm 

Fig. 2 View of the DESY-IID detector along the heae axis. 
N = Nel, L = lead glass, C = counter 

A nO*~gnetic detector, DESY-HDB (DESY, Univ. Heidelberg), 

is shown in Fig. 2. The beam pipe is surrounded by 

cylindrical drift chambers, followed by NaI- and lead 

glass counters, cosmic ray counters. an iron shield, and 

muon chambers. A two radiation length thick mercury 

cylinder in front of the last drift chamber acts as a 

photon converter. Solid angles covered for detection of 

muons, electrons or photons, and charged particles are 

0.32, 0.45 and 0.95 x 4n, respectively. Energy resolutions 

are II % FWHM for NaI and 30 I FWHM for lead glass, both 

at I GeV. 

A cross section of the double arm spectrometer DASP (TH 

Aachen, DESY, Univ. Hamburg, Max Planck Institute Miinchen, 

Univ. Tokyo) is shown in Fig. 3. Full particle separation 

between e, u. p, K and T up to 1.5 GeV/c is achieved in the 

two magnetic spectrometer arms by means of time of flight 

measurement. a threshold Ehrenkov counter, which for mOmenta 

below 2.4 GeV/c fires on electrons only, a shower counter, 

and a hadron absorber with muon counters after 40 and 60 cm 

of iron. Forty cm of iron corresponds to a muon momentum 

cutoff of 0.7 GeV/c. The geometrical solid angle accepted by 

the two spectrometer arms is 7.2 X of 4n. Particles are traced 

by means of a set of proportional wire chambers before the 

magnet and a set of large spark chambers behind the magnet. 

A nonmagnetic detector has been mounted around the beam pipe. 

It covers 70 X of 4n. This inner detector is well suited for 

electron and photon detection by means of a lead scintillator 

sandwich interleaved with proportional tube chambers. The 

angular resolution of the shower counter is 0.03 rad and the 

energy resolution is 14 Xl $? The photon detection efficiency 
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Table I 

List of branching ratios J/$ + f 

channel f BR ; IO3 T(=W detector 

0.073+0.047 

0.80 ‘0. I8 

1.3 co.4 

2.2 +1.7 

2.4 20.7 

0.12 LO.05 

< 0.078 

10.0 22.0 

7.8 .6 +I 

4.0 +I.4 

2.8 +0.7 

5.0+3.2 - 
55 +12 

91 +28 

152 +I17 

165 +48 

8.3+3.5 - 
< 5.1 

690 +I38 

543 2100 

276 +96 

193 +47 

DASP 

DASP 

DESY-HD 

DASP 

DESY-HD 

DASP 

DASP 

DESY-HD 

PLUTO 

PLUTO 

PLUTO 

Table 2 

List of upper limits *’ + f 

channel f BR($‘+yh)xBR(h+f) detector 

Yrl + YYY 

VI’ -+ YYY 

.yX(2.8) + YYY 

pn + YYnn 

YX(3.41) + YYY 

YX(3.45) + YYY 

YPc(3.51) * YYY 

YX(3.55) + YYY 

-Z 1.6 x IO -4 

c 1.2 -4 x IO 

< 3.4 x 10 -4 

< IOX IO -4 

< 4.0 x 10 -4 

< 3.1 x IO 
-4 

< 2.6 x IO -4 

< 2.0 x IO -4 

DASP 

DASP 

DASP 

DESY-HD 

DASP 

DASP 

DASP 

DASP 

prelitkinary ’ 
e+e+fyg 

at 
JW 

-m-m QED 
- - -QED+ 

Reflectionsof 
qand 2’ 

I I 

D&F 

.’ 

/ 
/ 

,’ 
/ 

. 

--- *-_ 
-_-e- 

I I I I 

2.1 2.3 2.5 2.7 2.9 3.1 
Highest Photon Pair Mass Mgx GeV 

Mx =2.83,+ 0.03 GeV 

(GH, = 45’16MeV) 
41 events observed 
19 events expected in?45 MeV = 5 standard deviations 

Fig. 4 Invariant yy mass spectrum of 9 + yyy 

(high mass solution) 
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with QED background. An upper limit of the branching 

ratio Br($‘+X(ZBZO)) is given in Table 2. The X(2820) 

has even C-parity and spin J # 1. Therefore in 

principle. this state can be associated with the lowest 

I 
So level in the charmonium scheme. 

4. The total hadronic cross section 

Measurement of the production of hadrons in e+e- annihi- 

lation has been a rich source of information on the 

structure of hadrons (see reviews, mentioned in Refs. l-3). 

The importance of the total cross section stems from the 

simplicity of the initial state: the electron and positron 

annihilate into a virtual photon, which decays into hadrons. 

Therefore the initial state has well defined quantum numbers 

and energy. This makes a theoretical interpretation much 

easier. For example, the quark model predicts in the 

continuum region (away from resonance production) R = dhad/ 

d =$, 6 
Here R is the ratio of the total hadronic 

PP 

cross section and the muon pair production cross section. 

The sum is taken over the charges Q, of all quarks N with a 

mass below threshold for hadron production at a given center 

of mass energy. In the W(3) model with colour R=2 and in 

the W(4) model with colour R = 3 l/3. Fig. 6 shows the 

value of R at center of mass energies between 3.6 and 5.2 GeV 

as measured by PLUTO. The shaded areas indicate the theoretical 

expectations for the contributions from charmed quarks (cc), 

6.0 , , , , \ , , , , , r , , , 

R h PLUTO 

t 
R new 

J 

I R-r 

t 
R old 

1 
L.5 5.0 GeV 

Fig. 5 Total hadronic cross section in units of R = o 
had”pp 

6.0 , I I I I I I I I I I I ' I 

R2 - PLUTO _ 

5.0 - 

4.0 - 

3.0 - 

2.0- 

/ 
o- ' "' 

4.0 4.5 5.0 GeV 

Fig. 6 Total hadronic cross section for twoprongs only. 

The dashed line is the contribution from a heavy lepton 
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a heavy lepton ( T F), and the "old" quarks. These data 

are slightly different from previously published data 11) , 

because of refined radiative corrections and the simulation 

of jet structure in the Monte Carlo program. The large 

solid angle of the PLUTO detector (94 % of 4n for detecting 

charged particles) yields a high detection efficiency: 

90 5: for multiprongs and 40 % for twoprongs. This brings 

systematic errors from the Monte Carlo simulation down to 

7 X. The total systematic errors, which are not included 

in the figure, are quoted to be 12 X. 

The value of R at Ecm = 3.6 GeV is close to the value 

expected for three quarks, while at Ecm = 5 GeV the value 

of R (4.7 + 0.5) disagrees with the value of R expected 

from the charm model (R = 3.33). However, if the contribution 

from B heavy lepton is added, the expected value of R (4.2) 

is not far from the measured value. The PLUTO data shows a 

similar structure as the SLAC-LBL data, shown at this 

Conference 15) . However, the latter data are systematically 

higher by about 15 to 25 I. This is within the quoted 

systematic errors of 12 X for PLUTO and 15 4 for SLAC-LBL. 

Fig. 7 shows the twoprong hadronic cross section in units 

of R. It reproduces the structure observed in the multiprongs, 

which indicates a rather large charm contribution to the 

twoprongs. If one subtracts from the twoprongs the contribution 

expected for a heavy lepton (dotted line in Fig. 7), one finds _ 

an increase in R2pr of 0.6 units between 3.6 and 4.03 GeV. 

At this Conference the branching ratios for D's going into 

twoprongs was reported to be 13 + 8 Z, if one takes into 

account a production ratio D?: Do = I : 4 16) . One then 

expects an increase in R 
2Pr 

of 0.4 + 0.2 in reasonable 

agreement with the observed increase. 

5. Inclusive hadron production 

5.1 Inclusive kaon production 

In the charm model charmed mesons decay preferentially to 

strange mesons: about 95 X of the decays of D-mesons are 

expected to contain kaons 17) . Therefore, if the increase in 

R around 4 GeV is due to charm production, one expects an 

increase in the kaon yield equal to almost twice the charm 

cross section, since charmed particles are produced in pairs. 

Figs. 7 and 8 show the inclusive yield for charged kaons (K+ + 

6) as measured by DASP , 

2 7). 

and the Kt yield as measured by 

The sharp rise around 4.03 GeV coincides with the 

sharp rise of R at that energy. Further evidence for the charm 

interpretation of the rise in the kaon yield comes from the 

momentum spectra. Just above charm threshold the increase 

0cc"rs for XE < 0.5 6, 7) . This one expects for the decay 

products from a pair of heavy particles produced almost at 

rest, for which the kaon momentum is limited to values below 

half the mass of the heavy particle. At higher center of mass 

energies the momenta are smeared towards higher values due to 

the higher momenta of the parent particles 6, 7) . 
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Fig. 8 Inclusive Kg production versus Ecm, PLUTO 

From a comparison of Figs. 7 and 8 one finds that 

d(K+ + K ) 22 2 d(Ki). This is not an a priori 

requirement of the theory, since the ratio of charged 

to neutral kaons depends on several factors, like the 

specific decay modes of the charmed hadrons and the 

relative amount of Dz and Do production 18) . 

As will be discussed in section 6.3, charmed particles 

have an appreciable semileptonic branching ratio. There- 

fore, a large fraction of the final states of a pair of 

charmed hadrons will have both kaons and leptons. The 

result of a search for Ke correlations by PLUTO is shown 

in Fig. 9 19). The sharp peak at 4.03 GeV is another clear 

indication that both, the increase in R at this energy and 

the increase in the fraction of events with kaons, are due 

to charm production. 

5.2 Inclusive hadron spectra 

One of the reasons for studying inclusive hadron production 

+ - 
in e e annihilation is to test scale invariance, which 

predicts that the shape of the hadron energy spectra is 

independent of s and that the cross sections vary as l/s 20) . 
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Fig. IOa shows the inclusive pion energy spectra at s = 

13 and 25 GeV2 , as function of x = E 2 Eh/ K, where Eh 

represents the hadron energy 21) . For xE > 0.3 the spectra 

are roughly scale invariant. The line in Fig. IOa represents 

an exponential exp(-bxg) with a slope b of 8.8. The increase 

at low x g can be accounted for by the fact that charm 

production has started between s = 13 and 25 GeV'. Other 

hadrons (K, p) show cross sections, which fall roughly on 

the same exponential line 2'). 

The PLUTO inclusive hadron spectra are shown in Fig. IOb 22) . 

Since particle identification was not possible, they used 

xP = 
2 p,/ Finstead of xg. Both variables are only 

identical if ph >> mh. The PLUTO data agrees with the DASP 

data at all x 
P' 

However, both datasets disagree with the 

SLAC-LBL data 23) for xp > 0.5, as shown in Fig. IOc. 

5.3 Inclusive antiproton yield 

In neutrino reactions and photoproduction experiments there 

is evidence for charmed baryon production, from which one 

would expect a substantial increase in the antiproton yield 

for E cm2 4.5 GeV. 24) Fig. 4 shows the antiproton cross 

section as function of \F, as measured by DASP. There is no 

evidence for a strong increase above 4.5 GeV. From the 

difference R; (z 5 GeV) - R; (4-4.5 GeV) = 0.05 + 0.04 we 

estimate d - BB+X = 0.4 + 0.3 nb, assuming the branching ratio 

; + p + x to be 0.5. 
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6. Anomalous lepton production 

6.1 Sources of anomalous leptons 

By anomalous leptons we mean leptons, which can’t be 

explained by the “old” particles. Here we will concentrate 

on the .,,eak decays of heavy leptons and charmed 

mesons. Both particles can be produced at the same center 

of mass energy in e+e- annihilation, and both can lead to 

final states containing leptons plus hadrons. Characteristic 

features for the decays of these particles can be derived from 

the relevant quark diagrams. shown in Fig. 12. The decay of 

a charmed meson is represented as the decay of a charmed quark 

into a strange quark and an intermediate boson, which decays 

into a lepton neutrino pair. This gives rise to at least one 

charged lepton plus a strange meson in the final state. Taking 

into account that charmed mesons are produced in pairs, one 

expects an averaged charged multiplicity of 4 to 5 or even 

higher far above threshold, where the charmed particles can 

be produced in conjunction with other hadrons. For the leptonic 

decay of a heavy lepton one expects in most cases only one 

charged particle. coming from the decay of the intermediate 

W-boson. More quantitative estimates 25) predict that 85 X 

of the decays of a heavy lepton contain only one charged 

particle. Further features by which one can separate experi- 

mentally heavy lepton production and charm production, are: 

I) The energy dependence of the production cross section 

(pointlike for heavy leptons, damped by form factors 

for hadrons). 

eW1 
v&Q 

or hadron 

(a) 

I 

(b) 

Fig. 12 Quark diagrams for 

a) semileptonic decay of a 
charmed meson and 

b) leptonic decay of a heavy 
lepton. 
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2) Very few kaons come from heavy lepton decays. 

3) The pure leptonic decay mode is about 40 % for a 

heavy lepton and negligible for charmed hadrons, 

because the simple-minded quark diagram of Fig. 12 

predicts hadrons in the final state. Therefore the 

semi-leptonic decay mode will be much more important, 

4) The lepton spectra from a heavy lepto" decay 26) extend 

to higher momenta than the lepton spectra from charmed 

27) particle decays . 

I" the DASP detector the muon was identified in the 

magnetic spectrometer, while the electron was identified 

in the shower counter of the inner detector. The small 

background. as compared to the SLAC-LBL data, is due to 

the better lepton identification. This makes it possible 

to confirm the heavy lepton also in inclusive lepton 

spectra, as will be discussed below. A more extensive 

discussion on the properties of eu events can be found 

in recent reviews on heavy leptons 29) . 

6.3 Anomalous electron production 
6.2 Anomalous eu events 

Anomalous ep events were first found by the SLAC-LBL 

collaboration 'I. They have now observed 190 Ed events 

in the energy range 3.8 < E < 7.8 GeV with a background - cm- 

due to misidentified hadrons of 46 events. These events 

are unlikely t" come from semileptonic decays of hadrons, 

since the possible contribution from e+e- + et u 
+ 

+ unseen 

hadrons was estimated to be less than 39 % (90 % CL). The 

undetected hadrons could arise from charged hadrons or 

photons escaping the detector or neutral particles, like 

< or n arising from the semileptonic decays of charmed 

hadrons. 

PLUTO was the first experiment to confirm anomalous ep 

28) events . Based on an integrated luminosity of about 

5700 "b-l, taken at center of mass energies between 3.6 

and 5.2 GeV, they observed 23 Ed events 28) with a back- 

ground of 2 events. DASP observed II ep events with a 

background of I + 0.5 events in the same energy range. 

DASP has studied the reaction e+e- + e+ + X '* 30). The 

detector was triggered on a single particle passing through 

the spectrometer, thus eliminating any experimental bias 

on the system X. A" electron event was defined as follows: 

I) A particle with a momentum above 0.2 GeV/c fired the 

threshold &re"kov counter. 

2) That particle produced a pulseheight in the shower 

counter consistent with the energy of a showering 

particle. 

3) At least one additional particle was observed in the 

inner detector, which did not cause a shower. This 

requirement reduces QED background to less than 5 %. 

Candidates of the type e+e- + e+e-y, which acciden- 

tally passed the criteria, were removed by a kinematical 

fit. 

The following sources of remaining background were considered: 
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I. Dalitz decays of no (K) or pair conversions of 

photons. 2. Hadrons mislabeled as electrons. 3. Beam 

gas interactions. 4. Compton scattering. 5. Semi- 

leptonic decays of pions and kaons. 6. e+e- 
+ - 

+ee + 

hadrons. 7. Cascade decay through an intermediate state. 

Table 3 

Multiplicity distributions: The number of inclusive electron events 

are given with Nch charged tracks (including the electron) and N 
Y 

photons observed. The electron momentum is p, > 0.2 GeV/c. 

After various cuts on time of flight, interaction volume 

and pulse height in scintillators and shower counters 

are made, an estimated background of 11.5 + 2.1 % for 

twoprongs and 15 + 5 X for multiprongs remains. This 

estimated background was verified from data taken below 

threshold (3.6 GeV). 

(a) 

(b) 

E = 3.99 - 4.52 GeV 
cm 

N ch 

5 6 

13 

9 

8 

I 

2 In analyzing the topology of the anomalous electron events, 

we found that the most populous channel was the twoprong no 

photon class (37 events, see Table 3). Furthermore, the 

averaged photon multiplicity in the twoprong class, is very 

low?ny = 0.5 + 0.2. For the multiprongs (182 events) the 

averaged charged and photon multiplicities are 5.6 + 0.3 

and 1.9 + 0.3, respectively. These values were corrected 

for the limited detection efficiencies (0.73 + 0.05 for 

charged particles, 0.70 + 0.05 for photons). From a Monte 

Carlo study we estimated that I7 9. of the twoprong no 

photon events can come from higher multiplicity events in 

which some tracks went undetected. Therefore there exists 

a genuine two prong no photon class of events. 

E = 4.52 - 5.2 GeV 
cm 

I 

2 

- 

I6 

9 

3 

3 

As mentioned in Section 6.1, charmed particles decay mostly 

into high multiplicity final states. Detailed estimates, 

given in Ref. 5, lead to the conclusion that not more than 
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12 9. of the twoprong no photon events can be attributed 

to decays of charmed hadrons. Therefore the remaining 

twoprong no photon events can only be understood if one 

assumes that a new weakly decaying particle different 

from the charmed particles is produced. The mass of this 

particle has to be above 1.8 GeV, since no anomalous 

electron events were found at Ecm = 3.6 GeV. Of course the 

heavy leptbn is a good candidate for such a particle. 

Before comparing the twoprongs with the heavy lepton 

hypothesis, we will concentrate on the multiprongs defined 

as events with three or more charged particles and any 

number of photons. These multiprongs are mainly due to 

charm decays. An upper limit of the contribution of a heavy 

lepton to the multiprong class was calculated to be 12 X 

from the measured branching ratio of a heavy lepton into 

multiprongs (see section 6.4) and the assumption that all 

our twoprongs arise from heavy lepton decays. As mentioned 

before, the contribution from charm to the twoprongs is 

less than 12 %. Therefore the two sources for the anomalous 

electron events are well separated by a cut on the charged 

multiplicity. 

An independent check that the source for the twoprongs is 

different from the source for the multiprongs comes from 

the averaged number of kaons in each class: 0.90 + 0.18 

charged kaons/event for the multiprongs and 0.07 20.06 

charged kaons/event far the twoprongs 30) . The first value 

is in excellent agreement with the charm hypothesis, while 

the second value agrees with the value expected for a 

25) heavy lepton . The values mentioned above were 

determined from twoprong and multiprong events with 

an identified hadron (n, K, p) in one of the DASP 

spectrometer arms and an electron in the inner detector, 

The electron spectrum for the multiprongs is shown in 

Fig. 13: (a) at threshold and (b) at all energies. The 

background from multihadrons and a heavy lepton, shown 

as the solid and dotted lines in Fig. 13 b was subtracted. 

The spectrum is rather soft: 85 % of the events have an 

electron mOmenturn below 0.8 GeVfc. Such a soft spectrum 

was expected from charm decays, since even the decay modes 

with the lowest multiplicity D + evK or evK* give such a 

soft spectrum (see Fig. l3a) 27). 

The cross section for the multiprongs is plotted in Fig. l4a 

as function of energy. The background and the contribution 

from a heavy lepton have been subtracted and radiative 

corrections were made. Fig. l4b shows the semileptonic 

branching ratio, defined as d(e+e- + e+ 1. 2 prongs)/ 

2 d (charm). Here d (charm) has been obtained from the 

increase in the total hadronic cross section above 4 GeV, 

after subtraction of the contribution from a heavy lepton. 

We used the PLUTO data on the total cross section. The 

average semileptonic branching ratio is 0.11 + 0.03. This 

error comes mainly from the systematic errr~r in d(charm). 

An independent determination of the branching ratio is 

obtained from the fraction of events where a second 

electron was seen (27 events with an estimated background 

of I4 + 2). This leads to an averaged semileptonic branching 

274 



'al 
+a 
- b 

I 
I 

I 
I 

I 

In 
0 

In 
0 

Ei 
l-4 

N
 

7 
-. 

d 
6 

d 
0 

d 



ratio of 0.16 + 0.06 in agreement with the previous value. 

Note that the latter value does not depend on d(charm), 

We now discuss the twoprong no photon events, thus ex- 

cluding events with photons. The twoprong cross section 

as function of G is shown in Fig. 15, Here we included 

all twoprong date with a lepton (e or v).The tote1 *umber of 

observed twoprong events is listed in Table 4. The number 

of UX is lower than the number of eX events, because of 

the different momentum cutoffs (0.7 GeV/c for muons, 0.2 

GeV/c for electrons). 

The data in Fig. I5 were obtained after subtraction of the 

background given in Table 4 and the feed down from higher 

multiplicity events. The contribution of charm going into 

twoprong no photon events was estimated to be small. The 

energy dependence of the data agrees with the prediction 

from a heavy lepton (spin l/2, V-A, rnT = l.9,mq = 0 GeV/c’), 

shown as the solid line in Fig. 15. Also the lepton momentum 

spectra agree with this hypothesis, as shown in Fig. 16. 

The data below 0.7 GeV/c has been corrected for the muon 

mOmenturn cutoff by assuming ep universality. 

Note the difference between the spectra of the multiprongs 

(Fig. 13) and twoprongs, which extend up to I GeV/c and 

2 GeV/c, respectively. This indicates again the different 

origin of twoprongs and multiprongs. 

(T ( e+e-+ e/p + charged ) 

-I-I 

Fig. I5 
- V3(GeV) 

Energy dependence of twoprong no photon events (ell + IIC + eC) 
and expectation from a 1.9 GeV heavy lepton (solid curve, 
V-A assumed). 

-i 26792 
-G I 1 1 n - I I 1 8 q 
5 G(e*e-- e / p + charged 1 

2 0.5 3.99 < E,-,, < - 5.2 GeV -I 
n 
5 

t I 
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Table 4 Number of observed twoprong no photon events for 4.0 < 6 < 

5.2 GeV, DASP. 

/:r;::,... - 

=lJ II 

i 

e + ich + Oy 37 

p + Ich + Oy 14 

Background (multi 

hadrons, QED) 
(events) 

Feeddown from 

0.7 + 0.3 

5.6 + 1.4 

2 + 0.5 

Table 5 Fits to inclusive muon spectra, PLUTO 

spin decay mvf 5 BR(I) BR(IJ) x2 / DF 

0 -K13 0 1.67 + 0.08 1.35 + 0.29 6.519 

I12 V-A 0.5 1.72 + 0.09 .I30 + 0.017 22.5/9 

II2 V+A 0 1.79 + 0.07 . 136 + 0.019 l5.1/9 

1/* V-A 0 1.91 + 0.03 .I09 + 0.012 10.3/g 

Table 6 e,, - and pp - events and backgrounds, for 4.0 < \rs 

PLUTO 

event number of background visible cross 

signature events sect ion 

+ 
=- v 

; 
I 23 I 2 33 pb I 

+ - 
u LJ I 6 I 0 8 pb 

c 5.0 GeV. 

0 pb 

5 pb 

0 

From the ratio of twoprongs with electrons to twoprongs 

with muons one finds B(e)/B(p) = 0.8 + 0.3. 

This ratio is consistent with one. Therefore we assumed 

B(e) = B(p) and then found from the ep-events B(e) = B(u)= 

0.20 + 0.03. 

6.4 Anomalous muon production 

Both PLUTO and DASP have studied inclusive muon production. 

Here we will restrict ourselves to the PLUTO data 31) , since 

the DASP m~.~on data has been shown together with the electron 

data. The PLUTO detector is very suitable for muon detection, 

because of its compact, thick iron yoke, which gives a short 

decay path for pions and kaons and little punch through 

('h',, - - 2.8 + 0.7 %, see section 2). The disadvantage is 

a rather high momentum cutoff of I GeV/c, which makes it 

difficult to observe the semileptonic decays of charmed 

particles (compare Fig. 13). A muon event is defined by a 

particle with )cos et< 0.75 penetrating the iron absorber 

and at least one other track withlcos t3l< 0.87 having a 

+ - 
momentum above 0.2 GeV/c. Background from e+e- + v u was 

removed by requiring an acoplanarity of at least IO'. while 

contributions from e+e- + II+ 11 y could be removed by a cut 

in the missing mass squared 31) , After subtraction of a 

+- 
small remaining background from e e + II+ p yy and mis- 

identified hadrons, 215 twoprong and I08 multiprong events 

remained. The momentum spectrum of the twoprongs is shown 

in Fig. 17 for three energy intervals. The sharp slope of 

the spectra excludes a twobody decay, for which a flat 

spectrum is expected. A second important feature is the 
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shifting of the spectra towards higher momenta at higher 

center of mass energies. This is characteristic for the 

decay from a pair of fixed mass particles due to the 

Lorentz boost. The Lorentz boost is dlso evident from 

the coplanarity distribution of the twoprongs, shown in 

Fig. I8 for the three energy intervals. A clear shrinking 

of this distributions at the higher energies is seen. 

The spectra of Fig. 17 have been fitted to the heavy lepton 

hypothesis by varying spin, coupling and the masses mr and 

m VT - The results are presented in Table 5. The spin zero 

assignment is ruled out (higgs boson ?), even though the 

2 
X IS smallest, because the resulting branching ratio B(p) 

100 Z. This is ruled out by the relative number of eu and 

vu events (see Table 6). The large x2 of the next fit with 

m VT = 0.5 GeV/c* excludes the assumption that a new baryon 

is observed, which decays into n + p + v. Among the last two 

fits the V-A coupling is favoured, although the V+A coupling 

cannot be ruled out. The last fit is represented by the 

solid lines in Fig. 17. The resulting mass is 1.91 + 0.03 

GeV/c*. Fig. 19 shows the muon momentum spectrum of the 

multiprongs at F= 5 GeV. The solid line represents a fit 

to the data at all energies with the parameters for a heavy 

lepton of the last line of Table 5. A comparison of the 

multiprongs and the twoprongs yields B(I) = 0.7 + 0.1, 

B(> 2) = 0.3 + 0.1, and B(u) = 0.15 + 0.03. From the eu 

events one then finds: B(e) = 0.14 + 0.04. Fig. 20 shows 

the agreement between the electron spectrum of the ep events 

and the prediction for a heavy lepton with the parameters of 

the last line of Table 5, taking into account the decreasing 

Fig. I7 Inclusive muon spectra of twoprongs, PLUTO 
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Fig. 21 Inclusive muon cross sections versus v- s for twoprongs, 

multiprongs and ue events. The curves are expectations 

from rdecay. 280 

electron detection efficiency at low momenta (solid 

curve). The cross sections for the various event classes 

are shown in Fig. 21 as function of center of mass energy. 

They all show the same threshold behaviour and agree with 

the heavy lepton hypothesis, represented by the solid lines. 

7. F-meson production 

The charm model 17) predicts, besides the existence of +'s 

Ccc quark pairs) and D-mesons (c; or CC? quark pairs), the 

existence of F-mesons, made out of a charmed quark and a 

strange quark (cc or cs quark pairs). The F-mesons form two 

isosinglets with charges + I and - I. The lowest mass F- 

meson should have a weak decay predominantly into an si 

system, leading to final states containing KI?, 0, n or n'. 

The strong decay of the first excited state F* -f Fir Ls for- 

bidden by isospin conservation and the decay F* * Fhrr is 

likely to be forbidden by energy conservation. As will be 

shown below, the difference between the Fe and F mass is 

indeed less than 2 pion masses. Therefore the main decay 

mode of the FC will be the electromagnetic decay F* + YF. 

In case of D+ + YD such an electromagnetic decay can be 

observed as an enhanced low energy photon production, as 

shown in Fig. 22: the fraction of events with a photon with 

energy below 0.2 &V/c (called ylow) is clearly larger at 

4.03 GeV than at other energies. At 4.03 GeV D* production 

is known to be copious 4, 16) . There is also an enhancement 

around 4.4 GeV, which could be due to F* production. 

DASP searched for F production by measuring inclusive n 



: 

-s r 

5.2 

(GeV) 

Fig. 22 Fraction of events with a low energy photon versus 6. 

production in conjunction with a low energy gamma. 

n’s can be detected in the DASP inner detector via its 

2y decay mode. Because rl is a frequent byproduct of n’ 

a search for n includes a search for q’. From the energy 

resolution (14%/ m and the angular resolution (0.03 

radians) of the shower counter one finds an invariant 

n mass resolution of about A0 MeV. 

Fig. 23 shows the invariant mass spectra of all yy 

combinations for events required to have more than one 

charged track coming from the interaction point, one 

photon with E 
7 

< 0.14 GeV, and more than one photon with 

Ey > 0.1 GeV. The total momentum of the yy combination was 

required to be between 0.3 and 1.2 GeV/c. Beam gas back- 

ground was further reduced by requiring that at least 0.1 

GeV be deposited in the forward and backward hemisphere 

with respect to the beam axis. The solid lines in Fig. 23 

represent the background, obtained by reconstructing 

invariant masses from uncorrelated photon pairs belonging 

to different events with the same number of photons. This 

background was normalized to yy combinations with m > 
YY 

0.7 GeVfc’. However, the ‘renormalization’ was always less 

than 15 X, since the spectra for the uncorrelated photons 

were obtained from the same event sample as the spectra for 

the correlated photons. 

At all energies one sees an enhancement at the x0 mass in 

Fig. 23 with no further significant peaks. However, as shown 

in Fig. 24a, a significant enhancement around the n mass has 

been observed at E cm 
= 4.4 GeV. The signal (104 events) with 
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0.45 < m < 0.65 GeV is more than five standard deviations 
- YY 

above background (I 80 events). An improvement in the signal 

to background ratio can be obtained by excluding events in 

which the photons overlap with other particles in the 

scintillators of the shower counter, thus degrading the 

energy measurement. The yy mass spectrum for the “clean” 

events is shown in Fig. 24h. 

To test if the excess of low energy photons (ylow) is corre- 

lated with q production, we plotted in Fig. 25 the fraction 

of events with ylow versus M yy. As expected from Fig. 22, 

this ratio is seen to be higher at 4.0 GeV, but independent 

of M 
YY’ 

However, at 4.4 GeV there is a clear enhancement 

at the q mass. The curve at 4.4 GeV represents a Gaussian 

with a width and peak value expected far the n superimposed 

on a background obtained from a smooth curve through the 

average ratios at 4.15 and 4.5 GeV. 

Fig. 26 shows the visible cross section e+e- + ylow +Il+x 

as function of center of mass energy. Ihe open cirles were 

obtained from the excess of events in Fig. 24a. An independent 

estimate of the background was obtained from the assumption 

that all events not having a low energy photon are a measure 

8) of the background . The results are represented by the 

black points in Fig. 26. The two methods give the same 

results, thus showing also that n’s are predominantly 

produced in conjunction with a low energy photon. 

In order to determine the mass of the F meson. we searched 

for the simple two body decay of the F into 1~~1 8) . The pion 
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Fig. 25 Ratio of events with ylow and events without 

ylow versus M 
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was required to be in one of the spectrometer arms. 

thus determining fully its position and momentum. The 

events had to fulfil the following selection criteria: 

the pion momentum is above 0.6 GeV/c, there are at least 

two photons with energies above 0.1 GeV forming a yy 

invariant mass in the n mass region, and there is at least 

one more photon with an energy below 0.2 GeV. 

A total of 35 events satisfied these selection criteria. 

The events were fitted to the reactions 

+ - 
e e + FF' + (71~~) (ylow) (X) (1) 

+ - 
e e + F'Fx -t 0‘ lo") (nuv) (X') (2) 

There are two constraints to these reactions, namely 

M = M and MX = M 
YY n 

trn for (I) or %,= MTln + M 
YlOW 

for (2). 

For (2) this constraint only works if one Selects the 

right y low. The recoil masses Ek or %, can be calculated 

since the initial state and the remaining four vectors in 

the final state are known. 

There were 15 events, which gave a fit to hypothesis (I) 

with a x 2 
< 8. We made two additional cuts, namely a cut 

on the difference between the fitted vrn mass and the 

measured TIJ mass. Three events are lost by this.cut as 

shown in Fig. 27a. Furthermore we required /M71Q - MrecoilI 

< 0.2 GeVfc', since we required in the analysis that the 

energy of the low energy photon was less than 0.2 GeV. 

Four events are lost by this cut, as shown in Fig. 27b, 

where we plotted Mrecoil - M versus M 
rn 

71n for two energy 

intervals. For the remaining 8 events at 4.4 GeV we 
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plotted Hrecoil versus M “11 in Fig. 28. There is a 

clear cluster of seven events at M 
nrl 

= 2.04 GeV/c’, 

indicating that these events are indeed coming from 

reaction (1) or (2). The fact that there are no events 

in the neighbourhood of this cluster shows that the 

background is negligible. This can also be seen from 

Fig. 27b: a similar luminosity was taken at the energies 

4.03, 4.4. 4.5, 5.0 and 5.2 GeV. but one sees only a 

cluster at E cm = 4.4 GeV. 

We therefore conclude that we see a real signal for FFx 

or FfF’ production. The latter possibility cannOt be ruled 

out, since most of the events gave also a good x2, when 

fitted to the second hypothesis (2). This fit shifts the 

rrn maes by about 0.06 GeV. For the averaged value between 

the two fits, we find 

M *ll =% = 2.03 + 0.06 GeV/c2 

and Mrecoil = MF* = 2.14 + 0.06 GeV/c’ 

From E(ylow) one finds directly MF* - t.$ = 0.12 + 0.04 

GeV/c’. 

Summarizing the results on the F-meson, we find a signifi- 

cant production of n with a low energy photon only neat 

4.4 GeV. The n production is predominantly accompanied 

by a low energy photon. The total q production cross 

section is a substantial fraction of the $(4413) cross 

section, indicating that FF’ or F?” may be major decay 

modes. 

Analysing events containing q, TI and a low energy photon 

in the final state and fitting these events to either 
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+ - e-f 
e e + FF* or F F we find 7 events which give the 

same F and F* mass values, m F = 2.03 + 0.06 GeV and - 

mF* = 2.14 + 0.06 GeV. From the energy distribution 

of the low energy photon alone we find mF* - II+ = 

0.12 + 0.04 GeV. 
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Initial Results from DELCO at SPEAR 
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Stanford University 
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I. Introduction 

DELCO is the new experiment at SPEAR. It was installed just five 

months ago in the East Pit, and this is the first report on the experiment. 

It is well known that it takes at least a year before a major new ex- 

periment is debugged. understood, the software developed, and the data 

analyzed. It is therefore premature to talk about results, and I should 

entertain you with details of the hardware and the analysis. You, in 

turn - if this does not interest you greatly, should have the pleasant 

choice between a nap and another cup of coffee. But wait: 

In an effort not to lose you all at the outset, I promise to go be- 

yond nuts and bolts, premature or not, and spend the second half of my 

time showing you our first results. 

What I have to say today is the result of a great deal of sweat and 

blood on the part of all the people who designed, built, tested, installed, 

and ran the experiment. I should introduce at least the following: 
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II. Apparatus 

DELCO stands for "Direct Electron Counter". The basic objective of 

the experiment is to detect leptonic or semileptonic decays of new part- 

icles, by identifying electrons (or positrons) among the particles pro- 

duced in hadronic annihilations. And because the measurement of R has 

been such an important tool for finding new physics, DELCO provides an in- 

dependent measurement of it, and of the contribution made to R by events 

with electrons. The heart of the detector (Figs. 1,2) is an atmospheric 

threshold Cerenkov counterl,filled with ethane, which detects electrons 

over 60% of the total solid angle. (Compare DASP: 7%, Lead Glass Wall:6%). 

But DELCO is really a rather general detector capable of studying most 

aspects of e+e- interactions: The interaction region is at the center of 

a cylindrical multiwire proportional chamber. This chamber consists of 

6 layers with a total of nearly 4000 wires, with 2 IUD spacing. Mechanical 
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Figure 2 

support is provided by low density 
3 

(29mglcm ) Styrofoam. The innermost 

layer is at a radios of 10 cm, the outermOst one at 30 cm. In addition 

to azimuth information, provided by the wires, polar angle ueasurements 

are obtained from four cathode (high voltage) planes, which are subdivid- 

ed into 1 cm wide strips oriented at f45' with respect to the wires. 

This chamber sits in an axial magnetic field of about 3.5 kg gener- 

ated by a specially designed magnet which leaves most of the space around 

the interaction region open for particle detection. The beams pass 

through holes in the polepieces. The return yoke is outside the outer- 

most detectors. The total field integral provides an average azimuthal 

bend of 50 MeV/c. 

Outside the proportional chamber the detector has hexagonal symmetry. 

Particles traverse the Cerenkov counter, then two magnetostrictive spark 

chambers, and finally a shower counter. Each sextant of the Cerenkov 

counter is further subdivided into two cells by a plane perpendicular to 

the beam direction. The average Cerenkov radiator traversed is 1 meter. 

The light in each of the 12 Cerenkov cells is focused by an ellipsoidal 

mirror (via a plane mirror) on a 5" RCA 4522 photomultiplier, coated with 

PTP wave shifter. In the absence of magnetic bending, all Cerenkov light 

reaches the photocathode, generating 12 photoelectrons on average for a 

B=l particle. One nice feature of the ellipsoid is that all 

optical paths are isochronous, therefore we can impose stringent timing 

cuts on Cerenkov signals. (Fig. 3). 

In fact, only the light which originates at one focus (the inter- 

action point) is collected at the other focus (the photocathode). The 

spread due to the finite angle of Cerenkov emission just about fills the 

area of the 5" photocathode. The bending of low momentum particles in 

the magnetic field however moves the effective light source away from the 
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focus, and this leads to a gradual decrease in the efficiency of the 

counter below 350 Me"/c.' To reduce y-ray conversions and multiple 

scattering, the total amount of material seen by the interaction products 

is kept small: 3.57: of a radiation length for particles perpendicular to 

the beam direction, made up as follows: 

thickness g/cm2 %l r 

vacuum pipe (stainless steel) 0.015cm 0.12 0.86 

MWPC (Styrofoam), etc. 20 cm 0.65 2.4 

Cerenkov window + ethane 80 cm 0.10 0.2 

At this point we reach the mirrors, which are 1.5~1 x 1.51~ objects, 

constructed by replication of a male mold with a polyester resinfflexcore 

hexel/polyester resin sandwich. 

