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I INTRODUCTION

The physics of elementary particles has changed dramatically during the 1970's,
esﬁeciaily during the last three or four years. A new quark carrying a new
guantum number called charm has been discovered and there is wmounting 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 intevaction dynamics at a fun-
damental level. 1Indeed, some visionaries are already attempting grand syn-
theses of the strong, weak and electromagnetic interactions. In ﬁhis 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 guarks {(1)}; after the
events of the last three vears there are no longer any skeptics. Since many of
the details of the quark model of hadrons are discussed by 0. 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—
astood 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 mescons 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 {1).

The relative heaviness of the strange quark means, of course, that this 5U(3)

symmetry is rather badly broken. All of these quarks have spin 1/2 and carry



fractional electric charge. The u quark has charge 2/3 and the d and s

quarks have charge -1/3.

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 hadroms 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 nctions of quark-lepton symmetry. There were four
leptuns —— the electron, the muon and thelr respective neutrinos——so why
shouldn't there be four quarks? Quark-lepten 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 & problem with weak interaction phenomenology that led Glashow,
Iliopoulos aud 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 B-decay and > e + ;e+ vu s
could all be described by the interaction of two charge-changing currents
with an interaction strength GF =] IO—S/ME . It is now known that neutral
currents alsc play a role in the weak interactions. Processes like
vu-+p +*%i + p have been observed and require both vector and azial vector
neutral current interactions with strength of order GF. In 1970, 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

with the proof, a year later, of the renormalizability of gauge theories of the weak



and electromagnetic interactions. More about that shortly.
There was one embarrassing problem with this state of affairs. One class

of meutral current interactions, those invelving strangeness-changing had-

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

ratios {5)
1+ —
PRE > ) s atets -
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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

J

i

I+ ==

- 1
q Yp 7 (1—wr5) T,q

{(1.2)

fet

_—
qLY T+ qL .

The gquark spinor g contains 4 x N components where N 1s the number of flavors

and T, is an N x N matrix which changes the electric charge by %l unit.

qy. E‘%(l-y5)q 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

u:
Q

— 1
F=ayza-v) T g (1.3)

coupling with the same strength GF’ where

T =11, 7.1 . (1.4)

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

L P .
J, =Ty 2(1 YS)(d cosec-+ s 81n8C) {1.5)



where sin GC = 0.23. Therefore, the neutral current must contain a piece

of the form

-

o
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wl
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Y5 €1 YS) d 31nec cosﬁC + ... (1.6)

which gives rise to A5 = 1 neutral interactions of order GF.

The GIM solution (4) was to introduce a new, heavy, charge 2/3 quark ¢
with a left-handed weak coupling to the orthegonal Cabibbe combination
s cosec-— d sinec . The ¢ quark was postulated to carry a new guantum num-—
ber charm, conserved by the strong interactions. It can then easily be

checked that with

T O . -l e

J+ Gy 3 (1 Ys)(d cosec%-s 51nec)%-cy 2(1 YS)(scosec d31nec),
(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 G and, te lowest order in this inter—

action, the reactions Egq. (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 remormalizable theory so we turn next to a discussicn 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(l) 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-—



group of the ultimate weak and electromagnetic theory.

Unified gauge theories are constructed by peneralizing what is known
abbut ezéctromagnetic 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 iavar-
iance under a space-time dependent phase transformation P (x) > eiQe(X)w(x)
on each matter field of charge Q, along with the transformation A#(x) - Au(x)
+ aue(x) on the electromagnetic field. 1Invariance is insured if A11 enters
the Lagrangian only in the gauge covariant derivative Duw = (Bu-iQAu)¢ and
if derivatives of Auenter only through the electromagnetic field tensor
Fuu = auAv - avaﬁu. By using these ingredients in a minimal way (excluding

nonrenormalizable couplings), one obtains the Maxwell-Dirac theory for pho-
tons interacting with charged spin 1/2 particles of mass m

%= ¥l -mly- %FWFW : (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 Aj (x) with each infinitesimal parameter of the group (8). The
minimal possibility is SU{(2) and,'since this is a three paraﬁeter group, there
will be three gauge fields forming an isotopic triplet. The Lagrangian will
take the form of Eq. (1.8} except that now va will contain a term quadratic

in AS and a coupling matrix will multiply the charge § in Duw. Such a theory

can be proven to be renormalizab1e2(9).




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 about 25 GeV {10). The addition
of a mass term~r% MZAEA?H to the Lagrangian, however, destroys the local
gauge invariance and the remormalizability. 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 spontanecus symretry 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 SU(2) x U(1) model imveolves four gauge
bosons. The spontaneocus breakdown is arranged to preserve a local U{1l) sub-
group so that one boson stays massless and is identified with the photon,
while the other three (wi and ZO) 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-



down. There are two independent coupling constants g and g' for the SU{(2)
*
and U(1l) groups respectively. The electric charge is given by e==gg'/(g24-g‘2)
+
and since W exchange describes the familiar process of f-decay, the Fermi

coupling constant GF is given by

]

=8 _ (1.9)

N e
&,

2 \k
- e 1 _ . .
It follows that Mw = (\/B?GF ) —in ew = 37.3 GeV;’s:.nGw, where Bw is the

Weinberg angle defined by tan8¥q= g'/g. 1In the simplest version of the
theory, there is one complex SU{2) doublet of Higgs fields, and the Zo mass
is given by M, = Mw/cosew.

In this model, there remains one massive physical Higgs scalar. ILts
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 Bern approximation will be
O(GFeZ) at the one loop level in a renormalizable gauge theory. If a pro-
cess is forbidden to lowest order, however, it is mot hard to see that it
will also wanish to O(GFez). Consider the decay KE*-u+ﬁ— for example. It
can proceed through an intermediate state consisting of two charged bosons,
but the graph with an exchanged ¢ quark is exactly cancelled by the graph
with an exchanged u quark in the limit By = - The amplitude is of order

GZ (m2 - mz) as long asm , m_ << M., This can be made consistent with
F c u ¢’ u W
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rates and limits such as those in Eq. {1.1) with R 1-2 GeV. The mass
difference between the KE and Kg mesons arises from a similar interaction and
le& Gaiiiard and Lee (13) in 1973 to a similar estimate for my. These estimates
are only approximate due to uncertainties associated with strong interaction

corrections, but they later turned cut to be gualitatively correct,

C. EXPERTMENTAL 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) = otot(e+e" - hadrons)/o(e+e_ > p+p_) would become constant above center
of mass energy W = 1 -2 GeV., The theoretical basis for this expectation and
the value of the constant will be givenr in Chapter II. When this ratioc 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+ﬁ" pair in the final state {17).
These events, both in character and rate, could be naturally explained by
charm excitation. The hadromic current Eq. (1.7) can couple to the muenic
current ﬁyp-% (1_'Y5)vu through w+ exchange leading to a muon and ¢ 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 spectaculay events of November 1974. The
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simultaneous discovery of the ¢/J resonance3 by groups at SLAC (18} and
Brookhaven {19) and the subsequent measurement of excited states {(20) and
rédiati:e transitions {21) could only be understood in terms of the exist-
ence of a new quark of mass arocund 1.3 GeV. In the ¢ it was bound to its
own antiquark but, before long, particles made ¢f ore 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 stateé in the
mass range 9.5 to 10.5 GeV have been discovered in the reaction p+Be>T+ ...
-+ p+ﬁ_-+ ... and it is irresistable to guess that they are the ground state
and two radial excitations of yet another quark and its antiquark. 1In the
case of charmonium, it is the é+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 guark antiquark systems if they exist.

It is important to mention one more experimental development here. In 1973,
the SLAC-LBL group announced the discovery (24) of a new particle r with mT==1.8 GeV.
The initial evidence came in the form of the "anomalous'" events e+e' > eii-u$%-
missing energy indicating a primary process é+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 1 properties will not be discuss?d 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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congiderations of quark-lepton symmetry. Experimentally, there i1s the curious
+ -
fact that its mass is so clese to that of the charmed quark, In e e anaihila-

) .
tion, charm threshold and 7 1t threshold come nearly on top of each other, so

that the experimental study of each is complicated by the cother.
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11 QUANTUM CHROMODYNAMICS

A. BACKGROUND

Even though charm was invented in response to problems with the weak and
electromagnetic interactioms, 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 ¢/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 numberkno%n
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 quarku, d, s, ¢, ... 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
color, the ground states of baryons can be simply understood in the quark
médel ;;thout abandoning Fermi-Dirac statistics., Consider the f  for
example; it comsists 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 © 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 7° =+ vy (29},

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

£€o
ton) approximation {30). There, neglecting fermion masses,
-
Utot(e e - hadromns) 2
R(W) = —— = =2 Q- (2.1)
gle'e >y ) i

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 aporoximation to the experimental value of
R(31-34)and within 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(B) color symmetry to a local
gauge symmetry. This requires the introduction of massless vector gauge

fields Ai(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

apywv
(

26 = Ge01H'D M e -7 @) PV (2.2)

where the quark field q(x) c¢ontains 4 x 3 X N components, corresponding to

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

B
matrix Mi . The gauge field covariaunts are

-

D = 5 - ig T°A®
M B H
(2.3)
- SN Aa _ aAa-i-gfabcAbAc
uv Bov v U TR
and we normalize the T matrices in the conventional way
T = £ (A A1 = 2if A Tea A= 26 (2.4)
a 2a°’ a’b abc’e? ab ab :
The theory is invariant under the gauge transformation
A (x) 2 AT () T7 > UG A, 60 e + SUG 3 v o q(x) + U (x) q(x)
(2.5)

1]

where U{x) = exp {igea(x) 3.

While QCD bears a superficial resemblance to quantum electrodynamies, it
is, in.fact, considerably more complicated. It is a renormalizable theory,
iike 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 ig small, however, and that depends on how the theory is renormalized.
It is heve that QCD and QED part company.

Tn quantum electrodynamics, the renormalized coupling constant o can be
defined at zero momentum transfer {(infinite distances) since the nonzero
electron mass prevents infrared divergences in the photon propagater in this
limit. The potential energy between two charged particles separated by a

distance R > > ]./me is a/R, with a determined experimentally to be 1/137. As

a consequence of the 1/R behavior, the asymptotic states of the theory are
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the charged particles and photons corresponding to the fields in the
Lagrangian. At distances R << 1/me, the charged shielding effect of vacuum
pbiari;;tion begins to disappear and the effective coupling strength begins

to increase. The familiar one-loop result is

VR) = Z{1+5—log(R me)"l} (2.6)

and at distances R = m_le_B“/a

, the increase becomes substantial. Since the
perturbation expansion breaks down at this point, the asymptotic behavior of
QED as R+ 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 cancnical Hamiltonian formslism (35). In either case, a
gauge must be chosen as in QED. 1In a general class of covariant gauges, the
gluon prepagator is

ab ab UV 1
D k = -

(2.7}

where £ 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 frem the Lagrangian (35). The only exception to
thig is that a careful treatment of unitarity demands the inclusion of

fictitious scalar particlescalled Fadde'ev-Popov ghosts 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

Daz k) = 8%° 1/%° H=v =0
s (2.8)
i x k.
= 6% R 5,y m Syt w=i, v=i
"+ ie %

A Fadddev-Popov ghost 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.

Now consider 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 antiquark. If they are in a quantum
mechanical color singlet state, then the Born approximation to the potential
is - Cg us/R where T3 Tﬁj = CFaij and a = ngéﬂ. For SU(N) CF==(N2..1)/
2N. The one loop corrections to the potential are most conveniently ceomputed
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 peoint. Some other arbitrary peint, say
R = u_l, must be chosen, and this necessarily brings in a new dimensional
parameter u. 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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V(R) =-¢C

.

a o -1 16 ° -1
! ‘ SR _0
F_R_11+6 — C, tn (Ru) 5w €, tn (R . 2.9

2z -
where au = guféw is the coupling strength corresponding to the scale R = !

and facdfbcd = CAaab = Naab for SU(N). The two legarithmic modification
terms correspond to Figs. 1b 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~ 0., The
other contribution, unique to Yang~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
freedomn.

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 electricfie;d
lines connecting the quark to the antiquark. The collimation becomes more
pronounced as R + ®, increasing the energy stored in the field relative to
the pure Coulomb potemtial. The decrease of the collination as R decreases
is the explanation of asymptotic freedom.

The behavior of the effective coupling strength as R » O-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
a{Ru,a )
U

F R

VYR) = -¢C (2.10)

-

where a(Ru,au) Eus(R) is the effective coupling strength, given through one
loop by Eq. (2.9). The potential must be independent of the choice of 1

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

du
R %us(R) = g2 (R) (2.11)
where
s g 2 '
B(x) = R —— a(Ru,x)lR=u_1 (2.12)
From Eq. (2.9}
g(x) = %%~§ + O(xz) (2.13)

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

result is
ol
a_ (R) = B - (2.14)
11w -1
1+ 5 £ ea(R)

which agrees with Eq.{(2.9) to lowest order and which goes to zero as R > 0.
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 QUANTUM CHROMODYNAMICS

1. COVARIANT FORMULATION For most purposes, it is best to work in a co-
variant gauge. The asymptotic form Eq. (Z2.14) 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 tramsparent as in Coulomb gauge.
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The momentum space effective coupling constantus(—qz) is defined in terms

of both propagator and vertex functions at a Euclidean momentum qz=q§- q2< 0.

-

If there are f quark flavers for which m << g, then

2 *u
as(—q )y = L @ {2.15)
i1l y a2 2
L+ & -8 4 (-g7/u™)
It is convenient to re-express as(—qz) in the form
o (-a%) = T (2.16)

1 ERY,
G35t (=q7/A7)
where A = pexp {- n/(11/2 - f!3)au]. This explicitly exhibits the fact that

as(—qz) depends only on one parameter (au and ¢ are not independent). A must
be determined experimentally, and then as(—qz) is completely specified.

2. APPLICATIONS OF ASYMPTOTIC FREEDOM It is only possible to directly con-
front asymptotic freedom with experiment in theose 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 1-2 GeV indi-
cates that the theory is nearly free. In order to make this precise, that

is, to truly isolate short distance bebavior 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 isoclated and the experimental
data suggests thatexérqz) <1 for\/:;f> 1-2 GeV. Analyses of electroproduc-

tion typically suggest a value of A around 500 MeV. This givescns—qz} = 0.5

at V—qz = 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
b§ dis;érsion relations to hadronic vacuum polarization at spacelike qz.
This is sensitive only to short distance behavior and is therefore computable
in perturbation theory for —dz large enough. It has been conjectured that
asymptotic freedom can be applied directly to o

2 .
q = W2 > § as though the final particles are quarks and gluons, This is

+ -

e e - hadrons ) for
tot( )
true, at best, away from important thresholds such as charm-anticharm, and

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

aS(W)

R(W) =EQ§_ 1+ (2.17)
i

™

This result can be stated in a somewhat more solid form by averaging R over
an interval in W (44). But where R shows n¢ rapid variation with W ,
this shouldn't be necessary and Eq. {2.17) can be used reiiably. The total
cross section data is still rather poor for these purposes {31-34)..Above charm
threshold, the errors are large and the presence of the heavy 1 lepton (24)
complicates matters. Below charm threshold (1 GeV < W < 3 GeV), the ex—
perimental value of R is somewhat above the parton model value of'Z:Qi = 2.
About the best that can be said now is that the data are consisteni with
A~ 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 AT = 1/2 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 ¢ particle

is very long~lived and it has been suggested that this can be understoed

as a consequence of asymptotic freedom (47) . This possibility will be dis~
cussed in detail in Section III, but we should emphasize here that if the
narrow width of the {¥ can be explained in this way, a value oqu(Mi):= 0.2
is required. Whether the anglysis 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 comsists only of the color singlet hadrons observed in the 1éboratory.
The underlying quarks and gluons would then not be among the asymptotic
states, existing only as the constituents of hadrons. To demonstrate this
and te compute the masses and other properties of hadrons starting from the
QCD Lagrangian 1s 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.i4)
or Eq. (2.16) increases and perturbation theory is no longer directly useful.
One might hope that general properties could still be extracted {rom 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
igfrar%f finite order by order im a renormalized coupling constant mp. The
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 Borel summable (4%} so that the perturbation expansion cannot be
used to define the theory except for weak coupling. QCD is known to contain
essential singularities at au = 0 even at the c¢lassical level. The
most important examples of this at the present are the instanten; and other
Fuclidean field configurations with nontrivial topological structure (20).
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 linmear confining potential V(R)vaR 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 zeroc 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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PIE CHARMONIUM AND BEYOND

The_disegyery of narrow rescnances in November 1974 had been anticipated
theoretically (47). If charm was real, then narrow cc bound states should
exist below the threshecld for charm production and the name charmonium was
suggested, in analegy 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 1/5 fermi) the strong interactions should
behave nearly like mS/r with a_ = g2f&ﬁ < < 1 {(but of covrse > > 1/137).

If the c and c were to gpend most of their time within 1/5 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 1/5 fermi and the binding potential ﬁas 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
gituation in Sec, TIL,A, we lay the groundwork for what we shall call the
charmonium model (Sec. I11.B). This is the atomic model of heavy (c¢) quarks
bound in a static, confining potential which, together with as?mptotic
ffeedom 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, IIL.C, with
s?ecial 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 medel,
by incorporating effects of quark spin-dependence and of coupling cc states to
charmed hadron decay channels, are reviewed critically in Secs. IIL1.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. III.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
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 productiom via e+e_ an-—
nihilation; for other production mechanisms of p/J, see Sec. VI. Table 1 summa-
rizes the known properties of charmonium. A level diagrams is shown in Fig. 2.
Except for the simultaneous discovery of ¢/J in e+em annihilation at
SLAC (18) and in proton-beryllium collisions at Brookhaven (19), all the
charmonium levels—including narrow states below charm threshold (Wc = 2MD° =
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

P —_
incredibly beautiful and simple: States with J - 1 , the gquantum 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, V7 + v yx and y > yX, It should
be added that there remain additional charmonium levels to be discovered. An
. . 1 , PC -
important one is the I Pl state with J§ = 1 , expected mear 3.45 GeV. In

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

tion chain
e+e_ > P7 (3684, 2381)

? 7.
n.(?32 SpP t Y
t_.x(?;llPl)i-Y

]
L. hadrons . (3.1)
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Table 1

All data is taken from Ref.

Question marks indicate unknown values.

