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1 INTRODUCTION 
The physics of elementary particles has changed dramatically during the 1970's, 

especially during the last three or four years. A new quark carrying a new 

quantum number called charm has been discovered and there is mounting evi- 

dence for the existence of a yet heavier quark. A great deal has been learned 

about the structure of the weak interactions, and there is considerable opti- 

mism that we are beginning to understand strong interaction dynamics at a fun- 

damental level. Indeed, some visionaries are already attempting grand syn- 

theses of the strong, weak and electromagnetic interactions. In this paper, 

we will describe these theoretical and experimental developments, emphasizing 

the role of the new heavy quarks. It is largely a review for nonspecialists 

but specialists will find some new results or at least some new perspectives. 

Hadrons, that is mesons and baryons, are made of quarks (1); after the 

events of the last three years there are no longer any skeptics. Since many of 

the details of the quark model of hadrons are discussed by O.W. Greenberg in 

a paper appearing in this issue of the Annual Review(2), we only recall 

some of the basic properties of the old quarks to prepare for our discussion 

of the new ones. Until 1974, all the known mesons and baryons could be under- 

stood as quark-antiquark and three quark bound states respectively where the, 

quarks come in three varieties or "flavors," commonly called u, d and s. The 

u and d (up and down) quarks form an isotopic spin SU(2) doublet and are the 

constituents of the nucleons and mesons of nuclear physics. -The heavier s 

(strange) quark can bind with the others or with itself to produce the so- 

called strange particles that fill out the SU(3) multiplets of Gell-Mann(l). 

The relative heaviness of the strange quark means, of course, that this SU(3) 

symmetry is rather badly broken. All of these quarks have spin l/2 and carry 
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fractional electric charge. The u quark has charge 2/3 and the d and s 

quarks have charge -l/3. )-i 

A. THE NEED FOR CHARM - 

With the success of SU(3) in the early 1960's, many people soon considered 

the possibility that yet heavier quarks might exist(3). They would pre- 

sumably be constituents of hadrons too heavy and too short lived to have 

been seen at the time. It was partly a matter of "why not?" and partly 

motivated by primitive notions of quark-lepton symmetry. There were four 

leptons -- the electron, the muon and their respective neutrinos--so why 

shouldn't there be four quarks? Quark-lepton symmetry continues to be an 

important guiding principle in attempting to unify the fundamental forces 

of nature, but it seems likely that it will ultimately take a more subtle 

form than equal numbers of each. 

It was a problem with weak interaction phenomenology that led Glashow, 

Iliopoulos and Maiani (GIM), in their classic paper of 1970, to provide a 

genuine raison d'etre for a fourth quark(4). It had been known for decades 

that the weak interactions, such as neutron @-decay and p--f e-+ Ge+ v , 
?J . 

could all be described by the interaction of two charge-changing currents 

with an interaction strength GF M l.0e5/M2 . It is now known that neutral 
P 

currents also play a role in the weak interactions. Processes like 

vv+p+v 
Fc 

+ p have been observed and require both vector and axial vector 

neutral current interactions with strength of order GF. In1970, the neutral 

weak currents had not been seen experimentally but, for the most part, neither 

had they been ruled out at the level GF. It was expected by some people that 

they would appear at this level and this expectation was given a sound basis 

withtheproof, ayearlater,oftherenormalizabilityof gauge theories of theweak 
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and electromagnetic interactions. More about that shortly. 

There was one embarrassing problem with this state of affairs. One class 
-c, 

of neutral current interactions, those involving strangeness-changing had- 

ronic weak currents, was known to be tremendously suppressed. The branching 

ratios (5) 

r ‘c+ p+Fi-) 
'L 10 

-8 

r(<-+ all) 

r (K’ -+ 7rfe+e-) 

I'(K'-+ all) 
= (2.6&0.5)x: lO-7 (1.1) 

exhibit the problem. That a strangeness-changing neutral current; coupling 

with strength GF, might have been expected can be seen by examining the struc- 

ture of the charge-changing hadronic weak current 

Jy = 4 y' 3 (l-~5) T+q 

(1.2) 

2 ;L~' T+ qL . 

The quark spinor q contains 4 x N components where N is the number of flavors 

and T+ is an N x N matrix which changes the electric charge by tl unit. 

qL - 2 = Lw5h is the left-handed part of the quark fieldl. It was expected by 

some, and unified theories demanded, that there should exist a neutral partner 

of these two currents 

J”, = 4 y”+ (l- y5) To q 

coupling with the same strength GF, where 

(1.3) 

To = [T+, T 1 . (1.4) 

The charged current was known to have the Cabibbo form (6) 

J;=Q ' -$ (I- y,> Cd cos9c+ s sinec) (1.5) 
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where sin 8 = 0.23. 
C 

Therefore, the neutral current must contain a piece 

of the form 

JV - = sy "$ (l-y51 d sin8 case + . . . (1.6) 
0 C C 

which gives rise to AS = 1 neutral interactions of order G . F 

The GIM solution(4) was to introduce a new, heavy, charge 2/3 quark c 

with a left-handed weak coupling to the orthogonal Cabibbo combination 

s case 
C 

- d sinec. The c quark was postulated to carry a new quantum num- 

ber charm, conserved by the strong interactions. It can then easily be 

checked that with 

JN = iiy 111 
2 (l-y5Hd COSTS+ s sinec)+ cy 111 

-t ~(l-y5)(~cosBc-dsinec), 

(1.7) 

the AS = 1 piece of Ji Eq. (1.6) is cancelled and the neutral current is, 

in fact, diagonal in all flavors. This current couples to itself and to 

leptonic neutral currents with strength GFand, to lowest order in this inter- 

action, the reactions Eq. (1.1) are forbidden. Higher order corrections 

might, of course, induce such reactions and because the branching ratios (1.1) 

are so small, this must be looked at carefully. It is only possible to do - 

this in a renormalizable theory so we turn next to a discussion of gauge 

theories of weak and electromagnetic interactions. 

B. THE WEINBERG-SALAM MODEL 

Unified gauge theories provide the general framework for most modern work 

on weak and electromagnetic interactions. The prototype for all such models 

is based on the group SU(2) x U(1) and was first written down in detail by 

Weinberg in 1967 (7). It remains viable today in the face of a large 

amount of experimental data and will survive as at least a sub- 
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group of the ultimate weak and electromagnetic theory. 

Unified gauge theories are constructed by generalizing what is known 
- 

about electromagnetic interactions to include the weak interactions. The 

inclusion of strong interactions in this framework will be described in the 

next section. The forces are all mediated by the exchange of spin one bosons 

corresponding to vector gauge fields which are present to maintain the local 

gauge invariance of the Lagrangian. In electrodynamics, this means invar- 

iance under a space-time dependent phase transformation $(x) + e iQe (x+, (xl 

on each matter field of charge Q, along with the transformation AP(x) -+ Au(x) 

+ au@(x) on the electromagnetic field. Invariance is insured if Au enters 

the Lagrangian only in the gauge covariant derivative DP$ = (a 
v 

-iQAll) $ and 

if derivatives of $enter only through the electromagnetic field tensor 

F =aA 
I.lv I.lv 

-av,A . 
1-I 

By using these ingredients in a minimal way (excluding 

nonrenormalizable couplings), one obtains the Maxwell-Dirac theory for pho- 

tons interacting with charged spin l/2 particles of mass m 

g= $[iyvDp-m]$- LF 
2 ?Jv 

Fuv . (1.8) 

The phase transformations of electrodynamics form the group U(l), the 

group of unitary 1 x 1 matrices. Since both neutral and charge changing cur- 

rents play a role in the weak interactions, the corresponding group must be 

larger, but the gauge principle can be carried over by associating a separate 

gauge field h; (x) with each infinitesimal parameter of the group (8). The 

minimal possibility is W(2) and, since this is a three parameter group, there 

will be three gauge fields forming an isotopic triplet. The Lagrangian will 

take the form of Eq. (1.8) except that now FPv will contain a term quadratic 

in A; and a coupling matrix will multiply the charge Q in DP$. Such a theory 

can be proven to be renormalizable2(9). 
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The problem is that the weak bosons must be very massive--they have not 

yet been seen and the lower limit on the mass is about25GeV(lO). Theaddition 

of a ma<s term 2 a -+ MAllA ap to the Lagrangian, however, destroys the local 

gauge invariance and the renormalizability. The solution is to preserve the 

local gauge invariance of the Lagrangian, but allow it to be spontaneously 

broken, that is, not respected by the physical states. There is a general 

theorem that whenever this happens, massless scalar particles, known as 

Goldstone bosons, must be present (11). However, in gauge theories these 

quanta get mixed in with the longitudinal parts of the gauge fields. They 

allow the gauge bosons to become massive by providing the zero helicity de- 

gree of freedom which is forbidden to a massless vector boson. This is 

called the Higgs mechanism (12). A particularly simple way of realizing 

this is to introduce into the Lagrangian a multiplet of elementary spinless 

fields. After spontaneous symmetry breaking, some of these become the 

Goldstone bosons absorbed by the gauge fields, while the remaining members 

of the multiplet survive as physical massive scalar particles known as Higgs 

bosons. 

A unified model of this sort must incorporate both a weak gauge group and 

the electromagnetic gauge group. The STJ(2) x U(1) model involves four gauge 

bosons. The spontaneous breakdown is arranged to preserve a local U(1) sub- 

group so that one boson stays massless and is identified with the photon, 

while the other three ($ and Z”) become the intermediate bosons of the weak 

interactions. In the original form of the model(7), the left-handed leptons 

and quarks are put into SU(2) doublets and the right-handed components are 

in SU(2) singlets. The fermions are massless in the Lagrangian; their mass, 

along with the weak boson masses, arises from the spontaneous symmetry break- 
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down, There are two independent coupling constants g and g' for the SU(2) 

and U(1) groups respectively. The electric charge is given by e=gg'/(g2+gf2p 
-c, 

I I 

and since ? exchange describes the familiar process of B-decay, the Fermi 

coupling constant GF is given by 

GF 2 
-- 

z-82 ' 
(1.9) 

It follows that %=(fifF )+siiOw = 

Weinberg angle defined by tanBW= g'/g. 

37.3 GeV/sinBW, where Bw is the 

In the simplest version of the 

theory, there is one complex SU(2) doublet of Higgs fields, and the Z* mass 

is given by MZ = MW/coseW. 

In this model, there remains one massive physical Higgs scalar. Its 

mass is a free parameter theoretically, but its presence in the theory is 

absolutely crucial for renormalizability. It has by now been proven that 

such theories are, in fact, renormalizable to all orders (9). Spontaneously 

broken gauge theories of weak and electromagnetic interactions are theories 

in the same sense that quantum electrodynamics itself is. 

Let us now return to the problem of AS = 1 neutral currents in the four 

quark GIM model. A process which is O(GF) in Born approximation will be 

O(GFe2) at the one loop level in a renormalizable gauge theory. If a pro- 

cess is forbidden to lowest order, however, it is not hard to see that it 

will also vanish to O(GFe2). Consider the decay I.$,+ v'%I- for example. It 

can proceed through an intermediate state consisting of two charged bosons, 

but the graph with an exchanged c quark is exactly cancelled by the graph 

with an exchanged u quark in the limit m =m. 
U 

The amplitude is of order 
C 

Gi (rnt - 2 mu) as long as m , m << 3! W' This can be made consistent with c u 



- 10 - /I 

rates and limits such as those in Eq, (1.1) with mc z l- 2 GeV. The mass 

difference between the c and Ki mesons arises from a similar interaction and 

led GaiTlard and Lee (13) in 1973 to a similar estimate for mc. These estimates 

are only approximate due to uncertainties associated with strong interaction 

corrections, but they later turned out to be qualitatively correct. 

c. EXPERIMENTAL INDICATIONS 

The first direct experimental evidence for the existence of the charmed 

quark came from e+e- annihilation into hadrons. It was widely expected that 

R(W) Z otot(e'e- + hadrons)/o(e+e- ' - + 1-1 1-1 ) would become constant above center 

of mass energy W = l- 2 GeV. The theoretical basis for this expectation and 

the value of the constant will be given in Chapter II. When this ratio was 

first measured above W = 3 GeV at the Cambridge Electron Accelerator in 

1970 (14), it was found to be well above the expected value--and apparently 

rising with W ! These measurements, eventually confirmed at SLAC (15) and 

DESY (16), gave hope to the small band of charm enthusiasts. 

The next piece of evidence for charm came from the neutrino scattering 

experiments at Fermilab. In the collision of muon-type neutrinos with mat- 

ter, events were discovered which contained a u+u- pair in the final state (17). 

These events, both in character and rate, could be naturally explained by 

charm excitation. The hadronic current Eq. (1.7) can couple to the muonic 

current F1y 'i (1-y5)vP through W+ exchange leading to a muon and c quark 

in the final state. The c quark can decay by this same interaction into a 

lepton-neutrino pair and preferentially a strange quark. This source of di- 

muon pairs requires the presence of K mesons in the final state in most events, 

and that was indeed verified somewhat later (17). 

The case was clinched by the spectacular events of November 1974. The 
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simultaneous discovery of the q/J resonance 3 
by groups at SLAC (18) and 

Brookhaven (19) and the subsequent measurement of excited states (20)and 

radiative transitions (21) could only be understood in terms of the exist- 

ence of a new quark of mass around 1.5 GeV. In the $ it was bound to its 

own antiquark but, before long, particles made of one heavy and one or more 

old quarks were discovered (22), and their weak decay properties made it 

clear that the new quark was precisely the charmed quark predicted by GIM. 

The discovery of the Upsilon T in July 1977 (23) will perhaps be the be- 

ginning of a similar story. At least two and perhaps three states in the 

mass range 9.5 to 10.5 GeV have been discovered in the reaction p+Be+T+... 

+ il+p-+ . . . and it is irresistable to guess that they are the ground state 

and two radial excitations of yet another quark and its antiquark. In the 

+- case of charmonium, it is the e e colliding beam machines that have produced 

the most important discoveries. Unfortunately, the highest energy presently 

available with these machines is about 8 GeV which puts the upsilon just out of 

range. However, the next generation of higher energy colliding beam machines 

at SLAC, DESY, and Cornell will be turning on in the near future. They will, 

no doubt, produce a great deal of information about the upsilon and even 

heavier quark antiquark systems if they exist. 
- 

It is important to mention one more experimental development here. In 1975, 

the SLAC-LBL group announced the discovery (24) of a new particle -c with m *=1.8 GeV. 

The initial evidence came in the form of the "anomalous" events e+e- -+ e*+u++ 

+- 
missing energy indicating a primary process e e -+ T+T- followed by weak decay 

of the T 
+ 

and T-. With further study, it now seems clear that the T is a lep- 

ton (25). These experiments and the T properties will not be discussed in de- 

tail, but it is important to keep its existence in mind throughout. On the 

theoretical side, it must loom large in any attempts at grand synthesis or 
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considerations of quark-lepton symmetry. Experimentally, there is the curious 

fact that its mass is so close to that of the charmed quark. In e+e- annihila- 
-c, 

tion, 
+- 

charm threshold and T T threshold come nearly on top of each other, so 

that the experimental study of each is complicated by the other. 
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II QUANTUM CHROMODYNAMICS 
A. BACKGROUND 

Even though charm was invented in response to problems with the weak and 

electromagnetic interactions, its discovery has had a considerable impact 

on strong interaction physics. The strong interactions have been a notori- 

ously difficult problem for several decades and one might ask what impact the 

discovery of new strongly interacting quarks could have on our understanding 

of these forces. The answer is that early in 1973, a little more than a year 

before the experimental discovery of the Q/J, a remarkable theoretical dis- 

covery was made (26) which has led to the growing consensus among theorists 

that we may finally have in hand a fundamental theory of the strong interac- 

tions. This has not yet been proven, but the measured properties of heavy 

quarks have reinforced this view and if yet heavier quarks are discovered, 

the reinforcement should become even stronger. The interplay of charm and 

this candidate theory of strong interactions called, quantum chromodynamics 

(QCD) , will be discussed throughout the paper. 

B. THE HIDDEN COLOR HYPOTHESIS 

The first ingredient in QCD is a new, completely hidden, quantum number known 

as color (27). This notion is explained in some detail in the accompanying 

article by Greenberg (2) and so we shall only summarize the essentials. Sev- 

eral problems with quark phenomenology have suggested that the number of 

quarks should be tripled so that each type of quark u, d, s,.c, . . . comes in 

three so-called colors. In the most popular version of the color model, all 

the fundamental forces respect the symmetry under color interchange (28). 

This symmetry can be viewed as a new SU(3) symmetry and the observed hadrons 

are all singlets with respect to this new SU(3). 
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There are several reasons for believing in the color hypothesis. With 

j I 

color, the ground states of baryons can be simply understood in the quark 

model without abandoning Fermi-Dirac statistics. Consider the a- for 

example; it consists of three s quarks in an orbital S state with spins 

aligned, leading to an overall symmetric wave function. With three colors, 

however, overall antisymmetry can be restored if the n- is a color singlet. 

Color also plays a sort of counting role, bringing up the value of certain 

amplitudes to agree with experiment. One example is the decay IT' -f yy (29), 

and another is the value of otot(e+e- + hadrons) within the free quark (par- 

ton) approximation(30). There, neglecting fermion masses, 

5 
R(W) E tot 

<e+e- -+ hadrons) 

a(e+e- -f v+u-) 
=cQ:- 

i 
(2.1) 

where Qi is the electric charge of a quark of type i in units of e. The in- 

clusion of color in this sum raises the prediction from 2/3 to 2 below charm 

threshold. This is a good first approximation to the experimental value of 

R(31-34)andwithin QCD it also turns out to be a good first approximation 

theoretically. 

C. THE COLOR SU(3) GAUGE THEORY 

QCD is constructed by extending the globalSUc(3) color symmetry to a local 

gauge symmetry. This requires the introduction of massless vector gauge 

fields A;(x), a = 1, 2, . . . 8, transforming according to the adjoint repre- 

sentation of SUc(3). The eight gauge fields are called colored gluons. The 

Lagrangian density is 

J??(x) = G(x)[i?DP -Molq(x) -+F;v (x) F~"(x) (2.2) 

where the quark field q(x) contains 4 x 3 x N components, corresponding to 

the three colors and the unknown number N of quark flavors. MO is the bare 
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mass matrix, a product of Dirac and color unit matrices and a diagonal flavor 

matrix MbB. 
0 

The gauge field covariants are 

-cI 
DP = a 

u 
- ig TaA; 

(2.3) 

Fa = aAa 
vv ?JV 

- a&+ g fabcA;A; 

and we normalize the T matrices in the conventional way 

Ta = $Xa, [Aayhbl = 2ifabcxc, Trh X -= 26ab 
ab (2.4) 

The theory is invariant under the gauge transformation 

AP(x) - A; (x) T a -+ u(x) AP(x) u-l(x) + ; U(x) au u -l (x> q(x) -t U(x) q(x) 

(2.5) 

where U(x) = exp {igea(x) Ta). 

While QCD bears a superficial resemblance to quantum electrodynamics, it 

is, in fact, considerably more complicated. It is a renormalizable theory, 

like QED, so that the ultraviolet divergences that appear in perturbation 

theory can be handled in the traditional way. Field theory Green's functions 

can be computed to any order in a power series expansion in a renormalized 

coupling constant. One expects this to be useful only if the coupling con- 

stant is small, however, and that depends on how the theory is renormalized. 

-- It is here that QCD and QED part company. 

In quantum electrodynamics, the renormalized coupling constant ct can be 

defined at zero momentum transfer (infinite distances) since-the nonzero 

electron mass prevents infrared divergences in the photon propagator in this 

limit. The potential energy between two charged particles separated by a 

i I 

distance R >> l/m, is a/R, with c1 determined experimentally to be l/137. As 

a consequence of the l/R behavior, the asymptotic states of the theory are 



- 16 - 

the charged particles and photons corresponding to the fields in the 

Lagrangian. At distances R << l/me, the charged shielding effect of vacuum 

polariztion begins to disappear and the effective coupling strength begins 

to increase. The familiar one-loop result is 

V(R) =:il+$log(R me)-l} (2.6) 

and at distances R = m -1 -3lT/cX e , the increase becomes substantial. Since the 

perturbation expansion breaks down at this point, the asymptotic behavior of 

QED as R-f 0 is unknown. Fortunately, physics at laboratory distance scales 

is insensitive to this asymptotic ignorance. 

QCD differs from QED in many ways, in particular in the way the effective 

coupling strength as computed in perturbation theory varies with distance. 

This different behavior is the important feature of QCD called asymptotic 

freedom (26). We shall describe this property with an eye toward our later 

discussion of its role in heavy quark physics. At the end of this chapter, 

some of the other known and conjectured properties of QCD will be summarized. 

The Feynman rules for QCD can be generated using either functional 

methods or the canonical Hamiltonian formalism (35). In either case, a - 

gauge must be chosen as in QED. In a general class of covariant gauges, the 

gluon propagator is 

$lkV D;; (k) = gab (gYv - c---- 
k2 ) 

1 
- 
k2+is 

(2.7) 

where 5 is an arbitrary parameter specifying the gauge. The remaining 

Feynman rules, consisting of the quark propagator and the various vertices, 

can be read off directly from the Lagrangian (35). The,only exception to 

this is that a careful treatment of unitarity demands the inclusion of 

fictitious scalar particlescalledFadde'ev-Popovghosts which propagate only 
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around closed loops (36). 

For some purposes, it is convenient to adopt the physical Coulomb gauge(35). 

The propagator then consists of an instantaneous potential part and a trans- 

verse gluon part 

D;: (k) = 6ab i/s2 V'V'O 
(2.8) 

6 ab i = 
k2+ie 

5) v=i, v=j. 

("ij- +2 
k 

AFadde'ev-Popovghost must again be included, but it is instantaneous and it 

couples only to transverse gluons. In either covariant or Coulomb gauge, 

Ward identities can be established and renormalizability proven. 

Nowconsider again the potential energy between two charge sources sep- 

arated by a distance R (37, 38). The charge is now color and the sources can be 

taken to be a very heavy quark and aatiquark. If they are in a quantum 

mechanical color singlet state, then the Born approximation to the potential 

is - CF us/R where Tzk T~j = C 6.. 
F =J 

and a 
S 

= g2/4n. For SU(N) CF= (N2-l)/ 

2N. The one loop corrections to the potential are most conveniently computed 

in Coulomb gauge and, if light quarks are neglected for the moment, the two 

relevant diagrams are shown in Fig. 1 (37). The necessary renormalization 

subtractions cannot be performed at infinite separation because the loops 

are infrared divergent at this point. Some other arbitrary point, say 

R = u-l, must be chosen, and this necessarily brings in a new dimensional 

parameter 1-I. In QED, such a parameter could be introduced; in QCD, because 

of the self-coupling of the gauge field, it must be introduced. The static 

potential through one loop is 
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where c1 
1-r 

= gi/4r is the coupling strength corresponding to the scale R =1-1 -1 

and f acdfbcd 
= CA6ab = N6ab for SU(N). The two logarithmic modification 

terms correspond to Figs. lb and la respectively. The first is vacuum polar- 

ization of transverse gluon pairs, a charge shielding effect similar to 

electron-positron vacuum polarization in QED. As expected, _ this contribu- , 

tion tends to make the effective coupling strength increase as R-t 0. The 

other contribution, unique to Pang-Mills theories, is a self-energy of the 

Coulomb field. It comes with the opposite sign and is larger in magnitude 

than vacuum polarization. The net result is that the effective coupling 

strength decreases as R decreases. This is the property called asymptotic 

freedom. 

It is not difficult to understand the physical mechanism behind asymptotic 

freedom (37). We shall not describe it in detail except to say that the 

Coulomb field self-energy produces a collimation of the color electricfield 

lines connecting the quark to the antiquark. The collimation becomes more 

pronounded as R-f to, increasing the energy stored in the field relative to 

the pure Coulomb potential. The decrease of the collimation as R decreases 

is the explanation of asymptotic freedom. 

The behavior of the effective coupling strength as R -+ 0 can be described 

to all orders in perturbation theory by a consideration of its scaling 
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properties4(39). The potential can be written quite generally in the form 

V(R) = - CF 
a&, a,,> 

R (2.10) 

where cr(R~,a~) :as(R) is the effective coupling strength, given through one 

loop by Eq. (2.9). The potential must be independent of the choice of p 

and the condition &as(R) = 0 can be used to show that 

R &a 00 
S 

= B(as 00) 

where 

B(x) 3 R; d-U,x)l 
R=u 

-1 

From Eq. (2.9) 

B(x) +-z+ 0(x2> 

and, therefore, to lowest order, Eq. (2.11) can easily be integrated . 

result is 

which agrees with Eq.(2.9) to lowest order and which goes to zero as R+O. 

(2.11) 

(2.12) 

(2.13) 

The 

(2.14) 

In the opposite limit, Eq. (2.14) shows that the theory becomes strongly - 

coupled and the perturbation expansion breaks down. In this sense, QCD 

and QED are oppositely behaved. 

D. PROPERTIES OF QUNTUM CHROMODYNAMICS- 

1. COVARIANT FORMULATION For most purposes, it is best to work in a co- 

variant gauge. The asymptotic form Eq. (2.14) of the running coupling con- 

stant is gauge invariant, but its Feynman diagrammatic breakdown is com- 

pletely different in a covariant gauge(26). As a result, the physical 

mechanism behind asymptotic freedom is not as transparent as in Coulomb gauge. 
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The momentum space effective coupling constantas(-q2) is defined in terms 

of both propagator and vertex functions at a Euclidean momentum q"=qi- q2c 0. 
-cI 

If there are f quark flavors for which m << q, then 

a,(-42) = 
a 

?J 

1+ (Y - $f)$ Rn (-s2/u2) 

It is convenient to re-express a,(-q2) in the form 

CQ-s2) = IT 
(F-if) Rn (-q2/A2) 

(2.15) 

(2.16) 

where I\ = 11 exp [- ~r/(11/2 - f/3)uv]. This explicitly exhibits the fact that 

a,(-q2) dependsonlyon one parameter (01 and 1-1 are not independent). Amust 
lJ 

be determined experimentally, and then a,(-q2) is completely specified. 

2. APPLICATIONS OF ASYMPTOTIC FREEDOM It is only possible to directly con- 

front asymptotic freedom with experiment in those few situations where the 

measured quantity is sensitive only to the short distance behavior of QCD. 

The most important example is deep-inelastic electroproduction, where ap- 

proximate Bjorken scaling (40) at momentum transfers larger than l-2 GeV indi- 

cates that the theory is nearly free. In order to make this precise, that 

is, to truly isolate short distance behavior from the data, one must make use 

of the Wilson operator product expansion(41). An explanation of this for- 

malism falls beyond the purview of this paper and we simply summarize the 

situation: Short distance physics can indeed by isolated and the experimental 

data suggests thatas(-q2) < 1 for -q2 v- > l-2 GeV. Analyses of electroproduc- 

tion typically suggest a value of A around 500 MeV. This givesas(-q2) = 0.5 

2 
v- at -q N 2 GeV. 
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Another important application of asymptotic freedom is the total cross 

section for e+e- +hadrons (42). Moments of the cross section are related 

by dis;ersion relations to hadronic vacuum polarization at spacelike q2. 