Outside the Cerenkov counter the spark chambers (with magnetostric- 

tive readout) give 2 pairs of orthogonal coordinate measurements. These 

are used, together with the MWPC information to determine angles and 

momenta. The resolution attainable is AP/P % 13% P (GeV/c),A$ = -L5 m-r. 

A0 = f4 mr at 1 GeV/c. But most of what I will show you today is based 

on rough, preliminary alignment, calibration, etc., so on average today 

our resolution is considerably poorer. 

For the data collected so far, the outermost elements of the detec- 

tor are the shower counters. These are rather massive items, as they 

contain 3 layers of lead, each 2 radiation lengths thick, followed by 3/8" 

thick scintillators (NK 114). 

Each shower counter module is divided into 4 strips. If this plane, 

covering l/6 of a hexagonal Structure (60' in $) were part of a cylinder, 

each strip would correspond to 15O in 0. A measurement of the coordinate 

along the beam direction (z) is provided by the time difference between 

the pulses from the two ends of the first scintillator layer. The 

292 



1000 

800 

F 600 
is 
z 

400 

200 

7-77 

r 

-30 -20 -10 0 IO 20 30 

Z(spark) - Zbunter) (cm) 32.1A3 

Figure 4 - Difference between the coordinates at the first layer of the 
shower counter, as predicted by the spark chambers, and as 
measured by timing in the counter. 

resolution is 12 cm F.W.H.M. as illustrated in Fig. 4 where we compare 

this measurement with what the spark chambers predict. The scintillator 

in the other 2 layers is cut in the middle, so each sextant contains I3 

logical cells, for a total of 48 for the apparatus. 

The trigger requires signals from at least two layers of at least 

2 cells in separate sextants in time coincidence with beam crossing. 

Timing information from the shower counters is used to remove cosmic rays 

from the sample. It will also be used for r/K/p separation as the analysis 

progresses. The timing resolution achieved so far is shown in Fig. 5. 

In addition the shower counters help in separating hadrons from electrons, 

and are efficient detectors of y-rays. 1n Fig. 6 you see the summed pulse 

heights from the three layers for electrons from Bhabha events and from 

muons. Evidently these are the easiest to separate, but the separation 

is quite clean. The situation is more difficult for lower momentum 

particles, but we also have more information at our disposal in the dis- 

tribution of this pulse height among the three layers. In our analysis 

so far the shower counters are only used to confirm (or deny) the electron 

identification provided by the Cerenkov counters. 

To reduce openings at the two ends of the apparatus, a set of eight 

pie shaped scintillation counters were installed on the polefaces of the 

magnet. Time and pulse height information was recorded from these, and 

from the 12 additional counters which guard the photomultipliers of the 

Cerenkov counter from direct hits. 

Having described the apparatus as it was used this last spring, I 

should mention what is being added to it for the next run: to better 

identify muons, a 110 ton lead wall is being installed behind two of the 

sextants. This will allow some separation of e-u type events from e-r, 

etc., a task we can not accomplish with the present setup. 
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III. Tripqer 

We already mentioned that at least two shower counter hits in separ- 

ate sextants in time (f20ns) with the beam crossing were required for the 

trigger. In addition any one of three requirements had to be satisfied: 

1) At least one charged track through planes 1 + 2 of the MWPC. 

This was detected using a set of fast coincidence circuits 

2) At least a third shower counter hit in a third sextant, or 

3) The total pulse height in all showers had to be much larger 

than what a single cosmic ray deposits. 

Each of these three requirements excludes the large bulk of cosmic 

rays in a different way: the first one restricts the effective area of the 

detector to the MWPC. The second requires a topology more complex than 

that of single cosmic ray, while the third discriminates by pulse height. 

Nevertheless, typically 85% of our triggers are due to cosmic rays. The 

overall trigger rate however is only about 0.7 Hz. 

The efficiency of the trigger to detect various types of events is 

as follo"s: 

=) Bhabhas. Large angle elastic scattering is used to determine 

the luminosity. We detect them in the range - .62 < cos E < .62. We 

demand that they be coplanar with the beam and collinear within 8', and 

for this preliminary analysis we estimate that radiative losses outside 

these cuts amount to 15+ 7%. 

b) Hadronic events. Because we are dealing here with a variety of 

topologies, and because they depend on the physics we want to study (but 

do not yet know in detail) we can not determine the triggering efficiency - 

exactly. But because both y rays and charged particles can participate 

in the trigger, the efficiency is high (SSilOX), and an approximate 

method will suffice: 

We construct a very simple model in which a mixtureof charged 

particles is produced in an isotropic, uncorrelated manner, and is accomp- 

anied by a number of y-rays. We calculate what observed event distribu- 

tion a given mixture will produce, given the geometry of the apparatus 

and the trigger requirements. We then adjust the mixture of 2, 4, 6,... 

prongs, and the associated y's to match the observed prong and y-ray 

distribution. Finally we vary the input parameters within the broadest 

range consistent with the data to estimate the error. The result is 

really quite insensitive to most of our assumptions. The detection effi- 

ciency for events with 4 or more charged prongs is generally over 90%, 

and they form the bulk of the data. The source of our uncertainty lies 

with the two-prongs, because possible angular correlations between the 

charged prongs, as well as the distribution of the associated y-rays can 

have a strong effect on the result. 

IV. The Data 

The data collected during the spring cycle are shown in Table 1. 

They consist of a scan from the I)' to 4.8 GeV, a high energy scan up to 

7.2 GeV, and larger chunks in the region around 3.77 GeV, 4.03 GeV, 

4.25 GeV, and calibration runs below charm threshold. 

After track finding, events are classified first as e+e- interactions 

or undesirables (cosmics, etc.), on the basis of timing and vertex loca- 

tion. The e+e- interactions are then further classified as 

1) hadronic 

2) Bhabha (e+e-+e+e-) 

3) e+e-+ li+p- 

4) other q.e.d. (+ e+e-v, e+e-e+e-) 

+ yy, etc. 

5) none of the above (at least as far as the programs see it). 
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The subclass of the hadronic events which appear to include an 

electron (e+ or e-) is of course of primary interest to us. These fall 

into two groups: two prong topologies, of which one appears to be an 

electron, and multiprongs. Because the background processes are differ- 

ent, these two groups are treated separately: Background for the multi- 

prong topology with electrons comes primarily from efe- pairs in Dalitz 

decays of II', n, w, etc., or from the conversions of y-rays produced in 

the decays of these particles. Most of these pairs are easily identified 

because of the stall opening angle. However, especially when the pair is 

highly asymmetric, and one of the two particles carries most of the 

momentum, the other one may be too soft to be recognized by the programs. 

Therefore all candidates, where the program could not find a pair (there 

are 3386 of these) have been looked at individually, and 2317 appear to 

be genuine;as best we can determine. Events of this class were first 

reported by the DASP group (28 events a year ago, 
2 192 earlier today. 3, 

Results from the Lead Glass Wall are presented at this conference! Both 

DA8P and Pluto' observed hadronic events with electrons and K-s. 

Additional background for the two prongs come primarily from various 

qed processes, where one of the prongs escapes identification as an elect- 

ron. The study of this sample is in progress, but we have no results to 

report so far, other than the observation that we indeed see such events. 

7-77 

V. Results. 

A. Measurements of R. 

Based OR the observed number of hadrons and Bhabha events, and the 

detection efficiencies discussed above, we calculate the parameter R 

(hadronic annihilations/ efe- + p'p-) as a function of energy. The results 

are shown in Fig. 7. Our overall uncertainty in scale is 20%, and there 

may be weakly energy-dependent effects of up to this level, but the 
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Figure 7 - The parameter R. No corrections have been applied for 
radiative tails of lower energy resonances. 
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point-to-point uncertainties are smaller than the statistical errors 

shown in the figure. 

The general features of this plot are in good agreement with publish- 

6 
and from Pluto, 

7 
ed results from Mark I where these measurements overlap. 

There is an unmistakable peak near 3.77 GeV, shown in more detail in 

Fig. 8. These data were taken at the same time, and use the same energy 

calibration as the data by Rapidis et al., 
6 the mass scales are therefore 

not independent! To determine the resonance paranleters we first subtract 

the radiative tails of lower energy states (the $' contribution is the 

dominant among these), then fit the remainder to a Breit-Wigner form plus 

a background term. The radiative effects are handled according to the 

Jackson and Scharre recipes. 8 

We tried several forms for the background (linear, p wave), and for 

the resonance (s and p wave), but the results are rather insensitive to . 

the form used. We find 

M = 3770 zt 6 MeV 

r = 24 f 5 MeV 

consistent with Rapidis et al. 
6 The partial width to e+e- pairs is 

180 f 120 eV. (Fig. 9 ). 

Identification with the +3 state of CC, is a natural one, especially 

in view of the fact that the parameters agree with the prediction made 

by Eichten et al. 9 better than they have a right to. 
- 

Since the resonance lies about 45 MeV above DOD', and 35 MeV above 

D+D- threshold, it seems likely that it decays predominantly into a mix- 

ture of these channels. 

B. Measurement of R P 

c” 
I I I 

DELCO (Preliminary) 

I 

t 
‘t trt +t+t ++ I 

“it 
I I I 

3.70 
7-77 

3.75 3.80 
E (GeV) 

3.85 
3243A7 

Figure 8 - The data of Figure 7 on an expanded scale around 
the 3.77 GeV region. 

Let us examine now the energy dependence of the multiprong hadronic 

events with an e 
+ or e-. The general features are apparent in Fig. 10, 

297 



” 0 
N

 
6 o? 

-. 0 
0 

k A 

I 
I 

I-@
-l 

I 
I I 

/ 
/- 

cc 
C

P 
N

 



where the contribution to R by these events is shown before any adjust- 

ment for electron detection efficiency. 

The value at 3.6 GeV, below the $' is low, and corresponds to 0.3% 

of the hadronic events. One would expect the real signal to be eve" lower 

here. We accept this rate as our background level. It corresponds to a 

hadro" rejection by the Cerenkov counter of better than 1OOO:l. 

At the I$' there is a large signal due to the $I* + e+e-~+n- decay. 

Above the $' there is a clear peak which coincides with the peak in R. 

(l?ote that the increase above the "background" here is at least a factor 

of 5, while in the overall hadronic sample it is about l/3!). 

Above the peak the value almost returns to the level found at 3.6 GeV, 

then rises to a level where about 4% of the hadronic events appear to con- 

+ 
tain a" e or e-. There is however, a prominent dip in this distribution 

between 4.2 and 4.3 GeV. 

C. Hadronic events with electrons at 3.77 GeV; D -+ e + X. 

The mass and width of the peak in R e at 3.77 CeV agree with the para- 

meters deterruined in the fit to R. (Fig. 11) If we assume that this res- 

onance decays mainly into DE, then the peak in Re must be due to the decay 

D + e++X. (The momentum spectrum of the electrons does not peak near 

1.55 GeV/c as it should if an e+e-n+?r- decay were important). 

To obtain the semileptonic branching ratio of the mixture of charged 

and neutral D particles, we measure the area under the peak in the R e 

plot, and subtract the remaining background. The background consists of 

events from the radiative tail of the Ji' (this we extrapolate from values 

below the peak), and of the type of events remaining at 3.6 GeV (we assume 

that these constitute a fixed fraction of the hadronic events). We find 

that 12% of the events in the hadronic peak contain an e 
+ 

or e-! 

The branching ratio then is 

0.15 

R 0.10 
e 

0.05 

I I 
DELCO ( Preliminary) 
2 3 Charged Prongs 

0 
3.70 3.75 3.80 3.85 

7-77 E (GeV) 3243AlO 

Figure 11 - The data of Figure 10 on a" expanded scale around the 3.77 GeV 
region. The dashed curve indicates the expected background. 
The dot-dashed curve is a fit to the data with the mass and 
width found for R. 
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Table I 

DATA COLLECTED DURING SPRING 1977* 

(Data Restricted to Last 12 Weeks) 

E TOTALIGeV1 

< 3.65 

7)' 2.02 

3.70-3.87 

4.03 

4.272.05 

rest of scan 
3.87-4.82 

scan above 
4.8 

TOTAL 

e"e"tS 
pb 

?, 0.1 

2, 0.1 

2.0 

0.2 

0. 6 

T Number of events 
.I- I- 

/ e’e-+e’e 

4,748 

4,294 

71,794 

10,026 

19,538 

1.5 46,119 

1.2 13,353 

5.7 169,874 

* approximte preliminary values 

t before hand-scan 

hadrons 

42,385 375 

12,967 194 

37,989 1146 

7,153 305 

11,014 357 

28,775 1062 

12,708 491 

153,091 

hadrte* ' 

3930 

D+e+X 
D + all 26*1X 

Note that events with only 2 charged prongs are not included here, and we 

did not correct for losses in event identification, hence the L sign. 

VI. Co"clusions 

1) DELCO is working well, both as a large solid angle detector of 

electrons, and as a general purpose detector to study e+e- physics at 

SPEAR. 

2) The analysis is far enough along to show the well known features 

of hadronic annihilations, and the new resonance at 3.17 GeV. 

3) Observation of a peak in hadronic events with an f at 3.77 GeV 

D+e+X 
allows the determination of the branching ratio of the decay D ~ sll 

4) The analysis has just begun... More results will be forthcoming 

from data at hand, and from data to be taken starting in November. 

5) Physics at SPEAR, as the trail in the High Sierra is full of 

beauty, with peaks to conquer which ever way one turns, and probably more 

yet just beyond the horizon. 
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LBL-6766 

ANOMALOUS ELECTRON PRODIJCTION IN THE 

LEAD-GLASS WALL EXPERIMENT AT SPEAR 

Ronald .I. Madaras 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

I. INTRODUCTION 

In this talk I will present the latest results of the Lead-Glass Wall 

Collaboration' on anomalous electron production 2. UI electron-positron annihi- 

lations at SPEAR at center-of-mass energies from 3.77 to 7.4 GeV. This ex- 

periment, having SLAC number SP-26, ran at SPEAR from October 1976 through 

June 1977. The data were collected with the SLAC-LBL Mark I magnetic detec- 

tor, 3 which was modified by the addition of a lead-glass detector for im- 

proved electron and photon identification. 

Anomalous electrons in electron-positron annihilations can come from at 

least two possible sources: 

1. Heavy lepton production and decay: For example, 

e+e- + T+ 

I+ e+v:VT ';+ uTpv, 

71-v 
T 

P-VT 

(1) 

Evidence for the heavy lepton, T, was first found by M. L. Per1 4'5 in 1975 l 

and has been confirmed by further experiments at SPEAR 6-9 and at DORIS.10-13 

The predicted branching ratios for various decay modes of the heavy lepton can 

be found in Table I.14 It is seen that the heavy lepton decays into a single 

charged particle about 85% of the time, so that most of the events of type (1) 

above will have only two charged particles in the final state. 
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Table I. Predicted branching ratios for a T- charged lepton of mass 1.9 GeV/c*, 

an associated neutrino mass of 0.0, and V-A weak interaction coupling. 
14 

Number of charged 
Decay mode Branching ratio particles in final state 

- e 3 ” 0.20 1 
T 

_- lJ vlJvT 0.20 1 

TI- ” 0.11 1 
T 

K- Us 0.01 1 

P- VT 0.22 1 

K*- “T 0.01 1 

A1 vT 0.07 1, 3 

(hadron continuum)-uT 0.18 1, 3, 5 

- 

2. Charmed particle production and decay: 

e’e- + D + 77 +n * hadrons (n a 
I + KTT 

+ eKu KIllI 
eK*v 

For example, 

0) (2) 

It is expected that most of the events of this type will have four or more charged 

15 
particles in the final state. For example, at the Q(3772) where D D with no other 

hadrons is produced, about 90% of the events of type (2) will contain four or more 

charged particles. At higher center-of-mass energies, where D*D* or D*D*nn are 

produced, the percentage is higher. Of course, even when four particles are 

produced, fewer might be detected because the detector doesn’t cover the full 

4l1 sr solid angle. 

Thus in our analysis, we have divided up the anomalous eleCtrOn events 

into two classes: 

Two-prong events of the type e+ + e- + e’ + ui + n . y 

+ T 
ore +h +n. y, with n > 0 (h Z hadron). Two, and only two, charged 

particles are detected. 

Multiprong events of the type e+ + e- + ef + (2 2 charged particles) 

+ n * y. with n > 0. Here at least three charged particles are detected. 

We analyze these two classes of events separately in order to separate 

the charm and heavy lepton signals, as we have seen above that heavy lepton 

events of type (1) will mainly be two-prong events and that charm events of 

type (2) will mainly be multiprong events. 

In Section II of this talk I will describe the lead-glass detector, and 

in Section III I will discuss the details of the identification of electrons 

using this detector. In Section IV I will discuss the results of the analysis 

of the two-prong events, and give our values for the branching ratios 

B(T -+ e vevT) and B(T + h + neutrals). In Section V I will discuss the 

results of the analysis of the multiprong events, and give both the semi- 

leptonic branching ratio of the charmed D meson into electrons and the semi- 

leptonic branching ratio of “charmed particles” into electrons for various 

electron-positron center-of-mass energies. 

I I. LEAD- GLASS !dAl,L, IETECTOR - 

In order to improve the identification of electrons, we have replaced 

one octant of the magnet return yoke of the SLAC-LBL Mark I magnetic detector 

with two layers of lead-glass counters interspersed with magnetostrictive 

spark chambers. These are shown schematically in Figure 1, and in more detail 

in Figure 2. The shower counters which were in that octant have been replaced 

by 1.9 cm-thick scintillation counters. The lead-glass system consists of: 

1. a 2 x 26 array of lead-glass “active converters” (AC), 3.3 X0 deep, 

having dimensions 10 x 11 x 90 cm, followed hy: 
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2. a 14 x 19 array of lead-glass “back-block cohnters” (BB), 10.5 X 0 

deep, having dimensions 15 x 15 x 32 cm, and 800 I I I I 
3. a set of three magnetostrictive spark chambers. 

Each active converter (back block) lead-glass counter was viewed 

through a lucite lightguide by an EMI 3.5” 9531 R (5” 9hlB R) photomultiplier 

tube. The anode signal from each counter was sent to an ADC in a LBL Large- 

Scale Digitizer System, 16 and the dynode signals of the counters were summed 600 

in rows and used f~l- triggering. Both lead-glass arrays were kept in closed 

boxes where temperatures were kept constant. The lead-glass system covered 

polar angles 60” < 8 < 120” and azimuthal angles -20’ < Q < 20°, and thus 

covered _ 6% of 4a sr solid angle.” 

The lead-glass counters were initially calibrated to an accuracy of _ 10% 
N 400 

by using several radioactive sources. These sources were small thallium 

doped NaI scintillation crystals diffused with Americium-241, and they them- 

selves were calibrated with several lead-glass counters in an electron beam at 

SLAC. The final calibration of the gains of all the lead-glass counters was 

done using electrons of known energy from Bhabha scattering events obtained 

during the data taking at SPEAR. With this method, the calibration constants 

of the counters are obtained by minimizing the square of the energy resolutio? 

of the counters for the Bhabha events, with the constraint that the average 

energy deposited in the lead-glass is equal to the actual energy of the Bhahhas. 

This final calibration has an accuracy of about 5%. The response of the 

lead-glass system (LGW) to a set of high-energy Phabha electrons (which were 

not used in the above calibration) is shown in Figure 3. The energy reso- - 

lution of the whole system is given hy o/E = 9%/& (E in GeV). This reso- 

lution is degraded from the intrinsic resolution of the counters of S%/& 

due to the presence of the 1 X0 aluminum coil of the Mark I magnet which is 

before the lead-glass system (see Figure 2). 

200 

0 
0.5 1.0 1.5 

6 2, ELGW /E beam Jil’ll 

Fig. 3 Distribution of the total energy, E 
L?r 

measured in the 
whole lead-glass wall (back blocks an active converters) 
for electrons from Rhabha scattering (e+e- + e+e-). EBEAM 
is 3.2-3.7 GeV. The energy resolution is UE ‘ELGW = 5.1%. 

LGW 

2.0 
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In order to keep the energy resolution of the whole system of lead- 

glass counters constant over the ten-month life of the experiment, one has 

to accurately monitor the gains of each of the 318 counters during this 

time. This has been successfully achieved with an LED monitoring system 
18 

which has tracked the gains of the lead-glass counters throughout the ex- 

periment with a precision of l-Z%. This system is shown schematically in 

Figure 4. The light source is a single high-intensity yellow LED, and the 

light is transmitted to each of the counters via low-attenuation plastic 

optical fibers. The LED light is monitored using a reference scintillation 

counter, whose gain is known from frequent 
241 Am-NaI source and cosmic ray 

measurements. 

III. ELIICTRON IDENTIFICATION USING THE LEAD GLASS WALL DETECT02 ---- 

A. Cuts. The identification of a particle that enters the Lead-Glass 

Wall (LGW) is based on its time-of-flight and on the energy deposited in each 

of the two layers of lead-glass counters. To identify a particle as an 

electron candidate we require: 

1. The particle’s momentum, as measured in the Mark I detector, 

is greater than 300 MeV/c for multiprong cvcnts and 400 MeV/c for two-prong 

events. 

2. The measured time-of-flight of the particle agrees with that 

expected for an electron within two standard deviations (0.8 ns). This 

reduces the background from misidentification of kaons and protons. 

3. The particle is within the fiducial volume of lead-glass. 

4. No other charged or neutral particles in the LGW are nearby. 

5. The energy deposited in the lead-glass back blocks (EBB) is 

greater than 10% of the momentum of the particle. (This requirement only exists 

for the multiprong events.) 
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6. The energy deposited in the lead-glass active converters (EAC) 

is substantially greater than the 80 MeV expected for a noninteracting particle: 

Z-prong events : EAC 
> 150 MeV 

multiprong events: EAC 
> Max (150, 250 * p) 

where p is the particle momentum in GeV/c 

7. The total energy deposited in the LGW (ELGW = EAC + EBB) is 

approximately equal to the momentum of the particle: 

2-prong events: 1.50 > ELGW/p > 0.65 

multiprong events: 1.50 ’ ELGW/p > Min[O.SO, 0.65+0.15’(p-0.411 

(p in Gev/c) 

The requirements on the energies deposited in the lead-glass are more 

severe for the multiprong events than for the two-prong events, because the 

hadron background is a much larger fraction of the anomalous electron signal 

for the multiprong events than for the two-prong events. 

B. Detection Efficiency. The LGW electron identification efficiency (E) 

for the above cuts on the energy deposited in the lead-glass counters is 

measured using electrons from the reactions e’e- -f ece-y and e+e-e+e‘. These 

events are found by requiring two (and only two) oppositely charged coplanar 

particles which have most of the missing momentum going along the beam direction. 

In addition, we require that there are no photons detected and that the particle 

outside the LGW is determined to be an electron by the Mark I detector. The 

detection efficiency for the electron in the LGW is measured to be: 

2-prong event LGW cuts: E = 75% (p, = 400 MeV/c) to 98% (Pe>I.O GeV/c), 

with E = 89%. 

multiprong event LGW cuts: E = 55% (Pe = 300 MeV/c) to 90% (P?>I .O GeV/c). 

with E - 75% 

The detection efficiency is smaller for the LGW energy cuts appropriate for the 

multiprong events than for the two-prong events, becuase the cuts are more severe 

for the multiprong events (see Section III A.). 

C. Backgrounds. Important backgrounds to the anomalous electron 

signal are: 

(a) misidentification of hadrons which interact in the magnet 

coil or active converters so as to satisfy the above requirements on the 

energy deposited in the lead-glass, 

(b) pion and kaon decay, 

(c) photon conversions in the beampipe, pipe counters or MWPC 

(total of 0.052 X0). or Dalitz decays of II’? and Q’S, where both the electron 

and positron are detected by the Mark I detector. 

(d) asymmetric electron-positron pairs from photon conversions or 

Dalitz decays where one member of the pair is unobserved because its momentum 

is below the threshold for efficient detection in Mark I (- 100 MeV/c). 

The background due to (c) is eliminated by rejecting electron 

candidates that have a small opening angle with a particle of opposite electric 

charge. 

We determine the background due to (a), (b) and (d) at various 

center-of-mass energies in three steps: 

i) First, at a center-of-mass energy where we think there is no 

anomalous electron production, we measure the fraction of particles in the LGW 

that pass all our cuts defining an electron. This we assume is our basic back- 

ground rate from (a), (b) and (d). We choose to do this at the Ji(3095), as it 

is below threshold for charm and heavy lepton production. Using multihadronic 

events there, we find that 1.4% of all the particles in the LGW which have a 

momentum of 300 MeV/c are identified as electrons. This fraction decreases with 

momen;um to 0.4% per particle at 1.11 GeV/c. 

ii) Second, we assume that the background per particle in the LGN 

due to (a) and (h) does not change as we go from the Q(309S) to the highest 
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center-of-mass energy of 7.4 GeV. This assumption is not <crucial for (b) , as 

lh~ h:l<.hgrol>“d due TO this ~OIITCC’ is c*stinated to be ,. 0, (15% per particle, 

iii) Third, we determine the additional background rate from asym- 

metric photo” conversions or Dalitz decays (i.e. source (d)) that we might 

have when we go to higher center-of-mass energies. This background rate can 

increase with the center-of-mass energy due to increases in the number and 

energy of the photons and not s which are responsible for the background. This 

additional background rate was determined by measuring at several center-of- 

mass energies the converted e+e- pairs where both particles are detected, and 

the” extrapolating with a Monte Carlo program to the case where only one 

particle is detected. me results are helow: 

Background 
rate due to (a), 
(b) and (d) as 

Additional background rate due to (d). 

measured at iii(3095). 
(% per particle in LGW) 

Momentum (% per particle in 3.772 4.15 4.4-5.7 6.4-7.4 
(GeV/c) LGw (33 0 (GeW (GN 

0.3 1.4% 0.1 3.1 0.2 0.4 

0.5 1 0 0.1 0.1 0.1 0.3 

0.7 0.7 0.05 0.1 0.1 0.1 

‘,l.O 0.4 0 0 0 0.05 

As is see”,this additional background rate ranges from 0 to 0.4% per particle, 

with the maximum occuring for p = 0.3 GeV/C, 8 = 7.4 GeV. The increase is 
C.lll. 

largest for the lowest momenta. 

The average value of the total background rate due to (a), (b) and (d) is 

1.1% per particle. This value is averaged over the background momentum spectrum. 

and is essentially the same for the four center-of-mass energy regions hecause . 

the hardening of the momentum spectrum in each region compensates for the in- 

crease of the background rate in each region. 

All of the above values for the background rates were obtained using the 

lead-glass wall energy cuts appropriate for the multiprong events (see Section 

III. A.). Using the looser LGW cuts appropriate for the two-prong events, one 

finds that the background is at most 2.0% per particle, for all momenta and 

center-of-mass energies. 

IV. TWO-PRONG EVENTS 

A. Event Sample. We recall from Section I that the “two-prong” events 

are of the type: 

+ 5 T 
e +e-+e +u +n-y 

+ T 
ore +h +n*y 

with n a 0 

h = a hadron 

Two, and only two, oppositely charged particles are detected. One of them, the 

electron, is always identified in the lead-glass wall. The other particle is 

identified most of the time in the Mark I magnetic detector on the basis of 

information from lead-scintillator shower counters and magnetostrictive spark 

chambers following the ZO-cm-thick iron flux return of the magnet. l9 The 

detection efficiencies, E, and misidentification probabilities P. 1 ~ j (i.e. the 

probability that a particle of type i is identified as type j) for the particles 

identified in the Mark I detector are measured with eey events, puy events and 

hadronic events with > 5 charged particles. They are: 

P e+h = 0.095 f 0.020 ce = 0.89 + 0.02 

P 
e+u 

= 0.01 + 0.01 
‘h = 0.58 I 0.05 

P 
v+h 

= 0.03 f 0.01 Eli = 0.94 f 0.02 

‘h -f u = 0.18 f 0.01 

1 will present here the results of the two-prong event analysis for data 

taken in three different center-of-mass energy ranges: 20 
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E range C.“,. 
Amerage EC.“. J Ldt 

f GeV) (GeV) & ___- 

4.1-4.2 4.15 1 0 

4.4-5.7 4.9 2.7 

6.4-7.4 6.9 5.5 

The two-prong event analysis has not yet been completed for the data taken 

at the q(3772). 

Thetwo-prong events are selected using the following data cuts: 

1) The momentum of the particle in the lead-glass wall is 

> 400 MeV/c. 

2) The particle in the lead-glass wall is identified as an electron 

using the criteria discussed in Section 1II.A. for two-prong events. 

3) The other particle is oppositely charged, and its momentum is 

> 650 MeV/c to insure good identification in the Mark I detector. 

4) The two charged particles are acoplanar about the incident 

beams by at least 20: 

5) The square of the missing mass recoiling against the two charged 

particles is > 0.8, 1.1 or 1.5 GeV’, for the center-of-mass energy ranges 4.1- 

4.2, 4.4-5.7, and 6.4-7.4 GeV. 

The last two criteria are used to reduce the background from the QED 

reactions: e+e‘ + e+e-, e+e-y and e+e‘e*e-. 

For the combined data from all three center-of-mass energy regions, the 

number of two-prong events which pass the above cuts is listed in Table II. 6 

Table II. Two-prong events, for the combinrd data from Ec,m = 4.1-4.2, 

4.4-5.7, and 6.4-7.4 GeV. See the above text for the event selection 

criteria. The first particle listed is always drtectrd in the LLX (here 

a hadron, h, in the> LGW is any particle not identified as an electron). 

NY is the detected number of y rays associated with the events. 

Obscrvrd events Background Corrected events 

NY = O 
NY > 0 NY = 0 NY > 0 N =0 

Y NY ’ O 
- - - __ __ - 

e!J 21 8 

eh 12 19 

ee 23 71 

hh 38 122 

0.4 

3. 0 

1.4 

9.1 

21.6t6.4 3.7t4.5 

20.5i9.6 24.2212.9 

32.1tb.9 100t14 

hhil3 213+30 

In Table II, the anomalous electron events are in the categories e!~ 

and eh, with or without photons. The background for these events due to 

misidentification of ee and hh events is listed in columns 3 and 4. The 

last two columns list the number of anomalous electron events after corrections 

for the background, the misidentifications among the anomalous events them- 

SelVeS, and the particle detection efficiencies. 

It is seen from the last two columns in Table II that there is a sig- 

nificant signal for the anomalous eu(Ny=O) and eh(N$O) events. I will now 

assume that these anomalous two-prong events come from the production and decay 

of a heavy lepton according to the processes shown in reaction (1) in Section I, 

and I will show that our data are consistent with this assumption. 21 

Br eu (N, = 0) events. Assuming the eu events arise from the process: 

e+e‘ + 7+ 

+ e+u v 
e7 

+ i, u-u ” 
u 7 
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the number of corrected eu events with N = 0 is given by: 
Y 

N 
eu 

= J Ldt o(e+e-+T+T-) 2 BP Bu Ae,, 

where : J Ldt = integrated luminosity 

v 
o(e+e-+T+T-) = ?!A-?- t (3-B2) nb, where 6 = -$ 

Ekam 

Be(BFi) is the branching ratio for T + e ve vr(!.~ vu vT) 

21 
A 

w 
is the acceptance of the apparatus for eu events. 

Assuming Be = Bu, we can calculate Be from our data. The results are given 

in Table III for the three energy regions. 

Table III. Measured branching ratios 
22 B,(T + e ue uT) and Bh(~ + single 

charged hadron + neutrals). The branching ratios have been calculated assuming 

Be = Bu, V-A coupling, a point production cross section for the T, m(T)=1.9 GeV, 

and m(uT) = 0.0. 

E c. m. range 

(GeV) 

only statistical errors are shown. 

B,(T -t e \I e “T) 
e-1 

Bh(? -t single charged hadrons 
+ neutrals), (%) 

4.1 4.2 20.5 t 8.2 36 + - 41 

4.4 - 5.7 19.6 + 5.2 48 + 28 

6.4 43 f 25 - 7.4 23.2 + 4.4 

All three ranges 
combined 21.6 i 3.1 43 f 16 

The three values of Be are in good agreement, showing that the energy 

dependence of eu production is consistent with the heavy lepton hypothesis. 

22 
Combining the data and including an estimated 20% systematic error, we obtain: 

B?(T + c ve \ji) = (21.6 t 5.31% 

This is in good agreement with previous measurements 4,8-11 and with the 

theoretical expectation of 20%. 23 

C. eh (NV > 0) events 

Assuming the eh events arise from the process: 

c+ e- + 7+ + T- 

+e+ ve u 
T 

+ LIP + single charged hadron + possible 

additional neutrals 

the number of corrected events is given by: 

N eh = J Ldt o(e+e- + T+T-) ‘2 Be Bh Aeh 

where : N eh is the sum of the eh events for N =OandN >O 
Y Y 

J Ldt, o are the same as before 

Bh is the branching ratio for the decay T + single charged hadron 

+ neutrals 

21 
A eh 

is the acceptance of the apparatus for eh events, 

calculated assuming only T -f II VT, p vT contribute to two-prong 

eh events. We expect these decays to contribute 73% of the 

decays T + singlechargedhadron + neutrals. 23 

Using Be = (21.6 f 5.3)%, which is the result from the previous section, we 

can calculate Bh from our data. The results are given in Table III. Again, 

the three values of Bh are in good agreement. Combining the data and including 

an estimated 20% systematic error, we obtain: 22 

BL(7 + sinple chareed hadron + neutrals) = (43 * 18)% 

This is in agreement with the theoretical expectation of 45%. 
23 

D. Momentum and Coplanarity Distributions. Figures S(a)-5(c) show the 

corrected momentum distributions for the hadrons, muons and electrons in all 

the anomalous two-prong events, in terms of the variable r, defined as 

P - PO 
r=- 

P max - PO 
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Fig. 5 ‘Ihe distributions of the momentum variable r 5 (p-po)/(pmax-po) for 
a) the hadrons, b) the muons, and c) the electrons in the ell and eh 
anomalous two-prong events. In (d) we have the coplanarity angle 
distribution for all the anomalous two-prong events. Data from all 
three energy regions have been combined. The curves show the expected 
distributions assuming heavy lepton production and decay.21 They are 
normalized to the total number of events in each plot. 

where: p = momentum of the particle 

PO = cut-off momentum (0.4 GeV/c for electrons; 0.65 GeV/c for 

muons and hadrons) 

21 
P max = maximum momentum allowed in T decay. 

Figure 5(d) shows the corrected coplanarity angle distribution for all the 

anomalous two-prong events. 

The curves in Figure 5 show the expected momentum and coplanarity 

distributions assuming heavy lepton production and decay. 21 They are normal- 

consistent with the heavy lepton hypothesis 

It should be stated again that in our measurement of the branching ratios 

we have assumed that a heavy lepton is the only source of the two-prong events, 

and have ignored a possible contribution from semi-leptonic decays of charmed 

particles. Thus, strickly speaking, the measured branching ratios should be 

considered as upper limits. 

v. MULTIPRONG EVENTSZ4 

A. Event Sample. We recall from Section I that the “multiprong” events 

are of the type: 

e+e- -+ e+ + (2 2 charged particles) + n * y. with n > 0 

At least three charged particles are detected, and the electron is always identi- 

fied in the lead-glass wall. 

I will present here the results of the multiprong event analysis for data 

taken in four different center-of-mass energy ranges: 25 

E c.m. range Average EC, m 

(GeV) (GeV)’ 

3.76-3.79 3.774 

4.1 -4.2 4.16 

4.4 -5.7 4.9 

6.4 -7.4 7.0 

J Ldt 

Ipb-‘1 

1.28 

1.01 

3.46 

5.37 
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Since the lowest Ec m. range is essentially at the top of the $(3772) reso- 

- 26,27 
nance, which decays into DD, the interpretation of the multiprong events 

there in terms of the semi-leptonic decay of the charmed D meson is quite 

straightforward. In the other Ec.m. ranges,the interpretation is more compli- 

cated because a) we aren’t sure of the exact production mechanism of D mesons 

(i.e. e+e- + DD*, D*D*, D*D*nn, . ..). and b) there might be other charmed 

particles produced, such as F mesons or charmed baryons. The best we can do 

at this point in the analysis is to measure an average semi-leptonic branching 

ratio for “charmed particles” into electrons for each of the three highest 

center-of-mass energy ranges. 

The multiprong events are selected using the following criteria: 

1) The momentum of the particle in the lead-glass wall is > 300 MeV/c. 

2) The particle in the lead-glass wall is identified as an electron 

using the criteria discussed in Section 1II.A. for multiprong events. 

3) At least two other charged particles are detected in the Mark I 

detector or the lead-glass wall. 

4) For the Ec,m. range 3.76-3.79 GeV only, the momentum of each 

particle in the event (except the one identified as the electron) must be less 

than the maximum momentum kinematically allowed for D meson decay. 

5) The event is rejected: 

a) If any particle in the event has a momentum greater than half 

the beam energy, and is coplanar with any other particle in the event within 

loo, or 

6) If any two particles in the event each have a momentum greater 

than half the beam energy, and any particle in the event (other than the one in _ 

thr load-glass wall) is identified as an electron by the Mark I detector. 

Both of the criteria in 5) above were designed to eliminate QED events 

like e+e- + e+e-y or e+e-yy, with one or both photons converting to an e+e- pair. 

These events are commonly called “multiprong Bhabha events.” 

For each center-of-mass energy range, the number of multiprong events 

which satisfy all of the above criteria are listed in the first line of 

Table IV under the heading of electron candidates. 