59 which cites

G, .pc Mass Full Width
Particle I (") {MeV) (MeV) Decay Mode Fraction (%)
X(2830) 222"y 2830 + 30 vy > 0.7
¥/J(3095) 0" (1) 3098 + 3 0.069+0.015 et 7.3 £ 0.5
wh 7.3 £ 0.5
Direct hadrons 86 + 2
¥vX(2830) < 1.7
¥X(2830) - 3y 0.013 * 0.004
X (3415) oty 3413 % 5 ? ¥ (3095) 3+ 3
Hadrons
P_/x(3510) of(rth 3508 * 4 7 Y (3095) 35 £ 16
Hadrons
¥ (3455) 270%Yy 3454 ¢ 7 ? v (3095) > 24 & 16
X (3550) ot2™) 3552+ 6 ? v ¢3095) 14 % 9
Hadrons
U~ (3684) 0 (L ) 3684 + 4 0.228+0.056 eie: 0.88 + 0.13
Wb 0.88 + 0.13
g 33.1 % 2.6
Y@ 1© 15.9 + 2.8
¥ 4.1 % 0.7
vx (3415) 7.3 £ 1.7
x {3510} 7.1 % 1.9
vx {3550) 7.0 £ 2.0
vx (3455) < 2.5
vx (3455) > yyy 0.6 £ 0.4
vX(2830) < 1.0
Direct hadrons N9
P (3772) 0 () 3772 + 6 28%5 ete” _
D°n° 56 + 3
pip” 44+ 3
¥ (4028) 2(17) 4028 + 20 N 50 ete” ~ 0,002
Charmed mesons v 100
U (4414) 2(177) 4414 + 7 33+10 ete” 0.0013 + 0.0003

Charmed mesons

v 100
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The most striking feature of states lying below WC is their very small
total widths. Tn particular, first and second order electromagnetic decays
such as ¢* »+ YX and ¢ - e+e” are competitive with strong-interaction decays
such as ¢° =+ Y7 and ¢ »> hadrons. 1If we assume that these high-mass mesons
are ¢c bound states, it follows that decay to ordinary hadroms, 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~Tizuka (0ZI} rule (60), has been obsexrved in the light hadrons
for a long time. The most notable example is the suppressed decay ¢ (s8) »
'ﬂ+ﬂ*ﬁ° {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

1

the myriad of charmonium levels: First, the energy in a single beam, Eb =35 W

(W = total center-of-mass energy), is known very precisely, to within 1-2 MeV.
Second, the JPC = 1 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 ¥,
i.e., setting E, =

1 1 . . . s
b Ebar.or E‘M¢’ and observing their radiative decays. For

this, three methods have been used:

1) Measurement of the invariant mass of the charged hadrons in decays
such as
P I '
¢ > w7 + missing neutrals, (3.2)
corresponding, perhaps, to ¥~ > x + vy, X ~ 4w. 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 ﬂo), a fairly precise deter-

mination of the y-mass results by constraining the mass of the parent to be
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Mw, and that of the neutral to be zerc. The X(2830) was found by a similar
method {61}, but with all neutral particles; im particular, this state has

been seé; only in the decay chain
Y+ v + X{2830); X{2830) ~ yy (3.3)

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

2) Measurement of the inclusive photon energy distribution iny” -+ ¥y _
+ anything and ¢ » v + anything, Here, the photon is definitely identified

and its energy measured, usually with an energy resclution of (5—10%)/}/%Y(in GeV).
Peaks in this distribution correspond to ¥ or ¥~ -+ ¥y + a parrow C = +1 state.

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

this method (as well as by the other twe).
3) Obsexrvation of the double-cascade process,
S S e S T ' (3.4)

Here, both photons are detected, their energies measured, and the Yy 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 pletting the two possible values
of the Yy invariant mass. The wrong solution shows a characteristic
Doppler broadening induced by the motion of the . 1In 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 (34535}~ yy.

The comparative ease of détecting and identifying ¢ and ¥ decay products
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 JPC =1 for ¥ and ¥°, as—
signments which are not obvious a priori. This was done by observing

-

the characteristic destructive interference, just below W = Mlp v between
3

ee >y *uu (Yv = virtual photen) (3.5a)
and

+_ -+ +_

el »y Ty T uy (3.3b)

The assignments of JP = d+ to XO =y (3415), JP

= 1% to x, = x(3510), and

JP = 2+ to X, = x (3550) are based on the following considerations ($2):

(1) XO and X, decay to ﬂ+ﬁ_ and K+K— and, therefore, both states have natural
spin—périty; these modes have not been observed for Xqs consistent with the 1t
assignment. (ii) the angular distribution of the photon in ¥~ > YXO is well-
fit by 1 + cosze, which is expected for J = 0. The angular distributions
1-1/3 coszﬁ for J =1 and 1 + f? c0528 for J = 2 are consistent with the
rather meager measurements for Xy and X5 respectively.

Finally, the normal hadronic widths, v 10's of MeV, of the directly-produced
resonances above Y~ (3684) are further dramatic confirmation of the OZI rule.
Here, the charmed quarks need no longer ananihilate sgince it is energetically
possible for them to emerge {(together with light guarks) as the charmed mesons
B, D*, F, F*, and so on. All this will be discussed in Section IV. BSuffice
it to say that these broad charmonium resonances were solely respomsible for

the unambiguous isolation of charmed mesens.

B, FOUNDATIONS OF THE CHARMONIUM MODEL

Perhaps the most important feature of the charmonium spectrum in Fig. 2 ig 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 Sy;Lem using a nonrelativistic Schrodinger 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 i? 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 QCB in the strong coupling regime, séme phenomenclogical
input is mnecessary. In the case of the decay widths, there is the possibility
that perturbation theory may be directiy relevant.

The idea is basically that with ce annihilation into light hadrons pro-
ceeding through gluons, the decay will be inhibited since the effective gluon
coupling constant should be small at bhigh energies (47,653}. The dominant con-
tribution will come from the minimum number of intermediate gluons which de-
pends upon the quantum numbers of the charmeonium state. Some rather striking
experimental predictions can be made on the basis of this "gloon counting';
these will be discussed in Sec. IIL.C,

Consider the decay of the ¢ (38]) state. 1ts 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

2 i
T + g+ﬁ_) = fﬁi_égigl_ |w(o)[2 (3.6)
M _

The charge of the charmed quark is 2/3 Iel, and M is the charmonium mass. ¥{0Q)
is the nonrelativistic radial wave function at the origin, and one cannot ex-
pect to be able to compute it in perturbatiom 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 becéme large.
Thus, Y(0) 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 }./mc << {r) ). The computation of the decay matrix element is then

. . + - ,
done in analogy to the parton model computation of ¢ (e e =+ hadrons) as if

tot
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.
1f the mechanism just described is correct, then the total hadroniec width of

the ¢ is given by (653).

40 , 2 @) ') 2 '
T (¥ > hadreons) = EE}(ﬁ - 9)-Ji§*-[¥(0)l (3.7)
M

The strong coupling constant is defined at the ¥ mass and, as before, ¥(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

-

mﬁst analyze the quantity %IMcE N nlz where n is some quark-gluon final state,
M is the decay matrix element and is defined to be two-particle (CE) irreducible
in the decay channel. Two-particle reducible contributions are absorbed into
the definition of the wave function. If it can be shown that %IMCE N n|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 ag {the lowest order
is az) for ¥ decay has been checked and it is conjectured to be true to all
orders. It is technicaliy 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 OZT rule is speculative. It is on much less solid footing than the con-
ventional deep Fuclidean application or even the direct computation of
Gtot (e+e_ -+ hadrons), since there the production is truly local, coming from

the off-shell photon.
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€. THE BASIC CHARMONIUM MCDEL

To go beyond qualitative predictions, a model of the c-c¢ interaction is neces-
séry, é;d 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 te 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 gquark cenfinement at large ones, is (66,63,64).

Vo(r) = -

=R

-
+—2— {3.8)
a

Asymptotic freedom tells us te expect a rather small short-distance coupling,
gsay K% 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 1[&2 = ] GeV/fm = 0.2 (GeV)z. The third parameter
of this model is the charmed guark mass, which is expected to be mcﬁk%/22 1.5GeV.
We emphasize that these parameters are purely phenomenclogical. For example,
mc_ is really the strength of the kinetic energy term in the cc Hamiltonian,
and not necessarily equal to half the difference between the wmass 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 peotential strength
6—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 VO are that it is well-motivated and that it
contains the minimum number of parameters needed to reach agreement with the
oﬁservé& spectra and decay rates in charmonium. There is evidence that VO does
not adequately describe the T spectrum {23,57), and some possible modifications
will be discussed in Sec. ILIL.F.

To obtain a ''best" overall description of charmonium data, Eichten et al
{63,68) choose parameters k, a, and m by (1) fitting to the ¥ -¥ mass dif-
ference, (2) taking the electromic width of ¢ to be 5.3 keV, one standard
deviation above the measured value of 4.8+0.5 keV, and {(3) constraiming 1.5 GeV
< o <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, a = 2.07 GeV L, Kk = 0.132. (3.9)

A check on the self-consistency of the nonrelativistic approximation is pro-
vided by the mean-squared quark velocity in the 15 and 25 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 teo QCD, may
not be very meaningful for charmonium. For this value of x, it only becomes
important below distance scales ﬂ'mc_ , Wwhere 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 ¢ and c is that there will be
3P—states lying between the 3S—states, ¥ and 97 (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 2S5 state, with its one radial node, than to the 1P,
which has only an orbital node, fthus lifting the degeneracy. The same remark
appiies ;; 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 0ZI-allowed decay
threshold, ZMD, the 13P states, like ¥ and ¢, will be unusually narrow.
Farthermore, they have even charge conjugation {€ = +1}, and so may be detected
by radiative transitions from ¢” and, if narrow enough, down to Y. Again,
‘branching ratios will depend on details of the model, but the existence of
thege states and their mode of observation is inescapable,

Uging the potential Vo 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) Fer brevity only those
states even remotely accessible to existing experimental techniques have been in-
ciuded. (2) With the neglect of spin-dependent forces, spin-~singlet states such as
n, = llSO and llP1 would be degenerate with the predicted center-of-gravity
(c.0.8.) of the corresponding triplet states. And, by adjusting the constant zero
of energy to give the correct ¥ mass, that constant subsumes some of the hyper-
fine interaction (xlgl'gz )} for the low~lying 3S—states. (3) As noted pre-

viously, the evidence is fairly strong in favor of the assigonment of x0=x(3415L

X, = x(3510), and x, = x(3550) to 1°p

respectively; the c.o0.g. of these
0,1,2

levels is 3522* 5 MeV, somewhat higher than predicted. (4) Most model calcula—
tions of the splitting among the 131}J 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 clese to the mass of y(3772) = 13D (5} The region

1
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Table 2.
Predicted ¢68) and observed spin-triplet charmonium levels. Assignment of

P(4028) to 3381, existence of V{(4160) and its assigument to 23D are open to

1

question,

State nBLJ(JPC) Predicted Mass {(MeV) Candidate (Measured Mass)

1351(1"") 3095 (Input) P {(3095)
3 o+
P t
P00 7,177,270 3457 x0’1’2(3522 5)
2351(1") 3684 (Input) ¥ (3684)
3 —— g 3
1°D.(177,277,37) 3755 ¥(3772) = 1D,
H o+
23PJ(0 , 1,2 ) 3957 Above charm threshold;
difficult to produce.
s, a7 4157 ¥ (4028)
3 — e - 3
2 DJ(l 2 5,3 ) 4204 P(4160) = 2 Dl

3 _
& 81(1 ) 4567 ¥ {(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. III.E) and difficult to interpret. It is obvious that the

peék w(ZbZS) is a resonance and, within the charmoniun model, is assigned to the
3351 level., If it should become equally clear that the enhancement at W= §.16CeV

: . . , 3
is a resonance, the candidate assignment is 2D That both these states and

1°
the Y (4414), assigned to 4351, appear v 150 MeV lower than predicted shows that
the approiimations underlying the model are breaking down. Ancther sign of this
is the sizeable electronic width, v.2- .4 keV, of ¢$(3772). In the nonrelativ-
igtic potential model, Fe @ ]‘?‘(O)l2 vanishes for all but 381 states. The ob-
served electronic width is fairly well understood as a coupled-channel effect,
and will be discussed in Sec. I1II.E,

CHARMONIUM TRANSITION RATES A great deal can be said about the decay rates and
branching ratios of the charmonium levels {below DD threshold), wost of which
requires some knowledge of the bound state wave functions.. The rates that can
be computed in the nonrelativistic model fall inte two classes: those that de-
pend on the wave function at very short cc separations {electronic, two-photon,
and the hadronic widths obtained from gluon counting), and those that involve
overlaps of radial wave functions (El1 and M1 radiative widths}. The reader
should be aware of what is being neglected in these calculations. Those in-
volving the wave function ?nL(r) near r = 0 certainly ignore possibly important
relativistie and quantum effects such as spin dependence and pair creation, as

3

well as the mixing among states (e.g. 275, and 13Dl) induced- by coupling to

1
decay channels. The second type of calculation does mot include almost certain
reductions in the overlap integral due to differing gluon distributicns 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 ¢~ = ¢nm (and T” - Tun, Tn) because the rather
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low momentum imparted to the mmor n makes gluon counting especially dubious.

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

2y

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

G is the charge of the quark q, MnD the mass of the JPC = 1 states n 351,

WDO(O) its radial wave function at the origin, and m, the magss of the charged

lepton, the result is (72)

wa

2 2 2
¥ §]
3 . - | nO( ) 2m bm,
rnds, >3ty = 4%’ o 1+ =) 1 - = (3.10)
i MZ MZ M2
00 n0 nd

+ - + -

The terms involving m, are relevant for decays such as 9" > t 1 and T > 7 1 .
The rates for the 0ZI-forbiddem 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)
2
by (0]”
40 2 3
I‘(n3S1 +> hadrons) = 317 n” - 93 a ———E%——-“— s {(3.11)
M
nl
P
ly__ (0)]
F(nls -+ hadrong) = 8 a2 — 00 " . {3.12)
0 3 s 2
M
ul
2
3 - g ¥ )
r(n’pP,. > hadrons) = 96 ¢ ——F——— {3.13)
0 s 4
M
nl
2
lv-. ©)] 4m
F(n3P + hadromns} = 128 a3 nl oo ——4———1% , (3.14)
1 3% s 4 2 2 )
M 4m - M
nl q nl}
2
|y (0)|
P(nBP + hadrons) = 128 uz nl . {(3.15)
2 5 s 4
M
nl
2 2
g2 ()] 4m
T(anl » hadrons) = i;? az zl 2 2q_ 3 . {3.16)

Mnl 4mq -M al
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&S is evaluated at the bound state mass Mn , and ?;L(O) is the slope of the radial

L

wave function at r = 0. The rate for wnL to decay directly to a photon plus

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

2
2 |? (0)
P(n351 + v + hadrons) = %% (Hz - 9) o aQZ ——1%%-——— (3.17)
M
nf}

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

tance nonetheless, are

P(n3Sl-+ y » hadrons) = F(n351 +—e+e-) (3.18)

Reken.

2
4 2 |ﬁno(0)|

ra's, > yy) = 12 Qa® A (3.192)
Mo
n
9 4 ,u.’ 1
=< g ) T{n 8, + hadrons) (3.19B)
2 e 0 .
where RBKGD is the value of R just off the resonance peak.

Note that Eq. {3.1%a) involves only the short distance (positronium-like)
assumption, while Eq. {(3.19b) involves the much stronger gluon-counting assump-

2 states is related to their hadronic
2

{2 gluon) - -widths by the same factor, 9Q4a2/2a , as for lSO states. To the ex-
2

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

tion. The two-photon width of 3P0 and 3P

> -5 >
mentum J = L + § (for fixed n,L), we have

; ) 5(1r2—9)as

T(n S1 -+ hadrons)/T (n SO -+ hadrons) = 57w (3.20)
and

3 3 3

T{n P0 - hadrons): '(n Pl + hadrons): T{n P2 - hadrons)}
box 4m2
-1 S onf——-a 1,4
' 97 2 2 * 15 {3.231)

qu - Mnl
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The Fformulae Eq, (3.14) and (3.16) for 3Pl, 1P1 + hadrons deserve some comment.

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

en;shell gluons, and so we expect these rvates to be 0(@3), not O(aé)(?B,?S).

In particular, Xq should be the narrowest of the 3PJ levels, In an actual cal-
culation of these rates {73), the dominant contribution iavolves the ex-

hibited logarithm, due teo a threshold singularity at 2mc = Hxl. Such a large
logarithm is always worrisome in QCD calculations, since it may signal the break-
down of perturbation theory. 8o it is difficult to take these results too

sericusly bevond the reasonable (and conservative) guess that T(3P -+ hadrons)

1

is o T(BP > hadrons).

0,2
The predictions of these formulae for the charmeonium 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

to the total width of ¥,

T{y > all)ésf(¢-+e+é_) [2+R ] + T(y +~ hadrons) + I'(y + vy + hadrons)

BKGD

= {69% 15) keV s (3.22)

where the small width for ¥ > v X{2830)} has been ignored. Using RBKGD = 2.2

(58,59) and T(y » e'e’) = 5.3 keV gives’

a ) = 0.19 | (3.23)

The wave functions for states other than ¢ 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



- 42 -
Table 3
Direct decays in charmonium, calculated from Eqs. 3.10-3.21. T(XJ > all) =
T(XJ -+ hadrons} + FY(XJ - ), F(nc > all) = T'(nC + hadrons) + I'(nc > ncﬂﬁ), and

T(ﬂ; +-ﬁ£ﬁ“) = T'(p” + Ymw) are assumed.

Mode Rate (keV) Branching Ratioc (%)
n_ > hadrons 5.1 x 10° 100
N> oYY 7.1 0,14
P> vy + hadrons 6.1 8.0
XO -+ hadrons 1.8 x 103 90
XO > vy 2.5 0.13
Xl -+ hadrons 105 2t
Xy > hadrons 480 48
. -2
xz > YY 0.66 6.6 x 10
- 3

ne hadrons 3.3x 10 97
neov oYY 4.5 0.13
¥” - hadrons 31 14
b > ete 3.4 1.5

. %"+ v+ hadroans 3.9 1.7
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to two photons should be ﬂr10_3 . Similar remarks apply to its first radial

excitation n;, which may also decay to . + w% (presumably, F(né -+ ncﬂﬂ)

-

=T{p" + vrw }). {2) As discussed above, gluon counting implies that 3Pl and

Pl have considerably less hadronic width than 3PO and 3P2. An immediate com-
sequence is that the branching ratio By — xjy) B(xJ + Py} should be largest

for the 1++ state X,- (3) The potential model predicts

+ -~
T{y~ > ee ) =3.4keV and T~ + 3 gluons + hadrons ) = 31 keV ,

both in fair agreement with the measured values (59), 2.0 keV and ~ 20 keV.
respectively. These results lend some support to both the presence of a linear
confining term in VO (since for ¥ = 0, [W10(0)| = {TZO(O)i) and to the gluon-
counting calculation of the direct hadronie 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

2Jf + 1 5

9\27, ¥ 1 Qo|E

| g

I (s P) - 1243, (3.24)

where » 1is the photon energy, Ji(Jf) the total angular momentum of the initial
(final) state, @ = %—for charmed quarks, and Eif is the transition dipole matrix
element,

o

2z
B, =_j; rlart () v @) ¢ (3.25)

Here, Wi ¢ are initial (final) state radial wave functions. El rates between
k]

3 3 .

