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INTRODUCTION

The study of heavy quarks is exceedingly important to
high-energy physics today. Suffice it to say that the
quark model itself was finally confirmed only after the
discovery of heavy quarks. This discovery had a dra-
matic effect on all subsequent experimental and theo-
retical research. It stimulated rapid progress in such
originally distinct directions as quantum chromodynam-
ics and the model of the electroweak interaction. It is
not by chance that the discovery of the first heavy quark
(the charmed or c quark1) was rewarded with a Nobel
Prize.2

The initial results on the c quark are reported in
some other reviews,3-4 with which we assume the read-
er is familiar. There is also some useful information
in Refs. 5-12, where related topics are reviewed, but
familiarity with these other reviews is not necessary
for following the discussion below.

Many new results have been obtained over the past
two or three years: The charmonium family has been
substantially expanded, a heavier quark has been dis-
covered (the "beauty," or b, quark13; see also Ref. 8),
and direct evidence of gluons is being studied. It has
accordingly become necessary to put all this informa-
tion in systematic form and to discuss the most recent
developments from a common point of view. In this re-
view we work from a general theoretical picture which
has now acquired some completely clean outlines: the
picture based on quantum chromodynamics.

The first of the family of new particles, the J/t/i, was

discovered only eight years ago,1 but already that event <
seems like ancient history. A tremendous distance has
been traveled from the pioneering paper by Appelquist
and Politzer,14 who deciphered the nature of charmon-
ium, to the highly refined methods available today. It
was initially believed that charmonium could very well
prove to be the hydrogen atom of the physics of strong
interactions; if so, then a significant part of hadron
physics could be related to the spectroscopy of char-
monium, just as molecular spectra were related to the
spectrum of hydrogen.15 In a sense, but not literally,
this prediction has proved to be true.

We now have a quantitative description of all aspects
of heavy quarkonium. The accuracy of the description
varies, since we still lack a complete solution of the
confinement problem. In general, we do understand
how this system is constructed, and we understand it
well enough that we can frequently use it as a probe for
strong interactions in the same way that we use collid-
ing e*e" beams. This is a unique probe since it yields
direct information on the properties of the gluonic me-
dium filling the physical vacuum, while the more con-
ventional probes, y* and W, are associated with quarks.
Furthermore, heavy quarkonium is an excellent arena
for studying weak interactions, including their most
fundamental manifestations (Higgs bosons, axions,...;
see Ref. 10, for example).

In speaking of a theory for heavy quarkonium we
should bear in mind that this theory has not yet matured
to a level comparable to the theory of the hydrogen
atom. Several "standard" approaches have been worked
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out, but so far no one has been able to travel the entire
distance from the fundamental Lagrangian of quantum
chromodynamics to real experimental numbers
(masses, widths, etc.) without appealing to some addi-
tional assumptions. The closest we come to a funda-
mental chromodynamics is the so-called sum-rule
method based on a picture of a complex nonperturbative
structure of the quantum-chromodynamics vacuum. Un-
fortunately, this method is not completely universal.
The nonrelativistic potential model, which actually goes
back to the pioneering paper by Appelquist and Polit-
zer,14 is extremely popular. On occasion, old recipes
and models—bags, the quark—hadron duality, etc.—are
used, but with new meaning. We will briefly describe
the theoretical tools used to analyze heavy quarkonium,
and we will discuss the specific facts. We will naturally
be focusing on the recent results, and we will attempt
to single out the key results.1' Singling out the key re-
sults is of course a subjective process. In particular,
we will discuss the physics of e*e" collisions, while we
will not take up such questions as the photoproduction,
hadron-production, and neutrino-production of heavy
quarks. The interested reader can consult some other
reviews.23>24*28 Regarding the purely theoretical side of
the problem we might add that we will not stress the
nonrelativistic potential model which has served as a
basis for most of the papers on heavy quarks. Our rea-
soning is that some excellent reviews29 have been writ-
ten on this model by specialists in the field (see Ref.
30 for a summary of recent results).

In addition to some questions dealing directly with
heavy quarkonium, we will discuss some related prob-
lems in which quarkonium might be said to be serving
as a staging area for the theoretical assault.

