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I. Introduction 
wtNew particles'1 are defined for the purposes 

of Parallel Session B8 to be hadrons (almost 
totally mesons) connected with "charm" and 
other new "flavors,*" i.e., <p, cb',..., D9 D'% . . . 
F, F*, . . . , T, Y\ . . . . New leptons (r) and 
other new mesons (exotic, baryonium) are 
discussed elsewhere. The new particles are 
taken to be bound states of heavy quarks 
Q(Q=c9 b,t,...) and light quarks q (q=u9 d9 s), 
states like <p or Y being (QQ) and states like 
D being (Qq). In Part II the QQ interaction 
and spectroscopy and dynamics of charmonium 
are discussed. The upsilon regime, including 
all that can be concluded from the just now 
emerging spectroscopy at 10 GeV, is treated 
in Part III. Weak decays of heavy quarks, 
not only the decays of D and F, but also the 
presumably sequential decays of the (bq) me­
sons ( M ~ 5 GeV), are the subject of Part IV. 

Only passing mention, if that, is made of 
many topics concerning the new particles and 
of many papers contributed to the Conference. 

For the latter neglect, the authors apologize. 
For the former, the reader is referred to other 
conference proceedings,1'2 or to recent reviews, 
either largely theoretical3*4 or more experi­
mental.5-7 

II- QQ Interaction and Spectroscopy 
of Charmonium 

A. Background 

Since the discovery of the ^(3095) in 
November 1974, there has accumulated evi­
dence for 8 relatively narrow states between 
2.8 GeV and the charm threshold at 3.73 GeV, 
as well as the <p"(?>112) and several less well 
resolved resonances up to 4.5 GeV. Many, 
but not all, of these states fit comfortably into 
an atomic energy level pattern analogous to 
positronium, as expected from a confined cc 
system based on QCD, with a potential, 

The first term is the QCD form of Coulomb's 
law, while the second is the confining potential, 
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traditionally assumed to vary linearly with 
distance at large separations. Early rough 
fits to the level scheme and values of the wave 
function at the origin were made with as~0.2 
(the value inferred from the naive estimate, 
rt(<f>)=ry>->3g))9 me~l.4GëVlc\ and V2(r) 
= a r , tf~0.2GeV~2. 

The static limit yields no information on 
spin dependence. The relative amounts of 
central (1), spin-spin (a1-o2), tensor (S12) and 
spin-orbit (L-S) interactions are a priori 
unknown. Asymptotic freedom implies that 
at short enough distances and for heavy enough 
quarks the exchange of one massless vector 
gluon should dominate the interaction and 
lead to the familiar Breit-Fermi interaction 
(see Table I, />&/>)• A t larger separations, 
the situation may be different. The effective 
coupling of the "quanta" of the potential to 
the quarks may correspond to other Dirac 
operators. The proportions of 1, (T1a2, S12 

and LS can be different (see Table I for 1(g) 1 

and 7-5(8)̂ 5). 
Empirically, the spin splittings are large 

( - 1 4 0 MeV for total BPj interval, - 2 5 0 MeV 
for 3S1—

1S1 intervals), and, in the P-states, 
very unlike the Lande interval rule. The 
Breit-Fermi interaction (effective y ̂  coupling 
to the quarks), based on either the whole V(r) 
in eq. (1) or only the first term, gives too small 
a spin-spin splitting, too small a tensor force, 
and too large a spin-orbit splitting for the P-
states. The early idea8'9 of adding an anomal­
ous Pauli (ppj) coupling did not solve all the 
problems. The spin-spin and tensor forces 
were enhanced, but so also was the already too 
large spin-orbit term. Another possibility is 

that the confining potential is an effective 
Lorentz scalar. This means a spin-orbit 
energy of opposite sign to the short-range QCD 
contribution. With a decrease in me and an 
increase in a8, the QCD spin-spin and tensor 
forces can be made acceptably large (or nearly 
so), while the negative long-range spin-orbit 
energy combines with the large positive short-
range contribution to give an acceptable overall 
effect,10 at least for the 3P states. 

Incidentally, the view that the confining 
potential has an effective Lorentz scalar 
coupling to the quarks gains support from the 
Budapest version of the bag model.11 The. 
"scalar" spin-orbit energy of Table I is just the 
Thomas precessional energy,12 produced at 
large separations in the bag model by rota­
tion of the bag itself with quarks locked 
inside. 

With potentials based on eq. (1), radiative 
transitions and wave functions at the origin 
(re) are in semi-quantitative agreement with 
data (modulo factors <2) , except for the sup­
posedly Ml transitions involving the X(2.83) 
and x(3455).152'4 A contribution13 points out 
again that naive estimates of rates for radially 
forbidden Ml transitions can be grossly wrong, 
but fails by a factor of 5 to remove the discre­
pancy for the (p-+yX(2.83) transition. 

B. Subsequent Developments in the Phenom­
enology 

/ . Vector-scalar mixture 
Numerous authors14"17 have fine-tuned the 

potential, using a short-range Coulombic 
potential, — 4as/3r, with 1/m2 spin-dependent 
corrections from (rPl+ic0ptv)<g)(yljl+/cGttv)9 plus 
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a long-range confining potential Vc=ar, with 
1/ra2 corrections from (1—/)(1®1)+/O>®r/0> 
where A; is the anomalous moment parameter 
and / is a small parameter measuring the 
amount of effective vector coupling in the 
confining potential. There are 5 parameters 
here (mc, f). Plausibly good fits are 
obtained with a§~0.2, vc~4—5, /<0 .1 . If /c = 
0, then one needs a larger a89 typically as~ 
0.4-0.5 for charmonium. The various calcula­
tions are compared in detail in ref. 4. 

2. Asymptotic freedom potentials and effective 
value of as 

Fits to the spectroscopy indicate a s ~ 0 . 4 in 
eq. (1), twice as large as the 3-gluon annihila­
tion value. Should these be the same? 
Probably not. The smaller value, as—0.2, is 
associated with short distances (r~lfme) 
or equivalently q2~2GeV2. The effective 
value in the potential is associated with # 2 ~ 
0.3—0.4 GeV2, the mean square momentum of 
the bound state. Asymptotic freedom implies 
that the coupling constant in the potential 
should be larger, although at such momenta 
it is difficult to be quantitative. 