This is sensitive only to short distance behavior and is therefore computable 

in perturbation theory for -q2 large enough. It has been conjectured that 

asymptotic freedom can be applied directly to o 
tot 

(e+e- +-hadrons) for 

q2 = w2 > 0 as though the final particles are quarks and gluons. This is 

true, at best, away from important thresholds such as charm-anticharm, and 

there the prediction for R(W) Eq. (2.1) is 

(2.17) 

This result can be stated in a somewhat more solid form by averaging R over 

an interval in W (44). But where R shows no rapid variation with W , 
', 

this shouldn't be necessary and Eq. (2.17) can be used reliably. The total 

cross section data is 

threshold, the errors 

complicates matters. 

perimental value of R 

still rather poor for these purposes(31-34).L;Abovecharm 

are large and the presence of the heavy r lepton(24) 

Below charm threshold (1 GeV < W < 3 GeV), the ex- 

is somewhat above the parton model value of CQt = 2. 
i 

About the best that can be said now is that the data are consistent with 

A Q 500 MeV. 

There are many other situations where asymptotic freedom plays at least 

some role. Some examples are high momentum transfer hadron-hadron scat- 

tering (45) and the AI = l/2 rule in nonleptonic weak decays (46). However, 

the short distance and long distance behavior of QCD cannot be clearly 

separated in these problems and they are perhaps less important for testing 

asymptotic freedom. There is one other possible application of asymptotic 
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freedom which is very important for heavy quark physics. The JI particle 

is very long-lived and it has been suggested that this can be understood 

as a consequence of asymptotic freedom(47) . This possibility will be dis- 

cussed in detail insection III, but we should emphasize here that if the 

narrow width of the $ can be explained in this way, a value ofus(H2)= 0.2 
YJ 

is required. Whether the analysis of electroproduction allows such a small 

effective coupling is not yet clear. 

3. BEYOND PERTURBATION THEORY A widespread hope is that the spectrum of 

QCD consists only of the color singlet hadrons observed in the laboratory. 

The underlying quarks and gluons would then not be among the asymptotic 

states, existing only as the constituents of hadrons. To demonstrate this 

and to compute the masses and other properties of hadrons starting from the 

QCD Lagrangian is an extraordinarily difficult and completely unsolved problem. 

A discussion of the many approaches to this problem is beyond the scope of 

this review and we shall only make a few comments to provide some perspective 

for the next sections. 

None of these conjectured features of QCD can be seen in perturbation 

theory. As the distance scale R increases, the effective coupling Eq. (2.14) 

or Eq. (2.16) increases and perturbation theory is no longer directly useful. 

One might hope that general properties could still be extracted from the 

perturbation expansions or that the series could be summed to deal with 

large distance effects, but even this seems unlikely. On the one hand, it 

can be shown that to any finite order of perturbation theory, there is no 

indication of confinement (48). The self-coupling of the gauge field sug- 

gests an infrared divergence structure much worse than QED, and one specula- 

tion was that this structure might have something to do with confinement. However, 
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it has been shown (48) that properly defined transition probabilities are 

infrared finite order by order in a renormalized coupling constant c1 . The 
?J 

situation is not unlike QED. 

As far as summing the expansion is concerned, there is every indication 

that the series is not convergent. In fact, it would appear that the series 

is not even Bore1 summable (.49) so that the perturbation expansion cannot be 

used to define the theory except for weak coupling. QCD is known to contain 

essential singularities at c1 = 0 even at the classical level. The 
l-r 

most important examples of this at the present are the instantons and other 

Euclidean field configurations with nontrivial topological structure (50). 

The ultimate role of these features of QCD in confinement is not yet known 

but they surely point up the inadequacy of perturbation theory. Perhaps the 

most ambitious attack on confinement and hadron structure has been the strong 

coupling expansion for QCD pioneered by Wilson(51). A short distance cut- 

off in the form of a spatial or space-time lattice eliminates the weakly 

coupled sector of the theory. A linear confining potential V(R)%R between 

quarks appears naturally as a consequence of the fact that the color electric 

flux is quantized on the lattice (52). The problem of taking the lattice 

spacing to zero is, however, unsolved and this is an important ingredient 

in computing the properties of hadrons on the lattice. The linear 

potential suggested by the lattice strong-coupling expansion has been applied 

rather successfully to charmonium spectrum computations; an-example of the 

interplay between charm and(in this case) suggested properties of QCD. 
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III CHARMONIUM AND BEYOND 
The discovery of narrow resonances in November 1974 had been anticipated 

theoretically (47). If charm was real, then narrow cc bound states should 

exist below the threshold for charm production and the name charmonium was 

suggested, in analogy to positronium. 

At the time it was, in fact, thought that the resemblance to positronium 

might be more than just an analogy (47,53). Asymptotic freedom says that at 

short distances (less than about l/5 fermi) the strong interactions should 

behave nearly like as/r with 01 
S 

= g2/4n < < 1 (but of course > > 11137). 

If the c and c were to spend most of their time within l/5 fermi of each 

other, then the similarity with positronium would become almost complete. 

It became clear, very quickly after the initial discoveries, that things were 

not going to be so simple. The radius of charmonium has turned out to be 

more like 1 fermi than l/5 fermi and the binding potential has a structure 

completely unlike the Coulomb potential of electrodynamics. Nevertheless, the 

qualitative resemblance to positronium is undeniable and the name charmonium 

has caught on. 

This section reviews in some detail the major areas of theoretical re- 

search into this charmonium system. After a brief survey of the experimental 

situation in Sec. III.A, we lay the groundwork for what we shall call the 

charmonium model (Sec. 1II.B). This is the atomic model of heavy (c) quarks 

bound in a static, confining potential which, together with asymptotic 

freedom applied to short-distance processes, describes the spectrum and decay 

widths of states in the cc-system. 
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The simplest version of the model is discussed in Sec. III.C, with 

special emphasis on the choice of a phenomenological potential and the spec- 

trum of states and transition probabilities resulting therefrom. At this 

naive level, the model already provides a fairly good description of the 

charmonium system with only two glaring exceptions--the even-charge-conjugation 

states at 2.83 and 3.45 GeV. The main attempts to go beyond the basic model, 

by incorporating effects of quark spin-dependence and of coupling CC states to 

charmed hadron decay channels, are reviewed critically in Sets. 1II.D and E. 

In both cases, we have tried to motivate the directions research has taken, 

evaluate the outcomes and, by stressing the shortcomings of existing%work, 

hopefully point the way for future improvement. Finally, Sec. 1II.F summarizes 

the straightforward applications of the potential model to bound systems of 

still heavier quarks. Here, the data is still too limited for critical evalua- 

tion of the theory, but we can look forward to rigorous experimental tests in 

just a year or two. 

Lack of space prevents our discussing other charmonium research topics. 

Most notable are the attempts to compute charmonium properties without re- 

course to a potential model. These include Regge-trajectory analysis of the 

- 

spectrum (54), a topological S-matrix approach to understanding the small 

hadronic widths of charmonium (55), and the use of dispersion relations to 

(a) derive sum rules between leptonic widths of charmonium levels and 

integrals over the charm contribution to R and (b) estimate two-photon widths 

of appropriate states by using sum rules derived from yy scattering (56). 
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A. EXPERIMENTAL OVERVIEW 

There are several excellent, up-to-date reviews (57, 58, 59) on the production 
-h 

and decay characteristics of the charmonium states (58 and 59 reference exper- 

mental work not cited explicitly here). We content ourselves here with a brief 

+- survey of what has been seen, with special emphasis on production via e e an- 

nihilation; for other production mechanisms of $/J, see Sec. VI. Table 1 summa- _ 

rises the known properties of charmonium. A level diagram5 is shown in Fig. 2. 

Except for the simultaneous discovery of $/J in e+e- annihilation at 

SLAC (18) and in proton-beryllium collisions at Brookhaven (19), all the 

charmonium levels- including narrow states below charm threshold (WC = 2MD0 = 

3.727 GeV) and broad ones above- have been discovered at the SLAC and DESY 

e+e- storage rings (SPEAR and DORIS). The experimental situation is 

incredibly beautiful and simple: States with J PC = l--, the quantum numbers 

+- _ of the photon, are produced directly and copiously as resonances in e e col- 

lisions; narrow states lying below $' (3684) and having even charge conjuga- 

tion are observed in radiative transitions, JI' -+ y X and $ + yX. It should 

be added that there remain additional charmonium levels to be discovered. An 

important one is the llP1 state with J PC +- = 1 , expected near 3.45 GeV. In 

+- 
ee annihilation, this could be observed (with difficulty) only in the reac- 

tion chain 

e+e- + $'(3684; Z3Sl) 
I 
L $(?; 2ls,) + Y 

hadrons . (3.1) 
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Table 1 

The properties of charmonium. All data is taken from Ref. 59 which cites 

original work. Question marks indicate unknown values. 

Particle IG(JPC) 

X(2830) ?+ ??(? ) 

$/J(3095) o-(1--) 

x(3415) 

x(3455) 

x(3550) 

+'(3684) 

o+(o++) 

o+(P) 

7+ 
??(?' ) 

0+(2*) 

o-(1--) 

j~"(3772) 

$(4028) 

YJ(4414) 

o- (17 

?(l--) 

?(l--) 

Mass 
(MeV) 

2830 t 30 

3098 5 3 

3413 rt 5 

3508 + 4 

3454 i- 7 

3552 t 6 

3684 -I 4 

3772 ir 6 

4028 !I 20 

4414 t 7 

Full Width 
(MeV) 

0.069+0.015 

? 

? 

0.228zLO.056 

2825 

TJ 50 

33+10 

Decay Mode 

YY 

e+e- 
u+f- 

Direct hadrons 
yX( 2830) 

yX(2830) -f 3-y 
yX(2830) +- ypp 

YJI (3095) 
Hadrons 

Y$ (3095) 
Hadrons 

YtJ (3095) 

YJI (3095) 
Hadrons 

e+e- 
!+I 

w ?T 
@TOT0 

h 
YX(3415) 
YX(3510) 
YX(3550) 
YX(3455) 

YX(3455) -+ YYQ 
yX( 2830) 

Direct hadrons 

e+e- 
DoDo 
D+D- 

e+e- 
Charmed mesons 

e+e- 

Fraction (X) 

> 0.7 

7.3 f 0.5 
7.3 2 0.5 

86 + 2 
< 1.7 

0.013 k 0.004 
< 0.004 

3&3 

35 + 16 

> 24 L!I 16 

14 2 9 

0.88 2 0.13 
0.88 2 0.13 
33.1 ?I 2.6 
15.9 5 2.8 

4.1 5 0.7 
7.3 t 1.7 
7.1t 1.9 
7.0 + 2.0 

< 2.5 
0.6 5 0.4 

< 1.0 
%9 

56 k '3 
44 5 3 

s 0.002 
'L 100 

0.0013+ 0.0003 
Charmed mesons TO 100 
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The most strikfng feature of states lying below WC is their very small 

total widths. In particular, first and second order electromagnetic decays 
c, 

such as $J' -f YX and J, -+ e+e- are competitive with strong-interaction decays 

such as Jo' -t ~JITT and $J + hadrons. If we assume that these high-mass mesons 

are CC bound states, it follows that decay to ordinary hadrons, not contain- 

ing charmed quarks, must proceed by mutual annihilation of the cc pair. The 

reluctance of any qq pair within a single hadron to annihilate, known as the 

Okubo-Zweig-Iizuka (OZI) rule (60), has been observed in the light hadrons 

for a long time. The most notable example is the suppressed decay Q (sg) -+ 

-7 
+- 

Tr TI" (all containing u, d quarks). This empirical rule could be a simple 

consequence of asymptotic freedom in the case of heavy quarks. 

Two features of e+e- annihilation make it ideal for discovery and study of 

the myriad of charmonium levels: First, 1 the energy in a single beam, Eb = 2 W 

(W = total center-of-mass energy), is known very precisely, to within 1-2 MeV. 

Second, the J PC = I--- states are produced at rest in the center of mass. To- 

gether, these allow very precise measurement of the mass of the directly pro- 

duced states. The even-C states below $' are produced by "sitting on" $'or $J, 

. 1 i.e., setting E For 
b = LM 

2 d-J’ 
or 2 M,,,, and observing their radiative decays. 

this, three methods have been used: 

I 1) Measurement of the invariant mass of the charged hadrons in decays 

such as 

d-J’ +-+- +TilT-TlT + missing neutrals, (3.2) 

corresponding, perhaps, to $' + x + y, x -+ 4rr. If a peak is found in the 

charged-hadron mass spectrum and if the mass of the missing neutral is con- 

sistent with its being a photon (rather than a TO), a fairly precise deter- 

mination of the x-mass results by constraining the mass of the parent to be 
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M*j and that of the neutral to be zero. The X(2830) was found by a similar 

method (61), but with all neutral particles; in particular, this state has 

been see; only in the decay chain 

q~ -+ y + X(2830); X(2830) -t yy . (3.3) 

Therefore, all we know about this meson is that it has even C and cannot have 

2) Measurement of the inclusive photon energy distribution in+"+ y 

+ anything and I/J + y + anything. Here, the photon is definitely identified 

and its energy measured, usually with an energy resolution of (5-10%)/)/Fy(in GeV). 

Peaks in this distribution correspond to JI or +' + y + a narrow C = +l state. 

To date, only the states x(3415), X(3510), and X(3550) have been detected by 

this method (as well as by the other two). 

3) Observation of the double-cascade process, 

9)’ -t YXG x+-y** (3.4) 

Here, both photons are detected, their energies measured, and the 9 is identi- 

fied by its decay to e+e-. There is a potential ambiguity in determining the 

X mass because one does not know which photon came first in a given event of 

this type; The ambiguity is resolved neatly by plotting the two possible values 

of the $y invariant mass. The wrong solution shows a characteristic 

Doppler broadening induced by the motion of the x. In addition to the 

well-established states at 3414, 3508, and 3552 MeV, this method has revealed 

the existence of a fourth intermediate state, x(3455) (21), Seen in-no 

other way, the only known decay mode of this even-C state is x(3455)+y$. 

The comparative ease of detecting and identifying JI and x decay products 

f- 
in e e annihilation makes it also the best method for determining their 

spin-parities and branching fractions to individual final states. An 
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outstanding example of this is the determination J PC = 1-- for $ and $', as- 

signments which are not obvious a priori. This was done by observing 

the charzcteristic destructive interference, just below W = M$,$,, between 

+- +- 
ee +y VW u 

(YV 
= virtual photon) 

and 
+- 

ee +y 
V 

+$,$‘+y -+?Jt- 
V 

The assignments of Jp = o+ to x0 =x(3415), Jp = l+ to xl = x(3510), and 

Jp = 2+ to x2 = x(3550) are based on the following considerations (62): 

-(i) x0 and x2 decay to .lr+v- and K+K- and, therefore, both states have natural 

spin-parity; these modes have not been observed for xl, consistent with the 1 + 

assignment. (ii) the angular distribution of the photon in $' -t yx is well- 
0 

fit by 1 + cos20, which is expected for J = 0. The angular distributions 

1 - l/3 cos20 for J = 1 and 1 + & cos20 for J = 2 are consistent with the 

rather meager measurements for xl and x2, respectively. 

Finally, the normal hadronic widths, %10's of MeV, of the directly-produced 

resonances above $'(3684) are further dramatic confirmation of the OZI rule. 

Here, the charmed quarks need no longer annihilate since it is energetically 

possible for them to 

D, D", F, F", and so 

it to say that these 

emerge (together with light quarks) as the charmed mesons 

on. All this will be discussed in Section IV. Suffice 

broad charmonium resonances were solely responsible for 

the unambiguous isolation of charmed mesons. 

B. FOUNDATIONS OF THE CHARMONIUM MODEL 

Perhaps the most important feature of the charmonium spectrum in Fig. 2 is the 

fact that the level spacings are very small compared to the overall mass scale 

of the system. This suggests, at least for the states below charm threshold, 

that the system is nonrelativistic, with excitation energies small compared to 
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the masses of the constituents, This is something completely new in strong 

interaction physics, and a great deal of theoretical work has gone into analyzing 

this syzem using a nonrelativistic SchrEdinger equation formalism (63,64). 

In retrospect, this approach is somewhat too naive, especially with regard 

to the assumption of spin independence of the dominant cc interaction. The 

hyperfine splitting is not much smaller than the radial and orbital excitation 

energies. Nevertheless, the model has, at the very least, been a powerful pre- 

dictive guide to the qualitative features of charmed quark physics. 

The other aspect of the charmonium model is the attempt to understand the 

narrowness of the states below charm threshold as a consequence of asymptotic 

freedom. We shall now discuss the theoretical basis for this possibility in 

some detail, but it is important to keep in mind that it is largely a separate 

issue from the energy level structure. There, it is clear from Fig. 2 that 

without a solution to QCD in the strong coupling regime, some phenomenological 

input is necessary. In the case of the decay widths, there is the possibility 

that perturbation theory may be directly relevant. 

The idea is basically that with cc annihilation into light hadrons pro- 

ceeding through gluons, the decay will be inhibited since the effective gluon 

coupling constant should be small at high energies (47,65). The dominant con- 

tribution will come from the minimum number of intermediate gluons which de- 

pends upon the quantum numbers of the charmonium state. Some rather striking 

experimental predictions can be made on the basis of this "gluon counting"; 

these will be discussed in Sec. 1II.C. 

Consider the decay of the $ 3 
( ) sl. state. Its dominant electromagnetic decay 

is shown in Fig. 3. The cc pair must come together to annihilate into the 

virtual photon, and if the bound state is nonrelativistic, then, to first 
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approximation, the decay width will be given by 

r ($ + a+c> = -c, 
4u2 (2/3)2 p,u(o> 12 

M2 
(3.6) 

The charge of the charmed quark is 2/3 lel, and M is the charmonium mass. Y(0) 

is the nonrelativistic radial wave function at the origin, and one cannot ex- 

pect to be able to compute it in perturbation theory. The reason for this is 

that the mean radius (r) of charmonium is on the order of one fermi, a distance 

scale at which the effective coupling strength for the binding has become large. 

Thus, Y(O!) will be determined in part by the nonperturbative, long range part 

.of the potential. The hadronic decay of the + must proceed through a minimum 

of three gluons. If this is indeed the dominant contribution, that is to say, 

if perturbation theory is truly relevant to this problem, the decay will pro- 

ceed as shown in Fig. 4. The cc annihilation will be essentially local (on the 

order of l/m << (r) ). 
C 

The computation of the decay matrix element is then 

done in analogy to the parton model computation of atot (e+e- + hadrons) as if 

the final state consisted of three on-mass-shell gluons. This amounts to the 

statement that the transition from the three gluon state into physical hadrons 

takes place with unit probability. A more satisfying theoretical justifica- 

tion of the three gluon mechanism can be given and we will turn to it shortly. 

If the mechanism just described is correct, then the total hadronic width of 

the JI is given by (65). 

4o 
a3 (M2) 

r(J, + hadrons) = -(IT 
81~~ 

2-9) s M2 WI2 (3.7) 

The strong coupling constant is defined at the $ mass and, as before, Y(0) is 

the nonrelativistic wave function at the origin. 

Before proceeding to the comparison of these expressions with experiment, 

we sketch the analysis that underlies Eq. 3.7. A necessary condition for 
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the applicability of lowest order perturbation theory is that no large dynam- 

ical factors enter in higher orders to make the expansion break down. One 

must an^alyze the quantity $M,; -t n] 
2 

where n is some quark-gluon final state. 

M is the decay matrix element and is defined to be two-particle (cc) irreducible 

in the decay channel. Two-particle reducible contributions are absorbed into 

the definition of the wave function. If it can be shown that $M,; ~ ,I 2 
is 

free of infrared singularities for the cc pair at rest, then there can be no 

large dynamical factors. This is because the result will involve no small energy 

or momentum factors, only the (large) charm quark mass and the (large) renor- 

-malization scale. The infrared finiteness through order CX~ (the lowest order 

is u3s) for JI decay has been checked and it is conjectured to be true to all 

orders. It is technically simpler to use the Coulomb rather than covariant 

gauges in this analysis. 

We make one last point before proceeding. The infrared analysis is neces- 

sary but not sufficient. It could well be that threshold singularities in 

high orders, or even completely nonperturbative effects prevent the use of per- 

turbation theory in this simple way. The use of asymptotic freedom to explain 

the OZI rule is speculative. It is on much less solid footing than the con- 

ventionaldeep Euclidean application or even the direct computation of 

+- 
Otot (e e -+ hadrons), since there the production is truly local, coming from 

the off-shell photon. 
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I 
/ C. THE BASIC CHARYMONIUM MODEL 

To go beyond qualitative predictions, a model of the c-c interaction is neces- 
-r, 

s-y, and it is natural to realize this in terms of an instantaneous, central 

potential, Vo(r). Such a model presupposes that, to a first approximation, 

one may neglect the influences of spin-dependent forces and of nearby open de- 

cay channels on spectroscopy and decay rates. The attempts to incorporate 

these effects in the basic model will be described in Sections III. D and E. 

A simple possibility for Vo, motivated by asymptotic freedom at short c-c 

-- 

separations and quark confinement at large ones, is (66,63,64). 

(3.8) 

Asymptotic freedom tells us to expect a rather small short-distance coupling, 

say K Q 0.2 The choice of linear confining term is suggested by the lattice 

gauge theory (51,52) and the dual string model (67). Then l/a2 is related 

to the Regge slope and is l/a2 z 1 GeV/fm = 0.2 (GeV)2. The third parameter 

of this model is the charmed quark mass, which is expected to be mc=M 
4J 

/2= 1.5GeV. 

We emphasize that these parameters are purely phenomenological. For example, 

m -IL 
C 

is really the strength of the kinetic energy term in the cc Hamiltonian, 

and not necessarily equal to half the difference between the mass of a state 

and its energy eigenvalue. 
6 

Thus, within the general guidelines set by the 

above expectations, the three parameters will be determined by fitting to se- 

lected pieces of data. When this model is applied to bound systems of heavier 

quarks, the T for example, it is presumed that only the quark mass will change 

substantially; K may decrease slightly, while the linear potential strength 

a -2 is thought to be independent of the quark mass.(37). 

A final word about this choice of Vo: From a purely phenomenological point 

of view, other forms may be equally reasonable and give as acceptable an account 
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of the data. The advantages of V. are that it is well-motivated and that it 

contains the minimum number of parameters needed to reach agreement with the 

, 
observed spectra and decay rates in charmonium. There is evidence that V. does 

not adequately describe the T spectrum (23,57), and some possible modifications 

will be discussed in Sec. 1II.F. 

To obtain a "best" overall description of charmonium data, Eichten et al 

(63,681 choose parameters K, a, and m 
C 

by (1) fitting to the +'-j~ mass dif- .- 

ference, (2) taking the electronic width of $ to be 5.3 keV, one standard 

deviation above the measured value of 4.820.5 keV, and (3) constraining 1.5 GeV 

<m .w C 
(2.0 GeV and 0.1 <,K< 0.4. These constraints are consistent with the 

notion of heavy constituents moving nonrelativistically and with weak short- 

range interactions. Acceptable results are obtained with a range of param- 

eters, and their preferred choice is 

m = 1.65 GeV, -1 a=2.07GeV , K = 0.132. 
C 

(3.9) 

A check on the self-consistency of the nonrelativistic approximation is pro- 

vided by the mean-squared quark velocity in the 1s and 2s states; these are 

( > V2 = 0.17 and 0.28, respectively. It is worth emphasizing that the Coulomb 

part of the potential, although the most certain feature according to QCD, may 

not be very meaningful for charmonium. For this value of K, it only becomes 

important below distance scales Qrn -1 
c ' where a nonrelativistic potential pic- 

ture ceases to be sensible. 

CHARMONIUM SPECTRUM The most important consequence of the existence of a con- 

fining potential (of almost any shape) between c and c is that there will be -. 
3 P-states lying between the 3 S-states, $ and $'(63,64,69,70), The 'reason for this 

is simple. Recalling that, in a purely Coulomb potential, the 2s and 1P states 

are degenerate, it is clear that the presence of a confining term will impart 
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a greater kinetic energy to the 2s state, with its one radial node, than to the lP, 

which has only an orbital node, thus lifting the degeneracy. The same remark 

applies Tb the relative ordering of 3S, 2P, and 1D states, and so only the 

amount of this splitting depends on details of the potential and quark mass. 

In charmonium, we are in an extremely fortunate position to observe this con- 

sequence of quark confinement because, lying below the OZI-allowed decay 

threshold, 2MD, the 13P states, like $ and JI', will be unusually narrow. 

Furthermore, they have even charge conjugation (C = +l), and so may be detected 

by radiative transitions from $' and, if narrow enough, down to $. Again, 

-branching ratios will depend,on details of the model, but the existence of 

these states and their mode of observation is inescapable. 

Using the potential V. with parameters Eq. (3.9), the Schrodinger equation 

may be numerically integrated to obtain the spectrum of low-lying spin-triplet 

states shown in Table 2 (68), together with the most likely candidates for these 

states. A number of explanatory remarks are in order: (1) For brevity only those 

states even remotely accessible to existing experimental techniques have been in- 

cluded. (2) With the neglect of spin-dependent forces, spin-singlet states such as 

% = l's0 and llPl would be degenerate with the predicted center-of-gravity 

(c.0.g.) of the corresponding triplet states. And, by adjusting the constant zero 

of energy to give the correct 11 mass, that constant subsumes some of the hyper- 

fine interaction (a 31*-&2) for the low-lying 3 S-states. (3) As noted pre- 

viously, the evidence is fairly strong in favor of the assignment of x 0=x(3415), 

x1 = x(3510), and x2 = x(3550) to l'PO 1 2 respectively; the c.o.g. of these 
, , 

levels is 3522-+ 5 MeV, somewhat higher than predicted. (4) Most model calcula- 

tions of the splitting among the 13DJ levels expect it to be smaller than that 

observed for the 13PJ (see the next section), so that all three of these L = 2 

states may be fairly close to the mass of $(3772) = l'Dl. (5) The region 
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Table 2. 

Predicted (68) and observed spin-triplet charmonium levels. Assignment of 

J/(4028) to 33S,, existence of $(4160) and its assignment to 23Dl are open to 
L 

question, 

State n3LJ(JPC) 

23s,(l--) 

13DJ(l--,2--,3--) 

23P,(o++,l++,2*) 

43sl(l--) 

Predicted Mass (MeV) 

3095 (Input) 

3457 

3684 (Input) 

3755 

3957 

4157 

4204 

4567 

Candidate (Measured Mass) 

YJ (3095) 

x0 1 2(3522 + 5) 
3 z 

+'(3684) 

$(3772) = 13Dl 

Above charm threshold; 
difficult to produce. 