We will begin the review with a summary of the basic
experimental facts which have been obtained over the
past five years (Section 1). Our intention is to furnish
the reader that information which is important from the
theoretical standpoint. These results are interpreted
theoretically in Sections 2-5, which are the meat of
this review. We will also take up such questions as the
mass spectrum of the heavy particles, their leptonic
and hadronic decays, and effects associated with the
weak interaction. Section 5 discusses the applicability
of the methods of quantum-chromodynamics perturba-
tion theory to processes involving heavy quarks. The
expected properties of toponium—a system constructed
from a sixth and as yet undiscovered t quark—are dis-
cussed briefly in Section 6,

Finally, in Section 7 we list those directions in theo-
retical and experimental research which appear at the
moment to be the most promising.

Threshold for charm production

1 'The experimental facts which we have used are based pri-
marily on the results reported to the Lepton—Gamma Sym-
posium in Bonn in 1981 and the Twenty-First International
Conference on High-Energy Physics25'27 (Paris, 1982). As
a rule, we have cited in the text only those results which
appeared too late to be included in the most recent addition
of the PDG tables.31

FIG. 1. Levels of charmonium and radiative transitions be-
tween these levels. Solid lines—El transitions; dot-dashed
lines—observed Ml transitions; dashed lines—observed
levels and transitions.

1. BASIC EXPERIMENTAL FACTS

a) c quarks

Over the six years which have elapsed since the pub-
lication of Vamshtem's review4 the experimental phys-
ics of c quarks has continued to develop rapidly. Re-
search on e*e" collisions has taken the following basic
directions: 1) detailed analysis of radiative transitions
between levels of charmonium; 2) searches for missing
levels (in particular ,2) IX 21S0, ̂ ...); 3) study of
the radiative decays of the J/i/i meson and a search for
new hadronic states lying below J/$; 4) study of the
properties of hadrons with unconcealed charm.

Important progress in research on the properties of
charmonium can be credited to the use of the Crystal
Ball (CB) neutral detector on the SPEAR installation at
Stanford. The Crystal Ball is essentially a spherical
shell of Nal(Tl) crystals which can measure y rays
highly accurately [the resolution in terms of the y-ray
energy Er is A£/£T= 2.7%/£*/4 (the units are GeV),
and the angular resolution is 1-2°]. The total statistical
base acquired by the Crystal Ball is ~2.2-106 J/ijj me-
sons and ~1.8-106 i/>' mesons. The Crystal Ball has re-
cently been shipped to Hamburg for measurements on
the DORIS installation.

1) Charmonium

Figure 1 shows the known levels of charmonium lying
below the threshold for DD production, along with the
radiative transitions between these levels.

1.1) 4> mesons. Above the threshold for charm pro-
duction in the e*e~ — hadrons cross section the reso-
nance $" (3770) has been discovered. It is called a "D-
meson factory" (Mt., - 2A?DO = 40 MeV). Several other
resonant structures have been observed beyond if>"- The
characteristics and tentative quantum numbers of these
states are listed in Table I. For completeness we are
also showing here the characteristics of the 3/$ and tl>'
mesons. In particular, this table shows some precise
measurements of their masses which were taken at

2)V»'e are using the spectroscopic notation (nj
where nr is the radial quantum number (the number of zeros
in the radial wave function).
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TABLE I. The properties of J/J>, >!>', and higher-lying vector
states cc~ cor re spending to resonances in the cross section
(r(e* e" —hadrons).

I/1>
*'
f"
i|i(4030)
if (4160)
^,(4415)

Mass, MeV

3096.93+0.09")
3686. 0+0. 1032

3770+3
4030+5
4159±20
4415+6

n2«+»L,»>

1»S,
2»S
I'D!
3»S,
23D,
4»S,

r, MeV

0.063+0.009
0.215+0.040

25±3
52±10
78+20
43+20

r ($ -• p+e-), kcV

4.6+0,4
2.05+0.2
0.28+0.05
0.75±0.10
0.77±0.23
0.49+0.13

+ >Here and below (Table VII) the quantum numbers are chosen
from the potential-model calculations.29'23 We note that
n = nr + 1. See footnote2'.
**'Here and below, the particular group which carries out
the measurement is cited only where its result is the most
accurate or where there is a substantial discrepancy between
the results reported by different groups. Otherwise, we are
giving world-wide average experimental results.