A rephrasing of these considerations leads 
to a variant of the QCD potential. The 
single-gluon exchange amplitude is propor­
tional to as(q

2)/q2. If as(q
2) is approximated 

as a constant, the corresponding static potential 
is 1/r. If, however, the famous logarithmic 
variation of as with q2 is retained when taking 
the Fourier transform, the resulting Dotential 

It — V 

logarithms make the potential fall off with 
distance less rapidly than a pure Coulomb field. 
Calculations with such potentials, plus a 
Lorentz scalar confining potential, in coordi­
nate space18,19 or directly in momentum space 
with the Salpeter equation,20 yield tolerable 
fits to both the charmonium spectroscopy and 
what little is known about the upsilon family, 
although the spin-spin and tensor forces are 
somewhat too small. 

3. Inverted multiplets 

The postulate of effective Lorentz scalar 
coupling to the quarks for the long-range 
confining potential is plausible and surely helps 
the interpretation of the spectroscopy. Schni-

is The inverse 

tzer21 has pointed out a probable consequence, 
namely "inverted multiplets" in Qq systems 
like the D family or F family. The point is 
that the QCD spin-orbit potential from gluon 
exchange has a coefficient that depends on the 
masses of the constituent quarks in such a 
way that it is reduced by a factor of 3 (relative 
to the term of opposite sign from the long-
range Lorentz scalar potential) in the Qq 
system, compared with the QQ system.22 If, 
in charmonium (QQ), the proportions are 
such that the vector part dominates, but not 
overwhelmingly, the reduction by a factor of 
3 and the larger size of the Qq system (because 
of smaller reduced mass) should cause the 
average spin-orbit interaction to have a nega­
tive coefficient of LS. The multiplets are 
inverted. 

The argument is nonrelativistic. One con­
cern is that relativistic effects may vitiate the 
argument, another is that tensor forces com­
plicate it. Nevertheless, it seems probable 
that in the 5Pj states of the D-family the / = 
2 + state will lie lowest. Observation of such 
inverted multiplets would give strong support 
to the dominantly scalar Lorentz transforma­
tion property of the effective coupling of the 
confining potential. The experimental pro­
blems are not exactly trivial, but theorists can 
hope ! 

C. Instantons. Gluonic Excitations, Four-
Quark States 

1. Instanton contribution to the QQ interaction 
The existence of instantons in Euclidean 

QCD implies the existence of an instanton-
generated interaction energy between Q and 
Q, with origins in the difference in time evolu­
tion of the wave functions of each quark as 
they move through the ' 'external" fluctuating 
instanton fields. The spin-spin part of this 
interaction has been considered as a potential 
solution to the uncomfortably large splitting 
between the ^(3095) and X(2830).23 Subse­
quent calculations24'26 have examined the tensor 
force and spin-orbit interaction as well. It 
turns out that the effective coupling to the 
quarks is equivalent to the sum of scalar (1(2)1) 
and pseudoscalar {jb® y5) exchanges with equal 
weight. From Table 1 it is evident that the 
spin-spin, tensor, and spin-orbit interactions 
thus have coefficients +1 /2 , — 1 , and —1/3, 
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respectively, compared to vector coupling (for 
the same static potential). 

Qualitatively, the instanton contribution to 
the potential is of the right sign to assist in 
fitting experiment for the spin-spin and spin-
orbit parts (see Sec. A above), but not for the 
tensor force. Quantitatively, little can be 
said because the strength and radial dependence 
of the potential is a sensitive function of the 
distribution of sizes of the instantons, especially 
the maximum size.130 Barring some peculiar 
radial dependence, it seems that, if the strength 
is such as to explain all of the 270 MeV splitting 
between <p and X, the tensor and spin-orbit 
parts will be far too large for the phenom­
enology. Since instanton technology is in a 
state of rapid development at the moment, 
changes, clarification and/or improvements can 
be anticipated. 

2. Gluonic excitations 
A consequence of QCD, with its not so small 

coupling constant, is the possibility of excita­
tion of gluonic degrees of freedom that give 
rise to additional states, beyond the Schrô-
dinger spectrum. Various models are used to 
describe the combined system of quarks and 
gluons. One is the MIT/Budapest bag.26,27 

These models have extra states involving QQ 
with gluonic excitations, and also purely gluo­
nic excitations.28 Another model29 considers 
quantized vibrations of the color electric flux 
tube linking quarks. Still another30 treats the 
transverse degrees of freedom of the gluon 
field on an equal footing with the quarks, 
all particles interacting via instantaneous static 
(gluonic) potentials. The models generally 
put the states with gluonic excitation 1 GeV 
or more above the lowest QQ states. Thus 
in charmonium, these states lie above the 
charm threshold and will be difficult to identify. 
Perhaps for the upsilon sector, the lowest 
such state will lie below the flavor threshold! 
(Even so, it will not have JFC=\~~, and thus 
will have to wait identification as an extra 
state among the analogs of the % states.) 
3. QQ qq states 

Problems with the simple cc picture (A'(2830, 
^(3454)—if pseudoscalars, too large splittings 
from (p and <p\ absence of hadronic decays) 
lead to speculation81'32 that the X(2830) and/or 
%(3454) are not 1S0 states of cc, but are more 

complicated states, e.g., ccqq, falling by chance 
among the charmonium levels. 

For the Z(2830) such an explanation is not 
implausible. The absence of a signal in the 
inclusive photon spectrum from the ^(3095) 
and the observation of the state in (p-^yyy33 

permit the radiative width for <p-*yX to be 
bounded, 10 e V < T < 1 3 0 0 eV, with the lower 
limit coming from the extreme assumption 
that X-±yy dominates its decay. If X(2830) 
were the ric, the radiative width should be of 
the order of 7-30 keV.2'13 If, however, X= 
ccqq (or even ccg), a significantly smaller 
radiative width is expected because of the 
radically different dynamical nature of X and 
cp. In this interpretation of X(2830), the pseu-
doscalar partner of the <p is assumed to be 
fairly broad ( ~ 30 MeV) and close enough to 
the (J) to have so far escaped discovery. 