~4 (4028) 

$(4160) = 23Dl 

$(4414) 
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between c.m. energy W = 4.0 and 4.3 GeV in e+e- annihilation is quite compli- 

cated (see Sec. 1II.E) and difficult to interpret. It is obvious that the 
-P, 

peak +(4028) is a resonance and, within the charmonium model, is assigned to the 
n 

3'Sl level. If it should become equally clear that the enhancement at W= 4.16GeV 

is a resonance, the candidate assignment is 23D 1' That both these states and 

the $(4414), assigned to 43Sl, appear Q, 150 MeV lower than predicted shows that 

the approximations underlying the model are breaking down. Another sign of this 

is the sizeable electronic width, %.2- .4 keV, of +(3772). In the nonrelativ- 

istic potential model, Te 0~ /Y(O) 

.served electronic width is fairly 

and will be discussed in Sec. III 

I2 vanishes for all but 3Sl states. The ob- 

well understood as a coupled-channel effect, 

CHAIiMONIUM TRANSITION RATES A great deal can be said about the decay rates and 

branching ratios of the charmonium levels (below Db threshold), most of which 

requires some knowledge of the bound state wave functions.- The rates that can 

be computed in the nonrelativistic model fall into two classes: those that de- 

pend on the wave function at very short cs separations (electronic, two-photon, 

and the hadronic widths obtained from gluon counting), and those that involve 

overlaps of radial wave functions (El and Ml radiative widths). The reader 

should be-aware of what is being neglected in these calculations. Those in- 

volving the wave function y,(r) near r = 0 certainly ignore possibly important 

relativistic and quantum effects such as spin dependence and pair creation, as 

well as the mixing among states (e.g. 23S1 and 13Dl) induced-by coupling to 

decay channels. The second type of calculation does not include almost certain 

reductions in the overlap integral due to differing gluon distributions in the 

initial and final states, nor does it take account of the spin-dependent and 

mixing effects noted above. Finally, the charmonium model has very little to 

say on the important question of $' + $ITT (and T' + TUT, Tn) because the rather 
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low momentum imparted to the ~~~oorrl makes gluon counting especially dubious. 

See, however, Gottfried (71) for scaling rules for these decays. 
h 

The leptonic decay width is readily computed from the graph in Fig 3. If 

Q is the charge of the quark q, Mno the mass of the J PC = 1-- states n 3sl, 

Y,,(O) its radial wave function at the origin, and mA-the mass of the charged 

lepton, the result is (72) 

T(n3S1+R+R-) = 4Q202!r;;'2 (+z)k-$j (3.10) - 

The terms involving mR are relevant for decays such as $' + r+T-and T -f r+r-. 

The rates for the OZI-forbidden direct hadronic decays of heavy-quark systems 

via annihilation to the minimum possible number of gluons can be computed from 

graphs as in Fig. 4. The results are (to lowest order in quark velocity) 

(65,73) 

40 l'(n3Sl + hadrons) = - 811~ N2 
_ g) o3 lYno(0)12 

S 

M2n0 ' 

I'(n'S 8 2 + hadrons) = - cx. 
lYno(0)12 

0 3 s 
Mio ' 

I'(n3Po -+ hadrons) = 96 a2s 

ML ' 

I'(n3Pl + hadrons) = 

128 
T(n3P2 + hadrons) = 5 01 

2 ly;l,(“)l 2 
, 

(3.11) 

(3.12) 

(3.13) 

(3.14) 

(3.15) 

(3.16) 
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a s is evaluated at the bound state mass M nL' and YAL(0) is the slope of the radial 

wave fu,ction at r = 0. The rate for I$ 
nL 

to decay directly to a photon plus 

hadrons may also be obtained from gluon counting; the formula is (69,74) 

3 I'(n Sl+ y + hadrons) = 2 (n2 - 9) a', ctQ2 
I Yno(0) I 2 

MHO 

(3.17) 

Two more direct decay widths, not involving gluon counting but of great impor- 

tance nonetheless, are 

P(n3Sl + y -t hadrons) = RBKGD r (n3sl -+ e+e-) . 

r (n's0 + yy) = 12 Q402 
I yno (0) I 2 

M2 n0 

= 4 Q4 (f-)2 l'(nlSo -t hadrons) 
S 

(3.18) 

(3.19a) 

(3.19b) 

where R BKGD. is the value of R just off the resonance peak. 

Note that Eq. (3.19a) involves only the short distance (positronium-like) 

assumption, while Eq. (3.19b) involves the much stronger gluon-counting assump- 

tion. The two-photon width of 
3 PO and 3P2 states is related to their hadronic 

(2 gluon)-widths by the same factor, 9Q4a2/2a2, as for ‘So states. To the ex- 
S 

tent that wave functions are independent of total quark spin and angular mo- 

mentum S = % + 2 (for fixed n,L), we have 

P(n3Sl-+ hadrons)/P(nlSo 
5(lT2 - 9)a 

+ hadrons) = 
S 

27~r - 

and 

I'(n3Po + hadrons):P(n3Pl -f hadrons): P(n3P2 -t hadrons) 

4a 
= 1: -$--En 

(3.20) 

(3.21) 
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The formulae Eq, (3.14) and (3.16) for 3Pl, 'Pl + hadrons deserve some comment. 

In the spirit of gluon counting, a spin-one state cannot decay to two massless, 

on-shellgluons, and so we expect these rates to be O(ai), not O(oi)(73,75). 

In particular, Xl should be the narrowest of the 3PJ levels. In an actual cal- 

culation of these rates (73), the dominant contribution involves the ex- 

hibited logarithm, due to a threshold singularity at 2mc = M . 
Xl 

Such a large 

logarithm is always worrisome in QCD calculations, since it may signal the break- 

down of perturbation theory. So it is difficult to take these results too 

seriously beyond the reasonable (and conservative) guess that I'(3Pl + hadrons) 

+ hadrons). 

The predictions of these formulae for the charmonium system are listed in 

Table 3. Experimental comparisons are best delayed until the discussions of 

radiative transition rates. The value of as used here is determined by fitting 

t to the total width of Jo, 

r (Ic, -f all > gT$++ efe-) [2 + RBKGD] + P($ + hadrons) + P(lC, -f y + hadrons) 

= (692 15) keV , (3.22) 

where the small width for $ -+ y X(2830) has been ignored. Using RBKGD % 2.2 

(58,59) and r (4~ + e+e-) = 5.3 keV gives 7 

as CM+) :: 0.19 (3.23) 

The wave functions for states other than Jo are determined using the param- 

eters in Eq. (3.9). 

The important qualitative features of these calculations are: (1) The 

ground-state pseudoscalar nc is expected to have a total width in the MeV 

range, about 100 times greater than the width of $, and its branching ratio 
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Table 3 

Direct decays in charmonium, calculated from Eqs. 3.10-3.21. r(x, -+ all) = 

T(xJ + hadrons) + I' 
y (x J +$), I'(~jg -t all) = r(n' -f hadrons) + T(qi + D,Tw), and 

C 

Mode 

?-L -+ hadrons 

% -+ YY 

$+y+hadrons 

xO 
+ hadrons 

xO + Y-Y 

Xl + hadrons 

x2 + hadrons 480 48 

x2 + YY 

% + hadrons 

% -+ YY 

w " + hadrons 

+- 
w I’+ e e 

$'+y+hadrons 

are assumed. 

Rate (keV) 

5.1 x lo3 

7.1 

6.1 

1.8 x 10 3 

2.5 

105 

0.66 

3.3 x lo3 

4.5 

31 

3.4 

3.9 

Branching Ratio (X) 

100 

0.14 

8.0 

90 

0.13 

21 

6.6 x 10 -2 

97 

0.13 

14 

1.5 

1.7 
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to two photons should be %lO- . Similar remarks apply to its first radial 

excitation n*, 
- c 

which may also decay to nc + TX (presumably, r(ni + T~~TITI) 

= r(q’ + 11)~~ >>. (2) As discussed above, gluon, counting implies that 
3 
Pl and 

1 Pl have considerably less hadronic width than 
3 

PO and 3P2. An immediate con- 

sequence is that the branching ratio B($' + x,y) B(xJ + +y) should be largest 

+I- for the 1 state xl. (3) The potential model predicts 

r(v + e+e-) = 3.4 keV and P($' + 3 gluons -t hadrons ) =31keV , 

both in fair agreement with the measured values (59), 2.0 keV and w 20 keV. 

respectively. These results lend some support to both the presence of a linear 

confining term in V 0 ( since for K = 0, lYlo(0)l = (ul,,(O)/) and to the gluon- 

counting calculation of the direct hadronic width. 

We turn now to the radiative decays. The El transition rate between 

S- and P-wave states having the same total quark spin is _ 

r (s - P) = 
Y 

Q2crlEifi2 u3 , (3.24) 

where w is the photon energy, Ji(Jf) the total angular momentum of the initial 

(final) state, Q = $ for charmed quarks, and E if is the transition dipole matrix 

element, 

E = / 
m2 

if r 
0 

dry i(r) yf(r) r (3.25) 

Here, vi f are initial (final) state radial wave functions. -El rates between 
3 

3 Dl and 3PJ states are given by 

(3.26) 
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where D if = 1, l/4, l/100 for J = 0, 1, 2 respectively. For the charmonium 

I 

system, the 13Dl state lies above charm threshold and so it has a very small 

branching ratio to xJ + y. Therefore, Eq. (3.26) is useful only indirectly, 

through the mixing between 23S and 13D l( see Sec. 1II.E). In the 'I' and heav- 
. 

ier quark bound systems, however, there is an excellent chance for direct ob- 

servation of the 3D * 3 
1 *J El transitions. 

The Ml transition rate between 3 S1 and 'So, states is taken to be 

ry(3~l +-+ Iso) = +$ (2Jf+1)(&)2 a /Mif12 w3 
4 

(3.27) 

where a Dirac moment is assumed for the quark, and 

M = if / 
r2dr j0(ur/2) Yi(r> Yf(r) (3.28) 

For the “allowed" Ml transitions between hyperfine partners, Mif is very 

nearly unity because Y i = Yf and uCr; if'2 CC 1, so that j, = 1. For the 

same reason Ml transitions between S states corresponding to different radial 

quantum numbers ni # nf are strongly suppressed. It is still true that 

w(r>if/2 << 1, and 

M iA2 
if 

z -- 
24 r2dr Yi (r) Yf (r) r2 << 1 (i#f> (3.29) 

The immediate consequence is that the "hindered" Ml transitions $*(23Sl) + 

rlc(llSo) + Y and nc(2’S& -+ $(13Sl) + y are expected to be very rare compared 

to allowed Ml and El transitions. 

The predictions of the potential model for El rates and branching fractions 

are compared with experimental observations in Table 4. Following the custom 

of traditional spectroscopy, experimental values of the x masses are used so 

that what is being tested here is the theoretical strength Ty/w3. 
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Table 4 

El decays in charmonium for theory (68) and experiment (59). Predicted total 

widths far x 
0,1,2 

of 2.0, 0.5 and 1.0 MeV, respectively have been assumed. 

Datum Theory Experiment 
(keV for ry) 

rpv + x2> 27 16 2 9 

ry (JI’ + x1) 38 16 I! 8 

ryw + x0) 44 16 2 9 

yx2 + $1 525 -- 

7x2 + $1 52% 14 + 9% 

yxl + $1 395 -- 

By(xl + $1 79% 35 I!Y 16% 

r (X -9) 190 -- 
Y 0 

By(xo + IJ) 9.5% 3 + 3% 
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Given the naivetg of the simple potential model, the agreement is rather 

good, with theory lying within l-2 standard deviations of experiment. Especially 

noteworThy are: (1) The normalized experimental rates are (with large errors) 

(59) 

r (V -+ YX2) r (v -f YX~) r 64’ -f YX~> 

3 u; 
: = 

3 1 : 0.7 : 0.6 , (3.30) 

wO 

with unity expected for pure El transitions from 
3 s1 to 3PJ states. (2) The 

measured branching ratios for XJ -f yJ, are quite consistent with predictions 

based on both the potential model and gluon counting for the X hadronic widths, 

with X 1 considerably more narrow than X0 and X2. These facts strengthen the 

J* assignments discussed in Sec. 1II.A. 

The Ml transition rates are compared with experiment in Table 5, where we 

have made the tentative assignments of X(2830) = nc(llSo) and X(3455) = nc(2'S,). 

If these identifications turn out to be correct, they will represent a serious 

failure of the charmonium model: 

(1) From Table 1 , 

B($ -+ X(283O)y) B(X -+ YY) = 1.3 + 0.4 x IO-~ (3.31a) 

B($ + ~(2830)~) < .017 (90% confidence level) (3.31b) 

From these, one infers 

B(X(2830) -+ yy) z 7 x lO-3 (3.31c) 

which is at least a factor of five larger than the predicted value (Table 3). 

This is to be contrasted with the apparent success of calculated direct decay 

rates for the 3P states and for $'. 

(2) The model fails by at least an order of magnitude in predicting 
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Table 5 

Ml decays in charmonium. Observed total widths of $J and $' (Table 1) and 

predictzd total widths of nc and qi (Table 2) are used in determining branch- 

ing ratios. 

Datum Theory 

26 keV 

37% 

0.052% 

1.9 keV 

0.83% 

1.2 x lo-3% 

17 keV 

7.5% 

1.0 x 10-2% 

0.53 keV 

1.6 x 10-2% 

1.2 x 10-3% 

Experiment 

< 1.2 keV 

< 1.7% 

0.013 + 0.004% 

< 2.3 keV 

< 1.0% 

< 3.4 x 10-l 

< 5.7. keV 

< 2.5% 

< 3.1 x lo-2% 

z 24 k 16% 

0.6 + 0.4% 
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dJ -t YT,. This is especially puzzling when one recalls that Ml transitions 

among the light mesons are fairly well-described by the nonrelativistic quark 

model (72,76). Particularly relevant to JI + ync are the predictions 

I?($- + yn=) = 70 keV and r($ -t y.rr') = 6.9 keV, to be compared to the measured 

widths of 82 + 16 keV and 5.7 + 2.0 keV, respectively. To add to the puzzle, 

there is the apparently successful prediction of a strongly suppressed $*+ync 

transition. 

(3) While the prediction B($' + ync) = 0.075 is only three times 

larger than the observed branching ratio limit, the inferred lower limit, 

B(n; + YdJ) > 0.15, is 2-3 orders of magnitude greater than what one expects 

theoretically for this hindered Ml transition. 

If X(2830) really is the nc, the resolution to these difficulties must lie 

partly in correcting the assumption of identical radial wave functions for 

$andn i.e. 
C’ 

that gluons play an important role in suppressing both the Ml 

overlap integral and r(nc + 2 gluons)/p(nc -t yy). On the other hand, given 

the successes of gluon counting for direct decays of spin-triplet states, the 

verified suppression of the hindered Ml transition $' + ync, and the experimental 

fact that I'($ -t ync) < 1 keV, there is no way to understand the identification 

x(3455) = l-i- c with such a large branching ratio to y$. 

It is always possible, of course, that nc and nc ' have not been discovered 

yet and that they lie 5 100 MeV below their hyperfine partners, as originally 

expected (47,53). In that case, theoretical estimates of the Ml rates 

are greatly reduced and, in fact, lie within experimental limits for states at 

such masses. 

The natural question then is: What are these two states? Various conjectures 

abound including: (i) They are four-quark (ccqi) ormolecular states (nc and no 

bound in an S wave, say) (77) or, perhapscc stateswith a gluon excitation(78) 

There are no convincing models for such relatively low-mass systems which are 

not pure cc, much less the ability to make convincing estimates of transition 
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rates. Such techniques are sorely needed. 

(&i) Another interesting speculation 

(79). If this is the case, H certainly does 

is that they are Higgs mesons H 

not have the "conventional" 

coupling to quarks $ G % m 
F 4' 

for then one would estimate (with mc= M 
ip,P 

ww- -f YH) 
2 

_ GF"J,,$* 
2 2 

M'&$*(MJ,,II,0 - ?I) 2 lo-4 

r (*,v + e+F'_-) &TTcx (&- + <j2 
(3.32) 

Not only does one need the coupling of H to charmed quarks to be anomalously 

large, but the coupling to light quarks must be anomalously small if H-f yy is 

to be a sizable decay mode (80). (Actually, x(3455) = H -+ @y might be a 

dominant decay mode of a more-or-less conventional Higgs meson.) 

(iii) One final possibility, suggested by Harari (81), is that 

x(3455) is the 1 D2 level of charmonium. Because of the strongly hindered nature 

of 3Sl+ 'D2 radiative transitions, such a possibility is viable only if$'and $ 

contain a sizable admixture (% 5-10%) of 3Dl and if I'('D, += hadrons) = I'(+ -f 

hadrons) (82). Perhaps the most serious objection to this identification, 

based as it is on the presumed large splitting between all triplet and singlet 

states of -given L, is that I'($' -+ yni) is expected to be %lO P(+" + ylD2) and 

yet, on this hypothesis, T-I' c has not been seen yet. 

To summarize: While the basic model gives a very good qualitative, and 

creditable quantitative, description of the spectrum and transition rates of the 

spin-triplet charmonium levels, it fails to account for practically all observed 

features of the proposed singlet levels. Either something very important (and 

largely unknown) is missing from the model or, more happily, the model is telling 

us that new degrees of freedomwhich it was never intended to handle-have 

been discovered. 
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D. INCLUDING SPIN DEPENDENCE 

Even before the states between $ and $' were discovered and their splittings 

measured; many people began trying to incorporate quark spin dependence into 

the charmonium model. The very earliest work utilizing a Coulomb model (47,53,69) 

was much too naive and soon abandoned. However, the nonrelativistic character 

of the low-lying c'c states suggested that the Bethe-Salpeter equation would be 

a useful formalism and that some analog of the Breit-Fermi Hamiltonian for 

positronium would continue to be relevant. Almost nothing was known about the 

structure of the Bethe-Salpeter kernel and some educated guesses were needed 

to make the computation of splittings possible. Some perturbation- theoretic 

analyses of QCD already suggested that the spin-dependent part of the Hamiltonian 

would be strongly modified away from a Coulomb form just as the spin-independent 

confining part is (83). These same investigations further indicated that 

the modifications of the two pieces might not be simply related. 

One early guess, however, was that the spin-dependent interaction would have 

only a short-range Coulomb-type structure (84). Very small fine structure 

splittings were predicted, such as M 
IJ 

- Mq; 30 MeV and M(3P2) - M(3Pl) = S-10 

MeV. This is in sharp disagreement with experiment, and such an approach now 

seems inadequate. In particular, Johnson (85) has recently emphasized that 

at least one part of the spin effect is necessarily long range, namely that 

part of the spin-orbit interaction arising from Thomas precession (see Eq. (3.37) 

below). Indeed, almost all treatments of the spin forces in charmonium have 

focussed on the long-range part of the cc interaction. One exception is the 

model of Celmaster et al (86), mentioned below in Sec. 1II.F. They assume 

an r-dependent short-distance coupling k(r), whose form is suggested by asymptotic 

freedom, and use VA F (r) = - K(r)/r to g enerate the Breit-Fermi interaction. . . 

Although they obtained much larger splittings than in Ref. 84 (see Table 6). 
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they have neglected to take account of the long-range contribution from 

Thomas precession. 

The most popular approach, pioneered by Schnitzer (87) and by Pumplin, 

Repko, and Sato (88), and since generalized by many authors (89), has 

been to assume that heavy quark binding is effectively due to "single gluon 

exchange with renormalization group improvement", summarized by an instan- 

taneous Bethe-Salpeter kernel consisting of vector and scalar interaction 

terms: 

V coul.(X2)~~ Y2l.l + v$i2) I';(k) T2,W + Vs&2d4t2 (3.33) 

The subscripts 1 and 2 refer to the c and c quarks, 12. is a unit matrix in 

Dirac space, k is the 4-momentum carried by the exchanged gluon, and (with 

I'(k) = yv - -& o kv 
c uv 

where A is the color magnetic moment of the quark-an adjustable parameter. 

In the spin-independent, nonrelativistic limit of this interaction, the 

potential is 

vO 
=v coul +vv+vs * (3.35) 

In most discussions, it has been assumed that 

vV 
= rl Vlin 

vS 
= (1-n) Vlin (3.36) 

where V lin is the linear confining potential, r/a2 in coordinate space, and n 

is another adjustable parameter. 

Having made the ansatz, Eqs. (3.33)-(3.36), these authors then obtained the 

spin-dependent potential by following the same steps by which one converts the 
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kernel for posktronium into the Breit interaction. The result is: 

dV -+ 
V 1 dV %+4(1+x)$ -&- - 4 r dr" ' 1 

hK 6(q) + (1+x)2 02vv(r) 1 zl’ z2 

+r dVV d2vV -- 
r dr dr2 1 s12 (3.37a) 

where 

%2 = 3 ;,.; z,.; - G1.S2 

(3.373) 

The last term in the spin-orbit part of V spin is the Thomas precession contribu- 

tion, and contains the only influence of the scalar interaction on spin-dependence. 

For the potentials in Eq. (3.36), Vspin is given by 

V spin(r) = -+ I 3+ + L2 (n(3+4A) - (l-n)) "L * 2 
2mc Lr ra 1 

\ 

2 +- 
3m2 

4TK 6(T) +a++X)2 s; . z2 
ra 

C 
1 

(3.38) 

When used perturbatively, this interaction generates the following mass 

formulae (below, ML = bare mass of the level $nL determined by Vo, and 

+-c)L = &J r-7 +nL) : 
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M(3Sl) = MO + + 
6m 

4T K liyno(o) I2 + 2(1+h)2 {aw2 

c 

M('So) = MO - 1 
4Tf K /Yno(0)12 + 2(1+X)2 na,-2(r-1)0 

M(3P2) = Ml + c 17 K.3-‘>1 + [(9t13h+$ h2) ?-I- -$(l-nj .aw2 (r-‘>/ 

M(3Pl) = Ml -t 

M(3Po) = MI - -+- 
m 

c [K G-3>l+ [,3+ 4~) n - (l-n)] av2 +-'>I 

- M(lPl) = Ml - (l+A)2n r-1 
2 <> 1 

ma 
C 

(3.39) 

For completeness, we include formulae for the splitting of D-levels and mixing 

of 3Dl with 3S1: 

MC3D,) 
1 

J =“2+- 7mf 
2O.K p-3/2 + 

MC3D2 
i 

c 

> 
1 =M2+2 

m 
C 

(23 + 32X + 2X2) q -7 (1 - n> 

(-l-A+*A2) n+*(l-n) 

1 M(3Dl)-= M2+ - 
r 3 

6rnz 
-30 K (r-'), + (-26- 34A+X")n+9(1-n) I 

Mb,) (1+U2n r-1 
=“2- 2 2 < > 2 

m a 
C 

L 

< 

3 nS 1 IV lm3Dl) = K spin 12kii; 
3:1&$Slr-~\rnD) + (1+X)2 n a 

The splittings among the P and S states determined by various authors 

from Eq. (3.39) are listed in Table 6, together with the measured mass 
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Table 6 

Spin-dependent splittings in charmonium. The numbers in brackets are values 

of-K, l/^a2 (GeV2), mc (GeV), n and X used by various authors. In Ref. 86 the 

Coulomb parameter is not constant (see Eq. 3.70) and only this short-range 

part of the potential is kept in computations of spin-dependence. 

Author; Parameters 

Experiment 

Schnitzer (Ref. 87) 
[0.2, 0.19, 1.6, 1.0, 0.01 

Pumplin, et al (Ref. 88) 
[O.O, 0.30, 1.5, 1.0, 0.01 _ 

Henriques, et al (Ref. 89) 
[0.8, 0.18, 1.6, 0.0, 0.01 

Schnitzer (Ref. 87) 
[0.2, 0.19, 1.6, 1.0, 1.11 

Chan (Ref. 89) 
[0.2, 0.15, 1.6, 0.12, 5.01 

Carlson and Gross (Ref. 89) 
CO.27, 0.20, 1.37, 0.08, 4.41 

Celmaster, et al (Ref. 86) 
[-, -, 1.98, 1.0, 0.01 

M -M M -M 
x2 x1 x1 x0 

M$ - Mn, MJI, - M,,; 

87 63 70 58 

152 117 119 92 

40 (input) 80 95 -- 

44 2 6 95 2 5 265+14 230 I!I 7 -~ 

182 170 268 (input) 225 

40 (input) 90 262 (input) 225 . 

41 (input) 98 265 (input) 181 

92 100 150 80 
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differences; for comparison purposes, we assumed X(2830) = 11°C and X(3455) = 21So. 

For the D states we content ourselves with two remarks. First the 13Dl level 

comes out about 40 MeV below its unperturbed mass 8 (which is 3.755 GeV in Table 2). 

Thus, th?agreement between the coupled-channel calculation (in Sec. 1II.E) 

and the observed mass 3.772 GeV of $" is perhaps fortuitous. Second, the pre- 

dicted mixing angle between 13Dl and 23S 1, is 

E =- i tan-l 2(23sl'Vspin113Dl), 6o , 

M(23Dl) - M(23Sl) 
(3.41) 

This is much less than one infers from measurements of the $" electronic width. 

Using 

(3.42) 

these are E = (26 t 3)' for pe ($'I) = 0.37 5 0.09 keV (90), and E = (19 f. 3)' 

for re ($I') = 0.18 _+ 0.05 keV.(91). 

The lessons of this attack on the problem of spin-dependence may be sum- 

marized thus: Insofar as one is willing to extend the hypothesis of an in- 

stantaneous interaction between heavy quarks beyond the realm of the simple 

spin-independent potential Vo, the ansatz Eq. (3.33) is the basis of a quite 

reasonable first effort. Clearly, the assumption of a purely short-range 

origin for spin forces is inadequate. Economy of parameters then demands that 

one attribute spin forces to the long-range part, here assumed to be r/a 
2 

. As a 

we have seen, this still leaves some freedom in the Dirac structure of the 

kernel, and the work of Henriques et al (89) first suggested that the P-state 

splittings are best fit if the long-range interaction is scalar. The reason for 

this is that the Thomas precession term, which is the most important part of 

the spin-orbit interaction in this case (n small), orders the 3PJ levels op- 

positely from the other terms in V spin' This feature is needed to explain the 
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unexpectedly small ratio (M(3P2) - M(3Pl))/(M(3Pl) - M(3Po)) = 0.42. 
. 

If one now assigns X(2830) to nc(lLSo), the splitting from II, may be fit, 

as Schniner found (87), by assuming a rather large quark color anomalous 

moment, X(n) 112 = 1. All this was put together by Chan and by Carlson and 

Gross (89) who combined the successful features of the last-two named pieces 

of work to obtain excellent agreement with the data. 

But, in this flush of success, one must not lose sight of two important 

facts. The first is that all that has been accomplished so far is to fit four 

mass splittings with two parameters, X and n. In fact, as Carlson and Gross 

-point out, M(3Pl) - M(3Po) is far less sensitive to parameters than is M(3P2) - 

M C3P,) . Therefore, a fit to the latter plus the J, - X(2830) splitting almost 

automatically gets the former right. And, it is not surprising that a large 

13Sl - l'S.8 implies a comparable 23Sl - 21So splitting. The real test of this 

phenomenology will come when the multitude of intramultiplet splittings in the 

T- system are measured --a potentially difficult task if they are Q 5-10 times 

smaller,as expected. Secondly, given the difficulty of accommodating the 

X(2830) and x(3455) in the simple charmonium scheme, it may well be that it has 

been a great mistake all along to use these states in determining the param- 

eters in V -spin' 
Again, only time will tell. 