Novosibirsk32 through the use of a novel method involv-
ing a resonant depolarization of the e4 beams.

1.2) C-even states. These states have been studied in
the inclusive spectra of y rays from the decays of $'
and J/if> and also in the reactions J/^ — y + hadrons, J/i/J
— 3y, i/i' — y + hadrons, and if' — 2y + J/i/>. Five states
have now been reliably established: three 3Pj levels33

(X0> XL, and x2) and two states of paracharmonium,
r/0(2980) (Refs. 34 and 35) and ^(3592) (Ref. 36). The
latter have been identified as laS0 and 21S0 levels. Fig-
ure 2 shows the inclusive y spectrum in the radiative
decay of16 ij>'.

1.3) The decays fy' — J/f/> + TJ and !/)' — J/$ + TT°. An aux-
iliary but extremely interesting result which has
emerged from research on cascade radiative transitions
between 4>' and J/ty is the observation of the decays 0'
— J/tfi + Tj and tp'-~ J/f/j+ir0. The latter decay breaks the
isotropic symmetry, and the ratio of the widths corre-
sponding to these decays permits a "direct" measure-
ment of the current masses of quarks.

FIG. 2. Inclusive y spectrum in the radiative decay of 0' as
measured by the Crystal Ball group.16 The observed peaks
are compared with radiative transitions between the levels of
charmonium. The distributions near the t)c and T£ resonances
are shown at the top (the background has been subtracted).

FIG. 3. Diagrams corresponding to the quarkonium transi-
tions QQ— 3g (a) and QQ — ygg (b).

The Crystal Ball group undertook an effort to detect
the elusive 1Pl (J

1"0 = 1*") level of charmonium from the
decay tp'~ v° CPL) and the cascade37 ^'- ff° CPj. They
found the following limitations (95% confidence level)
for the expected range of masses M(1Pl) [see Eq.
(2.20)]:
BR W ->• Ji01P,) < 0.42%, BR (i|/ ->- nolP,) X BR/P, -* yic)

< 0.20% (withM CPJ = 3.50 - 3.515GeV), (1.1)

BR (•$' -»• n01?,) < 0.55%, BR (i|>' -»• n01?!) BR ("Pi ->- vic)
< 0.14% (withAf (*?!) = 3.515 — 3.525 GeV). (1.2)

2) The decays 3/if>~ y + light hadrons

This is a gluon-physics analog of the famous e*e" an-
nihilation. In quark-gluon terms we would say

QQ-*-ggV. gg->-light hadrons (1.3)

(the two-gluon system is in a colorless state).

In varying the energy of the y ray we are simultan-
eously varying the invariant mass of the hadron system:

tight hadr. \ I' JVf '

In lowest-order quantum-chromodynamics perturba-
tion theory, it follows from a comparison of the dia-
grams in Fig. 3 that38

(1-4)

where Q, is the electromagnetic charge of the quark. In
this approximation the x spectrum of the y rays rises
essentially linearly over the entire range of x. In iden-
tifying rrgg with T-(J/!/)-y +light hadrons) we are as-
suming a gluon-hadron duality. Actually, this duality
breaks down at large x (at small values of m^). If we
nevertheless assume rrgg = r(J/$ — y + light hadrons)
then the relative probability for the radiative transition
of J/i/j into light hadrons is related to 6r by

BR (J/ip -» 7 + light hadrons)

where

R = a (e+e--i-hadrons)/cr ( (1.5)

With as = 0.18 we find BR (J/i/i - y + light hadrons) =8%.

Experimentally, the yield of inclusive y rays has
been identified reliably only at x^ 0.5. At lower values
of x, the subtraction of the contribution of two-y decays
of T) and ir° mesons from hadronic decays of J/i/) intro-
duces large errors. It follows from the SPEAR data39

that the total yield of y rays is in reasonable agree-
ment with (1.5), while the shape of the y spectrum is
sharply different from the perturbation-theory predic-
tion38 (Fig. 4a). We see from Fig. 4a that at the inter-
mediate values * = 0.5-0. 7 the ratio (dW/d*)Mpt/(dJV/
d#)tlleo is significantly larger than 1, possibly because

389 Sov. Phys. Usp. 26(5), May 1983 V. A. Khoze and M. A. Shifman 389



tsta 1000

2.0

TABLE III. Properties of the new states25 L and 6.