The interpretation of ^(3454) as a beast 
different from cc appears necessary, but beset 
with some difficulty. Here the correspond­
ing data33 imply the bounds, 1 .8±0 .9keV< 
7X^ ,-*r%(3454))<6keV. Naively, the radia­
tive width is estimated to be < 17 keV. With a 
significantly different quark content for %(3454) 
the photonic width is expected to be much 
smaller even than the lower bound from exper­
iment. Furthermore, the assumption of % 
(3454)-*y(p dominating the % decay, attendant 
to obtaining the lower bound, seems a priori 
unlikely. A possible state at 3.6 GeV (see 
D(4) below) adds to the confusion. 

D. Problems and Limitations 

Numerous contributions to the conference 
concerned the improvement of the descrip­
tion of the charmonium spectroscopy in 
terms of the nonrelativistic Schrôdinger equa­
tion for the cc system. Some of these have 
been discussed in Section B. It is now time 
to issue a warning on the limitations of such 
approaches. 

1. Relativistic corrections 
Charmonium is far from a truly nonrelativis­

tic system. In the ground state the mean 
kinetic energy is <7">—200-250 MeV. This 
means that each quark has £p~(jryjme~0A6 
with respect to the center of mass. Relativistic 
corrections of the order of 10 to 30% can be 
anticipated for any dynamical quantity. The 
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effect of relativistic corrections on spin-flip 
radiative transitions13 has already been 
mentioned. The Salpeter equation provides 
a consistent description of relativistic effects, 
within the framework of a known kernel. 
Some work in this direction already exists.10,20 

2. ¥(0) and l \ 
Experimental values of Fe are invariably 

used to constrain phenomenological fits, 
with the simple proportionality of Fe to 
|?/(0)|2 taken for granted. There are, however, 
corrections, some kinematic and some dynamic. 
The kinematic ones are relativistic. Just as 
the coupling of a bound state of angular mo­
mentum/to e+e~ (or other exothemic channels) 
is proportional in lowest order to /th derivative 
of the radial wave function, divided by M7,35'3 

for 1=0there are corrections involving ¥i2n)(0)/ 
M2n, n=l, 2, . . . , in addition to the lowest 
order ?T(0).35 These can be exhibited in closed 
form.86 Dynamical corrections of order as 

arise from gluonic radiative corrections to the 
QQy vertex.37'38 Assuming that . the QCD 
radiative corrections parallel exactly the QED 
ones, the formula for re has a factor (1 — 
\6as(ml)/37r+ . . .) multiplying |^(0)|2. This 
can introduce factors of 2 in the values of \¥(0)\2 

used as constraints on potentials. Models 
with as~ 0.4—0.5, formerly rejected because 
of too large predictions for re, now become 
permitted, but uncertainty in the exact expres­
sions for the corrections make too much fine-
tuning of the potential unproductive. 

3. Mixing and coupled channels 
In the ce Schrôdinger description mixing of 

triplet states with the same / , but different L 
values, occurs via the tensor force. In parti­
cular, 3SX mixes with 3D±. The ^(3772) is 
interpreted39 as mainly 3 A 5 but with an admix­
ture of 3S1 from the nearly ^(3684). Quanti­
tative estimates of the mixing are hindered by 
two effects, the presence of the dynamical and 
kinematic corrections just described and the 
presence of strongly coupled channels(0<-»IXD). 
Indeed, for ^(3772) and higher states inclusion 
of all open and nearby closed channels is 
necessary for a consistent description of the 
dynamics. Treatment of the cc sector in this 
energy range without other communicating 
channels is likely to be totally misleading, at 

least in detail. 
Only the Cornell group has made a seri­

ous attempt at a coupled-channel calcula­
tion,39'1'40,129 and even that is with a stylized 
model. The complexity apparent in the total 
cross section in e+e~ annihilation from 3.7 
to 4.5 GeV argues for more and better, fully 
relativistic calculations. 

4. Peculiar states 
The observation by the DESY-Heidelberg 

group41 of a state at 3.6 GeV in the cascade 
decay <J)'-*yiX> X-+T2<I>, with a product of 
branching ratios B1B2={2.%±\.2)x \0~\ 
brings to three the number of peculiar states 
in the charmonium spectrum. The unusual 
properties of X(2830) and ^(3454) have been 
widely discussed,1-7 the main one being the 
absence of detected hadronic decay modes. 
The new state, if so it be, is no less peculiar. 
Its closeness below ^'(3684) indicates a 1S0fyc) 
assignment, but the relative largeness of BXB2 is 
a problem. The first radiative transition 
(allowed Ml) will have I\< 1 keV, or B±<4x 
10~3. This means that 5 2 >0 .7 ! Amusingly 
enough, the dominance of the radiative decay 
X-+y2<I> i s consistent with the absence of any 
peak at 3.6 GeV in the hadronic decays of the % 
states.42 But an rjf

c with negligible hadronic 
decays is as difficult to stomach at 3.6 GeV 
as it was at 3.454 GeV.43 

Other assignments (lD2 of cc, ccg) are equally 
implausible, given the value of -Z?i#2. The 
radiative width for </>'-»?VAÏ can be appre­
ciable (<0 .5 keV) because of the 3DX admix­
ture in <p'. But the second radiative transi­
tion should be drastically inhibited (spinflip, 
JL=2, with negligible 3DX admixture in <p). 
Since the hadronic width of a D state should 
be of the order of 25 keV or greater,44 it is 
very difficult to understand B2 ~ 1. The assign­
ment ccg (gluonic excitation) has a different 
enough quark/gluon configuration from &cc ch' 
that it seems difficult to get a large enough 
matrix element for the first (or the second) 
radiative transition. 

The assignment of ccqq is somewhat more 
viable. De Rûjula and Jaffe31 predict that 
their lowest "molecular" charmonium states 
(7=0, 1; JFC=0++) lie at about .3.6 GeV. 
The radiative transitions would both be El. 
The very different wave function [e.g., 0.915 
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(DD+Xrj)+0.4Q4(D*D*+<p<o) for 7=0] will 
presumably make Bx much smaller than the 
scaled p-state value of ~ 3 x l 0 ~ 3 . The ap­
parently dominant decay % ( 3 . 6 ) ^ T ^ might 
possibly come {via VMD) from the presence of 
Xrj or X% in the wave function, but the Xr] or 
Xrc content should make hadronic decays most 
important. 

It is too early to be certain of anything about 
the 3.60 GeV region, but the reported state 
certainly warns us to be alert for phenomena 
outside the nonrelativistic cc model. 