From a theoretical standpoint, the procedure outlined above suffers from the 

lack of a "first principles" justification for its starting point, the Bethe- 

Salpeter kernel defined in Eqs. (3.33) and (3.36). More ambitious approaches 

are in progress in a number of dynamical models which incorporate gluon degrees 

of freedom more or less explicitly. These include lattice gauge theories (51, 52) 

the MIT bag model (92, 85), and the quark-string models (78, 93). In each of 

these models, the long-range spin-independent potential between heavy quarks is 

shown to be linear. Further there is a reasonably well-defined procedure for 
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extracting the spin-dependent interaction. While it is too early to assess 

these approaches, it is hoped that they will provide insight to this most 

puzzling aspect of charmonium dynamics. 

E. COUPLING CHARMONTUM TO ITS DECAY CHANNELS --___- ---- 

It was recognized very early (63) that the quantum mechanical coupling between 

charmonium states and their OZI-allowed decay channels could modify the predic- 

tions of the naive potential model. The development of a model for this 

coupling and the resulting predictions have been presented in a series of papers 

by Eichten et al (75,94,68,95).' The main issues one wants to address in such 

a model are these: 

1. Renormalization (shifts) of the bare spectrum generated by Vo(r) and the 

widths of ct states above charm threshold, WC = 2MDo = 3.727 GeV. 

2. Renormalizations of the wave functions deduced from Vo: This includes 

leakage from the cc sector to the charmed hadron sector, as well as the 

mixing among charmonium levels having the same J PC. Both these will 

affect rates for all the transitions discussed in Sec. 111-C. Of special 

interest is the fact that decays which are forbidden or strongly sup- 

pressed in the potential model, such as 3 D1+ e+e- and 23S 1 -+ llSO + y, 

can be enhanced through mixing between 13D 1 
and 23~ 1' and between 23S 1 

and 13S l( or 2lS D and llSo), respectively. 

3. A description of e+e- annihilation in the charm threshold region, 

WC 2 W ; 4.4 GeV. In particular, one wants to interpret the structure 

of R = o(e+e- -+ hadrons)/o(e+e- + JL+~-) in this region, and to discuss 

the general (and sometimes peculiar) features of the exclusive channel 

cross-sections o(e+e- -t DOD'), o(e+e- -+ DfD-), a(e+e- 0 - Y< 0 +DD ),etc. 
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FORMALISM AND DESCRIPTION OF THE MODEL The description of what happens to a 

discrete set of states in one part of Hilbert space when it is immersed in 

and-coupcd to a continuum of states belonging to another subspace is a classic 

problem in quantum mechanics and was, formally, solved long ago (96). 

Let the total Hamiltonian of this system be 

H = Ho + HI , (3.43) 

where H 
0 

is responsible for the binding of the discrete states In> and the 

continuum states Iv> : 

HoIn) =&Jn) , 

Hoi”) = +) , 

+I+ = 6nm , 

_ while HI is responsible for their coupling: 

(VI Hln) = (aq”> * 

(3.44) 

(3.45) 

In the present short-hand notation, 19 stands for any of the pure cc levels 

I@n,J)9 and Iv) f or any state of charmed hadrons having zero net charm, zero 

total momentum, and total energy wv. (States with more than one c and one c 

are ignored.) 

The problem we face is to describe the eigenstates IN) of H with eigen- 

value E 
N' 

These states include the observed bound states (Jl,x,, $', etc.) 

below charmed threshold as well as the continuum states and resonances in e+e- 

annihilation above W 
C’ 

(Because H allows for decay, EN need not be real-and 

certainly won't be for the resonances). We begin by expanding IN) in the 

complete basis formed by the eigenstates In)and Iv)of H : 
0 
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IN) =x anN n + dv aLIN/"> 
n ') / 

(3.46) 

a = 
nN (1) nN, avN 

= 

From Eq. (3.44)-(3.46), the expansion coefficients and the energy EN are 

solutions of the eigenvalue problem 

where 

C[@N- En) Anm- Qm(ENg amN = 0 
m 

det - n(W) = 0 1 (Roots EN) 

(3.47) - 

(3.48) 

nnm(w> = 
J 

dV 

W-wy+iO (nlHIIv ) ( vlHIlm) 

z A*(W) -+&W) . (3.49) 

For EN < W , 
C 

the solutions of Eqs. (3.47) and (3.48) correspond to the 

bound charmonium levels, the matrix Anm N (E > describes the shift in the mass 

of these levels from the "bare" masses E n' and the width matrix Tnm(EN< WC) 

vanishes. For I ENI > WC, the state IN) is a resonance which decays almost 

exclusively to charmed hadrons, having mass s, width I? N, and EN = MN-tTN. 

Given the coefficients anN, one may determine aVN from 

a 1 ZZ 
vN EN 

c amN <vi",lm) -Wv+iO m (3.50) 

Finally, the continuum eigenstates IN) may be determined from integral equa- 

tions similar in structure to Eqs. (3.47) and (3.48). For reasons that will 

become clear shortly, the model makes little use of these. Rather, the recal- 

culation of the transition rates of the bound states and of 

AR - cs(e+e- + charmed hadrons) 

0 (e+e- -f p+p- ) 
(3.51) 
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requires only a knowledge of R which, in turn, requires a model for H 
I' 

The assumptions and approximations defining the model for HI and s2 are(68,75): 
4r 

1. The Hamiltonian is taken to be 

Hz-; d3x d3wa&) & -;I pa&t) (i 52) 

+ quark kinetic energy terms 
x 

where P,(x) = c is the octet of color charge 
flavors(i) 

4:(x) 9 qiCx> 

densities and V("x-$) 7 I;-‘;] /a2 is the instantaneous confining potential in 

Eq. (3.8). The Coulomb piece has been dropped for simplicity. 10 

2. As the form of V implies, calculations with this Hamiltonian necessarily 

are carried out in the nonrelativistic approximation. Therefore, H is explic- 

itly spin-independent. The only dependence on quark total spin that enters 

the computation of Q is through the use of "spin-split thresholds" for the 

continuum states Iv>, i.e. the mass difference between D 
J;' 

and D, F* and F is 

put in by hand. 

3. When decomposed into creation and annihilation operators, H = Ho (binding 

of qiGj) + HI (pair emission: qi + qi + tj + qj) + other terms (e.g., emission 

of two pairs from the vacuum) which are discarded. While the nonrelativistic 

binding mechanism is presumably consistent only for cc states (where it re- 

produces the results of the spin-independent potential model described in 

Sec. IV.C), it is also used to generate bound-state wave functions for charmed 

meson states cq and cq (q = u,d,s from now on). 

4. The model assumes that the transition QnLJ + charmed mesons is a sequential 

quasi-two-body process, 11 
e.g., 4) nLJ + iTD 

>t 
-- ; D" + Dn. Accordingly, the only 

terms kept in H I are those describing light-pair emission, c -> c + q + s and 

C-G+q+?, 
- - 

which govern QnLJ(cC) + D(cq) + D(cq), as depicted in Fig. 5. 
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There, the shaded circles denote bound-state vertex functions (simply related to 

the wave functions in the nonrelativistic limit) and they emphasize that the 
.- 

model iii‘corporates the extended nature of the parent and its decay products. 

While certain features (to be mentioned below) of the transition amplitudes 

computed with HI may be model-independent, the nonrelativistic approximation 

used in the computation is very questionable. 

5. The final approximation made in Refs. 68,75 is a drastic truncation of the 
* 

continuum states Iv>to include only the ground state charmed mesons D, D , 

F, and F*. Consequently, the model is reliable (even semiquantitatively) only 

.where the effects of higher thresholds (e.g. charmed P-states) may be ignored. 

For the calculation of AR, the breakdown due to neglect of higher thresholds 

is already apparent at W = 4.1 GeV. 

The general form of the transition amplitude for J~~LJ + pair of ground state 

charmed mesons is 

< &Jl;El,$), Sq(J2;E2,-;)IHTIc;(nLJ; W, ;)) 

x Spin Factor (Ji) x Form Factor (n,L;IsI; mc,,mq,a) 

(3.53) 

where (Ei,pi) are the 4-momenta of the outgoing pair, W = El+E 2 
, and J. are 

3. 

total angular momenta. The parameters entering the calculation of this am- 

plitude are the quark masses mc, m and the linear potential strength a 
-2 

. 
4 

Because of the spin-independence of the q< production mechanism, all dependence 

on quark spin appears in a trivial Clebsch, the second factor in Eq.(3.53). 

The first factor, which implies a suppression of transition to F = cZ relative 

to D = cu, arises from the S-wave nature of the production mechanism and from 

the charmed meson wave function. The P-wave form factors for the first three 
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L = 0 cc levels to go to a DD pair are plotted in Fig. 6 as a function of the 

D momentum, I$\. The high-momentum fall-off and the oscillations reflect the 

finite zxtent of the bound states and the nodes in the wave functions of radial 

excitations. These zeroes in the form factor play an important role in the 

behavior of the exclusive cross-sections cr(e+e- + DE, DE", D*?) as a function 

of center-of-mass energy W. 

The calculation of level positions, radiative transition rates, and AR 

in this model proceeds as follows: 

1. RENORMALIZATION OF SPECTRUM The parameters of the model are m and a, the 
C 

-light-quark masses mu =m and m and the charmed meson masses M 
d S’ 

D, MD*, MF, 

and M 
F 

*. The last named are now chosen to have their measured values. mc and 

a generate a "bare" cc spectrum, which is renormalized by the coupling to the 

continuum. For fixed mu = l/3 GeV and m 
S 

= l/2 GeV, mc and a are adjusted 

until the Green's function 

%mn = (W-E - Q 04 1;. (3.54) 

has Jpc = l-- poles at 3.095 and 3.684 GeV (corresponding to $ and JI') , and 

a residue at 3.095 GeV such that the $ electronic width is 5.3 keV. The com- 

puted 4' electronic width is 3.4 keV, which is the same as found in the basic 

I model (Table 3) and ~1.7 times the observed value. Table 7 contains a list of 

/ the "bare" and renormalized masses of the spin-triplet states below charm thresh- 

old. Especially noteworthy are the large downward shifts in-masses and the 

very small splitting of the ‘IPJ states. The first effect shows that HI is by 

no means a weak perturbation. The second is a consequence of the fact that 

the only spin-dependence comes from the split thresholds and will be sizable 

only for states very near (within Q 50-100 MeV) these thresholds. 
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Table 7 

Mass &ifts in the coupled-channel model (68). Parameters used are 

m c=l.69 GeV,a =1.80 GeV-l, m =m. u Q =0.33 GeV and ms=0.50 GeV. D and D* 

masses are taken from experiment while MF = 2.00 GeV and M F* = 2.14 GeV 

are assumed. 

State 
Bare Mass Renormalized 

(MeV) Mass Shift Mass 

$ 3191 - 96 3095 

$’ 3893 -209 3684 

IJ" 3976 -208 3768 

x2 3622 -170 3451 

Xl 3622 -180 3442 

X0 3622 -191 3431 
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2. RADIATIVE TRANSITIONS With the parameters determined by renormalization, 

the radiative transition rate for +' -+ x + y, say, is computed as follows: J .- 
Fallincback on the (over-simplified) notation of Eq. (3.46), let IN> = I$*>, 

IM> = Ix,>, and j, = :(cyh c + ; y,u) - $dyAd + &,s) the electromagnetic 

current. The El transition amplitude is (68) 

<MkiXIN> =c ? m n , L anN (mlj+)+ /WV atM avN(djAb) 

+c 
n 

azFr.anN<vIjhln>+ a'iM 
I avN<nIjh/v>] T (3.55) 

The first term on the right in Eq. (3.55) includes only the parts of JI'and 

xJ in the discrete (cc) sector, with ("/jl/n) computed just as in the potential 

model without coupling to the continuum. The second term, involving the con- 

tinuum components of $' and xJ, contains electromagnetic transition matrix ele- 

ments of charmed mesons; these are taken from standard quark-model calcula- 

tions. The third (cross) term involves a transition between the discrete and 

continuum sectors under the action of j,. 

In lieu of some long and not-very-illuminating formulae for the terms in 

Eq. (3.55),a few remarks on their relative importance are offered. The most 

important. contribution to the discrete-sector terms is obviously the diagonal 

one: In> = [.23~l) and Im) = I13PJ>. The next single most important contribu- 

tion to this set comes from In> = 113~,), i.e. the mixing of 3S 3 
1 

and D 
1 

states due to nearby spin-split thresholds, and this is rather sensitive to 

the precise position of the DE and D6" thresholds. The S-D mixing is most im- 

portant for $' + x0 + y because of a large Clebsch-Gordan coefficient for 

13Dl+ 13Po + y [see Eq. (3.26)J. Because of energy denominators, the con- 

tinuum-sector terms are dominated by the nearest threshold accessible to both 

$' and x3. Thus, the continuum is considerably more important (roughly a factor 
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of two in amplitude) for X 
0 

than for xl and x2 because X 0 
-+ DD in an S-wave, 

- while Xl -t DD is forbidden and X2 + DD is suppressed by a D-wave factor. In 

amplituqe, the continuum contribution to X 0 is Q l/2 the diagonal contribution 

and of the same sign. Finally, the mixed terms are practically negligible. 

For the Ml transitions, only the discrete-sector terms have been computed 

so far. They are obtained from the standard formula (72,68) 

r(tjN+ rl, .+y> =$a-$- IC anN ;;I2 
, 

C n (3.56) 

i.e. only nonhindered terms (same principal quantum number) are kept. The over- 

.lap factor C a ' 
n nN asf 

is 0.7 for JI' -+ n', -0.13 for $' -f n,, - 0.05 forniT $, 
C 

and 0.9 for + + n 
C’ 

where n c and rli were taken to lie at 2.8 and 3.45 GeV for 

the purpose of this calculation. For the "hindered" Ml transition amplitudes, 

one may reasonably expect the neglected terms to be comparable to those so far 

computed. 

The final results for El and Ml transition rates are displayed in Table 8. 

Compared with the results of the potential model (Tables 4, 5), the El rates 

show a modest improvement, though they are still one to two standard deviations 

from experiment. Once again the Ml rates bear no resemblance to those observed 

for $' -f yX(3455), X(3455) + y$, and $ -f yX(2830). Taking this together with 

the unexpectedly large hyperfine splittings, there can no longer be any doubt 

that something very important is missing from the channonium model or that the - 

identification of these states as hyperfine partners of $' and $ is wrong. 

3. CHARMED MESON PRODUCTION IN e+e- ANNIHILATION The essence of the model for 

AR is that charmed meson production is a quasi-two-body process mediated by 

those cc states which couple to the photon. It is thus in the spirit of vector- 

meson dominance (97), generalized to include coupled-channel mixing. The quasi- 

two-body hypothesis, which has proved to be correct for center-of-mass energy 
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Table 8 

Radiative transition rates in the coupled-channel model (68). Parameters 

used are given in Table 7. 

Width (keV) 

19 

28 

37 

21 

12 

8 

0.1 
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W s 4.4 GeV, implies that charmed meson spectroscopy can be readily and ac- 

curately carried out by studying the invariant mass recoiling against D (or F) 

in the>eaction e+e- -f D(F) + anything. 

For a charmed quark charge of 2/3, AR is given by (68) 

AR(W) = 3271 7 C 'm(O) 
m,n [’ I 

g+ d - fix4 
2i 

y (0) 
mn n 

(3.57) 

where the quantity in brackets is the absorptive part of the Green's function 

in Eq. (3.54). The Y,(O) are the wave functions at zero c&separation of the 

discrete sector states. Since R is really a sum over the allowed continuum 

channel types, v = DOD', D'D-, etc., AR may be written as a sum over exclusive- 

channel ratios, R 
V,’ 

Since Y(G) # 0 only for S-wave states in this model, 

Rv(W) = + 7 Fn FQ,Eo 2 '&(O) ';O m’Q r",-Q n'Q' gns, n()yn()(o) 3 9 , , (3.58) , _ , 

where the orbital quantum number Q,Q' = 0,2 has been made explicit. I'v m'Qtn'Q' 

is defined in Eq. (3.49), and it is the only factor in Eq. (3.58) which varies 

from one channel to the next-through its dependence on the momentum p,, the 

intrinsic angular momenta, and the constituent quark masses of the outgoing 

charmed mesons (see Eq. (3.53)). 

The reason for including 3D1 levels ,Q or Q' = 2, in the arbital sum in Rv 

is this: As mentioned, the only dependence on total quark spin in the calcula- 

tion of 52 and % enters through the use of spin-split thresholds. This in- 

duces a mixing between nearby S- and D-states which can show up as a D-state 

resonance pole in off-diagonal elements such as $J 
20,12 

This mixing is 

strongest when a 3Dl pole sits in the middle of a set of spin-split thresholds 

(e.g. at W = 3.8 GeV), and is considerably weaker when it is far from such 
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thresholds (so that, e.g., D and D* look degenerate). 

.- Fig. 7 shows a graph of AR taken from Ref. 94. Completed some time be- 
* 

fore charmed meson masses were accurately measured, it assumed the thresholds 

W DD = 3.730, wDD* = 3.885, WD*D* = 4.040, WFF = 4.00, WFF*.= 4.15, and WF"F* = 

4.30 GeV. For comparison the most recent data from the various collaborations 

at SPEAR (31,32) and at DORIS (33,34) is shown in Figs. 8-11. 

The prediction of the parameters of JI"(3772) more than a year before its 

discovery must be regarded as the greatest success of the coupled-channel 

model, especially in view of the fact that all attempts so far to understand 

-the spin-dependent forces in charmonium have failed to give the requisite 

23Sl - 13Dl mixing by more than an order of magnitude. Typical predictions 

of Pe for this state based on the tensor force in a Breit Hamiltonian are 

s 20 eV. The predicted mass and hadronic width of $" agree, within errors, 

with the measured values (see Table 1). The predicted electronic width of 

about 150 eV is 2.5 times smaller than that reported by the SLAC-LBL collabora- 

tion (370 + 90 eV)(90) while nearly the same as that measured by the DELCO 

group (180 & 45 eV) (91). As we shall see in Sec. IV., the most important 

feature of $" is that it decays exclusively to DE, providing a unique, high- 

I precision-setting in which to study these mesons. 

Comparison of the theoretical curve with R-data for energies W between 

3.8 and 4.2 GeV shows only qualitative agreement between the two. Points of 

agreement include: (1) The dip in AR to zero near 3.8 GeV due, in the model, 

to the vector-meson dominated production. (2) The rise in AR near 3.95 GeV. 

This is the DE" threshold in the model calculation, but there AR (- 1) 

is only about one-half the measured value 
12 

. (3) The sharp rise in Fig 7 

is due to the concurrence of the important D*D* threshold with the 3 3 Sl charmonium 

level. The corresponding rise in the data, culminating in $(4028),is considerably 
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sharper (AR = 3 in about 30 MeV). (4) The dip in exclusive D6 production at 

this resonance is due to a zero in the3'3Sl -f DE form factor near pD =: 750 MeV. 

This sFriking prediction of the model (94,68,98) is confirmed experimentally. 

Study of the mass distribution recoiling against observed D's at 4.028 GeV 

gives the relative exclusive-channel ratios as (99). 

R(D*'r)*') : R(D*';' + DOE*') : R(D"Do) 

(3.59) 
= 1.00 + 0.10 : 0.85 t 0.09 : 0.10 + 0.06 

This preference of $(4028) for D*c', despite the limited phase space, has been 

interpreted by some authors (77,100) as an indication that $ (4028) is an almost 
A-3; 

bound state of these two mesons-a D D molecule. It is difficult to test this 

rather ad hoc hypothesis because no model of such objects exists which can be re- -__ 

lied upon for further predictions. In the meantime, the existence of a near zero ~ 

in DE production near 4.028 GeV can be tested by careful study of this region, 

and will further establish the notion of quarks through the observation of a 

node in their bound-state wave functions. 

Above W = 4.1 GeV, the model calculation breaks down badly, and bears 

little resemblance to the data. In particular, the enhancement near 4.15 GeV, 

the dip at 4.3 GeV, and the obvious resonance $(4414) are all beyond the reach 

of the model as presently constituted. If $(4028) is indeed the (highly dis- 

torted) 33S1 charmonium level, then the spectroscopy of the naive potential 

model would lead one to interpret the enhancement at 4150 MeV as the 23Dl state 

and the resonance at 4414 MeV as the 4 
3 

Sl state. But this is perhaps pushing 

the naive model too far. Most of its assumptions are questionable for such 

high excitations, and even the nonrelativistic spectroscopic notation may be 

meaningless. 

Finally, it should be mentioned that several other models predict states in 
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this region beyond those expected in the linear potential model, To mention 

two examples: (1) The model of Giles and Tye (78), in which the cc pair is 

bound by^a string with dynamical degrees of freedom, expects a number of levels 

corresponding to vibrational excitations of the string. No prediction is made 

for the leptonic width of these new states, so that their observability is an 

open question. (2) The (essentially) logarithmic potential proposed by a num- 

ber of authors (101,102,86), has a greater level density than does the linear 

model, and predicts the 43S 1 and 53Sl levels at 4.25 and 4.41 GeV, respectively. 

F. BEYOND CI&IRMONIUM - 

The recent discovery at Fermilab of enhancements in the p-pair invariant mass 

near M + - 
I-rFt 

-10 GeV (23) is widely interpreted as solid evidence for the 

existence of a new quark, Q, with mass m 
Q 

y 5 GeV. The data (Fig. 12) shows 

clearly two, and possibly three, resonances, called T, 'I", and T". Assuming 

these to have zero width (consistent with the experimental-resolution of % 200 

MeV), a fit to the data gives their masses as \ 

MT = 9.40 Ifi 0.013 GeV 

I+$' = 10.01 +_ 0.04 GeV 

%,. = 10.40 + 0.12 GeV . (3.60) 

While the statistical significance of T" is still not large, the obvious in- 

terpretation is that these are the ground and first two radially excited 
3 S1 

states of a Qq system. 13 

Since they are narrow enough to have appreciable p'p- branching ratios, 

they must all lie below the threshold for decay into a pair of mesons Qi + qq 

containing one new and one old qua'rk (q = u,d) each. Two other striking fea- 

tures of these states which are readily inferred from the data are these: 

(i) The 23S - 13S mass difference 

I+ - MT = 610 f 50 MeV (3.61) 
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is, within errors, the same as in charmonium, M - M = 589 MeV. 
4)' J, 

As we shall 

see, this is about 150 MeV larger than expected if one adheres to the "standard" 
4 

potential V, in Eq. (3.8). (ii) The ratio of the observed u+u- signals at T' 

and T is 

R = B(T' -+ u+u-)do/dy 
P I B(T -f u$--)da/dy y=O 

= 0.37 L- 0.04 . (3.62) 

The corresponding value of R,, for $J' and $ production is about 0.02 (59). 

This strongly suggests (103) that B(Y -+ u+u-) >> B($' + n+~-) and, therefore, 

that T('P' + r + anything) << r($' + $ + anything) = 130 keV. These features 

of the T-system will receive considerable attention in the following discussion. 

It hardly need be emphasized that bound systems of quarks heavier than charm 

will provide critical tests of the foundations of the charmonium model-gluon 

counting and the use of a nonrelativistic potential. Furthermore, the observed 

spectrum and branching ratios for radiative and direct decays will sharpen 

our knowledge of the form of this potential, since it is expected to be largely 

independent of m Q' And, of course, the relative strength of radiative and 

leptonic decays to purely hadronic ones will help determine the new quark's 

charge. 

These issues and more have already sparked considerable theoretical interest 

in the T-system where, as we just mentioned, the prediction (104) of the 

standard potential for NT' - MT appears to have failed. But a complete test 

of the form of the potential requires a comparison with experiment of its ex- 

pectations for the myriad of branching ratios and absolute widths, as well as 

the details of the spectrum accessible only to e+e- storage ring experiments. 

And preliminary to making meaningful predictions, one must decide the relative 

positions of the ground state Q< and the threshold for OZI-allowed decays. 
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Only then can one know in a given model how many states are bound (i.e. narrow) 

and what transitions among these should be observed. 

EichTen and Gottfried (104) have addressed the question of the m 
Q 

-dependence 

of the threshold and ground-state energies. While their arguments are, strictly 

speaking, valid only in the m + 00 limit, 
Q 

errors should be small so long as 

mQ >> m q = mu,d,s, which is already true for the charmed quark. In the Qq, 

system, for example, thereducedmassu =mm/(m +m)am 
Qq Q q 4 

and the dynamics 
-. 

is essentially independent of m Q’ The mass of the Qi ground-state pseudoscalar 

is then the sum of m + m Q q' 
the binding energy (a function of mq only), and a 

.correction due to the 3s - 1 S hyperfine splitting. This last term decreases 

like m -' Q in a heavy-light system, so that the threshold energy W Q may be 

written as 

WQ = 2[MU + mQ - mc + 4 2 (1 - %(MD" - %)I 
. . 

(3.63) 

In the Q< system, the mass Ml of the 3S ground state is 

Ml = E1(Q$ + E. (mQ) (3.64) 

where El is the ground state eigenvalue and E. is the zero of energy, whose 

definition is not ccnnpletely obvious in an infinitely rising potential such 

as V 
0’ 

Writing 

E. = 2mQ + A(mQ) (3.65) 

all that is known about A is (i) A (mc) Z - 205 MeV and (ii) -mQ-'A(mQ) -f 0 as 

Eichten and Gottfried interpolate 14 ,rn -+m. Q using A(m ) 
? 

= A(mc)mc/m 
9. 

Using the potential V. in Eq. (3.8), with essentially the same param- 

eters as in Eq. (3.9), Eichten and Gottfried computed the excitation spec- 

trum shown in Fig. 13. Using Eqs. (3.63)-(3.65), the quark mass appropriate 
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to the T ,system is m 
Q 

= 4.6 GeV, and the threshold for OZI-allowed decays is 

900 MeV above the T. Thus, they predicted three bound 3 S states, as seems to .- 
be the zase , with masses 

MT, - E+ = 450 MeV, %II - % = 750 MeV , 

M(Q% I'S,) = 5.16 GeV, (for m 
C 

= 1.37 GeV) 

M(Q;; 13Sl) - M(Q;; llSo) = 100 MeV . (3.66) 

One possible explanation for the apparent failure of the highly motivated 

linear + Coulomb model to predict correctly the T' - T and T" - T separations 

-is this: While good arguments exist for both the small and large r behavior 

of the potential, it may well be that the systems under investigation, + and r, 

see mainly an intermediate range portion of the QG potential. This may be 

neither linear nor Coulomb and, in any case, no arguments exist which give a 

clue to its shape. 