1,0

FIG. 4. a—Normalized inclusive spectrum of 7 rays from
the decay of J/tf>, r = (dW/d*)^/(dtf/d*)(QCD,tow.t«r*r>- The
Breit-Wigner curve corresponds to the analysis incorporating
a broad tensor resonance with a mass M = 2 GeV and T= 0.6
GeV. The experimental points are from Ref. 39. b—Spec-
trum of y rays from the decay J/0 — r + light hadrons in the Er

range from 0.8 to 1.6 GeV (Ref. 25).

Property

Mit MeV

P(i->- any thing) MeV

Jp

C

BR (J/if -» vO BH (i -» KKn)

BH (J/if -»- 71.) BR (i -» r|JijT,)

Me, MeV

T (8 -- any thing), MeV

JPC

BR (]/if -<- 76) BR (6 ->- T)t])

BR (J/i|i -»• y8) BR (6 -* KK)

BR (JA|J -* 76) BR (8 -*- nn)

MARK u group

1440«g

soil?
-

+

(4.3+1.7J-10-3

—1700+20
(9 -> K K~ mode observed;
two-resonance fit)

156+30

2++, 95 % c. 1.

—
(12.4±1.8+5.0)-10-«
2.4.10-' (90 %c. 1.)

Crystal Ball group

1440ifJ

55!!§

0~ ft -f 6 jt mode observed)

+
(4.0±1.2)-10-3

< 2- 10-' (90 o/0 c. ].)

1670±50

(8 -* 277 mode observed;
two-resonance fit)

160±80

(3.8+1.6HO-1
_

<6.10-

of resonant structures of some sort. At high values of
x this ratio is less than 1. More-detailed measure-
ments of the inclusive y rays have shown, however,
that this region is dotted with peaks corresponding to
radiative transitions of J/i/i both to known mesons (ir°,
Tj,7}',f,f) and to new states16-25-40 (Fig. 4b and Table II).

Two of these, (- and 9, are solidly established since
they have been observed in different channels by two
groups (Table III). In addition to these solidly estab-
lished mesons, some other structures (possibly reso-
nances) have been observed in 3/ij> decays. We are
thinking primarily here of the peak in the J/$ — yp°p°
channel.43 A fit with a Breit-Wigner curve yields43

AfPp=1650±50MeV, rtot = lOOMeV,

and

BR(J7T|>-s-YpV, ropp<2GeV)~ (1.25 ±0.35 ±0.4) 10-".

We do not rule out the possibility that this peak is a
manifestation of the 9 meson, and in this case pp would
be one of the important 9 decay modes. The data avail-
able are inadequate to confirm or refute this hypothesis.

A broad enhancement has been observed25 in the decay
modes J/^-yTjir'ir.yrjirV. A fit with a Breit-Wigner
curve yields

"to, = 530 ±110 MeV.

The number of events in the peak is ~5-102, and the

TABLE II. Exclusive radiative decays of J/(l>.

Decay mode

W-v»
!/$-»• TO'
J/*-^V1

!/•*-»-•?£ (1270)

J/if-*^' (1515)
f -»KK

BR(xlO-«>

(3.6±l.l±0.8).10-i
36+5

8.6+0.9

15±4

(1.6±0.5±0.8)
(0.9+0.9)

Comments

CB41

BR(J/\p-*vl') ' 7+n K CB"

CB«!, f-*n«n». i = 41M0 = 0.88±

(A ^ are the amplitudes for the decay
of/ with the helicitics x= 0, 1, 2)

MARK-II 1 "
CB /

corresponding relative probability is

- fr\n*n~)BR (J/if

BR (J/i|>

(3.5 ± 0.2 ± 0.7)-10-
(2-3 ± 0.3 ± 0.8)- 1Q-

We might note that these numbers are comparable to
the most intense of the previously identified radiative
decays: BR(J/>-y??')~4- 10'3 and BR( J/0 - yf ) - 1- lO'3).