E. Theorems and Near Theorems for the 
Schrôdinger Equation 

Although Schrôdinger equation considera­
tions have serious limitations in the details 
of QQ spectroscopy, the gross behavior is 
described well enough. As mQ-+oo9 the dynam­
ics should become more nonrelativistic and 
the Schrôdinger equation a better guide to 
future spectroscopy, apart from "extra" 
states. We therefore summarize relevant 
theorems and near-theorems. 

L Level ordering 
Let the energy levels be labelled E(nr+U 0 

where nr is the number of radial nodes and / 
is the orbital angular momentum. Provided 
the potential V(r) satisfies some weak con­
straints45 (conditions A and B of Grosse and 
Martin), the ordering of levels is E(U)< 
E(lp)<E(2s)<E(ld)<E(2p). 

2. I dependence 
For any potential, £"(1, /) is a concave func-

n 

tion of / ( /+ ! ) , as is also YiE{k, /). For 
fc=i 

example, £( lp)>(l /3)£( ld)+(2/3)£( ls) . For 
charmonium, with £ ( l s ) = 0 , £(2s)~590 MeV, 
£ ( l p )~430MeV {e.g., 3P J), £ ( ld )~680 MeV. 
Hence LHS=430 MeV and RHS=226 MeV, 
a rather loose inequality. 

It is conjectured by Grosse and Martin46 

that, if V satisfies their A and B, then i?(l, /) is 
a concave function of /. Then £ ' ( lp)>l /2 
[E(ld)+E(ls)]>l/2[E(2s)+E(l$)l Now the 
the numbers are 430>340>295 MeV, ine­
qualities that are becoming interestingly close. 
This conjecture has the status of a "near 
theorem," being valid in a number of special 
circumstances (V=r2jrÀdV, oVeA, B; V=rr, 

0>y>2; large /). 

3. \Wn(Q)\* for different n, same QQ system 
If the potential is such that V"(r)^0 for all 

r, then47 |^2(0)|*^|?Fi(())|2. It is conjectured 
that this inequality has the generalization, 
| ^ + 1 ( 0 ) | 2 ^ | ^ ( 0 ) | 2 , valid for all n. For large 
n it has been established for power law poten­
tials48 and more generally,49 within the frame­
work of the WKB approximation. 

4. Level spacings for the same V(r), but 
different reduced masses 

Let the energy levels be written in an obvi­
ous notation as E(M, n, I) and E(m, n, /). Then, 
for any potential and any n value,50 E(M, n9 0) 
<E(m, n9 0) if M>m. Study of the equation 
for continuous / values leads to the results,46 

E(M9 1, l/2(VM/m-l))<E(m, 1, 0) for any 
potential provided M > m , and E(M, 1, *J'M\m 
— l)<E(m, 1, 0) if the potential satisfies A and 
B. Application of the last inequality and the 
concavity conjecture in § 2 above, using the 
<J)9 T9 and Y' masses, leads to the result, M6 — 
mc>3.29 GeV,46 0.11 GeV better than the 
naive comparison of <p and T masses, assuming 
equal binding. 

5. Mass dependence of \¥n(0)\2 for same V(r) 
For n=\ and K " < 0 with F ^ 0 , it can be 

proved that d[\¥n(0)\2/m]/dm>0, as the quark 
mass m is varied.50 The inequality also holds 
for arbitrary n, provided the potential has 
power law form (and F"<0) , 4 8 and also for 
any potential in the limit of large n where 
WKB arguments can be applied.51 This 
inequality can be employed in a comparison 
of re of <p with T and <p' with T' to make state­
ments about the magnitude of the charge of 
the upsilon's quark Q. [See Part III.] 

6. Inverse scattering problem 
For the conventional central field problem 

with an energy continuum in addition to bound 
states, knowledge of the positions of the bound 
states, and the phase shift as a function of 
energy for all energies is necessary and suf­
ficient for construction of the unique potential 
for that partial wave. For a confining poten­
tial, with no continuum and a spectrum of 
discrete states extending to infinity, it has 
recently been shown52 that the necessary and 
sufficient data for 7=0 states are the positions 
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of the levels and the values of ¥n(0). When 
one recalls the relation between the phase 
shift d(E) and the wave function ¥E(0) via the 
Jost function, one sees that the conventional 
theorem and the new one are basically the 
same. 

Educational calculations have been made by 
Thacker, Quigg and Rosner,53 showing for 
reflectionless potentials (simulating confine­
ment) how much (or little) knowledge can be 
gained about the potential from the location 
of a few bound states. 

III. Implications of the T States 

A, Introduction 

The T family discovered at Fermilab54-56 and 
confirmed at ISR57 and DORIS58 implies the 
existence of a fifth quark "6."59 It has charge 
eç = —1/3. It is very likely a color triplet, 
just like the first four quarks (u, d, s9 c). It 
may have a heavier eQ=2/3 partner "f\ or a 
charge —1/3 relative "A." 

Alternative interpretations of the Y family 
are discussed (and found unlikely) in § B. As 
a corollary, properties of systems containing 
quarks of other masses, charges, or color 
representations than b are noted. Some impli­
cations of the new quark for heavy particle 
spectroscopy are mentioned in § C. The 
possibilities for still heavier quarks, and for 
searches for other new particles, are greatly 
enhanced by the discovery of the b (§ D). 

B. The r as a 66 State 

The signal for the T as a //+ ju~~ resonance in 
hadronic interactions was very similar to that 
of J I (J) dit a lower mass : a sharp peak above a 
rapidly falling continuum. The peak is nar­
row58 and has at least two higher-mass part­

ners.54,56 All of these properties are similar 
to the charmonium system (J/<p9 <p\ . . .) and, 
indeed, the mass splittings in the two families 
are remarkably similar. A comparison is 
shown in Table II (<p masses : ref. 7 ; T splittings : 
refs. 56, 58). 

The (p family is a bound system of a charmed 
quark c and antiquark.1-4 This idea was 
generalized to heavier quarks well before the 
discovery of the T. Thus, the existence of 
three narrow levels60 and the value60,61 r(T-+ 
e+e~)~lkeV (for Y=bb, eh = —1/3) were 
anticipated. The remarkable coincidence of 
mass splittings (Table II) was somewhat more 
of a surprise.1'60 The large T'-T splitting is 
not a problem for a customary bb interpreta­
tion62 of the T levels. It has, however, led 
to some interesting alternative proposals.63-69 

The only nonrelativistic potential for which 
the level structure is independent of quark mass 
is V(r)=C In (r/r0).