Dl and PJ states are given by

2Jf T 1

3 4 2
5 123, + 1 Dig @ @ |Eif

3
FT( D, > B = [2 02 (3.26)
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where D*]._f = 1, 1/4, 1/100 for J = G, 1, 2 respectively. For the charmonium

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

1

braﬁching ratioc to ¥, +v. Therefore, Eq. {(3.26) is useful only indirectly,

J
through the mixing between 235 and 13D1 {gee Sec. III.E). In the T and heav-
ier quark bound systems, however, there is an excellent chance for direct ob-
servation of the 3D1 > 3PJ El transitions.

The M1 transition rate between 3Sl and 150 states is taken to be

3 1 16 Q.2 2 3

£y = —— .

ry( N Sg) = 5 (I AL« [Mif[ w (3.27)
where a Dirac moment is assumed for the quark, and
2. - : _

M, ~f rdr g, r/2) ¥ (r) ¥ (0 (3.28)

For the “allowed” M1 tramnsitions between hyperfine partners, Mif ig very

nearly unity because ¥i= Wf and w(r}if/Z << 1, so that jO = 1. For the

same reason M1 transitions between S states corresponding to different radial
quantum numbers ng # n. are strongly suppressed. It is still true that

wlry /2 << 1, and

2

M, = -2 f darv oy, @« (i#£) (3.29)

The immediate consequence is that the "hindered" M1 transitions w’(ZBSl) >
nc(llso) + v and n;(zlso) - ¢(13Sl) + vy are expected to be very rare compared
te allowed M1 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 ¥ masses are used so

that what is being tested here is the theoretical strength TY/m3.
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Table 4
El decays in charmonium for theory (68) and experiment (59). Predicted total

widths for XO 1.2 of 2.0, 0.5 and 1.0 MeV, respectively have been assumed.
» 2

Datum Theory Experiment
(keV for Fy)

I‘Y(w’ X)) 27 16 = 9
I’Y(lb' > xl) 38 16 + 8
L@”>xy b4 16 * 9
TY(xz > Y) 525 -

B (¢, > ) 52% 14 £ 9%
N %) 395 -
BY(xl > ) 79% 35 & 16%
I‘Y(XO + ¥) 190 -

By(x > ) 9.5% 3 £ 3%
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Given the naiveté of the simple potential model, the agreement is rather
good, with theory lying within 1-2 standard deviations of experiment. Especially

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

{59)
™ > yx,) T > yx,) T > v,
2, L, L1 :0.7: 0.6 (3.30)
— : 3 : 3 : 0.7 ¢ 0.6, .
w2 wl UJO

with unity expected for pure El transitions from 351 to BPJ states. (2) The
measured branching ratios for Xy » vy are quite consistent with predictions
ﬁased ont both the potential model and gluon counting for the ¥ hadronic widths,
with Xl considerably more narrow than Xg and Xg+ These facts strengthen the
JP assignments  discussed in Sec. TIT.A.

The M1 transition rates are compared with experiment in Table 5, where we
have made the tentative assignments of X{2830} = nc(llso) gnd ¥ {3455) = n;(ZlSO).
If these identifications turn out to be correct, they will represent a serious

failure of the charmonium model:

(1) From Table 1 .

B + X(2830)y) B(X > ¥y) = 1.3 % 0.4 x 1074 (3.31a)

B¢ + X(2838)y) < .017 (90% confidence level} {3.31b)

From these, one infers

B(X(2830) + vy) 2 7 x 107° | (3.31¢)

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
3

rates for the “P states and for ¥~.

{2) The model fails by at least an order of magnitude in predicting



M1 decays in charmonium.

predicted total widths of n. and n; (Table 2) are used in determining branch-

ing ratios.
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Table 5

Observed total widths of { and ¥~ (Table 1) and

Datum Theory Experiment
Ty(¢ - nc) 26 keV < 1.2 kev
BY(IP -+ nc) 37% < 1.7%
B\r @ > nC)B(nc > vy) 0.052% 0.013 * 0.004%
TY(w’ > nc) 1.9 keV < 2.3 kev
BY(w > nc) G.83% < 1.0%

- _3 "'20
By(w > nc)B<nc+ YY) 1.2 x 10072 < 3.4 x 10 “%
I} (p* -+ n2) 17 keV < 5.7 keV
BY(w - “c) 7.5% < 2.5%

- - - —20 _2
By(w > nC)B(nC > yy) 1.0 x 10 ™% < 3.1x 10 7%
I g+ ¥ 0.53 keV -

B (7 > W) 1.6 x 1072 > 24 + 162
-3, .,
1.2 x 10 7% 0.6 = 0.42

BY W > n;)BY(n; > ¥)
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¢ > e This is especially puzzling when one recalls that M1 transitions
among the iight mesons are fairly well-described by the nonrelativistic quark
model (72,76). Particularly relevant to } -» yn, are the predictions
T{d>vym = 70 keV and T (¢ = Yﬁo) = 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 w'-+Ync
transition.

(3) While the prediction B{{" - Yn;) = $.075 is only three times
. larger than the observed branching ratioc limit, the inferred lower limit,
B(né +~yp) > 0.15, is 2-3 orders of magnitude greater than what one expects
Fheoretically for this hindered Ml transition.

If X(2830) really is the .o the resolution to these difficulties must lie
partly in correcting the assumption of identical radial wave functions for
P and M i.e. that gluons play an important role in suppressing both the M1
overlap integral and I‘(nC > 2 gluons)/I‘(nC + yy). On the other hand, given
the successes of gluon counting for direct decays of spin-triplet states, the
verified suppression of the hindered M1 transition ¢~ Tn,» and the experimental
fact that T{ ~ ync) ¢ 1 keV, there is no way to understand the identification
¥ (3455) = n; with such a large branching ratio to v¥.

It is glways possible, of course, that nc and n; have not been discovered
yet and that they lie £ 100 MeV below their hyperfine partners, as originally
expected (47,53). In that case, theoretical estimateé of the M1 rates
are greatly reduced and, in fact, lie within experimental i1imits for states at
such masses.

The natural question then is: What are these two states? Various conjectures
abound including: (i) They are four-quark (cc qq) or molecular states (nc and T°
bound in an S wave, say) (77) or, perhaps cc states with a gluon excitation (78)
There are no convincing models for such relatively low-mass systems which are

not pure cE, much less the ability to make convincing estimates of transition
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rates, BSuch techniques are sorely needed.
{(ii}) Another interesting speculation is that they are Higgs mescns H
(79}, 1If this is the case, H certainly does not have the "conventional”

1
coupling to quarks ™ GEm , for then one would estimate (with m = Mo /2)

F g

Wy
T(p,v” > yH)  G_M (M) 4+ - Zy
’ S ‘fJ ‘f" i 1074 (3.32)
T(w,y‘ > e+é—) 2 T Mlp v + M;)z

Not only does one need the coupling of K to charmed quarks to be anomalously
iarge, but the coupling to light quarks must be anomalously small if H > yy is
to be a sizable decay mode (80). (Actua%ly, ¥ {3455} = H - Yy might be a
dominant decay mode of a more-ot-less conventional Higgs meson. )

(iii) One final possibility, suggested by Harari (81), is that
X(3455) is the 1D

of 381 - 1D2 radiative transitions, such a possibility is viable only if ¥"and ¢

» level of charmonium. Because of the stfongly hindered nature

conttain a sizable admixture (~ 5-10%) of 3D1 and if P(1D2 + hadrons) = T{(y ~
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 cf-given L, is that T{Y" —» yn;) is expected to be ~10 T (" -+ YlDz) and
yet, on this hypothesis, n; 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 nmever 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 cc states suggested that the Bethe-Salpeter equatiomn 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 pessible. Some perturbation— theoretic
analyses of QCD aliready 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 Mlp - Mn£=30 MeV and M(BPZ) - M(BPl) = 5-10
MeV. This is in sharp disagreement with experiment, and such an approach now
seems inadequate. 1Im particular, Johnson (855 has recently emphasized that
at least one part of the spin effect is necessarily long range, namely that
part of the spin-orbit interactiom arising from Thomas precession (see Egq. (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. TIII.F. They assume
an r—dependent short-distance coupling x{r), whose form is suggested by asymptotic

freedom, and use V (r} = — «{(r}/r to generate the Breit-Fermi interaction.

AQF.

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 ;;st popular approach, pioneered by Schaitzer (87) and by Pumplin,
Repko, and Satc (88), and since generalized by many authors (89), has
been to assume that heavy quark binding is effectively due to "single glucon
exchange with renormalization group improvement', summarized by an instan-—

taneous Bethe-Salpeter kernel consisting of vector and scalar interaction

terms:

F2,. U 2,1 2
Eh vy, + v ED T 00T, G0 + v GBI (3.33)

vcoul.

The subscripts 1 and 2 refer to the ¢ and ¢ quarks,ll is 2 unit matrix in
Dirac space, k is the 4-momentum carried by the exchanged gluon, and {with

- Iy ,v. D
Uv 2i “ut'v

_ .5 :
NORES =y 0, k (3.34)

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

v =V +VvV +V {3.35)
o coul v 5

In most discussions, it has been assumed that

V =nV

v 1in Vo m Q-md Vg (3.36)

. . - . 2 . ,
where Vlin is the linear confining potential, r/a” in coordinate space, and n

is another adjustable parameter,

Having made the ansatz, Egs. (3.33)-(3.36), these authors then ¢btained the

spin-dependent potential by fellowing the same steps by which one converts the
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kernel for peositronium into the Breit interaction. The result is:

dv av
_ 1 L 1 v 1 0 -
- vspin(r} - o2 [r3 FAAEN T T & ] 5
c
+2 mes@) + @02 v%v oy | 5.0 %
2 v 1 2
3m
c
2
av d v
1 | o3k 1 Yy v
T 3 YT ar T ]512 (3.37a)
3m r dr
(44
where
512 = 3 Sl-r 52 r - SloS2
(3.375)

The last term in the spin-orbit part of Vspin 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

spin

) = —5 [-3-§—+—12 (MG+6) - (1—n))]’£ © S
2m_ T ra

2 ._;. _2_T_]___ 2 - . -
+ = [AWK S{r) + 5 {(1+2) ] S1 S2
3m Ta
c
L 3¢, N 2
+ = [ el (L+X) ] 8, - (3.38)
3mc T ra

When used perturbatively, this interaction generates the following mass

formulae (below, M, = bare mass of the level wnL determined by Vo’ and

L

<r_c L - @nL!r_ClwnL>:



- 53 -

Il
=
+

M(le) 5 12 [lm K 1‘Pn0(0)|2 £ 2(14+0)7 n’a"2<r_l>0]
6m
o

]
=
!

- 2 -2 -
M(lSO) o 1—2 [&Tr K |‘Pno(0) |2 + 2{1+x) na. 2<r 1>0]
2m .
e

]
4
+

M(3P2) . % {? K-€‘3>l + [(94- 132 +% A%y n - %(1 —n)} a2 <r"12}
5n .
c

M(391) L f,z— {— K<:"3>1+ [(—1 - +% 2% n+%(1 -n)] &_2<r_12}
c

M(3PO) = . {QK <“3>1+ [(3+m\) n - (1-n)] a2 6‘12}

2
m
c

I
=
o+

I
=
[

2
(14+A2)"n -1
2 <1‘ 1

a2
Cc

M(lPl) =

|
=
i

(3.39)

For completeness, we include formulae for the splitting of D-~levels and mixing

3 . 34 .
of Dl with Sl.

7m
(o

M(3133) =M, + —12-— {20,«; Q:‘3/2 +l(23 + 320 + D) 0 -7(1 - n)].- a2 6:'1%}

%]

m

uCD,) = n, + —1-—{— « TN 4 [(—1—x+%—x2) n+§<1—n)] a“2<r”1>2 }

¢l

3., L 1 -3 2 -2, -1
MCD) = My+ -6—;2-{—30 K <r >2 + l(—26—34>\+x )n+9(1—n)] a <r >2}
[

2

T C B S S |

M(CD,) =M, 7 ),
mca

<“351|Vs . |m3D > = mv82 [3.-K§-slr"3]mn> + @+n)? g a_2<nS[r_l[mD>} )
pin 1 124
(3.40)

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

. ‘.2
of k, 1/a (GeVz), m {(GeV), n and X used by various authers. In Ref. 86 the

Coulomb parameter is not comstant {(see Eq. 3.70) and only this short-range

part of the potential is kept in computations of spin-dependence.

M - M M - M M - M M. - M .

Author; Parameters X5 X4 Xy P n, P g
Experiment L4 = 6 95 % 265+ 14 230 = 7
Schoitzer (Ref. 87) 87 63 70 58
6.2, 0.19, 1.6, 1.0, 0.0]
Pumplin, et al (Ref. 88) 152 117 119 92
[0.0, 0.30, 1.5, 1.0, 0.0]
Henriques, et al (Ref. 89) 40 (input) 80 95 -
{0.8, 0.18, 1.6, 0.0, 0.4}
Schmitzer (Ref. 87) 182 170 268 (input) 225
[0.2, 0.19, 1.6, 1.0, 1.1]
Chan (Ref. 89) 40 {(input) 99 262 (input) 225
[0.2, 0.15, 1.6, 0.12, 5.0]
Carlson and Gross (Ref. 89) 41 (input) 98 265 (input) 181
[0.27, 0.20, 1.37, 0.08, 4.4]
Celmaster, et al (Ref. 86) g2 100 150 80

{-, -, 1.98, 1.0, 0.0]
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1 1
differences; for comparison purposes, we assumed X(2830) =1 SO and x(3455) = 2 So.

. . 3
For the D states we content ourselves with two remarks. First the 1 D1 level

8 .
comes out about 40 MeV below its unperturbed mass {(which is 3.755 GeV in Table 2},

Thus, thé agreement between the coupled-chanmel caleculation {(in Sec. I11.E)

and the observed mass 3.772 GeV of »" is perhaps fortuitous, Second, the pre-

3 .
dicted mixing angle between 13D1 and 2 51, is

3 3
1 pan-1 22 51|V531nll D, )

3 3
M(2 Dl) - M(2 Sl)

o]

£ = ~ £

(3.41)

This is much less than one infers from measurements of the ¥ electronic width.

Using

' 1/2
£ = tan_l ‘ M]p" F(d}" -+ e+e__.)“

[ M {1 > &fe)

these are ¢ = (26 * 3)° for L ") = 0.37 £ 0.09 keV (30), and € = (19 % 3)°

for T, (W) = 0.18 = 0.05 kev (91).

The lessons of this attack on the problem of spin-dependence may be sum-
" marized thus: 1Insofar 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 Pe r/az. As
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 Vspin' This feature is needed to explain the
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unexpectedly small ratio (M(’P)) = M(3Pl))/(m(3rl) -~ MCB)) = 0.62.
if one now assigns X{2830) to nc(llSO), the splitting from Yy may be £it,
as Schnifzer found (87), by assuming a rather large quark color anomalous

2.

moment , A(n)l . Ali 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, A and n. In fact, as Carlson and Gross
point out, M(BPl) - M(BPO) is far less sensitive to parameters than is M(3P2) -
M(3P1). Therefore, a fit to the latter plus the ¢ - X(2830) splitting almost
automatically gets the former right. And, it is not surprising that a large

3

1's. - 118

1 0 implies a comparable 2381 - 2150 splitting. The real test of this

phenomenclogy will come when the multitude of intramultiplet splittings din the
T - system are measured——a potentially difficult task if they are v 5-10 times
smaller, as expected. Secondly, given the difficulty of accommodating the
¥(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 ina VS in® 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 dymamical models which incorporate gluon degrees
of freedom more or less explicitly. These include lattice gauge theories (51, 52)
the MIT bag medel {92, 85), and the quark-string medels (78, 93). 1In each of
these medels, the long-range spin-independent potential between heavy quarks is

shown to be linear. Further there is a reasonably well-defined ?rocedure for
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extracting the spin-dependent interaction. While it is too early to assess
these appreaches, it is hoped that they will provide insight to this most

puzzling aspect of charmonium dynamics.

E. COUPLING CHARMONIUM TO I1TS DECAY CHANNELS

It was recognized very early (63) that the quantum mechanical coupling between
charmoniuvm states apnd their OZIi-allewed decay chaonels could modify the predic-
tions of the paive potential model. The development of a model for this
coupling and the resulting predicticns have been presented in a series of papers
_by Eichten et al (75,9&,68,95).9 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 cc states above charm threshold, W= Mpo = 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 charmonjum levels having the same JPC' Both these will
affect rates for all the transitions discussed in Sec. I1I.C. Of special
interest is the fact that decays which are forbidden or strongly sup-

3 1

pressed in the potential model, such as 3Dl - e+é_ and 2 Sl -+ 1 S0 + v,

can be enhanced through mixing between 13D1 and 238 and between 238

1’ 1
3 i 1 ,
and 1 Sl (or 2 So and 1 SO), respectively.
4+ -
3. A description of e e annihilation in the charm threshold region,
Wc < Wx 4,4 GeV. 1In particular, one wants to interpret the structure
+ - S SN . _ '
of R =c{e e =+ hadroms)/o{e e - p u ) in this region, and to discuss

the general {(and sometimes peculiar) features of the exclusive channel

. + - o=0 + - +. .- - =
cross-sections o{e e +DD), g(ee »DD), o(e+e + DOD‘O), 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-coupfed to a continuum of states belonging to another subspace is a classic
problem in quantum mechanics and was, formally, solved long agoc (96).
Let the teotal Hamiltonian of this system be
= + .

H Ho HI s (3.43)

whare Ho is responsible for the binding of the discrete states |n) and the

continuum states |v)

H0| n> Enln> , <n]m> om - (3.44)
H0]v> wvlv> R . <\J|11>
<§{%> =0

while HI is responsible for their coupling:

Gl = Glagay . (3.45)

In the present short-hand notatiom, 'n> stands for any of the pure cc levels

i

l
s

5(\"’]1) H

[wnLJ>’ and [v) for any state of charmed hadrons having zero net charm, zero
total momentum, and total energy ). (States with more than one ¢ and one c
are ignored.)