Table IV. Multiprong events. See text for event selection criteria and 
discussion of backgrounds. ue(pe > 300 MeV/c) is the cross section for 
multiprong events with an anomalous electron of momentum > 300 MeV/c, 
after the heavy lepton contribution is subtracted. These results are pre- 
liminary. 

Center-of-mass energy range (GeV) 

3.76-3.79 4.1-4.2 4.4-5.7 6.4-7.4 - - - 

Electron candidate events 55 54 139 146 

Background events 23 f 2 19 t 2 52 * 5 58 i 6 

Corrected events 46 + 12 50 + 12 119 + 20 113 f 19 

Expected events from 0 6+2 21 -t 6 18 c 5 
heavy lepton T 

‘ecPe > 300 MeV/c) in nb 1.13kO.34 1.31kO.39 0.82to.20 0.47io.11 

The expected number of background events from the backgrounds discussed 

in Section III. C. (i.e. from hadron misidentification, pion and kaon decay, 

and asymmetric photon conversions or Dalitz decays) are listed in the second 

line of Table IV. It is seen that - 40% of the electron candidates are due 

to background. 

After subtracting the background events from the electron candidates, and 

correcting for the electron detection efficiency (r w 75%) discussed in 

Section III. B., one has the number of corrected events shown in the third line 

of Table IV. 
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The production and decay of heavyleptons (T) will contribute a small 

number of events to the multiprong events, as we have seen in Section I 

that the branching ratio for ? -f 0 2 charged particles) + neutrals is -15%. 23 

Using this branching ratio, we have calculated 
21 the expected contribution of 

the ‘I to the corrected events, and this is listed in line 4 in Table IV. It 

is seen that the T contribution is typically -IS%. 

Subtracting the T contribution from the number of corrected events, and 

then correcting this result for a) the solid angle of the lead-glass wall 

(O.OS5 ST), b) for the detection efficiency of the other particles besides 

the electron (typically .-75-85%)) and c) for several efficiencies for the 

data cuts whose product is -8O%, we can use the integrated luminosities given 

at the beginning of this Section to calculate the cross sections for multi- 

prong events with an electron of momentum greater than 300 MeV/c. These are 

listed in the last line of Table IV. It is seen that we observe a substantial 

anomalous electron signal in all four energy ranges. 

The momentum distributions for the electrons in the multiprong events 

are presented in Figure 6. The data in Figure 6 have been corrected for back- 

grounds and efficiencies, but the -15% contamination due to the heavy lepton 

(T) contribution at the higher center-of-mass energies has not been subtracted. 

It is seen that the electron spectrum hardens with increasing center-of-mass 

energy, and that there are indications that the peak momentum might be shifting 

slightly higher at the same time. 

B. B(D+eX) at the Q(3772). The lowest center-of-mass energy range in 

15 
this analysis, 3.76-3.79 GeV, corresponds to the $(3772) resonance. The $(3772) 

- 26,27 
appears to decay almost entirely into DD, which strongly suggests that 

the multiprong events at the $(3772) come from the decay of charmed D mesons 

s % 

t Ii, 

E,, = 4.16 GeV 

0” 15 
50 t 12 events 

- 

t 20 events 

‘O- 1 ++ 
0-I-v 

1 
6.4< E,, ‘7.4 GeV 

30- I I3 + I9 events 2o I c 4’ 
‘O- -(A +++ 
OO 

1 I ----tt- t ! - 
0.5 1.0 I.5 2.0 

-A 

2 .5 
Pe ( GeV/c) 

Fig. 6 The corrected momentum distributions above 300 MeV/c for the 
electrons in the multiprong events, for the four center-of- 
mass energy regions. The data are corrected for backgrounds 
and efficiences, but not for the -15% heavy lepton contribution 
in the three highest energy regions. 
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PRELIMINARY 

via reaction (2) in Section I (with n = 0). In Figure 7 we show again our 

corrected momentum distribution for the electrons in the multiprong events 

at the J1(3772), along with the momentum spectra expected from D meson pro- 

duction in e+e- + m(3772) + DDwith subsequent semi-leptonicdecay into seu 
e’ 

Keve or K*ev, (for both V + A and V - A forms for the current which couples 

D to K*).28 The data are consistent with the Cahibbo-favored decay modes 

D + Kev, (confidence level = 4%), D -t K*ev, (V-A) (CL=54%) or D+K*eve (V+A) 

(CL=79%), but are inconsistent with coming entirely from the Cabibbo- 

suppressed mode D + reve (CL=2%). The data are also inconsistent with the 

purely leptonic decay D + ev e which would produce a flat electron spectrum 

from about 810 MeVfc to 1080 MeV/c. If we combine the Kev, and K*ew, (V-A) 

spectra for a fit to the data, we find the Keve fraction to be (45?35)%. 

Assuming that the multiprong signal at the $(3772) comes entirely from 

D meson production and decay,‘&d that the $(3772) decays entirely into DE, 

we can calculate the semileptonic branching ratio for D meson decay into an 

electron plus other particles: 

B(D+eX) = 
a,(~, > 300 MeV/c)/A(p cut) 

u CD1 

where 

oe(pe > 300 MeV/c) = 1.13 + 0.34 nb from Table IV 

A(p cut) is the correction for the part of the electron spectrum 
which falls below our cutoff value of 300 MeV/c. As a 
model, we take the average of the decay spectrum for 
D + Kcv, and K*eve(V-A) as shown in Figure 7. We obtain 
A(p cut) = 0.82 

0 CD) is the cross section for D production, which we have 
previously determined to be 20.6 ? 4.3 nb.26 

We thus find:3o jB(D + eX) = (6.7 f 2.4)%( 

C. B(charmed particles + eX) at several Ec.m. As we discussed, it is 

only possible to give an average semi-leptonic branching ratio for “charmed 

30 

n 

I I 

E cm= 3.77 GeV 

46 t 12 events 

* D-K ev ! V-A) 

k . 
a 

+/D-tK*ev ( V+A 1 
l ’ 

0.3 0.6 V.J 

‘+---D-T ev 

P, (GeV/c ) 
XBL779- 2334 

Fig. 7 The corrected momentum distribution above 300 MeV/c for the 
electrons in the multiprong events at the m(3772). The curves 
show the electron momentum spectra expected from D meson pro- 
duction (via e+e-+DII) and decay (via Dweue, Keve and K*ew,), 
based on the calculations of Ali and Yang.28 The curves are 
normalized above 300 MeV/c to the total number of events. 
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PRELIMINARY 

particles” into electrons for each of the three highest center-of-mass energy 

ranges, because we can’t separate D decays from other charmed particle decays 

in our data. We write: 

B(c -f eX) = I?,/2 Rcharm 

where : c E “charmed particles” 

Re = 
ue(pe > 300 MeV/c)/A(p cut) 

a(e+e- + p+iJ-) 

R = cross section for production of a pair of charmed particles 
charm u (e+e‘ + u+Fi-1 

To evaluate Re we again need A(p cut), which is the correction for the 

part of the electron spectrum which falls below our cutoff value of 300 MeV/c. 

To determine A(p cut) we need to know the momentum spectrum of the electron 

in the “charmed particle” decays, and we need to know how the “charmed particles” 

are produced so that we can properly Lorentz boost the spectra. As an approxi- 

mation we have chosen a reasonable production process for D meson production 

for each of the four center-of-mass energy ranges, and assumed the D’s decay 

to Keve or K*eve(V-A). The assumed production processes are: 
31 

E c, m @VI Production Process 

3.772 DE 

4.16 D*D* 

4.4-5.7 D*D* 

6.4-7.4 D*D*nira 

28 
The resulting spectra are shown in Figures S-10, along with our data. The 

agreement is satisfactory, and we average the KeVe and K*eve(V-A) spectra to 

obtain A(p cut), and thus Re. The result is the first column in Table V. 

EC,-, = 4.16 GeV 

502 12 events 

- D+K*ev (V-A 
-- D-K ev 

0.3 0.6 0.9 
pe ( GeWc) 

5 

XBL779-2336 

Fig. 8 The corrected momentum distribution above 300 MeV/c for the 
electrons in the multiprong events at EC.,. = 4.16 GeV, The 
-15% heavy lepton contribution has not been subtracted. The 
curves show the electron momentum spectra expected from D meson 
production (via e+e-+D*D*) and decay (via D+KeWeand K*ev, (V-A)), 
based on the calculations of Ali and Yang.28 The curves are 
normalized above 300 MeV/c to the total number of events. 
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Table V. Multiprong events. For definitions of the quantities, see the 
text. The results are preliminary. 

E c m. range (GeV) R R 
-E charm B(c -L eX) (%) 

3.76-3.79 [$(3772)] 0.23iO. 07 1.7kO.3 6.7e2.4 

4.1-4.2 0.32AO.10 2.1i0.5 7.7i3.0 

4.4-5.7 0.28?0.07 1.9”0.5 7.4t2.8 

6.4-7.4 0.33iO. 08 1.9io.4 8.7f3.2 

To evaluate Rcharm we assume: 

R charm = R - RT - Rold 

where : 
R = 0 (e+e- + hadrons)/o 

NJ 

RT is the contribution to R from ece- -t ?+T-, and equals $(3-t32) 
with B = v,/c. 

We assume mT = 1.9 GeV. 

R old is the constant value of R below the charm threshold. We take 
R old = 2.6. 

The values of Rcharm so determined are listed in the second column in Table V. 
32 

Having Re and Rcharm, we thus can calculate B(c + eX), which is listed in 

the last column in Table V. Figure 11 shows B(c + eX) as a function of the 

center-of-mass energy. There does not seem to be any large variation of the 

branching ratio with energy. 

The values of B(c + eX) obtained here agree within errors with those 

obtained at DORIS ,13’ 33 but seem to be systematically lower. This is probably 

due to the long standing fact that the measurements of the total hadronic cross 
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section (and thus R) at SPEAR with the Mark I detector have always been 

higher then those measured at DORIS. 
.34 

VI. SUMMARY. 

1) We observe anomalous electron production in two-prong events which 

is consistent with the heavy lepton hypothesis. Assuming all these events 

arise from the production and decay of a heavy lepton, r, we have measured the 

branching ratios: 
22 

B,(r + eVevr) = (21.6 + 5.3)% 

Bh(r + single charged hadron + neutrals) = (43 + 18)% 

2) We observe anomalous electron production in multiprong events. At 

the $(3772) the electron momentum spectrum is consistent with the Cabibbo- 

favored semi-leptonic decays of the charmed D meson, and using efficiencies 

averaged over D + Keve and K*eue(V-A). we have measured the semi-leptonic 

branching ratio of the D into electrons: 
30 

B(D -t eX) = (6.7 + 2.4)% 

For higher center-of-mass energies we have obtained average semi-leptonic 

branching ratios for charmed particles into electrons under similar assumptions. 

Our preliminary results are: 

E c.m.(GeV) B(c + eX)(%) 

4.1-4.2 7.7 t 3.0 

4.4-5.7 7.4 + 2.8 

6.4-7.4 8.7 k 3.2 

I sincerely acknowledge the large contribution that has been made by the 

members of the Lead-Glass Wall collaboration 
1. 

in obtaining the results presented 

here. I also thank Mrs. Josephine Barrera for her help in typing this paper. 
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REVIEW OF DILEPTON PRODUCTION AT HIGH ENERGY 

Melvyn Jay Shochet 

Enrico Fermi Institute, University of Chicago 

Chicago, Illinois 60637 

I. INTRODUCTION 

Dilepton production in hadron-hadron collisions at high energies 

has been studied by a large number of experimental groups at Brookhaven, 

CERN, Fermilab, and Serpukhov. This work has had three major motiva- 

tions. Firstly, a number of experiments investigated the origin of 

single direct leptons. These are known to be produced over a wide 

kinematic region with a production cross-section -10m4 that of single 

pion production.' Secondly, dimuon production has been studied in 

order to determine the properties of the high mass dimuon continuum. 

Tests have been made to determine whether this production is consistent 

with a simple model of quark anti-quark annihilation. If this is so, 

properties of the quarks within the nucleons can be determined from the 

data. Finally, dileptons have been used to study the production of 

high mass vector resonances. Searches in the leptonic decay mode are 

necessitated by the very large backgrounds in the hadronic modes due to 

normal multi-particle hadronic production. 

In the following sections, these three aspects of dilepton studies 

will be discussed in turn. 

II. ORIGIN OF SINGLE DIRECT LEPTONS 

There are three possible origins of single direct leptons: (1) 

They may result from the weak decay of short-lived particles such as 

charmed particles. In this case the charged lepton would be accompanied 

by a neutrino and thus not appear in the dilepton spectrum. (2) They 



may result from the electromagnetic decay of low mass objects such as 

P, w, Q, $ -c u+u- or n * yu+Fi-. Thus there would be a charged lepton 

pair of low invariant mass. (3) They may result from the electromag- 

netic decay of high-mass objects. An example is the Drell-Yan mecha- 

nism* in which a quark and anti-quark annihilate into a virtual photon 

which materializes as a lepton pair. 

The origin of low and moderate pL direct leptons will now be dis- 

cussed after which high pL direct leptons will be considered. 

A. Low-Moderate pL 

A Chicago-Princeton group3 (CP-II) working with the Chicago Cyclo- 

tron spectrometer at Fermilab has measured dimuon production over a 

large range of invariant mass (Mu,), Feynman x (x,), and transverse 

momentum (PI). They used these cross-sections to calculate the dimuon 

contribution to the single direct muon yield. Figure 1 shows their 

apparatus which had good acceptance over the range 

0.3 c MuFc c 12 GeV/c' 

0.15 < XF < 1 

0 < pI < 4 GeV/c 

Proportional chambers in front of as well as in the middle of the hadron 

absorber improved the mass resolution at low mass and removed background 

from muons produced in the absorber. 

Figure 2 shows data taken with a 150 GeV incident proton beam. In 

order to compare the single muon spectrum calculated from these data 

I -Chicago Cyclotron 
Magnet 

Lead 
K-MWPC 

Spark Chambers 
Hodoscope 

Fig. 1. The Chicago Cyclotron Spectrometer 
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Fig. 2. CP-II Dimuon spectrum. 

with results from direct muon experiments, the CP-II data had to be 

extrapolated to xF = 0. The assumptions 5 du LY. (l-x,)C dy and & = con- 

stant for xF < 0.15 gave similar results, while the parameterization 

&a (l-x 
dp3 

F )c produced higher single muon cross-sections at XP = 0. 

Since the latter predicted more single direct muons than were observed, 

the first parameterization was used. The authors also assumed an iso- 

tropic decay distribution in the dimuon center-of-mass. They found, 

however, that a (1 + cos20*) distribution would change the results by 

<lo%. 

Figure 3 shows the results of their calculations. The contribu- 

tions to the single direct muon cross-section from the J/q. all vector 

mesons (p, W, o, J/Q), and vector mesons plus the observed low-mass 

continuum are plotted. These results are compared with existing data 4-7 

in Fig. 4. Within the uncertainties shown, low mass dimuons can account 

for all the observed single direct muons at low to moderate transverse 

momenta. The uncertainties are large enough, however, to accomnodate 

a significant contribution (-30%) from other sources. 

The CP-II group also used their data to calculate the contribution 

of dimuons to single direct muons in the forward direction (pl < 0.6 

GeV/c, 0.1 < xF < 0.6). They found that the low mass continuum made 

the dominant contribution and that dimuons could again account for the 

direct muons observed by their group and by Leipuner et a1.D -- 

Additional information on the origin of single direct muons at low 
to moderate pL comes from the Yale-BNL-Fermilab collaboration. The 

dimuon contribution to the direct muon cross-section in the forward 

direction was determined by measuring both single muons and dimuons in 

scintillation counter hodoscopes located downstream of a target and 

hadron absorber at Fermilab. Since their counter array did not extend 

far in the vertical direction, they had to calculate the fraction of 
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PT KeW 
Fig. 3. Contributions to the single direct muon spectrum calculated 

from the CP-II dimuon spectrum. The single X- cross-section 

is shown for comparison. 

2,5 

2,o 

“0 It5 - 
x 
‘I= ;\ 
=L LO 

ot5 

I 

-_/ Vector Mesons 

_ Vector Mesons 

I I 

l Boymond etal. 
0 Appel et-al, 
A Bintinger et-al, 
. Abromov et,al, 

’ + Low Mass Continuum 

Fig. 4. Calculated v-/n- ratio compared with existing data. 
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muon pairs for which the second muon missed the detector. The correc- 

tion factor depended most strongly on the xF distribution of the muons. 

Their measured xF distribution resulted in a correction which increased 

the dimuon yield by approximately a factor of 11. They concluded that 

(1) u pairs/single p's ~1, and (2) the single u rate was approximately 

ten times larger than they calculated from reasonable p, w production. 

These conclusions are in qualitative agreement with those of the CP-II 

group. 

The same group also measured the polarization of single direct Wt 

in 400 GeV p-Cu collisions. 9 
An aluminum-scintillator polarimeter was 

used with a 30 gauss precession field to obtain a measured analyzing 

power of 0.185 c 0.01. If direct muons have an electromagnetic origin, 

then one would expect zero polarization due to parity conservation. If 

direct muons are rather produced by the V-A weak decay of a heavy parti- 

cle, a polarization of +l.O would be expected for the anti-fermion pt. 

The experimental results are P = 0.00 + 0.10 at xF = 0.46, pI = 0 and 

P = -0.135 + 0.20 at xF = 0.07, pI = 2.15 GeV/c. These results are 

consistent with an electromagnetic origin for direct muons, but in dis- 

agreement with results of Anisimova et al --* " that P = -0.85 f 0.36 at 

pl = 2.8 GeV/c for 70 GeV incident protons. 

Finally, there are electron data from the double-arm spectrometer 

of the URN-Columbia-Rockefeller-Saclay group at the ISR.” They pre- 

sent 95% confidence level upper limits for the contribution of e+e- 

pairs to single direct electrons of pI >1.3 GeV/c. 

Mass (GeV/c') Fraction of Single Electron Yield 

0.4 <0.064 
0.5 co.104 
0.6 co.178 
0.7 co.512 
0.8 cl.61 
0.9 ~2.73 
1.0 c4.45 

Their sensitivity allows them to make a significant statement only below 

the p mass. In this region their result is consistent with the CP-II 

data. 

B. High PI 

A Chicago-Princeton collaboration (CP-I) working in the proton area 

at Fermilab has studied the high mass dimuon contribution to direct 

muons at high pL by asking the following question: What fraction of 

the time is a direct u accompanied by a high pI u on the other side of 

the beamline?12 

‘P- 
They used the small aperture precision magnetic spectrometer which had 

previously found direct muons produced at large pI. This detector pro- 

vided an excellent direct muon trigger: 60% - 80% of detected muons 

were direct rather than from 71 or K decay. To detect coincident muons 

on the other side of the beamline, the Multihole Spectrometer (MHS) was 

built (see Fig. 5). It consisted of 10 liquid scintillation counters 

(12' x 4') placed in 20' deep holes in the ground. The 6 meter earth 

shield between the incident beamline and the MHS provided a minimum 

transverse momentum requirement (pI > 3.2 GeV/c) for any muon reaching 

an MHS counter. The MHS covered 5% of 4n solid angle in the center of 

mass and had a mass acceptance typically 2 GeV/c' FWHM centered on 

2 P:, where p: is the transverse momentum of the muon detected in the 

precision spectrometer. Results obtained with 400 GeV incident protons 

are tabulated below. 
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Multihole Spectrometer 
-.~.+&-*.---f4-- --.- *.-- 
#roton Beam 

IOm. 1 

IOOm, 

Fig. 5. Schematic of CP-I apparatus. 

‘i <M > Fraction of Direct Muons 
Al!+.- with Count in MHS 

3.9 GeV/c 7.7 GeV/c2 1.0 r 0.2% 

4.6 8.8 4.1 f 0.4 

5.4 10.0 13.2 + 2.4 

6.2 11.3 14.9 + 4.8 

High mass dimuons are seen to be an increasingly important source of 

single direct muons as pL is increased. In order to determine the total 

fraction of high pl direct muons produced as high mass pairs, the above 

results must be corrected for the finite acceptance of the MHS. This 

correction depends strongly on the mean transverse momentum of the 

dimuons. If, for example, <PI>,, -0, then the second muon would lie in 

the plane defined by the proton beam and the precision spectrometer. 

In that case the detection efficiency of the MHS would be very high. 

The mean dimuon pI was determined from the data to be 

<PI' = 1.25 f 0.3 GeV/c. 
!JlJ 

If the spectrum is parameterized by a simple exponential 

do oT ,-2P1/<P1> 

dp12 

it is found that fi direct muons at high p,, can be accounted for by 

high mass dimuons. This conclusion varies somewhat if the form of the 

distribution is changed, but even the most conservative extrapolation 

finds high mass u pairs responsible for >30% of high pi, direct u's. 

C. CONCLUSION 

The evidence from both low-moderate pL and high pL experiments 

supports the hypothesis that dileptons are responsible for most single 

lepton production. There is, however, still room for some contribution 

from weak decays (iv). Results from experiments addressing this ques- 

tion explicitly should be available during the coming year. 

326 



One kinematic region of direct lepton production has not been 

addressed by these dilepton studies. This is the low-p1 low-xF 

region, where two groups 13,14 have reported a large increase in the 

e/r ratio as pI drops from 1 GeV/c to 0. 

III. PROPERTIES OF THE DIMUON CONTINUUM 

The dimuon continuum is of interest for two purposes, what might 

be called engineering and scientific. The engineering aspect requires 

a single question to be answered: What will the intermediate vector 

boson production cross-section be at the proposed high energy p-p and 

E-p colliding beam machines? The connection between W production and 

virtual y (or equivalently dilepton) production at the same mass is 

made through CVC.15 Thus the atomic number dependence of dilepton pro- 

duction must be determined so that the available data on heavy targets 

can be extrapolated to the p-p case. In addition the scaling proper- 

ties of the data must be measured so that the data can be extrapolated 

to the M 
I& 

and J;; appropriate to the colliding beam experiments. 

The major scientific question being asked is whether the data are 

consistent with simple quark anti-quark annihilation and if so, what 

can be learned about the quarks? In this connection, both Drell-Yan 

scaling and the transverse momentum distribution of dileptons will be 

discussed. 

A. A Dependence 

The atomic number (A) dependence of dimuon production is plotted 

in Fig. 6. 39 12* 16' l7 Each point represents cross-sections which 

have been fit to a power law in A. The power increases from -2/3 at 

low mass until at high mass it is consistent with a transparent nucleus, 

i.e., A'*'. Although this result can be used to extrapolate cross- 

sections to theP-P case, the data are not precise enough to help us in 

LO 

o< 

0*5 

0 

I I I I I I I I 1 

l Branson etd, 
x Binkley etaI, 
0 Horn et, al, 
q Antreasyan etd 

I I I I I I I I I 

Fig. 6. 

2 345678 
M,, (GeV/c2) 

9 

Atomic number dependence of dimuon production. 
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understanding the anomalous A dependence observed in single hadron pro- 

duction at high p1.18 

B. Scaling 

In the Drell-Yan picture, i.e., electromagnetic annihilation of 

point particles, the differential cross-section can be written down 

from simple dimensional arguments: 

The cross-section is Me3 (to get the proper dimensions) times a func- 

tion of the dimensionless variable M/A, which is the fraction of the 

center of mass energy carried by the lepton pair. Since most of the 

experiments have taken data only in the central region, an alternative 

scaling form is used: 

The Chicago-Princeton group, CP-I, tested scaling during the past 

year by taking data at three center-of-mass energies. 12 
Figure 7 shows 

the clear dependence of the differential cross-section on center of 

mass energy. If scaling occurs, then plotting M3 d20/dMdy) _ versus 
Y-0 

M/A should produce a single curve with no dependence on &. Figure 8 

shows that within the statistical accuracy of the data scaling is 

verified. It should be noted that the experiment was designed to mea- 

sure a continuum and therefore it averages over resonance structure. 

The data thus must be corrected for the 9.5 GeV/c2 enhancement. 19 

The 400 GeV data can be corrected exactly since the cross-section for 

the enhancement has been measured at that energy. Unfortunately such 

measurements have not yet been made at 200 GeV or 300 GeV. If it is 

assumed that the excitation curve for the upsilon has the same shape 

as that for the J/9, the corrected CP-I results are as shown in Fig. 9. 

IO -36 

lo-3* 

\ 
I I 1 I I I I I I 

T 

l 400 GeV 
0 300 GeV 
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7 8 9 to It 12 
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Fig. 7. Dimuon cross-sections from the CP-I group. 
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<p >. 1 
At low mass the mean transverse momentum is indeed small; at 

higher mass <pI> increases and finally levels off at the surprisingly 

large value of ~1.5 GeV/c. A number of theoristsz3 have noted that in 

more sophisticated models, dimensional counting and/or asymptotic free- 

dom lead to a <pI> increasing with M,,,U and then flattening out. One 

note of caution: the rise in <pi> is in the low mass region. The pro- 

duction mechanisms there may be very different than in the high mass 

region. Thus existing data might not contradict a model in which 

electromagnetic q-9 annihilation produced u pairs with <p,> = 1.5 GeV/c 

independent of mass. 

IV. STUDY OF HIGH MASS RESONANCES 

There is now a great deal of data on hadronic production of the 

J/J, as a function of center of mass energy. The major problem is to 

determine the mechanism responsible for this production. Two popular 

models are quark fusion 24 and gluon fusion. 25 In the former a quark 

and an anti-quark fuse strongly to produce the J/Q. In the latter two 

gluons form a positive charge conjugation state which then decays to 

J/Q. The state which dominates has a mass between the J, and 9'. Thus 

it can decay to I+ but not to I$'. This is used by the gluon fusion 

proponents to explain the fact that $ is produced with a much larger 

cross-section than is $'. 

The excitation curve for the J/9 is shown in Fig. 13. 3, 11, 26-30 

Rather than plotting Bdo/dy)y,o versus Jr as is normally done, the 

cross-section is plotted here versus M/X, the fraction of the center of 

mass energy carried off by the Q. All the data from BNL to ISR energies 

fit a single exponential. The meager I$' data also shown in Fig. 13 

allow an exponential with the same slope as the $. If the branching 

ratios are removed and the cross-sections are multiplied by M2 to get 

a dimensionless form (in the spirit of Well-Yan scaling), the results 

lO-32 

0 

k 

bx Q-0 
ck lo-34 

t I I I I I I =3 

. Cobb et.al.~,6Rc;+;$] : 
0 Snyder et.al. 
0 Branson et,aL 
* Bikser et.al, 
m Naqy et.al. 
A Antipov et. al. 

\ 
x Aubert et,aL 

Fig. 13. Excitation curves for the ji and $'. 
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obtained are 

(9) = 6.9 x 1o-3o e-14'7 M'E 

M2 do 
) 

dy y=. tJIl) = 1.1 x iom30 e-14'7 M'Z 

The normalization for JI' is approximately a factor of 6 below that of 

the $I. 

In order to study the connection between J/$ production and con- 

tinuum dimuon production, the data from Figs. JO and 13 have been re- 

plotted in Fig. 14 where the difference in overall normalization has 

been removed. The continuum data and J/J, data fall on the same curve! 

The shapes of the two cross-sections are the same; the relative nor- 

malization is 

M3 d2, 
dMdy ), 

=. [continuum] 1 
z-.- 

M2 do 200 

G 
[J&l 

y=o 

This strongly suggests that J/J, production and high mass continuum 

dimuon production proceed via the same mechanism, the only difference 

being the coupling: electromagnetic fcr the continuum, strong for the 

J/e. If, on the other hand, the continuum and J/$ are produced from 

different constituents (e.g., q-q for the continuum, gluon-gluon for 

the J/q), then the overlap integral of the quark and anti-quark dis- 

tribution functions would have to be the same as that for two gluons. 

This view that J, production proceeds via a quark anti-quark inter- 

action is supported by recent results from the SPS.31 The fi spectrom- 

eter was used with incident IT', K', p, 5 at 40 GeV to study J/$ pro- 

duction. The relative cross-sections obtained are 

c(n-)/o(K-)/o(F) = J/1.0 + 0.3/1.0 ? 0.3 

o(n+)/o(n-) = 0.87 i 0.14 

I I I I I I -1 

l Dimuon Scaling Data (FigJO)- 
0 J/q Excitation Curve (Fig.l3)- 

I I I I I I 

0 OPI 0.2 0.3 O&4 0,5 006 0.7 
M/h5 

Fig. 14. Comparison of J/q production with continuum dimuon production. 
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o(K+)/o(K-) = 0.85 + 0.50 

o(p)/o(P) = 0.15 + 0.08 

The much smaller p induced cross-section can be explained since the 

proton has no valence anti-quark with which to annihilate a quark in 

the target nucleon. 

Finally, a word about the recently announced dimuon resonance at 

9.5 GeV/c * " (see Fig. 15 and the talk given by W. Innes at this 

meeting). The width of the enhancement is significantly larger than 

the experimental resolution. The authors have tried single and double 

gaussian fits and find neither to be satisfactory. In fact Eichten and 

Gottfried expected three narrow peaks in the region.3* The resolution 

of the experiment is at present being improved. If this proves not to 

be sufficient to resolve the structure, there is no proposed experiment 

I know of which will have the necessary resolution. We might then have 

to wait for PETRA/Cornell/PEP to find the answer. 

Thus we have another example of what can be learned by studying 

dilepton production in hadron collisions. There are still many un- 

answered or partially answered questions. Some information will come 

from the experiments currently analyzing data, while other answers 

await the even more sensitive experiments now being planned. 
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RECENT RESULTS FROM THE OHEGA SPECTROMETER 

D. Treille 

CERN 

The Omega Spectrometer has been described many times ('1 . Let us just 

recall that it is a large magnet (fig. 1) filled with optical chambers 

with particle identification downstream and quite sophisticated trigger 

possibilities. At the PS time it was fed by an unseparated hadron beam 

which was used between 3 and 19 GeV/c. We shall describe later the R 

at SPS. 

PS Results 

Table 1 gives the list of experiments which were performed at the R PS. 

All of them have given results. 

The first two triggered n on slow particle (n and p respectively). They 

studied processes with large cross sections but the trigger had a small 

acceptance. Therefore their sensitivity does not exceed a few hundred 

events/ub. Nevertheless quite interesting results were obtained. They 

have been described elsewhere (2). 

I would rather focus on the experiments with a forward trigger and shoia 

few of their results. 

Consider first the coupled experiments: 

Fast proton and Exotics (fig. 2) 

Using n's as incident particles they triggered the D on a forward proton 

of large momentum (> pint/Z). Due to the small cross section of such a 

process, to the large acceptance and purity of the trigger and to the large 

statistics accumulated, the sensitivity, after all processing losses, was 

still above 1 evt/nanobarn, even for complicated 4 or 6 prongs channels. 

Table 2 illustrates the great variety of channels which have been processed 

UD to now. 
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TABLE 1 

PHYSICS AT PS 

:ERN CODE NICKNAME COLLABORATION DATE OF RUN 

s112 "slow II" Birmingham-Rutherford-Tel Aviv- Aug. Dec. 73 
Westfield Oct. 74 

5113 "slow p" Bari-Bonn-Daresbury-Liverpool- Aug. Oct. 73 
Milan 

5114 "fast A" CERN-ETH-Freiburg-Saclay June 73 
Oct. 73-act. 74 

s115 "fast n'* DESY-Glasgow Aug. 73 - 
Mar. 74 

5117 "fast p'l CERN-College de France- Ecole- Apr. 
Polyth. Orsay June 74 

Oct. Nov. 

5139 "rare 
decays" 

s133 !l*lll' 

5116 "K"" 

S148 ll&11 

s145 "exotics" 

S146 "charm" 

Bari-Bonn-CERN-Glasgow-Daresbury- Nov. 74 
Liverpool-Milano-Purdue-Vienna Dec. 74 

CERN-Saclay Apr. Dec. 74 

CERN-ETH Aug. 74 

Aachen-CERN-ETH-Haifa June 75 

CERN-College de France-Ecole Apr. 75 
Polyth.-Orsay 

All Groups Mar. 75 
Apr. 75 

11 Experiments (20 different conditions of beam and trigger) from June 1973 

to June 1975. ( < 200 days of run). Good efficiency R % 80%. 

n+ users Q 60%. 
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TABLE 2 

LIST OF THE CHANNELS PROCESSED IN THE "FAST PROTON" EXPERIMENT 

BEA?, HODOSCOPES 
SCALE 

o-1 2 34rn 

!-----I 
f I I ,x1,1 

SPARK CHAMBE 

- MWPC 

-- inclusive Pf 

-- elastic backward 

-- 7-p + Pf p 

-- IT-p * Pf P- 

-- r-p + (Pn-), no 
+-- -- T-p -t pf ?I ll l7 

-- n-p + (P$f % 

% -- 
-- n-e + PfT PP 

Pf TI-r" PP 
+--0 -- TI p -+ pf TI ll il ll 

+ Pf (5n) 

etc. . . . 

339 



, I 

For the channel n-p + (pa-)forward no 
(33) 
the effective mass of the forward 

system is shown in fig. 3. It exhibits a first unexoected and yet not 

understood result: while the spectrum is dominated by heavy N*'s the 

forward production of the A is suppressed by a large factor (40) compared 

to what one could wait for. This feature is present in many other channels. 

Fig. 4 illustrates the fact that,in the channel n-p + pfn'n-n-, (3b)for all 

three of the main configurations (see table Z).the dominating process is 

quasi two body production involving resonances, like 

np+N*p f 
n p + pfA2, etc... 

Fig. 5 in particular exhibits - wit.+! the cuts indicated 

- evidence for the backward production of the controversial A,, at 1070 

MeV/c2. With such a limited statistics no Ascoli t.ype of analysis is 

possible. So this is not a proof of the existence of the A, as a genuine 

resonance. On the other hand it is difficult to reproduce such a structure 

by any mechanism like the backward equivalent of a Deck effect. 

Fig. 6 showing the backward w. signal from n-p + (~~-)(x'v-v,) proves that 

the spectrometer has reached the level of clean 1C physics for rather 

complicated topologies. 

- - 
If we now turn to the channel in p + pf" p p we encounter there 

another surprise. Figs. 7 and 8 shows, with different types of 

cuts, the presence in the backward FP system of’ two (maybe three) 

narrow resonances. At least for the upper one, one cannot exclude 

zero natural width. These resonances appear Only in association 

with forward A and N*,520: the reTative importance of the A and the 

absence of the N*,680 can be understood by pure kinematics and do 

not contradict the result of Fig. 3. The cross sections, if one 

takes into account urnin effects and if one assumes a substantial 

branching ratio of the narrow objects into p;, are quite compatible 

with baryon exchanqe. No spin determination is possible. Details 

can be found in (4). 

A similar experiment proposed for Omega prime (see below) should improve 

the statistics by an order of magnitude. 

Figs. 9 and 10 show one of the result i5b f the Rare Decays experiment obtained 

in the channels 

I600 I 

9 GeV/c 

0 pn--Ufi'lGeV* 

I5450 Events 

q pn“ -“,-cl GeV* 

3914 Events 

q pn~-u,-~lGeV* 

948 Events 

12GeV/c 
0 px--un”< 1 Gev* 

4386 Events 
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CERN-COLLEGE DE fRANLt-ECOLE POLYTECHNIOUE -0RSAY 

7T‘p - P,PPr- 3 , 12 Gevn 

pp INVARIANT MASS U’w?VI 

pp invariant mass distributions for (a) all events, (b) events with pfT 
in the A’(1232) region, (c) evclnts with pf’~- in the N’(1520) region, 
and (d) events not included in (b) or Cc). The curves represent the 
result of fits to 1 or 2 BlJ’s + smooth background. 
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One can summarise the results by the three ratios: 

(1) rn*p 9 Ir 0.5 % 
w nnnp 

(2) 
o K+K-P-P = o.45 ; ;$ 
p"K+K-n-p 

+ - - 

(3) 
#'nnnp = 1.7 t 0.9 
$ K+K-n-p - 0.5 

(1) confirms the smallness of a Zweig forbidden process and 

(2) shows that two 7weig allowed processes are of the same order of 

magnitude. 

ttowever (3) illustrates the fact that at 19 GeV it costs 2 orders of 

magnitude to produce an extra nair of kaons. Therefore, even with a 

perfectly correct Zweio rule, it would not be wise, if vou want to 

discover strangeness, to trioner on a 4. 

Finally Figs. 12 and 13 show results from the V" trigger experiments. 

In the K'!&I system D and E mesons are seen. In the non diffractive 

K"a~ system clear evidence for a 3- K* at 18gO MeV is presented. 

SPS Pesults 

Fig. 14 shows the modified n spectrometer used at the SPS. It is fed 

by two converging beams 

- an 80 GeV e/y beam 

- a 40 GeV hadron beam which will be separated next spring 

with the help of two supraconducting deflectors. 

The main part of the program is devoted to photonroduction, with an 

emphasis on the study of charmed states, and a parallel attempt to 

measure charm life time using emulsions. No result is yet available. 

1 
(ll)- 

Y(RRT) i ckwc' 
Meanwhile a simoler experiment which gave the first results of the 

SPS - has been completed. It was a dimuon production by all kinds of hadrons _ 

(p, 6, K', n') present in the unseparated hadron beam at 40 GeV. The 

set up is shown in Fig. 15. The incident flux was 3 106 particles 

per pulse or 'or 107/second. The main results are shown in Fig. 16 and, 
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for the $, can be summarized by the ratios 

4x-) : o(K-) : u(p) = 1 : 1.0 f 0.3 : 1.n f 0.3 

+3 
ucfl-1 

= .87 + .14 LLc.!a 
4'0 

= 0.85 5 0.5 

dP 
-if "(P 

= 0.15 f 0.08 

The last ratio indicates that at our energy protons are less efficient 

than p or n's to produce ~i's, as expected from quark fusion models. 