69 (This potential was first 
suggested for charmonium70 because it gives 
an orderly decrease of leptonic widths of n SS± 

states in accord with experiment.) "Duality" 
schemes also give equal 2S-IS splittings for 
all vector meson states.71 Now, equal 2S-IS 
splittings for two different families arise from 
a wide variety of potentials. In the Coulomb+ 
linear example, which has some theoretical 
underpinnings,1-4 Mr/—Mrc^.M^—M^ when 
one doubles the strength of the Coulomb 
force16'18,69,72,129 with respect to the value used 
in ref. 60. The nonrelativistic prediction73 for 
leptonic widths then increases, since the larger 
Coulomb interaction pulls the wave function 
toward the origin. Since relativistic correc­
tions tend to reduce leptonic widths,37j38}129 

this is probably acceptable, as already men­
tioned in Part II, § D(2). 

Figure 1 compares level splittings in two 
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Fig. 1. Comparison of level splittings in two quark-
onium potentials as functions of quark mass mQ. 
Solid lines: K(r)=-0.56/r-f0.163r. Dashed 
lines: K(r)=0.733 In r. (Units are in GeV or 
GeV-1.) [Note added: the experimental ô'-$ and 
Y'-Y splittings can be reproduced with K(r) = 
-0.507/r+0.17r, i.e., with «, = 0.38.] 

extreme examples with equal Y'-Y and (p'-ô 
splittings: the logarithmic potential, and a 
Coulomb+linear potential. The effects of the 
Coulomb potential are clearly enhanced as the 
quark mass increases and hence as the shorter-
distance part of the potential is probed. Note 
the similarity of the 35 levels in the two potenti­
als for the Y family. A sixth quark (§ D), 
especially if it gives rise to a new vector meson 
"Ç"69 heavier than 2\ will distinguish between 
the two.74 If there really is a short-distance 
Coulomb interaction between quarks, the Y 
family is telling us that it will be easier to see 
this interaction (that is, lower quark masses 
will suffice) than originally anticipated.75 

Let us discuss some of the evidence that 2* 
really is a bb family. Several points are sum­
marized in Table 3. 

The narrowness of the Y may be ascribed 
to the Okubo-Zweig-Iizuka, et al (OZI)76 rule. 

The Y then must be below some threshold, 
indicating the need for new heavy objects. 
The Y and presumably the Y', Y'\ . . . are 
then viewed as bound states of these objects. 

We have assumed Y ' and Y are related. They 
may not be.67 The decay 7 ' ' -* r+hadrons , 
estimated using scaling arguments1,77 (§ C) to 
be ~ 4 0 % of all Y1 decays, would provide evi­
dence that Y and Y' are members of the same 
family. Radiative decays Y'-+Yyy would be 
still more conclusive, though rarer.78 

If the Y is made of spinless bosons,63 it is not 
the ground state. It decays rapidly to the 
ground state and a photon of energy several 
hundred MeV (also to hadrons), leaving only 
a fractional-percent branching ratio to lepton 
pairs. Preliminary indications56,79 are that 
SÇY-Ï/JL*>~) exceeds a percent, as expected 
on the "standard" model.62 We shall thus 
assume the constituents of Y are fermions. 
In this manner the Y can be a BS1 state. Its 
decay to any lower 3S0 state is presumably at 
least as rare as that of the <p, probably occuring 
with a rate well below a percent. 

Could the fermions in the Y have spin 3/2? 
Then jR=0-(e+e~^hadrons)/cr(e+e~-^+ /O 
above flavor threshold ( ^ l O J G e V ; see § C) 
should grow rapidly. We shall assume spin 
1/2 quarks. 

The quarks in the Y probably have charge 
— 1/3. This was expected on the basis of pro­
duction estimates,62 and is much more likely 
as a result of the measurement (average of 
values in ref. 58), 

This value is much more compatible with 
eQ = —1/3 than with eQ=2/3 in various specific 
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Fig. 2. Leptonic widths re+e-(refs. 7,81) normalized 
by squares of quark charges eQ

2, as functions of 
vector meson mass M*•-. 

potential models.18'19>38'50'62'69'72 The leptonic 
widths of p9 co, §, and <p obey a nearly universal 
law18'71'80 

as shown in Fig. 2.5'81 The Y is consistent with 
this behavior for eQ = —1/3, but not for eQ = 
2/3. 

Since leptonic widths are proportional to 
the square of the wave function at the origin/3 

(N= dimension of quarks' color representation) 
and since 

one can relate leptonic widths in the Y family to 
those in the <p family if one knows how <dP/dr> 
changes with mQ. This has been done for a 
restricted class of potentials50 (see Part II, § E 
(5)). There results a set of lower bounds 

for eQ=(—l/3, 2/3), respectively. These are 
conservative, based on mQ/mc>2.6. Most 
potential models have mQ/mc lying between 
3 and 4, and Grosse and Martin46 have esta­
blished mQ— mc>3.29 GeV for mQ/mc>3. 

While the experimental result (1) does not 
permit a distinction between eQ = •—1/3 and 2/3, 
the measurement of jr(7*'->e+e~)68 is very 

Fig. 3. Lower bounds for leptonic widths of V and 
Y' (réf. 50), together with data presented at this 
Conference (ref. 58). The shaded area represents 
the range of predictions of twenty potentials repro­
ducing the <p and $' masses and leptonic widths, 
for eQ = ~~l/3. Solid and dashed lines correspond 
to lower bounds for eQ= —1/3 and 2/3, respectively. 
Equation (2) and /T0" /->e+e~)=0.36±0.09 keV are 
used. 

Fig. 4. Predicted leptonic branching ratios for 
quarks of various charges (—1/3, 2/3) and colors 
(3, 6): 5 = [ / V A + 7 ] " 1 , with as extrapolated from 
(p using asymptotic freedom (ref. 83). 

helpful. This is because 7*->e+e~ probes a 
terra incognita (the deepest part, in fact, yet 
seen) of the QQ potential, while the physics of 
the higher-lying Yf level is restricted to a much 
greater degree by information from charmo-
nium, and th us is a better indicator of eq.f)i5 

Since the measured value for FQ~'->e+e~) lies 
below 0.63 keV, eQ must be —1/3 (see Fig. 3). 