The problem we face is to describe the eigenstates ]N) of H with eigen—

value EN. These states include the observed bound states (w,XJ, P”, ete.)

. +
below charmed threshold as well as the continuum states and resonances in e e
annihilation above Wc. (Because H allows for decay, EN need not be real—and
certainly won't be for the resonances). We begin by expanding |N) in the

complete basis formed by the elgenstates ]n)and |v)of HO:
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|N> =Z anN[n> +fd\) avN|v>
- SRRCLY 2 = Ol

(3.46)

From Eq. (3.44)-(3.46), the expansion coefficients and the energy EN are

solutions of the eigenvalue problem

DLy -ep s ~a EJay =0 (3.47)
m
det [W-E - Q(Wi]= 0 (Roots EN) (3.48)

where

dv
Q__ (W) =f W= 710 (i vy ColE fm)

i
&nm(W) -3 an(w) . ‘ (3.49)

For EN < Wc, the solutionms of Egs. (3.47) and (3.48) correspond to the
bound charmonium levels, the matrix Anm(EN) describes the shift in the mass
of these levels from the "bare® masses € and the width matrix an(EN< wc}
vanishes. TFor IENI > Wc, the state |N) is a resonance which decays almost

. . . i
exclusively to charmed hadrons, having mass MN’ width TN, and EN = MN-h—F .

2°N

Given the coefficients anN’ one may determine auﬂ from
I

avN - EN - i_\, +10 % amN <\)I HII m> _ (3.30)
Finally, the continuum eigenstates |[N) may be determined from integral equa-
tions similar in structure to Egs. (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 = c(g+e_ <+ charmed hadrons)

(3.51)
0(e+e_ > u+u_)
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requires only a knowledge of Q which, in turn, requires a model for H..

The assumptions and approximations defining the model for H

-

1. The Hamiltonian is taken to be
3 3 3 * - - ;
H = —g d x d ypa(x,t) V(x ~v) Oa(Yst) (3.52)
a=1

+ quark kinetic energy terms

I and @ are{68,75):

4 A
where pa(x) = z: qi(x)*:,fl q;(x} 1is the octet of color charge
flavors{i)
L. - > -+ > 2 . . ) .. o,
densities and V{(x~y) = Ix-—y[/a is the instantaneous confining potential in

Eq. (3.8). The Coulomb piece has been dropped for simplicity.lo

-2. As the form of V implies, calculations with this Hamiltonian necessari;y
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  is through the use of "spin-split thresholds" for the
continuum states [v:>, i.e. the mass difference between D*land D, F* and F is
put in by hand.

3. When decomposed into creation and annihilation operators, H = HO {binding
of qiaj) + HI {pair emission: q; T4y + aj + qj) + other terms {e.g., emission
of two palrs from the vacuum) which are discarded. While the nonrelativistic
binding mechanism is presumably counsistent only for cc states {where it re-
produces the results of the spin-independent potential model described in

Sec. IV.C), it is alsc used to generate bound-state wave functions for charmed
meson states cq and cq {q = u,d,s from now omn).

4. The model assumes that the transition ¢n + charmed mesons is a sequential

LI
5D"; p* > Dn. Accordingly, the only

ot

uasi-two—-bod rocess 1 e Yy >
quasi-lwo—body process, 8 VoL

terms kept in HI are those describing light-pair emission, ¢ »~ ¢ + g + a and

¢ +c+ g+ q, which govern wnLT(cE) + 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 ifcorporates the extended nature of the parent and its decay products.
While certain features (to be mentioned below) of the transition amplitudes

computed with H_ may be model-independent, the nonrelativistic approximation

I
ased in the computation is very questionable.

5. The final approximation made in Refs. 68,75 is a drastic truncation of the
continuum states [vﬁ>to include only the ground state charmed mesons D, D*,
F, and . 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 ¢nLJ -+ pair of ground state

charmed mesons is

- -+ - . - -+
<%q(Jl;El,P), cq(Jz;Ez,-p)|HI|cc(nLJ; W, 0i>

-1
x Spin Factor (Ji) x Form Factor (n,L;|P|; mp,mq,a)
{3.53)
=
where (Ei’pi) are the 4-momenta of the ocutgoing pair, W = El-FEz, and J are

i

total angular momenta. The parameters entering the calculation of this am~

plitude are the quark masses L mq and the linear potential strength a

Because of the spin-independence of the qq 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 = c§ 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, E%]. The high-momentum fall-off and the oscillations reflect the
finite 2xtent of the bound states and the nodes in the wave functions of radial
excitations. These zerces in the form factor play an important role in the

. . . + - = S = i
behavior of the exclusive cross—sections o{e'e - DD, DD', D D ) as a function
of ceater-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

M %, M,

light—-quark masses m, = md and o, and the charmed meson masses MD’ D 7

and MF*' The last named are now chosen to have their measured values. m and
a generate a “bare" cc spectrum, which is remormalized by the coupling to the
continuum. For fixed m, 1/3 GeV and ms = 1/2 GeV, mc and a are adjusted
until the Green's function

¢ = (W-e-200) © (3.54)
mn ma

has J°C = 177 poles at 3.095 and 3.684 GeV (corresponding to ¥ and $7) , and

a residue at 3.095 GeV such that the ¥ electromic width is 5.3 keV. The conm-
puted ¥~ electronic width is 3.4 keV, which is the same as found in the basic
model (Table 3) and ~1.7 times the observed valué. 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

3

very small splitting of the “P_ states. The first effect shows that HI is by

J
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 v 50-100 MeV) these thresholds.
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Table 7

Mass Shifts in the coupled-channel model {(68). Parameters used are
m,=1.69 Gev,a=1.80 Cev'!, m =m; =0.33 GeV and m_=0.50 CeV. D and D*
masses are taken from experiment while MF = 2.00 GeV and MF* = 2.14 GeV

are assumed.

Bare Mass Rencrmalized
State (MaV) Mass Shift Mass
'] 319 ~ 96 3095
P 3893 -209 3684
$ 3976 ~208 3768
X 3622 -170 3451
X1 3622 -180 3442

Xg 3622 -191 3431
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2, RADTATIVE TRANSITIONS With the parameters determined by renormalization,

the radiative transition rate for ¥ > yx_ + v, say, is computed as follows:

J
Féllinéhback on the (over-simplified) notation of Eq. (3.46), let ]N:> = |¢'>3
2 - - 1~ - .
= 3 = — -+ - =
| > ]XJ:>, and j, 3(CY)\C uY,u) 3(led + sv,5) the electromagnetic

current. The El transition amplitude is (68)

GIEN

Y =¥ a" a <m|j}\|n>+ fdudv au”‘M aUN<u|jk]v>
ni

M, mM

* . * .
+§f dv -[avM_anN<U|JA|n>.+ a® a\}N<n|JAI\J>] . (3.55)

The first term on the right in Eq. (3.53) includes only the parts of ¢~ and
X7 in the discrete (cc) sector, with <ﬁ4jk|n> computed just as in the potential
model without coupling to the continuum. The second term, involving the con-
tinuum components of ¢~ and Xgs 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 jk'

In lieu of some long and not-very-illuminating formulae for the terms in
Eg. (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: |ny = |.2381> and |m) = |13PJ>. The next single most important contribu—

tion to this set comes from |n:> = I13D1 >, i.e. the mixing of 35 and 30

1 1
states due to nearby spin-split threshelds, and this is rather sensitive to
the precise position cof the DB and DE* thresholds. The S-D mixing is most im—
portant for ¢~ + XO + vy because of a large Clebsch-Gordan coefficient for
13Dl > 13PO + v [see Eq. (3.26)1. Because of energy denominators, the con-

tinuum-sector terms are dominated by the nearest threshold accessible to both

U7 and X+ Thus, the continuum is considerably more important {roughly a factor
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of two in amplitude) for XO than for X1 and X because XO > DD in an S~wave,

while Xy > DB is forbidden and Xy DD is suppressed by a D-wave facter. In

aﬁplitdae, the continuum contribution to XO is v1/2 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)

I 2

il
Pl > ne w*tY) =37 “"T Z a (3.56)

i.e. only nonhindered terms (same principal quantum number) are kept. The over-

lap factor}; . a:H is 0.7 for ¥~ » n”, -0.13 for ¥* > n_, ~ 0.05 forn’~> ¥,
and 0.9 for ¢ > nc, where n, and n; were taken to lie at 2.8 and 3.45 GeV for
the purpose of this calculation. For the "hindered" M1 transition amplitudes,
one may reasonably expect the neglected terms to be comparable to those so far
computed.

The final results for El and M1l transition rates are displayed in Table 8.
Compared with the results of the potential model {(Tables 4, 5), the EIl rates
show a modest improvement, though they are still one to twe standard deviations
from experiment. Once again the ML rates bear no resemblance to those observed
fof v > yx(3455), x(3455) » y¢, and ¥ + vX{(2830). Taking this together with
the unexpectedly large hyperfime splittings, there can no longer be any doubt
that something very important is missing from the charmonium 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 preduction is a quasi-two-body process mediated by
those cc states which couple to the photon. It is thus in the sgpirit of vector-

meson dominance (97), generalized to include coupled-channel mixing. The quasi-

two-beody 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 avre given in Table 7.

Mode Width (keV)
7o+ Xo 19
p° o> YX4 28
[ YXg 37
7> Yo, 21
$o > oyng 12
Yoo yng 8
n, + ) 0.1



W < 4.4 GeV, implies that charmed meson spectroscepy can be readily and ac-
curately carried out by studying the invariant mass recoiling against D {or F)

-+

in the reacticn e¢“e” + D(F) + anything.

For a charmed quark charge of 2/3, AR is given by (68)

t
SR = 32 ¢ q!m(())f&(gi__:_%

22h Y {0) {3.57)
Wl m,n mn o

where the quantity in brackets is the absorptive part of the Green's function
in Eq. (3.54). The ?n(O) are the wave functions at zero cc-separation of the
-discrete sector states. Since Q is really a sum over the allowed continuum
channel types, v = DOBO, D+D_, etc., AR may be writtem as a sum over exclusive-
channel ratiocs, Ru' Since ¥ ®) £ 0 only for S-wave states in this model,

327 2: * v
— —— w
Rv(w) + W2 ' g;£a=o,2‘ym}(0) unﬂ%m’ﬁrnfﬁ,n’ﬂ’ %hffgnowno(o) (3.58)

where the orbital guantum number £,8” = 0,2 has been made explicit. E:’R n°e”
¥

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 mésons (see Eq. (3.53)).

The reason for including 3D levels ,2 or & = 2, in the orbital sum in Rv

1

is this: As mentioned, the only dependence on total quark gpin in the calcula-
tion of R 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 gzo 12 This mixing is

strongest when a 3D pole sits in the middle of a set of spin-split thresholds

1

(e.g. at W= 3.8 GeV), and is considerably weaker when it is far from such



%
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.. = 3.730, WDD* = 3.885, W *x % = 4,040, WFF = 4,00, W

D *D FF*'= 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 ¥'"{3772) more than a year before its
discovery must be regarded as the greatest success of the coupled-channel
medel, 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
2381 - 1 Dl mixing by more than an order of magnitude. Typical predictions
of Fe for this state based on the tensor force in a Breit Hamiltonian are
W 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) (81). As we shall see in Sec. IV., the most important
feature of ¥ is that it decays exclusively to DD, providing a unique, high-
precision setting in which to study these mesons.

Comparison of the theoretical curve with R-data for emnergies 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 Dﬁ* threshcld in the model calculation, but there AR (= 1)
is only about one-half the measured valuelz. {3) The sharp rige in Fig 7
is due to the concurrence of the important D*D* threshold with the 338l charmonium

level. The corresponding rise in the data, culminating in ${4028), is considerably
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sharper (AR = 3 in about 30 MeV). (&) The dip in exclusive DD production at

this resonance is due to a zero in thej}BS + DD form factor near pD = 750 MeV.

1
This sftiking 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 {89),

*—F - —% —_
RO D) : R® D+ 0D : rEDD

(3.59)
= 1.00  0.10 : ©.85 % 0.09 : 0.10 + 0.06

e e
e—

This preference of Y(4028) for D D , despite the limited phase space, has been
interpreted by some authors (77,100) as an indication that y (4028} is an almost
'bound state of these two mesons-a D*E* molecule, 7Tt is difficult to test this
rather ad hoc hypothesis because no model of such objects exists which can be re-

lied vpon for further predictiomns. 1In the meantime, the existence of a near zero

in DD 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. 1In particular, the enhancement near 4.15 GeV,
the dip at 4.3 GeV, and the obvicus resonance {4414} are all beyond the reach
of the model as presently comnstituted. If $(4028) is indeed the (highly dis-

torted) 338 " charmonium level, then the spectroscopy of the naive potential

1
model would lead one to interpret the enhancement at 4150 MeV as the 23D1 state
and the resonance at 4414 MeV as the 4381 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 neotation 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 b;\a string with dynamical degrees of freedom, expects a number of levels
corresponding to vibrational excitations of the string. Wo 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 &351 and 5351 levels at 4.25 and 4.41 GeV, respectively.

¥, BEYOND CHARMONIUH

‘The recent discovery at Fermilab of enhancements in the p-pair invariant mass
near Mu+h_ =10 GeV (23) is widely interpreted as solid evidence for the
existence of a new quark, Q, with mass mQ ¥ 5 GeV. The data (Fig. 12) shows
clearly two, and possibly three, resonances, called T, T7, and T". Assuming
these to have zero width (consistent with the experimental-reseolution of ~ 200

MeV), a fit to the data gives their masses as

9.40 + 0.013 GeV

o
M.
My o

10.01 £ 0.04 GeV

il

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 351
states of a QQ system.13

Since they are narrow enough to have appreciable u+u_ branching ratios,
they must all iie below the threshold for decay into a pair of mesons Qq + aq
containing one new and one old qué%k (q = u,d) each. Twec other striking fea-
tures of these states which are readily inferred from the data are these:

(i} The 238 - 135 mags difference

MT. - MT = 610 = 50 MeV (3.61)



is, within errors, the same as in charmonium, M . - Mw = 589 MeV. As we shall

¥

see, this is about 150 MeV larger than expected if one adheres to the “standarad"

potential V_ in Eq. (3.8). (ii) The ratioc of the observed u+u" signals at T~
and T is

- + -
R, =B0" > uu )do/dy = 0.37 * 0.06 . (3.62)
B(T + p-p ) do/dy iy=0

The corresponding value of Rp for ¥° and ¥ production is about 0.02 (59).

This strongly suggests (103) that B{(T" - u+u_) >> By~ ~+ u+ﬁ_) and, therefore,

that T'(T” - T 4+ anything) << T{¢~ » ¢ +'anything) » 130 keV. These features

of the T-system will receive considerable attention in the follewing 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 ¢f a nconrelativistic 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 mq. 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 M. - My 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 Qii 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 _-dependence

Q

of the threshold and ground-state energies. While their arguments are, strictly
speaking, valid only ia the mQ » o« limit, errors should be small s¢ long as

m which is already true for thé charmed quark. In the Qg

Q

system, for example, the reduced mass p = mqmq/(m + m )::mq and the dynamics
q

> m = m
9 U,d,S,

Q
is essentially independent of Moy The mass of the Qq ground-state pseudoscalar
is then the sum of o + mq, the binding energy (a function of mg only), and a
-correction due to the 35 - 18 hyperfine splitting. This last term decreases
like del in a heavy-light system, so that the threshold energy WQ may be

written as
W= 2[M +m,-m +2 (1- ), - M)] (3.63)
S R R L U -
In the Qa system, the mass Ml of the 38 ground state is

M. = E (QQ) + E 3.64

where El is the ground state eigenvalue and EO is the zero of energy, whose

definition is not completely obvious in an infinitely rising potential such

as Vo. Writing

EO = ZmQ + ﬂ(mQ) (3.653)

all that is known zbout A is (i) &(mc) = ~ 205 MeV and (ii) m -lﬂ(mQ) + (as

Q
-mQ + w ., Eichten and Gottfried interpolate14 using ﬁ(mQ) = a(mc)mc/mQ
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 Egs. (3.63)-(3.65), the quark mass appropriate
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to the T system is m, = 4.6 GeV, and the threshold for 0ZI-allowed decays is

Q

900 MeV above the T. Thus, they predicted three bound 35 states, as seems to

be the case, with masses

MTJ - MT = 450 MeV, MTU - MI‘ = 750 MeV s

M{Qu; 1150) ~ 5.16 GeV, (for m, = 1.37 GeV)

M(Qus 1351) - M(Qu; 1150) = 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 T,
see mainly an intermediate range portion of the Qa 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 age by Machacek and Tomozawa (101)
and more recently by Quigg and Rosner (102), is currently in vogue because
of its peculiar property that the QQ excitation spectrum is independent of the

Q-mass. Thus, by fitting to the YP-system, Quigg and Rosner find
Vi{r) = 0.733 GeV &n (r/ro) (3.67)

with r, an arbitrary constant, and m, = 1.1 GeV. The spectrum of the first
few excited QQ 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 335 state;

1
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in the logarithmic potential,

- - 3
M{ce; 3351) = 4.03 GeV, M{ce; 4 Sl) = 4.25 GeV (3.68)

-

compared to 4.17 and 4.6 GeV, respectively, in the Vo-model. The separation
between the ground state and 0ZI threshold will not be the same as in the
Eichten-Gottfried calculation because quark masses appropriate to Vl will differ
somewhat from those for VO. In particular, Quigg and Rosner find mQ > 4.5 GeV
so that, using Eq. {(3.63), they predict

M(Qa; 1150) =5.336eV  (for m_= 1.1 GeV) (3.69)

~and that three to four 3$ states will be bound.

Celmaster, Georgi, and Machacek ( 86 ) have proposed still another potential

inspired by the linear + Coulomb model:

—87 1 -1 -Ar
V2 ~ e &n (rAeQ + {1-e Yr/f2n + EO‘

(3.70)
A =0.50 Gev, y = 0.577, A =0.16 GeV, E, = 0.39 GeV,

The logarithm and coefficient in the short-range part of vV, is motivated by
appeal to asymptotic freedom (however, the argument of the logarithm has been
modified). The linear potential strength, (2n)_l Gevz, is taken from the slope
of the Reége trajectory. The new, intermediate-range part, (r/Zw)exp(— Ar),

is chosen arbitrarily. The parameters in Eq. {3.68} are determined by fitting
to the spectra of light as well as heavy (CE) mesons--—a very questionable pro-
cedure for any nonrelativistic potential. The charmed quark mass that results
is m, = 1.98 Gev: With all parameters determined (including the zero of energy,
By, which is assumed mQ—independent), the T mags fixes m_ = 5.4 GeV. This, in
turn, leads to

M{Qu; 1150) = 5,35 GeV {for m, = 1.98 GeV) (3.71)
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3
and the prediction that 3-4 S levels will be bound below OZI threshold.