Whatever the reason for failure, the large T' - T mass difference has caused 

renewed interest in alternative forms of the potential. One choice, the loga- 

rithmic potential, studied some time ago by Machacek and Tomozawa (101) 

and more recently by Quigg and Rosner (102), is currently in vogue because 

of its peculiar property that the QG excitation spectrum is independent of the 

Q-mass. Thus, by fitting to the $-system, Quigg and Rosner find 

Vi(r) = 0.733 GeV Qn (r/ro) (3.67) 

with r o an arbitrary constant, ana m = 1.1 GeV. 
C 

The spectrum of the first 

few excited Qg levels may be found from Fig. 13 by drawing horizontal lines 

through the dots corresponding to members of the charmonium family. The pre- 

dictions of the two models for charmonium start to deviate around the 3JSlstate; 
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in the logarithmic potential, 

M(&; 33Sl) = 4.03 GeV, M(cc; 43Sl) = 4.25 GeV (3.68) 

compared to 4.17 and 4.6 GeV, respectively, in the V. ,model. The separation 

between the ground state and OZI threshold will not be the same as in the 

Eichten-Gottfried calculation because quark masses appropriate to Vl will differ 

somewhat from those for V 
0’ 

In particular, Quigg and Rosner find m E 4.5 GeV 
Q 

so that, using Eq. (3.63), they predict 

M(Qs; lLSo) = 5.33 GeV (for m = 1.1 GeV) (3.69) 
C 

-and that three to four 3S states will be bound, 

Celmaster, Georgi, and Machacek ( 86 ) have proposed still another potential 

inspired by the linear + Coulomb model: 

+ (l-e -Ar)r/2Tr + Eo; 

A = 0.50 GeV, 
(3.70) 

y = 0.577, A = 0.16 GeV, E. = 0.39 GeV. 

The logarithm and coefficient in the short-range part of V2 is motivated by 

appeal to asymptotic freedom (however, the argument of the logarithm has been 

modified). The linear potential strength, (2a)-' GeV2, is taken from the slope 

of the Regge trajectory. The new, intermediate-range part, (r/2T)exp(- Ar), 

is chosen arbitrarily. The parameters in Eq. (3.68) are determined by fitting 

to the spectra of light as well as heavy (cc) mesons-a very questionable pro- 

cedure for any nonrelativistic potential. The charmed quark mass that results 

is m = 1.98 GeV. 
C 

With all parameters determined (including the zero of energy, 

?I' which is assumed m -independent), 
Q 

the T mass fixes m 
Q 

= 5.4 GeV. This, in 

turn, leads to 

M(Q$ llS,) = 5.35 GeV (for m = 1.98 GeV) (3.71) 
C 
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and the prediction that 3-4 3. S, levels will be bound below OZI threshold. 

The potentials V,, Vl, V2 are plotted in Fig. 14, and the radial probability 
4 

P(r) dr for the $(13Sl) and T(13Sl) states as determined by V. is shown in Fig. 

15. Several remarks immediately follow from these figures: 

(i) V1 and V2 are practically congruent, and so the level spacing 

determined by V2 is almost independent of m 
Q 

and fits well what is 

known about the T spectrum. There will be small differences in the 

wave functions, hence the rates , predicted by the two models because 

of the different values of m Q’ 
(ii) All three potentials are nearly congruent in the region in 

which the $ wave function is large, 0.2 fm < r < 0.6 fm. Thus, it 

is not surprising that all three give the same spectrum of low-lying 

cc levels and roughly comparable strengths for radiative decays. 

(iii) Over most of the region in which the T wave function is con- 

centrated, 0.1 fm < r 5 0.3 fm, there is considerable difference 

between the shape of V and of Vl 2. 
0 , 

It is not surprising; therefore, 

that the V. spectrum is quantitatively different from the Vl, V2 

spectra here. 

The predictions of Refs. 104, 102, 86 for ?" and r branching ratios and total 

widths are listed in Table 9. To estimate T' -+ TRAIT + Tn, we have used Gottfried's 

scaling relation (71) 

r(T' -f TTrlr + Tn) = &2 r(+' + $aTr + $n) (3.72) 
mQ 

with (m,/mQ)2 = l/10. Since cascade radiative decays will constitute only a 

very small part of T' -t T transitions, the suppression in Eq, (3.72) goes a 

long way toward explaining the unexpectedly large value of R,, in Eq. (3.62) 

While very little is known of the details of the 'P-system at present, we can 
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look forward in the next few years to a flood of data from the new e+e- storage 

rings at Cornell, DESY, and SLAC. It can only be hoped that out of all this 
4r 

will come a clearer picture of the "correct" phenomenological potential for 

heavy quark binding and, indeed, of the foundations of the charmonium model. 

Beyond this, we need a better understanding of the corrections to the naive 

model due to quark spin and the inevitable presence of light-quark and gluonic 

degrees of freedom. The experimental study of QG systems is essential, but 

equally so is progress in understanding the structure of quantum chromo- 

dynamics itself-- a theory which is still very much in its infancy. 
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IV CHARMED HADRONS 
D.irect,evidence for the existence of charmed particles was announced in the 

summer of 1976, a year and a half after discovery of the q/J (22). For an 

early discussion of charm phenomenology which anticipated many of the recent dis- 

coveries, the reader is referred to the paper of Gaillard, Lee and Rosner (106). 

The properties of the charmed hadrons observed so far are shown in Table 10. Sev- 

eral other recent theoretical and experimental reviews are available (59,107,108), 

A. THEORY 

1. SPECTROSCOPY Since all the charmed particles contain one or more light 

quarks, relativistic motion will very likely make them much more difficult 

to treat with a potential model than charmonium. A detailed discussion of 

attempts at light quark dynamics falls outside the scope of our paper, The 

point we want to make here is that nothing terribly surprising seems to be 

going on. The experiments have largely confirmed the qualitative expecta- 

tions of the charm model. 

The masses of Table 10 can, in fact, be qualitatively understood in the 

most naive form of the nonrelativistic quark model by adding appropriate 

amounts of 

m =LM = 1.55 GeV 
2 IJ 

m =m 2: 0.33 GeV 
C U d 

(4.1) 

m = 0.46 GeV 
S 

+ 
This reproduces the pseudoscalar and Jp = 4 baryon masses reasonably well 

and the vector mesons require roughly an extra 150 MeV hyperfine energy. 

Given the observed masses MD ~1.865 GeV and MD" E 2.005 GeV, one can do 
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Table 10 

Charmed Particle Properties. All data is taken from Ref.108 which cites original work. 

Quark content is shown below particle name. D*+ branching ratios are estimated (108) 

as described in the test for mu/mc=mp/m+ (parenthetical numbers are for mu/mc=O). 

Decay Mode Branching Fraction 
m 

2.2 + 0.6 

4.0 + 1.3 

12 + 6 

3.2 + 1.1 

SlO 

1.5 + 0.6 

3.9 2 1.0 

QlO 

I(J*) Mass (MeV) 

4(0--> 1863.3 I!I 0.9 

Particle 4 

0 

&) 
K-r+ 

e+v, + hadrons 

w-) 1868.3 I!Z 0.9 
+ 

(5) ii”lT+ 
K-lT+r+ 

'+", + hadrons 

“‘MD+ -+$)o =5.0?0.8MeV 

%(I-) 2006 L!I 1.5 DoTo 

D'Y 

D *o 55 5 15 

45 t 15 

68 i 8 (63 zk 9) 

30 k 8 (27 zk 7) 

2 It 1 (10 + 5) 

Do*+ 

D+Il" 

D+Y 

D *+ w-) 2008.6 + 1.0 

G"=Mg*+-Mgko=2.6+1.8 MeV 

6 - 6"' = 2.4 f 2.4 MeV 

0(0-j 2039.5 + 1.0 
+ 

v 

K+K-IT+ 

F+ 
(a 

? 

? 

? 

? 

100 

? 

K-%" 

K+K-IT+IT-r+ 

F+Y F *+ 

A;: 
Cc WA) 

O(17 2140 f. 60 

0 vs+) 2260 I!I 10 hT+ll+7T- 

*-I+ 
Cc 

3+ l(T > 2426 + 12 n+lT+ 
C 

? 

(c.h$) 
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even better with 

4r 
Mp= MD* + M$ - MI<* = 2.13 GeV 

(4.2) 
MF = %* - (S* - MD> = 1.99 GeV 

The reported F and F* masses in Table 10 are reproduced nicely by this sum 

rule. 

Mask splittings between Do and D+ and between D *0 and D *-I- have been 

measured (108) and are also interesting theoretically. In fact, because the 

D* - D mass difference leads to an extremely small Q-value for D* -+ DIT, the 

- Do - D+ and D"' - D*+ splittings have important experimental consequences 

in sorting out the spectroscopy of the D's. In the nonrelativistic quark 

model, the splitting is the sum of the down-up mass difference and a contri- 

bution from single-photon exchange: 

(4.3) 

MD*+ -MD d-mU+~oi(Sb-~1yD(o)121 *O = m 
cu 

These expressions can be evaluated using a current algebraic extraction of 

md - mu - (109) and an atomic quark model analogous to charmonium for the D 

mesons. The result is MD+ - $0 = 7.0 MeV and y)*+ - s*o = 6.5 MeV to be 

compared with the experimental values of 5.0 + 0.8 MeV and 2.6 + 1.8 MeV 

respectively. An alternative estimate of these splittings using the MIT 

Bag model (92 ,110) gives essentially the same result. 

In addition to the S-wave charmed mesons, P states should exist as well. 

Their masses have been estimated by Eichten et al (68) to be 

MD’ 13P ) = 2.44 GeV 

%( llP1) = 2.45 GeV 

MDC13Pl) = 2.58 GeV 

E?,(13P2) = 2.58 GeV 

(4.4) 



- 81 - 

The evidence for these states (as well as the beautiful measurements of the 

D and F masses) will be discussed shortly. 

2. DECrYS In the standard WS-GIPi model( 4,7 >, the hadronic current Eq.(1.7) 

leads to the selection rule AC = AS = tl for charm decays. Ignoring QCD re- 

normalization corrections, the complete effective Hamiltonian for charm decays 

in this model is 

GF 
+A, Jz = - [c0s8,-&~(l-y5)s - sine, cyh(l-y5)d 1 

(4.5) 

x~[co~~~&~(l-y~)u+sin0~~y~(l-y~) u+c iy'(l-y5)vL]+h.c. 
R'=e ,1-I 

If one naively assumes that charmed hadron decays are processes in which 

only the constituent c quark participates, one estimates from Eq. (4.5) the 

following relative rates (ignoring questions of phase space): 

c -+ su;i = 3 cos40c 

c + dd = 3 cos20csin2Bc 

c -t sus = 3 cos2ecsin28 
C 

c + dus = 3 sin4ec 

c + se+vg 2 = cos 0 
C 

CL = e,u) 

Q + dR+vL = sin2ec (a = e,u> (4.6) 

The factor of 3 is due to a sum over the color of the quarks in the noncharmed 

piece of the hadronic current. Ignoring all but AC = AS transitions, one ex- 

pects D (and F) decays will be 60% nonleptonic and 40% semileptonic, divided 

equally between e and n. All of these will involve a single kaon, which pro- 

vides the outstanding signal for the presence of charm. Note, in particular, 

that AC = AS implies that one should see a D+ signal in the exotic channel 

K-lT+TT+ , but not in the nonexotic K+n+r-. Finally, the D lifetime is estimated 
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in this model to be 

4\ 

155 T(D -+ all) = -(-) T(P-+ ev;) z 
5% 

10 -13 set (4.7) 

Thus visual observation of D decays can be made only with high-resolution 

techniques using emulsions or streamer chambers (111). 

More detailed studies of charmed meson decays have been made by Einhorn 

and Quigg (112 ) and by Ellis et al (113), as well as by several other 

groups (114). These are based on the analyses of the operator structure 

of the nonleptonic weak Hamiltonian carried out by Gaillard and Lee and by 

Altarelli and Maiani (46) . The nonleptonic Hamiltonian is found to con- 

sist ,of two pieces, one transforming as the 20 representation under SU(4) I I -- 

(flavor), the other as 84 [ I - - When decomposed with respect to SU(3) sub- 

groups (the symmetry group of u, d, s quarks), one finds 

with square brackets used to distinguish representations of SU(4) from those 

of SU(3), and the subscript M denoting a representation of mixed symmetry. 

The octet in the decomposition of 20 is the AC = 0, IAS/ = 1 operator re- 1 I - 

sponsible for nonleptonic K-decay; its matrix elements are enhanced relative 

to the octet and 27-plet in 1841. - 

On this basis, Einhorn and Quigg argued that the AC = ?I1 pieces, 5 and 6" 

in 20 should have enhanced matrix elements relative to the AC = +l parts of I 1 - 

i 1 84, namely 3 @sM + A* @ &. - (Actually, only 15M fB & appear in the - 

Hamiltonian.) Now, part of this octet enhancement is due to the sign of 

anomalous dimensions appearing in the operator product expansion (41), while 
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an appreciable further enhancement is due to incalculable matrix elements of 

the operator, i.e. it is of uncertain origin. Furthermore, some of the octet 
4\ 

enhancement arises from the choice of renormalization point in the evaluation 

of the anomalous dimensions of the operators; this was taken to be 1 GeV for 

K-decay ( 46 ) , and assumed to be the same by Einhorn and Quigg. Ellis et ,a1 

argue that this renormalization point should be taken higher when dealing 

with decays of charmed hadrons, say mc 'L 2 GeV. This, they claim, diminishes 

sextet enhancement of the \ACl = 1 Hamiltonian. 

Now, all this has measurable consequences. Under the reasonable assumption 

that decays of high-mass ,states such as D and F are quasi-two-body, Einhorn and 

Quigg point out that sextet enhancement implies that DT,has no Cabibbo en- 

hanced decays (LX cos4ec) to a pair of pseudoscalars (such as ~"~') or a pair 

of vectors (like K*'p+). The only Cabibbo-enhanced decays of D+ then would be 

to a pseudoscalar plus a vector, say D+ -+ Fop++ K"a+~O and D + -f K -*or+ -+K--n+?r+ 

or K"7roi7+ . 

To the contrary, Ellis et al find I? (D+ -f K"xr+) CI- I' (Do -+ K-r+), a "sextet- 

enhanced" rate. Using a variety of techniques, they estimate the following 

ranges of branching ratios for charmed-meson decay: 

B(D,F -+ R+vR + hadrons) = 0.1 - 0.25 

B(D -f R + va + K) = 0.03 - 0.08 

B(F -+ R + va + n) = 0.02 - 0.05 

B(D" -f K-n+ + i?',rr') = 0.03 - 0.18 

B(D+ + ~'IT+) = 0.02 - 0.10 

B(F+ -f rj~+ + K+?") = 0.02 - 0.12 . (4.9) 
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Arguments over operator enhancement aside, all authors (112-114) agree 

that, because of the large number of modes available for decay, no single 
& 

branching ratio is expected to be more than a few percent. 

One other interesting aspect of D-decays has to do with the possibility of 

Do - 5" mixing (115). If this is induced by charm-changing neutral currents 

such as CY, ( 
1-f Y5 

2 >u coupled to the Z" weak boson, then 

AM(D",Eo)% GF$ >> T(D" -+ ALL) 'L G 

and DoDo mixing will be complete. One then will see Do -f K + . . . as often as 

D'-+K+ . . . . If /AC'] = 2 transitions are mediated by second order (Gi) processes 

or by neutral Higgs bosons, mixing may be less than complete but still appre- 

ciable. Thus, a measurement of T(D" -+ K + . . . )/T(D' + g + . . . ) gives us im- 

~ portant information about the structure of weak currents (both charged and neu- 

tral)as well as constraints on the couplings of Higgs mesons to quarks. 

Charmed baryon decays are considerably more complicated and correspondingly 

uncertain. The reader is referred to the above papers (and enclosed references) 

for details beyond the gross estimates one can make from Eqs. (4.6) and (4.7). 

As we-hinted earlier, the masses of D's and D"'s are so delicately arranged 

that they cause an unprecedented complication in sorting out D-spectroscopy. 

The problem is that the Q-values for D* -f Dr are so small that the electromag- 

netic (Ml) decay D* + Dy is competitive with the strong one: Therefore, when 

studying the invariant mass recoiling against Do produced in e+e- annihilation 

at 4.028 GeV, say, one s,ees a very rich structure corresponding to 

e+e' -t DoDO (Recoil mass Mx = Mno) 

e+e- j ,,oij;*o (Mx = %*o> 
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e+e- + D*$jO, D >ko + Dono or D'Y (Mx = Y~o~o or MEOW) 

e+e- -f D *o,*o , Dk'O -f Dora or D'Y (M, = MG*o,o or M6;koY) 

a e+e- -t D%-, D"+ -f Doa+ (M-x = q)-,+I 

e+e- -f D"+D*-, D *+ + Don+ <Mx = MD*+) (4.10) 

The decay D"'+D+n- is energetically forbidden. The relative strength of each 

component of the recoil distribution is determined by the product of the ex- 

clusive channel cross section and the appropriate D" branching ratio. So these 

branching ratios are of great importance in charmed-meson spectroscopy. 

In addition to their model for calculating exclusive channel cross sections, 

Eichten et al (68) have estimated the various D" branching ratios as follows: 

For the Ml decays they use the naive quark model formula 

T(D*(cq) + D(c;)+y) = $CX (2 eq 2 +-2--m > p 
3 

C 's 

(4.11) 

where e = e 
C U 

= 213, ed = -l/3, P = (4h - g)/2NDk, and they use quark masses 

of mu = md = 0.33 GeV and mc = 1.87 GeV (determined from I'($ + e-!-e-) and 

3Jf - M,,, in the pure linear potential model). 

The D* -f DIT width is obtained by assuming a form suggested by their model 

calculation of +,, -f Dz; it is 

I'(D* + DT) = P3 
~&TM& 

c21 J-Al2 (4.12) 

where ED TI = P2 + M&,9 C is anrisospinClebsch-Gordan coeff-icient, andAis an 
, 

amplitude depending only on m in the limit that heavy quark mass m + ~0. As- 
U C 

suming further that ms is large enough so that A can be estimated from K* -t Kn 

decays gives 

A = 47.8 GeV -312 (4.13) 
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Using the measured (108) D and D" masses, they obtain the widths and 

branching ratios listed in Tablell. As we will see shortly, the results in 
-h 

Table11 are in remarkable agreement with those determined from experiment 

under much less model-dependent assumptions. 

To conclude this discussion, we mention first that the expected (and mea- 

sured) F* - F mass difference ((MT) implies the F" -f Fy is the only decay 

mode of this C= S=lvector meson. Using mS = 0.50 GeV in Eq. (4.11) gives 

r (F*+ + F-y) = 0.2 keV (4.14) 

Second, the apparent success of the Ml formula Eq. (4.11) for D" decays stands 

-in sharp contrast to its apparent failure in the charmonium system. 

Finally, it is unfortunate that the formula Eq. (4.12) is unlikely to be 

testable in bound systems of a still heavier quark Q with u, d, s. With the 

hyperfine splitting decreasing like MS-l, the only energetically allowed de- 

cays of M*(Qii) to M(Qu) , will be the radiative ones. Looking on the bright 

side, this situation will make M, M" spectroscopy a little easier, and-if 

the M* width can be measured-provide further tests of the Ml formula. 

B. EXPERIMENT 

What follows is a brief discussion of the properties summarized in Table 10. 

For more detail and reference to experimental work not cited explicitly, the 

reader is referred to Feldman's recent review (108). 

To date, charmed mesons have been identified directly only in e+e- annihila- 

tion experiments, where their production cross sections are G50% of the total 

and the kinematics are especially simple. The D and D* mesons have been posi- 

tively identified by the SLAC-LBL collaboration (22). We hasten to add that 

before and since their discovery, there has been plenty of indirect evidence for 

charmed mesons in neutrino experiments (see Sec. VI), in e+e- annihilation at 
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Table 11 

Predicted D* Widths and Branching Ratios (68) 

Mode Width (keV) Branching Ratio 
co 

j-,*0 +DlT ’ ’ 

D 
A0 

+ Do-y 

D*O -j all 

D*+ -+ D +o 
YT 

D*+ o+ 
+DIT 

D*+ -+ J)+y 

D*+ + all 

39.7 53.0 

35.2 47.0 

74.9 

22.2 28.4 

53.4 68.4 

2.5 3.2 

78.0 
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CEA(14)SLAC (31, 32) and DESY (33, 34), and in photoproduction at SLAC (see 

Sec. VIC). The F+ and F *' (decaying to F+y) were discovered by the DASP col- 

laboration (116) at DESY at c.m. energy 4.414 GeV. And the F+ is tentatively 

confirmed by the SLAC-LBL collaboration in data taken at 4.16 GeV (108). All 

of these discoveries and all of the precision data on Do and D+ were obtained 

at the peaks in the annihilation cross section-3.772, 4.028, 4.16, and 4.414 

GeV-which are charmonium resonances above threshold. [There is one exception: 

the beautiful measurement (108) of MD*+-MDo required high energy, 6.8 GeV, to 

detect the IT+ in D t'c+ -f Don+ .I 

Evidence for charmed baryons comes from two sources. The first is a single 

neutrino event in the Brookhaven 7-foot bubble chamber (117). 

(4.15) 

“++ This is interpreted as vpp -f ~-l-Cc ; cy+ -?- A+=+. c , A; + nTr+Tr+lT- because the 

event violates the AS = AQ rule. The second comes from a peak in the inclusive 

AR-~-T+ spectrum at 2.26 GeV in a photoproduction experiment at Fermilab 018). 

This group also reports evidence for the sequence Zz" + Ac7F - +, with a ZE mass 

of 2.43 GeV. These masses are exactly those determined in the Brookhaven ex- 

periment and expected in the quark model. Very indirect ,evidence for charmed 

baryons in e+e- annihilation comes from the sharp rise in proton and A produc- 

tion in the 4.4 - 5.0 GeV region (108 >. But upper limits on cross section 

times branching ratio to observable modes (0. B) are typically an order of 

magnitude lower than for D production at the same energies. Most interesting 

in these studies is that A production is consistently only lo-15% of proton 

production at all energies, suggesting that charmed baryons preferentially de- 

cay to K + nucleon + . . . rather than to strange baryons. 

The isospin assignments in the table are madepurelyon theoretical grounds; 

no experimental information exists other than the fact that D* -+ DIT precludes 
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15 I = 0 for both these charmed mesons. Similarly, no measurements of Jp exist 

for F, F*, and charmed baryons. Assuming that Do and D+ have the same J P , 
-h 

observation of Do -+ K-IT+ and study of the Dalitz plot for D++ K-r ++ 'IT proves 

that parity is violated in their decays (119), suggesting that they decay via 

weak interactions. This fact of parity violation is now obvious (without the 

assumption of equal Jp) from the observed decay modes of Do and D+. Assuming 

that the parity of D is -1, observing that D* 
+- 

+- DIT and e e -f DE*, and measur- 

ing the angular distributions for 

e+e- -+ Dis 
L---K?T, (4.16) 

the SLAC-LBL collaboration is able to rule out JE = JE* for 3: = 0' and 

J? = I- 
D , J;* = 0-, whereas they find high confidence levels for the hypothesis 

P - P JD = 0 , JDk = l-. 

The remarkably precise measurements (108) of the Do and D+ masses come 

from data taken at the peak of $" = $(3772), the 13~1 charmonium level. This 

accuracy is possible because: (1) $" decays exclusively to DoDo and D+D- <DC' 

is energetically forbidden), and (2) it lies just ~40 MeV above threshold, so 

that the D's are moving very slowly. Thus, small errors in the measurement of 

I pD are unimportant in determining MD from 

MD = ( (MQ"/2)2 - pi)" = (E; 
2% 

- P,) , (4.17) 

where the beam energy E 
b 

is very well measured. pD, of course, is determined 

from the momenta of the D-decay products. Fig. 16 shows the invariant mass 

spectra for Do and D + . The clearly visible 6 = I%+ - MD0 = 5.0 +0.8 MeV is 

only slightly less than predicted in Refs. 109 and 110. 

The D *0 mass is measured by a similar trick at W = 4.028 GeV. Here, 

e+e-'+ D -mjj*o is picked out and pDtio is measured as follows: The momentum 

spectrum of Do' s detected at Q(4.028) is measured. (This is equivalent to the 
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recoil mass spectrum, but is less susceptibleto experimental error.) This is 

shown in Fig.17. The small Q-value for D"O -f D"?ro makes these components 

of the^distribution (curves B and E in the figure) rather sharply peaked. The 

lower peak (B) obviously corresponds to D"oD'O, and a simple kinematical ex- 

ercise gives the center of this peak as 

p,;tr (D*OD*O ; D*o -+ DOT’) = PDf<(,EDO’~+<O (4.18) 

Here, ED0 = SO and %,ko = W/2 to a very good approximation, so that 

fJ$*o = Jcwm2 - (P;T2 (4.19) 

determines the mass quite accurately. With the D"+ - Do mass difference ac- 

curately determined from high-energy data as noted above, there results 

6* = Mg+ - Mgo = 2.6 + 1.8 MeV, and 

6 - 6* = 2.4 + 2.4 MeV (4.20) 

This is purely an electromagnetic hyperfine splitting and is expected to be 
. 

GlMeV in most theoretical estimates. Finally, the Q-values used in construc- 

tional Table 11 are shown in Fig. 18 . 

Masses of the other charmed mesons are determined by similar techniques, 

with the most precise measurements always coming from e+e- -+ McMc where M 
C 

is a charmed meson, MC its antiparticle. These masses are determined in 

standard ways dictated by the experimental set-up. And, finally, at W = 4.4 

GeV, there is some evidence for peaking in the recoil mass distribution 

against Do (99). The peak occurs near Mx = 2.4 GeV, possibly corresponding 

to the quasi-two-body production of charmed P-states with D or D*. If we use 

the masses in Eq. (4.4), the process is 

e+e- -+ D D(l 'Pl) + D(1 'Pl) i (4.21) 



- 91 - 

Before the discovery of +", it was possible to measure with certainty 

only 0. B for the various D-meson decay modes. With this pure source of 

DoDo an^d D?D-, comes the ability to measure absolute branching fractions. 

This, in turn, p ermits absolute determination of the charmed component of the 

total annihilation cross section. The main features of the nonleptonic frac- 

tions in Table10 are: (l)theyare allonlya few percent,as expected;(2) thedecay 

D+-+ K'v+ does not seem suppressed, so that the nonleptonic AC = AS Hamiltonian 

may not be as simple (or as mysterious -depending on one's point of view) as 

the one governing K, decay; and (3) so far there is little evidence (119 ) 

for quasi-two-body decay, e.g. Do +(K*-n+, K"po)+ E'o~T+~-. There is no evi- 

dence for Cabibbo-suppressed decays; present limits are somewhat above theo- 

retical expectations of order tan2Bc.(59). 

The semielectronic decay fractions measured to date are really an average 

determined from measurement of 

\,‘ 
M%DO D+ F+ 

o(e+e-+M + . ..>B(M -+e+v + . ..) e (4.22) 
C C 

c " , . . . 

TO reduce contamination from F's and charmed baryons (so that their semileptonic 

fractions can be unfolded in future experiments), one wants data taken at the 

lowest possible energies. This still gives an average over Do and D+, a prob- 

lem that can be resolved using "tagged" D's from $" decays (108). At any rate, 

three experiments have now measured the average semielectronic branching ratio at 

low energies: the DASP collaboration at DESY finds (Be)= 0.10+0.03 at W = 

3.99 - 4.08 GeV(120); a LBL-SLAC-Stanford-Northwestern-Hawaii (LSSNH) collabora- 

tiongets Be = 
(>- 

0.072 + 0.028 from running at +"(121); and, at the same energy, the 

DELCO collaboration at SLAC has measured 0.11 + 0.03 (122). It is worth remarking 

that DELCO has an order of magnitude more solid angle (60%) for electron detection 
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than do either of the other two experiments. The average of these three is 

= 0.093 + 0.017 (4.23) 

In Table 10 we arbitrarily took Be-l%% for both Do and D+. 