Other results on the $I and on the continuum are available, but for the 

rare particles the statistics is extremely poor. For n's Fig. 17 

shows the x distribution of produced ~i's: it is not centered at zero, 

as expected if the valence antiquark of the meson have a higher mean x 

than the valence quarks of the nucleon target. Fiq. 18 shows our 

results on the dimuon continuum induced hy T’S. The comoarison to the 

proton induced continuum is strikinq. ,A similar experiment which 

should yield 10 times more events and therefore allow a detailed study 

of antiproton induced dimuons will be run next year. 

Future 

It is planned to replace the optical chambers of the sl 

MWPC's. Details can he found in (12). This is called the R prime project. 

With other changes (a 3rd drift chamber, another Cerenkov counter, 

improved data acquisition , etc.) and new beams - for instance a much 

more intense e/u beam (200 GeV max. momentum) - it will represent a 

major improvement. 
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EXTRAORDINARY BADRONS 

R. L. Jaffe 
Center for Theoretical Physics 

Laboratory for Nuclear Science and Department of Physics 
Massachusetts Institute of Technology 

Cambridge, Massachusetts 02139 

In a conference featuring so many reports of exciting 

new experiments any theoretical talk will seem somewhat 

frivolous. This one especially: I intend to discuss ex- 

clusively hadrons which are largely unfamiliar, often un- 

wanted, scruffy and generally disreputable. Fortunately 

for such a murky subject, it is amenable to systematic 

treatment. I will discuss hadrons in order of the number 

of quarks they contain: 

1 QUARK: Liberated Quarks in QCD. 

2&3 QUARKS: Type 2 exotics: mesons and baryons with 

JPCIG not permitted by the non- 

relativistic quark model. 

4&5 QUARKS: Type 1 exotics (and cryptoexotics): 

mesons made from Q2G2 and baryons made 

from Q"ii. 

6 QUARKS: Dibaryons, especially the deuteron. 

The motivation to study such systems as these lies in 

two of the ancient mysteries of the quark model: confine- 

ment and the absence of exotics. Once an embarrassment, 

confinement is now regarded as a triumph of the quark 

model (or more precisely of its possible theoretical an- 

tecedent, QCD). Suppose, however, that the existence of 

free, fractionally charged quarks is convincingly demon- 

strated. What becomes of QCD? This is the subject of the 

first part of this talk. 

Compared to liberated quarks exotics appear prosaic. 

Nevertheless they are unfamiliar. The experimental 

evidence is limited to a oair of questionable Z*'s. The ab- 

sence of prominent exotic states has always been a mystery 

in the quark model. Recently study of the color mediated 

forces between quarks has provided a possible partial ex- 

planation. In any case exotic hadrons represent rather 

virgin territory compared to the familiar landscape of 

the ordinary Q6 mesons and Q3 baryons. Perhaps we shall 

learn more by understanding the gross features of the dy- 

namics in these new sectors than by trying to settle out 

details of the old spectroscopy. 

I. LIBERATED QUARKS IN QCD 

From time to time evidence is presented for the ob- 

servation of isolated fractional charge. 1 Suppose the 

evidence became unequivocal. Recently A. De Rujula, R. 

Giles and I2 undertook to study the implications of such 

a possibility for QCD. The origins of QCD lie in its suc- 

cessful description of hadron spectroscopy, Bjorken scaling, 

quark statistics and so forth, not in its ability to con- 

fine quarks. Indeed no one has yet succeeded in deriving 

confinement in QCD. Discovery of physical ("liberated") 

quarks would not alter the phenomenological bases of QCD. 

It would remain our best framework for a discussion of 

quark dynamics. The question is how to accomodate the pos- 

sibllity of liberated quarks? 

We do not challenge the belief that an exact local 

color gauge symmetry confines color completely. We found 

that a slightly broken local color gauge symmetry (main- 

352 



taining the global color symmetry) would confine color ap- 

proximately: the properties of color singlet mesons and 

baryons remain as before, but liberated colored quarks 

would exist and be very massive. By means of a suitable 

Higg's scheme we arrange to give all eight gluons a small 

mass in the Lagrangian: 

X,,, -zQcD + $2a&~z~aa (1.11 

and 

We find then that the masses of liberated quarks and gluons 

go like l/u for small u: 

(VaMQ) of liberated quarks. To study free quarks one must 

choose a calculable approximation scheme which describes 

confinement for u=O. We have chosen the MIT Bag Model. 3,4 

Consider a bag of volume V containing a free quark with 

color charges Q,. The classical equations of motion are: 

;:; MQ = 1/2au'n + O(lP3) 

lim MG = 3/4rru'u + O(u l/3) (1.3) 
Ii+0 

Note the inverse relation between the gluon mass in the 

Lagrangian (which breaks the local gauge symmetry) and the 

mass of a liberated gluon. For small 1-1 and suitable choice 

of the Higg's potential spectroscopy is unaltered while 

asymptotic freedom is replaced by "temporary freedom": 

quarks act free down to distances of the order of l/MH, MH 

being the Higg's mass which is taken to be very large. 

In this model liberated quarks have rather striking 

characteristics. First, it is likely that they will be 

found only on specific nuclei with baryon number AMA$MQ/mp. 

Second, liberated quarks will have small production cross 

sections, making them hard to produce. Third, they will 

have large interaction cross sections making them, oddly 

enough, hard to see. 

The origin of all these properties is the large size 

+ u Aa - gj! 2 L a = 1,2...8 (1.4) 

The latter, a bag boundary condition (nu is the unit nor- 

mal to the bag's surface). For the scalar potentials, Ai; 

eq. 11.4) reduces to Yukawa's equation 

(V%&A; = -go, 

and eq. Cl.51 reduces to a Neumann boundary condition 

&iSAa = 0 (1.7) 

pa is the color charge density (including both quark and 

gluon sources1 and g is the color coupling constant 

(g2=4aac). To proceed we intergrate eq. (1.6) over V, 

I ;;*‘bA"d2s - a u2 
I 

Azd'x = -gQ, 
S V 

where S is surface bounding V. Eq. (1.8) contains the key 

to quasi-confinement. For u=O eqs. (1.7) and (1.8) com- 

bine to give Q,=O - exact confinement. For u#O we find 
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I A;d% = gQ,/u' 
77 

( . 9) 

” 

A", must contain a static term which diverges for small u: 

(1.10) 

where 0, is well-behaved as ~+n. Since quantum fluc- 

tuations, time dependent surface fluctuations and the like 

do not change Q,, this result is independent of these ef- 

fects. 

AZ contributes a divergent (as u-+0) term to the mass 

M(V) = 
I 
v$u2A;zd3x + BV + 0(1/R) 

2nacQz 
= - + BV + 9(1/R) 

U*V 
(1.12) 

where R is a typical linear dimension of the bag and B is 

the bag pressure. To balance the bag pressure on the 

average we require aM/aV=O which yields 

v = yy + 0 IPI 

and 
1 

M=TzPyJ f g* + O(u l/3) 

(1.13) 

(1.14) 

where a' is the slope of Regge trajectories, which is cal- 

culable and given by 

l/a' f- 
2mCB 

= 16Ti - 3 (1.15) 

in the bag model. 5 Q2 is the quadratic Casimir for the 

SU(3)-color representation inside the bag: 

Q2 = 16/3 (QUARK1 

Q2 = 12 (GLUON) 

Q2 = 40/3 (SYMMETRIC DIQUARR (6)) 

ETC. 

There is a whole spectrum of colored states, depending on 

the color-representation. It can be shown that the light- 

est state in each representation is stable. 2 Excitz9tions 

of a free quark will be scaled by l/R%~l'~ and therefore 

lie very close together. Figure 1 shows a schematic spec- 

trum of colored states. 

Notice that this discussion made no reference to the 

explicit shape of the bag. This is determined by 0cl.r l/3) 

terms. We find that a sperical shape is preferred. The 

shape independence of the leading term in eq. (1.14) sug- 

gests that a string intepretation is possible. This was 

pointed out by Susskind6 and is illustrated in Fig. 2. A 

string of length -l/p has a mass To/p = 1/211a'u (To is the 

string tension), in agreement with the bag calculation. 

The nuclear affinity of liberated quarks follows from 

their large size. The quarks in a nucleon are confined to 

a region of order lfm. The mass of a nucleon is the sum Of 

the (massless) quarks' kinetic energies. Should a nucleon 

be absorbed by a liberated quark (see Figure 3) the 

nucleon's quarks could "relax" into long wavelength modes 

in the liberated quark bag. Thus absorption of nucleons by 

a free quark is exothermic and remains so until the Fermi 

sea of quarks within the liberated quark exerts a degener- 

acy pressure comparable to B. The maximum number of baryons 

(&) which can be absorbed by a liberated quark is deter- 
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Fig. 3 

Absorption of a color singlet nucleon by a 

liberated color triplet quark accompanied by 

release of energy (photons, pions). 

mined by u (or MQ) and by ec. 2 For the bag model value of 

CL we find C 

(1.16) 

We call hX the "appetite" of a liberated quark. The sys- 

tem of quark plus A-nucleons does not resemble an ordinary 

nucleus. It is a single bag with large, fractional baryon 

number and charge, which we call a quark-nucleon complex 

CQNC) . Their properties are shown in Fig. 4. QNC's would 

appear as anomalously heavy nuclei. For example if 

NQ=lOOGeV then A-=85, Z(~,l = 36+ZQ and M(h) = 

161GeV. SO a 1OOGeV quark at its appetite has the charge 

of krypton but the mass of dysprosium (!). With fractional 

charge it probably has chemistry unlike anything else. 

Quark cross sections are determined by geometry. A 

liberated quark is a large region of hadronic matter 

(mostly gluon fields). We expect total cross sections of 

the order V2'3. Comparing the quark-proton cross section 

to the proton-proton cross section we find 

,,T(PP) for MQ>>Mp Cl.171 

A 1OOGeV quark will have a total cross section about 10 

times the total pp-cross section. 

Their size makes quarks hard to produce. They are not - 

pointlike. Consider, for example e+e-+QG, as shown in 

Figure 5. For large q2 the time-like form factor should 

have the same q2-dependence as the space-like form factor. 

From the space-like viewpoint the form factor measures the 
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Fig. 5 

e+e-+QG 

amplitude for the hadronic fields to maintain phase co- 

herence after absorbing some large momentum "kick". This 

should be scaled by R. Ne expect a form factor of the form 

1 
FQ(qz) 'L (l+qZ<R2>/6)p (1.18) 

where p=l or 2 (in analogy to other hadronic form factors). 

A similar result may be reached entirely in the timelike 

regime. The argument is outlined in Fig. 6. When a qS 

pair is created the gluon mass, 1-1, may be ignored until the 

separation of the pair is of order l/u. The smaller u the 

more likely that an additional &pair will be created in 

the flux tube connecting the original separating pair. As 

soon as an additional pair is created one has mesons, not 

liberated quarks. Again we have concluded that as u+O (or 

R-f-) quarks will become increasingly difficult to produce. 

We found that accelerator quark searches put only a limit 

or 2 to 3 GeV on the mass of liberated quarks. 

Finally the model has profound consequences for quark 

searches in stable matter. Any liberated quarks left over 

at the creation of the universe would be found only very 

near their appetite. The reason is that for the first lo3 

seconds there was an intense flux of low energy neutrons. 

A liberated quark would quickly eat its fill of neutrons 

(note protons would not do because of the coulomb barrier 

about a growing QNC) while B-decaying toward the stability 

line shown in Fig. 4. So "primordial" quarks would all be 

found very nearly at their appetite, ie on very specific - 

substances. Thus a quark search in one material would not 

bound the abundance of quarks in a different substance. 
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Quarks created after the big bang, by some high energy 

astrophysical process, would be less likely to reach their 

appetite. The size of u(Qp) insures that passing through 

the earth's atmosphere the quark would acquire several 

units of baryon number. Thus a quark-cosmic ray would be 

unlikely to have charge l/3. 

To summarize: everything we know about ordinary had- 

rons and QCD is consistent with the existence of free 

quarks of mass greater than 2-3GeV. In the context of ap- 

proximate QCD, liberated quarks are hard to make, hard to 

see and likely to be found in specific nuclear systems. 

Although exact QCD and exact confinement are aesthetically 

more attractive, it is well to remember that the existence 

of liberated quarks is still very much an open question. 

II. Q? AND 'Q3 EXOTICS 

I wish to return now to the everyday world of color 

singlet hadrons. In the non-relativistic quark model 

(NRQM) certain combinations of J, P and C are forbidden to 

the Q&system. Specifically Jpc=O-- and the sequence O+-, 

1-+ , 2+-r etc. cannot be realized in the NRQM. Though there 

are no analogous rules in the Q3-system, certain SU(6) mul- 

tiplets are not expected at low mass. The NRQM ground 

state is the familiar L=O[561. The first excitation could, 

in principle, be either L=11701 or L=1[561. In the NR@M 

the latter is a spurious state corresponding to an ex- 

citation of the three quark center of mass. A real L=1[561 

multiplet occurs first at the level of three oscillator 

quanta. The only state in an L=l[56] which does not also 

occur in the L=lI701 is a A(5/2-). Existence of a light 

A(5/2-) should therefore be regarded as peculiar from the 

standpoint of the NRQM. As a class these peculiar Qz and 

Q3-states are known type II exotics. 7 

Type II exotics are of interest because they are to be 

expected in relativistic quark models. None of the selec- 

tion rules of the previous paragraph can be proved unless 

quark-quark interactions are instantaneous. Type II exotics 

may be excitations of quarks relative to self-consistent 

field variables, such as occur in the Bag model; 8 they may 

be bound states of QG plus a qluon;' or they may be multi- 

quark states (eg Q2~*).lo Type II exotics also arise in 

Bethe-Salpeter treatments of the Q&bound state. 11 

Characteristically Type II exotics are heavier than 

their non-exotic analogs. Rebbi found the exotic L=lI561 

to be heavier than the non-exotic L=1[701. Horn and 

Mandula's Q6g exotic 2+- state is heavier than the non- 

exotic 2 ++ Q&state. Relativistic quark models mimic the 

spectrum of the non-relativistic model, but only up to a 

point. At some level Type II exotics ought to make their 

appearance. 

There is one ambiguous piece of experimental evidence 

on the subject. A A(5/2-) state at about 1925 MeV has been 

suspected for some time. The phase shift analysis of 

Cutkowsky et al12, appears to confirm this. N.?QM en- 

thusiasts13 claim this is not too low for a non-exotic 

8(5/Z-) from a multiplet with three oscillator quanta. It 

seems unlikely the question can be settled in the baryon 

sector. 

Unfortunately the experimental difficulties in the 
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meson sector are formidable. There is no evidence for Type 

II exotic mesons but little evidence against them in the 

mass range in which they may be expected. They don't couple 

to easily observed meson-meson channels. A Jpc,2+- state 

would appear in the p7~ or wr P-wave. A Jpc,O+- state would 

appear in the Bn or A,lr P-wave. Furthermore Type II exotics 

are not expected to be light (say M>lSOO MeV for the 0 +- 

and 2 '- states listed above). Perhaps the J/I) or $' can be 

used as a source of Type II exotics. One could, for ex- 

ample, look for the decay J/$ + n(2'-1. The matter of 

Type II exotics mesons is of great theoretical importance 

but remains largely unexplored both theoretically and ex- 

perimentally. 

III. MULTIQUARK EXOTICS IN THE BAG VERSION OF QCD 

A persistent mystery of the quark model is why pro- 

minent hadrons appear to consist of Qa and Q3 but never 

more than three quarks. [Of course nuclei violate the rule 

and will figure in this story] In 1966 Nambu" pointed out 

the saturation properties of Coulomb-like SU(3)-color 

forces: two color singlets exert no strong, confinement- 

related forces on one another. In 1972 Lipkin 15 pointed 

out that this could account for the absence of strong at- 

tractive forces in exotic channels. These discussions ig- 

nore color-magnetism. 

The effect of color-magnetic forces 16 between color 

singlet baryons and mesons is to systematically make 

exotic multiquark (QmGn with ntm>3) states heavier, while 

making cryptoexotic multiquark states (Qm?ln with n+m>3 but 

not in an exotic flavor representation) lighter. As a re- 

sult exotic multiquark states are above important decay 

thresholds hence broad, if indeed they are resonant at 

all-l7 Cryptoexotics, on the other hand, may be light en- 

ough to be bound against dissociation decays, hence nar- 

row and perhaps prominent. 

By color magnetism I mean the spin-color dependent 

interaction arising from one-qluon exchange illustrated in 

Fig. 7. The justification for treating the gluon exchanges 

perturbatively lies in the Bag Model. The superstrong, 

long-range confining color forces are replaced by the bag 

pressure, leaving only shorter range gluon exchanges for 

which the coupling constant may be consistently taken to 

be small. The contribution of Figure 7 to the quark-quark 

interaction energy is given by 

8, 
AE = -acMa~la,.;,X;A~ (3.1) 

where h? 1' a=1,2..8 Iv:, k=1,2,3) are the color (spin] 

matrices of the ith quark. cc is the color fine structure 

constant and M is a reduced matrix element depending (via 

bag wavefunctions) on quark masses but not on colors and 

spins. 

The important effects of color magnetism can be read 

off eq. (3.1). Two quarks may couple to a 2 or 5 of color 

and a spin singlet or triplet. The table below shows the 

possible values of AE/ecM. 
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Fig. 7 

Lowest order color magnetic interaction be- 

tween two quarks (i and j). The exchanged 

gluon couples to the product of the quark's 

color (ia) and spin (ok). 

TABLE I 

COLOR SPIN FLAVOR SYKWTRY 
STATE STATE AE/acM REQUIRED BY FERMI 

STATISTICS 

_ 
SYMMETRIC IN 3 
COLOR & SPIN ci 

ANTISYMMETRIC 3 
IN COLOR & SPIPC 6 

1 -8 
ANTISYMMETRIC 

3 -4/3 

3 i8/3 
SYMMETRIC 

1 +4 

The interaction is attractive in antisymmetric flavor --- 

states and repulsive in symmetric flavor states. Con- 

sequently the low energy states of any multiquark system 

will occur when the greatest number of quarks (and anti- 

quarks) are antisymmetrized in flavor. Among u, d, and s 

quarks such states are never exotic no matter how many 

quarks they contain. Exotic states are drawn from the 

second two rows of Table I and are heavier by virtue of the 

repulsive color-magnetic interactions. 

Perhaps the most interesting implication of this 

analysis is the possibility that there may be light crypto- 

exotic mesons and baryons which have been misclassified as 

05 or Q' states because of their non-exotic quantum numbers. 

To be systematic consider one sector at a time. 
2-2 

A. QQ 
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Old Quarks 
2-2 

Among the "old" (u,d,s) quarks the lightest 0 $ mul- 

tiplet is a J pc,o++ nonet with masses predicted to lie be- 

tween 650 and 1100 MeV 18 . These may be identified with the 

known scalar mesons as shown in Table 2. Usually these 



QUARK ?REDICTEI 
CONTENT WSS(MeV) 

650 

1100 

1100 

850 

TABLE II 

6+(976) 

K (?) 
Identified with the broad 
low mass Kr enhancement 

I 

mesons are classified as P-wave &states with peculiar 

singlet-octet mixing and accidental deqeneracies. The Q2Q2 

assignment is more natural. We are led to predict an en- 

tire extra nonet of O+-mesons - the real Qa P-waves - 

presumably heavier and hidden beneath the f, A2, X**. 

There is some evidence for these states which was reviewed 

by Lieth last year at Brookhaven. 19 

New Quarks 

States of the form ccqi (with q an "old" quark) have 

been proposed by many authors. 20 Most have studied P-waves 

with an eye to explaining the extra bumps in 
f- 

u(e e +hadrons) 

above 4. GeV. Recently De Rujula and I 21 have studied the 

S-wave qqcC system. We find a host of states in the 3.5- 

4.0 GeV range most of which are broad into J/$n, ncn etc. 

One or two Jp=l+ states may be narrow and may be seen at 

the 1% level (branching ratio) in monochromatic pion decays 

of excited l- charmonium states. 

Charmed Q2GZ States 

Lipkin 22 has pointed out that the flavor SU(4) analog 

of the O'-nonet ground state of Q2Q2 is a Of - 36-plet 

which does contain certain exotic, charmed mesons: notably 

a state F with quark content SC:~. This isosinglet with 

C=-S would be narrow if M(F)<M(D)+M(K). Non-leptonic weak 

decays of the F lead to rather bizarre signatures such as 

F+KfKfn-a-. Bag model calculations involving only one 

heavy quark are as yet too crude to provide a reliable es- 

timate of M(F). Also in the lightest Of multiplet are a 

set of isospin 1 F-like states (with C=S=?l) with quark 

content F, '*+,++=(cd%, cs(u&dd), cuss) and their anti- 
0 ,-,-- 

particles F, . These s P ates would be less likely to be 

stable since they may decay strongly to FP if 

M(Fi),M(F)+M(n). 

Q2ij2 States in the Baryon-Antibaryon System 

It has long been anticipated that Q2c2 resonances 

would be prominent in the BE system 23 
. That expectation is 

conveniently summarized by the Harari-Rosner diagram (Fig. 

0). This system has been studied in depth in the context 

of the Dual Resonance Model 24 . Until recently the pro- 

blem of classifying the expected resonances in the language 

of the quark model had not been tackled. The bag model 

provides a unified, if approximate, description of hadrons 

containing many quarks and is well suited to describing the 

Q2G2 configurations which couple to BE. Johnson and Thorn5 

studied bags with high angular momentum. A picture of a 

deformed, spinning bag is shown in Fig. 9. Johnson and 

Thorn showed that for large J yluon flux lines carry near- 

ly all the hadron's energy and momentum and asymptotically 

that J = a'M'+a,. The Regqe slope, u', could be calculated 

and was found to be a linear function of the "color-charge" 
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Fig. 8 

Harm-Rosner diagrams for meson-meson, meson- 

baryon and baryon-antibaryon scattering. 

Fig. 9 

A high angular momentum, deformed bag. The 

quarks on either end are connected by color 

electric flux lines which carry most of the 

energy and angular momentum. 
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on either end of the spinning bag. Since the high-J QzGz 

states reached from the BE channel have a color triplet 

and antitriplet on either end (see Fig. 8) just like or- 

dinary mesons and baryons, Johnson and Thorn concluded the 

slope of Q Q 2-Z states prominent in BE would be .9 GeV-'. 

To aid experimentalists in unravelling the BE system 

it would be desirable to have a checklist of the prominent 

Q2G2 states to be expected. In Regge language one would 

like to know the slopes, intercepts and Bg couplings of the 

prominent QzGz resonances. A first attempt at checklist 

was constructed 25 by combining the slopes of Johnson and 

5 Thorn , with intercepts estimated from the study of s-wave 

Q2?2-states16, and couplings estimated with the 3 PO model 

of Micu, and Colglazier and Rosner 26 . Of course, there are 

a mvriad of distinct Q202 trajectories. Fortunately most 

are found to couple only weakly to BE and many more are 

too low to be excited if resonance formation is pre- 

cominantly peripheral. 

An indication of the sort of information contained in 

this checklist is given by Figure 10. There are shown the 

~'6' trajectories which couple to N&IT+IT- in the LN~ = J+l 

channel. Of the many trajectories only the highest two 

couple strongly to Ns. One predicts prominent resonances 

with JPCIG=3--1+,4++0+ and 5--l+ at 2270, 2460 and 2730 MeV 

respectively. Recently Carter et al 27 have reported states 

with these quantum numbers at 2150, 2310 and 2480 MeV. 

B Q"ii -de---- 

This sector has only been studied qualitatively. 28 

The lightest multiplet in the bag model appears to be a 

Jp=1/2- flavor SU(3) nonet with masses ranging from 1350 to 

NN--TT+T- 
J-L-1 

I 2 3 4 6 7 8 9 IO 

M2 (GeV2) 330,*10 

Fig. 10 

2-2 
Q Q trajectories from Ref. 25 which couple 

to both NE and + - II 71 in the J=L-1 channel of 

NN. The trajectory labels (A,B+,C) refers to 

quark content: 2. refers to the relative an- 

gular momentum between Q2 and a'. The strength 

of the C-type trajectory relative to the A or 

B + 1s given. The cross-hatched curve in- 

dicates peripheral kinematics for the BE sys- 

tem. The data are from Ref. 27 and the states 

marked with filled circles are candidates for 

the observed resonances. 
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1900 MeV. Only the A and X-like members (with quark con- 
1 

tentfi - uds(u;+da) and udsua (etc.)) of the nonet might be 

expected to be prominent. [The nucleon-like state (with 

quark content uudss) couples strongly to ZK and Nn but 

not to Na.1 It is tempting to identify the "A" with the 

problematic A(1405). This raises more problems than it 

resolves since there is no candidate for a nearby "z" to 

identify as the udsus state, nor is there an excess A(1/2-) 

to assign to Q' L=l 1701 in place of the A(1405). 

Exotic Q'G states lie higher than the l/2- nonet 

ground state. The model appears to predict negative 

parity Z*'s (uudds etc.) well below 2 GeV. The only 

strong experimental candidates 
29 for a Z*'s, the PO1 and 

P13 have positive narity. This mav be a clue to the proper 

interpretation of S wave multiquark states to which I shall 

return shortly. 

C. Q'--Dibaryons 

The general argument outlined above, applied to a six 

quark system, predicts the ground state to be a J'=O', 

flavor SU(3) singlet (as antisymmetric as possible). 3o An 

Su(3) flavor singlet dibaryon would have strangeness - 2 

and couple to AA,Ic and Nz. The bag model estimate of its 

mass is 2150 MeV, less than 2M,,. If a dihyperon of this 

mass exists it would be stable, decaying weakly to NC and 

Nh. The bag model mass estimate should not be taken too 

literally. If the dihyperon (H) were above 2MA it would 

appear as an enhancement in dilambda mass spectra. If the 

H were less massive than M(N)+M(A) it would be stable ex- 

cept against second order weak processes and would appear 

as a heavy, very long lived neutral particle. 

In the spectrum of six-quark, S-wave bags a state 

with the quantum numbers of the deuteron appears first at 

2165 MeV, almost 300 MeV above the mass of a proton and 

neutron. This system is classically unstable against fis- 

sion into a proton and neutron. In light of this it is 

tempting to reinterpret the object at 2165 MeV as evidence 

for a short range repulsion in the n-p system rather than 

as a n-p resonance. 

Recently DeTar 17 has made this picture more precise. 

He has studied the six quark bag system in a Born- 

Oppenheimer approximation. He identifies neutron and 

proton collective coordinates, fixes the relative n-p sepa- 

ration and finds approximate solutions to the bag equations 

by variational methods. The result is an internuclear pot- 

ential shown in Fig. 11. The spherical bag calculation 

of 2165 MeV Mn is the value of the n-p potential at 

zero separation. DeTar's calculation follows the potential 

out to about lfm. Beyond this the 6 quark bag fissions, 

a process which his variational description of the bag's 

surface is not rich enough to describe. The short range 

repulsion and intermediate range attraction found by DeTar 

are, of course, ~6~11 known features of the phenomenological 

n-p interaction. 

It is tempting to extend DeTar's prescription to 

other multiquark sectors. Suppose we assume that any 

sperical (S-wave) multiquark configuration more massive 

than its classical dissociation decay channels is actually 

a signal of a short range repulsive interaction. Multi- 
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PROGRESS IN K* SPECTRCBCOPY+ 

T. A. Lasinski 

Stanford Linear Accelerator Center 
Stanford University, Stanford, California 94305 

ABSTRACT 

Recent results from high statistics K* spectroscopy experiments are re- 

viewed. The spin parity assignment of 3- for the K&800) seems now estab- 

lished. A new, extensive K?r partial wave analysis gives evidence for a new 

S-wave state at - 1420 MeV with a comparatively narrow width of - 250 MeV; 

there is also evidence for a second, inelastic P-wave state at - 1650 MeV and 

width - 300 MeV in two of the four solutions of this analysis. Three partial 

wave analyses of the diffractively produced KRYI system all show evidence for 

the existence of two Q mesons. One of these, Q1(1290) decaying principally to 

pK, seems well established. Although less certain due to complications of back- 

ground (Deck) effects, the existence of the other state, Q3(1400) decaying prin- 

cipally to K*r, is substantiated by several model fits to the partial wave results. 

An intriguing by-product of these Ksn partial wave results is the evidence for a 

radial excitation of the kaon at - 1400 MeV. 

t Work sunported by The Department of Energy. 
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Introduction 

Progress in K* spectroscopy during the last few years is reviewed. This 

progress is based principally on high statistics data from spectrometer experi- 

ments coupled with the refined techniques of two- and three-body partial wave 

analyses. The success of these K* spectrometer experiments suggests that fu- 

ture efforts of this type will go a long way to unraveling the resonance structure 

in the Kn and Knlr mass regions of 2 GeV and above. 

Since the time of the first K-beam bubble chamber exposures,I our expecta- 
n 

tions in K* spectroscopy have been those of the quark model.d The K* states ex- 

pected from the quark model are illustrated in Fig. 1. Also indicated are the 

generally accepted3 K* states. Although the K (1250), Jp = O+, is listed here, it 

must be noted that its broad width has always made resonant interpretation prag- 

matic in much the same sense as for the a~ analogue E (700) or ~(1200). It is, 

of course, strictly wrong to say that the states shown in Fig. 1 are the only K* 

candidates. There is considerable evidence’ from earlier experiments for many 

additional K* states. 

Evidence for a state at - 1800 MeV has been reported by several groups. 4 

It would be the SU(3) partner of the g(1680), Jp = 3-, in the xx system. There 

is some indication’ of a state at 2200 MeV, which could be a partner of the re- 

cently established h(2040) with J p = 4+. The reluctance to acce@ these effects 

as resonances is due to low statistical significance of the signals and, with the ex- 

ception of one experiment’ on the K*(1800). the lack of spin-parity information. 

There have been no claims for the existence of a second J ’ = l-K*. This would 

be the analogue of the ~‘(1600) and a possible radial excitation of the K*(890). 

There exists a wealth of information3 on the possible existence of unnatural 

spin-parity state (P = -(-l)J) f rom structure seen in Knn final state. Thus, for 
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Fig. 1 Quark model level diagram showing well established (1975) K* 
states. 
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example, there is no question that K* r’n- mass spectra in K* p - K*n+?r-p 

show a broad bump in the region of 1200 - 1400 MeV. In addition, there is good 

evidence that most of the data in this region are consistent with a J P = 1+ assign- 

ment for the K an system with a dominant K*s mode. Comparisons of many such 

spectra further indicate that this broad bump may indeed resolve into two struc- 

tures. 7 It has always been tempting to associate these structures, known as Q 

mesons, with the two lowest lying axial vector states expected from the quark 

model. It might be naively expected that one of the Q’S, with J pc=1+- , would 

be the SU(3) partner of the well-known (3 s 3) B meson, while the other, with 

JPc=l++ would be the partner of the infamous Al9 
9 

, 

Beyond the usual qualms over statistical significance, there are dynamical 

reasons barring the ready acceptance of the Qss as resonances. It is well known 

that a physically very real mechanism, 10 known as the Deck effect, can produce 

a low mass Ksr enhancement in reactions like I? p - K*x+r-p. Indeed, the 

Deck effect yields not only a broad Q-like enhancement but also predicts the 

dominance of the l+K* x system. Accepting the evidence7 for a two-peak struc- 

ture in the Q region, could it be that one of these is “Deck” and the other, a 

resonance? Furthermore, although one generally thinks in terms of s-exchange 

Deck effects leading to K*(np) final states, there must surely exist some sort of 

K-exchange effect leading to p(Kp) final states. As the K*a and pK thresholds 

are different, could it be that the “two-peak” structure in the Q meson is simply 

the result of two competing Deck effects? Indeed one may argue that something 

more than the existence of bumps in the low mass Knx spectrum is needed to 

claim the existence of even one Q meson. 

Although K* spectroscopists have long used the quark model as a guide in 

their searches, it is only recently that our faith in that model has been reaffirmed 

owing to the striking successes of $J/X scectroscouists. In Fig. 2 we summarize 

the level structure of known $J/X states. 11 The comparison to the K* spectroscopy 

of Fig. 1 is almost embarrassing. First there exists not only one radial excita- 

tion of the Jp= l- state at 3100 MeV but most likely an entire tower of such states 

up to 4400 MeV. In addition, note that the even C-parity axial vector state x (3510) 

is well established. While its spin is known only by a process of elimination, the 

mass of the x (3450) suggests that it is most likely a radial excitation of the ground 

state, J PC= o-+ , xW’W. 
In what follows we shall consider how well the new information on K* states 

obtained in the past few years can emulate the success of $J/, spectroscopy. This 

information is naturally divided experimentally into two general areas. We will 

first consider the Kn final states which yield information exclusively on natural 

spin-parity (P = (-l)J) resonances. Here we will find that by far the most inter- 

esting results come from the most extensive Kn partial wave analysis performed 

to date. Secondly, although some new information does exist in other channels, 

we consider only the results of high statistics experiments on the diffractive 

channels K* p - d x+n-p. Experience, sometimes codified as the Morrison 

rule, tells us that the K r?r system in such reactions consists almost exclusively 

of unnatural spin-parity states. Here, too, as in the case of Ka scattering, it is 

only after a thorough partial wave analysis has been performed that the most in- 

teresting spectroscopy results come to light. 

K* Production: Bump Hunting in Moments 

There are presently several large spectrometer experiments at various 

stages of analysis studying Klr scattering. The majority of the resonance spec- 

troscopy results we will discuss here are from the SLAC 13-GeV/c experiment, 

the analysis of which is essentially complete. Acceptance corrected moments and 
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Fig. 2 Quark model level diagram showing the I/@ states (1977) 

a complete KT~ partial wave analysis 12 have been obtained from the SLAC data 

for the follow@ channels: 

K- p - K-r+(n) 48,000 events 

K+P - K+r+ (n) 14,000 events 

K+P - K+ II- (A++) 102,000 events 

K-p- K-a- (A++) 26,000 events 

Acceptance corrected moments have recently become available 
13 from a 

University of Geneva experiment at 10 GeV/c: 

K+p - K” 8 “‘P 46,000 events 

K-p - K; r+p 18,000 events 

An amplitude analysis studying the production systematics of these quasi-elastic 

channels has also just been finished 14 ; a complete Kr partial wave analysis 

should follow shortly. 

A BNL-Brandeis-CUNY-U. Mass.-U.Penn. collaboration has obtained 15 some 

80,000 events on K-p - K-r’n at 6 GeV/c in Brookhaven’s MPS. Acceptance 

corrected moments for these data should be available shortly. 

The first sign of resonance production is the observation of bumps in invar- 

iant mass swctra. Some information on the spin of these effects can then be 

found by observing the same bump in even-order moments of the decay angular 

distribution. 

The KR mass spectrum, <Yi ) and <Yi > t-channel moments from the 

SLAC data on K-?r+n are shown in Fig. 3. The well-known K*(890) and K*(1420) 

are quite apparent in the mass spectrum. Note that the 890 bump is seen in 

<Yi > but not in <Yz> indicating a Jp = l- assignment. The 1420 bump 
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appears in both the <Yi > and <Yi > moments indicating a spin of at least 2. 

Turning to Fig. 4, we see that the 1420 bump does not appear in <Yg > , indi- 

cating a J ’ = 2- assignment. Notice, however, that a broadish (- 200 MeV) 

bump has developed in <Yg > at - 1780 MeV. This and the correlations with the 

<y:> and <s> moments constitute the SLAC evidence 16 for a Jp = 3- state, 

K*(1780), with a width of - 200 MeV. However, the precise width of this state 

is difficult to determine from the SLAC data due to low acceptance at masses 

above 1800 MeV. 

Further evidence13’ l7 for the 3- assignment for the K*(1780) comes from 

the <Y6> moments of the Geneva experiment at 10 GeV/c, as shown in Fig. 5. 

In the first publication 17 on these data, the Geneva group estimated a width of 

- 100 MeV. However, a subsequent analysis 13 seems to indicate a broader 

width of - 180 MeV. 

Both the SLAC and Geneva experiments clearly indicate the existence of a 

state at - 1800 MeV most likely with Jp = 3-. Because of limited acceptance 

beyond 1800 MeV and the ambiguities of background subtractions, it is difficult 

to make a good determination of the width, though 100 MeV would certainly seem 

a lower limit. A best estimate 18 for the K*(1780) parameters, using the leading 

edge of the <Y6 > moments from these experiments, yields 

m(1780) = 1780 f 15 MeV 

Ttot(1’780) = 180 f 35 MeV 

Information on the Kr?r decays of the K*(1780) should be available shortly 

from two spectrometer experiments now under analysis. In Fig. 6 is shown a 

preliminary report 
19 of the BNL-CUNY ??‘: ~+?r- mass spectrum at 6 GeV/c in 

in the MPS. A peak at - 1700 MeV with a width of less than 100 MeV is evident. 

Note, however, that these data have not been corrected for acceptance in all - 
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kinematic variables. This fact is best emphasized by considering the ptelim- 

inary results of the Aachen-Geneva-Zurich experiment at 10 GeV/c 20 , Fig. 7, in the 

CERN Sz for the same mass spectrum. Even in the uncorrected data, one sees 

a broad peak beginning at 1750 MeV with a width of over 100 MeV. From a fit 

to the corrected spectrum, Aachen-Geneva-Zurich find the parameters 

m = 1812 * 28 MeV and r = 181 * 24 MeV 

in substantial agreement with the SLAC and Geneva results for the 2-body decay. 

A preliminary 3-body partial wave analysis by this group suggests a spin of 

Jp = 3-. 

Ks Phase Shift Analysis 

As illustrated above, much can be learned by a cursory investigation of the 

moments of the Kn angular distribution. In particular, the so-called leading or 

peripheral states appear as bumps in specific moments; that is, at a given Kn 

mass, a bump in the highest non-zero, even order moment tends to signal a 

resonance. Thus at - 900 MeV the clear spike in the dominant <Yg > corre- 

sponds to the P-wave, J ’ = l- K*(890). By 1400 MeV it is the <Yz> which 

dominates and we have clear evidence for the D-wave, Jp = 2+K*(1420). Lastly, 

once the vagaries of statistics and acceptance are overcome, we find at 1800 MeV, 

with the dominance of the <Yz > moment, evidence for an F-wave, J ’ = 3-K*(1?80) 

state. 