The potentials V, Vl, V2 are plotted in Fig. 14, and the radial probability

il

P(rj dr for the w(lssl) and T(lBSl) states as determined by Vo is shown in Fig.

15, Several remarks immediately follow from these figures:
(i) Vy and Vz are practically congruent, and so the level spacing
determined by Vs, is almost independent of mQ 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 Mg
(ii) All three potentials are nearly congruent in the region in
which the ¥ wave function is large, 0.2 fm < ¥ ¢ 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 functicn is con-
centrated, 0.1 fm ¢ v ¢ 0.3 fm, there is considerable difference

between the shape of V_ and of Vy ,. It is not surprising ' therefore,

that the VO spectrum is quantitatively different from the Vl’ V2

spectra here.

The predictions of Refs. 104, 102, 86 for T and T branching ratios and total
widths are listed in Table 9. To estimate T” + Twn + Tn, we have used Gottfried's

scaling relation (71)

m
r{T" -~ Tnw + Tn) = (;;E)Z r@” = dmw + ¢n) ' (3.72)
Q

with (mc/mQ)z = 1/10. 8ince cascade radiative decays will constitute only a
very small part of T~ = T transitions, the suppression in Eq. (3.72) goes a
long way toward explaining the unexpectedly large value of Ru in Eq. (3.62)

While very little is known of the details of the T-system at present, we can



Table 9

Predicted T and 77 transition rates {104, 102, 86)

v

Particle Made leg | = lfg 273 1/3 2/3 1/3 . 2/3
7 2527 = e, u, 0.45 1.8 0.5 1.9 1 4
X G+ 1) 6.8 27 10 4 8.8 35

J
Tmm + Tn A1 ]2 w12 vi2 ]2 12
;) Hadrons {(direct) 8.6 8.6 9.1 9.1 19 19

2

! Hadrons (2nd order E.M.) 1.9 7.6 2.0 8.0 4.2 17
All w31 60 n35 w75 47 95
T UG e, o, 1) 0.7 2.7 1.1 43 2.5 10
Hadrons {(direct) 14.5 14.5 23 23 52 52
Hadrons (2nd order E.M.) 3.8 11.4 4.5 18 10 40
19 w34 31 V54 W70 ~122

All



look forward in the next few years to a flood of data from the new e+e— storage
rings at Cormell, DESY, and SLAC. It can only be hoped that out of all this
will coﬁe a clearer picture of the "correct" phenomenolegical 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 QQ 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

Direct,evidence for the existence of charmed particles was announced in the
summer of 1976, a vear and a half after discovery of the w/J (22). For an
early discussion of charm phenomenclogy which anticipated many of the recent dis-
coveries, the reader is referred to the paper of Gaillard, Lee and Rosmer (106).
The properties of the charmed hadrons observed sc far are shown in Table 10. Sev- '
eral other recent theoretical and experimental reviews are available (59,107,108).
A. THEQRY
1., SPECTROSCOPY Since all the charmed particles contain one or more light
guarks, 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 quaiitative 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 apprepriate

amounts of

m = E-M,ﬁ 1.55 GeV m =m, = 0,33 GeV
c 2y u d
(4.1}
w_ 0.46 GeVv
P 1+
This reproduces the pseudoscalar and J = 5 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* = 2.005 GeV, cne 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 my/m, =m,/m, (parenthetical numbers are for my/m, =0).

- Pgrticlf I(JP) Mass (MeV)} Decay Mode Branchin(gy)Fraction
o 1 - +
° 15(07) 1863.3 + 0.9 K 7 2.2 + 0.6
(cu) +
Ko 4.0 + 1.3
K_ﬂ+ﬁo 12 £ &
K-ﬁ+w-ﬁ+ 3.2 £ 1.1
+
e ue + hadrons ~10
+ — p—
D 3(07) 1868.3 + 0.9 Kon 1.5 + 0.6
(ed) _
K H+F+ 3.9 1.0
+
e ve + hadrons 10
§=M 4 M o=5.0%0.84eV
p*° %(17) 2006 £ 1.5 0°%° 55 + 15
b’y 45 + 15
# -
pr 57 2008.6 + 1.0 D% 63 + 8 (63 * 9)
pir° 30 + 8 (27 + 7)
5¥ M ptM 52,6518 MeV Dy 2 £ 1 (10 £ 5)
"6 - 8% = 2.4 & 2.4 MeV
+ -
F 0(07) 2039.5 + 1.0 ' ?
{cs)
K+K ﬂ+ ?
R 2
K+K“w+ﬁ-n+ ?
7t o) 2140 % 60 7y 100
+ + -
iy 0% 2260 * 10 ArTatw ?
(c(qd)A)
+
gt 1(% ) 2426 + 12 A:w+ ?

c
(p{ud)s)
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even better with

%= % M, - % = 2.13 GeV
- Mpw = Mpw + M, = Mo

{4.2)

Mp = Mpx — (% - M) = 1.99 Gev

The reported ¥ and F* masses in Table 10 are reproduced nicely by this sum
rule.
. —_ o + *o %

Mass splittings between D0 and D and between D and D have been
measured (108) and are also interesting theoretically. 1In fact, because the
D* - D mass difference leads to an extremely small Q-value for ¥ - Dn, the

+
- 0% - 0" and D*° - D*+ splittings have important experimental consequences
in sorting out the spectroscopy of the D's. 1In the nonrelativistic guark

model, the splitting is the sum of the down-up mass difference and a contri-

bution from single-photon exchange:

_ 2 'F'i 27ty 2
MD'*' - MDo R TR * 3(15_{1:'%)4‘ mcmullt']."J(O)i "

(4.3)

Mywg = Mpro = my = 1, +5a B%) “ S l"f'D(O)Iq
D cu

These expressions can be evaluated using a current algebraic extraction of
m, - m ~(109$ and an atomie quark model analogous to charmonium for the D
mesons. The result is MD+ - Mo 7.0 MeV and Mgy - MD*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 MD(13Pl) 2.58 GeV

1
My (178

{4.4)

it
I

2.45 GeV MD(13P2) 2,58 Gev
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The evidence for these states {as well as the beautiful measurements of the
D and F masses) will be discussed shortly.

2; DECE&S In the standard WS-GIM wmodel ( 4,7 }, the hadronic current Eq.{1.7)
leads to the selection rule AC = AS = &1 for charm decays. Ignoring QCD re-

normalization corrections, the complete effective Hamiltonian for charm decays

in this model is
G

F - \ -
He =-*—-[coseccyk(l-y5)s = sind, th(l'*Y5)d]
V2
{4.5)
x- [cosB c_b(}\(l—y Ju+sing gyk(l-y )u+z P )‘(1— Yu, 1+h.c
e 5 e 5 —~ LY Y5/ ¥ LG

L=e,u
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 spacej}:

¢ » sud = 3 cosz*eC

c > dud = 3 coszecsinzec

c + sus = 3 coszecsinzeC

¢ + dus = 3 sinz‘eC

c s£+$£ = c0528C (L =e,u)

c > d£+ﬁh = sinzec (& =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% semiieptonic, divided
equally between e and u. 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 p+ signal in the exotic channel

-+ +

K w7, but not in the nonexotic K+ﬁ+ﬁ-. Finally, the D lifetime is estimated
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in this model to he

- 5 _ _
(D » all) = %—(E) Turew) = 10 13 sec {(4.7)

My

Thus visual observation of D decays can be made only with high-reseclution
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 {ggj representation under SU{4)
{flavor), the other as [§£l . When decomposed with respect to SU(3) sub-
groups (the symmetry group of u, d, s quarks), one finds_

ho| ~608e6 4.8)

84) =6 e{3e15,;+6 e {3*e1si}+{le 8027]

It

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 [gQJ is the AC = 0,[&8{ = 1 operatoxr re-
sponsible for nonleptonic K-decay: its matrix elements are enhanced relative
to the octet and 27-plet in |84].

On this basis, Einhorn and Quigg argued that the AC = +1 pieces, 6 and 6"
in [gg] should have enhanced matrix elements rvelative to the AC = 1 parts of
[ﬁﬁ], namely 3 @ 15y + 3% ® 15y. (Actually, only 15y ® ;§§ 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
enhancement arises from the choice of renormalization point in the evaluation
of the anomalcus 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 al
argue that this renormalization peint should be taken higher when dealing

with decays of charmed hadrons, say m, v 2 GeV. This, theyv claim, diminishes
sextet ephancement of the IAC! = 1 Hamiltonian.

Now, all this has measurable consequencas. 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 D+_has no Cabibbo en-
hanced decays (=« coséec) to a pair of pseudoscalars {such as %1ty or a pair
of vectors {(like Eﬁop+). The only Cabibbo-enhanced decays of pt then would be
to a pseudoscalar plus a vector, say Dt - iop+ > K0 and D+ -+ §*0ﬂ+_*'Kwﬁ+ﬁ+
or K%',

To the contrary, Ellis et al find r(pt Epn+) = 7(D° + Kfﬂ+), a "sextet-
enhanced" rate. Using a variety of techniques, they estimate the following

ranges of branching ratios for charmed-mescn decay:

B{(D,F - 2-+v£ + hadrons) = 0.1 - ©.25
B(D > L + v + K) = 0.03 - 0.08
B{F ~ & +-v£ 4+ n) = 0.92 - 0,05

BM° > K nt + K°%°) = 0.03 - 0.18
B(dt > X% %) = 0.02 ~ 0.10

B(FF + nnt + KTR®) = 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
brénchi;; ratio is expected to be more than a few percent.

One other interesting aspect of D-decays has to do with the possibility of
p° - p° mixing (115). If this is induced by charm=-changing neutral currents

- 1+ vg
such as € Yy G—jr—~JU coupled to the Z° weak boson, then

0 o 2 ) 2 5
AM(D®,B%)n Gy >> (D% - ALL) ~ GF My

"and D°DO mixing will be complete. One then will see D° + K + ... as often as

DO > K 4+ .... If |£C| = 2 transitions are mediated by second order (G?) processes
or by-neutrai Biggs bosons, mixing may be less than complete but still appre-
ciable. Thus, a measurement of T(D° +~ K + ... )/T(M° + R + ... ) 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* > Dr are so small that the electromag-
netic (ML) decay p* > Dy is competitive with the strong one. Therefore, when
studying the invariant mass recoiling against D° produced in e'e” annihilation
at 4.028 GeV, say, one sees a very rich structure corresponding to

ete™ + DD (Recoil mass M = Mzo)

- -
ete™ » DD ° (4, = Ms*o)
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ete™ » D*oDo, D0 5 poy® or DOV M, = Mo, 0  or MEOY)
ete™ + D*OB*O, D¥C > DORO  or DOY (Mx = Mp*o 0 oOF Mﬁ*oy)
- ete™ + ¥, p*t + pogt (e = M- )
ete™ » p™p*-,  p*t 4 popt (M, = Mpx— +) (4.10)

The decay D*C > DFr~ 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 p* 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 M1 decays they use the naive quark model formula

4 ®q \2 3
TOM (@) > DD +Y) = g GE + 42 ) b

q

(&4.11)

where e, =&, = 2/3, eq = -1/3, p = (M%* - Mé)/ZMD*, and they use quark masses
of m, = My = 0.33 GeV and m, = 1.87 GeV {determined from I'(y - e+e") and
Mw, ~- Mw in the pure linear potential model).

The D” -+ Dn width is obtained by assuming a form suggested by their model

calculation of wnL > Dﬁ; it is

r(®* > pr) = T — |\/‘T.E;E:A[ (4.12)
MD*

where ED = p2 + M% , € is an:isospin Clebsch-Gordan coefficient, and Ais an
)T ™

¥

amplitude depending only on m in the limit that heavy quark mass m, > ®, Ag-
u
. %
suming further that m is large enough so that A can be estimated from K =+ Kn

decays gives

-3/2

= 47.8 GeV {4.13)
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Using the measured (108 ) D and p* masses, they obtain the widths and
branching ratios listed in Table 1}, As we will see shortly, the results in
T%ble 1I\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) FooF mass difference(,ﬁ?ﬁ} implies the o> Fy is the only decay
mode of this C=8=1vector meson. Using ms==0.50 GeV in Eq. (4.11) gives

T(F*t > Fy) = 0.2 keV (4.14)
Second, the apparent success of the M1 formula Eq. (4.11) for D* decays stands
"in sharp contrast to 1its 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 MQ"l, the only energetically allowed de-
cays of M*(QE) 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 Mi 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 v5S0% 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 ete™ annihilation at
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Table 11

Predicted D* Widths and Branching Ratios (68)

Mode

p*o 5 p%

—

2]
Do'\(

all

width (keV)

39.7

35.2

74.9

22.2

53.4

2.5

78.0

Branching Ratio
(%)

53.0

47.0

28.4
68.4

3.2
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CEA (14) SLAC (31, 32) and DESY {33, 34), and in photoproduction at SLAC {see
Sec., VIC). The Fr and F*+ {decaying to F+Y) were discovered by the DASP col-
laﬁorat;;n (116) at DESY at c.m. energy 4.414 GeV. And the Flois tentatively
confirmed by the SLAC-LBL collaboration in data taken at 4.16 CeV (108). All
of these discoveries and all of the precision data on b° and D+ were obtained
at the peaks in the annihilation cross section—3.772, 4.028, 4,16, and 4.414
GeV—vwhich are charmonium resonances above threshold. {[There is one exception:
the beautiful measurement (108) of Mp*+ - Mpyo required high energy, 6.8 GeV, to
detect the ﬁ+ in Dt D0ﬁ+.]

Evidence for charmed baryons comes from two sources. The first is a single
neutrino event in the Brookhaven 7-foot bubble chamber (117).
+Tr+1T+-n'_

vup + pPAm {4.15)

*'H' . E*-H—
c

This is interpreted as vup-+ u-ZC ;

- KZF+; A:'+ Antnin— because the
event violates the AS = AQ rule. The second comes from a peak in the inclusive
Anmet spectrum at 2.26 GeV in a photoproduction experiment at Fermilab (118)-

% -
This group alse reports evidence for the sequence ECO > Acﬂ+

, with a E: 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 ete™ 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 ratioc to observable medes (o5- 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 10-15% of proton
production at all energies, suggesting that charmed baryons preferentially de-
cay to K + nucleon + ... rather than to strange baryomns.

The isospin assignments in the table are made purelyon theoretical grounds;

. . . . %
no experimental information exists other than the fact that B” > Dr precludes
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P
1 =0 for both these charmed mesons%5 Similarly, no measurements of J exist
for F, F*, and charmed baryons. Assuming that D° and DV have the same JP,

' o o 5 gt . + o, gt t
observation of DY » K v and study of the Dalitz plot for D7 » KW 1 proves
that parity is violated in their decays (11%8), 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 D° and D¥. Assuming

* + - —%
that the parity of D is =1, observing that D —+ Dvw and e e > DD , and measur-

ing the angular distributions for

e+e_ - DD
L— X, (4.16)
the SLAC-LBL collaboration is able to rule out Jg = Jg* for Jg = Oi and
Jg = l_, Jg* = §°, whereas they find high confidence levels for the hypothesis
Ip =0, dha = 1.

The remarkably precise measurements (108) of the DY and D+ masses come
from data taken at the peak of ¢" = ¥ (3772), the 13Dl cha;monium level. This
accuracy is possible because: (1) " decays exclusively to DOD° and ptp” (D5*
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

P, are unimportant in determining MD from

2

2.5
L < P s (4.17)

1
My = (1,02 - 207 = (@

where the beam energy Eb is very well measured. Pp» of course, is determined
from the momenta of the D-decay products. Fig. 16 shows the invariant mass
spectra for D° and DY. The clearly visible & = MD+ - Mo = 5.0 0.8 MeV is
only slightly less than predicted in Refs. 109 and 11i0.

The D*o mass 1s measured by a similar trick at W = 4.028 GeV. Here,

+

ete” '+ D*™D*0 ig picked out and Py%o is measured as follows: The momentum

spectrum of D°'s detected at ¥ (4.028) is measured. (This is equivalent to the
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recoil mass spectrum, but is less susceptible to experimental error.) This is
shown in Fig.17. The small Q-value for D¥O 5 DOn° makes these components
of the distribution (curves B and E in the figure) rather sharply peaked. The

lower peak {B) obviously corresponds to D*Oﬁ"o, and a simple kinematical ex-

ercise gives the center of this peak as

= £y
P;tr(D*OD*O; Do Doﬂo) = PD*OEDO/MD*O (4.18)
Here, EDO = MDO and MD*O = W/2 to a very good approximation, so that
2
Moo = V/2)2 - (pSET) (4.19)

determines the mass quite accurately. With the p*+ - p° mass difference ac-

curately determined from high-energy data as noted above, there results
% = MD*+ - MD*O = 2.6 £ 1.8 MeV, and

5 ~ 8"

2.4 £ 2.4 Mev . {4.20)

This is purely an electromagnetic hyperfine splitting and is expected to be
~ 1MeV 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 ete™ - Mcﬁc where MC
is a charmed meson, ﬁc 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 D® (99). The peak occurs near M= 2.4 GeV, possibly corresponding

%
to the quasi-two-body production of charmed P-states with D or O . If we use

the masses in Eq. (4.4), the process is

ete” =D 5(1 lpl) + D(1 lPl) D (4.21)
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Before the discovery of ¢", it was possible to measure with certainty
only g+ B for the various D-meson decay modes. With this pure source of
Ddﬁo a&g DD, comes the ability to measure absolute branching fractions.
This, in turn, permits absolute determination of the charmed component of the
total annihilation cross section. The main features of the nomnleptonic frac-
tions in Table 10 are: (1) they are allonly a few percent, as expected; (2) the decay
pt > Kon+ 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. D° +(K*“w+, §°p°)+ ®ROor™n~. There is no evi-
dence for Cabibbo-suppressed decays; present limits are somewhat above theo-
retical expectations of order tanzﬁc.(Sg).

The semielectronic decay fractions measured tc date are really an average

determined from measurement of

= s{ete™ » MC + ... B(Mc—+e+ue-¥ cea) (4.22)

M?:DO,D"',F"', e
To reduce contamination from F's and charmed baryons (so that their semileptonic
fractions can be unfolded im future experiments), one wants data taken at the
lowest possible energies. This still gives an average over D° 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>= £.10420.03 at W =
3.99 - 4,08 GeV{120); a LBL-SLAC-Stanford-Northwestern-Hawaii {(LSSNH) collabora-
tion gets <Bé>= 0.072 + 0.028 from running at P¥(121); and, at the same energy, the
DELCG collaborafion 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

<Be> = 0.0%3 £ 0.017 (4.23)
+
In Table 10 we arbitrarily took BealeZ for both D” 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. (1l13}.