This result is a factor of two smaller than expected in a naive quark-model. 

calculation, but within the wide range estimated by Ellis et al. (113). 

The DASP, LSSNH, and DELCO collaborations also have measured the elec- 

tron momentum spectrum in multiparticle events, presumably correspond- 

ing to D + e? + X (rather than +c + e + X). Fig. 19 shows the DELCO results 

which have by far the highest statistics; the results of the other two groups 

are quite similar. All of the spectra show the characteristic softness ex- 

petted from D -f Kev and K* ev, with good fits obtained by assuming sizable 

fractions of these two modes. None of the experiments was sensitive to the 

V, A structure of D -t K* ev. Certainly, this is one of the most important 

questions for future study. 

The question of Do -go mixing has been studied by two methods. The first 

(99) is to observe Do + K-r+ and look at the charge of the kaon resulting 

from decay of the 5 in recoil. The second (108) is to tag Do by observing 

the IT + in D *+ -f Don+ and then count the number of times Do -t K+IT- instead of 

K-IT+. In both cases, the apparent AC = -AS decays are consistent with what is 

expected from IT - K misidentifications; and the violation of the AC = AS rule 

isL17% at the 90% confidence level. This certainly rules out maximal Do- Do 

mixing, i.e. [AC/ = 2 currents coupled to Z', but not necessarily a small mixing 

due to second-order weak or Higgs boson effects. 

D* branching ratios may be determined as follows (108): Fitting the rela- 

tive contributions of curves B and C in Fig. 17, there results (99) 

B(D*' + D'y) = 0.45 + 0.15 (4.24) 
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Hence, B(D *'O -t D"lro) = 0.55 + 0.15, and D*+ branching ratios may be obtained 

under more general assumptions than made in Eq.(4.12), namely (1) isospin 

conserv;;‘tion in D* + Dr decays; (2) T(D* + DR) proportional to pi; (3) Eq. (4.11) 

for Ml rates. It is then clear that if I = l/2 for D and D* and mu/me (l/4, 

the resulting widths and branching franctions are nearly indistinguishable 

from the predicted ones in Table 11. 

All in all, the gross characteristics of charmed hadrons are just what were 

expected on theoretical grounds. But the theory is a long way from being well- 

tested, and a great deal more experimental study of the details of charmed- 

-particle weak interactions is needed. It is to be hoped that this "bread-and 

butter" physics (best carried out at the Q") will not be overlooked in the 

rush for new physics at the Tand still higher energies. 
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V BEYOND CHARM 
A. MOTIVATIONS 

The existence and characteristics of the quarks u, d, s and c are well-established. 

However, there are reasons for considering the existence of further quarks, even 

heavier than the c. The quarks to be considered here are those of charge * (called 

t quarks) and of charge -$ (called b quarks). While there is no known reason that 

quarks of charges -+, ++ (etc.) are forbidden, there is no theoretical or experi- 

mental motivation for them; they present no essentially different features and will ~~ 

not be discussed. 

The theoretical motivation for quarks beyond charm comes from gauge theories for 

the weak and electromagnetic interactions. Within the group SLJ(2) x U(1) there is 

little purely theoretical motivation for more than four quarks. However, if for 

aesthetic or other reasons, one required the existence of both left- and right- 

handed charged currents (for quarks), then no SU(2) x U(1) model with only four 

quarks is even remotely consistent with the data. One six-quark model (123) with 

the coupling l6 (u b)H (and mb > 11 or 12 GeV) is possible; all other SU(2) x U(1) 

models (124) with right-handed couplings for u and/or d quarks appear to be in- 

consistent with the data. Of course, there is absolutely no experimental evidence 

requiring any right-handed charged currents among quarks. 

Many models based on higher gauge groups require six (or more) quarks. If an 

SU(3) of "flavor" is contained in the group, then triplets of quarks with charges 

2 11 17 I 
3, -7, -2 can be found. Some argue that the non-integer nature of quarks can 

be understood in a natural manner in such theories where the sum of quark charges 

is zero. In theories involving SU(3), the fifth and sixth quarks are both expected 

to have charges -L 3' It should be mentioned that some higher groups contain 

SLJ(2) x U(1) as a physically relevant subgroup and are able to reproduce all of 
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the WS-GIM predictions for neutrino-hadron interactions. SU(3) generalizations 

of SU(2) x U(1) models will be discussed in Sec. V B. 

There have been attempts to find theories which unify the strong interactions 

with the electromagnetic and weak interactions. Among such theories are those 

based on the exceptional groups E6 and E7, studied by Giirsey, Ramond and Sikivie 

(125 >. The group E6 has SU(3) x SU(3) x SU(3)co10r as a maximal compact sub- 

grow, while E7 has SU(6) x SU(3)co10r. The E6 theory can be reduced to a model 

very similar to the WS-GIM model, and E 7 to the SU(2) x U(1) model with (u b)R. 

Both models require six quarks (two with charges -$ and four with -?j). The quarks 

found in these theories based on exceptional groups automatically have fractional 

charges. 

There are further motivations for new quarks. Following the discovery of the 

charmed quark, four quarks and four leptons were known to "exist." Later a fifth 

lepton 'c (of mass 1.8 GeV and charge ?l) was discovered (24). Horn and Ross 

_. (126) showed that in the WS-GIM model, existing data require the existence of a 

neutral lepton coupled to r (as ve is to e). Some have speculated that these 

additional leptons may indicate the need for additional quarks. Within the WS-GIM 

model, it is necessary to have equal numbers of quark doublets and lepton doublets 

in order to cancel WA triangle anomalies (127) which otherwise prevent renormal- 

izability of the gauge theory. In any unified gauge theory, the proof of renor- 

malizability makes strong use of current conservation through the associated Ward 

identities (9). The formal conservation of axial currents, however, is not 

necessarily true in the presence of fermions. Triangle diagrams with one 

axial and two vector vertices will destroy the axial conservation unless cancella- 

tions are arranged among the different fermions which can circulate in the loop. 

In the WS-GIM model, the anomaly cancels between the (ve e)L and (u d)L doublets, 
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and between the (vu v)I and (c s>~ doublets. Therefore the presence of a doublet 

associated with T requires a quark doublet (t b)L in that model. It may be rele- 

vant to me&ion that the present, limited data shows the branching ratio (128) for 

the decay -c -+ v x to be substantially lower than expected; this apparent failure 

of a firm theoretical prediction clouds the interpretation of r, but more data is 

needed before taking this result seriously. In other models the triangle anomalies 

are cancelled by different means so that conclusions concerning new quarks can be 

different. 

An early experimental motivation for new quarks was the report of anomalous 

energy dependencies for antineutrino scattering cross-sections and distributions 

(129). However, more recent experiments (130) with higher statistics find no 

large anomalies. Another relevant observation in neutrino scattering has been 
- - 

the discovery (131) of events with three outgoing muons (n 1~- u+). The number of 

events reported at this time is quite small, and it is impossible to determine 

their origin now. Three possible sources involving new heavy particles have been 

suggested; however, two "background" sources could also provide a significant rate 

of "trimuon" production. One source of trimuons in neutrino scattering could be 

the production of a charged heavy lepton (heavier than the T lepton) which has a 

sequential decay (involving another new heavy lepton) into three muons and other 

particles (132). Another source (133) involves the simultaneous production of a 

neutral lepton (which decays into P-~J+v) and a quark b (which decays into a nega- 

tive muon and other particles). Finally, a heavy quark t could be produced and 

decay sequentially through either a quark b or a neutral heavy lepton (134). 

Alternatively, trimuon events could simply be the result of p,w,+ and $ production 

+- and decay to n 1-1 , or muon pair bremsstrahlung (135) off quarks or the muon. At 

this time one cannot, therefore, say whether or not trimuon events are an indication 
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of the existence of new heavy quarks, but the amount of data should increase 

sharply in the near future. 

There in, of course, one substantial motivation for quarks beyond charm. Upon 

its discovery ( 23) in pp scattering, the 'I' (9.4) was immediately interpreted as 

a ?jq meson (103). Analyses indicated that the associated quark had charge -$; 

however, these analyses involve significant assumptions, and it should be empha- 

sized that one cannot reach reliable conclusions concerning the charge in hadronic 

collisions. .~ 

In e+e- annihilation it should be easy to determine the nature of T (9.4) and 

the charge of its constituent quark. The charge will be evident by determination 

of the leptonic width, I'(T + u+n-), (about 0.7 keV for b quarks and 2.8 keV for 

t quarks of mass 5 GeV according to Eichten and Gottfried (104)). Use of the 

branching ratio of T to ufn- is not completely reliable, since theoretical calcu- 

lation of the total width is difficult. The cross-sections expected for T are 

much smaller than those for $ (136). The integrated area under a resonance in 

+- 
e e annihilation is given by 

2 = 6v2 
- Bhad I’(+ + e+e-) 

2 

(5.1) 

I 

where r($ -+ e+e-) = r(+ + n+n-). For a -$ charge quark one finds JZ = 150 nb-MeV 

compared with lo4 nb-MeV for JI, and the signal to background may be only 2 to 1. 

The maximum ratio of the cross-section in the resonance T (for charge -$-) to 

background would be approximately 10 compared to 300 for $. While T will not be 

as dramatic as I/J, +- it will be quite noticeable in e e experiments, and its dis- 

covery there will be an important confirmation of a new quark. 
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B. EXTENDING THE STANDARD MODEL 

The simplest extension of the WS-GIM model within SU(2) x U(1) is the addition 

of a.new l^eft-handed doublet with t and b quarks (137), which, together with a new 

doublet for r leptons, would cancel triangle anomalies: 

(5.2) 

with all right-handed components in singlets. These new doublets have little im- 

pact on the phenomenology of the lighter particles. The d, s and b quarks in these 

doublets are actually mixtures similar to the Cabibbo mixture for the four-quark 

model (see the discussion in Sec. VIII). As discussed in Sec. VI and VII and 

elsewhere, there is almost no data in conflict with this expanded WS-GIM model. 

Within the gauge group SLJ(2) x U(1) it is also possible to construct models 

with right-handed charged currents. The relevant couplings are those to u and d 

quarks. Some models (123,124) have (u b)B or (t d)B or both. If one is willing to 

4 5 consider quarks of charge -- or +-, then models with (d v)B or (r u)B can be 3 3 

consistent obtained. Of models with such right-handed doublets, only one (12 

with present neutral-current data (see Sec. VII): 

(5.3) 

where % > 11 or 12 GeV (see Sec. VI) but the g quark could be the constituent of 

T. N e, Nu and NT are heavy neutral leptons. For this model, the cancellation of 
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triangle anomalies occurs separately within the quark sector and within the lepton 

sector. . 

One carl"modify such models to include a coupling (c s)K but not (c d)K; this 

has been discussed by Golowich and Holstein and others (138 ). There is no reason, 

5 priori, that quarks (or leptons) must be in doublets. However, SU(2) triplets 

4 (or higher representations) require quarks of charge -7 or +' 
3' and will not be 

considered here. 

We have mentioned a variety of theoretical reasons for considering other weak 

and electromagnetic gauge groups beyond SU(2) x U(1). Furthermore it is possible 

that future data will rule out SU(2) x U(1) as the full group. However the pres- 

ent phenomenological success of the WS-GIM modelindicatesthat SU(2) x U(1) will 

be a good subgroup of any larger group. 

Various authors (139) have noted that there are models within SU(2)L x SJLJ(~>~ 

x U(1) (where L = left and K = right and SU(2)L is the same SU(2) as above) which 

reproduce virtually all the neutrino-hadron scattering results of the WS-GIM model. 

Georgi and Weinberg (140) have generalized these results and shown that at zero- 

momentum transfer, the neutral-current interactions of neutrinos in an SU(2) x G 

x U(1) gauge theory are the same as in the corresponding SU(2) X U(1) theory if 

neutrinos are neutral under G. They also noted that one of the neutral gauge 

bosons in the expanded group must have a mass below that of the ,Z" (80 GeV) of 

the SU(2) x U(1) model. 

In SU(2)L X SU(2)' x U(1) there are seven gauge bosons, Wt; Wi, Z" Z" 1, 2, Y9 in 

contrast to the four in SU(2) x U(1) (W', Z", y). It can be'arranged so that Zy 

has purely axial-vector couplings to all particles (except neutrinos) and that Zz 

has purely vector couplings; this assures the absence of parity violation in 

neutral-current interactions (see Sec. VII). One version of the model has the 

couplings: 
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(u bJK cc s> K (t dlK 

('1): (::), ('I), (Ne e)K (Np '")K (NT ')K 

(5.4) 

where column doublets are coupled by WL (the usual W) and row doublets by WK. 

Since (u b)K is coupled by WK, which has no direct couplings to v 
1-1' 

the usual lower 

limits on the mass of b do not apply (and T E bb is possible). 

Another gauge group which has received considerable attention is SU(3) x U(1). 

For the models (141) which have been considered, extreme values of the parameters 

can be chosen which would reduce these models to conventional SU(2) x U(1) models. 

For intermediate values of the parameters, the phenomenological results are some- 

what different. One version of the models resembles the WS-GIM model, while 

another resembles the SU(2) x U(1) model with (u b)K. 

One extension (125,142) of the standard WS-GIM model,which has SU(2) x U(1) 

as a good subgroup in a fairly natural way, is based on the group SU(3) x SU(3). 

The neutrino-hadron scattering results are essentially the same as for the WS-GIM 

model although the value sin 2 
eW = 3/8 predicted in this model seems somewhat 

larger than present experimental indications. There are 16 gauge bosons, including 

the usual W', Z" and y. Many of these bosons must be three (or more) times as 

heavy as the Wi- for phenomenological purposes. Among these are the "right-handed" 

equivalents of W+ and most of the bosons carrying diagonal neutral-currents. In 

this model the leptons are placed in two (3,3) representations.- The quarks are 

in triplets such as: 

u C 

0 0 

d S 

bL g I, 

(u s blK Cc d g>, (5.5) 
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where the first two quarks in each column triplet are coupled by W' and all other 

quarks are coupled by different bosons. One of the most interesting features of 

this model is that the lightest new quark b, always decays semileptonically, in- 

eluding modes such as b -+ ui'3 and b + dv<. Thus, this model predic,ts a large 

amount of missing neutral energy in e+e- + (b i).+ (b q). 

One of the questions in constructing new models concerns the weak coupling of 

the b quark where T (9.4) z b i. While the'standard assumption places the b quark 

in a left-handed doublet with a t quark, there are several other couplings which 

are consistent with all data (see Sets. VI and VII). In SU(2) x U(1) models, the 

couplings (t b)R and (c b)R are allowed. In a model such as SIJ(~>~ x Su(2jR x U(1) 

the b quark can even have a right-handed coupling to u quarks since that interac- 

tion is mediated by WR which does not couple to v . 
P 

Those models which have quarks 

in SU(3) triplets can have couplings such as (u d b)L, (t b d)R or (c b d)R. There 

certainly is no evidence that b quarks have left-handed couplings to t quarks. In 

fact, some of the models mentioned here have no t quarks. 

Not all theories involve quarks with fractional charge. Pati, Salam and others 

(143) have proposed models with quarks of integer charge (following Han and 

Nambu (144 )), which nonetheless reproduce many of the results of conventional 

gauge theories. In this theory, however, quarks and gluons can exist as free 

particles (before decaying). In the basic model, there are 16 fermions: 

(5.6) 

where R, Y, B are the "colors" red, yellow, blue, and the leptons are considered 

to be the fourth color. The model can be expanded to include other quarks and 
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leptons. One of the problems for this model is that it predicts free, massive 

gluons which have not been observed. This and other aspects of the Pati-Salam model 

are discuSSed critically in Kef.145. 
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VI PRODUCTION BY NEUTRINOS, HADRONS AND PHOTONS 
Although most experimental information about new quarks has come from e+e- anni- 

- 
hilation, other methods of production have played an extremely important role. 

The ti/J was produced hadronically at the same time that it appeared in e+e- anni- 

hilation, and charmed baryons have been observed only in neutrino and photopro- 

duction. In this section, some of these other methods are discussed. They can 

yield important information about the weak and electromagnetic theory and about 

QCD as a possible strong interaction theory. 

A. PRODUCTION BY NEUTRINOS 

In neutrino scattering in the WS-GIM model, where u quarks have a left-handed 

coupling to d quarks (u d)I,, one expects vud --f u-u or iuu + n+d to be the usual 

charged-current processes. Most results are consistent with this hypothesis, 

and one,must look at rare processes in order to learn more. 

In the scattering of neutrinos off nucleons, it is possibl-e to produce single 

charmed mesons (or baryons). However, since there is no large coupling of valence 

(u or d) quarks to c quarks, this additional cross-section is not large. The 

coupling (c d sin ec) with sin2 0 
C 

= 0.05 leads to a 5% rise in the expected 

cross-section for neutrinos (above the threshold energy). There is no similar 

Cabibbo-suppressed (sin ec) process possible for antineutrinos. The coupling 

(cs cos8 ) leads to an increase in both neutrino and antineutrino cross-sections; 
C 

however, the amount of strange quarks in the sea (i.e., of s - s pairs in the 

nucleon) is quite small, of order 5% (146), so that resulting effects are small. 

Since 5% effects are difficult to measure experimentally and since comparable or 

larger QCD effects may occur, little evidence for charm is found in total cross- 

sections. Similarly, little effect is seen in y distributions (y f (Ev - Ey)/Ey). 

It might be helpful to give a simplified description of several features of QCD 

which should result 'in similar effects in neutrino scattering (147). With in- 

creasing Q2 (f -q2) one expects that: a) the x distributions of quarks (where 
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x : -q2/2MN(Ev - EU)) will shrink (i.e. - become more peaked toward zero); b) the 

fraction of the struck nucleon's momentum carried by valence quarks will decrease 

- slowly; aAd c) the fraction carried by sea quarks (u-z, d-d and s-s pairs in the 

nucleon) will increase. There are helicity arguments which show that o (vql -+ u-q2). 

= 3 a(v i2 --f lJ-ql) = 3 .(J q2 + n+ql) = 
-- 

(J(v q1 -+ 1-I 
+- 

q2), where i indicates anti- 

quark. In neutrino reactions then, scattering off valence quarks is enhanced 

relative to that off sea quarks, while in antineutrino reactions scattering off 

sea quarks is enhanced (although most momentum is always carried by valence 

quarks). As a result, one expects neutrino cross-sections to decrease with increas- 

ing Ev (which 2 
is proportional to <Q >) and antineutrino cross-sections to 

increase slightly. A related effect is the increase of cy> for antineutrinos 

with increasing E, (f or neutrinos there is little effect). 

Although charm is difficult to detect in total cross-sections and distributions, 

evidence for charm is quite clear in other aspects of neutrino experiments. 

Charmed particles decay into muons and into electrons 10 or 20% of the time, and 

these leptons can be detected. If charm production is 5 or 10% of the total, and 

the branching ratio to muons (electrons) is 10% or 20%, then 0.5% to 2% of all 

neutrino-induced events should contain an extra muon (electron). This rate of - 

"dilepton" production (17) is in fact roughly what is observed (due to experi- 

mental cuts and efficiencies the exact rate is not easy to determine directly). 

Furthermore, in distributions of variables such as y, Ey and various angles, one 

finds (148) strong evidence for the additional lepton coming from the decay of a 

produced heavy quark (with mass of approximately 2 GeV). 

Neither the rate nor the distributions show that this heavy quark is charm. 

However, since charm usually decays to s quarks, in bubble chamber experiments 

one can see if events with two leptons also have a K meson or a ho baryon. When 
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neutrinos change d quarks into c quarks, one strange particle should result. 

However, when an a quavl: il? the sea is changed into a c quark, there is always 

the remailing s quark from the pair in addition to the s quark from c quark 

decay, so that two strange particles result. Since antineutrino scattering lacks 

a Cabibbo-suppressed mode of charm production, the number of strange particles 

(two) is expected to be greater than for neutrinos (roughly 1.5). At present, 

results have been reported only for neutrinos. Two experiments (149) have 

-+ reported about 3.5 K mesons per 1-1 e event, while one other (150) with much 

higher statistics has reported about 1.0 K mesons per event. The latter cor- 

responds closely to the predictions for charm. 

In all of these features (cross-sections, y distributions, dilepton rates, 

presence of strange particles) little room remains for significant production of 

any heavier quarks. Of course, for sufficiently massive quarks, all production 

would be deferred until higher energies. Present data (129,130) indicate that any 

b quark (charge - i > which has a right-handed coupling to u quarks (through W 

bosons) must have mb _ > 11 or 12 GeV, certainly excluding the quark in 'r (9.5). 

If given that mb = 5 GeV, then the coupling squared for (u b)K must be 0.1 (or 

less) of that for (u d>b. Any t quark (charge 4) which has a right-handed - 

coupling to d quarks (through W bosons) must have m > 5 or 6 GeV. For the left- t - 

handed couplings (u b)b and (t d)L, the limits from analysis of the data are 

m > 8 GeV in both cases if the couplings are full strength. For 5 GeV t or b 

quarks, the (left-handed) couplings squared must be 0.3 (or less) of that for 

(u dQ,. 

In the WS-GIM model, the additional coupling (t b)I (see Set V) would lead to 

little t or b quark production, because the mixing angles between heavy quarks 

and light quarks must be small (see Sec. VIII A). From the universality of quark 
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and lepton couplings and from the Kl mass difference, one finds (151) that 

the td?oupling (ub coupling) is not likely to be more than 10% (5%) of the id 

coupling (i.e. - rates at the 1% (0.3%) level). Clearly even at high energies 

there will be little impact on cross-sections. 

There are many other couplings possible for t and b quarks besides (t b)L, and 

some of these also have few observable consequences in neutrino physics. Among 

such couplings are the right-handed couplings (t b)K and (c b)K. Also the 

couplings (u b)K and (t d)K are possible (even for relatively light t and b) in 

models such as SU(2)L x SU(2)R x U(l), where those couplings occur not through the 

usual W boson but through a new boson which does not couple v to 1-1 and is 
u 

heavier than W. 

One can look for signals for new quarks in multi-lepton events, although in 

the WS-GIM model, the rates will not be high. Given the coupling squared 

&O.Ol), the branching ratio to muons (-0.2) and the phase space suppression F 

(see Table 12), the rate for dilepton events from new heavy quarks is less than 

0.2F times the rate for dileptons from charm in this model. Clearly then, detec- 

tion of t and b quarks will be difficult. One possible method of distinguishing 

dileptons for t or b decay from dileptons for charm decay involves the energy 

of the secondary (decay) lepton. Dileptons from heavy quark decay should be 

significantly more energetic (152). 
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Table 12 

The phase space suppression F (relative to zero 

mass quarks) for production in neutrino scatter- 

ing of quarks of given mass. 

F for Fermilab F for CERN 

Quark Mass Quad Triplet Flux Wide-Band Flux 

(GeV) All E E>lOO GeV All E E>lOO GeV -- - c- 

-1 -1 -1 -1 
5 10 3x10 10 2x10 

-3 -2 
10 6x10 3x10 

15 1o-4 6~10-~ 1o-5 1o-4 

-2 
10 
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Another means of finding evidence for the production of t or b quarks comes 

from examination of events in which three leptons are produced. In the WS-GIM 

model, b Tuarks are likely to decay into c quarks unless mt< ml, (see Sec. VIII A). 

In some cases, both the b and c quark decays would involve leptons. In anti- 

neutrino scattering, b quarks can then be produced (along with the usual pf) and 

decay sequentially into two muons (or electrons), The resultant "trilepton" events 

would occur at less than 10 -4 F (see Table 12) of the total rate. If mb > mt, 

it is clear that trilepton events can also occur at the same rate, but with b 

decay to t instead. 

If mt > mb3 then (in this model) t quarks can decay into b quarks which decay 

into c quarks. In neutrino scattering t quarks can be produced and decay into 

two, three or more leptons. For such "trilepton" events the rate would be less 

than 8 x 10 -4 F of the total rate (counting both p-u-~ + --I-+ 
and IJ IJ 1-1 events). 

Trimuon events have been reported by three groups (131). -At Fermilab, 

one group (131) reports a rate of 10 -4 , while at CERN a rate of 5x10 -5 has been 

reported (131) (in both cases E > 100 GeV and Ep > 4 GeV is required). Presumably 
V 

some (and possibly all) of these events come from background sources (such as p' 

decay). The rates given above for the WS-GIM model are upper bounds (since upper 

bounds on td and ub couplings are used) and even then appear to be lower than 

these reported rates, but the question of backgrounds should be resolved. Various 

studies (132-135) have been made concerning the expected characteristics of such 

trilepton events; more data are needed before conclusions can be reached. 

The multi-lepton events found in b or t quark decays are expected (in the WS-GIM 

model) to be accompanied by the presence of strange particles. If m,, < mt, then 

b quarks decay into c quarks which decay into strange particles; and the t quarks 

would decay into b quarks. If mt< mb' 
then t quarks would decay dominantly into 

s quarks direct1.y; and the b quarks would decay into t quarks. 
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While the above remarks were taken in the context of the WS-GIM model, similar 

conclusions follow in many other models. There are a large variety of left- and 

right-haflded couplings possible for b and t quarks in both SU(2) X U(1) and other 

models, and frequently these result in detectable signals in neutrino experiments 

as described above. 

B. HADROPRODUCTION OF IEhVY PARTICLES 

+- Heavy vector mesons such as J, and 2?, which decay to 1-1 1-1 +- 
oree, have been 

observed in pp, pN, pi and np scattering experiments (153). There are several 

different approaches to calculating the cross-sections which have been advocated. 

Some of them have been modified as further data were reported, and here most atten- 

tion will be given to the later versions. 

One obvious way to produce $ mesons is by the fusion of a c quark from one of 

the incoming hadrons with a c quark from the other hadron, where the c and c 

quarks come from the "sea" of their respective hadrons (154). The magnitude of 

such a process is difficult to estimate since assumptions are needed about the 

validity of SU4 and/or about the manner of decay of the Jo (used to estimate the 

fusion coupling). However, this process has an unavoidable consequence which is 

easy to test: all + production should be accompanied by the simultaneous produc- 

tion of two charmed particles. The experiments which have been done report (155) 

that there is no evidence for this process, and it must be quite suppressed com- 

pared to other processes. 

One modification of such an approach is to argue that the Jl.is produced by the 

fusion of light quarks and antiquarks (154). However, since there are not many 

antiquarks in a proton compared to an antiproton, one expects I/J production in pp 

scattering to be at least twenty times that in pp scattering (depending on the 

shape of quark and antiquark distributions). Experiment indicates a factor of 
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about seven. While this approach appears to be inadequate, such diagrams are 

included in two other (more successful) methods. 