Experience’ from TN, EN, and ?r?l spectroscopy teaches us that such straight- 

forward discovery of resonances becomes ever more unlikely with increasing 

mass. There is a definite, well known3 tendency for leading states to become 

both more inelastic and broader. In addition, this experience also tells us that 

states of roughly similar mass to the leading states can be expected to be hidden 
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in the interferences among the leading states. Indeed, it is precisely these so- 

called lower lying states expected in the quark model which are generally the 

last to be found. 

To find these states, it is necessary to use all the information available in 

the moments of the Ks angular distribution. This is accomplished by performing 

a partial wave analysis on the moments. Such an analysis has recently been 

completed I2 by Estabrooks and Martin using the SLAC 13-GeV/c data shown in 

Fig. 8. 

To appreciate fully the results of this analysis, it is useful to review briefly 

the procedure developed by Estabrooks and Martin. 21 The observed moments 

can be expressed in terms of the partial wave amplitudes as 

c (YLM> YLM (0 +) = 1 C Tem(%T, t)Ypm(e 8)) 2 (1) 
LM Pm 

where 0 9 are the K?r decay angles in either the t- or s-channel system. Note 

that we have suppressed nucleon helicity labels in Eq. (1) for simplicity. In 

practice, careful assessment 22,23 of positivity constraints and the importance 

of non-r-exchange processes must be made to limit the number of nucleon hel- 

icity amplitudes. One then assumes, guided in part by WatsonPs theorem, that 

the amplitudes factorize, 

The phase shifts be(mKJ (and TJ~ in the inelastic region above - 1200 MeV) are 

the unknowns of the Klr scattering we are after. The parameters Pem(t, mFv) 

characterize the production of the Ka system-r exchange, p exchange, etc; 

note that the Pfm could be functions of the Kn mass, presumably due to absorptive 

effects. 
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Fig. 8 Mass spectra and M=O moments from the SLAC 
13 GeV/c experiment used for an extensive Ks 
partial wave analysis. 

The analysis proceeds by first determining the nature of the production 

amplitudes, Pfm(t, mF1,). This is done by fixing mKn to the value of well-known 

peripheral states such as K*(890) or K*(1420). A detailed study of the t- 

dependence of the moments yields a parametrization for Pfm(t) and the knowledge 

of its Ks mass dependence. Even though this is a spectroscopy conference, it 

would be sinful not to show at least one of the lovely production distributions so 

necessary to elucidate the production systematics (Pfm). In Fig. 9 the SLAC 

data at 13 GeV/c are compared to ANL (EMS) data 24 at 4 GeV/c for E*(890) n 

production. This particular combination of moments is designed to isolate the 

s-exchange contributions (the Pfo (t)). In the forward direction we see a clear 

turnover and a definite overlapping of the distributions. As the cross sections 
2 have been scaled by PLAH, we have the classical signal of r-,exchsnge dominance 

in the nucleon-helicity flip amplitudes. The separation of these distributions at 

large -t indicates the presence of other exchanges whose contributions change 

with energy. The production systematics of the Ka system have been thoroughly 

studied in the SLAC data for both the neutron and 
++ 

A channels. 22,23 One ob- 

tains from these studies a relatively compact parametrization for the Pfm(t, mK,) 

of Eq. (2). 

Having fixed the production piece of the amplitude, we are ready to consider 

what follows for the Kn scattering as characterized by the phase shifts and in- 

elastics. Note that although the production systematics of the neutron and A” 

data are quite different, 22,23 the Kn scattering aspect must in principle be the 

same. Such an analysis has recently been completed by Estabrooks and Martin 
l r 

using the SLAC data. In addition to the K x final state, data on the exotic 

states of K* r* from the same experiment have also been analyzed. There are 

no large surprises here, other than the fact that the I = 3/2, S-wave phase shift 

is systematically somewhat larger (in magnitude) than previously thought. l2 
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Fig. 9 Comparison of the ANL 4 GeV/c and SLAC 13 Gev/c 
production distributions for K*(890) via “?r-exchange. ” 

Below - 1400 MeV Kr mass, the I = l/2 solution of the partial wave analysis 

is essentially unique. As the S and P waves are elastic, these Ka amplitudes are 

uniquely determined. Above - 1400 MeV with the onset of D and F waves, and 

corresponding Barrelet zeroes, there are four solutions. In this case, while mag- 

nitudes of the partial waves are determined, only the relative phases amongst 

them are found. The entire analysis is summarized l2 in Fig. 10. Note that the 

magnitudes plotted correspond to m of the conventional Argand (unit) am- 

plitude and that I = 3/Z effects (essentially S-wave) have not been unfolded. Addi- 

tionally, in the regions of K*(1420) and the K*(1’780), the relative phases-here 

labeled 6 -have been fixed by these leading states. This is indicated by the Breit- 

Wigner phase motion in the bottom two rows of Fig. IO. There are many intriguing 

aspects of these results. Note that in all four solutions the S-wave intensity under- 

goes a precipitous drop just beyond 1400 MeV. In solutions B and D, note that in 

the region of 1600 MeV the P-wave intensity suddenly increases. How are we to 

understand these curious effects ? 

Argand Plots for Ks Scattering 

To assess the physical implication of these results, it is extremely useful 

to transform them into the more conventional representation of the Argand plot. 

Doing this is not completely straightforward. We shall first review the assump- 

tions and guidelines for such a transformation. 

As noted above, the first problem to overcome is the fact that only relative 

phases are measured at Kti masses at and beyond the K*(1420). Having estab- 

lished the most likely nature of the leading K*(1420) and K*(1780) resonances, 

it seems safe to set relative phases by assuming a Breit-Wigner behavior for 

these states. At this point we may also correct for the S-wave and I = 3/2 
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Fig. 10 Amplitudes and relative phases for Kn scattering from an 
analysis of the SLAC 13 GeV/c data. Above 1.3 GeV, 
phases are set by the Breit-Wigner behavior of K*(1420) 
and K*(1780); I-3/2 effects have not been unfolded. 

contribution; recall that the exotic channel has been analyzed in the same experi- 

ment. 

This takes us only a little beyond Fig. 10. To proceed further, we must 

realize that in the high mass region there still remains a choice to be made in 

the overall phase at each mass bin. This uncertainty is such that once we choose 

the absolute phase for any one partial wave, then the phases of the other partial 

waves are immediately determined. Two essential criteria were used in choosing 

this absolute phase: 

(1) At each Kn mass the smallest possible rotation in overall phase is 

made such that all partial waves lie on or within their respective 

unitary circle. 

(2) The leading states, the D-wave K*(1420) and the F-wave K*(1780), 

look like (inelastic)resonances in their Argand plots. 

The first criterion is common sense, but it need not lead to the correct picture. 

For example, should we rotate only to get waves on the unitary circle or should 

we require some waves to be inelastic? It is here where the second criterion is 

important. From the known inelastic modes’ of the K*(1420) and the Ksn data 

for the K*(1’780), we have some limits on the inelasticity of these states. This 

information tells us that the overall rotation must bring these waves within the 

unitary circle. That the final results for the D and F waves look like inelastic 

Breit-Wigner resonances we take as God-given. 

We now turn to the results of such an exercise in the case of solution B, the 

others being done elsewhere. l2 In addition to the procedure outlined above, one 

further thing has been done. For Ks masses above 1500 MeV, the partial wave 

analysis was repeated in overlapping mass bins. This was done to introduce 

some smoothing into the analysis so that the choice of rotation phase would be 
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more obvious in the high mass region. Although susceptible to the caprices of 

statistical fluctuations, this is perhaps the least biased method of smoothing. 

In Fig. 11-d, a the Particle Data Group, 25 we show the Argand diagram 

along with its imaginary and real projections vs Kri mass for the F-wave. Owing 

to criterion (2), it is of little surprise that we find a circle in the Argand plot; 

note that the analysis stops at 1900 MeV as statistics are insufficient to produce 

a stable partial wave decomposition. From the imaginary projection, we see 

that the elasticity is just above .15 and the full width - 200 MeV. Note the con- 

currence of a peak in the imaginary part and zero in the real part at about 1800 

MeV indicate the mass of this state. 

Turning to the D-wave in Fig. U-c, we again find no surprises given cri- 

terion (2); we do see, however, an even more textbook-like example of an in- 

elastic resonance. A careful inspection of the Desk in the imaginary part indi- 

cates a mass of 1435 MeV. This statistically significant shift from the nominal’ 

1420 value is indeed higher than the value seen in mass spectra for the SLAC ex- 

periment. The elasticity of just above .45 (after some interpolation) and width 

of - 100 MeV are consistent with previous estimates. Note the classical oscil- 

lation of the real part, first positive and then negative, about the mass of 1440 

MeV. 

We now turn to the P-wave in Fig. 11-b. It is emphasized that what we find 

here in the region of 1400 to 1800 MeV is a direct consequence of what we have 

supposed to be the behavior of the leading D- and F-waves. Starting at low Ks 

mass we see a classic elastic Breit-Wigner, the K*(890). Recall that the solu- 

tion is unique below - 1400 MeV. As we go higher in mass, we see a second 

loop in the Argand circle. The corresponding imaginary projection shows a 

bump at - 1600 MeV with a width of - 300 MeV and an elasticity of just above .25. 

,,/ Hr MOSS ,‘U, 
IC) 

Fig. 11 Argand plots and projections for the 1=1/2 partial waves 
from solution B of the SLAC 13 GeV/c data. 
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Although the real part at this mass does show the expected oscillatory behavior, 

notice that it is displaced to the negative side of the axis; presumably the second 

P-wave resonance is somewhat distorted from the simple Breit-Wigner shape 

due to the high mass “tail” of the K*(890). This new state, K*(1650) with Jp = l-, 

is present in two of the four solutions of the SLAC data. It is assigned most 

probably in the quark model as a radial excitation but could also be a member 

of L = 2 multiplet. 

We finally turn to the I = l/2 S-wave in Fig. 11-a. As has been known for 

some time, 3 the S-wave moves rather slowly in the Argand plot from threshold 

to - 1300 MeV where the phase shift finally reaches 90’. This corresponds in 

the projections of Fig. 14 to the point where the imaginary aart is - 1.0 and the 

real part - 0. It is this effect which is referred to as K (1250). The new fea- 

ture found in the analysis of the SLAC data is the sudden speed-up of the Argand 

plot in the region 1300 - 1600 MeV, corresponding to the precipitous drop of the 

imaginary part and the negative-then-positive oscillation of the real part. These 

rapid variations certainly signal a resonance. But how are its parameters to be 

estimated? First, we must remember that this amplitude is already strongly 

attractive by 1300 MeV; put another way, the new effect above 1300 MeV must 

be “sitting” on a large background due to the old K (1250). With this in mind, we 

may argue that the resonant effect in the 1300 - 1600 MeV region is best viewed 

by rotating Fig. 11-a by 90’. If this is done, we may estimate from the real 

part (now the imaginary part! ) a mass of - 1450 MeV, a width of - 250 MeV 

and an elasticity of just under 1.0. Note, too, that from this point of view, the 

imaginary oar-t of the amplitude indicates the oscillatory behavior of the real 

part of a Breit-Wigner, albeit displaced from zero. 

There are two additional points to make with regard to the S-wave solution. 

First, this new K (1425) will peak in the mass spectrum at the nominal location 

of the K*(1420). Recall that the D-wave solution indicates a mass of 1435 for 

the K*(1420). When the cross sections of these partial waves are added, the ob- 

served peak in the mass spectrum is more consistent with the 1420 value. This 

is a noteworthy example of how the decidedly non-linear behavior of low partial 

waves can distort the correct mass of leading states. The second comment, re- 

turning to Fig. 11-a, is that we have appeared to have broken one of our rules 

for obtaining these Argand plots. At - 1600 MeV the amplitude has an excursion 

outside the Argand plot, corresponding to a negative imaginary part. The size of 

the excursion is some measure of the systematic uncertainty of the S-wave in this 

high mass region. Note, however, that the systematic uncertainty of the P and F 

waves need not be as great as those signals are considerably larger. In short, 

all that can be conservatively said about the S-wave for Kn masses above - 1550 

MeV is that its Argand motion has slowed quite considerably as compared to that 

in the 1300 - 1550 MeV region. 

Summary and Comments on Ka Scattering 

We have summarized the information on resonances coming from complete 

particle wave analysis of the SLAC data in Table 1. The new information is the 

evidence for a comparatively narrow S-wave at - 1425 MeV and the existence of 

a second P-wave state at - 1650 MeV. The spread in elasticities for the new S- 

wave state corresponds to whichever of the four solutions is chosen. As men- 

tioned before, the second P-wave state appears in only two of the four solutions. 

There is a remarkable similarity between the Ka partial wave solutions of 

the wesent analysis and those for the ?r?~ system presented some time ago by 

Estabrooks and Martin. 26 In Fig. 12 we have Argand plots (scaled to m 
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Fig. 12 Argand plots for the 1=1/2 partial waves for the four 
solutions of the SLAC 13 GeV/c data. 

Table 1 

Resonances and parameters resulting from an analysis of the SLAC 

13-GeV/c Ka data. The comment “bump” indicates that resonant in- 

terpretation follows almost immediately from a cursory study of the 

moments; PWA signifies that resonance interpretation is suggested 

only after a careful partial wave analysis. 

Name Jp, Wave Mass Width 
WV) WeV) 

Elasticity Comment 

K*(890) 

K (1250) 

K (1425) 

K*(1435) 

K*(1650) 

K*(1780) 

1-, P 892 55 1.0 BUmp 

o+, s - 1250 >400 ? 1.0 PWA; resonant 
interpretation 
questionable 

o+, s 1425 - 250 0.5 - 0.9 PWA; in all 
solutions 

2+, D 1435 100 .49 Bump; PWA for 
mass 

1-, P 1650 -300 -0.3 PWA; in two of 
four solutions 

3-, F 1780 175 -0.2 Bump 

of the unitary circle) for all four solutions in the Ka system. The corresponding 

results for the ?TB system are shown in Fig. 13. In both figures the S-wave re- 

veals a narrow effect (K (1425) or S*(990)) superimposed upon a large attractive 

background (K (1250) or E (600)/s (1200)). In the P-wave, both channels indicate 

a second JP = I- state in two of the four solutions. Note that in both cases, the 

second P-wave lies just below the leading F-wave and well above the D-wave 

states. The well-known trend for high-spin leading states to become both broader 

and more inelastic with increasing mass is well illustrated by D- and F-waves. 
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Indeed, if we knew nothing of symmetry schemes such as SU(3), these detailed, 

dynamical similarities between the Ks and the rr partial waves would quickly 

reveal them to us! 

SOLUTION A SOLUTION 8 SOLUTION C SOLUTION D 

Fig. 13 Argand plots for II II (nonexotic) partial waves for the four 
solutions of the CERN-Munich 1’7 GeV/c data. 

Kerr Production 

The most dramatic results in K* - Ks?r spectroscoW have recently come 

from three different experiments studying the diffractive reactions K*p-(Kaa)*p. 

The SLAC 13-GeV/c spectrometer experiment 27 studied both charged states 

K+P - K+af-p 72,000 events 

K-p - K-x+x-p 56,000 events 

Combining the data from three bubble chamber experiments at 10, 14, and 16 

GeV/c, Otter 9. 28 studied the negative charged state in both 4-prong and 2- 

prong V” topologies: 

K-p - K-n-n+ p 
- 8000 events after cuts 

- K”n-nop 

More recently, the ACNO (Amsterdam-CERN-Nijmegen-Oxford) collaboration 

presented preliminary results 29 on the same topologies at 4.2 GeV/c: 

K-p - K-a-x’ p 

- icon-no p 
- 15,000 events after cuts 

All groups performed three-body partial wave analyses of their data. The 

SLAC data were analyzed with the so-called amplitude approach of the LBL-SLAC 
30 

v-m-am while the latter two groups used the density matrix approach of the 

Illinois (Ascoli) program. Within the limits of the different statistics of the 

three data samples, the results are for the most part in good agreement. An 

intriguing exception to this statement comes in a comparison of the ACNO 
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4.2-GeV/c results with those of the higher energy analyses. While the over-all 

features of the partial wave mass spectra are similar, certain details of the 

ACNO results could indicate energy dependent differences in the production mech- 

anisms involved. As the ACNO results are still preliminary, we must await 

their final results before concluding the existence of such effects. 

As a reminder of the notation in 3-body partial wave analysis, we show the 

conventional picture in Fig. 14. It is emphasized that Fig. 14 is only a picture; 

the details and approximations of such an analysis are discussed extensively 

elsewhere. 31 The notation for a given partial wave is 

JpMn (Isobar) L . 

We suppose some Kerr state is produced with spin-parity .I’ in magnetic sub- 

state M. The state then decays to some isobar (e.g., K*, p, E, or K) and a 

bachelor meson with relative orbital angular momentum L. The two-body mass 

effects of the isobar are imposed either by means of Breit-Wigners for simple 

systems (K*, p) or by means of the knownKia/an phase shifts for more compli- 

cated systems ( l , s) . The index n is a well-defined discrete quantum number 

corresponding to reflection invariance of the three-body decay amplitude in the 

production plane. 32 In the high energy limit it may be associated with the nat- 
33 urality of the exchanged system producing the Kan final state (n =(- l)JexchPexch). 

Using this notation, we would refer to the Q meson as liOf K* n S and to the 

K*(1420) as 2’1+K* rD. 

To get an overview of the spin states involved, we show in Fig. 15 the mass 

spectrum and total Jp (summed over isobars and M) contributions from the SLAC 

analysis 34 for the (Kra)+ system. The broad Q bump from 1.2 to 1.4 GeV/c 

stands out clearly in the total mass spectrum; the second bump at - 1.7 GeV 

Fig. 14 Schematic illustration of the 
labels for three body partial 
wave amplitudes in produc- 
tion experiments. 
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K+p--K+r+-rr- p Preminary 

t’< 0.3 GeV2 13 GeV/c corresponds to the L region. Below the total mass spectrum, we see that l+ 

is indeed dominant in the Q region, although O- becomes equally important just 

beyond 1.4 GeV. Note the intriguing hint of a second l+ bump at - 1.7 GeV. 

The small 2+ signal appears just where we exmct; it is only about 5% of the 

total cross section. At the bottom of Fig. 15, we see the remaining contribu- 

tions to the L region. The 2- shows a broad peak from 1.65 to 1.85 GeV, and 

there is a hint of a peak in 3+ at - 1.8 GeV. A very similar picture emerges 

for the (Km)- system as seen in the data of a bubble chamber collaboration, 35 

Fig. 16. Indeed, if one is optimistic there is even a K*(1780) signal to be seen, 

though the evidence is marginal. 

Were this x spectroscony where backgrounds are either small or well under- 

stood, we would be happy to accept these J P bumps as resonances. Unfortunately, 

as mentioned in the Introduction, effects associated with the Deck mechanism 

preclude such straightforward conclusions. In particular, the Deck effect tells 

US36 that a K*(890) and a r in an S-wave will yield a bump with J 
P 

= 1+ just above 

threshold, say at - 1.2 GeV. Similarly a K*(1420) and a r in an S-wave will 

yield a 2- bump precisely in the L-region. It is evident that to see whether there 

is any resonant signal amidst this Deck background we must go further. We must 

subdivide the total Jp contents into their individual isobar contributions. We 

must study whether any relative phase motion exists between distinct amplitudes 

and whether such phase behavior is characteristic of resonances. 

The Jp = l+K*r and p K Partial Waves 

In Fig. 17 we show some of the K*a partial waves measured in the t-channel 

from the SLAC analysis. 27 Underneath each partial wave mass spectrum is 

shown the phase of the indicated wave relative to l+O+K*?r (for which, of course, 
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Fig. 15 Mass spectrum and total Jp (summed 
over M2 and isobars) for the SLAC 
13 GeV/c K+ data. 
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Fig. 16 Total Jp mass spectra from a K- 
bubble chamber collaboration. 
(Ref. 35) 

no relative phase is shown). The l+O+K*a spectrum for the K+ data shows a 

peak at - 1.2 GeV and a shoulder at - 1.38 GeV; the same spectrum for the 

K- data, however, shows two peaks at these masses. The small crosses in the 

K- figures denote ambiguous, lower likelihood solutions; no such ambiguities 

have been observed in the K+ data or in the K- data above 1.3 GeV. The con- 

tribution of the l+l+K* R wave (Fig. 17-c, -d) is only about 10% that of l+O+K* r; 

this ratio indicates the production mechanism is roughly t-channel helicity con- 

serving. In Fig. 17-e and -f are seen definite signals corresponding to the 

K*(1420). Notice that in the region of good signal ( 2 20 pb/GeV3), the phase 

relative to l+O+K* does not exhibit the expected Breit-Wigner motion. - 

The l+pK partial waves are shown in Fig. 18. As before, the phases shown 

are measured relative to the dominant l’O+K* K wave. What we see here is ex- 

tremely different from the l+K* TT system of Fig. 17. First the K” and K- re- 

sults are essentially the same. Secondly, there is only one single peak at - 

1.27 GeV with a width of - 0.15. Thirdly, there is very pronounced relative 

phase motion: a forward motion for 1.2 < m(Knr) < 1.35 GeV and a backward 

motion for m(Kar) > 1.35 GeV. Lastly, the ratio of M = 1 to M = 0 cross sec- 

tion is only about l/3; this, in fact, indicates that the production mechanism for 

these waves conserves s-channel helicity. 27,28 

An attempt to tie all these observations together with a simple qualitative 

model is instructive. 37 First we assume the mesence of a Deck contribution 

which peaks at - 1.2 GeV and whose amplitude has a constant absolute phase at 

all Knn masses. We also suppose the Deck effect is present principally in the 

K*n channel. Next we assume the presence of two Q mesons with rather unique 

couplings. We take Ql to be at - 1.28 GeV with a coupling & to the p K chan- 

nel. For Q,, at - 1.39 GeV, we assume a coupling & to K*?r. Both states 

would have widths of 5 0.2 GeV. 

388 



K+p -&+7+ 13 GeV 

- 1’~ 0.3 GeV2 
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Fig. 17 Some K*rr waves from the SLAC ex eriment. 
Phases are measured relative to 1 P O+K+iit. 
The curves correspond to the simple model 
discussed in the text. 389 
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Fig. 18 The l+pK waves from the SLAC ex eriment. 
Phases are measured relative to 1 P 0+&a. 
The curves correspond to the simple model 
discussed in the text. 



By construction this simple picture could describe the peaks observed in 

the mass spectrum. The choice of couplings and the constant phase of the Deck 

amplitude yield a description of the observed phase motion. Thus, in the 

region of Q,, - 1.28 GeV, we expect to see the phase for 1’pK move forward 

relative to l’K* a because Ql decouples from KC s. Similarly, in the region of 

Q2, - 1.39 GeV, we expect to see the same phase move backwards, since Q2 

does not couple to pK and since we are well beyond the mass of Q, so that its 

absolute phase is now moving slowly. These arguments are illustrated in Fig. 19. 

Note that if Q, and Q2 had the same mass and width (solid and dotted curves), 

then the relative phase would be constant (zero in Fig. 19). However, suppose 

Q2 had a larger mass and a different production phase as indicated by the dashed 

curve. In this case the relative phase (dot-dashed) would be just like that ob- 

served in Fig. 18. 

There is a further consequence for phases from this simple picture. In 

Fig. 20, we show the 2+1+K* wave (K’(1420)) in greater detail for the K- data 

of SLAC27 and that of Otter et al. 28 Again the phase is measured relative to 

l+O+K* 1~. The dashed curve is the expected phase motion if the l+O+K* ?I wave 

had a constant absolute phase; the solid curve is the behavior expected if the 

phase of l+O+K* II wave were that of a resonance with mass - 1.38 GeV and 

width - .28 GeV. 

Quantitative Description of the Jp = l+ Waves 

of course, such qualitative arguments must be taken with a grain of salt 

until they can be shown to reproduce the quantitative features of the data. With 

this in mind, the SLAC group have fit 38 a simple model to their partial wave 

data. The essential ingredients of their model are contained in the following 

___- /- 
Q-2 / /’ 

I I QI I 

I 
/ 
I 

Fig. 19 Illustration of the qualitative descrip- 
tion of the l+pK(%), l+O+K*n ($1) 
relative phase motion. 
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*(l+K*rr)=De-(mz-m~i/%tAq $& +* As- 1 1 Q2 WQ,) 

A(I+p K) = 
p 

- +A 
AQl BWQ,) Q, JWQ,) 

Here BW denotes the usual denominator of a Breit-Wigner amplitude. The pro- 

duction amplitudes, A Ql and AQ , 
2 

are taken to be complex numbers; note they 

are the same for lfK* r and l+p K. The y denote different (real) couplings for 

Q 1’ Q2 and the K*r, pK channels. The Deck contribution, which exists only to 

the K*n channel, is parametrized as a real amplitude with Gaussian shape. 

The results of fits to the SLAC data with such expressions are shown in 

Fig. 17 and 18. The l+p K mass spectra are essentially described by a single 

Breit-Wigner correslxmding to QI(l290) since (2) y 
P 

zz 0. The phase of 1’~ K 

relative to lCK* r is reproduced much as the qualitative model suggests. In the 

l+a+K*r channel we see general agreement, though the peaks at ,- 1.2 GeV are 

not quite filled out. A somewhat more flexible background (Deck) parametriza- 

tion could accomplish this. The relative contributions of background and Q2 (1390) 

are indicated by dotted and dashed lines, respectively. As there is essentially 

no contribution from Ql(y(i? = 0) to K* ?r, nearly half the cross section for 

l+O+K* II in the Q region is due to the interference of background and Q2. 

Despite the attractive simplicity of this model, there exists several crit- 

icisms which must be noted. In the first place, the SLAC model adds linearly 

the contributions of nearby resonances; it is well known 
39 that the simple addi- 

tion of resonance contributions produces an amplitude inconsistent with unitarity. 

Secondly, the Gaussian background is at complete odds with the first-order ex- 

pectations 40 of the Deck amplitude. Not only is it too narrow but the shape of 

its leading and falling edges are also just the opposite that of the Deck mechan- 

ism. Lastly, the linear addition of background to resonance contributions is 

certainly not what we would expect from a proper treatment of final state inter- 

actions. 41 

These issues have been addressed in two independent studies of the SLAC 

results. Bowler 42 has produced a model which combines two resonances in a 

unitary fashion and properly incorporates Deck effects through final state inter- 

action theory. His Deck amplitude is constrained to have the known 40 shape, but 

he leaves its strength and phase free. These unknowns as well as the resonance 

parameters are found by fitting his model to the SLAC data. Although there are 

some differences in detail, the resonances he finds are quite similar to those 

of the SLAC model. In addition, Bowler argues that a quantitative description 

of the SLAC data with only one Q meson is extremely unlikely. 

Using a similar model, Basdevant and Berger have also studied the SLAC 

results. Their work differs from Bowler’s principally in their attitude towards 

the Deck amplitude, which from the very outset they take as fixed in magnitude, 

shape and phase. In their initial effort, 43 they argued that the SLAC data could 

be described using the Deck amplitude and only one resonance, Ql = QB. Although 

this particularly transparent model suggests many of the features of the SLAC 

data, it can by no means be considered a quantitative description. More recently, 
44 through work on the AI, Basdevant and Berger have come to suspect 45 the ex- 

istence of a second Q meson. One of the problems with the Deck amplitude is 

that its high mass tail simply does not fall off as rapidly as the Kslr data do in 

the region above 1.4 GeV. Indeed, to remove this problem they now believe a 
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second Q is needed to “eat out” this Deck tail through the mechanism of final 

state interaction. 

There is an emerging consensus that a quantitative description of the SLAC 

data will require the existence of two Q mesons. Of course, the parameters of 

these states may depend on the specific details of the Deck amplitude. With this 

cautionary remark in mind, we turn to a discussion of the parameters of Ql and 

Q2 and their SU(3) implications. 

SU(3) Systematics of Q Mesons 

In an attempt to incorporate the systematic uncertainties mentioned in the 

last section, the SLAC group have presented 46 a set of parameters for Ql and 

Q2 which average the results of their fit and that of Bowler. The results are 

given in Table 2. 

Table 2 

Summary 46 of the partial widths for Ql(1290) and Q2(1400). A best 

estimate for the masses of the states are m(Q,) = 1290 * 3(25) MeV 

and m(Q,) = 1400 * 3(10) MeV. Units are MeV. 

State Total K’n PK UK K?T EK 

Q1W90) 210 f 80 12 i 12 100 * 35 32 -+ 11 35+ 13 29 * 10 

Q2(1499) 190 f 65 154 f 52 2il -0 -0 31i 11 

The KB and eK modes are seen directly in the SLAC experiment 41 ; the wK 

modes are inferred 48 from the results of Ref. 49. Note that although the 

principal mode of Q, is to pK, this channel is responsible for only half the total 

width. 

Given these results we may now discuss the SU(3) classification of Ql and 

Q2. In the context of a broken symmetry such as SU(3), it was realized long 

50 
ago that the physical Q’s would be mixtures of Q, and QS, the octet partners 

of the Al and B mesons. In the usual manner, the Q, and Q2 states are mix- 

tures of QA and QB states governed by an angle 0 
Q 

. One of the ways we sense 

this mixing in the physical world is through a study of the various decay rates 

for the Q’s. This is illustrated in Table 3, where we give the decay amplitudes 

Table 3 

SU(3) decay amplitudes for Q1 and Q2. The couplings gA and gB are 

the F-type and D-type couplings for vector-pseudoscalar decays of 

the A1 and B octet states, respectively. The QA-QB mixing angle is Q 
Q’ 

MODE Ql Q2 

K*n 

PK gB sinOQ igAsin0Q-3 
m 

gg cos QQ 

for Q1 and Q2 to p K and K’n. The constants gA and gB are the F-type and D- 

type couplings of the Al and B nonets, respectively. 51 As a simile examole of 

how things go, suppose gA = - gR and OQ = 45’. To make the arithmetic even 

easier, letPs set l/Z = 3/m. We find immediately that Ql has zero coupling 

to K*a , that Q2 has zero coupling to pK, and that the other couplings are equal, 

though of opposite sign. Note that this is precisely the decoupling scheme which 

was central to the SLAC interpretation of the relative l’p K - l+O+K+a phase 

motion. 

A quantitative analysis for gA, gB and OQ proceeds as follows. Making 
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some definition of phase space (48948) 

r = (q /m2) y2 

we obtain an estimate of y from the known partial widths, r, for axial vector 

meson decays. Expressions such as those in Table 3 are readily found 3’46 for 

the various decay amplitudes in terms of the octet couplings and various mixing 

angles. A least squares fit of the expressions to our estimates for the y yields 

a best estimate of gA, gB and eQ. Note (see Table 3) that for a given value of 

.OQ, the decay amplitudes are linear in gA and gB. We may assess the quality 

of such a fit by seeing how well bands representing the measured amplitudes 

intersect on a plot of gA vs gB, This is illustrated in Fig. 21. The best esti- 

mate for the S-wave axial vector couplings (for vector pseudoscalar decays) and 

mixing angle are 

gA=+1.7 *0.2GeV, gB=-0.83AO.03 GeV, e =41°i40 . 
Q 

The value of gB is essentially determined by the S-wave width of B - w ?I . The 

broadness of the bands for the princioal Q decays, Ql - pK and Q2 -K* r, re- 

flects the systematic uncertainties in these rates. Given these uncertainties, 

the SU(3) consistency of the Q decays is quite satisfactory. 

Knowledge of gA and sQ permits us to estimate some of the parameters of 

the elusive Al. We start with the width to pr, 

Without a knowledge of the A1 mass, all we can do is set limits on this rate, 

300 < r (A1 - p T) < 450 MeV 

for an A1 mass in the range 1.1 to 1.5 GeV. Considerably more information is 
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Fig. 21 :;;:,“,“,~trrt fo;s~~=~2’. The bands correspond 
to measured amplitu es for various s-wave decays 

needed to estimate the A1 mass. Taking into account singlet-octet mixing, the 

mass formula for the A1 is At = 4Qi -3(E2cosZSED+D2sin2RED). Herewe 

have used particle names for masses and denote the Jpc = l* ’ lsoscalars by E 

and D with a mixing angle BED. From the masses of Q1, Q2 and the value of 8 Q’ 
46 we know that Q, - 1.34 GeV. The D meson at 1.28 GeV most likely has 

Jpc= I++ ; the E meson at 1.42 GeV could have J w.2 = I++ , though Jpc = 0-+ 

is by no means excluded. Assuming the E meson is indeed an axial vector, we 

may estimate 46 leEID\ z 75’ from its K*E rate. Bringing all this information, 

we find 

% -1.47GeV . 

The result of this straightforward arithmetic is unfortunately somewhat dis- 

turbing. Note that we find m(Al) > m(Q,) ? Every other known meson octet 

has the isospin one-half multiplet heavier than the isovector multiplet. There 

are other reasons for not taking Al - 1.47 GeV too seriously at the present 

time; namely, the properties of the E meson are simply not as well known as we 

would like. As noted earlier, if the E does not have J P = If, the entire calcu- 

lation is meaningless. Furthermore, even if the E is an axial vector, there is 

new evidence52 that suggests its other parameters could be quite different from 

the nominal values’ used to estimate BED. There are indications that the E’s 

width could be > 100 MeV, while its branching fraction to K*i? could be as large 

as 90%. In addition, there is some concern that the estimate of gA is too large. 

A careful inspection of Fig. 21 reveals that the rate for Q1 - pK is “pulling” 

the fit towards larger values of gA. Note that in determining the decay ampli- 

tude for Q1 - pK, we have made a definition of phase spice for the pK system. 

Unfortunately, although the prescription used 48 IS reasonable, definitions for 
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phase space involving extended objects like the p are not unique. Suffice it to 

say that uncertainties in the prameters of the E as well as the value of gA can 

all conspire to yield a value of l%Dl zz 0. This, in turn, gives m(Al) z 1. 05 GeV! 

A Radial Excitation of the Kaon 

Perhaps the most startling result of the SLAC experiment is its evidence 
53 

for the existence of a J P = O- state at 1.4 GeV. The first piece of evidence for 

such a state is from the peaks in the O- EK mass spectra shown in Fig. 22-a and 

-b). To appreciate the relative phase information shown, it is useful to review 

what we have discussed earlier. Recall that we have argued the existence of a 

state Q2(1400) with essentially no coupling to pK. If the O- bump were a resonance, 

we would expect to see little phase motion between O- eK and l+O+K* K. This, in- 

deed, is precisely what is found. 
27,28,47 This fact, in itself, is already evidence 

that the O- EK amplitude has a moving, possibly resonant absolute phase. To make 

that phase motion evident, we turn to the Q,(1290) with its principal pK decay mode. 

As we believe this state resonates at - 1.29 GeV, the absolute phase of the l+pK 

amplitude should be moving slowly in the 1.4 GeV Krr mass region. Thus, if the 

O- eK bUmp resonates, we would expect to see Breit-Wigner motion of the O- EK 

phase measured relative to l+pK. This is precisely what is seen in Fig. 22-a and 

-b? Note, too, that we would also expect the 2+1+K* r wave to show a similar be- 

havior, as illustrated in Fig. 22-c and -d. 

Were it not for the ever-present Deck effect, the evidence presented in Fig. 22 

for a radial excitation of the kaon would be conclusive. However, the Deck model 

will be severely pressed to explain the observations discussed above. The evi- 

dence for phase motion is not the only challenge. The production distributions for 

the O-•K waves are much steeper than expected from the Deck model, their expo- 

nential slopes being - 14 - 16 (GeV)-2. Additionally the O- system couples quite 

K+p -+K’T+T-~ 13 GeV 

K+ 
-t’< 0.3 GeV’ 

K- 

90 

0 

-90 m 1 + m 
1.0 1.4 1.8 1.0 1.4 1.8 

m(K-rr-rr) GeV m(K-IT-rr) GeV IISI.1 

Fig. 22 The SLAC evidence for a radial excitation of 
the kaon in the O-•K wave. Phases are 
measured relative to l+O+oK. 
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strongly to the K*rr system. Such P-wave states are expected 10,36,40 to be 

much lower in cross section than is observed. It will indeed be interesting to 

see whether the.nresent evidence for a O- state at 1.4 GeV survives a careful 

scrutiny in light of the Deck model. 

Summary of the Status of K* Spectroscopy 

The recent results in K* spectroscopy are summarized in Table 4. 

Table 4 

Summary of K* resonances. Note that parameters are given for &A 

and Q,, information for the physical Q’s is given in Table 2. For 

states found in Ka partial wave analyses, the elasticity x is also 

indicated. 

JP Name Mass Width 
(MeV) U-W 

Decay Modes 

0- K 494 

K 1405 f 15 230 f 20 KE, K*n, Yo (Kw) 

1+ 
QA 

1340 * 30 ->25Oi:O K*s, K/Y, KE, sir, Kw 

QB 1355 f 30 5110 * 10 K*?i, Kp, KE, KT, Ko 

0+ K 1250 ’ 400 Ks(n z 1.0) 

K’ 1425 * 10 250 * 50 Ks(x=0.5 to0.9), 00. 

1- K* 896 I- 1 55 *1 Krr (~~1.0) 

K*’ 1650 -I 50 275 f 50 Ks(x - 0.3), . . . . 

2+ K** 1435 f 1 100 * 4 Kn(x = .49), K*a, y0 

3- p** 1780 f 15 175 f 35 KK(X - .2), Krx, B.. 