Color sextet quarks82'64-66 raise predicted 
leptonic widths by 2 (eq. (3)), but hadronic 
widths64 by 49/2. This is because sextet 
quarks couple copiously to gluons. The 
predicted branching ratio for 2^->e+e~ is far 
lower for color sextet quarks, as may be seen 
in Fig. 4. Here we have used3'4 
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and extrapolated as from the <p using asympto­
tic freedom.83 We have also taken account of 
T-*u+p-9 T-^T+T~, and r -^-^hadrons , as­
suming i?=458 for the last process. With eQ = 
— 1/3, B(Y->e+e~) is about 0.4% for color 
sextets, and nearly ten times that value for 
color triplets. Color sextet quarks are more 
strongly bound in QCD; this is one reason 
they were suggested for the Y states. The 
stronger binding spreads apart the 15 and 2S 
levels.64-66 It also packs more narrow 3SX 

levels below flavor threshold; for color triplet 
quarks one estimates84 three or possibly four 
levels (§ C) while one specific sextet model64 

predicts five. 
If the jump in R above flavor threshold can 

be measured precisely enough, and if no other 
quark or lepton thresholds lie in the same 
region, both eQ and N follow: 

If the 2 were composed ot color sextet 
quarks, these could not be stable when incor­
porated singly into hadrons. Two experi­
ments85 indicate the cross section for produc­
tion of particles of mass M~Mr/2~5 GeV/c2 

with lifetimes more than 5xl0~8sec is less 
than 1/10 that of the Y at 400 GeV/c. To 
enable sextet quarks to decay, one would have 
to introduce a new vector boson carrying both 
color and flavor. 

The ratio o f?" to Y leptonic widths has been 
quoted as58 

This ratio can be used to extract \WZS(0)\2/ 
Wis(0)\2 with the help of (3). Figure 5 shows 
the corresponding ratios for p and p',86 Jjcp and 
0 7 and Y and T',58 along with the predictions 
for various potentials. A trend toward 
Coulomb-like behavior is clearly visible as 
mq increases (hence as the quark Compton 
wavelength decreases, probing shorter dis­
tances). 

Fig. 5. Ratios of 2S and 15 squares of wave func­
tions at the origin for various potentials: 2 for 
oscillator, 1 for linear, ~0.5 for logarithmic, and 1/8 
for Coulomb. 

C, Heavy Particle Spectroscopy 

How good is the nonrelativistic approxi­
mation for QQ systems? To illustrate, con­
sider the logarithmic potential that gives the 
<pr—<p and Y' — Y splitting.69 The constant 
internal kinetic energy is T~0.37 GeV. The 
,32 for each quark is /32~0.21 for mQ~l,5 GeV 
and /32~0.07 for mQ~5.0 GeV, going as /32~ 
T/rriQ for large mQ. Relativistic corrections 
are still appreciable at the <f>9 but die away 
rapidly above the Y. Heavy quarks thus could 
be a boon to nonrelativistic spectroscopy. 
In particular, the Y system should allow reli­
able reconstruction of a QQ potential via 
inverse-method.53 

The <p' was difficult to observe in hadronic 
interactions, but the Y' appeared almost direct­
ly with the Y\ Production ratios at 400 GeV/ 
c are56 

(These agree with estimates of ref. 71 and Ellis, 
et al, ref. 62.) Figures 4 and 6, the latter in­
corporating some scaling arguments,48'69'77'78 

show why the Y' was relatively more prominent 
than the <p'. The Y leptonic branching ratio is 
expected to be about half that of the <p ; the 
leptonic branching ratio of the Y' could ap­
proach nearly double that of the <fif. More­
over, the production ratios of the two states 
could be more similar for Y' and Y than for 
(pr and (p. 

The successful description62'71 of the ratio 
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Fig. 6. Branching ratios for ^"-•e+e~ (solid curves, 
left-hand scale, lower $' point) and 2 ^ - > ^ + 
hadrons (dashed curves, right-hand scale, upper <p' 
point) as functions of vector meson mass. Color 
triplet quarks and r(3r'-+e+e~) = 5eQ

2 keV are as­
sumed, [cf. universality in Fig. 2; the coefficient is 
chosen to reproduce /X^'-^e+e-).] All ¥-"' widths 
proportional to ^(O)]2 scaled accordingly. Radia­
tive y widths scaled via ^ ( M ^ / M ^ ) " 1 from as­
sumed <j}r value of 60keV. (see refs. 78, 69, 1.) 
Hadronic widths scaled from r(0'—^+hadrons)== 
124 keV via (M?iM<p)-\ (See ref. 77.) 

(9) removes one of the major reasons for sug­
gesting that the Y' and Y are made of different 
quarks.67 In fact, it appears difficult to obtain 
the Y'jY ratio (9) if both states are 3Si ground 
states of two different QQ pairs. 

Decays of the Y are reviewed elsewhere.58,87 

Expectations for radiative and hadronic decays 
of excited bb systems have been set forth in ref. 
78. These should be richer than in charmonium 
because of the higher threshold. One can 
prove84 semiclassically for an arbitrary poten­
tial that the number nTh of narrow *S1 QQ 
levels below flavor threshold is 

leptons and the four corresponding quarks had 
to exist. 

1. There was an indication of a new heavy 
lepton with M~1.8GeV. The cross section 
(7(e+e~-»"hadrons") was too large above the 
supposed "charm" threshold to be due to 
charm alone, and evidence specifically in favor 
of the lepton came from production of /^e^ 
pairs at SPEAR.89 

2. The new lepton unbalanced the quark-
lepton analogy that had been one of the motiva­
tions of charm. A popular means of dealing 
with this situation5990 was to introduce a new 

quark doublet ( , ] to go with ( r ) Here 

e*=2/3. 
3. Models attempting to retain triplets of 

quarks: (w, d9 s); (c9 b, h) were proposed.91 

These had extra eQ = —1/3 quarks. Their main 
justification (in retrospect) seems to have been 
aesthetic: some of them were based on ex­
ceptional groups, which had the property of 
limited rank and hence limited representation 
size. 