In one-of these other approaches it is argued that the P-wave states (x) of 

the J, family are produced much more frequently than are q's, and that the 

observed Q's are primarily decay products of those P-wave states (156). The 

production of Q's (relative to x's) is said to be suppressed because JI couplings 

require at least three gluons, so that the resulting effective coupling is much 

smaller than that for x which requires only two gluons. In such a picture, the 

x is produced by two processes: 1) the fusion of two gluons, one from each of 

the colliding hadrons, and 2) the fusion of a quark and an antiquark from the 

colliding hadrons. The latter process can be assumed negligible in pp scattering 

(where there are few antiquarks), but is important in pp scattering. This approach 

can obtain the correct ratio (157) for 3, production in pp relative to pp scatter- 

ing, which is 0.15 f 0.08 at 4; = 8.75 GeV. - The cross-section (via gluons, which 

are labelled "g" below) can be written as: 

a(A+B+$+X) = dxldx2fA(xl)fB(x2)o(gg+X)B(X'$+Y) 

= % $ fA(x)fB($ 
m 

where f(x) are gluon distribution functions, 
2 T 2 m /s and m is the mass of x. 

Using 

(6.1) 

(6.2) 

where e 
Q 

is the charge of the quark w is the X-Q mass difference, 

and the last proportionality holds for a linear potential model, then one finds 

o(A+B+$+X) ae 2 
Q 

m -14'3 F(r). (6.3) 
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In this approach both the form and magnitude of F(T) can be calculated, and the 

results shown in Fig. 20 are in reasonable agreement with the data. Even if 

F(T).was zot calculable, one could take F(r) from the data for + and apply Eq. 6.3 

to the production of ?Y and heavier particles. 

One motivation for this approach is that it provides an obvious explanation 

for the observed large suppression of $' relative to + production (153). Since 

there are no P-wave states which can decay into I/J', it can only be produced 

directly; but direct production was assumed to be suppressed. If J$ production 

is really an indirect process involving x+$+y, then the observation of y's 

associated with I/J production is a crucial test of this approach (a recent experi- 

ment may in fact see such y's (158)). 

In another approach (159, the production of a pair of quarks, c and c, is 

calculated. When the invariant mass of the pair is less than two times the mass 

of D mesons, it is assumed that Q's (or other $ family members) can be produced. 

There are three types of diagrams which contribute to c - z production in this 

approach: a) a quark from one of the colliding hadrons can annihilate with an 

antiquark from the other hadron to give a single gluon which produces a c - c 

pair, b) a gluon from each of the hadrons can couple to a c quark line, producing 

ac- c. pair, and c) gluons from each of the hadrons can fuse to a single gluon 

which produces a c - c pair. In each case a color singlet is obtained via 

final-state interactions which are neglected in calculations. For diagram (a) 

the cross-section is given by 

I 

c2%j2 ds' 1 
0 = --f- a(q6-t g,+ccc)r 

(2mc12 ' / 
2 f(x)f$) (6.4) 

T 

where s' is the subenergy, T = s'/s and f(x) are quark distributions. One way to 
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estimate o in the integrand is to assume an analogy to Drell-Yan calculations (160) 

of ut- production. Then o is given by 

/ 

(2mD)2 da;ly u2s 2 
CT= 

(2m,) 2 
ds' T 23 

cf. 
(6.5) 

where c1 
S 

is the strong coupling constant and CT' DY is the Drell-Yan cross-section 

calculated without the quark charges. Diagrams (b) and (c) can be calculated 

similarly. When all three types of diagrams are included, one obtains the correct 

ratio for $ production in pp relative to pp scattering. 

In Fig. 20 the data for the production of $ in proton-nucleon scattering is 

shown. The curve is a theoretical calculation of Carlson and Suaya using the 

indirect production (x -f $) approach (156). Other authors using this and other 

approaches have obtained similar results for $ production. To test the basic 

hypotheses of the approaches discussed, one can examine whether they can account 

for the observed cross-section for r (9.4) production. For the indirect production 

approach one sees from Eq. 6.3 that if the data are adjusted for e 2 -1413 
Q” 

m and the 

branching ratio B(T+n+p-), then the r data should lie on the same curve as the 

J, data. In Fig. 20 these adjusted data are shown with the symbol 'I and do, in 

fact, lie on the same curve. It was assumed that the quark associated with ?J has 

1 charge --; 3 otherwise the adjusted data points would lie a factor of about 16 lower 

(both ei and B change by about 4). For the direct production approach, adjusted 

data points lie below the + data by a factor (according to one calculation) of 

1 about 5 for charge -3 quarks and 20 for + charge quarks (only B is different for 

different charges). Since it is probably unreasonable to expect these models for 

'I production to be accurate to better than an order of magnitude, these results 

do not distinguish the two approaches nor are they completely reliable determina- 

tions of the charge of the quark in r. 
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It is interesting to ask what are the highest mass vector mesons (Co) that can 

be produced in hadronic collisions at existing and future accelerators and storage 

rings. in Table 13 (due to Carlson (161)) it is assumed that at least 10 events 

per year musf be observed. Of course, these results are only crude estimates, 

since extrapolation from 3 GeV particles (r;l> to particles of enormous mass 

is difficult. There could be unforeseen complications; one such complication 

suggested by Bjorken and by Nieh (162) is that very massive quarks could have 

very significant weak decay modes so that the branching ratio to U+P- (or 
+- 

e e > would decrease. The weak decay width becomes a sizable fraction of 

the total when the quark mass becomes comparable to the W boson mass. 

The production of charmed particles (D+ g cd, Do E cl, etc.) in hadronic col- 

lisions has not yet been observed. However, various theoretical estimates suggest 

that the actual cross-sections are not far below the present experimental limits. 

There are some simple methods which can be used to estimate cross-sections at 

Fermilab energies. For example, one could guess 

'D oK ---*lo. 
% % 

(6.6) 

This gives aD z 1 ub for pp scattering. Sivers (163) has suggested that one 

could make use of an assumption that the appropriate transverse momentum scaling 

variable is (pi2 2 l/2 
+m> rather than pl; then the cross-section for D meson pro- 

duction*might be related to that for pions with pl X 2 GeV so that 

aD z 0.1 !Lnc$)exp (- 7) mb (6.7) 

This method requires an assumption about the charmed quark content of nucleons; 

for the above estimate c/s = 0.2 (where s = strange quark content) was assumed, 

which gives o D = 10 ub. But there is reason to believe c/s is perhaps an order 
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Table 13 

The highest mass of Q?j mesons which could be produced in 

pp collisions at existing and proposed facilities (161). 

The mass calculations include corrections for the exist- 

ence of weak decay modes (see text); the parenthetical 

numbers are without such corrections. 

Mass (in GeV) for __--- 

Facility - 

ISR (31 + 31) 

TRISTAN (180 + 180) 

ISABELLE (400 + 400) 

FNAL (270 + 1000) 

POPAE (1000 + 1000) 

UNK (2000 + 2000) 

VBC (lo4 + 104) 

VBA (fixed target) 

A -- 

62 

360 

800 

1040 

2000 

4000 

2x104 

140 

Luminosity 

1031 

lo33 

1o33 

1o33 

1O33 

1O33 

1O33 

1o37 

-1 charge 3 2 charge 3 

21 

76 

87 

90 

94 

96 

98 

89 

(2ij 

(86) 

(114) 

(122) 

(140) 

(151) 

(161) 

(961 

26 (26) 

92 (115) 

108 (165) 

112 (181) 

117 (218) 

121 (243) 

124 (276) 

96 (103) 
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of magnitude smaller, so that aD should be much smaller. The present experimental 

limit is aD < 1.5 lib at &= 27 GeV (164). 

More sophisticated calculations have been carried out (151,154,156,159,165). 
-h 

These are usually extensions of the "direct production" approach to $ production 

where the limits of integration over s' (such as in Eq. 6.4) are changed to 4m 
2 
D 

and s. As for JJJ production, the diagrams a, b and c can all contribute. Babcock, 

Sivers and Wolfram (165) (among others) discuss the results of such QCD calcula- 

tions and conclude that diagrams b and c are more important than a. They also 

discuss higher order effects and argue that it is reasonable to neglect them for 

most purposes. With standard assumptions Babcock et al. estimate for pp scat- 

tering aD X 1 ub at & = 27 GeV (also oD x 10 Ub at 4s = 54 GeV and 100 ub for 

A-2 200 GeV). They argue that the present experimental limit on D production 

in hadronic collisions favors either smaller values of 01 s (th an expected from 

lepto-production experiments) or gluon distributions which are more peaked 

toward small x. 

For heavier mesons such as Qc and Qd where Qa z T (9.4), most estimates (165) 

are that for a very large range of energies, the cross-sections for production of 

Qd or Ql mesons will be two orders of magnitude lower than those for D mesons. 

This clearly makes observation of such mesons very difficult in hadronic 

collisions. 

In addition to the above calculations, which are based on behavior expected 

for y = 0, there have been calculations of peripheral production (for x >0.5) 

of charmed particles. For example, -+ the cross-section (166) for n-p + D C 
0 

(C is a charmed baryon) has been estimated as 0.5 nb while triple Regge calcula- 

tions (166) of np -+ DX (for x >0.5) give a~60 nb. 
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C. PHOTOPRODUCTION OF $ AND CHARM -.- 

One of the earliest papers discussing J, (prior to its discovery) was written by 

Carlson and Freund (167) discussing the photoproduction of a then hypothetical 

ci vector meson. The photoproduction of $J is usually assumed to be a dominantly 

diffractive process which can be understood with a modified vector-dominance 

model (97). The modification allows for the y-JI cbupling to be different at 

2 2 q2=0 and g =m 
JI' 

With this assumption the cross-section (see Ref. 168) is 

(6.8) 

where A measures the variation of the y-Q coupling g with q 2 
Y4J 

and the off-mass- 

shell extrapolation of the invarianramplitude (X=1 for the "naive" vector-dominance 

model). Making use of the optical theorem, one finds: 

$ (YN+W$ = ’ 3r($+e+e-) 

min e -b tmin 16 TaM A2(1 + P~)u:~,($N) (6.9) 
9 

where daldt was assumed to have t dependence e -bt (which is consistent with data 

(169) for b = 2.9 GeVe2) and p 5 (Re&/Irn& -t 0 as s -f *, withdthe amplitude 

for $N + $N. An independent determination of atot ($N) can be extracted from the 

observed A dependence (170) (where A is the effective number of nucleons per 

nucleus) of 9 photoproduction; experiments on Be and Ta give u tot (QN) = 3.5 f 0.8 

nb at E ~20 GeV. 
Y 

To avoid consideration of threshold factors and of p, we will 

assume that this value stays approximately constant up to higher energies (Ey= 80 

:eV). Next, an assumption about the value of X is needed. If the value of the 

,aive vector-dominance model (A=l) is taken, then for p % 0, da/dt(t=O) * 400 

b/GeV2 which is far above the experimental values (169,171) of about 60 nb/GeV2 ' 

f EY * 8o GeV- 
Some theoretical models give X m 0.5, which gives da/dt (t=O)% 

00 rib/Gee*; choosing X = 0.3 or 0.4 gives 40 or 60 nb/GeV2. Clearly, the naive 

ector-dominance model must be modified to account for J, photoproduction. 
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From knowledge of $ photoproduction, there are some immediate implications 
w 

for the photoproduction of charmed particles. By use of unitarity, it can be 

shown (168) that for a given energy: 
c, 

16~ zf (YN+-+N)I~ 5 (l+c)2(l+p2) a(yM+charm) o ($N-+charm) (6.10) 
min 

where E measures violations of the OZI rule and 

1 1 - 
$ [ 

s - (mph+)2 * s - (m -m )2 2 I[ J, I- 
9 t s-m 2 

P 
(6.11) 

(which is 0.33, 0.72, 0.93 for E = 10, 20, 80 GeV). 
Y 

Application of the OZI rule 

again implies that u tot (JIN) m o (JIN + charm). Using E 
Y 

= 20 GeV data (169,171) for 

(da/dt) and atot ($N) in Eq. 6.10, one finds 

o(yN+charm) 2 115 nb/(1+c)*(l+p2) (6.12) 

Since E and p are presumably small, it is safe to say a(yN+charm) L 100 nb. 

. - It is possible to estimate the photoproduction of charm by QCD techniques. 

A gluon from the nucleon and the incoming photon can each couple to a c quark 

line producing a c-c pair. This has been discussed by various authors (172,173), 

who find o(yN+-charm) increasing from about 100 nb at E = 20 GeV to about 400 nb 
Y 

at E = 80 GeV. 
Y 

Some assumptions are required to apply perturbative QCD to this 

problem, but the approach is not implausible. Roughly speaking, the large mass 

of the charmed quark is expected to set the scale for the effective coupling 

constant. The use of QCD here is similar in some ways to its use in explaining 

the total width of the cc states, and it surely needs further theoretical 

analysis. 

These results are in approximate agreement with a sum rule of Shifman, Vainshtein 

and Zakharov (173), and may be consistent with the reported observation (11.8) of 
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a charmed antibaryon of mass 2.26 GeV. (whose cross-section has not been reported 

-yet). .Thissxperiment of Knapp et al. saw evidence for what may have been 

*, - -- 
+ 

-+AlTnTr. 
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YII NEUTRAL CURRENT INTERACTIONS 

The weak interactions provide an important probe in the study of new quarks 

(and new leptons): The‘neutral-current interactions are a crucial measure not 

only of the existence of new quarks but also of the structure of the gauge 

theories of weak and electromagnetic interactions. Were the neutral-current 

predictions of the WS model to fail, one would be forced to consider other 

models. In fact, however, the WS model is in good agreement with 

most neutral-current data, as will be discussed below. The importance of 

neutral-current phenomenology can be seen in the successful prediction of the 

existence of the c quark from the absence of strangeness-changing neutral- 

currents (via the GIM mechanism (4)). For much of the study of neutral- 

current interactions, the neutrino is used as a probe; it-is uniquely suited 

to this purpose, since it is the only particle which has only weak interactions 

It is possible, a priori, that c quarks (or b or t quarks) could be produced 

directly by neutral-current processes in which u quarks are changed into c 

quarks. In the WS model (with all left-handed quarks in doublets, none 

in singlets) such charm (or other "flavor") changing neutral-currents are 

forbidden by the GIM mechanism. Two types of experiments indicate tlkat the 

neutral weak boson Z, (of SU(2)xU(l) models) does not change charm: 1) e+e- 

annihilation experiments (174) .find no DO-2 mixing (such mixing should be 

found if charm-changing currents exist); 2) neutrino scattering experiments 

(17) also find no evidence of Do-E0 mixing (which would lead to ~-JJ- events). 

In a model for a group other than SU(2)xU(l) it might be possible to have 

flavor-changing neutral-currents if they occur via another boson which is quite 

heavy or does not have flavor-conserving couplings to light fermions. For 
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SlJ(2)xU(l) (in which many models are possible) there is little likelihood 

that there wzuld be t- or b-changing neutral-currents, given that there are no 

strangeness- or charm-changing currents. In SU(2)xU(l) models with quarks of 

charges 5 and - i only, there are no flavor-changing neutral-currents if all 

quarks of a given handedness are in doublets (or are all in singlets) of SU(2). 

If most quarks were in doublets but one were in a singlet, mixing among quarks 

would lead to flavor-changing neutral-currents for all quarks of that charge 

(unless there were some reason why mixing was prevented)(ll5). 

There are four types of neutrino experiments which are commonly used to 

test the diagonal (flavor-conserving) neutral-current structure of gauge 

theories. These are inclusive scattering off heavy nuclei (175), elastic 

scattering off protons (176), semi-inclusive (single pion) scattering off 

heavy nuclei (177), and elastic scattering off electrons (178). The first 

three can be used to calculate the neutral-current couplings of u and d quarks. 

In SU(2)xU(l) models these quark couplings are given by: 

L 
qL = T3 - Q sin' 8 W 

(7.1) 

R 
qR = T3 - Q sin' 6W 

where L (R) refers to left-handed (right-handed), -r3 is the weak isospin (+ 3 

for quarks in doublets, 0 in singlets), Q is the charge of the quark, and Bw 

is the "Weinberg" angle, which is a free parameter of this theory.. The inclu- 

sive and elastic scattering results are usually reported as ratios of neutral- 

current to charged-current cross-sections for both neutrinos and antineutrinos; 

the semi-inclusive scattering experiments give ratios of r 
+ to ?r- (in the 
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current fragmentation region). With these six numbers, the possible couplings 

(u L' uR'4-dL' dR) are severely limited. Some of the data are shown in Figs. 

21 and 22. Analyses have been done by many authors (179). An analysis of 

Hung and Sakurai (179) (who make use of conclusions of Sehgal (179)) finds 

that there are only two sets of couplings for u and d quarks which are allowed 

by the data. These are (where the uncertainties are always -t- 0.15): 

A + 0.29 - 0.40 - 0.24 0 (7.2) 

B -I- 0.29 - 0.40 + 0.24 0 

Note that if all four signs are changed in set A or in set B, the resulting 

sets of couplings are, of course, equally allowed. If sin2 Bw = 0.3 is chosen, 

then the WS model predicts that uL, dL, uR, dR are 0.3, -0.4, -0.2, 0.1. 

This is very close to set A of allowed couplings. There may be other models 

such as the SU(2)xU(l) model with (u b>R (see Sec. V) which have values simi- 

lar to those of set B. Note, however, that the parameter Bw is attributable 

only to a specific model, and other models may fit the data for different 

values of that parameter. If there is any shortcoming to the above analysis, 

it is that these results depended crucially on use of specific parton model 

assumptions in the analysis of the semi-inclusive data. Since that data was 

taken at very low energies where parton model assumptions could be questioned, 

it would be best to confirm the conclusions by independent means. A new 

analysis, which is near completion, by Abbott and Barnett (179) (based on very 

new data) will try to use independent methods to further isolate the allowed 

values of the neutral-current couplings of u and d quarks. 
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There are three types of neutrino-electron elastic scattering experiments 

(178) which have been reported: they are with v u and u beams. With 
!J' !J e 

each cross-:ection one can determine a locus of points in the gA-gV plane 

which are consistent with the 90% confidence level upper and lower bounds for 

that cross-section. Each of these isan annulus and in Fig. 23 the inter- 

section of these three regions (which is shaded) is the allowed region. The 

WS model with sin2 flw = 0.25 - 0.3 lies within the lower part of the al- 

lowed region. Some other models lie in th4upper part of the allowed region. 

There are experiments testing weak neutral-currents which do not involve 

neutrinos. These concern effects which arise from parity violation which is 7. 

possible in weak neutral-currents in contrast to electromagnetic currents 

(which are purely vector and conserve parity). Among such experiments are 

those parity-violating transitions in heavy atoms (bismuth, thalium, cesium), 

in light atoms (hydrogen and deuterium) and in nuclei. There are also 
. - 

experiments which measure polarization asymmetries in electron-nucleon deep- 

inelastic scattering and in e+e- 
+- 

--VP. 

The experiments involving bismuth are already reporting results which are 

consistent with zero parity violation. The Oxford group finds the measured 
-8 

optical rotation to be (2.7 ? 4.7) x 10 radians, while the Washington group 
-8 

finds (-0.7 + 3.2) x IO radians (180). The optical rotation measured by 

this type of experiment on heavy nuclei should be dominated by the interfer- 

ence term Aelectron Vhadron rather than by velectron Ahadrona There is some 

controversy concerning the atomic and nuclear theory calculations (181, 182); 

however, the best estimates are that for the WS model the Oxford experi- 

ment should find (-15 x 10' 8, radians and the Washington experiment (-12 x 10d8) 
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- radians. .uthin SU(2) xU(l)one can obtain a zero result for the bismuth 

experiment if the electron is given vector couplings (Aelec = 0); the electron 

is vector if it has a- coupling (E" ey), in addition to (ve e-)b (where E" is a 

heavy neutral lepton). 

There are some models, notably SU(2)L x su(2)R x U(1) models (see Sec. V), 

which expect both A 
electron 'hadron and V 

electron 3-l adron to be zero (to first 

order). These models have two weak bosons (Zi and Zi), one which has purely 

axial-vector couplings to all fermions (except neutrinos) and one which has 

purely vector couplings. There are experiments which are sensitive to both 

of the VA terms and have the added feature that they lack the theoretical dif- 

ficulties of experiments on heavy nuclei (182). These experiments are performed on 

hydrogen and deuterium, and involve either atomic transitions or electron- 

' nucleon deep-inelastic scattering. While the theory is clear, it will be 

difficult for these experiments to obtain sufficient sensitivity to distinguish 

among various models. Were the absence of parity violation to be confirmed by 

these experiments (which expect results in the next year or two),it would be a 

serious problem for the WS-GIM model. 

The neutral-current interactions present a serious challenge to any gauge 

theory of quarks and leptons. A theory which could account for the wide 

range of data discussed here would be most impressive. 
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Vi I I C^ONSERVATION LAWS 
In the construction of gauge theories which incorporate more than four quarks 

' . (and leptons), the question of mixing among fermions must be considered again. _ 

It was already clear from Cabibbo mixing that'the weak interaction eigenstates 

are not identical to the mass eigenstates. While a deep understanding of the 

cause of this mixing is still lacking, the phenomenological consequences of it 

should not be overlooked. One important consequence can be the breakdown of 

certain conservation laws. Two relevant conservation laws are those for CP 

(the product of charge-conjugation and parity) and for muon-number. The 

violation of these quantities is quite small: CP-violating decays of K" 

mesons are about 10e3 of CP-conserving decays, and muon-number violating 

decays of muons have never been observed and are less than'10v8 of muon-number 

conserving decays. The understanding of such conservation laws and their 

breakdown is a crucial step in building a theory of quarks and leptons. 

A. CP VIOLATION 

The theory of CP violation has been studied (783) for many years. A variety 

of approaches has been considered involving left-handed and sometimes right- 

handed currents. Here attention wi&l be limited to the case of the WS 

model, although some results are applicable to other models. Consideration of 

CP violation in weak interactions involves not only the question of how it 

occurs, but also of why it is "milliweak" (CP-violating terms are about low3 

of CP-conserving terms). In the WS model, the possibility of CP violation 

depends in an important way on the number of quarks. If there were only four 

quarks (u, c, d, s) and only left-handed currents, then CP would be completely 

conserved in the quark sector. Weinberg (184) and Sikivie (185) have proposed 
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that CP violation could occur only in Higgs exchange in such models, which can 

-automatically give a "milliweak" violation. -c, 

If there are six (or more) quarks, then one expects to find CP violation, 

which a priori need not be small. In contrast to the four-quark case where - 

the weak coupling matrix has one parameter (the Cabibbo angle ec), the WS 

model with six quarks (discussed first by Kobayashi and Maskawa (137)) has 

four parameters. They can be taken to be four angles, Bc, 01, 82 and 6, in 

terms of which the weak coupling matrix is: 

-scc2 

ccc1c2 - S1S2e i6 

CcS1C2 + C1S2e 
is 

-sCs2 

CcClS2 + S1C2e 
i6 

ccs1s2 - ClC2e i6 
, (8.1) 

where the rows correspond to the quarks u, c, and t, the columns to d, S, 

and b, and C = cos e c, Cl Z cos fll., etc. CP violation cannot be calculated 
C 

since three angles are not known; however, there are experimental results 

which limit the possible values of 6 1 and 0 2 and allow some comment on the 

expected magnitude of CP violation. 

In this generalized case, ec must still have the usual value (Bc= 1.3"). 

From the universality of quark and lepton couplings, Ellis et al. (151) find 

that the ub coupling, sin2 Bc sin2 e2 < 0.003 so that sin2 e2 < 0.06. Given 

this limit, the fact that charmed particles decay dominantly to strange 

particles leads to no useful limit on 81 (only sin2 elZ0.8). Following the 

method of Gaillard and Lee (13), the KL - KS mass difference can set some 

bounds on sin2 01 (151), depending on several factors: the c quark mass, the 

t quark mass and the quantitative accuracy of the Gaillard-Lee estimate. If 

cos 2 e2 z 1, then 
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sin '6, a+ 
1 ( 

T/a' f (f-l) gb)/b (8.2) 
.- where a % 77 + r) Qn r,, b z 1 + 71 + 27 IZn 71, v z mz/m: and f is a factor measur- 

ing the multiplicative deviation from the Gaillard-Lee estimate. Clearly if 

that-estimate were exact (f = I), then sin2el = 0 (note that a is negative). 

If f = 2, one finds sin2 01. = 0.24 for n = 0.1. (m 
t 

z 5 GeV) and sin2 01 = 0.07 

for q = 0.01 (mt =: 15 GeV). If f ='5, one finds sin2 01 = 0.61 (n = 0.1) and 

0.25 (77 = 0.01). 

With this information plus a guess for 6, one can (see Refs. 151, 186) estimate 

the ratio of the CP-violating to the CP-conserving parts of the K" mass matrix: 

= $! sin 6 sin Ol sin 92 
b sin2 Bl - a 

__I 
I 

(8.3) 
b sin4 13~ - 2a sin2 e1 + q 

where a, b and n are defined above and 6 is the phase in the weak coupling 

matrix, Eq. 8.1. If one chooses 0 = e = 0 = 6 (which puts all angles below 
C 12 

the experimental upper limits), then one finds the calculated IE/ to be 10 

times the observed value (187)(which is about 2 x 10m3) for n = 0.1 and 40 

times it for n = 0.01. Alternatively, given the observed CP violation and 

choosing intermediate values for 8 1 and 8 2' one can determine 6. For sin' B2 

= 0.03 and f = 1.5 (which gives sin2 ol = 0.15 for n = 0.1 and 0.05 for 

n = O.Ol>, the values obtained are sin2 6 = 2 x 10S4 for n = 0.1 and sin2 6 = 

5 X 10d5 for n = 0.01. 

To summarize, the WS model with six quarks does give CP violation. By 

choosing the angles in the weak coupling matrix to be sufficiently small, one 

certainly can obtain the correct magnitude for CP violation. If, however, a 

random choice of angles is made (within the bounds described above), the pre- 

dicted CP violation can be one or two orders of magnitude larger than the 
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- observed v&olation. While the magnitude of CP violation cannot be predicted 

accurately, the CP-violating terms are clearly much smaller than those for 

non-rare decays, SO that the usual Ko decay phenomenology is obtained quali- 

tatively. It is possible, of course, that there are symmetry arguments or 

other reasons why 0 
1' e2 and/or 6 must be small. 

This analysis also gives information concerning the coupling strengths for 

various charged-current terms which are useful in other sections of this 

review. Using the coupling matrix 8.1, the ub coupling squared is proportional 

to sin2 Bc sin' e2, which is less than 0.003 compared to the ua coupling. The 

td coupling squared is proportional to sin2 ec sin2 015 0.03. Furthermore, the 

ratios of couplings squared for ts-/th- and cb/ub are both greater than 10 for 

most but not all angles 6 1 and 8 2' The small CP violation indicates that at 

least one of the angles 81, e2 and 6 must be even smaller, but does not indi- 

cate which ones. 

B. MUON-NUMBER NONCONSERVATION 

Among the interesting tools for understanding the structure of the weak and 

electromagnetic interactions are experiments searching for processes such as 

v - e.7, 1-I - eee, and u N -e N. While the standard theories expect lepton- 

number to be conserved, muon-number may be violated in higher order diagrams. 

It is assumed that u and vn have muon-number one and all other particles have 

zero. Here, three means 'of finding muon-number violation in SU(2) x U(1) models 

will be discussed. 