The DASP, LSSNH, and DELCO collaborations alsc have measured the elec-
tron momentum spectrum in multiparticle events, presumably cerrespond-
ing to D » et + X (rather than 1+ e + X). Fig. 1% 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-
pgcted from D + Kevand K*enn 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+ K ev. Certainly, this is one of the most important
questions for future study.

The question of Do__ﬁo mixing has been studied by two méthods. The first

(99) is to observe p° » k-nt

and look at the charge of the kaon resulting

from decay of the D in recoil. The second {108) is to tag D°® by observing

the at in D't > D% and then count the number of times D° + Ktn” instead of
K™rT. 1In both cases, the apparent AC = -AS decays are consistent with what is
expected_from 7~ K misidentifications; and the violation of the AC = A5 rule
is €17% at the 907% confidence level. This certainly rules out maximal p® ~ DO
mixing, i.e. |AC| = 2 currents coupled to Z°, but not necessarily a small mixing
due to second-order weak or Higgs bosom 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¥® > p%) = 0.45 % 0.15 (4.24)
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Hence, B(D*O > Doﬂo) = 0.55 x 0.15, and p*+ branching ratios may be obtained
under more general assumptions than made in Eq.(4.12), namely (1) isospin
conservation in D" - Dw decays; (2) F(D* + Dm} proportional to pg; (3) Eq. (4.11)
for ML rates. It is then clear that if T = 1/2 for D and D* and m,/m_ < 1/4,

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 ¢¥") will not be overlooked in the

rush for new physics at the T and still higher energies.
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V- BEYOND CHARM

A, MOTIVATIONS

The existemce and characteristiecs of the quarks u, d, s and ¢ are well-established.
However, there are reasons for considering the existence of further quarks, even
heavier than the ¢. The quarks to be considered here are those of charge %—(called
t quarks) and of charge —%'(called b gquarks). 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 SU{2) x U(l) 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 gquarks), then no SU(2) = U(l) model with only four
quarks is even remotely consistent with the data. One six-quark model {123) with
the coupling16 (u b)R {and W > 11 or 12 GeV) is possible; all other SU(2) x U{l)
models (124} with right-handed couplings for u and/or d quarks appear to be in-
consistent with the data. O0Of course, there is absolutely no experimental evidence
requiring any right-handed charged currents among quarks.

Many modeis based on higher gauge groups require zsix {or more) quarks. 1If an
SU{3) of "flavor" is contained in the group, then triplets of quarks with charges
%, —%y ~-% can be found.l7 Some argue that the non—integer nature of qharks can
be understcod in a natural manner in such theories where the sum of gquark charges
is zero. 1In theories involving SU{3), the fifth and sixth quarks are both expected
to have charges —}l. It should be mentioned that some higher groups contain

3

SU(2) x U(l) 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{l) models will be discussed in Sec. V B.

There hgve 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 Gursey, Ramond and Sikivie

(125). The group E, has SU(3) x SU(3} x SU(3)COlor as a maximal compact sub-

group, while E. has SU(6) x SU(B)COlor. The E, theory can be reduced to a model

very similar to the WS-GIM model, and E, to the SU(2) x U{1l) model with {(u b)R.

7

Both models require six quarks {two with charges % and four with —%). The quarks
found in these theories based on exceptional groups automatically have fractional
chérges.

There are further motivations for new quarks. Following the discevery of the
charmed quark, four quarks and four leptons were known to "exist." Later a fifth
lepton 1 (of mass 1.8 GeV and charge 1) was discovered (24). Horn and Ross
(126) showed that in the WS-GIM model, existing data require ;he existence of a
neutral lepton coupled to t {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 VWA 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 Waxd
identities (9). The formal comservation 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 cepservation 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). and (u d)L doublets,

L
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and between the (vu u)L and {c s)L 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 f£o memtion that the present, limited data shows the branching ratio (128} for
the decay T » v n to be substantially lower than expected; this apparent failure

of a firm theoretical prediction clouds the interpretation of 1, but more data is
needed before taking this result seriecusly. 1In other models the triangle anomalies
are cancelled by different means so that ceonclusions concerning new quarks can be
different.

An early experimental motivation for new quarks was the report of anomalous
energy dependencies for antineutrinoe scattering cross—-secticns and distributions
{129). However, more recent experiments (130) with higher statistics find ne
large anomalies. Another relevant observation in neutrino scattering has been
the discovery (131) of events with three outgoing muons (u_u_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 tham the v lepton) which has a
sequential decay (involving another new heavy lepton} into three muons and other
particles (132). Ancther source (133 involves the simultaneous production of a
neutral lepton (which decays into u_u+v) and a quark b (which decays intoc a nega-
tive muon and other particles). TFinally, 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 u+u_, or muon pair bremsstrablung (135} off quarks or the muon. At

this time ome cannot, therefore, say whether or not trimuon events arve 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 #s, of course, one substantial motivation for quarks beyond charm. Upon
its discovery { 23) in pp scattering, the T {9.4) was immediately interpreted as
a gq meson (L03). Analyses indicated that the associated quark had charge —%@
however, these analyses invelve 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, T'(T —+ u+u_), {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 ratic of T to u+u— is not completely reliable, since theoretical calcu-
lation of the total width is difficult. The cross—-sections expected for T are
much smalier than theose for ¢ (136). The integrated area under a resonance in

+ - Sy , . .
¢ e annihilation is given by

2

_ bm + -

E-—'“E" Bhad T{(y e e ) €5.1)
Tp

1l

Téy ~ u+u_). For a —l-charge quark ope finds ¥ = 150 nb-MeV

where T(y - e+eh) 3

compared with 101l nb-MeV for ¢, and the signal to background may be only 2 to l.
1

The maximum ratio of the cross-section in the resonance T (for charge —?g) to

background would be approximately 10 compared toc 300 for ¢. While T will not be

. . . , . . + - . . .
as dramatic as §, it will be quite noticeable in e e experiments, and its dis-

covery there will be an important confirmation of a new quark.



- 98 —

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 Teft-handed doublet with t and b quarks {137), which, together with a new

doublet for 1 leptons, would cancel triangle anomalies:

(u) : t)
/1 S/ b/1
v v ) v,)
e 1 r

e u/ T i

L

(5.2}

with all right—handed components in singlets. These new doublets have little im-
pact on the phenomenclogy 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 im Sec. VIIL). 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 SU(2) x U(1l) it is also possible to construct models
with right-handed charged currents. The relevant couplings are those to u and 4
quarks. Some models (123,124) have (u b)R or {t d)R or both. If one is willing to
consider quarks of charge —%—or -k%, then models with (d V)R or (r u)R can be‘

obtained. Of models with such right—-handed doublets, only one {123} is consistent

with present neutral-current data (see Sec. VII):

(), 0 B0
000 000

where m > 11 or 12 GeV (see Sec. VI) but the g quark could be the constituent of

(5.3)

T

Ne, Nu and NT are heavy neutral leptons. For this model, the cancellation of
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triangle anomalies occcurs separately within the quark sector and within the leptoen
sector.

One carm™modify such models to include a coupling (¢ S)R but not (¢ d)R; this
has been discussed by Golowich and Holstein and others (138 ), There is no reason,
a priori, that quarks {or leptons) must be in doublets. However, SU(2) triplets
(ot higher representations) require quarks of charge —%—or +~%, and will not be
considered here.

We have mentioned a variety of theoretical reasons for comnsidering cother weak
and electromagnetic gauge groups beyond SU(2) x U(l). 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 model indicates that SU(2) x U(1) will
be a good subgroup of any larger group.

Ly sum®

Varicug authors {1398) have noted that there are models within SU{2)}
x U(1l} (where L = left and R = right and SU(Z)L is the same SU(Z) 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(1l) 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(l) model.

in SU(Z)L X SU(Z)R x U(1) there are seven gauge bosons, Wi; W;, Z?, Zg, v, in
s

+
contrast to the four in SU{2} x U{1l) (W™, Z° ). It can be arranged sc that Z?

has purely axial-vector couplings to all particles {(except neutrinos} and that Zg

has purely vecteor 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 c t {u b)R {c S)R (t d)R
/1 S/ 5/, '

-\)e vu) B <Ne e)R (Nu u)R (NT T)R
L

L

(5.4)

where column doublets are coupled by WL {the usual W) and row doublets by WR.
Since (u b}R is coupled by WR, which has no direct couplings to vu, the usual lower
limits on the mass of b do not apply {(and T = gb is possible).

Another gauge group which has veceived considerable attention is SU(3) = G(1).
For the models (141) which have peen considered, extreme values of the parameters
can be chosen which would reduce theée models to conventienal SU(2) x U(l) 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(1l) model with {u b)R.

One extension {125,142) of the standard WS-GIM model,_whiéh has SU(2) = 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 sin2 Bw = 3/8 predicted in this model seems somewhat
larger than present experimental indications. There are 16 gauge bosons, including
the usual Wi, 7 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 Wi and most of the boscons carvying diagonal neutral-currents. In
this model the leptons are placed in two (5,3) representations.- The quarks are

in triplets such as:

jh) C
8 (u s b)R (c d g)R (5.5}
b g

L L
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where the first two quarks in each column triplet are coupled by Ni 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-
cluding modes such as b + ut v and b > dvv. Thus, this model predices a large
amount of missing neutral energy in eTe (b g) + (b q).

One of the guestions in constructing new models concerns the weak coupling of
the b quark where T (9.4) = b b. While the’standard assumption places the b guark
in a left-handed doublet with a t gquark, there are several other couplings which
are consistent with all data {(see Secs. VI and VII). In SU{2)} x U(i) models, the
couplings (t b)R and {c b)g are allowed. In a model such as SU(Z)L x SU(2)R * 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 vu. Those models which have guarks
in SU(3) triplets can have couplings such as (u & 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. Patl, 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 cam exist as free

particles (before decaying). In the basic model, there are 16 fermions:

up Uy ug Vo 0 1 1 0
d d d e -1 0 0 -1
R ¥ B with charges : (5.6)
Sp Sy Sy u -1 ¢] G -1
cp Cy Cq vp G 1 1 4]

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 discu#fBed critically in Ref. 145,
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VI PRODUCTION BY NEUTRINGS, 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 @/J was produced hadronically at the same time that it appeared in e+é~ anni-
hilation, and charmed baryons have been observed only in neutrino and photopro-
duction. 1In 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. TRODUCTION BY NEUTRINGS

In neutrino scattering in the WS-GIM model, where u quarks have a lefr-handed
coupling to d quarks (u d)L, one expects vud - Y uor Guu 5 ﬁ+d to be the usual
charged-current processes. Most results are consistent with this hypethesis,
and one must look at rare processes in order to learn more.

In the scattering of neutrinos off nucleons, it is pgssiblé to produce single
charmed mesons (or baryons). However, since there is no large coupling of valence
(u or d) quarks te ¢ guarks, this additional cross-section is not large. The
coupling (c d sin SC) with sin? GC = 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 BC) process possible fer antineutrinos. The coupling
(cs COSSC) leads to an increase in both neutrino and antineutrino cross—sections;
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 = (Ev - Eu)/Ev)'

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 {= -qz) one expects that: a) the x distributions of quarks (where
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X = _qZ/ZMN(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; agd ¢) the fraction carried by sea quarks {(u-u, d-d and s-s pairs in the
nucleon) will increase. There are helicity arguments which show that o (vql + uﬁqz)_
= 3o (v 52 . u‘al) = 3 o(v 9, - u+ql) = o(v al Lo aé), where q 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 is proportiocnal t0'<Q2>) and antineutrino cross—-sections to
increase slightly. A related effect is the increase of <y> for antineutrinos
with increasing E, (for neutrinos there is little effect)}.

Although charm is difficult to detect in total cross~secrions 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. Tf charm production is 5 or 10% of the total, and
the branching ratio to muons (electrons) is 107 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 cutls and efficiencies the exact rate is not easy to determine directly).
Furthermore, in distributicns of variables such as vy, EU 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

, 0
one can see if events with two leptons also have a K meson or a A’ baryon. When
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neptrinos change d quarks into ¢ quarks, one strange particle should result.
However, when an 3 quuvl In the sea is changed into a ¢ quark, there is always
the.remai;ing s quark from the pair in addition to the s quark from ¢ quark
decay, so that two straange particles result. Since antineutrino scattering lacks
a Cabibbo-suppressed mode of charm production, the number of strange particles
(two) 1is 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 u_e+ event, while one other (150) with much
higher statistics has reported about 1.0 K mesons per event. The lafter cor-
responds closely to the predictions for charm.

In all of these features (cross-sectiens, 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 - %—) which has a right-handed coupling to u quarks (through W
bosons) must have m > 11 or 12 GeV, certainly excluding the quark in T (9.5).

If given that m = 5 GeV, then the coupling squared for (u b)R must be 0.1 (or
less) of that for (u d)L. Any t quark {charge %) which has a right-handed
coupling to d quarks {through W bosons) must have m > 5 or 6 GeV, For the left-
handed couplings (u b)L 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 d)L.

In the WS-GIM model, the additional coupling (t b)L (see Seec V) would lead to
little t or b quark production, because the mixing angles between heavy guarks

and light quarks must be small (see Sec. VIII A). From the universality of quark
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and lepton couplings and frem the Ki - K; mass difference, one finds (151) that
the td coupling (ub coupling) is not likely to be more than 10% (5%) of the ud
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 gquarks besides (t b)L, and
some of these also have few cbservable consequences in neutripno physics. Among
such couplings are the right-handed couplings (t b)R and (c b)R. Also the
couplings (u b)R and (& d}R are possible {(even for relatively lighf t and b) in
models such as SU(Z)L % SU(Z)R % U{l), where those couplings occur not through fhe
usual W boson but through a new boson which does neot couple uu to u and is
heavier than W.

One can loock 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
{<0.01), the branching ratio to muons (~0.2) and the phase space suppression ¥
(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 inveolves the energy
of the secondary {decay) lepton. Dileptons from heavy gquark decay should be

significantly more emergetic (152).
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Table 12

The phase space suppression F {(relative to zero

mass quarks} for preoduction in neutrino scatter-

ing of quarks of given mass.

F for Fermilab

Quark Mass Quad Triplet Flux
(Gev) All E E>100 GeV
-1 -1
5 i0 3%x10
-3 -2
10 : 6x10 3x19
15 107" 6x10"

¥ for CERN

Wide-Band Flux

All E E>100 GeV

-1 -1
10 2x10

-3 -2
10 - 10

-5 -4

10 10
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Anothey means of finding evidence for the production of t or b quarks comes
from examination of events in which three leptons are produced. 1In the WS-GIM
model, b Eﬁarks are likely to decay into ¢ quarks unless mt-< wm {see Sec. VIIT &).
In some cases, both the b and ¢ quark decays would involve leptons. In anti-
neutrinoe scattering, b quarks can then be produced (along with the usual u+) and
decay sequentially into two muons {or electrons), The resultant "trilepton” events
would cccur at less than 10“4 F (see Table 12) of the total rate. 1If my >,
it is clear that rtrilepton events can alse occur at the same rate, but with b
decay te t instead. |

If m > ™y s then {in this model)} t quarks can decay into b quarks which decay
inte c quarks. In neutrine 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 lG_aF of the total rate {counting both u_u_u+ and u-u+u+ 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 SX10—5 has been
reported (131) (in both cases Ev > 100 GeV and EU > 4 GeV is required). Presumably
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 upﬁer
bounds on td and ub couplings are used) and even then appear to be lower than
these reported rates, but the guestion 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 ceonclusions can be reached.

The multi-lepton events found inm b or t quark decays are expected (in the W5-GIM
model) to be accompanied by the presence of strange particles, If m < m . then
b quarks decay into ¢ guarks which decay into strange particles; and the t quarks
would decay into b quarks. If o< om, then t quarks would decay dominantly into

s quarks directly; and the b quarks would decay into t quarks.
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While the above remarks were taken in the context of the WS5-GIM wmodel, similar
conclusions follow in many other models. There are a large variety of left- and
right-hafided couplings possible for b and t quarks in both SU{(2} x U{1l) and other

models, and frequently these result in detectable signals in neutrino experiments

as described above.

B. HADROPRODUCTION OF HEAVY PARTICLES

Heavy vector mesons such as ¢ and T, which decay to p+u_ or e+e~, have been
observed in pp, pN, pp and 7p scattering experiments (153). There are several
different approaches to caleculating 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.

Cne cbvious way to produce Y mesons is by the fusion of a ¢ quark from one of
the incoming hadrons with a ¢ quark from the other hadron, where the ¢ and ¢
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 ¥ (used to estimate the
fusion coupling). However, this process has an unavoidable comsequence which is
casy 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 te argue that the ¥ is produced by the
fusion of light quarks and antigquarks (154). However, since there are not many
antiquarks in a proton compared to an antiproton, one expects ¥ 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 ongﬁof these other approaches it is argued that the P-wave states {x) of
the ¥ family are produced much more frequently than are y's, and that the
observed {'s are primarily decay products of those P-wave states (136). The
production of ¢'s (relative to x's) is said to be suppressed because V couplings
require at least three gluons, so that the resulting effective coupling is much
smaller than that for y which requires only two gluons. Tn 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 pE scattering. This approach
can obtain the correct ratio {157) for ¢ production in pp relative te pp scatter-
ing, which is 0.15 + 0.08 at /s = 8.75 GeV. The cross-section (via gluons, which
- are labelled "“g" below) can be written as:
o (A+B> ¥ £X) =[dx1dx2fA(xl)fB(xz}o(gg+x)B(x+w+y)

1 dx _A

- f:% rix>ge)urf o (5.2)

2 s
where f£(x) are gluon distribution functions, T = m /s and wm is the mass of x.

Using

2
PO eR)E ¥ TOruty) = el

2 -5/3

0

2
W eu|T)xo |2 (6.2)
Q 3
and the last proportionality holds for a linear potential model, then ome finds

2 m—14/3
Q

i .
where e is the charge of the quark.(—-for charf), w is the y—-¥ mass difference,

o (A+B +p+X) =e Flt). (6.3)
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In this approach both the form and magnitude of F(7} can be calculated, and the
results shown in Fig, 20 are in reasonable agreement with the data, Even if

F(1) was not calculable, one could take F(t1) from the data for y and apply Eq. 6.3
to the production of T 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-wWave states which can decay into ¢', it can only be preduced
directly; but direct production was assumed to be suppressed. If ¥ producrion
is really an indirect process involving x>¢ +7v, then the observatian of v's
associlated with ¢ production is a crucial test of this appreach (a recent experi-
ment may in fact see such yv's (158)).