The central question in such models seems 
not to be whether there is a sixth quark, but 
what its charge and mass are, A property 
of both models9091 is their tendency to intro­
duce a new charged lepton for every charge 
— 1/3 quark. Hence if & fourth charge —1/3 
quark is discovered, the temptation will be 
great to look for a fourth lepton, and vice 
versa, regardless of the specific model. 

One prediction of the mass of the sixth 
quark,92 based on an eight-quark model, fills in 
a tt state just below 30 GeV. Within the 
confines of six quarks, mt cannot be predicted, 
though an estimate of mb has been made93 using 
a highly appealing and economical SU(5) 
model.94 

The relative strengths of weak decays of the b 
quark to u and c can be measured;95 these con­
strain models, but don't immediately dis­
tinguish between the "quark-doublet" and 
6'quark-triplet" alternatives. The b-*c and 
b->u decays could provide a massive weak cur­
rent, whose importance for production of new 
particles (such as heavy leptons) has been 
stressed previously.96 

We conclude by noting that è-quarks and 
their likely heavier relatives can be copious 
sources of the long-sought Higgs bosons, both 

with a~2 since charm threshold lies just above 
the second 3Si (cc) level. For mb/mc between 
3 and 4, nTh=3 or 4, corresponding to ETh~ 
10|GeV(Fig. 1). 

New quark flavors may be produced by 
photons with somewhat greater ease than in 
hadronic reactions. Estimates still are some­
what model-dependent,88 but encouraging 
nonetheless. 

D. Expectations for New Objects 

Even before charm had been confirmed, it 
was becoming apparent that more than four 
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neutral97,98 and charged.99'100 For quark 
masses at the highest PETRA and PEP ranges, 
the prospects are encouraging if the Higgs 
bosons are light enough (and if they exist at 
all!). 

IV. Weak Interactions of Heavy Quarks 

A. Status of Charm 

The prediction of charmed particles101'102 has 
been spectacularly confirmed in the recent past. 
Here we review the extent to which the detailed 
properties expected of charm have been veri­
fied by experiment. 

1. Spectrum of charmed particles 
To the familiar nonets of SU(3) mesons the 

charm hypothesis adds a (cc) particle, and an 
SU(3) triplet with charm C= — 1, and an SU 
(3) antitriplet with C = ± l . The pseudo-
scalar D+(cd) and D°(cu) mesons and their 
antiparticles with m + = 1868.3±0.9 MeV and 
m 0 =1863.3±0.9MeV are firmly established33 

and some of their properties are known. Some 
evidence for the existence of F+(cs) with mass 
of 2030 MeV, based on observations of F+ -* 
37+anything and 7 7 + - > ^ T : + has been presented 
by the DASP collaboration.103 Similarly, the 
vector particles D*+ and D*° with mf=2008.6 
±1 .0 MeV and w* = 2 0 0 6 ± i . 5 MeV are es­
tablished, while the F*^Fy O * - 2 1 4 0 MeV) 
has been indicated by the DASP data. 

For charmed baryons the experimental 
situation is more indefinite. The Brookhaven 
neutrino event,104 vp-*u7ATZ + T: + 7:+7:~ can be 
interpreted as the production of the Jr = 
(l/2)+Cx

+ + (cuu9 with mass 2426 MeV) which 
decays strongly into T:+CQ (cud, with mass 
2250 MeV), whereupon the weak decay C^^ 
Arc^TZ+7t~ ensues. Additional evidence for the 
photoproduction of the charmed antibaryons 
Co, Cr~, C?, extending the earlier observations 
of the Columbia-Fermilab-Illinois collab­
oration105 was presented by W. Lee in Parallel 
Session B4. No compelling observations of 
the Jp=(3/2)+ states have been made. 

2. Form of the charm-changing weak current 
We expect the AC= 1 charged current to take 

the form 

i.e., to mediate transitions within the left-

handed weak isospin doublet ( J . This 

form is consistent with all experimental infor­
mation. To what extent is it implied by experi­
ment? 

a. V-A structure 
Much indirect evidence from neutral current 

information, "naturalness" requirements, and 
the like supports a V-A space-time structure.106 

The only direct test now available comes from 
the interpretation of antineutrino-induced 
dimuon events as 

v V—>//+C ± anything 

—>JU~ ± Vp ± hadrons, 

which proceeds via the elementary interaction 
iï^e-*ju+c. The standard V-A assignment 
gives an excellent description of this process.107 

For infinite neutrino energy, and in the absence 

of experimental cuts, the possibilities ( ) 

and ( J are easily distinguished: for left-
handed cse transitions, the lepton-energy-loss 
distribution da/dy is flat, while for right-handed 
transitions, da/dyoc(\—y)2. At finite energies 
these idealized distributions are distorted by 
threshold effects and experimental apparatus. 
Computations108 appropriate to the experi­
mental conditions of the CDHS experiment109 

are compared with published data in Fig. 7. 
It is difficult to express a preference for V— A 
over V+A, and impossible to set a limit on a 
right-handed coupling from these data. The 
many dilepton events now under analysis 
should permit a quantitative statement to be 
made in the near future. 

Several other tests for the chirality of the 
cs0 transition have been proposed, but not 
executed. Semileptonic decays of charmed 
baryons give rise to characteristic energy and 
invariant mass spectra, and hyperon polari­
zations, which are sensitive to VA inter­
ference.110 For charmed mesons, the energy 
spectra and angular correlations in the decays 
D~+K*ev and D->(K~i-piom)ev probe the 
spacetime structure of the hadronic cur­
rent.111'112 

b. Does the current have the GIM form? 
The dominance of the c~s transition is establi­

shed by the observations of charmed meson 
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Fig. 7. Distribution of fractional leptonic energy loss 
y=--(E—E(t+)IE for di-muon events, ï>N^{i+[i~X. 
Data are from the CDHS experiment.103 The 
curves108 are calculated assuming the di-muon 
events come from charm particle decays and that the 
basic weak interaction is iïSQ-+/ii+c. The curves 
include apparatus acceptance and threshold effects. 

Solid curve, I ) , dashed curve, f 1 . 

decays, although Cabibbo universality is not 
seriously tested. However, no Cabibbo-
suppressed cd decays have been convincingly 
observed. Indeed, the only experimental 
evidence for the c-*d-\-W+ transition comes 
from the observation113 of a valence component 
of 

interpreted as 

at close to the expected rate.107 

It is important to compare rates for the de­
cays such as 

where phase space differences have been 

neglected. 