Hadron reactions have yielded indications of other
mesons which are candidates for glueballs. We will not
take up those results; the interested reader is directed
to Ref. 25 or the original papers.

In the literature the i and 9 mesons are presently re-
garded as serious candidates for glueballs, i.e., bound
states of gluons. There are arguments for and against
this interpretation, and some of them will be discussed
in Section 2. At any rate it should be kept in mind that
the low-lying pseudoscalar and tensor nonets are al-
ready completely filled [the isoscalar states 0"*-?;,7j';
2"-f(1270),f'(1515)].

3) Charmed hadrons

3,1) D mesons (cu, cd). These mesons have now been
studied quite thoroughly. There are two doublets: the
spinless D° and D* and the vector D*° and D**. Their
properties are studied primarily in the resonance i/»"
(i/>"-DD almost completely) and in the i|>(4030) peak.
The masses of the D mesons and of the basic nonlepton-
ic decays are given in Ref. 31. The new data on D* are
summarized in Table IV. The average charged-parti-
cle multiplicities in the D decays are

<ncii>D» = 2,46 ±0,14, <noh>D+=2.16 ±0.16. (1.6)

TABLE IV. Properties of the D* mesons.

D«o

D«*

Decay
mode

D°n°
D°V

D°JI+
D*JI°
D+Y

BR, %

47+9
53±9

44+7
28+7
28±10

Comment

The emission of D is assumed to be
isotropic with respect to the direc-

e*e~ ->D*D*-»D + . . .
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FIG. 5. Diagrams describing the decays of charmed mesons
in the approximation of the decay of a free quark (AC = AS).

Measurements of the semileptonic decays of D mesons
can yield some extremely important information on the
decay c— seV,,. Since we have AT=0 for this transi-
tion, we can expect the widths of the semileptonic de-
cays of D° and D* to be essentially equal:

r (D°-v e* + ve + X) = F (D+ ->- e* 4- ve + X).

It then follows immediately that the lifetime ratio of the
D* and D° mesons is

BR(P+
(1.7)

The developments on the experimental side of this
question have been quite dramatic. The value BR(D*
— e* + i;e + X (19!4%) found in the SLAC measurements is
close to the value expected for the decay of a free c
quark, -1/5 (Fig. 5). At the same time, the same ex-
periments revealed a much lower value for BR(D°— e*
+ fe

 + X), so that the ratio TD*/TDO has turned out to be
large (TD./TDo>4.3 according to the DELCO data,45 for
example). Further evidence of a sort that the lifetimes
of D° and D* differ substantially—by a factor of several
units—comes from direct measurements in nuclear
emulsions on proton accelerators (see Table V and
Refs. 12, 23, and 24). The anomalous value observed
for TD»/TDO stimulated a burst of theoretical speculation
(see Ref. 46, for example). Skipping ahead a bit, we
note that reasonable theoretical estimates of the ratio
TD*/TDO yield numbers close to unity, no more than 1.5-
2 in the extreme case. However, many theoreticians
have faltered under the onslaught of experimental data
and have proposed a large number of models which "ex-
plain" the anomalous value of TD»/TDO and which "pre-
dict" Tp/Tjjo- 5-10.

Since the beginning of 1982, the situation has appar-

TABLE V. Lifetimes of charmed particles.26

Experiment

Property
T(D°), 10-13 s

1 (D*), 10-" s

„ T <D*>
T(D«)

T.(F+), 10-" s

T(.\*), ID'13 s

FNAL
(v(.

E531

-i-l.O
3.2

—0.7
(14)

4-6.6
11.4

—4.4
(11)

••-2.5
3.6

—1.5

+ 1.8
2.0

—0.8
(3)

-i-l.O
2.3

—0.6
(8)

CERN
(up).
NA16

+ 1.4
3.9

—0,9
(14)

+4.4
9.2

—2.5
(13)
+1.5

2.4
—0.8

J--1.7
1.9

-0.8
(3)
+1.4

1.9
—0.7

(4)

CEBN

tffi'8

+2.6
4.1

-1.3
(9)
+4.4

6.3
—2.3
(7)

1 ,5itl

+5.0
4.4

—1.7
(5)

CERN
(V).
NA1

—

+3.1
9.5

—1.9
(98)

+5.0
5.0

—2.5
(5)

SLAC
(e+e-),

MARK II

+2.5
3.7

—1.5

—

—

—

SLAC
(V).