In another approach (159, the production of a pair of guarks, c and E, is
calculated. When the invariant mass of the pair is less than two times the mass
of D mesons, it is assumed that ¢'s (or other ¢ family members) can be produced.
There are three types of diagrams which contribute to ¢ - ¢ production in this
approach: a) a quark from one of the colliding hadronms can annibilate with an
antiquark from the other hadron to give a single gluon which produyces a ¢ - c
pair, b) a gluon from each of the hadrons can couple to a ¢ gquark lime, produeing
3¢- ¢ pair, and c) gluons from each of the hadroms can fuse to a single glueon
which produces a ¢ - ¢ 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

2
(2m.) \ _ 1
g = D _ﬂ%_ o{gqq > g>ce)t o FOEC) (6.4)
(m)° v ¥ :

where s’ is the subenergy, 1T = s’ /s and f{x) are quark distributions. One way to
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estimate ¢ in the integrand is to assume an analogy to Drell-Yan calculations (160)

+ - . .
of w g production. Then ¢ is given by

o

2
2 do}
(2mp) , oy
T f 2 ds “‘ds—f
(ch} o

o
2
by (6.5)

mim

where @ is the strong coupling constant and GéY is the Drell-Yan cross-section
calculated without the quark charges. Diagrams (b} and (¢} can be calculated
similarly. Wher all three types of diagrams are included, one cbtains the correct
ratio for V¥ production in pp relative to pE 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 {yx - ¥) 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 T (9.4) production, For the indirect production

-14/3

2
approach one sees from Eq. 6.3 that if the data are adjusted for e and the

Q m
branching ratio B(I”>u+ﬁ_), then the T data should l1ie on the same curve as the

Yy data. In Fig. 20 these adjusted data are shown with the symbol T and do, in
fact, lie on the same curve., It was assumed that the quark associated with T.has
charge —5%; otherwise the adjusted data points would lie a factor of about 16 lower
(both eé and B change by about 4). Yor the direct production approach, adjusted
data points lie below the Y data by a factor (according to one calculation) of
about 5 for charge-r% quarks and 20 for %—charge quarks {only B is different for
different charges). Since it is probably unreasonable to expect these models for

T 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 gquark in T,
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It is interesting to ask what are the highest mass vector mesons {GQ) that can
be preduced in hadronic collisions at existing and future accelerators and storage
rings. In Table 13 {due to Carison (161}} it is assumed that at least 10 events
%er year muSt be observed. Of course, these results are only crude estimates,
since extrapolation from 3 GeV particles (¢¥) to particles of enormous mass
is difficult. There could be unforaseen 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+u_ {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+ = ed, DO = cu, etc.) in hadronic col~
lisions has not yet been observed. ﬁowever, various theoretical estima;es suggest
that the actual cross—-sections are not far below the present experimental limits.

There are some simple methods which can be used toc estimate cross-sections at

Fermilab energies. For example, one could guess
a

a X = 10, (6.6)
%

This gives o_ = 1 pb for pp scattering. Sivers (163) has suggested that one

D
could make use of an assumpticon that the appropriate transverse momentum scaling

2 2,172

variable is (p; + m ) rather than p|; then the cross-section for D meson pro-
duction might be related to that for pions with p| ™= Z GeV so thart

26
o. = 0.1 En(—g—) exp |- " mb (6.7)

D 4111; /s

This method requires an assumption about the charmed quark content of nucleons;

for the above estimate ¢/s = 0.2 (where s = strange quark content) was assumed,

which gives o, = 10 ub. But there is reason to believe e/s is perhaps an order

D
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Table

The highest mass of Qﬁ mesonsg
pp collisions at existing aad
The mass calculations include

ence of weak decay modes (see

13

which could be produced in
proposed facilities (161),
corrections for the exist~

text); the parenthetical

numbers are without such corrections.

Mass (in GeV) for

-E charge 2 cha
Facility /s Luminosity 3 g 3 charee
31 :

ISR (31 + 31) 62 10 21 (21) 26 (26)
TRISTAN (180 + 180) 360 1633 76 (36) 92 (115)
ISABELLE (400 + 400) 800 1033 87  (114) 108 (165)
FRAL (270 + 1000) 1040 1073 90 (122) 112 (181)
POPAE (1000 + 1000) 2000 10°3 94 (140) 117 (218)
UNK (2000 + 2000) 4000 1053 96 (151) 121 (243)
vec (10% + 10%) 2x10" 1033 98  (161) 124 (276)
VBA (fixed rarget) 140 107 89 (96) 96 (103)
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of magnitude smaller, so that op should be much smaller. The present experimental
limir is oy < 1.5 ub at /s = 27 GeV (164).

More sgphisticated calculations have been carried out (151,154,156,159,165).
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 émg
and s. As for ¥ production, the diagrams a, b and ¢ can all contribute. Babcock,
Sivers and Wolfram (165) (among others) discuss the resulis of such QCD calecula-
tions and conclude that diagrams b and ¢ are more important than a. They also
discuss higher order effeets and argue that it is reasonable to neg;ect them for
most purposes. With standard assumptions Babcock et al. estimate for pp scat-
tering N = 1 ub at /s = 27 GeV (also UD = 10 pb at /s = 54 GeV and 100 ub for
Vs » 200 GeV). They argue that the present experimental limit on D production
in hadronic collisions favors either smaller values of o {than expected from

lepto-production experiments) or gluon distributions which are more peaked
toward small x.

For heavier mesons such as Qu and Qd where Qa = 7T (9.4), most estimates (163)
are that for a very large range of energies, the cross-sections for production of
Qa or QE 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 preoduction {for x >0.5)
of charmed particles. For example, the cross-section (166) for mp > D—C:

{C is a charmed baryon) bas been estimated as 0.5 nb while triple Regge calcula-

tions (166) of #Ap - DX {for x >0.5) give ¢ =60 nb.
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C. PHOTOPRODUCTION OF ¢ AND CHARM

One of the earliest papers discussing ¢ (prior to its discovery) was written by
Carison and Freund (167) discussing the photoproduction of a then hypothetical
dc vector meson., The photoproduction of ¢ is wsually assumed to be a dominantly
diffractive process which can be understood with a medified vector-dominance
model (97). The modification allows for the Y-y coupling to be different at

q2=0 and g =m2. With this assumption the cross-section (see Ref. 168) is

P
do 3l2 4+ -~ do
ot {(yN>yHN) = - [e>eve ) o= (YN yN) (6.8)
P
where A measures the variation of the y-y coupling gY¢ with q2 and the off-mass-

shell extrapolation of the invarianf amplitude (A=1 for the 'naive"” vector-dominance

model). Making use of the optical theorem, one finds:

1 3T{y *e+e_)

min ehb tmin 16 7@ Mll’

do 2 2.2
T (YN > ¢N) . AL + p )otot(w) {(6.9)

where do/dt was assumed to have t dependence e_bt (which is consistent with data
{169) for b = 2.9 Gev—z) and p = (Re/Imof) + 0 as s > », with« the amplitude
for $N - ¢¥N. An independent determination of Utot(th) can be extracted from the
observed A dependence (170) (where A is the effective number of nucleons per
nucleus) of ¢ photoproduction: ex?eriments on Be and Ta give ot (N} = 3.5+ 0.8
b at Ey==20 GeV. To avoid consideration of threshold factors and of p, we will
issume that this value stays approximately constant up to higher energies (Ey =~ 80
le¥). Next, an assumption about the value of X is needed. 1If the value of the
.alve vector-dominance model (A=1) is taken, then for p m 0, do/df(t=0) e 400
bz’GeV2 which is far above th:e experimental values {(169,171) of about 60 nb/GeV2

t EY % B0 GeV. Some theoretical models give A ® 0.5, which gives do/dt {(t=0) =
00 nb/GeVz; choosing » = 0.3 or 0.4 gives 40 or 60 nb/GeVZ. Clearly, the naive

ector-dominance model must be modified to account for ¢ photoproduction.



- 117 -

From knowledge of ¢ photoproduction, there are some immediate iwmplications

for the photoproduction of charmed particles. By use of unitarity, it can be

_shqwn (168) that for a given energy:

-

yH
167 g% SERE TN f(l+€)2(l+:32) %ﬁ G{yM+charm) ¢ (yN+charm} (6.10)
min q

where ¢ measures violaticons of the 0ZI rule and

1
212 212
N [s - {m 4m ) ] [s - (m -m )
s;ﬁ _ ¥ - ¥ ] (6.11)
q (S_mp )

{which is 0.33, 0.72, 0.93 for EY = 10, 20, 80 GeV). Application of the 0ZI rule
again implies that %ot {¢N) ™ ¢ (yN » charm). Using EY = 20 GeV data (169,171} for

(do/dt) and ot (¢N) in Eq. 6.10, one finds

g{yN =+ charm) z 115 nb/(l+€)2(1+02) {6.12)

Since € and p are presumably small, it is safe to say o{yN-=+charm) z 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 ¢ 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 EY = 20 GeV to about 400 nb
at EY = 80 GeV. Some assumptions are required to apply perturbative QCD to this
problem, but the appreoach 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 {118) of
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a charmed antibaryon of mass 2.26 GeV, (whose cross-section has not been reported

“yet). -This experiment of Knapp et al. saw evidence for what may have been

- - -+
A - Aww .
c
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VIT UNEUTRAL CURRENT INTERACTIONS

The weak interactions provide an important probe in the study of new quarks
{and new leptoms). The. neutral-current interactions are a cruclal measure not
only of the existence of new guarks 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. 1In fact, however, the WS model is in good agreement with
most neutral-current data, as will be discussed below. The importance of
neutral-current phencomenology can be seen in the successful prediction of the
existence of the ¢ guark 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 ¢ quarks (or b or t quarks) could be produced
directly by neutral-current processes inm which u quarks are changed into c
guarks. In the WS model {with all left-handed quarks in doublets, none
in singlets) such charm {(or cother ""flavor") changing neutral-currents are
forbidden by the GIM mechanism. Two types of experiments indicate that the
neutral weak boson Z, (of SU(2)xU(l} models) does not change charm: 1) e+e-
annihilation experiments (174) find no DO—EO mixing (such mixing should be
found if charm-changing currents exist); 2) neutrinc scattering experiments
(17) also find no evidence of p°-p° mixing (which would lead to pu 1 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 gquite

heavy or does not have flavor-conserving couplings to light fermions. For
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SU(2)xU{1) (in which many models are possible) there is little likelihood
that there would be t- or b-changing neutral-currents, given that there are no
strangeness— or charm—changing currents, TIn SU{2)}xU{i1} models with quarks of
charges %—and - %-only, there are no f;avor—changing neutral—;urreuts 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

(uniess there were some reason why mixing was prevented){115}.

There are four types of neutrino experiments which are commonly used to
test the diagonal (flavor-censerving) neutral-current structure of gauge
theories. These are inclusive scattering off heavy nuclei (175), elastic
scattering off preotons (176), semi~inclusive {single pilon) scattering off
heavy nuclei (177), and elastic scattering off electrons (178). The first
&hree can be used to calculate the neutral-current couplings of u and d quarks.
Ian SU(2)xU(1) models these quark couplings are given by:

L 2

= Tq -~ Q sin“ 9

qy W

(7.1)
4 = T3R - Q sin” Oy
where L (R) refers to left-handed (right-handed), 13 is the weak isospin (i-%
for quarks in doublets, 0 in singlets), Q is the charge of the quark, and O
is the "Weinberg"” angle, which is a free parameter of this theory. The inclu-
sive and elastic scatteriné results are usually reported as ratios of neutral-

current to charged-current cross—sections for both neutrinos and antineutrinos;

. . . . . . ; + - s
the semi-inclusive scattering experiments give ratios of ¥ to T (in the
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current fragmentation region). With these six numbers, the possible couplings
(UL’ uR,_gL, 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 i 0.15):

? 4 “r 9g
A +0.29 - 0.40 - 0.264 O _ (7.2)
B +0.29 - 0.40 +0.24 O

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 sinZ By = 0.3 is chosen,
d

then the WS model predicts that d_ are 0.3, -0.4, -0.2, 0.1.

Yo Yu YR SR

This is very close to set A of allowed couplings. There may be other models
such as the SU{2)}xU(1) model with (u b)R (see Sec. V) whicﬁ have values simi-
lar to those of set B. Note, however, that the parameter ew 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 completioun, by Abbott and Barnett (1?9) (based on very

new data) will try to use independent methods teo further isolate the allowed

valueg of the neutral-current couplings of u and d quarks.
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There are three types of neutrino-electron elastic scattering experiments
(128) which have been reported: they are with Vo Gu and G; beams. With
each éross;;ection one can determine a locus of points in the 84" 8y plane
which are consistent with the 90% confidence level upper and lower bounds for
that cross-section. Each of these is an annulus énd in Fig..23 the inter-
section of these three regions (which is shaded) is the allowed region. The
WS model with sin? Bw = 0,25 - 0.3 1lies within the lower part of the al-
lowed region. Some other models lie in the upper part of the allowed region.

There are experiments testing weak meutral-currents which do not involve
neutrinos. These concern effects which arise from parity violation which is
possible in weak neutral-currents in contrast to electromagnetic currents
(which are purely vector and conserve parity). Among such experiments are
those parity-viclating 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 im e+e--+ u+u-.

The experiments involving bismuth are already reporting results which are
consistent with zero parity violation., The Oxford group finds the measured
oﬁtical rotation to be (2.7 * 4.,7) x 1{)-8 radians, while the Washington group
finds (-0.7 £ 3.2) = 10-8 radians (180). The optical rotation measured by
thié type of experiment on heavy nuclei should be dominated by the interfer-
ence term Aglectron Vhadron Father than by Velectron Ahadron. 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™%) radians and the Washington experiment (-12 x 1078)
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- radians. Hithin SU(2) xU(1l) one can obtain a zerc result for the bismuth

experiment if the electron is given vector couplings (A = 0); the electron

elec
is wector if it has a coupling (EO ef)R in addition to (ve e_)L (where E° is a
heavy neutral lepton).

There are some models, notably SU(Z)L x SU(Z)R x U(1) models (see Sec. V),

which expect both A to be zero (to first

electron Vhadron and Velectron Ahadron
order). These models have two weak bosons (23 and 2:), one which has purely
axial-vector couplings to all fermions (except neutrinos) and ome 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
sericus 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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VITI CONSERVATION LAKS

In the construction of gauge theories which incorporate more than four quarks
. {and leptons), the guestion of miking among fermions musf 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 phenomenclogical consequences of it
should not be overlooked. One important consequence can be the breakdown of
certain conservation laws. Two relevant coanservation laws are those for CP
(the product of charge-conjugation and parity) and for mucn-number. The
violation of these quantities is quite small: CP-violating decays of k°
mesons are about 1073 of CP-conserving decays, and muon-number violating
decays of muons have never been observed and are less than 107% 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 VIQLATION

The theory of CP viclation has been studied 6183) for many years. A variety
of approaches has been considered invelving ieft-handed and sometimes right-
handed curreats. Here attention will be limited to the case of the WS

model, although some results are applicable to other models. Consideration of
CP vieolation in weak interactioms ianvolves not only the question of how it
occurs, but alse of why it is "miliiweak" (CP-violating terms are about 1073
of CP-conserving terms}. In the WS model, the possibility of (P violation
depends in an important way on the number of quarks. If there were only four
quarks {u, ¢, 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™ wviolation.

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—qgark case where
the weak coupling matrix haé one parameter (the Cabibbo angle Bc), 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, 8 8, and &, in

17 72

terms of which the weak coupling matrix is:

Cc _SCCZ “SCSZ 16
i6 G C.S. + S.C.e
S.C,  C.CC, - 885 1% 58
i 16
851 Gu510y 05,0 Cc515y — 662 ’ (8.1)

where the rows correspond to the quarks u, ¢, and t, the columms to d, s,

1l

and b, and C = cos 8 , C
c c 1

cos 81, etc, CP violation cannot be calculated
since three angles are not known; however, there are experimental results

which limit the possible values of Bl and 82 and allow some comment on the

expected magnitude of CP vielation.
In this generalized case, SC must still have the usual value (Bcz 13°).
From the universality of gquark and lepton couplings, Ellis et al. (151) find

that the ub coupling, sin? BC sin? 82 < 0.003 so that sin? 82 < 0.06. Given

this limit, the fact that charmed particles decay dominantly to strange
particles leads to no useful limit on Bl (only sin? 612,0.8). Following the

method of Gaillard and Lee (13}, the KL - Ky mass difference can set some

bounds on sin? 8, (151), depending on several factors: the ¢ gquark mass, the

t quark mass and the quantitative accuracy of the Gaillard-iee estimate. If

cos? 82 = 1, then
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sin? 8 = (a + a2 + (£-1) nb)/% (8.2)
where aZ n+nlown, bsl+0+2nfnn, n= mifmi and f is a factor measur-

ing the multiplicative deviation from the Gaillard-Lee estimate. {(learly if

H

that estimate were exact (f 1), then sin?8. = 0 (note that a is negative).

i

If £ =2, one finds sin® @, = 0.24 for n = 0.1 (m_= 5 GeV) and sin? el'= 0.07

for n = 0.01 {m_ =15 GeV). 1If f = 5, one finds sin? 8, = 0.61 (n = 0.1) and

0.25 {(np = 0.01).
With this information plus a guess for &, one can (see Refs. 151, 186} estimatre
the ratio of the CP-violating to the CP-conserving parts of the K° mass matrix:

Im M?Z b sin? 6, - a

1 N : . . 1

lel = = — 7 |I® J? sin 6 sin 9; sin 8; (8.3)
2 Am b sin® el ~ 2a sin? 61 + 7

where a, b and n are defined above and & is the phase in the weak coupling

matrix, Eg. 8.1. If one chooses Bc = 81 = ez = § {which puts all angles below

the experimental upper limits), then one finds the calculated |€| to be 10
times the observed value (187)(which is about 2 x 107%) for n = 0.1 and 40
times it for n = 0.0L. Alternatively, giﬁen the observed (P violation and

. . . . - . 2
choosing intermediate values for 0., and 82, one can determine &. For sin® 6

1
= (.03 and £ = 1.5 {(which gives sin 81 = 0.15 for n = 0.1 and Q.05 for

2

n = 0.01), the values obtained are sin? 8§ = 2 x 107" for n = 0.1 and sin? & =
5 x 107% for n = 0.01.

To summarize, the WS model with six quarks does give CP vielation. By
choosing the angles in the weak coupling matrix to be sufficiently small, one
certainly can obtain the correct magnitude for CP violation. TIf, however, a

random choice of angles is made (within the bounds described above), the pre-

dicted CP wviolation can be one or two orders of magnitude larger than the
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observed vaolation., 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 K? decay phenomenclogy is obtained quali-
tatively, It is possible, of course, that there are symmetry arguments or

other reasons why 81, 82 and/er § must be small.