In the context of the WS model (although it is applicable elsewhere) 

Bjorken and Weinberg (188) ccnsider the interactions of leptons with Higgs 

scalars: e 
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where the c$~ are linear combinations (not necessarily independent) of several 

scalar fields of definite mass. Since the P and e are defined as the physical 

states found in the diagonalization of the mass matrix, if there is only one 

Higgs doublet (as is sometimes assumed), then g2 and g3 must be zero. However, 

if there is more than one Higgs doublet, then in general it is possible that 

g2 and/or g3 are nonzero, and virtual Higgs scalars will give physical transitions 

between 1~ and e such as shown in Fig. 24. Because the Higgs coupling to the 

light leptons is so weak, the two loop diagrams (Fig. 24b), in general, 

dominate one loop diagrams (Fig. 24a): 

2 
1 loop Z .2J > 0 2 loops c1 "H 

Bjorken and Weinberg roughly estimate 

(8.5) 

(8:6) 

depending on the amount of mixing among the Higgs scalars. 

No muon number violation has been observed yet. The present experimental 

limit (90% confidence level) for u -+een( is 3.6 x 10sg (189). In the model, the 

decay P - 3e was expected to be very small. The decay KI-+ Pe is forbidden 

in lowest order (or one would get strangeness-changing -neutral-currents). They 

predict 
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-h 

cs (p- N -+ e- N) - 4 x 10-g 
CT (p- N + v N' ) 

(8.7) 

where N is a nucleus, and the experimental limit is 1.6 x 10e8 (190). 

In models which also have right-handed currents there is another source of 

muon-number violation. This source, discussed first by Cheng and Li and by 

Bilenkii et al. (1911, involves the mixing of massive neutral leptons which have 

right-handed couplings to the electron and muon, (de' e-)R and (A$' u-)~. In 

analogy with the Cabibbo mixing of the d and s quarks, they suggest: 

4; = -$ sin 4 +Jz/ cos + u 

Then clearly if one considers the simple one-loop diagram of Fig. 25, there 

will be a GIM-like cancellation. The cancellation is not complete, to the 

extent that sJe and ,/yii have unequal masses; the amplitude for this 1~ --ey 

process is proportional to 

(8.9) 

Bjorken, Lane and Weinberg (192) argue that the Iliggs couplings which give 

masses and lead to the above mixing also cause small but finite mixing of the 

left-handed parts of s*, and AU with v and v . This mixing is of order e 1-I 

m /m u .A-' 
There are, as a result, left-right diagrams in addition to the right- 

right diagram, Fig. 25. These left-right terms have the same form as the right- 

right terms, but their amplitude is multiplied by -6. If the value of expres- 

sion (8.9) is 1 GeV2, then (incorporating the Bjorken-Lane-Weinberg modification) 

-u-+er = 
P + evS 4 x lo-lo (8.10) 
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Cheng and -Ei estimate the branching ratio for p --eee to be about lo-l1 (where 

the experimental limit (193) is 6 x lo-'), and for u- N + e- N to be as large 

as 10mg. For m 
2 %, 

z ‘4, they find the branching ratio. for KL- erto be 
P 

about lo- lo (the exp erimental limit is 2 x lo-' (194)). 

Glashow (195) and Fritzsch (196) have shown that muon number can be 

violated in models without right-handed currents and with only one Higgs 

doublet. If the charged heavy lepton T has a left-handed coupling to a massive 

neutral lepton &-r, then &r can mix with v and v 
e u' 

Decays such as 9 --c e'Y 

could occur in the same fashion as proposed by Cheng and Li and by Bilenkii et al. 

where Am2 is replaced with m 2 
Jr' T 

The mixed states can be written as: 

v1 = v e e cos 0 + A; sin 6 

\I’ = v 
1-I 1-1 

cos + + (-v 
e 

sin 8 + Jy, cos 8) sin f$ 

dv’ = WIT cos 0 - v e sin 0) cos 4 - V sin 4 
T P 

(8.11) 

Both angles can be shown to be small by the requirement of universality 

(seen through u- and B-decay) and by the lack of ve in v' 
lJ 

(vu do not produce 

electrons in scattering). If u -+ ey were observed at the lo-" - 10mg level, 

then the smallness of the angles 0 and $ requires that ma be quite large 
T 

(much larger than m in fact). 'r Since mr < rn&+, , the heavy lepton T could only 
T 

decay through the mixing'of AT with ve and vP. 

It would be possible to rule out this mode of muon number violation by 

measuring the lifetime of T carefully, but it probably will be difficult to 

obtain a better experimental limit than the present value of about 10 -11 

seconds. Since the angle 4 is so small, it would be very rare for v scatter- 
P 

ing to produce T leptons. 
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A precise measurement of the conservation or non-conservation of muon- 

,,umber would be a valuable tool for studying the existence, mixing and cur- 
-h 

rents of new leptons. 
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IX ATTEMPTS AT A GRAND SYNTHESIS 

Although charm and many predictions of gauge theories for neutral and charged 

currents seem well verified, the experimental evidence in favor of strong and 

weak gauge theories remains somewhat indirect. From a theoretical point of 

view, however, the importance of gauge theories cannot be over-emphasized. 

Theypresentthe firstpossibilityforatheoreticallyconsistentdescriptionof 

boththeweakandelectromagneticinteractions, and the strong interactions. 

In fact, if the gauge theory framework applies generally, there is 

every reason to believe that within it, a grand unification of all three 

interactions can be attained. It is an important enterprise to begin 

working on this even though it is in some ways premature. New questions 

can be raised and a framework provided for studying unsolved problems 

such as mass generation and the existence of mixing angles like ec. 

We shall not enter into a detailed discussion of the many models 

proposed for grand unification. However, there are several features and 

problems which are necessarily common to any specific model and it is 

possible to discuss the subject in general terms. This will give the 

reader some appreciation of these general features and will also serve 

as something of a conclusion for the entire review. 

First of all, it is worth repeating and underscoring the two assump- 

tions which form the foundation for the approach to grand unification 

to be discussed here. 

(1) The weak and electromagnetic interactions are described by a spon- 

taneously broken gauge theory based on some Lie group Gw, perhaps one of 

the several models we have discussed. The success of the WS model in 
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dealing w?th neutrino neutral-current interactions indicates that it 

will contain SU(2) x U(1) as a subgroup. If Gw is larger than SU(2) x U(l), 

then presumably some of the gauge bosons of Gw will be considerably 

heavier than Mw Z' and M The quarks and leptons are assumed to fill out 

low dimensional representations of Gw, with the total number being 

"reasonably" small. If Gw is simple (or semisimple in the form 

G; x G;, with a reflection symmetry relating the two factors), then a 

single coupling constant is involved. If SU(2) x U(1) is a subgroup, 

0W will then be determined before proceeding on to grand unification. 

With the fermion content arranged to eliminate triangle anomalies, 

this theory will be renormalizable, and therefore exhibit only logarithmic 

growth with energy. The coupling strength at laboratory energies will 

be of order c1 = &. At higher energies E, the effective coupling con- 

stant u.(E) (see Sec. II) can change logarithmically but the effect is 

not significant until ct log E/Elab becomes of order unity. 

(2) The underlying theory of strong interactions is QCD (Eq. 2.2). It 

is renormalizable,and providing that the total number of quark flavors f 

is less than 16.5 (Eq. 2.15), it is asymptotically free. The running 

coupling constant as(-q2) for q2 > 1 - 2 GeV2 takes the form 

as(-q2) = 
1 + 2 Ln($)-$ i '2 dz z(l - z)Ln[E] ('.') 

which agrees with Eqs. 2.15 and 2.16 if -q2,L12 2 >> m.. If -q2JJ2 << m 2 
1 i 

for some flavors, then those quarks can be seen to "decouple" (197) in 

u,(-q2) * Even if f > 16.5, a temporary asymptotic freedom could sustain 
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itself until a q large enough to vacuum polarize the seventeenth flavor 

is aGained. Nevertheless, in the spirit of assumption (l), we shall 

take f < 16.5 so that the asymptotic freedom is truly asymptotic. 

The essential notion in superunification is that both QCD and the 

weak and electromagnetic theory must be viewed as low energy theories. 

Since they are both renormalizable theories with only logarithmic varia- 

tion in energy, the range of energies over which they can be viewed as 

independent theories is necessarily very large. Nevertheless, it is 

possible to imagine that at some extremely large energy, the strong, 

weak and electromagnetic interactions will be described by a single 

theory- a gauge theory of course-based on some Lie group G which con- 

tains G 
W 

x SUc(3). 

If a spontaneous symmetry breakdown takes place at some extremely 

large mass scale M, then it is possible that some subset of the gauge 

bosons acquires a mass of order M leaving the subgroup G x SUc(3) 
W 

unbroken. The Gw and SUc(3) gauge bosons will remain massless at this 

level. At energy scales somewhat below M, the exchange of the superheavy 

bosons of mass M will be suppressed, and it will appear as if QCD and 

the weak and electromagnetic theory are two separate field theories. 

It is possible that the spontaneous symmetry breakdown is a multi-step 

process. If Gw is larger than SU(2) x U(l), it could break down at 

some scale M' << M (but M' >> s, Mz). The final step at mass scale 

F$, MZ would then leave only the U(1) subgroup intact, with a massless 

photon. 
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That is the scenario in rough outline. Its actual implementation 

depen;?‘s on finding the right group G and probably on understanding spon- 

taneous symmetry breaking and the Higgs mechanism much more deeply than 

we do now. Nevertheless, several features and consequences of the pro- 

gram seem to be understood. We offer a list of those we consider to be 

most important and then conclude with a partial and subjective list of 

the many unsolved problems. 

(1) If the grand unification group G is simple (or semisimple in the 

form G' X G', with a reflection symmetry relating the two factors), the 

unified theory will involve a single coupling constant. It is then pos- 

sible to estimate the order of magnitude of M, the unification mass 

scale (198, 199). The QCD effective coupling constant us(-qL) is 

already small at -q2 = 10 GeV2. Estimates range from about 0.2 based 

on charmonium decay to about 0.5 based on analyses of electroproduc- 

tion. This, however, is still much larger than the weak coupling con- 

stant (of order c1 = I> 137 ' and if these theories are to coalesce into a 

single coupling constant theory, then something must bring the coupling 

strengths together'. 
\ 

It is primarily the logarithmic decrease of a,(-q2) 

with -q 2 that does this. This decrease can bring a,(-q2) down to weak 

and electromagnetic strength at very high momentum scales, but where 

the effective weak and electromagnetic coupling strength still has not 

changed much from laboratory energies. The grand unification mass M 

can be estimated roughly by equating the effective coupling strengths. 

The result depends on several unknown factors, such as the starting 

value as(10 GeVL), the number of quark flavors, the contribution of 
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Higgs bosons, and the mass scales characterizing the various possible 

level: in the symmetry breaking chain. Most estimates (198, 199), how- 

ever, have ranged between M Z 10 16 
GeV and M 2 10 19 GeV, far beyond 

laboratory energies. One intriguing feature of these estimates is that 

they imply the existence of elementary particles with masses on the 

order of the Planck mass G -l/2 = 1.22 X 10" GeV. This suggests that 

grand unification may necessarily involve the gravitational interaction, 

a possibility to which we return shortly. 

(2) The prototype for grand unification into a simple group is the 

G = SU(5) model of Georgi and Glashow (200). It has a maximal subgroup 

structure of SU(2) x U(1) x SUc(3), so that the usual WS model and 

QCD are naturally incorporated. If experiments force us to go beyond 

SU(2) x U(1) for Gw, then some larger group will have to be used for G. 

Some possibilities are SO(10) (201) and the exceptional groups E6 and 

E7 proposed by Giirsey and collaborators (125). E6, for example, contains 

SU(3) x SU(3) x SUc(3) and can accommodate six quarks and four charged 

leptons in two 27-plets. The possibility of Gw = SU(3) X SU(3) was 

already discussed in section V and it might be an attractive possibility. 

However, the study of symmetry breakdown in the E6 model indicates that 

some of the SU(3) X SU(3) bosons will become superheavy so that Gw is 

some proper subset of SU(3) X SU(3) (202). 

(3) Once SU(2) X U(1) is imbedded in a larger simple group, the value 

of the Weinberg angle is determined. The value of sin Bw depends on the 

structure of G and on the energy scales characterizing the stages of 

symmetry breakdown to SU(2) X U(1). In the SU(5) model, for example, the 
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value of sin20W at the unification mass scale M is 3/8. This will be 

reduczd by renormalization effects at laboratory energies since the 

effective coupling constants of the SU(2) and U(1) subgroups scale dif- 

ferently with q. Numerical estimates lead to sin2eW E 0.2 (198, 199) 

and the range of values allowed by experiment is now 0.2 < sin20 < 0.3 - W- 

(see Section VII). A similar prediction is obtained in the E6 model 

(202). It is premature to take these estimates of sin2eW too seriously, 

but they might be useful in at least excluding some groups G. For 

example, the choice G = E7 leads to sin2BW = 314 at the grand unifica- 

tion mass M, and it would appear that this is too large to be brought into 

agreement with experiment by renormalization effects (203). 

(4) An important feature of grand unification is that quarks and lep- 

tons are placed together in single representations of G. Thus, there 

will be gauge bosons (sometimes called leptoquarks) which connect lep- 

tons to quarks and lead to the breakdown of separate lepton and quark 

conservation. This is a potential disaster since the experimental lower 

bound on the lifetime for such transitions is incredibly large. Quark 

non-conservation can lead to baryon non-conservation, and the lower limit 

on the proton lifetime is 2 x 10 3o years (204)! However, if the lepto- 

quark mass is on the order of the grand unification mass M predicted 

from renormalization group considerations, then lifetimes at least this long 

long can be obtained. The decay of a proton into a lepton plus pions can 

proceed by single leptoquark exchange (205), so that the lifetime will 

be proportional to M4/MH5 where MH is some typical hadronic mass scale. 

Furthermore, the constant of proportionality might be expected to be of 

order ae2(M2) ,103(199). With MH 2 1 GeV and M 1 1016 GeV, one obtains 
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proton lifetimes well in excess of 10 30 years. Although it appears to 

be su?ficiently suppressed, baryon non-conservation is a natural feature 

of many grand unification models Ii8 (205). 

The grand unification scenario is attractive, but there are too 

many unanswered questions and loose ends to be sure that it is the wave 

of the future. A short list of some of these problems should point up 

the limitations of the present theoretical framework, both for dealing 

with grand unification and perhaps even for understanding the weak and 

electromagnetic interactions alone. 

(1) The nature of spontaneous symmetry breakdown is very poorly under- 

stood. The only known way of implementing the breakdown and the Higgs 

mechanism is by explicitly introducing multiplets of elementary Higgs 

fields into the Lagrangian. For the SU(2) x U(1) model, this required 

only one complex doublet and led to only one physical Higgs boson. How- 

ever, for the large groups G required for grand unification or even for 

larger weak and electromagnetic groups G 
W’ 

several very big multiplets 

of Higgs fields are needed to get a reasonable pattern of symmetry 

breaking (201, 125). The notion of fundamental Higgs fields becomes 

uneconomical, if not downright unpalatable. 

A possibility with some attraction is that the spontaneous symmetry 

breakdown is "dynamical", that is, not induced by fundamental Higgs 

fields in the Lagrangian. The Goldstone bosons incorporated into the 

gauge fields would presumably be bound states of quarks. Whether and 

how this kind of dynamical symmetry breakdown takes place is unknown, 

and, in fact, it is hard to see what kind of force could produce the 



- 139 - 

necessary binding. Even if dynamical breakdown is a possibility, in 

movin^g up from SU(2) X U(1) to G, it is perhaps reasonable to introduce 

Higgs fields at each stage. They may appear fundamental at one level 

if not at all energy scales. 

(2) There seems to be almost no understanding of quark and lepton masses 

and weak mixing angles. Hopefully, these fundamental questions will find 

their solution within the framework of spontaneous symmetry breakdown, 

but just how is far from clear (206). Many ingredients will presumably 

enter the solution: the unifying groups Gw and G, spontaneous symmetry 

breakdown, and the effects of strong, weak and electromagnetic renor- 

malization. Empirical relations among these parameters, such as 

o2 = m /m 
C d s and me/m 

I-r 2 mu/me, are tantalizing but they could be insidi- 

ously misleading. 

(3) Perhaps grand unification into a Lie group G, without also incor- 

porating gravity, is impossible. The natural appearance of mass scales 

on the order of the Planck mass G -l/2 suggests this possibility. At 

such extremely small distance scales, the gravitational interaction 

is probably comparable to the other fundamental forces, and it could play 

an important role, for example, in driving spontaneous symmetry breakdown. 

Just how this might work is very poorly understood, but there is at least 

one development which offers promise. The concept of supersymmetry 

(207), which relates fermions and bosons, has recently been combined with 

the notion of local gauge invariance to produce a class of theories known 

as supergravity (208). These theories contain a graviton, one or more 

spin 3/2 particles known as gravitinos and a host of lower spin particles. 
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They have the possibility of being renormalizable (2(B), but whether or 

not re"alistic theories of grand (super-grand?) unification can be con- 

structed along these lines is not yet clear. If supergravity is the - 

road to grand unification, then the group G will not be a simple Lie 

group. Instead, it will be a graded (or super) Lie group, with an 

algebra containing both commutation and anticommutation relations. 

It is important to think about these deep theoretical questions, 

but if the recent past is something of a guide, progress will come in 

more modest steps with experiment playing an important, and possibly 

leading, role. It is hard to think of another period in particle physics 

when so many important experiments were either under way or in the plan- 

ning stages. Within the next few years we may well be able to offer 

plausible, if not completely accepted, answers to some questions of 

limited scope but of great import: 

(1) Is everything "in order" with charmonium and the charmed particles? 

The pseudoscalar cc states are especially puzzling. 

(2) To what extent is the upsilon a new, improved charmonium system? 

Will it give us important information about the quark-antiquark poten- 

tial in the transition region from linearity to short distances 

(21 GeV-')? 

(3) Will QCD remain a viable theory of strong interactions? 

(4) Will spontaneously broken gauge theories remain a viable theoretical 

framework for weak and electromagnetic interactions? The most crying 
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need here is for some evidence in favor of the existence of intermediate 

vecta3; bosons -perhaps in the mass range 60 - 100 GeV. Do Higgs bosons, 

either elementary or composite, exist in an accessible mass range? 

(5) What is the correct gauge group of weak and electromagnetic inter- 

actions G ? 
W 

How many quarks and leptons are there and how do they fill 

out representations of Gw? The weak interaction properties of the T 

lepton and the b quark and the question of parity violation in atomic 

physics are central here. 

(6) What about masses and mixing angles? Are the neutrinos ve, v 
?J 

and v massless? Are muon and tau lepton number separately conserved 
T 

at more stringent levels? Will the pattern of quark and lepton masses 

offer some clue to the understanding of mass generation? 

If the near future provides us with answers to some of these ques- 

tions, it could be an even more exciting era in particle physics than 

the near past. 
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FOOTNOTES 
- 

1. The spinor field qL is not, strictly speaking, left-handed. The 

operator $(l - y5) projects out the left-handed (negative helicity) 

part of the Dirac spinor u(p) only in the zero mass limit. Thus for the 

large momentum (p >> mq) components of qL(x), 2 &(l - ~5) can be thought 

of as a covariant version of a left-handed projection operator. 

2. This means that the infinities which appear in higher-order computa- 

tions can all be absorbed into the physical masses and coupling con- 

stants of the theory. The S-matrix can then be computed to any order 

in terms of these few parameters. 

3. Although the 1 cc ground state was simultaneously dubbed $ (at 

SLAC) and J (at Brookhaven), the excited states have all been dis- 

+- covered at SLAC and DESY in e e annihilation. We shall refer 

throughout this paper to the cc states which can be directly pro- 

duced in e+e- annihilation as +, $', $'I, etc. 

4. In a renormalizable field theory, the study of scaling properties 

is not just a simple matter of dimensional analysis. A new dimen- 

sional parameter is introduced through renormalization, and that 

complicates the scaling behavior. The formalism for studying this 

behavior is called the renormalization group. 

5. We use the spectroscopic notation n 2s+1 LJ, where n is the number of 

radial nodes plus one, S is the total q + 6 spin (0 or l), L is the 

orbital angular momentum of the qq and J is the total angular momen- 

tum of the state. 
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6. The zero of energy of a system bound in an infinitely rising potential 
4 
cannot be defined unambiguously. 

7. This value of us(M+) is about a factor of two smaller than that 

deduced from analyses of electroproduction data. 

8. For this, we have used the parameters of Carlson and Gross (Ref. 

89). 

9. Kogut and Susskind (Ref. 95) implement the coupling to decay channels 

in a quite different way from Eichten et al. In particular, charmed 

mesons never appear explicitly. 

10. Note that the Hamiltonian in Eq. (3.52) corresponds to the non- 

relativistic limit of a pure vector kernel in Eq. (3.33). 

11. The experimental justification for the quasi-two-body hypothesis and 

for the neglect of charmed baryons is presented in Sec. IV. 

12. To extract AR from experiment, one should subtract from R a constant 

background of about 2.2 due to production of non-charmed hadrons plus 

the contribution of T production, which is approximately 

(1 + 2mt/W2)(l - 4mt/W2)1'2 at center-of-mass energy W. 

13. We do not discuss here the possibility that T and 'I' are the ground 

states of two distinct, but nearly degenerate, Qq. See, for example, 

Cahn and Ellis (103). 

14. Quigg and Rosner (105) have recently argued that the number of bound 

3 Sl levels grows approximately as 2(mQ/mc) 112 . 

15. Of course, the fact that only Do and D+ (with no D- or D 
+!- 

, say) 

are observed in the decays D *+ +o -+Dn, Don+ and the fact that the 

observed D- decays are to states of positive strangeness are rather 

convincing evidence in favor of I = $ as well as Q = +2/3 for 

the charmed quark. 
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16. Our notation (ql q2)L (or (ql q2)R) refers to the charge-changing 
4r 
weak current, Eq. (1.2), with (1 - y5) (or (1 + v,)) implied. The 

+ 
W- boson couples the two fermions, q 1 and q 2' 

17. The SU(3) used in such models refers to the weak interactions: a 

triplet might contain u, d, and b quarks. It is quite distinct 

from the old SU(3) associated with the light quarks (u, d and s). 

18. It is possible to push the decay to higher orders in the coupling 

constant. For an extensive discussion of grand unification and 

proton stability, see Ref. 205. 
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The electromagnetic decay of the $(l 3S,e). 
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Fig. 4 

The hadronic decay of the 

dJ(1 3s,L assuming the 

minimal gluon mechanism. 
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Fig. 5 

The transition amplitude (Eq. 3.53) 

for 9,, -f DE or FF. 
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The P-wave form factor in Eq. (3.53) for QnO * DE (n = 1,2,3) as a 

function of the momentum of the outgoing charmed meson, p = 

(W2 - 4$)1'2/2 (from Ref. 68). See Table 7 for parameters used 

in this calculation. 
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Fig. 7 

The charm contribution to R as computed in the coupled-channel model 

(Ref. 94). The heavy solid curve is the sum of the contributions 

from DE (short-dashed curve), D? + D% (long-dashed), and D*c* 

(light solid); F-meson production makes a negligible contribution. 

The thresholds used are given in the text; other parameters are very 

similar to those in Table 7. 
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R as measured by the DELCO collaboration (32) at SLAC. 
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R as measured by the DASP collaboration (33) at DESY. 
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Fig. 12 

The U+U- invariant mass spectrum (background subtracted) in the T 

region (23). The solid curve is a fit to two zero-width resonances 

(smeared by resolution); the dashed curve is a fit to three reso- 

nances. 



IO00 
2 
5 800 

z 
5 600 

5 

g 400 
I= 
2 
E 200 
W 

0 

2-78 

Jr I I I T , 
w 

I 2 3 4 5 6 

rnq (GeV) 33474418 

Fig. 13 c 

Predicted excitation spectrum of QG levels and the threshold for 

OZI-allowed decays, as a function of the heavy quark mass, m Q, in 

the linear + Coulomb potential model (104) with mc = 1.37 GeV. 
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2-70 Fig. ,4 

The Qq potentials V. (Ref. 68), Vl (Ref. 102), and V2 (Ref. 86). 

The zeroes of energy have been chosen to make them cross at the same 

value of r. 
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Radial probability for the JI and T ground states, computed from 

VO (Ref. 68), as a function of the Qq separation r. 
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Fig 16 

Invariant mass spectra for the sum of all observed (a) D+ and (b) 

Do decay modes yielding all-charged-particle final states (108). 
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T+ The Do momentum spectrum at 4.028 GeV, for Do + K K (from Ref. 99). 

The solid curves represent an isospin-constrained fit to the data. 

(a) shows the various contributions to the fit in (b). Curves A, 

B, C are from e+e- -f DAD* with (A) D"+ + Don+, (B) D*' -t DOIT', and 

(C) D*' T D'y. D, E, F, G are from D% + CD production with 

(D) D*+ + Don+, (E) D*' +DlT ' ', (F) direct Do, and (G) Dko + D'y. 

Curve H is the contribution from DoDo production. 



I 

1 l-77 

2010 

2005 

I870 

1865 

1860 

D *0 

7. 

-or lT 
I 

y “q-r- 5.7 + 0.5 
\ / 

5.; k0.S 
\ I 

D” 

3233A8 

Fig. ‘1; 8 

Q-values for D 
* 

+ D transitions. 
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Fig. 19 

The momentum spectrum of inc .usive electrons in multi-particle decays 

of the $" as measured by the DELCO collaboration (32) at SIX. Solid 

and dashed curves are theoretical spectra expected for D + K*ev and 

D * Kev. The dot-dashed'curve indicates the estimated background 

- remaining in the data. 
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Fig. 20 

The cross-section for $ production in pp scattering times the branch- 

ing ratio to muons as a function of T (where T z mi/s). The data 

is from Ref. 153. The curve is a theoretical prediction (156) of 

Carlson and Suaya. The two symbols T are the data for T production 

adjusted according to Eq. 6.3. 
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The ratio o(vN -t v + X)/a(vN-+ p + X) for antineutrinos versus that 

ratio for neutrinos. The tenth values of sin2eW are shown with 

tick marks on the theoretical curves. The curve labelled A refers 

to the model with (u b)R: the curve labelled B refers to the model 

with both (u b)R and (t d)R. The data is from Ref. 175. 
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Fig. 22 

The ratio a(Gp - - + wp)/a(vp + LI + n) versus the ratio 

(J(vp + vp)/o(vn * p-p). The notation is the same as for Fig. 21. 

The data shown is from D. Cline et al. (Ref. 176). 
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Fig. 23 

The limits placed on gA and gV by data for ve scattering. The outer 

(inner) lines indicate 90% confidence upper (lower) limits. The 

shaded regions are the overlap or allowed regions for gA and gV. 

The line with dots for tenth values of sin20W is the prediction of 

the WS model. The data is from Ref. 178 (the data of Reithler, 

which was not used, would give somewhat larger values of gA and gV). 
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3092A23 

One (a) and two (b) loop diagrams in which virtual Higgs exchange 

leads to the decay II + ey. This figure was taken from Ref. 188. 
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Fig. 25 

One of the diagrams in whichJYe andfip exchange leads to the 

decay p -+ ey. 