There is little new about our old friends K(494),K*(890), and K*(1420), except 

that the mass of the latter state is more likely 1435. As mentioned earlier, the 

origin of this shift in mass lies in the evidence for K (1425) which appears in all 

four partial wave solutions of the SLAC data. If one insists on calling K (1250) a 

resonance, there are now perhaps too many S-wave Ka states. This is reminis- 

cent of the confusing situation in PITT S-wave system with e(600), ~(1200). and 

S*(990)! The K*(1780) must now be considered established with Jp = 3-; there 

remains some doubt about its width. The existence of a second J ’ = l- state, 

K*(1650), in two solutions to the SLAC data is again reminiscent of the ?IT situa- 

tion. The acceptance of this state will most likely follow that of the ~‘(1600). 

Great strides have been made in the realism of Q mesons. There is general 

acceptance of at least one Q meson (Q,); even Deck’s staunchest defender be- 

lieves in QH! Skepticism remains as to the existence of Q2. However, all 

quantitative attempts to date to understand the diffractive Krfl partial wave re- 

sults require its existence. Note that the parameters for QA and QH are given 

in Table 4. The indicated total widths are lower limits since an SU(3) analysis 

of the K 1~ and EK modes is difficult given the present status of the O+ nonet. 

It is interesting that Q, tends to have half the total width of QA; the comparative 

broadness of QA may explain the difficulty in pinning down the Al. The evidence 

for the Ks(1405) is an intriguing by-product of the partial wave analysis leading 

to the Q mesons. Although this evidence is persuasive, it most likely will not 

be taken as conclusive until the implications of the Deck model are more clearly 

understood for the O-Kar system. 

To conclude, let us consider how well the recent results in K’ spectroscopy 

do in filling out the expected quark levels. We show these levels and the K* 

candidates in Fig. 23. 
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Fig. 23 Quark model level diagram illustrating the present status (1977) 
of K* spectroscopy. 

1 
The long suspected K*(1780) seems now established and is most likely the 

L=2 state. The K*‘(1650) could either be a member of this multiplet or a radial 

excitation of the K*(892); it is thus shown in both the L=O and I,=2 columns for 

total quark spin S=l. While we’ve presented no evidence for the L mesons, 

other than a broad J P = 2- bump, we indicate roughly where they could be in 

both C even and odd, L =2 multiplets. We might guess their ultimate story to 

be quite similar to that of the Q’s, mixing and all. 

With the evidence for QA(1340), we can, for the first time in K* spectroscopy, 

consider filling out the L = 1, S = 1 quark multiplet. There is, however, still a 

problem here. If we assign the new K (1420) to the Of state, then the level spacing 

1, 0, 2 is at odds with orobably any simple Dotential model which would have 

0, 1, 2. Is it that we have to take the so-called K (1250) more seriously as a 

resonance ? Is it that the K (1420) is actually the lowest state of a radially ex- 

cited L = 1, S = 1 multiplet? These questions are illustrated by the dashed lines 

in Fig. 23. Clearly a detailed study of K* spectroscopy at 1800 MeV and above 

might answer these questions. For the time being, we must take heart from the 

results of x spectroscopy that the situation in the lowest lying L = 1, S= 1 multi- 

plet will eventually be clarified. 

Turning to the quark spin zero levels, we note that the spin of the K’(1400) 

bump is well determined, unlike that of x (3.45). Indeed, there is even supporting 

phase evidence for a resonance interpretation. It is oaly the remote possibility 

of a “Deck explanation” which bars immediate acceptance of the K’(1400) as a 

radial excitation of the kaon. Finally, we end with a word of encouragement for 

our colleagues, the x spectroscopists. The old spectroscopy seems to have no 

problem finding its lowest lying J PC =I+- states; both the B meson and, now, 
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QB(1350) are well established. We have full confidence that, with a bit of effort, 

the new spectroscopy will find its missing axial vector. 

Acknowledgment 

I gratefully thank my colleagues R. Carnegie, R. Cashmore, W. Dunwoodie, 

P. Estabrooks and D. Leith for their advice, criticism, tutoring and kvetches. 

REFERENCES 

1. G. Goldhaber in hoc. of the XHIth Int. Conf. on High-EnerT Physics, 

U. of Cslif. Press, 1967. 

2. R. H. Dalitz in Proc. of the XIIIth Int. Conf. on High-Energy Physics, 

U. of CaIif. Press, 1967. 

3. Particle Data Group, Rev. Mod. Phys., No. 2, Part II, 51 (19’76). 

4. D. D Carmony et., Phys. Rev. Letters 27, 1160 (1971). 

A. Firestone Gal., Phys. Letters x, 513 (1971). 

M. Aguilar et., Phys. Rev. Letters 3S, 672 (1973). 

M. Spiro ual. , Phys. Letters 60B, 389 (1976). 

5. D. Lissauer a., Nucl. Phys. g, 491 (1970). 

P. Slattery, U. Rochester preprint, UR-875-332 (1971). 

6. See Firestone et al , --, ref. 4. 

‘7. For example, A. Firestone in Experimental Meson Spectroscopy, Ed. by 

C. Baltay and A. H. Rosenfeld, Columbia U. Press, 1970. 

6. The best results on the B meson are probably V. Chaloupka a., Phys. 

Letters 51B, 407 (1974), and S. U. Chung et., Phys. Rev. G, 2426 (1975). 

9. The Al situation is su mmarized on pages S112 - S113 of ref. 3. More re- 

cent experimental results may be found in R. Hemingwayss talk. 

10. See, for example, E. Berger in Three Particle Phase Shift Analysis and 

Meson Resonance Production, Ed. by J. Dainton and A. Hey, Daresbury 

Lab., 1975. 

11. G. J. Feldman and M. L. Perl, SLAC-PUB-1972, sub. to Phys. Reports(l977). 

12. P. Estabrooks et., SLAC-PUB-2004, sub. to Nucl. Phys. B (1977). 

13. R. Baidi aal., CERN/U. of Geneva preprint, sub. to European Conf. on 

Particle Physics, Budapest (1977). 

398 



14. R. Baldi-., CERN/U. of Geneva preprint, sub. to Phys. Letters (1977). 

15. S. U. Chung, private communication. 

16. G. W. Brandenburget., Phys. Letters m, 478 (1976). 

17. R. Baldi Gal., U. of Geneva preprint (1976). 

18. W. M. Dunwoodie, private communication and results presented at the 

Chicago APS Meeting, 1977. 

19. A. Etkin et., Phys. Rev. Letters S, 1482 (1976). 

20. Aachen-Geneva-Zurich Collaboration, paper sub. to the European Conf. 

on Particle Physics, Budapest (1977). 

21. P. Estabrooks and A. D. Martin, Nucl. Phys. B95, 322 (1975). 

22. P. Estabrooks u., Phys. Letters s, 473 (1976). 

23. P. Estabrooks et., Nucl. Phys. w, 61 (19’76). 

24. A. B. Wicklandet., Argonne National Lab preprint (1977). 

25. Courtesy of R. Kelley, Particle Data Group. 

26. P. Estabrooks and A. D. Martin, Nucl. Phys. B95, 322 (1975). 

27. G. W. Brandenburg et., Phys. Rev. Letters 36, 703, 706 (1976). 

28. G. Otter-., Nucl. Phys. m, 77 (1976). 

29. Results from the Amsterdam-CERN-Nijmegen-Oxford collaboration pre- 

sented by R. Hemingway at the Experimental Meson Spectroscopy Conf., 

Northeastern University, Boston, 1977. 

30. M. Tabaka., LBL-3010, SLAC-PUB-1462 (1974). 

D. Herndonet , Phys. Rev. D11, 3165 (1975). 

31. J. D. Hansen-, Nucl. Phys. E, 403 (1974); see also Three Particle 

Phase Shift Analysis and Meson Resonance Production, Daresbury Lab. 

Report DL/R34, Ed. by J. B. Dainton and A. J. G. Hey, 1975. 

32. See, for example, S. U. Chung and T. L. Trueman, Phys. Rev. WI 633 (1975). 

33. G. Cohen-Tannoudji et., Nuovo Cimento m, 412 (1968). 

34. See ref. 27; the high mass results are unpublished, preliminary results. 

35. ABCLV Collaboration of lo-, 14-, and 16-GeV/c bubble chamber results, 

presented at the European Conf. on Particle Physics, Budapest (1977). 

36. See ref. 10 and G. Ascoliet., Phys. Rev. D8, 3894 (1973). 

37. These features of the Deck amplitude correspond roughly to those dis- 

cussed in ref. 10 and 36. 

38. R. K. Carnegie et aI. --.---I NucI. Physics B, 1977 (to appear). 

39. R. H. Dalitz and R. G. Moorhouse, Proc. Roy. Sot. London-, 279 

(1970); C. J. Goebel and K. W. McVoy, Phys. Rev. 164, 1932 (1967). 

40. L. Stodolshy, Phys. Rev. Letters Is, 973 (1967); see also ref. 10 and 36. 

41. 3. D. Jackson, appendix to an article in Dispersion Relations, Scottish 

University Summer School, Ed. by G. R. Screaton (1960). 

42. M. G. Bowler, Phys. Journ. GJ, 775 (1976). 

43. J.-L. Basdevant and E. L. Berger, whys. Rev. Letters 37, 977 (1976). 

44. J.-L. Basdevant and E. L. Berger, Phys. Rev. E, 657 (1977). 

45. E. Berger, Private Communication, (1977). 

46. R. K. Carnegie et., Phys. Letters m, 287 (1977). 

47. G. W. Brandenburg et., in preparation. 

48. W. M. Dunwoodie and T. A. Lasinski, SLAC Group B, Physics NoteNo. 60 

(1976). 

49. ABCLV and BBCMS collaboration, CERN/EP/PHYS (1976). 

50. H. J. Lipkin, Phys. Rev. 176, 1709 (1968) and references therein. 

51. The results discussed here are for S-wave decays; there is no evidence 

for D-wave Q decays. 

52. R. J. Hemingway, Review talk at the European Conf. on Particle Physics, 

Budapest, (1977). 

53. G. W. Brandenburg~. , Phys. Rev. Letters 36, 1239 (1976). 

399 



NEW RESULTS FROM OLD SPECTROSCOPY 

R.J. Hemingway(*) 

CERN, Geneva, Switzerland 

ABSTRACT 

A report is presented of some of the major experimental results 

during the last year in the field of old spectroscopy. 

(*) Permanent address from September 1977, Department of Physics, 
Carleton University, Ottawa, Ontario. Canada. 

401 



1. INTRODUCTION 

The non-relativistic quark rrodel provides a simple scheme in which 

hadron classification can be discussed. In this model a classical meson 

is represented as a q< pair where each q has three flavours (p, n, X). 

The W(3) structure 303 = 8 @ 1 thus provides nonets naturally. Under 

orbital excitation L = 0, 1, 2, . . . the meson quantum numbers follow 

P = (-l)L, + J = i + 8 [S being the qi spin 0, 11 , C = (-l)L+s and 
G = (-l)L+s+I. Under radial excitation the quantum numbers remain 

unchanged, but the nonet is repeated at increased mass. Fig. 1 shows how 

the meson spectrum is expected to look in a simple harmonic oscillator 

potential. The niceties of such a scheme are: (a) ail established classical 

mesons have a home - not too many states have been found, (b) no evidence 

exists for CP exotics i.e. mesons with natural parity and CP odd, or mesons 

with .I PC = o-- and (c) no evidence exists for flavour exotics i.e. states 

that cannot be made with qi (eg. I = 2, Y = 0 or I = 3/z, Y = 1). 

To appreciate the rate of advance of meson spectroscopy, fig. l(a) 

shows the states considered to be well established in the January 1967 

edition of the PDG. Where the quantum number assignment is complete, the 

state is included in the relevant nonet. One should remark that even ten 

years ago considerable evidence existed for the 6, S*, 9. L, B, D, 
** 

Al> A3> 

E, g, K , and the PN total cross section bumps S, T, and U. Fig. l(b) 

shows how this pattern had extended by April 1976 - in particular, members 

of the L = 2 and 3 supermultiplets and a possible radial excitation (p') 

had been added. To achieve a satisfactory advance in the meson spectrum 

it is essential that existing states be understood, that the supermultiplets 

be completed up to L = 2, and that the L = 0 radial excitation be established. 

This poses the following problems: 

(a) The resonant nature of the low mass threshold enhancements must be 

established A 1, Q,, Q, [Jp = l+l and A 3, QA,> Q,, LJp = 2 I. 

(b) The quantum numbers of the non-classified states must be established 

ri', 6, D, E, ~(1675) and $(1800). 

LA 

4 .. 

JANUARY 1967 

3 ‘. 

2, 

I 

L 

4 
APRIL 1976 

+* 
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I+- !*- 
I++ I** 
0” 0” EEli 
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Fig. 

Meson states from the Particle Data Group tables 
of January 1967 and April 1976. 
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(c) The resonant nature, the mass, width and couplings of the entire 

scalar nonet must be clarified 6, E, S*, K. DESY FRASCATI YP - pe+e- 7.2 GN/C 

(d) The ?.even missing members of the L = 1 supermultiplet must be found, 

in particular the two I = 0 J PC = 1+- states [the other five are 

presumed to be 6, D, E, Q,, Q,l. 

(e) The fourteen missingmembersof the L = 2 supermultiplet must be found. 

(f) The existence of radial excitations must be established [p, w, $, K*]' 

with 3 PC -- 
= 1 and Lx, n, n’, Kl’ withJ 

PC -+ 
=0 . 

(g) The high mass structures in PN must be understood. 

In the following report we will discuss several new results pertaining 

to the above problems. At the end of the meson section we will return 

again to the classification scheme. To avoid repetition, those topics 

covered by T. Lasinski (K* spectroscopy) and D. Trielle (CERN R Group) 

are not included here. 

2. VECTOR MESON PRODUCTION - DESY, ORSAY, FRASCATI 

A DESY-Frascati group at DESY have studied the photo-production off 

hydrogen of efe- pairs at 7.2 GeV/c in a double-arm magnetic spectrometer 

[l]. This system enables the interference between the Bethe-Heitler and 

Compton amplitudes to be evaluated. The relevant interference spectra, 

with each arm at 13', 15', 16' and 19' wrt the beam, are shown in fig. 2(a). 

Other than the p/w and 4 peaks, a considerable excess of events is observed 

at higher masses - indicating possible p' production. More interestingly 

is the occurrence of a peak, especially in the 15' data, at % 1100 MeV 

with 5 6 r S 30 MeV. Fig. 2(b) shows a summary of the old plus new data - 

the statistical evidence for the 1100 MeV peak being 5.2 standard deviations. 

An Orsay group have provided possible evidence for an excited w state 

produced by e+e- collisions in DC1 [21. Their large solid angle detector 

is able to detect both charged particles and y's. The excitation function 

for production of 3 or 4 charged tracks plus 1 or 2 y's, a configuration 

Interference spectra at (a) 13', 15', 16' and 14' together with (b) 
a recent summary. The curves represent the results of fits to the data. 
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consistent with ~f+~~+lT-ll-Tf’, shows a Breit-Wigner form with M = 1778 t 14 

and r = 150 + 40 MeV (fig. 3(b)). Neither the 4n (p'?) nor the 6, 7n 

configurations exhibit the same bump (figs 3(a), 3(c)). This w', if 

confirmed, would probably be in the same nonet as the ~'(1600). 

From Frascati all three detection systems have reported evidence for 

a narrow structure near 1820 MeV 131. Fig. 4(a) shows the results from the 

MEA detector with a data selection requiring > 3 charged tracks. The 

narrow peak has been parametrerised to yield M = 1821 C 16 MeV and 

i- = 31 + 15 MeV. Both the BE and yy2 detectors confirm the narrow effect, 

the ~7. group showing that the signal exists in three- or four-charged tracks 

plus at least one Y [i.e. 2~+21~-.rr~] and not in events without associated 

y’s [i.e. 2n+Zn-1. At the Budapest conference new data near 1500 MeV from 

the three systemswerepresented for the 2 2 charged track yield and again 

all three observe a narrow effect with M 2, 1498 MeV and width r % 5 MeV 

[41. As an example,the data of the BE group is shown in fig. 4(b). 

It is clear that the above vector meson situation is complicated and 

that evidence exists for surprisingly new structures. If these structures 

are confirmed, our naive ideas of classification may have to change in 

order to accommodate them 

3. EVIDENCE FOR A Jp = 3+ S-WAVE (grr)+ THRESHOLD ENHANCEaNT 

Recent results from the Columbia group [51 demonstrate clearly the 

phenomenon of low mass threshold enhancements. Fig. 5 shows data from 

the reaction *+p * pn+n+ii- at 13 GeV/c taken in the SLAC 82" HBC with 

43 eventslub. Selecting 71+11- within the p, f and g results in the T+~~+TI- 

exhibiting threshold enhancements Al(M 'L 1100, r % 300), A3(M Q 1700, 

r % 300) and A4(M n, 2200, r % 300). A PWA of the 3n system, fig. 6, 

shows the corresponding spin-parity structures to be l+S(Plr), 2-S(fn) and 

3+s(glT). The 3+ bump has a Breit-Wigner shape with M = 2214 f 15, 

r = 355 t 21 MeV. None of the structures show the requisite phase variation 

characteristic of resonance behaviour. 

ORSAY e+e- COLLISIONS IN DC1 

8 L 

I- 

I I 

a) 

t 

3,4 charged 

1 
I 

+ 9 

t 
t 

t 

I' 

b) 3,4 charged+ I,2 gammas 

t 

-i 

4 cl 3,4 charged + 3,4gamma! 
t 5,6 charged + 2 igamma 

I,4 I,6 I,8 ‘240 

ENERGY ( GeV 1 

Fig. 3 

Evidence for ~'(1780). The solid curve in (b) corresponds to 
_ a BW + quadratic background fit. The solid curve in (c) 

represents a quadratic background only. 
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NEW VECTOR MESONS AT ADONE 

M=lI321’16~~2)M~V 
l- = 31+-15(*10) MeV 

--- _ 

- 

I I I 

1700 1800 1900 

M.-l498 MeV 
l-- 5 MeV 

C-J 
N 
AI 
Z 

IO 

c 
I 

0’ ’ I I I I 

1450 1500 

Energy (MeV 1 

Fig. 4 

Recent results from Frascati (a) yield (events/nb -l) of > 3 charged 
tracks from the MEA detector and (b) yield of > 2 charged tracks 
from the BB detector. The curve in (a) is the result of a 
straight-line + BW fit. 

COLUMBIA 

+ -IT Q-e-P -l--t - lT lT 15 GeV/c 

Fq. 5 

Invariant mass distributions of 2n and 3rr. The 317 distributions 
have M(2n) selected in the p, f or g regions. 
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‘,’ 

COLUMBIA 

r+P - p7T+7r+7T- I5 GeV/c 

Fig. 6 

Selected waves from the 371 partial wave decomposition. The curves 
represent the result of a fit to a BW + smooth polynomial background. 

A similar gn effect has been reported by the IHEP-CERN Collaboration 

161 in an analysis of their 25 GeV/c 7-p -t n-ri-rr+p data taken with the 

boson spectrometer in 1970-1972. Selecting events with a leading X+ shows 

clearly the p; f, g and h in the 2n spectrum (fig. 7(a)). Again the gr 

distribution shows a threshold enhancement (fig. 7(b)). The decay 

distributions are consistent with acceptance corrected expectations for 

a .Jp = 3+ state (figs 7(c-f))t 

4. EVIDENCE FOR PHASE VARIATION OF A1 =A3 

The continual absence of phase variation for the A1 in diffractive 

3n production has spurred the analysis of non-diffractively produced 3n 

systems. In the charge exchange reaction "+p + A 
++71+*-710 at 15 GeV/c the 

Columbia group have performed a PWA of the ~+li-il' system [51. The partial 

wave decomposition of the 3~ spectrum (fig. 8(a)) is shown in fig. 8(b). 

Although the NP states 2+(A2) and 3 (~(1675)) exhibit typical BW behaviour 

in magnitude and phase (not shown), the 1' state is small and structureless 

and shows no phase variation. The Amsterdam-CERN-Nijmegen-Oxford Collaboration 

have performed a PWA of the TI+TI-~I' system in the hypercharge exchange 

reaction K-p + A3ll at 4.2 GeV/c [7]. Fig. 9 shows the partial wave 

decomposition - the NP states again being prominent. The l+ states, 

both I = 0 and I = 1, show no clear evidence for resonant structure and 

neither do they exhibit phase variation (not shown). 

The saviour of phase variation may be in an analysis of coherent 3n 

production from complex nuclei. A CERN-ETH-IC-Milano Collaboration using 

an optical spark chamber system have accumulated 60 K events of the type 

Ti-A + n-n-n+A using nine different targets Be-Pb at three incident momenta 

8.9, 12.9 and 15.1 GeV/c [81. Dividing the data into a coherent sample 
* 

(typically t' = t < 0.035 GeV2) and an incoherent sample(t* < t' < 0.5 GeV2), 

fig. 10 shows the respective partial wave decomposition. A careful 

analysis of the coherent data has shown two ambiguous phase solutions in 

the Al region, of which one (favoured by the authors) shows in fiB. 11(a) 

a resonance behaviour for l+S. The constancy of phase between l+S and 
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IHEP - CERN 

lT p-7r-7r+lr-p 25 GeV/c 

Fig. 

Invariant mass distributions of 2~ and 3rr, and gn decay distributions. 
$', cos e(@,+, cos en+) represent the A6 + gn (g + m) decay angles 
compared to Monte-Carlo predictions for a JP = 3+ state. 

COLUMBIA 

A” lr+ lT‘lTO 15 GeVk 

b) 

Fig. 8 

(a) Invariant mass distribution of ?T+TI-~' and (b) prominent contributions 
to the partial wave decomposition. The curves represent the result of 
BW+background fits. 
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6. THE DEMISE OF TilE Fl(1540) 

A Bombay-CERN-Collsne de France-Madrid Collaboration has found no 

evidence 07: Fl(1543) production in G 22 events/ub exposure of pp interactions 

at 760 MeV/c [ill. A comparison of this new data, 4517 events of the type 

pp + K;(K')ll+n-, with the original evidence for the Fl, 1305 events at 

700 MU/c, is shown in fig. 14. The clear discrepancy has led to a 

reanalysis of the original data - the end result being that the original 

evidence was a systematic effect due to event misidentification. It is 

perhaps indicative that very little supporting evidence exists in the 

literature. 

7. FIRST EVIDENCE FOR A Jp = 4+ I = 1 STATE 

The University of Geneva-CERN group have obtained evidence for a 

Jp = 4+ I = 1 state observed in the reaction ."-p + K>-p at 10 GeV/c [121. 

Data have been taken in the University of Geneva two-arm spectrometer in 

which the forward arm with no magnetic momentum analysis allows a large 

solid angle acceptance. In the t-range 0.05 - 1.0 GeV2, 75 LO6 triggers 

with > 3 forward tracks have yielded 40 K events of the type 

r-p + K;K-p. Fig. 15(a) shows the acceptance corrected mass spectrum 

after removing events with M(pK-) < 1.9 GeV to eliminate Y* reflection at 

high KZK- mass. The A2 and g peaks are clearly seen together with an 

indication of a third bump 1, 1.9 GeV. Fig. 15(b) shows the Y6, Y7 and YB 

moments plotted in 50 MeV bins in the higher mass region. Clear 

indication of resonant behaviour is visible at % 1.9 GeV, especially in 

the Yy and Yi moments - thus implying 3 L 4. Such a behaviour has been 

interpreted by the authors as evidence for an I = 1, .Jp = 4+ object with 

M % 1950 MeV and I. ?r 150 MeV. This state would naturally be the I = 1 

companion of the h meson. 

BOMBAY-CERN-COLLEGE DE FRANCE -MADRID 

ISP - K; K” T+T- 

300 700MeVlc 

i 

3578 entries 
2 entries /event 

1.5 1.9 2.3 

MZ(KRn 

2.7 3.1 

) GeV2 

100 750 UeV/c 

122U entries 
2 entries /event b) 

1.5 1.9 2.3 2.7 3.1 3.5 

I 

Fig. 14 
2 

Invariant massL distribution for the K°KolIi system. The hatched distribution 
remains when K*k* events are removed. The darker distribution results from 
the further requirement of at least one K*. 
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8. BARYON EXCHANGE PRODUCTION OF Q,l 

The most detailed analysis of diffractive Knn in the Q mass region 

has been performed by the SLAC spectrometer group with their high statistics 

data on the reactions K'p * K+.rr+,,-p at 13 GeV/c [131. A model dependent 

analysis of these results by the SLAC group 1141 and by Bowler [151 has 

been shown to adequately describe the data in terms of two resonating l+ 

wave.?. with the following parameters [161 

Mass T(K**) I-NJ) r(m) r(m) I-CKE) rTOTAL 

Ql -2 1290 12 2 13 100 ? 35 32 ? 11 35 f 13 29 ?r 10 % 208 

Q2 ?r 1400 154 t 52 2?1 ""0 -"O 31 t 11 % 187 . 

In contrast to the above 2Q picture, non-diffractive Kirll production has 

consistently shown only a single Q type bump with a mass in the range 

1235-1300 MeV, and always with a width $ 100 MeV. A recent bubble chamber 

experiment by the ANL-Michigan State group has shown evidence for a KT~T~ 

bump (mainly in K+lT+lI-) at 1273 ? 9 MeV with a width of 66 t 35 MeV from 

an analysis of the reaction pp + K'K-ir+n- at 2.32 GeV/c [171. The 

Bergen-CERN-CollPge de France-Madrid-Stockholm Collaboration have obtained 

evidence for a KITTY bump at 1272 -C 6 MeV with a width of 114 t 21 MeV from 

the hypercharge exchange reaction TT p + A(Knn) ' at 3.9 GeVlc t181. 

In a baryon exchange reaction, where we expect Deck-type complications 

to be small, the Amsterdam-CERN-Nijmegen-Oxford collaboration have obtained 

clear evidence in K-p reactions at 4.2 GeV/c for Q-production [191. With 

an exposure sensitivity of 133 events/ub the following final states have 

been investigated f-K+rr+rr- (2463 events), !-K>+v'(820), S-n+MM(1716) 

and E-K+M?l(1039). Fig. 16(a) shows the Chew-Low plot for the reaction 
K-p + z- o + 0 KITf TI where one sees an accumulation at small K- * !- m0me*tum 

transfer in the mass region 1.2 - 1.3 GeV. Fig. 16(b) shows the total 

Knrr mass spectrum (except K+MM) with the momentum transfer restriction 

u(K- + E-) < 1.5 GeV2. A clear enhancement is seen - and a Breit-Wigner 

plus polynomial background parametrization yields M = 1276 + 5 MeV and 
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l-= 78 + 20 MeV. The application of a multi-channel likelihood fit 

the data to be compatible with an I = k KlIn effect with dominant Kp 
+ 

The cross section for the process K-p + Q;s-, Q, + Kp is determined 

4.5 + 1.0 pb. 

Thus, if these non-diffractive experiments are seeing the Q, 

decay. 

to be 

(consistent mass), then two problems arise - why is the width different, 

and where is the Q,? 

A narrow structure in K3rr at 2600 MeV 

The CERN-tins-Imperial College-Brussels-Orsay Collaboration have 

reported evidence for a narrow peak in K'~'II+~- at 2600 + 10 MeV coming 

from an analysis of 12 GeV/c pp in BEBC [ZOI. From the topology 

6-prongs + Vo, 587 events have been isolated for the reactions 

pp + Kz3~r+3rr- + neutrals and pp + KzK'ni2nC2n + neutrals. In both the 

combinations K"?i+n+.rr- and K"n-7i-n+ a peaking is seen near 2600 MeV 

(fig. 17(a)), the sum spectrum showing a 5.5 standard deviation effect in 

a single 30 MeV bin. With the high magnetic field and large volume of 

BEBC the mass resolution was found to be compatible with the width of the 

signal, r 6 18 MeV. No evidence was found in either the recoil mass 

spectrum or in other mess combinations. 

An identical experiment has been carried out by the Amsterdam-Helsinki- 

Liverpool-Stockholm Collaboration in the CERN 2m HBC [Zll. Their results 

(fig. 17(b)) offer no positive confirmation of the 2600 MeV peak. Even 

allowing for the poorer resolution of the 2m HBC, the discrepancy is 

estimated at l-2 standard deviations. 

9. ;p FORMATION - AMPLITUDE ANALYSIS 

The beautiful series of formation experiments by the Queen Mary 

College-Rutherford-Daresbury group have provided both the differential 

cross section (at 20 momenta) and polarisation (at 11 momenta) in the 

reaction pp + 71+X- over the CM energy range 2020-2580 MeV. Using the 
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THE I-MESON 

CERN-MONS-IC- BRUSSELS -0RSAY 

12 GeV/c pp BEBC 

-r ~- 

AMSTERDAM-HELSINKI-LIVERPOOL-STOCKHOLM 

12 GeVlc 6p 200 HBC 

17 Fig. 

Evidence for the I-meson in the invariant mass K'n'n+K-. The 
solid curve in (b) represents ~1 polynomial fit to the data. 

cross section zeroes as a guide, a helicity amplitude analysis has 

enabled a fit to the data with waves up to .J = 5, the solution for .J = 3, 

4, 5 being unique 1221. The results of the fit are compared with the 

data at selected momenta in fig. 18, and yield IG = 1+ J = 3-- PC 

[M = 2150 ?: 30, r = 200 f 251, IG = 0+ Jpc = 4++t!1 = 2130 i 30, r = 210 * 251, 

and I G = 1+ JPC = 5--[M = 2480 ? 30, r = 280 + 251. The mass and width 

of the J = 3, 4 waves are consistent with the T and U(1 = 0) bumps seen in 

PN total cross section measurements. 

If we assume that the I-I~WJW bump at b 1936 MeV [the S meson1 in the 

pN total cross section has J = 2, then a single trajectory can describe 

the S, T, U and V(J = 5). Fig. 19 shows that this trajectory is much 

steeper than that normally attributed to hadrons - thus indicating that 

either. (a) the states do not belong on the same trajectory or (b) the 

systematics of low-lying trajectories are different or (c) states coupled 

to the NN channel are different (e.g.qqqq states). 

10. STATUS OF MESON SPECTROSCOPY 

Fig. 20 shows an optimistic picture of the current status of classical 

mesons - due consideration being given to the analyses mentioned above and 

those discussed at this Institute by Treille and Lasinski. It is clear 

that a considerable advance has been made during the last year. 

11. INTRODUCTION TO BARYON SPECTROSCOPY 

For classical baryons the non-relativistic quark shell model with 

harmonic oscillator forces leads to the rather complex supermultiplet 

structure in fig. 21 (taken from Dalitz [231). The lectures by Gilman at 

this Institute have shown how the application of symmetry considerations 

limits the N = 0 supermultiplet to be the SU(6) representation [56, O+l 

and the N = 1 to be the [70, 1-l. At higher mass the situation becomes 

more and more complex. Along the leading trajectory the experimentally 

observed pattern is one of alternating 56's and 70's, namely [56, 0'1, 
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[70, 1-1, [56, 2Ll, t70, 3-1 etc. Evidence also exists for the ground 

state radial excitation I56, 0+12 and possibly 156, 0+14. 

Conventionally the first three supermultiplets of the leading 

trajectory have attracted most interest as a testing ground of our ideas 

of baryon systematics. This is certainly due to the large number of 

established states with a natural home within these supermultiplets, as 

shown in fig. 22. The open circles, representing states which have not 

been found or whose status is questionable, give the following table of 

missing states: 

h N z A 5 n 

[S6, O+] 0 0 0 0 0 0 

1-1-3- 170, 1-1 0 ;- --- 1- _ _ _ _ _ _ 1-1-1-3-3-3-5- 1-3- 
222 ? 2222222 ?T 

[56,2+] ;+ 0 ___- 1+3+3+5+ 0 ------ 1+3+3+5+5+7+ ---- 1+3+5+7+ . 
2222 222222 2222 

It is clear that, whereas the S = 0 states are in excellent shape, the 

S 9 0 states need a considerably increased experimental effort, particularly 

for the S = -2 and S = -3 states. 

For the S = 0 and S = -1 stateswhere detailed partial wave analyses 

have been performed, one may reasonably ask the question: where are the 

missing states? Various explanations can be proposed - the coupling to 

the elastic channel may be very small, the states may be very broad, or 

the states may be very narrow. For the S = -2 and -3 states, the lack 

of reliable information stems from the fact that these states can only be 

observed in production experiments where they are produced with very small 

cross sections. The need for very high statistics production experiments 

is therefore essential - to determine at least some of the S = -2 and 

-3 states, and perhaps to indicate the missing S = 0 and -1 states. 

In what follow&we will discuss recent FN total cross section 

measurements and then give some flavour of what can be learned from huge 

production experiments. We avoid formation studies completely - the recent 

Oxford Baryon Conference [241 should be consulted for a full appreciation 

of the state of the art. 

ESTABLISHED 

BARYON MULTIPLETS IN SU(6) 

[56,2+12 IQ+ 

v 

c3 0 

3/Z+ 
f3 l 

5/Z+ 

22 Fig. 

Current status of the leading baryon supermultiplets. Solid 
points correspond to well-established states. 
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12. STRUCTURE IN i& TOTAL CROSS SECTION 

Recent high precision measurements of the EN total cross sections 

below 1.1 GeV/c at BNL have observed several structures which could be Y* 

resonances [251. The unfolded I = 0 and I = 1 contributions are shown 

in fig. 23. The data have been fitted with a momentum dependent background 

together with a sum of Breit-Wigner forms which yield the following 

parameters: 

ISOSPIN MASS WIDTH (J + 4,x ESTABLISHED STATES 

0 1646 * 7 20 0.04 

0 1692 + 4 38 0.48 hU670)Sol, A(1690)Do3 

0 1735 z! 5 28 0.29 

1 1583 f 4 15 0.06 

1 1608 2 5 15 0.06 

1 1633 -tlO 10 0.04 

1 1670 + 4 52 0.23 C(l670)~13 

1 1715 +10 10 0.30 

All the structures have a significance of more than five standard 

deviations except h(1646) and C(1633) which are 'L 3 standard deviations. 

The step in I = 1 at % 1550 MeV has not been parameterized due to the 

undertainty of the cross sections below the energy range covered. 

Assuming the structures to be genuine, the probability that they would 

have been seen in past formation experiments is small since they have 

small widths, small elasticities, or both. The indications are therefore 

that the Y* spectrum in this energy region may be much richer than was 

originally believed. 

13. A NEW z AT 1550 MeV 

The Amsterdam-CERN-Nijmegen-Oxford Collaboration have reported evidence 

for an I = 1 enhancement at a mass of 1550 MeV in both AT and Xrr from an 

analysis of the reactions K-p + (A, C")n+KFKy at 4.2 GeV/c [261. With 

a sensitivity of 100 events/pb for events where both V* decays are seen, 

IOO- 

go- 
uTT(K-N) 

2 - 
‘80- 

2 - 
0 

s70- 
-3 _ 

w - 
g60- 
" _ 

2 - 
&50- 
i- - 

40- 

30- 

20- 

r IO”“““““““““““’ I8 ,,,,I,,,1 
0.4 0.5 0.6 0.7 0.8 0.9 1.0 I.1 

LABORATORY MOMENTUM OF K- MESONS (GeV/c) 
I 1 I I I ! 1 * 1 1 ’ ’ 

I500 1550 1600 1650 1700 1750 1800 1850 
TOTAL c.m. ENERGY (MeV) 

Fig. 23 

Total K--nucleon cross sections for the I = 0 and I = 1 isotopic-spin 
states, The curves are the results of fits including BW's and a background. 
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fig. 24 shows the combined An and Zn mass spectrum with the selection of 

forward hemisphere for (A, X')n- and backward hemisphere for (A, X")nf. 

A clear 6(1385) is seen together with a six-standard deviation enhancement 

at 2, 1550 MeV. Fitting the distribution with a background polynomial 

plus twc BW functions, yields M = 1553 + 7 HeV, r = 79 ? 29 MeV for the 

c1550' The production cross section is estimated at Q, 7 ub and the decay 

rate Cn/(h + CIT) to be 0.4 ? 0.2. 

14. A NON-CHARMED BARYON NEAR 2260 MeV 

The same collaboration have found significant evidence for a non- 

charmed Z state [27] whose mass and width are compatible with the recently 

reported narrow antibaryon state in the wide-band photon beam at Fermilab 

[281. Analysis of the reactions K-p -f X-lT+n+n-n' (39 K events) and 

K-p + Z+8-n+n-rr" (30 K events) displays abundant ~(783) production. 

Fig. 25 shows background subtracted Xw mass distributions where peripheral 

cuts have been made to isolate forward X-W and backward Z+IJJ. A peaking 

is observed in each distribution close to 2.26 GeV and both peaks have widths 

consistent with r < 75 MeV. 

This observation should encourage further investigation of high mas.s 

baryons decaying into two-body systems with high thresholds eg. (A, Z)@, 

5, A(1405)w etc. 

15. PROGRESS IN 5 SPECTROSCOPY 

Fig. 26 shows the latest results on S = -2 mass combinations with 

charge =-1 from the Amsterdam-CERN-Nijmegen-Oxford Collaboration studying 

4.2 GeV K-p interactions with a sensitivity of 128 events/Fib. The two 

prominent structures above the well-established 8(1530) are !(1820), seen 

dominantly in AK-, and 5(2030) dominantly in (XK)-. Properties of these 

states, whose status can now be taken as well-established, are surmnarised 

below [29, 301. 

AMSTERDAM-CERN-NIJMEGEN-OXFORD 

4.2 GeV/c K-p 

Ill I I I 
1.24 I .40 1.60 1.80 : 

MASS (go r 1 GeV 

Fig. 24 

Invariant mass distribution of A(C')n- in the backward hemisphere + 
h(F’)n + in the forward hemisphere. The curve is the result of a fit 
with 2 BW's and a polynomial background. 
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MASS (MeV) i WIDTH (M&SPIN 

I 

21c7 , '> l/2 

Ai? xii 
* 

3 
z153p" / 

1 0.24 kO.10 CO.36 1.0 + 0.3 

: Z(2030) I 2024 i 2 / 16 ?- 5 j> 3/2 0.222 C.09 1 < 0.19 < 0.25 
I / 

I 1 / 

where the spin restrictions were based on minimum complexity decay moment 

evaluations. 