This analysis alsc 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 ug-coupling squared is proportional

to sin® 6 sin?

o 82, which is less than 0.003 compared to the ud coupling. The

td coupling squared is proportional to sin? BC sin? 8155 0.03. Furthermore, the

ratios of couplings squared for ts/td and cb/ub are both greater than 10 for

most but not all angles 81 and 82. The small CP violation indicates that at

least one of the angles 81, 62 and § 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
W eY, - eee, and uy N—e N. While the standard theories expect lepton-
number to be conserved, muon-numbey may be viclated In higher order diagrams.

It is assumed that p and v, have muon-number one and all other particles have

u
zero. Here, three means of finding muon-number viclation in SU(2} x U(l) models
will be discussed.

In the context of the WS model (although it is applicable elsewhere)

Bjorken and Weinberg (188) consider the interactions of leptons with Higgs

scalars: e
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S + +
= -g . u v
1 - o I o R
- b\ ¢y
R . (8.4)
Uu ¢3 - ¢4 -
“85 1 _ K R T 8\ _ 50 ep + H.C. .
RS AN & 7 \%

where the ¢, are linear combinations (not necessarily independent) of several
scalar fields of definite mass. Since the p and e are defined as the nhysical
states found in the diagonalization of the mass matrix, if there is only one

Higgrs doublet (as is sometimes assumed), then g5 and gy must be zero. However,

if there is more than one Higgs doublet, then in general it is possible that

8, and/or gy are nonzero, and virtual Higgs scalars will give physical transitions
between i 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 _ 21 EE (8.5)
2 loops o\ My :
Bjorken and Weinberg roughly estimate
H el eY;_ <1078 (8.6)
H— evy

depending on the amount of mixing among the Higgs scalars.

“ No muon number viclation has been observed yet., The present experimental
limit {90% confidence level) for u — ey is 3.6 x 1072 (189). 1In the model, the
decay W — 3e was expected to be very small. The decay KL—+ ne is forbidden

in lowest order (or one would get strangeness-changing -neutral-currents). They

predict
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o (”: Noe T) ~ 4 x 1079 (8.7)
- o (y W~>vDN)
where N is a nucleus, and the experimental limit dis 1.6 x 108 (190).

In models which alse have right-handed currents there is another source of
muon-number viclation. This source, discussed first by Cheng and Li and by
Bilenkii et al. {191), involves the mixing of massive neutral leptons which have
right-handed couplings to the electron and muon,(u4é; e*)R and (u4ﬁ' UM)R’ In
analogy with the Cabibbo mixing of the d and s quarks, they suggest:

JVé =L/l/é cos ¢ +=/}; sin ¢

(8.8
A = A sin ¢ +oF cos ¢
i e u

Then clearly if one congiders the simple one-loop diagram of Fig. 25, there
will be a GIM-like cancellation. The cancellation is not complete, to the
extent that U@; and U@L have unequal masses; the amplitude for this y —ey

process is proportional to

2
cos ¢ sin ¢ fm - HL¢’ (8.93
u?h e
Bjorken, Lane and Weinberg (192} argue that the Higgs couplings which give
masses and lead to the above mixing alse cause small but finite mixing of the
left-handed parts of u¢; and d&ﬁ with Vg and vu. This mixing is of order
mu/T/V' 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 ampiitude is multiplied by -6. 1If the value of expres-

sion (8.9) is 1 GeV?, then (incorporating the Bjorken-Lane-Weinberg modificatien)

U > ey
U = evy

= 4 x 10710 (8.10)
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Cheng and ®i estimate the branching ratio for u — eee to be about 10711 (yhere
the experimental limit (193) is 6 x 10“9), and for ¥ N -+ e N to be as large

as 107°%. ¥or m hti; = 4, they find the branching ratio for KL-a ey to be

about 10710 (rhe prerimental imic is 2 x 1077 (194)).

Glashow {(195) and Fritzsch (196) have shown that muon number can be
violated in models without right-handed currents and with only one Hipggs
doublet. If the charged heavy lepton T has a left-handed coupling to a massive
neutral lepton uWT, then 04; can mix with Ue and vu. Decays such as p — e7

could occur in the same fashion as proposed by Cheng and Li and by Bilenkii et al.

2 . X 2

where Am is replaced with m .
v s
T

The mixed states can be written as:

<
]

v cos 8+ A4 sin ©
e T

v! vy cos ¢ + (-ve sin 8 + ;42 cos 8) sin ¢

u?}f (uﬁ} cos 8§ - Ve sin 6) cos ¢ - v, sin ¢ (8.11)
Both angles can be shown to be small by the requirement of universality
(seen through ¢- and f-decay) and by the lack of vy in u; (vu do not produce
electrons in scattering). If u — ey were observed at the 10719 -~ 1077 level,
then the smallness of the angles 9 and ¢ requires that m . be quite large
{much larger than m in fact). Since LI the heavyTlepton 7 could only
decay through the mixing of JVT with Ve and v;

It would be possible to rule out this mode of muon number violation by
measuring the lifetime of 1 carefully, but it probably will be difficult to
obtain a better experimental limit than the present value of about 107!

seconds. Since the angle ¢ is so small, it would be very rare for vu scatter-

ing to produce 1 leptons.
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A precise measurement of the conservation or non-conservation of muon-

aumber would be a valuable tool for studying the existence, mixing and cur-

-

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.
They present the first possibility for a theoretically consistent description of
both the weak and electromagnetic interactions, 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 umnsolved problems
such as mass generation and the existence of mixing anglés like BC.

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-
taneocusly 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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-

deaiing &ith neutrino neutral-current interactions indicatés that it

will contain SU(2) x U(1l) as a subgroup. If Gw is larger than SU(2) x U{1),
then presumably some of the gauge bosons of Gw *ill be conéiderably

heavier than MW and Mz. The quarks and leptons are assumed to fill out

low dimensional representations of Gw’ with the total number being
“reascnably" small. 1If Gw is simple (or semisimple in the form

Gé X G;, with a reflection symmetry relating the two factors), then a
single coupling constant is involved, If SU(2) x U(l) is a subgroup,

ew 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 laboratery energies will
be of order o = 1%7. At higher energies E, the effective coupling con-

stant a(E) {see Sec. II) can change logarithmically but the effect is

net significant until o log E/El becomes of order unity.

ab

{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(—qz) for q2 > 1 -2 GeV2 takes the form

2, _ au
1la 2\ o m, - g z(1-2)
1+ U in :-g— —— E f dz z{1 ~ z)in 5 >
4w I L m, + p z{l-z)
i=1 O i
which agrees with Eqs. 2.15 and 2.16 if ‘qz,uz >> mi. If —qz,uz << mg

for some flavors, then those quarks can be seen te "deceouple" {197} in

us(-qz), Even if £ » 16.5, a temporary asymptotic freedom could sustain
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itself until a g large enough to vacuum polarize the seventeenth flaveor
'is attained. Nevertheless, in the spirit of assumption (1}, we shall

take £ < 16.5 so that the asymptotic freedom is truly asymptotic.

The essential notion in superunification is that both Q€D and the
weak and electromagnetic theory must be viewed as low energy theories.
Since they are both renocrmalizable theories with only logarithmic varia-
tion in emnergy, the range of enerpgies over which they can be viewed as
independent theories is necessarily very large. Nevertheless, it is
possible te 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 Gw % SUC(B).

If a spontaneous symmetry breakdown takes place atlsome extremely
large mass scale M, then it is possible that some subset of the gauge
boseons acquires a mass of order M leaving the subgroup Gw X SUC(3)
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(2Z) X U{l), it could break down at
some scale M' << M (but M' »>> MW’ Mz). The final step at mass scale
MW’ MZ would then leave only the U{l) subgroup intact, with a massless

photon.
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That is the scenaric in rough outline, TIts actual implementation
aepenaé 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 cof the pro-
gram seem to be understood. We offer a list of those we consider to be
most important and then eonclude with a partial and subjective list of

the many unsolved problems.

(1) 1f 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 ceonstant. It is then pos~
sible to estimate the order of magnitude of M, the unification mass
scale {198, 199). The QCD effective coupling constant as(*qz) is
already small at —q2 = 10 Gevz. Estimates range from abéut 0.2 based

on charmonium decay to about 0.5 based on analyses of electroprodué—
tion. This, however, is still much larger than the weak coupling con-

stant {of order o = , and if these theories are to coalesce into a

e
single coupling constant theory, then something must bring the coupling
strengths together., It is primarily the logarithmic decrease of us(—qz)
with —qz that does this. This decrease can bring as(—qz) 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 energieg. 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(lO GeVZ), the number of quark flavors, the contribution of
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Higgs bosons, and the mass scales characterizing the various possible
-

levels in the symmetry breaking chain., Most estimates (198, 199), how-

ever, have ranged between M 2:1016 GeV and M ;‘:1019 GeV, far beyond

laboratory energies. One intriguing feature of these estimates is that

they imply the existence of elementary particles with masses on the
-1/2 19 .

order of the Planck mass G =1.22 x 10 GeV. This suggests that

grand unification may necessarily involve the gravitational interaction,

a possibility teo which we return shortly,

(2) The prototype for grand unification intoc a simple group is the

G = SU(3) model of Georgi and Glashow {200). 1t has a maximal subgroup
structure of SU(2) x U(1) x SUC(B), 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 tolbe used for G.
Some possibilities are S0{106) (201) and the exceptional groups E6 and

E? proposed by Giirsey and collaborators (125). E6, for example, contains
SU{3) x 8SU{3) x SUC(3) and can accommodate six quarks and four charged
leptons in two 27-plets. The possibility of Gw = SU(3) % 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(1l), 1In the SU(5) model, for example, the
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value of sin28w at the unification mass scale M is 3/8. This will be

-

reduced by rencrmalization effects at laboratory energies since the
effective coupling constants of the SU(2) and U({1) subgroups scale dif-
ferently with g. HNumerical estimates lead to sinzew =~ 0.2 (198, 199)
and the range of values allowed by experiment is now 0.2 j_sinzew < 0.3
(see Secticon VII}. A similar prediction is obtained in the E6 model
{202). 1t is premature to take these estimates of sinzew too seriously,
but they might be useful in at least excluding some groups G. Fér
example, the choice G = E7 leads to sin28w = 3/4 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 tegether in single representations of G.l Thug, 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 te baryon non-counservation, and the lower limit
on the proton lifetime is 2 x 1030 vears (204)! However, if the lepto-
guark mass is on the order of the grand unification mass M predicted

from renormalization group considerations, then lifetimes af least this long
long can be cobtained. The decay of a proton into a lepton plus plons can
proceed by single leptogquark exchange (205}, so that the lifetime will

be proportional to MQIMHS where MH is some typical hadronic mass scale.
Furthermore, the constant of proportionality might be expected to be of

order &_Z(Mz) 3_103(199). With My < 1 GeV and M 3_1016 GeV, one obtains
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. . 0 .
proton lifetimes well in excess of 103 yvears. Although it appears to
be sufficiently suppressed, baryon non-conservation is a natural feature

of many grand unification modelsl8 {205}.

The grand unification scenarie 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 interacticns alone,

(1) The nature of spontanecus 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. TFor the SU(2) x U{l) 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 Gw’ 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, 1if 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 incerporated inte 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
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necessary binding. Even if dynamical breakdowm is a pessibility, in
moving up from SU(2) X U(l) 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 eof quark and lepton masses
and weak mixing angles. Hopefully, these fundamental questions will find
their solution within the framework of spontaneocus symmetry breakdown,
but just how is far from clear (206). Many ingredients will presumably
enter the sclution: the unifying groups Gw and G, spontaneous symmetry
breakdown, and the effects of strong, weak and electromagnetic renor-
malization. Empirical relaticns among these pavameters, such as

83 = md/ms and me/mLl = mu/mc, 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 Gnl/2 suggests this pessibility. At

such extremely small distance scales, the gravitational interaction

is probably comparable to the other fundamental fovces, and it could play
an important role, for example, in driving spontanecus symmetyry 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 rencormalizable (209}, but whether or

not réalistic theories of grand (super-grand?) unification cam 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 2 graded (or super) Lie group, with an

algebra containing both commutation and anticommutation relations.

It is important to think about these deep thecoretical 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 qﬁestions 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 infermation about the quark-antiquark poten-
tial in the tramsition region from linearity to short distances

(<1 Gev'l}?
(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 mest crying
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need here is for some evidence in favor of the existence of intermediate
vectox bosons—perhaps in the mass range 60 - 100 GeV. Do Higgs bosouns,

either elementary or composite, exist in an accessible mass range?

{5) What is the correct gauge group of weak and electromagnetic inter-
actions GW? How many quarks and leptons are there and how do they £ill
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 Vs vu
and v, massless? Are muon and tau lepton number separately conserved

at more stringent levels? Will the pattern of quark and lepton masses

offer some clue to the understanding of mass generation?

1f the near future provides us with answers to some of these gques-
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 9 is not, strictly speaking, left-handed. The
operator %{1 - YS) prejects out the left-handed (negative helicity)
part of the Pirac spiner u{p) only in the zero mass limit. Thus fer the
large momentum (p >> mq) components of qL(x), %(1 - YS) can be thought
of as a covariant version of a left-handed projection operater.

2. This means that the infinities which appear in higher—orderlcomputau
tions can all be absorbed into the physical masses and coupling con-
stants of the theory. The S-matrix can then be computed teo any order
in terms of these few parameters,

3. Although the 38 cc ground state was simultaneously dubbed ¢ (at

1
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 v, o', ¢", 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 notatien n28+1LJ, where n is the number of
radial nedes plus one, § is the total q + E spin {0 or 1), L is the

orbital angular momentum of the qq and J is the total angular momen-

tum of the state.



10.

11.

i2.

13,

14,

15.

- 144 -

The zero of energy of a system bound in an infinitely rising potential

.

canneot be defined unambigucusly.

This value of aS(M¢) is about g factor of two smaller than that
deduced from analyses of electroproduction data.

For this, we have used the parameters of Carlsomn and Gross (Ref.

89).

Kogut and Susskind {(Ref. 95) implement the coupling to decay channels
in a quite different way from Eichten et al. In particular, charmed
mesonsg never appear explicitly.

Note that the Hamiltonian in Eq. (3.52) corresponds to the non-
relativistic limit of a pure vector kernel in Eq. (3.33).

The experimental justification for the quasi-two-body hypothesis and
for the neglect of charmed baryons is presented in Sec. IV.

To extract AR from experiment, one should subtract from R a comnstant
background of about 2.2 due to production cof non-charmed hadrons plus
the contribution of f production, which is approximately

2)1/2

{1 + 2milwz)(l - 4m§/w at center-of-mass energy W.

We do not discuss here the possibility that T and T' are the ground
states of two distinet, but nearly degenerate, QQ. See, for example,

Cahn and Ellis (103).

Quigg and Rosner (105) have recently argued that the number of bound

331 levels grows approximately as Z(mQ/mc)llz.

Of course, the fact that only D° and D (with no D or D++, say)

b 4

. * +
are observed in the decayvs D -+ D °

FO, D'n and the fact that the

observed D decays are to states of positive strangeness are rather
. . . 1

convineing evidence in favor of T = 5 as well as Q = +2/3 for

the charmed quark.
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Our notation (q1 q2)L {or (ql qZ)R) refers to the charge-changing
;;ak current, Eg. (1.2}, with (1 - YS) {or {1 + YS)) implied. The
Wi boson couples the two fermions, 9, and 4 -

The SU{3} used in such models refers to the weak interactions: a
triplet might contain u, d, and b quarks. Tt is quite distinct
from the old SU{3} associated with the light guarks (u, d and s).
It is possible te 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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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.
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Predicted excitation spectrum of 0Q levels and the threshold for
0ZI-allowed decays, as a function of the heavy quark mass, m,, in

the linear + Coulomb potential model (104) with m, = 1.37 GeV.
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e Fig. 4

The QQ potentials Vo (Ref. 68), Vl (Ref. 102), and V2 {Ref. 86).
The zeroces of energy have been chosen to make them cross at the same

value of r.



I
C 0.4 0.8 1.2

2-78 r {107 em) 3347419

g ‘5

Radial probability for the ¢ and T ground states, computed from

Vo (Ref. 68), as a function of the Qa separation r.
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Invariant mass spectra for the sum of all observed (a) D+ and (b)

o
D" decay modes yielding all-charged-particle final states (108).
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+ *
The D° momentum spectrum at 4.028 GeV, for p° > K 7 (from Ref. 99).
The solid curves represent an isospin—constrained £it to the data.
{a) shows the various contributions to the fit inr (b). Curves A,
- *=% .

B, C are from ete” > p'D with (a) 0™ > 0%, () p*° - D°#°, and

*o ) - o . .
(C)D " +DvYy. D, E, F, Gare from D D + D D production with

* + * *
M) D+ 0%, (8) DO » 0%°, (F) direct p®, and (G) D ° » D%,

Curve H is the contribution from D D production.
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Fig. 18

*
Q-values for D - D transitions.
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Fig. 19

O

The momentum spectrum of inclusive electrons in multi-particle decays
of the §" as measured by the DELCO collaboration (32) at SLAC. 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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The cross-section for ¥ production in pp scattering times the branch-
ing ratio to muons as a function of 1t (where T = 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 Eg. 6.3.



0.8

0.6

04

0.2

1 — 78

The ratio o(uN + v + X)/o(v-+ u + X) for antineutrinos versus that

|0 e O

T

Gargamelle

HPWF
CF
CDRS
BEBC

WS

0.3

0.2

! |

ratio for neutrinos.

tick marks on the theoretical curves.

to the model with (u b)R: the curve labelied B refers to the model

fig. 21

The tenth wvalues of sin26

0.4

are shown with

The curve labelled A refers

with both (u b)R and (t d)R. The data is from Ref. 175.
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- - - +
The ratio o{vp - vp)/o{vp » u n) versus the ratio

a{vp > vp)/o(van + u p).

The notation is the same as for

The data shown is from D. Cline et al. (Ref. 176}.
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Fig. 21.
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Fig. 23

The limits placed on By and 8y 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 84 and By~

The line with dots for tenth values of sinzew is the ﬁredicticn of
the.WS model. The data is from Ref. 178 (the data of Reithler,

which was not used, would give scmewhat larger values of B4 and gv).
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Fig. 24

One (a) and two (b) loop diagrams in which virtual Higgs exchange

leads to the decay ¢ > ey. This figure was taken from Ref. 188.
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Fig. 25

One of the diagrams in whichg/fé and./V}’I exchange leads to the

decay u > evy.