3. Is there a nonleptonic enhancement? 
Counting quark diagrams gives r(c-> 

hadrons + ev) = 1 ; F(c -> hadrons + fiv) = 1 ; 
/7(c~*hadrons)=3 (a color factor). Con­
sequently we would expect 77(c->hadrons+ 
^)/all=l/(l + l+3)=20%. The data114 

[DASP1 (8±2)%; Pb glass wall (8.2±1.8)%; 
DELCO (11 ±2) %] suggest instead that T(i)-> 
hadrons+ev)/all«10%. This implies that 
nonleptonic decays are enhanced by 8/3 in rate, 
which is a much smaller factor than the 20-fold 
enhancement of JC=0 nonleptonic decays.115 

4. SU(4) structure of the nonleptonic HamiU 
Ionian 

In a current-current picture, the nonleptonic 
Hamiltonian transforms as ^y/, = [8]@[27] in 
the SU(3) Cabibbo theory, or as ,.#>j^2O0 
84 in the SU(4) GI.M theory. In the SU(3) 
case the octet component is enhanced while the 
[27] contribution is suppressed. It is natural 
to suppose that the appropriate generaliza­
tion to SU(4) is to suppress the 84.116 In 
the absence of an 84 piece of the Hamiltonian, 
the decay D+->K°TT+ and all Cabibbo-favored 
two-body decays of D+ are forbidden.117 The 
rate r(D+^K°7t+) therefore measures the 
strength of the 84-initiated transitions. The 
following branching ratios for nonleptonic 
decays of charmed mesons have been re­
ported118 

A comparison of the relative rates for the 
decays D+->K0TI+ and D^K~n+ may be had 
by measuring the relative lifetimes119 

5. Charmed-particle lifetimes 
The lifetime of charmed particles is120 r = 

7r±2x5xl0~13s. If the lifetime would exceed 
10_11s or be less than 10~14s, our concept of 
charm would require dramatic revision. 
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B. Weak Interactions of the 6-Quark 

The starting point for our analysis is: 
i) The 6-quark exists, with a mass of about 

5 GeV/c.2 

ii) Its charge is —1/3. 
iii) It is a member of a color triplet. 
iv) It decays into u- or oquarks. 
v) It might or might not have a heavier 

partner t, with <?Q = + 2 / 3 . Specific gauge 
theories are discussed by Altarelli,106 Fritzsch,121 

and Weinberg.122 

L b-particle spectroscopy {and beyond) 
The table below shows the proliferation of 

meson and baryon states expected when a 
fifth (or sixth!) quark flavor is added to those 
already known. An argument84 for the posi­
tion of the new-flavor threshold suggests that 
the mass of the lightest meson (bu)~ or (bd)° 
will be close to 5.3 GeV/r 2 . 

2. The b-quark lifetime123 

We assume that the relevant charged-current 
decays are b->u+W~, c+W'. The possible 
transition b-^t+W~ is shown to be energeti­
cally forbidden by the dimuon spectrum of 
the Columbia-Fermilab-Stony Brook experi­
ment54 and by the measurement of 7?=(j(e+e~ -> 
hadrons)/(7(e+e~^ /t/

+
/a~) at V^ = 10.1 GeV at 

DORIS.41 '58 A full-strength coupling to the 
w-quark leads to the decay b~>uev, u/uv, uzv, 
uûdô, ucsd. A free-quark model for the life­
time then leads to124 

in the absence of nonleptonic enhancement. 
Because little enhancement is anticipated,125 

we expect that the Z?-quark lifetime r 6 > r 0 . 
It is possible that b might be uncoupled from 

u and c, in which case it would be absolutely 
stable.126 Two searches at Fermilab85 have 
found no stable charged particles in the 5 GeV/ 
c2 mass range at a sensitivity of (0.1— 0.2) x 
the Y production cross section. This implies 
that the lifetime of the 6-quark is less than 5 x 
10"8s. 

In a specific gauge model90 with three left-
handed doublets 

universality and the KL~KS mass difference 
suggest r6>10-14s.125>127 

3. Relative rates of b-+(ut c) transitions 
Possible sources of ^-particles are 

a discouraging rate, and likely to be even lower 
in vN collisions. 

ii) Hadronic production. While the ex­
pected rates are not infinitesimal ( > 1 0 x t h e 
Y production cross section), hadronic experi­
ments have not yet contributed to charm 
spectroscopy. This may change, and we 
should be especially alert for cascades of short 
tracks in emulsions or other high-resolution 
devices as signatures of b-+c-*s. 

iii) e + e--*(èè) u n b o u n d . A *SX upsilon 
level just above new-flavor threshold is expected 
to be produced at an appreciable rate. 

Nonleptonic decays to specific final states 
in principle provide a measure of the relative 
rates for the transitions b-^u+W" and b->c4-
W~. In practice, small branching ratios 
probably cripple this approach. A more 
promising method would seem to be the analy­
sis of e+e~~>(èô)->multileptons.124 Decays 
of the è-quark which lead to final-state ele­
ctrons are enumerated in Table 5 below. 

Table V. Z>-quark decay chains leading to ele­
ctrons. (b->qW~, W~-+xy, followed by q and xy 
decay) 

Unbound (bb) therefore lead to final states 
containing (1) no e± (V), (2) one e* (o1=o+ + 
aS), (3) e+e~ (<T+_), (4) e + e" or e~e~ (a88= 
o + ++e--), (5) e ^ + e " (tf3-=tf + + _+<7 + __) , 
or (6) e+e+e~e~ (aA). With little ambiguity, 
measurements of the relative cross sections 
determine r(b^u+W-)/r(b->c+W-) and 
hence the relative weak couplings. The 
analysis has been shown to go through in the 
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presence of neutral-particle mixing. 

4. CP violation 
It has been suggested by several authors125128 

that neutral particle mixing might manifest 
observable CP violating effects in mesons com­
posed of 6-quarks. The magnitude of CP 
violation is measured by the charge asym­
metries 

An alternative approach to the study of neutral 
particle mixing and CP violation, which rests 
on a momentum cut to select the "primary" 
electron from the decay b-^qev has also been 
advocated.128 
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