With final data now available the Jp determination of the 3(1820) 

has been reinvestigated. By comparing the decay moments of the two major 

decay channels AK- and E(1530)r (fig. 27(a, b)) where the daughter baryons 

have different Jp, it is possible to define a x2 test as a function of 

!(1820) spin [311. Fig. 27(c, d) shows clearly that the data are consistent 

with the J = 3/Z assignment (probability ?i 50%), whereas higher spins have 

a much lower confidence level ($ 1% for J > 5/Z). 

This experiment is in the process of investigating several other 

final states and should continue to improve our knowledge of 2 resonances 

in the mass range 1.5 - 2.5 GeV. 

100 K-p-,, K-K+ 4 2 GeWc 

16. THE SPIN OF THE fi- 

Although the R- is considered to be well-established and to belong 

to the 3/2+ decuplet of the ground state t56, O+l, its spin-parity has never 

been measured. The Aachen-Berlin-CERN-London-Vienna Collaboration have now 

accumulated 101 Q2- decays in K-p reactions at 10 and 16 GeV/c [321. Fig. 28 shows 

the corrected helicity decay angular distribution of the n- sample together 

14 ,6 18 20 22 24 2.6 28 

2 
E Mass i A K-) GeV 

: 

Fig. 27 

with the result of a fit to the form I(cos 8*) a (1 + 8 cos2 e"). The 

spin = l/2 prediction of 8 = 0 is clearly ruled out (probability i O.l%), 

whereas the data are in good agreement with spin = 3/Z (probability Q 70%). 

Effective mass distributions (a)AK-, (b) ZTi3 Tie. 
P 

The experimental decay 
,,,oments with L = 2 in the u-channel helicity ram are shown in (c), and 
the variation of chi-square with 5*1820) spin in (d) 
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AACHEN- BERLIN-CERN- LONDON- VIENNA 
COLLABORATION 

K-P IO, 16 GeV/c 
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Fig. 28 

Helicity decay angular distribution for 101 a- events. The curve is 
described in the text. 

17. FUTURE OUTLOOK 

Together with the talks of Treille and Lasinski, this report shows 

that a considerable advance has been made in experimental old spectroscopy 

during the last twelve months. For the big spectrometers which are currently 

beginning to show their true worth, several problems remain to be solved, 

in particular: 

- In the baryon spectrum nany states are still required to complete the 

[70, l-1 and [56, z+I multiplets. Our current understanding of baryon 

systematics is heavily weighted towards S = 0 states, and it is therefore 

possiblethat the consolidation of the S * 0 states may show several surprises. 

Furthermore, the completion of the spectrum up to N = 2 requires the 

additional multiplets [70, 2+],[20, l+] and 170, O+l, for which very few 

states currently exist (and-none for [PO, l+] which cannot decay into the 

usual two-body channels, g@z 6 g). 

- In the meson spectrum an important question concerns the existence of 

radial excitations tp, w, @, K*l' and especially [n, n, n', Kl’ whose 

members cannot be placed in alternative multiplets. The new data from 

DESY, Orsay and Frascati together with Kn, 1~11 and KTIn phase shift analyses 

have given encouraging signs that these nonets do indeed exist. With 

forthcoming data on the D and E mesons, the only states in bad shape 

(really missing) in the L = 1 supennultiplet are the two I = 0 members 

of the B nonet. Where are they? Considerable effort should now be directed 

into filling out the L D 2 supermultiplet - at least 8 out of the 16 states 

are completely missing. Finally, the narrow peak structures observed in 

pp, ppn and K3n, if confirmed, may open a new avenue of spectroscopy. 
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OBSERVATION OF A DIMUON RESONANCE NEAR 9.5 GeV IN 

400 GeV PROTON-NUCLEUS COLLISIONS 

Walter R. Innes* 
Fermi National Accelerator Laboratory 

Batavia, Illinois 60510 

This is a report on preliminary results of 

a measurement of the production of high mass dimuons 

in proton-nucleus collisions. The sample collected 

to date contains 18,000 events with a mass m + - IJFI 
above 5 GeV. The mass spectrum of these events is 

shown in Fig. 1. Excluding the region between 8.8 

and 10.6 GeV, the spectrum falls smoothly following 

a linear exponential curve of constant slope. While 

this curve predicts 719 events in the excluded region, 

the data contain 1397. I will first discuss how this 

data was obtained and then return for a closer look 

at the structure and discuss its possible significance. 

* 
This talk is based on work being done by a Columbia Univer- 
sity, Fermilab, SUNY-Stony Brook collaboration. The mem- 
bers of the research team are: J. A. Appel, B. C. Brown, 
C. N. Brown, S. W. Herb, D. C. Horn, W. R. Innes, A. S. Ito, 
H. J&tlein, D. M. Kaplan, R. D. Kephart, L. M. Lederman, 
J. C. Sens, H. D. Snyder, K. Ueno, T. Yamanouchi, and J. K. 
Yoh. The work is supported in part by ERDA and the NSF. 
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Figure 1: Differential cross-section d2c/dmdy for the 
+- reaction p + Nucleus + u u + X. A linear 

dependence on the atomic number of the nucleus 

has been assumed. The curve is: 1.28 e -0. 93M . 

The data was taken with a double arm spectrometer 

located in the Proton Center Laboratory at Fermilab. A plan 

view of the apparatus is shown in Fig. 2. The targets 

were .75 mm wide and -30% of an absorption length long. 

Both Cu and Pt targets were used. Proceeding downstream 

from the target each arm consists of: a Be hadron absorber, 

an Fe collimator, a vertically bending air gap dipole magnet 

with a maximum P t -kick of 1.2 GeV, planes of plastic scin- 

tillators and proportional wire chambers (PWC's), a solid 

steel dipole magnet bending in the direction opposite to 

the air dipole with a Pt-kick of 1 GeV, and finally more 

scintillators and PWC's. Be was used as the hadron absorber 

to retain good resolution by minimizing multiple scatter- 

ing. (Be has a favorable ratio of absorption lengths to 

radiation lengths.) The first 30 cm of Be could be exchanged 

for Cu permitting a doubling of beam intensity with only 

a small sacrifice in resolution at high masses. The PWC's 

determined the muon trajectory between the magnets, which 

combined with the assumption that the muons come from the 

target determined the muon momentum to about 2%. To check 

the target origin assumption the muon momentum was remea- 

sured with the steel magnet to about 10%. The arms were 

symmetric with respect to reflection about a horizontal 

plane at beam height. Therefore, both signs of muons were 

accepted simultaneously in each arm allowing same sign 

MUM Ger/ 
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Figure 3: Pair acceptance as a function of Pt for various 

was confined to a small region of C. M. rapidity between 

to.3 units. For this reason cross-sections are quoted as 

du/dy at y = 0. 

The pair acceptance in Pt for different ranges of muon 

pair invariant mass is shown in Fig. 3. Note tbrt for 

high masses the acceptance was reasonably good out to 

Pt's as large as are likely to occur. The overall pair 

acceptance as a function of mass for three different ex- 

citations of the air dipole magnet is shown in Fig. 4. 

The excitation used for most of the data in Fig. 1 was 1500 

amps. Note that above 7 GeV the acceptance was nearly 

constant. In order to calculate these pair acceptances 

a decay angle distribution proportional to 1 + cos28 in 

the S channel helicity frame was assumed. The overall 

acceptance was not sensitive to this assumption. Differ- 

ent assumptions do result in small changes in the depend- 

ence of invariant cross-sections on P tr e.g. the alternate 

assumption of an isotropic decay distribution would change 
an ,-1.2 P t dependence into e-l.' 't. 

The mass resolution as a function of mass is shown 

in Fig. 5. The solid curve is for the first 30 cm of hadron 

absorber being Cu, the dashed curve is for an all Be absorber, 

and the dotted curves show various contributions to the 

error. Since it is near the target, the choice of Cu or 

Be for the first section of absorber affects only the open- 

ing angle measurement. Because this is the dominant con- 

tribution to the combined error only at low mass, the 

mass ranges. 

A ccc? Pi -4nce vs. Pr 
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Figure 5: Mass resolution as a function of mass. Solid 

curve is for Cu absorber, dashed curve is for 

Be absorber, dotted curves are for various 

contributions as labeled. 

E'igure 4: Pair acceptance as a function of mass. 
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resolution at high mass is not strongly affected. Figure 

6 shows an event distribution for masses in the J/JI region. 

We see clearly separated J/ly and JI' peaks with the expected 

widths. Expected and observed J/S widths for several air 

magnet excitations are shown in Table I. 

Table II depicts a history of the data taken to date. 

During 600 hours of running 3.2 x 1016 protons were incident 

on the target resulting in 1 x 10 l6 interactions . Most 

of the data was taken with the Pt target, Cu absorber, and 

maximum excitation of the air magnet, i.e., the highest 

luminosity configuration. 

To calculate cross-sections, the following corrections 

for apparatus efficiencies were made: 

1) targeting . . . 0.98 + 0.02; 

2) trigger and reconstruction . . . 0.85 +_ 0.10; 

3) cuts on detectors behind the steel magnet 

. . . 0.85 2 0.10; 

4) single track/arm requirement . . . 0.90 t 0.03. 

These result in an overall efficiency correction of 

0.64 t 0.15. 

Figure 7 shows the effect of these cuts on a typical 

event distribution. A 9-10 GeV enhancement is already 

prominant in the raw data. It becomes better defined when 

fiducial cuts are applied so that only well measured events 

are retained. With all cuts applied the enhancement is 

more prominant yet. Also shown are the same charge events. 

------ Air Eidgnet 
Current -I_---__ 

750A 

1OOOA 

1250A 

-- 

t 

TABLE I 

J/Q Resolution 

(GeV r.m.s.) 

-___- 
Predicted I Observed 

0.113 

0.093 

0.083 

0.115 

0.089 

0.095 

TABLE II 

--_ -______-- 
Date Hours Beam Tqt. Abs. Mag. Curr. 

5/14-6/05 180 8 x 135 cu cu 1500A 

6/05-6/12 70 2.5 x 101' Cu Cu 1250A 

G/12-6/19 50 1.6 x 1Ol5 Pt Be 1250A 

6/19-7/10 300 2.1 x 1016 Pt cu 1500A ---_I_- 
Total 600 3.2 x 1016 
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Figure 8: Cross-section from the 1250A sample. 

These events disappear as cuts are applied. If the ratio 

of pair cross-section to the product of single arm cross- 

sections is independent of particle type and charge for 

hadrons in the relevant kinematic region, then the had- 

ron induced background plus muon accidentals satisfies the 

relation: 

N +- + N-+ = dN++N-- ^. N++ + N-b - 

The above premise has been shown to be true to the requisite 

accuracy in a previous experiment by this collaboration.i 

Therefore such background is negligible in this experiment 

(see again Fig. 1). 

Checks were performed to verify that the origin of 

the 9-10 GeV enhancement was not apparatus. Data was taken 

with the air magnet excited to 1250 amps (1.0 GeV Pt-kick). 

This resulted in the spectrum shown in Fig. 8. The enhance- 

ment was present with same mass and cross-section. The 

confirmation of the target origin of the muons was checked 

using the PWC's located at the center of the air magnet. 

These chambers enabled a second remeasurement of the muon 

momentum. The apparatus was uniformly illuminated at al.1 

masses. A target out run yielded no events when 200 would 

have been obtained with target in. Subsets of data (cur- 

rent, time, absorber, target) yielded the same fit para- 

meters. Paired muons from different events generated a 

smooth du/dmdy curve. 

I I 

8 9 IO 
M 
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Return now to Fig. 1 for a closer look at the data. 

Fitting the region from 6-8.8 and 10.6-12 GeV with form 

AeebM yields the result: A = 1.28 + .03 nb, b = 0.93 ?: 

.03 GeV-'. x2 is 48 for 50 degrees of freedom. Subtracting 

this fit from the data yields the residual cross-section 

in Fig. 9. If this residual cross-section is fit with a 

single gaussian of arbitrary mass, width, and amplitude 

the result is: M = 9.5 + .03 GeV, width (rms) = 0.47 + 
do .03 GeV, az; o 

I 
= 0.31 + .02 pb. x2 ' is 63 for 15 degrees 

of freedom, and the fit looks very bad. The curve in the 

figure is a fit using two gaussians whose widths are fixed 

at the experimental resolution of 2.1%. The fit parameters 

are: 1) M = 9.43 + .02 GeV, dc/dy = 0.20 + .02 pb; 2) 

M = 10.14 + .04 GeV, do/dy = 0.07 + .Ol pb. X2 is 29.2 

for 14 degrees of freedom. While the confidence level of 

this fit is only about 1% it looks reasonable. 

Following the suggestion of our paper of last year, 

the research team has decided to call the primary peak the 

T(9.4): 

A possible explanation of this resonance and its struc- 

ture is that it is a bound state of a new quark and its 

anti-quark. Eichten and Gottfried' have predicted the level 

spacings of such a system based on charmonium and asymptotic 

freedom within the framework of a static-potential model. 

They predict a spacing of 0.44 GeV between the first and 

second states and 0.32 GeV between the second and third. 

{ , . 

Figure 9: Cross-section in Fig. 1 with the continuum 

(1.28 e-0*g3r') subtracted. The curve is 

the two gaussian fit. 
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A fit with three gaussians whose widths are fixed at 2.1% 

r.m.s. and whose spacings are fixed to Eichten and Gott- 

fried's predictions yields: 1) M = 9.42 k .02 GeV, du/dy 

= -20 C -02 pb; 2) du/dy = 0.024 + .012 pb; 3) d@/dy = .057 

?r .OlO pb. x is 26.7 for 14 degrees of freedom. This 

fit is nearly identical to the two gaussian fit. The ratios 

of do/ dy of 1:0.12:0.24 are not consistent with the quark 

-antiquark model on which the spacings were based. There- 

fore, the two peak fit is the more likely representation 

of the data. This suggests that if the system is an "onium" 

that the spacings are wider than those expected with the 

static potential used by Eichten and Gottfried. These fits 

are summarized in Table III. 

Pursuing the quark-antiquark assumption we can ask 

what the expected B . do/dy would be. Cahn and Ellis' 

relate aT to c 
JI 

with a gluon annihilaiton plus cascade model: 

Mx 
They find: 

uT 

4 Qb2 Kb2 =c--(j 
Mx 4 b Qc2 Kc2 '+I 

and: B T+ IW =Qb2-.l . 

M1 

BE 
dyl 

width (rms) 

M2 

BClL 
dy2 

M3 

B g, 

x 2/DF 

TABLE III 

Fit Results 

9.5 i .03 

0.31f .02 

4.9 20.3 

63,'15 

- 
2 

9.43 ?: .02 

0.20 i .02 

2.1 

10.14 ?: .04 

0.07 + .Ol 

29.2/14 

- 
3 

9.42 + .02 GeV 

0.20 i .02 Pb 

2.1% 

9.86 GeV 

0.024+ .012 Pb 

10.18 GeV 

0.057+ .OlO Pb 

26.7/14 

This implies BUU uT _ .4 pb if Qb = -l/3. This is in reason- 

able agreement with the data. Qb = 2/3 would predict 6.4 

pb- 
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Cahn and Ellis also predict an integrated cross-section 

of -200 nb MeV for Q = -l/3 in e+e- annihilation. This 

should make such a resonance easy to see if not as conven- 

ient to study as charmonium. 

Figure 10 shows the scaling form of the J/$ production 

cross-section plotted as a function of r~ = M/E. Also 

marked is where on this curve T production at Fermilab 

falls. It is about equivalent to J/J, production at Brook- 

haven indicating that considerably larger cross-sections 

might be expected at the ISR or Isabelle. 

The continuum has not been studied as carefully as 

the resonance(s) but some preliminary indications may be 

of interest. dc/dmdy is consistent with reasonable Drell- 

Yan predictions. Some typical Pt distributions are dis- 

played in Fig. 11. The curve through the mass 5-6 GeV 

points is l/(Pt2 3 + 2.25 ) . The higher mass points break 

more sharply at low mass but are consistent with this form 

for Pt > 1.5 GeV. Mean Pt as a function of mass is shown 

in Fig. 12. < Pt > appears to have leveled off after a 

rising at lower masses.5 

As I talk data continues to be accumulated. In August 

when the accelerator begins a six week shut-down 50% more data 

should be on tape. In addition target atomic number depend- 

ence studies will have been done. When the machine resumes 

operation S dependence (200 and 300 GeV operation) will 

be measured. After that we will make apparatus modifications 

which we hope will improve the resolution by a factor of 

2. 

F 

Figure 10: M2do/dy for J/$ production. Shown are the 

T values for T production at various accel- 

erators. 
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A preliminary version of this work is being published.6 

A paper based on all data through August will be submitted 

in early fall.' 
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Introduction _I__ 

One of the most interesting discoveries in recent years has been the 

production of multilepton events by high energy neutrinos. Dimuon events 

were first observed by the HPWF Collaboration at Fermilab in 1974.l The 

characteristics of the dimuons as well as the observed rate in targets of 

different density' led the experimenters to conclude that the dimuon events 

were due to the production and weak semileptonic decay of new hadron 

carrying a new quantum number. Dilepton production from other neutrino 

experiments3-' confirmed the earlier HPWF observation. With the discovery 

of the D-mesons from e+e- collisions', It became clear that the new quantum 

number was indeed 'CIlUM' as originally conjectured by Glashow, Iliopoulous 

and Maiani." 

In this talk I will report the observation and characteristics of six 

neutrino induced events each with three muons in the final states (trimuon 

events). The properties of some of these trimuon events strongly indicate 

that the source of these events involves new physics beyond charm. 

Detector 

The original HPWF detector 11 has been substantially modified and now 

consists of three separate target detectors and two large magnetic spectrom- 

eters. This new detector is schematically shown in Fig. 1. The three tar- 

get-detectors have different densities: Q 8 gm/cm3 for the three sections 

of the Fe target (FIT), total mass 250 metric tons; % 0.8 gm/cm3 for the 

12 modules of the liquid scintillator calorimeter (LiqC), total mass 45 

metric tons; and % 3 gmJcm3 for the 10 modules of Fe-plate calorimeter 

(FeC), total mass 90 metric tons. Wide gap optical spark chambers are 

inserted throughout the entire detector to provide visual information 

about an event. The LiqC and the FeC provide timing information and deter- 

mine the hadronic energy deposited in them with uncertainties of 15% and 

0 20/., respectively. The S-meter diameter magnetic muon spectrometer mea- 

sures the charge and momentum of wide angle (: 600 mrad) muons of momentum 

as low as 3 GeVJc. The 8m and 4m spectrometers together provide approxi- 

mately + 15% momentum resolution. .- A large area, 35 cm x 35 cm grid, liquid 

scintillation counter hodoscope in the 8 m spectrometer, and counters in 

the 4 m spectrometer furnish trigger requirements for one and two muon final 

states in addition to other triggers based on a minimum energy deposition 

in LiqC or FeC. 

Data 

The data reported here were acquired from a run in December 1976. The 

incident neutrino-antineutrino mixed beam was obtained from quadrupole trip- 

let focusing of the secondary hadrons produced by 400 GeV protons. The v 
IJ 

and ; 
P 

spectrum is shown in Fig. 2. Note that above 100 GeV there is very 

little Tp flux, the beam consists predominantly of v . 
II 

Four of the six observed trimuon events are shown in Fig. 1 and Fig. 

3 - 5. The events are sketched on the detector as shown. In each case 

three penetrating tracks eherging from a common vertex were observed in 

the spark chambers. Three times minimum ionizing signals were observed 

in the calorimeter for each of these events as indicated by the pulse 

height distributions. The range and energy loss together unambiguously iden- 

tify these tracks as muons. The measured muon momentum and sign of electric 

charge and labeled for each muon. The most striking event of the six, 

event 119-017911 is shown in Fig. 5. This event originated in the FeC. 
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All three muons have momenta above 30 GeV. While the combined energy 

carried by the three muons exceeds 200 GeV, the hadronic energy deposited 

is only 13 GeV. 

Tables 1 and 2 list the properties of the six trimuon events. Observe 

that three of these events occur in FeT, two in LiqC and one in FeC. OIlI? 

common property of these events is the high total visible energy measured. 

For the three events which occur in the calorimeter, one measures the hadronic 

energy and the resulting total visible energy, Evis ? Eh + Epl + E,,2 f Ev3, is 

well above 100 GeV. 
. The distribution ln Evis is shown in Fig. 6. Another common 

property is the small opening angles between the muons. 

It is difficult to specify the rate of trimuon production accurately 

because the detection and reconstruction efficiencies are not accurately 

known yet. However, it seems reasonable to make a rate comparision with 

opposite sign dimuons observed in the same run. We obtain a rate 

[R(uN)/R(u~) 7 E vls > 100 GeV 
s 0.05, with no corrections for relative scan- 

ing, detection or reconstruction efficiencies. -___ 

Possible Origins of Fhe Trimuons 

There are several possible origins of the trimuon events. These pos- 

sibilities are discussed below. 

(A) Accidental space-time coincidence of a dimuon event with a muon from a 

single muon event. The three muons are in time within 200 nsec while the 

beam spill length is %Zmsec,the probability of chance coincidence in time 

of a dimuon and a single muon is therefore 2, 10 
-3 

. Similarly, since the 

neutrino beam profile is roughly the cvxss section of the detector, the 

probability of chance coincidence in space is given by the ratio of the 
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volume into which the three muons are extrapolated to the total detector 

volume. This ratio is about 6 x 10 -3 -2 . Taking the dimuon rate of 10 

per single muon, we obtain the probability per single muon event that 

a trimuon event is an accidental space-time coincidence to be 

4 2xO.O1x1O-4x6x1O -3 -8 -10 . This is to be compared with the observed tri- 

muon rate of 2, 10 -4 per single muon. We conclude that this is not the 

source for the trimuons. 

(B) Decay in flight of a pion or a kaon in the hadronic cascade of a dimuon 

event. The probability for this source can be calculated for each of the 

trimuon events. Briefly, the probability is given by 

/3= 10 -'f(z) [i&]; where f(z) = 2 ev8' 1s the probability of producing 

a II- with En-/v 2 z and v is the total hadronic energy. This z-distribution, 

as shown in Fig. 7, was measured in a bubble chamber neutrino experiment 

by Berge et a1.l' The calculated probabilities are shown in Table 3. We 

conclude from the small probabilities that it is very unlikely that all 6 

trimuons are caused by pion or kaon decay from a dimuon event. 

(C) Direct muon pair production at the hadron vertex similar to the yield 

of prompt muon pairs observed in hadron-hadron collisions. Trimuon data 

is compared with data for the process nN + !J+IJ- + anything from the 

Chicago-Princeton collaboration. 13 Fig. 8a shows the invariant mass dis- 

tribution of the u-pair from Ref. 13. It is observed that the mass distri- 

bution falls by 4 orders of magnitude between 0 and 2 GeV/c'. Fig. 3b shows 

the invariant mass distribution between opposite sign muons for the trimuon 

events. No sharp peaking of Mp-u+ near 0 is observed, contrary to the 

hadron data. Fig. 9a shows the distribution in p* of the muon pair in 

the hadron data. The Pi distribution of the muon pair with respect to W- 

direction, assuming one of the u- being the leading muon, is shown in Fig. 9b. 
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Again the sharp fall in P, of the hadron data is not observed in the trimuon 

data. The average PL for the hadron data is about 0.4 GeV/c while the average 

pL for the trimuon data is about 2 GeV/c. These marked differences between 

direct muon pair production and the trimuon events rule out direct noon 

pair production at the hadron vertex as the sole source for trimuons. 

CD) Associated charm production through charge current interaction with sub- 

sequent semileptonic decay of both the c and F particles: 

i.e. " +N+p- 
u 

+ c + c + anything 
I - -+!Jv+x 

I+ ' +LJ V+X 

- For this process we expect the following characteristics: (i) low energy 

muons from the c and c decays, since the c or c particles are produced at 

the hadron vertex with some fragmentation function f (2). or in other words, 

they must share with other hadrons produced the total energy transfer 

v=E -E v u(leading) 
to the hadron vertex; (ii) Small pL of each of the 

extra muons with respect to theW-direction;(iii) Azimuthal symmetry 
- 

about the W-direction for the extra muons since the c and c particles are 

produced uncorrelated at the hadran vertex. To examine whether the tri- 

muon events exhibit the above properties, we compare the trimuon data with 

opposite sign dimuon data since the bulk of the IJ+P- data are believed to 

be due to single charm production. In Fig. 10 we show the scatter plot of 

Ps versus PsL (with respect to the W-direction). The subscript s refers to 

'secondary' muon, i.e. the IJ 
+ for the dimuons; the uf and the non-leading 

u- for the trimuon events. The dimuons, shown as solid dots, tends to 

cluster in the region of low p s and low p 
SL 

as expected for a hadronic ori- 

gin such as single charm production. I" contrast, the trimuons have much 

broader ps and pe‘distribution as shown by the open circles and triangles 

80 
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60 
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Another interesting difference between the dimuons and the trimuons is the 

distribution of the azimuthal angle between the leading and the secondary 

muon(s), as shown in Fig. 11. The dimuon A$ distribution shows a clear 

peaking at MO0 as expected for charm production but the trimuon distribu- 

tion is flat. The azimuthal angle Cy calculated about the W-direction 

reveal just the opposite. Namely,a flat distribution for the dimuons and 

a distribution skewed toward small by for the trimuons as shown in Fig. 12. 

These distinctive differences between the trimuon and the dimuon data lead 

us to conclude that Associated Charm Production is an unlikely source for 

trimuons. 

(E) Production and Decay of the Do meson - This is the process 

v 
tJ 

+ N -. u-Do + anything 

1-f u-p+ + x 

The only decay mode of the Do which resulted in two extra muons, 

i.e. Do + v+u- + x, is a decay process which involves charm changing neu- 

tral current. However, if charm changing neutral current did exist, there 

would be substantial Do- yjo mixing which has not been observed in e+e- 

experiments. 14 Hence this is also an unlikely source for trimuons. 

(F) Production and Sequential Decay of New Hadron; i.e. the process 

v + N + u-A x 
P 

I + u+vB 

I+ u-v c 

We note that if the new hadron A were produced with a 'soft' fragmentation 

function ,(z); i.e. 4 the function f(z) is a rapidly decreasing function of 

z similar to ordinary hadron or charm production, then all the arguments 

AZIMUTHAL AWE DISTRIBUTION 

~MNT 3-g~Af4 Axis 

1 
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presented in (D) apply here. In such case, this process would be ruled 

out as the source for the trimuons. 

There are theoretical considerations 15 
, however, that suggest that if 

the new hadron A were very massive (MA >> 1 GeV), the fragmentation func- 

tion might be peaked near z = 1. If this were the case, then the 

arguments given in (D) do not follow. Consequently this mechanism can not 

be ruled out as a possible source for the trimuons. 

(G) Production and Cascade Decay of New Heavy Leptons. 

The possibility that all six trimuon events are due to the production 

of a heavy lepton which in turn decays into three muons is small since no 

enhancement is observed in the trimuon mass distribution. (See Fig. 13), 

even though the statistics is poor. The alternative involves two new lep- 

tons, a massive charged lepton M- which decays into a lighter neutral lep- 

ton LO. The process which gives rise three muons is 

" + I? +M-+ x 
u 

+ Lo + p- + rp 

+ !.l-+ll++y 
lJ 

Phenomenological calculations 16 which involve simple assumptions have been 

carried out to compare with the data. The trimuon data appears to be qual- 

itatively consistent with this hypothesis. However the data should not be 

taken as evidence for the existence of the heavy leptons, since the infer- 

ence is an indirect one and the statistics of the data is very limited so 

far. 
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Fig. 13 

Conclusion 

In summary, we have observed six neutrino-induced events which have 

three muons identified in the final state. The rate and the characteristics 

of these trimuon events can not be accounted for by any conventional mech- 

anism. New physics beyond charm is almcstcertainly needed to explain the 

trimuon phenomenon. The production of a point-like heavy particle, either 

a new hadron produced at z Q 1 or a new heavy lepton, followed by their cas- 

cade decay into semi-leptonic final states are possible sources of the tri- 

muOnS. Nevertheless, the interpretation of the trimuons is still an open 

problem. It may turn out that none of the above mentioned mechanisms is 

the true source for the trimuons. 17 More data, which we hope to collect 

in the coming run at Fermilab, will certainly shed more light onto the 

understanding of this interesting phenomenon. 

A 
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Neutrino Production of 

"New" Particles in Bubble Chambers 

N. P. Samios 

Physics Department 
Brookhaven National Laboratory 

Upton, New York 

Today I will discuss some results from the study of neutrino 

interactions above 1 GeV, the relevance being the utility of such 

investigations for unearthing new phenomena. To begin with, I wish to 

note in Table I, the variety of experimental searches and their relevance. 

TABLE I 

AS = -AQ Baryon Charm Cc , +t A; 

Di-leptons (p-e+) Charm Production 

AS = + AQ = l(S = +I) Production Off Sea 

Tri-leptons (p-e+e-, PossibIe Heavy Leptons 

Single e:ee- production by v 
P 

T(1.9 GeV) muon number 

In particular the experimental results that I will review involve 

visual techniques, namely bubble chambers. These are listed below along 

with the approximate number of events: 

Exposure 

7' " H2D2 

15' v H2-Ne heavy 

15' " HZ-Ne light 

15' ; H2-Ne heavy 

15' v H2-Ne light 

Events 

1,000 events 

50,000 events 

Strength 

Kinematics l-20 GeV 

5,000 events 
Rate lo-200 GeV 

3,000 events 

1,000 events 
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It would be advantageous at this point to briefly review the 

Glashow-Iliopoulos-Maiani (GIM) model predictions as far as old fashioned 

leptonic decays are concerned as well as for the implications in high 

t 
energy neutrino reactions. The leptonic currents charged j and neutral 

.o 
J are given by 

j 
t 

= vee + \;Lp 

.o - J = VeVe t vpvp - =e - G 

with the corresponding quark (hadronic) currents by 

Jf = (d + cS) cosC3 + (US - 2) sin0 

Jo = u; + cc - d;l - 8; 

and 'J being the Cabbibo angle. 

The old results (pre-charm) were that the leptonic decays of strangd 

particles were suppressed compared to non-strange, i.e., A - p& involved 

s; sine while ordinary neutron decay n - p& had du ~088; and AS = -AQ 

(hadron) was not allowed, i.e., Cf 4 ne+v. The introduction of charm 

had the further consequence of not allowing AS = 1 AQ=O currents, thereby 

suppressing $ - p+p-. 1n addition non-strangeness changing neutral 

currents are allowed and have been observed,vp - vp. The consequences 

for neutrino reactions are striking. This is due to the ci cosQ and 

cS sin&l couplings. As such AS = -AQ reactions can occur via the pro- 

duction of charm and it's subsequent decay into strange particles. 

There are several mechanisms for production of charm particles and they 

and their characteristics are enumerated below. 

A) Single strange particle production off valence quarks by v's. 

In this instance charm is produced by the dc sin0 coupling with subsequent 

cs cosQ decay. As such the characteristics are: 

1) AS = -AQ; 2) one Strange partiCle/eVent; 3) Valence 

quark interaction; 4) rate z sin20 'I 6% and 5) leptonic decays involv- 

ing e 
t 

only. Possible reactions are vp - ,-C'n' or vn - p-ii'rr'. 

B) Production from the sea. This can occur from the (8;) or 

(cc) sea via the (ci) cosQ coupling, leaving a cs hadronic final state. 

Again charm should decay with the same coupling. The characteristics of 

such events would then be: 1) two strange particles/event; 2) produc- 

t 
tion from the sea, small x; (3) leptonic decays involving only e ; 

4) rate small but unknown. 

Q Associated charm production off valence quarks. This 

mechanism involves the ordinary ud co& coupling but picks up a (cc) 

from the sea, analogous to associated strange particle production in which 

an (8:) arises from the sea. In this case there will be 1) two strange 

particles per event; 2) valence distribution; 3) both et and e- leptonic 

decays and 4) unknown but probably low rate. 

I now turn to a discussion of several experimental results, the 

first being those derived from the BNL 7-foot bubble chamber. I would 

be remiss in my charge as a lecturer in this summer school if I didn't 

begin with a few brief comments on a very significant event, found, 

analyzed, and published several years ago which I believe constituted 

the first evidence for bare charm. This is shown in Fig. 1 and the 

reaction is 

vp + vi-A0 *+*+n+r- 

with the A'+ pn-. 

Since the working liquid in the 7-foot bubble chamber was hydrogen 

this event is highly kinematically constrained. In particular the 

transverse momentum is balanced, the mass of the initiating particle is 
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is zero (as expected for a v) if the positively charged group are 

n's,and non-physical if any one is assumed to be a K+. Furthermore 

the three positive tracks are identified as 1 +, s by the decay of one, 

the interaction of the second and a 6 ray on the third. All alterna- 

tive explanations are extremely unlikely, by a factor of 10 -4 - 10-5. 

Since there is only a single strange particle with S = -1 (ho) 

in the final state this is a clear example of AS = -AQ. However as 

noted earlier this is precisely the expected signature of charm produc- 

tion. The charm masses can be determined since these involve non- 

leptonic decays. The effective Av'rr+rrtn- mass was 2426 +12 MeV. We 

ascribe this to the charm analogue of the C ' which we call the ZF(cuu). 

This in turn can decay strongly via w+ emission to the AT (cud) which 

in turn decays weakly into Ali+?r+~-. There are three possible masses 

for the AZ, 2260, 2099, and 2088 MeV; however, the preferred value is 

2260 220 MeV, utilizing the theoretical prediction of Glashow of 

AM(ZF- AL) = 160 MeV. The rate is also roughly that expected from 

charm production and decay, in that of the 1,000 charged current events 

observed only 150 are above threshold for charm production, and the one 

observed event is equivalent to half a dozen when one corrects for unseen 

particles and decays. These two numbers yield a production rate of 4%-- 

a Cabbibo rate. All in all, a picturesque, clear example of bare charm 

baryon production and two new particles for the price of one event. 

For completeness I note that a few events with single (S = +l) 

strange particles in final states have been observed from a total of 

10 associated strange particle events. Such events must of necessity 

be produced off the sea quarks and not valence quarks. As such the 

production rate for such positive strange events is not negligible, 

being of the order of 10% of total strange particle production. 

At this point I would like to discuss the bubble chamber di-lepton 

results, the experiment with the most data being the BNL-Columbia 

exposure with the 15-foot bubble chamber in the broadband horn focussed 

neutrino beam at Fermi-Lab. This particular experiment used 400 GeV 

protons, 1013 protons/pulse with the peak of the neutrino spectrum at 

25 GeV but extending to 200 GeV. The liquid mixture was 64% Neon and 

36% Hydrogen. The total mass is 28 tons, a density of 0.8 gm/cm3, a 

radiation length of 40 cm and an interaction length of 125 cm--indeed 

a formidable detector. The data to be discussed involves 45,000 pictures 

taken in May 1976, with one interaction per picture, this film having 

been double scanned for di-lepton events. The electron identification 

is rather straight forward, the signature being either one or mare brems- 

strahlungs or the curling up of a minimum track--two signatures being 

required for acceptance. In addition a momentum cut of greater than 

300 MeV/c was also applied. The correction of 85 + 5% for detection 

efficiency for electrons was determined by an examination of externally 

converted e'e- pairs. A p- was defined as a negative track that left 

the chamber without interacting. Since the interaction length is 125 cm 

and the average path length for charged tracks was 2OOcm, e -211.225% of 

the tracks will not interact and 75% will interact. With these definitions, 

81 di-lepton (p-e+) events have been observed, i.e., vNe+u-et anything. The 

main background sources are twofold; 1) il- punch thru. This amounts to 

9 t 8 events as determined from the ratio of leaving to interacting 

positive tracks. 2) Asymmetric Dalitz pairs. A correction of 3 + 3 

events was evaluated from a measurement of 1,000 such pairs. In order to 
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measure a rate there are several other corrections: a) scanning 

efficiency 90 t 5%; b) fiducial volume 85%, and c) normalization - 

46,000 pictures x .6 v events/picture. As such 

Rate a= (81-9-3) 1/.85x1/.9 = .5 + .15 
u- 46,000 x .6 x .85 

The momentum distribution of the !J- and et as well as the incoming 

energy distribution for these 81 events is shown in Fig. 2. One notes the 

neutrino energy reflects that expected from the known neutrino flux and 

that the average p- mcnnentum is much larger than that for the e+ by a 

factor of = 6. 

A careful examination of these 81 events revealed 15 strange 

particles. This consisted of 10 K", -t ntn-,3 A0 + pX- and two ambiguous 

events (either A0 or Kz). This number of 15 is increased to 50 upon 

correction for neutral decay modes and lifetime effects. As such the 

ratio of neutral strange particles with di-leptons to all di-lepton events 

is 50 + 14/81 = .6 f .2. It should be noted that ordinary visible strange 

particles are 6% such that .06(81)=5 events were expected, with 15 

observed, di-lepton events being clearly associated with strangeness. 

Furthermore if charged and neutral strange particle production were 

equal there would be 1.2 strange particles per di-lepton event implying 

production from sea. as well as valence quarks. 

In Fig. 3 we display the relevant kinematic variables for these 

81 events, xvis, yvis and W the total hadron mass. The solid curves in 

the Xvis and yvis distributions denote those for the ordinary charge 

current events. One notes they are rather similar; however, the di- 

lepton events can accommodate up to 25% production from the sea (i.e., 

peaking at small xvi9 ). For completeness we also display the (V'e+) 

effective mass which is a lower limit since both the non-visible decay 
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v as well as possible n's are omitted from consideration. Again a 

substantial fraction are less than 2.5 GeV, consistent with charm 

decay. As a final comment we plot the pertinent di-lepton angular 

distribution in Fig. 4. One notes the (e+, n-)peaks at 180" as does 

the (n-, hadron) distribution in contrast to the@? hadronjwhich is flat. 

Again this is consistent with charm production. In fact the rate, 

momentum and mass distribution, strange particle content and angular 

distribution of these di-lepton events are all consistent with charm 

production. 

There are several other experiments that have bearing on this 

general question of di-lepton events and strange particle production. 

There are listed in Table II along with their yield and rates. One 

sees that where comparisons can be made the di-lepton rate is between 

0.3-0.8% of the charged current yield--with general agreement among 

all experiments considering the different experimental conditions and 

cuts. However in the V" content there is a possible discrepancy between 

the BCHW experiment and the BNL-Columbia result, 1.84 versus -6, a 

difference of 1.2 + .6, a 20 effect. This is a matter of clear import- - 

ante and additional data will be needed to clarify the situation. 

Of equal or possibly greater importance is the search for the 

non-leptonic decay of charm. A priori one expects low rates. As 

noted earlier, the GIM model would yield production rates at the few 

percent level and this is compounded by the nltmerous available decay 

channels for particles with masses of 2 GeV as well as totally charged 

versus neutral decay modes. One can easily get only a few events per 

thousand or ten thousand, as such large data samples are clearly 

desirable and necessary. One notes in passing the SPEAR experience of 

FIGURE 3 
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TABLE II 

COMPARISONS v + N + v-e+ + . . . . . . 
u 

Liquid p-e+ Events p-e+/p- % VO'S (SP)'/EV Total SP/EV 

21% Ne 17 .8 + .3 11 1.84;:; 3.7 

64% Ne 81 .5 + .15 15 .6 +.2 1.2 

Freon 19 .31+ .13 3 .6 1.2 

6 .4 + .2 
K0 

- 4 +lK+ 

.8 + .3 - 

5 + N + u+e- 

Fermilab-Michigan- 
U.S.S.R. 

Berkeley-Hawaii- 
Seattle 

21% a <.5x - - 

64% 3 .lO + .lO 

*Berkeley-CEPJi-Hawaii-Wisconsin 
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75,000 hadron events in order to obtain a few hundred visible charm 

particles. In this vein I wish to give a preliminary report on the 

evidence for Do production in the BNL-Columbia experiment which 

involved heavy neon in the 15-foot chamber. In effect, from a sample 

of 22,000 charged current events, 1300 strange particle events have been 

analyzed. The first effect to show up has been evidence for D"+Kon+n- 
s 

inclusive production, an excess of 25 events corresponding to a 2.5 

standard deviation. This is shown in Fig. 5 where a clear fluctuation 

is observed in the 1800-1880 MeV bin. If one compares this signal with 

the charged leptonic decay (K"e+v) of 10 events, they are of comparible 

magnitude with a possible excess of the former. There are = 70,000 charged 

current events on hand, needless to say strong efforts are being expended 

In searches for the expected other boson (F: D*, F+) and baryon (A~,C,++) 

charm particles. 

A subject of considerable recent interest has been that of heavy 

leptons, as such the relevance of tri-lepton production. The most 

sensitive search in the BNL-Columbia experiment is for p-e+e- final state. 

No such events have been found in a sample of 81 p-e+ events. This yields 

a value <2X for 90% confidence to be compared with a reported rate of 5% 

which would have resulted in the observation of four events instead of 

zero. There was also a null result for the u-u+u-,u-e+u- and u-u+e modes 

(p,>.3 GeV p,,>4 GeV); however, these have a poorer detection efficiency 

(-40%) and are thus less sensitive. Single electron (e+,e-) production by 

muon neutrinos is also of relevance. 160 events with a single e- and 

no Ll- candidate have been observed. lost if not all are due to electron 

neutrinos in the beam; however, this number can be used to demonstrate 

that the muon number of the conjectured T(l.9 GeV) is different than v . 
u 
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This comes about because if the u and T are the same in coupling and 

lepton number then of the order of 2,000 single e- should have been 

observed, in contrast to the maximum of 160. For completeness we 

also note the observation of 23 single e + events (no p-) again from a 

total of 22,000 charged current events. The relevance here is limits 

on charm changing neutral currents. 

I close with noting the swcesses arising from the study of high 

energy neutrino interactions--observations of bare baryon charm, di- 

leptons associated with strange particles--all consistent with charm 

production, evidence for interaction from sea as well as valence quarks, 

possible evidence for Do production and some comments and limits on 

the production of heavy leptons. The further exploration and exploita- 

tion of neutrino reactions will, I believe, add immeasurably to the 

above list. 
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Introduction 

Results are presented on charged current, neutral current 

and multimuon events induced by neutrino and antineutrino 

narrow band beams in the CDHS-Neutrino counter detector. 

'Ihe overall strength and the differential y-distribution of 

neutral and charged current interactions are investigated 

to determine the fraction of right handed and left handed 

constituents inside the nucleon as a function of the neu- 

trino energy in the interval 0 < Ev < 200 GeV. Direct tests 

on new particle production are performed based on the ob- 

servation of % 300 events with more than one muon in the 

final state. 

I Experimental Configuration 

The experiment has been performed at the CERN SPS neutrino 

facility in the period from December 76 to March 77. Neu- 

trino interaction were recorded in a massive iron target- 

detector exposed to narrow band neutrino and antineutrino 

beams which cover neutrino energies from zero to 200 GeV. 

I.1 Detector') 

The detector has been designed for optimum detection of 

multimuon events. Its outstanding features are thus the 

very large muon acceptance, high density and high target 

mass. The detector is capable to measure and identify any 

number of muons and to measure the total energy of hadronic 

showers. An overall view of the detector is shown in figure 

1. It consists of 19 similar moduls and 19 interspaced 

driftchambers, where each module acts as target, hadron 

Fig. 1 : Side view of the CDHS neutrino detector 

Fig. 2 : Frcnt and side view of one module 
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calorimeter, muon identifier, and part of the muon spectro- 

meter. A schematic view of one module is shown in figure 2. 

It is a large torodial magnet and sampling calorimeter with 

a total thickness of 15 cm iron, a radius of 1.05 m and a 

total weight of 66 tons. 

The iron is subdivided in 15(5) plates of 5(15) cm thick- 

ness with plastic scintillators between two successive 

plates to sample the total energy deposited in the module. 

Muon tracks are measured between two adjacent modules by 3 

gap driftchambers with a spatial resolution of < 1 mm. 

Multimuon tracks can be resolved provided their spatial 

separation is at least 1 cm. 

A summary of some basic properties of this detector is 

given in table I. 

Table I: Basic properties of CDHS-neutrino detector 

total length 21,75 m 

total length of iron 14,25 m 

diameter 3,a5 m 

total mass 1250 tons 

magnetic field 1,65 tesla 

Number of phototubes 2400 

Number of driftchamber planes 57 

Target: 

fiducial volume s a00 tons 

average density 5,2 g/cm3 

calorimeter: 
sampling calorimeter (iron + 

AEh -= * 9 (1.5) 

Eh 
plastic scintillator) with 

'E(GeV) 5(15) cm sampling thickness 

muon spectrometer: 

@PC .2 = 10 % 

” ‘LFe (ml 

good muon acceptance: 0" ; 400 mrad 

A very important property of this detector is its very large 

solid angle for muon detection. This point is illustrated 

in figure 3 where the region of good muon acceptance (> 50 %) 

is shown in the x-y plot for charged current inclusive in- 

teractions and compared to the u-acceptance of the first 

generation experiments at NAL. 

2. Neutrino beam2) 

The data has been taken with 200 GeV narrow band neutrino 

and antineutrino beams. A layout of the CEBN SPS neutrino 

facility is shown in figure 4. The primary protons have an 

energy of 400 G&J. A narrow momentum band of pions and 

kaons is selected and focussed towards the detector with 

small beam divergence before they enter the decay region. 

Some of the more important properties of the beam are 

given in table II. 
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Table II: Properties of the neutrino beam 

Proton energy 400 GeV 

average proton intensity * 2 x 10'2ppp 

parent energies 200 + 14 GeV 

beam divergence .I8 mrad horizontal 
.24 mrad vertical 

length of decay volume 300 m 

average distance target detector 620 m 

angular v acceptance of detector 3 mrad 

short spill 23 psec 

beam composition measured by differential z-counter 

negative beam K-: pi- = .054:1 

Positive beam K+: il + : p+ = .16 : 1 : 4.6 

absolute v-flux measurement: three independent methods 

i) beam current transformer BCT 

ii) hadron absorption calorimeter 

iii) muon flux measurement by solid state detectors 

For the analysis of neutrino interactions this beam offers 

essential advantages over wide band or high band beams. 

a) The shape of the neutrino spectrum is determined essen- 

tially by the well known beam geometry. The only uncer- 

tainty remaining from the hadron production is the ratio 

of pions and kaons which is measured by a differential 

E-counter. 

b) Since the bulk of the neutrinos is due to twobody decays 

of fixed momentum particles the neutrino angle relative 

to the beam line is correlated to its energy and can be 

measured event by event in the detector from the radial 

displacement of the vertex. 

The correlation of neutrino energy with the radial vertex 

position is shown in figure 5. For a given radial bin the 

neutrino energy is known up to a n/K ambiguity. This pro- 

perty of the beam is used for the analysis of neutral 

current events and for the absolute energy calibration of 

the apparatus. 

c) The neutrino energy spectrum seen by our detector covers 

the whole energy range from 0 < Ev < 200 GeV with similar 

intensity (figure 6a, b). 

d) The absolute neutrino flux is measured by three indepen- 

dent ways and should be known to better than 10 %. 

Summary 

The outstanding features of this experiment are the high 

mass, high density detector with very large radius. This 

results in an excellent muon angular acceptance. The total 

neutrino energy spectrum up to Ev = 200 GeV is covered at 

the same time with similar intensity. Relative flux measure- 

ments are easy since they depend only on the beam geometry 

apart from the n/K ratio. 

Compared to first generation neutrino counter experiments 

we have the advantage of substantially higher statistics 

and smaller systematic uncertainties. 
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CERN NARROW BAND BEAM 
II Experimental results 

II.1 Event selection and statistics - 

A summary of the data taken in the 200 GeV narrow band beams 

is given in table III. The trigger required for this experi- 

ment was equivalent to demanding a hadron shower energy of 

E H L 3 GeV or a single muon with momentum above ?I 3 GeV/c. 

POSITIVE PARENTS OF 200r9(rms) GeV/c 

NEUTRINO ENERGY SPECTRUM 
FOR R<l 6M 

I I 
I 

IX* NEUTRINOS 
I 
I ;. 

I / J...J :., 
i”‘. 

:...i 
:.._ 

:-“’ 

Table III: Event statistics 

sntineutrino neutrino 

S weeks 

6 x 1o17 

4 weeks Data taking 

Protons on target 3 x lOI 

charged current 12000 

events (UN + PX) 16000 

I 
/ , .-.; 

50 
r ) 4 I 1% 

100 150 200 250 C 

Fig. 

NEUTRINO ENERGY (GeV) 

6a : Neutrino spectrum 

5400 E < 100 GeV v 

2500 Ev > 100 GeV 

2900 Neutral current events 8600 

15- CERN NARROW BAND BEAM 

NEGATIVE PARENTS OF 200:9 (rms) G&/c 

ANTINEUTRINO ENERGY SPECTRUM 
FOR Rc16M 

Multimuon events 
+- v+N+pu +X 

+ u-v- + x 

257 58 

47 0 

0 9 

2 0 

n-ANTINEUTRINOS 

The basic information available for one event is displayed 

in figure 7 for the example of a dimuon event where the top 

row gives the pulseheight in the scintillators and the three 

lower rows give the coordinates measured in the three views 

of the driftchambers. 

K-ANTINEUTRINOS 
I 

NEUTRINO ENERGY (GeV) 

Fig. 6b : Antineutrino spectrum 
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Fig. 7 : Example of a dimuon event as reconstructed by 

computer. On the left a front view of the event. 
On the right side views of module 1-19 with 
scintillator pulse height (top row) and the 
coordinated in the three driftchamber projections 

(y,u,v). 

11.2 First results for inclusive charqed current inter- 

actions3) 

1. Predictions of the quark parton model 

It has been shown by first generation experiments 4, that 

the simplest version of the quark parton model gives a 

reasonable good description of inclusive neutrino inter- 

actions at low and moderate energies. Given the high sta- 

tistics and the broad energy range of our experiment how- 

ever, we have to analyse the data in a more general way 

allowing for scaling violations and other deviations from 

the quark parton model. Whereas this is a long term program 

that requires refined analysis and detailed understanding 

of small experimental effects, a quick look on the rough 

features of our data is sufficient to detect the very large 

effects expected if a new right handed quark with a mass 

less than ?r 10 GeV would be produced. Experimental evidence 

for such a process has been reported in references 5,6) . 

The standard spin l/2 quark parton model gives the following 

differential distributions of the scaling variable y = Eh/Ev 

do G2 ME 
-.A!= ---l (Q + 7i(l-Y)2l 
dy n 

do- G2 ME 
-..x= --w--2 (-a + Q(~-Y)~) 
dy T 

and the ratio of total cross sections 

CJ- ~-lQ+3?i -- 
cl " 3 Q + l/3 Ti 

(1) 

(2) 

(3) 
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1n this notation Q(a) is the fraction of the nucleon momen- 

tum carried by quarks (antiquarks). It is common practice 

to define also a shape parameter B 

B=,-% 
Q 

which is related to the amount of antimatter in the nucleon. 

The production of a new right handed quark (b-quark) from 

a valence quark would contribute in the same way as the 

scattering off antiquarks and would thus show up as a strong 

apparent increase of the fraction of right handed consti- 

tuents above threshold. 

It should be noted from relations (1) - (3) that the pre- 

sence of right handed constituents gives a drastic effect in 

antineutrino interactions whereas the effect in neutrino 

interactions is rather small. 

2. Results 

The emphasis of our first analysis was to look for large de- 

viations from the standard quark parton model especially in 

the energy dependence. Following the procedure of ref. 5) 

we just plot the average inelastic <y> in the scaling region 

(x < 0.6) as a function of energy without any correction for 

acceptance and resolution (figure 8). To give an estimate 

of the small effect of acceptance and resolution for this 

experiment we have also given in the figure the predictions 

of the standard model with B = 0.8 including these effects. 

0.5 

<Y’ 

0.4 

0.3 

05 

<Y’ 

04 

+++ 
x HPWF 

. CERN 

I I I 
50 100 150 E, 

v 

+I++ t - CJ 
0.3 

I+-=++- jhi 
t 

+ i: 
8 :08 

I I I 
0 50 100 150 Eo 

Fig. 8 : Average inelasticity <y> for neutrino and antineutrino 

data as measured by the CDHS experiment compared to 
same data of reference 5) . The data is uncorrected for 
acceptance and resolution and only statistical errors 

are qiven. 

The solid lines are the predictions of the standard 
quark parton model with B = 0.8 for the CDHS experiment. 
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The data follow nicely the shape of these predictions indi- 

cating that the shape of the y-distributions is compatible 

with no energy dependence in disagreement with reference 5) . 

A further easy check can be made by evaluating the ratio of 

antineutrino to neutrino total cross section. For energies 

below E " = 80 GeV neutrinos and antineutrinos are coming 

from n-decays only, thus their energy spectrum is identical 

and there is no relative flux uncertainty apart from one 

factor common to all energies which is known to + 10 % 

(see section 1.2). The same is true for energies above 

E Y = 100 GeV where the neutrinos are due to K-decays only. 

To get the relative flux for Ev c 80 GeV and Ev > 100 GeV 

we need however one additional quantity, the ratio of kaon 

to pion production for positive and negative beams which is 

also known to better than 10 %. The small differences in 

acceptance for neutrino and antineutrino data have been 

corrected by a Monte Carlo calculation. 

Our measured cross-section ratio is shown in figure 9 to- 

gether with the results of reference 6) . Within statistical 

errors the data are compatible with no energy dependence. 

The overal flux uncertainty of + 10 % occurs as a scale 

error and is irrelevant for the present discussion. 

Finally for easier comparison with other experiments we 

have calculated the shape parameter B from the average <y> 

values of the antineutrino data which are much more sensi- 

tive than the neutrino data. The result is shown in figure 

-. Th,s Expt 
l WiWF 1 

: HPWF 2 

L i 
‘; 
b 05c 

i + 

t 
0 50 $0 150 ---%o 

E;,GeV 

Fig. 9 : Ratio of total antineutrino to neutrino cross sections for 
‘5) this experiment compared to the data of reference . The 

shaded area indicates the systematic uncertainty in the 
K/n ratio 

l This Expt 
c Bubble chamber 
* GGM 

. 

I 
-. t 

02; 
-. 

-. 

I ‘---. 
I ’ 

i0 
L1 ! I 

0 LO 120 160 200 
E; GeV 

Fig. 10 : The shape parameter B determined from antineutrino data 

compared to earlier measurements 
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10 and compared to published results of other experiments. 

3. Conclusions 

Our data has been analysed to look for large deviations 

from the distributions observed at low energies. This ana- 

lysis is straightforward and does not require any large 

corrections due to the high acceptance and the easy flux 

measurement of this experiment. Though it would be pre- 

mature to draw conclusions on the actual value of B or on 

possible sclaing violations without a better understanding 

of systematic uncertainties, there is no way how any con- 

ceivable experimental bias could produce a strong energy 

dependence or prevent us to see a "high y anomaly" of the 

sort and magnitude reported by the HPWF group 5,6) . 

Our conclusions are thus: 

i) our data are compatible with no energy variation of 

<y> and a--/a within statistical errors in the ener- v v 

gy range 30 < Ev < 200 GeV 

ii) the rough features of the data are consistent with 

the predictions of the standard (V-A) quark parton 

model 

* . . We do not see any evidence for the "high y anomaly" 

II.3 Results for inclusive neutral current interactions 7) 

1. Experimental data and method of analysis 

The experimental quantities available in our experiment to 

study neutral current (NC) interactions are the hadron ener- 

gy and the radial vertex position which is related to the 

neutrino energy (section 1.2). The analysis is based on a 

direct comparison with charged current interactions 

using only the ratios of NC to CC event rates Rv (R;) as a 

function of the neutrino energy and the scaling variable 

Y = Eh/Eu. This has the advantage that some experimental 

uncertainties become less important since NC and CC events 

share the same neutrino spectrum and much of the selection 

procedure. 

Neutral current events are separated from charged current 

events using the event length distribution shown in figure 

lla, b. Due to the large diameter of our detector the bulk 

of the CC events with short event length is due to stopping 

muons from the high y region. The number of CC events below 

the NC signal is thus easily obtainable from the measured 

population in the "monitor region" indicated in figure 11 

and a straightforward short distance extrapolation to the 

NC signal region using a Monte Carlo simulation. In addition 

to the charged current subtraction a series of other correc- 

tions has to be applied to clean up the NC and CC signals. 

To reduce background and to ensure full trigger efficiency 

a hadron energy EH > 12 GeV was required. All corrections 

are summarized in table IV. The systematic uncertainties are 
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NEUTRINO EVENTS WITH E,,> 12 GeV 

- 

il-:- I I / I 
0 120 2xI 360 480 e 

LENGTH OF EVENT (cm IRON) 

600 

ANTINEUTRINO EVENTS WITH E,>lZGeV 

MONITOR REGION 
COSMIC MUON 

480 

mainly due to the CC subtraction for neutrinos and due to 

the wide band beam subtraction for antineutrinos. The 

estimates of the systematic errors have been included in 

the final error. 

T'able IV: Summary of data reduction for NC and CC event for 

EH > 12 GeV 

NC candidates 

Cosmic-ray background 

WBB background 

CC background 

NC with L < 16 and L > Lcu 

K e3 correction 

NC signal 
========================== 

CC candidates 

WBB background 

CC extrapolation 

NC with L > LCUt 

CC signal 

NC/CC 
(error only statistical) 

NC/CC (final result, 
systematic error included 

Neutrinos 

10770 f. 104 

-59 i I 

-286 + 126 

-1493 + 64 

+150 

-1008 

a074 r 156 

26509 + 163 

-239 f 117 

t1467 t 64 

-134 

27603 + 211 
============= 

3.293 2.0.006 

3.293 ?I 0.010 

- 

=-. 

-= 

Antineutrinos 

3314 + 58 

-119 ?: 10 

-646 i 116 

-235 + 49 

+43 

-154 

2203 f 130 
=========zT======= 

6483 ? 81 

-323 + 83 

+253 f 42 

-35 

6378 f 123 
===========zz===== 

0.346 ?r 0.021 

0.35 i 0.03 
=============== 

LENGTH OF EVENT (cm IRON) 

Fig.ll: Event length distribution for neutrino and antineutrino data. 475 



% FOR NEUTRINOS 

For the detailed analysis of differential distributions the 

events have been grouped into a 20 x 4 matrix according to 

their hadron energy and their radial position in the detec- 

tor. The analysis makes use of the fact that for each radial 

bin the incident neutrino spectrum is known and these 

spectra are different for the four radial bins (see section 

1.2). The measured ratios of NC to CC events for neutrino 

and antineutrino data are shown in figure 12a, b. It can be 

seen that these ratios do not change drastically with had- 

ron energy or with radius so that one can conclude imme- 

diately that the NC and CC distributions do not differ 

greatly. 

The analysis of these ratios is performed by comparing Monte 

Carlo calculations with the data where these calculations 

are used to transform a given distribution in the variables 

E" and y to the hadron energy - radial bin matrix using 

the properties of the neutrino beam, the experimental cuts 

and the resolution or our detector. 

2. Cross section ratios for neutrinos and antineutrinos 

The ratios R\, and R; averaged over all energies are ob- 

tained from table IV without any theoretical assumptions. 

R\, = . 30 i -01 
for ER > 12 GeV 

R;; = . 35 ? .03 

The average energies are <Ev> = 110 GeV and <EJ> = 90 GeV. 

l.O- 
RADIUS O-40 cm 

08- 

06- 

0.4- 
.*,* . . . ,..b . . . . . A...1 . . . . . . . ( 

T 9” 
(J*I - - - - -- - _’ _t 

0 I 

I 
1.0 

/ 
RADIUS 80-120 cm 

0.81 

0.61 

+EH (Gel’) 

RADIUS 40 -80 cm 

RADIUS 120 -160 cm 

1 I 
0 100 i 

dEH (GeV) 
0 

Fig. 12a: Neutral to charged current ratios versus hadron energy for 
neutrinos in four radial bins. The solid line is the best fit 
for the Weinberg-Salam model 
distributions for sin2ew = 

(sin2ew = 0.24), the expected 
0.35 and the V - A prediction are 

also given (-- sin20w = 0.35,...,V - A) 
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g FOR ANTINEUTRINOS 
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3. Shape of y-distributions and energy dependence 

To get this information, the data have to be compared with 

a definite functional form of the y-distributions. We have 

chosen the form suggested by the quark parton model. The 

validity of our conclusions is however more general than 

that of the specific model. We have used the following para- 

metrization 

Rv (Ev y) = (1 + act/3) 
A; + A;; (1-yj2 

I 1 + QCC (1-yJ2 

Fig. 12b: Neutral to charged current ratios versus hadron energy for 
antineutrinos and four radial bins. The solid line is the 
best fit for the Weinberg - Salam model (sin2ew = 0.24!, 
the expected distributions for sin2ew = 0.35 and the V - A 
prediction are also given (-- sin2e 

W 
= 0.35,..., V - A) 

u 

R-; (E;,y) = (act + l/3) 
AL (1-yJ2 + A; 

(1-y12 + act 

with separate coefficients AI,, AR for neutrino and anti- 

neutrino data. Using the fitted values of AL, AR we can also 

obtain the integrated ratios R:, R: corrected for the had- 

ron energy cut ES > 12 GeV: 

= A; + A;/3; u u R; = AL/3 + AR 

In order to study the possible energy dependence of Rz and 

R; the data are fitted with two sets of parameters AI,, AR, 

one for Ev < 100 GeV and the other for Ev > 100 GeV. 

The results of this fit are summarized in table V. 

The errors include the estimate of the systematic error. 

For comparison the purely statistical errors are given in 

brackets. 
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Table V: Fit results for the energy dependence and y- 

distribution of NC to CC cross section ratios 

Ev > 100 GeV 

<Ev> = 150 GeV 

E" < 100 GeV 

<Ev' = 60 GeV 

R (E,, > 100) 

R WV < 100) 

all energies 
===zz==========: 

act = .lO 

GCC = .15 

= _: 

I 

Neutrinos Antineutrinos 

Rv = .296+.013(0.10) I R; = .34+.03(.019) 

Rv = .293*.017 (.012) R; = .35+.06(.045) 

.99 2.07 (.06) 1.03+.18(.14) 

Rv = .295+.010(.006) i Rv = .34+.03(.017) 
====================== i===================== 

AZ/A;-"CC = .09?.18 AZ/A;-aCC = . 10t.07 
I 

A;/A;-aCC = .o9+.19 A;/A$ecc = . 14i.11 
1 

The data do not favour a substantial energy dependence. 

The experimental shape of the y-distribution for NC is 

compatible with that of CC interactions. 

4. Spacetime structure of NC interactions 

Information on the spacetime structure of NC interactions 

can be obtained from our data within the framework of 

specific theoretical models. We have analysed our data in the 

framework of the quark parton model assuming only vector V 

and axial vector A contributions. The parametrization for 

the y distribution has the following form: 

/do 

I 

-2, 
dy 

AL 11 + 2 (1 - y)2j 
% 

NC < (1) 

+ (1-y)2) 

da 

I vm 5 
dy 

1 + a (l-y)2 

cc 

da 
-2-z 
dy 

g + (l-y)2 

(21 

where the overall strength and the y-distribution for neutrino 

and antineutrino neutral currents are described by only two 

parameters AL and AR. These can be related to the coupling 

strengths of (V-A)- currents A- = [CV - CA12 and (V+A)- 

currents A+ = [c, + CA12 

%=_++A 4 
+Q 

AR = A+ + A- % 

Weinberg - Salam model 

The Weinberg - Salam model gives the following relations 

between the (V - A) and (V + A) couplings: 

A+ = $ sin4ew 

sin28 w 
+ 2 sin49 " 



Determination of the V,A coupling 

A simultaneous fit to the neutrino and antineutrino data 

displayed in figure 14 leaving AL and AR as free parameters 

hasthe result 

AR 
r=. 181 + .020 ii 

L 
for a = .l 

and x =/DF = 56.1/60 
AR 
K-= - 256 + .025 5 

L 
for a = .15 J 

for two different vaiues of the antiquark content assumed 

for charged current interactions. 

Independent of the assumed value for 6/Q the fitted ratio 

AR/AL is significantly different from 6/Q at a level of 4 

standard deviations. We thus have to conclude that assuming 

the parametrization of the quark parton model both V - A ----- 

and V + A currents contribute to the neutral current inter- ----.------ ---- __---_---- 

actions. --_ - 

Test of the Weinberg - Salam model 

The Weinberg angle can be easily calculated from our measured 

values Rv and R;. This is shown in figure 13 together with 

similar measurements of other experiments 8) 9) 10) . It can 

be seen that for our experiment the Weinberg angle is deter- 

mined essentially from the measured value Rv and that it is 

nearly independent of the value of 6/Q. We find 

from Rv : 

from R\j : 

sin20 = . 24 + .021 w - 

sin26w = . _ 21 + .09 

0.a 

0.6 

A CITF (E, >I2 GeV; Ref. 9) 

A G G;vl ( E 1 > 0 C-e’/ ; Rzf.?o) 

sir? EW 

0.1 0.2 0.3 0.4 0.5 0.8 
Rv 

Fig.13: Comparison of R and R- with the Weinberg-Salam model. 
The curves show: include the effect of the hadron energy 
cut E > 12 GeV for this experiment and corrections for the 
neutrgn-proton ratio and the contribution of strange quarks. 
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The Weinberg angle can also be determined from the measured 

slopes of the y-distribution. We get 

from sin2e 
W =.22+.17 

AV L 
ii 

AR from -v : sin2SW =. 25+.06 
AL 

All values arein remarkable agreement giving strong support 

to the Weinberg-Salam model. 

Finally the Weinberg-Salam model gives an excellent overall 

fit to both neutrino and antineutrino data with 
2 sin e W = 0.24+ -02 

and a x 2 of 59 for 61 degrees of freedom. The error given 

is - 3 times larger than the statistical error and includes 

an estimate of systematic errors as well as the uncertainty 

in the total amount of the sea contribution and in the sea 

composition. 

Discussion 

Our data gives strong support for the existence of a V+A 

contribution in neutral current interactions with a strength 

that agrees well with what is expected in the Weinberg-Salam 

model. The Weinberg angle sin2SW=0.24f.02 found in this ex- 

periment is substantially lower than the world average of the 

other experiments and poses severe constraints on model buil- 

ders. Therefore it may be useful to discuss the assumptions 

that enter into the determination of this angle. 

In our experiment the Weinberg angle is determined essen- 

tially by the measured value of Rv that is obtained without 

any theoretical assumptions. It should be noted that our 

value Rv (and R;) is also in excellent agreement with recent 

results of other experiments 8) 9) . 

For a detailed comparison of the Weinberg-Salam model with 

the measured y-distributions of neutral currents we have to 

assume the parametrisation given by the quark parton model. 

This simple model is in remarkable good agreement with all 

features of our data as shown in figures 12a,b. Both the 

absolute magnitude and the shape of the y distribution for 

neutrino and antineutrino data are well described by the 

same Weinberg angle sin2SW=0.24. It's very likely that the 

validity of this analysis goes beyond the validity of the 

quark parton model since the analysis is based on the ratio 

of NC to CC events only , thus that deviations from the 

model might cancel in first approximation. 

Our value of sin2Sw z l/4 is very interesting from a 

theoretical point of view since the neutral current is then 

a composition of the third component of the charged current 

and of the electromagnetic current with equal strength. 
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II.4 Results on multimuon events 

The observation of events with more than one muon in the 

final state is a very good signature for new particle pro- 

duction. New particles may be produced at the hadron or at 

the lepton vertex. Events of hadronic origin-i.e. production 

of charmed particles or even heavier quarks with subsequent 

semileptonic decay- generally show a large momentum asym- 

metry of the muons since one of the muon is the decay par- 

ticle of a hadron that has to share the total hadronic 

energy with others. Also this decay muon has to show a 

correlation with the hadron shower. On the contrary events 

from leptonic origin - i.e. production of new heavy leptons 

(u +N+L 
II 

' + hadron, Lo +- 
'VP etc.)-show no correlation 

of the muons with the hadron shower and tend to produce 

events that are symmetric in the muon momenta. 

1. Selection criteria 

To detect muons with full efficiency and to measure their 

momentum and angle, they have to be well separated from 

the hadron shower. Thus a minimum of 4 driftchamber digi- 

tisations (including the shower) had to be required for 

each muon. This corresponds to an average momentum cutoff 

of 4.5 GeV/c. This unavoidable cutoff is uncomfortably 

high since it gives severe distortions of most of the kine- 

matical distributions. For this reason the quantitative 

interpretation of the data requires comparison with de- 

tailed models of particle production. 

2, OPP osite sign dimuons 11) 

A total of 257 p-p+ events have been observed in the neu- 

trino and 58 P+P-' events in the antineutrino exposure. Since 

the corresponding observed number of like-sign dimuon events 

(table III) is much smaller it is evident that most of 

these events are due to a prompt muon signal rather than due 

to n/K-decays. It has been shown earlier by other experi- 

ments12) that the bulk of these events it due to charm pro- 

duction. Thus using our data we can make detailed tests on 

single charm production models and look for possible other 

sources beyond charm. The observed P+U- events show the 

following main characteristics: 

i) The bulk of the events exhibits a large asymmetry 

in the muon momenta as shown in figure 14a,b. The 

wrong sign muon (u,) is in average much slower than 

the muon that has the same lepton number as the in- 

coming neutrino. The solid curves in the figures 

are the predictions of the GIM-model for single 

charm production 13) and agree fairly well with the 

measured distributions. 

ii) All events, including the symmetric (E = E ), are 
"1' P2 

correlated with the hadron shower. This is shown in 

figure 15 that shows the azimuthal angle P, between 

the two muons in a plane perpendicular to the in- 

coming neutrino for different energy intervals of 

the wrong sign muon (shower direction is $?j = 18OO). 

Figure 16 gives the transverse momentum of the wrong 
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b) 

Fig. I+: Scatter plots, lqith projections, in EU, - E,: plane, for 
for nr*,trinoj and antineutrino events. In the E,, Frojcct'on 
the n -* !J and K + 9 decay background is shoi\n, as dell as 
the prediction of a charm model, normalized to the total 
event number. 

0 &,<I5 Ge" 
m 15 GeV<E,,c30 Ge" 

2 30 

I: 

20 

10 

0 20 40 60 80 103 120 140 160 l&o 

Fiq.15: Azimuthal angle between the two muons for different 
energies of the wrong sign muon compared to the 
prediction of the GIM model (solid lines) 
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r . v 
v 
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Fiq.16: Transverse momentum of the wrong sign muon relative to the 
shower direction versus its energy 
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The outstanding features predicted by this model are 

i) the y-distributions are flat for both neutrino 

and antineutrino charm production 

ii) the x-distribution is significantly different for 

neutrinos and antineutrinos 

The y-distributions are shown in fig. 17. They are heavily 

distorted due to the momentum cutoff for the second muon. 

Antineutrino and neutrino data are however very similar 

and agree fairly well with the expected distribution from 

the GIM-model (solid line). The x-distributions (fig. 17) 

are indeed significantly different for neutrinos and anti- 

neutrinos. They are compared with the measured "sea" and 

"valence" distributions from ordinary charged current 

events. The antineutrino distribution agrees well with a 

pure sea-distribution whereas the neutrino distribution is 

a mixture of sea and valence distributions. These obser- 

vations give very strong support to the GIM-model. Com- 

paring the observed dimuon rates from neutrino and anti- 

neutrino using sin2EIc = .057 we can evaluate the fraction 

of momentum carried by strange quarks. We find 

5, = .034 

leading to a total expected charm production of about 9 % 

for both neutrinos and antineutrinos relative to charged 

current events. Using the expected rate and the calculated 

efficiency for muon detection we can compare it to the 
+- observed rate of LI u - events to get an estimate of the 

leptonic branching ratio. This gives 

sign muon relative to the shower direction versus 

its total energy E 
u2' 

The average transverse momen- 

turn is independent of E 
p2 

as expected from hadronic 

production of fixed mass particles. 

In summary we may conclude that we see no evidence for new 

particle production at the lepton vertex and that the kine- 

matical distributions of the events observed are consistent 

with the expectations of single charm production. 

Detailed test of GIM-model 

Single charm production in the GIM-model is due to three 

processes that are bound to have definite production rates 

and scaling distributions. 

Process production rate main characteristics 

1. vu+ d + u- + c sin20 1 B c u flat in y; valence 

distribution in x 

2. vu+ s + !.I- + c flat in y 

cos2ec* B - 5, sea distribution 
3. ;p+ s -+ !.I+ + c 

lJ 
peaked at small x 

eC 
= Cabbibo angle 

Bu = effective muonic branching ratio of 

charmed particles 

5, 
Qs - 

=?zg - fraction of momentum carried by 

strange quarks relative to 

d- quarks 

B !J c 0.15. 
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Fi .gure 17: Measured x-distribution for neutrinos (a) and antineu- 
trinos (b) compared to GIM-model predictionsc-- "sea", 
---.-"valence", - "sea+valence" in the ratio .057:.034, 
where the shape of sea and valence distributions is 
taken from CC antineutrino and neutrino events) 

c,d: Y-distributions compared to GIM-model prediction(-). 
4w 

- - “sea” 

-/-- 
)‘ 06 

The opposite dimuon data are thus in excellent agreement 

with the predictions of the GIM - single charm production 

model. No othersources of dimuons are needed to explain 

the data. 

3. Like-sign dimuon events 

The observed events are dominated by n/K-decay background. 

This background has been calculated including the cascade 

effect in iron and should be reliable to about + 30 %. - 

Table VI summarises the event numbers 

Table VI Summary for like-sign dimuon events - 

)I 08 10 

observed 

calculated 
background 
above 
background I 

neutrino 

47 p-u- 

30 

17 + 10 - I 
antineutrino 

9 u+u+ 

5 
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There are no events with outstanding kinematical properties. 

The scatterplot of the muon energies is shown in figure 18. 

All events are very asymmetric and the distribution of the 

slow muon is as expected from n/K decay (shaded area). 

The transverse momentum P T of the slow muon perpendicular 

to the plane made up by the incident neutrino and the fast 

muon is shown in figure 19. There is no sign of events with 

two fast muons or with a large transverse momentum P T 
as would be expected in heavy lepton cascade models. 



. v 

I3 B 

30 25 20 15 10 5 50 100 150 200 250 
Events I 5 GeV E, GeV 

Figure 18: Energies of the two muons for like-sign 

dimuons (&d expected for n/K-decays). 

Figure 19: 

Transverse momen- 
tum of the slow muon 
perpendicular to the 

neutrino-fast muon 

plane. 

The events above background (uncertain) may however be 

due to associated charm production. Using this hypothesis 

we estimate that the total rate of associate charm pro- 

duction is of the order of 0.5 to 1 % at Ev = 100 GeV. 

III. Conclusions 

From the data of the CDHS experiment presented in this 

talk we can draw the following conclusions: 

i) the standard quark parton model with 4 quarks 

is in fairly good agreement with the data, 

ii) charged current events are consistent with pure 

V - A coupling, 

iii) neutral currents consist of both V-A and V+A currents, 

iv) no additional quarks or leptons are required to 

explain the data. 

Though nothing really exciting has been observed until now 

we may very well expect some surprises in the course of a 

detailed analysis of our charged current data. If new 

particles are produced in neutrino interactions we will 

also have a good change to see a signal in our wide band 

beam running that has just started. The emphasis there is 

on the detection of multimuon events with high statistics 

(N 150 v+v-/day) and at higher energies. 

0 0.5 1 15 2 Ge\i 

PT 
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