EC 72/73

+3.0
7.7

—2.5
(13)
+ 3.0

7,3
—2.5

(14)

+0.7
0.9

—0.4

—

*The number of events is shown in parentheses.

ently begun to return to normal, after the appearance
of data from direct measurements of the lifetimes of D°
and D* mesons carried out at SLAC in an experiment
on photoproduction in a hydrogen bubble chamber at E
= 20 GeV. The value26 T D ±= (7.3!3

2;°)-10'13 s turned out to
be in approximate agreement with emulsion data and
with the value expected from the model for the decay of
the free quark (TC = 6.5-10"13 s). On the other hand, the
value of TDo = (7.7!3,;5)-10"13 s found at SLAC is signifi-
cantly higher than in previous measurements (see Table
V).26

We might also note that the semileptonic decays seem
to be essentially exhausted by the three-particle modes
D-K*(890), ei;. (37±16%), and D-Key, (55±14%).*7

3.2) The F meson (cs). The situation is not settled
here. The preliminary results reported by the DASP
group,48 which show evidence of the production in e*e"
collisions of an F meson with a mass MF = 2030 ± 60 MeV
and of an F* meson with AfF» = 2140±60 MeV (in the re-
actions e*e~— FF*, F*F*), have not been confirmed by
other, more recent experiments with the Crystal Ball.49

The existence of the F mesons has so far been solidly
established only in experiments on proton accelerators
(At? = 2020± 15 MeV). It has been asserted12-26 that the
emulsion data correspond to the value rF = (2.0!j;g)-10"13

s. More-recent measurements yield the larger number

tr+ = (4-5)-10-»s, (1.8)

although the error is very large (Table V). There is the
hope that the experimental value will stabilize at the
level in (1.8) as the statistical base is increased. The
value TF~ 2-10"13 s, like the number given below for
TJ^, seems a bit strange from the theoretical stand-
point. As we will show in Section 3, the lifetimes of all
charmed particles must agree with the simple-minded
estimate TC~ 6.5-10"13 s within the preasymptotic cor-
rections [~0(50%)].

3.3) The charmed baryons Ac (cud) and Sc (cdd, cud,
cuu). Experiments on proton accelerators have yielded
a variety of pieces of evidence for the production of Ac,
and there are also indications that S* and S** have been
observed. From these measurements one finds26 TA(,
= (1.5-3)-10"13. Charmed baryons have been detected in
e*e" collisions on the basis of the rapid increase in the
inclusive yield of p, p, A, and A at W«4.5 GeV (Ref.
50). The Ac mass is 2282.2±3.1 MeV; the relative de-
cay probabilities are given in the tables of Ref. 31.

By studying the yields of inclusive electrons in e*e"
annihilation at the energy W=4.5-6.8 GeV (events con-
taining baryons), the MARK-II group measured51 the
semileptonic decays of charmed baryons:

As mentioned above, the value BR(AC — eVeX), like that
of TA , seems to be too low by a factor of several units
(see Section 3 for more details).

b) b quarks

A striking new event occurred in particle physics in
May-June 1977. The CFS Collaboration, headed by
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FIG. 6. Mass spectrum of p V pairs measured in p-N colli-
sions at p = 400 GeV/c (Ref. 13).

L. M. Lederman, discovered a new family of heavy
particles, with masses of the order of 10 GeV, in ex-
periments on the proton accelerator at Fermilab.13

These particles, which were named T mesons, were
found from the ^*/i" mass spectrum in proton-nucleus
collisions (Fig. 6). This discovery withstood a genuine
test by fire when a fire broke out in the experimental
apparatus immediately after the first observations of
T mesons. After everything was restored to working
conditions, the results were found to be reproducible.
A further increase in the statistical base led to the as-
sertion that the data are described best under the as-
sumption that there are three narrow peaks, corre-
sponding to T, T', and T" mesons with respective
masses -9.46 GeV, ~10 GeV, and ~10.4 GeV.

Immediately after the discovery of the T mesons, it
was generally believed that we would be seeing a repe-
tition of the events which unfolded with regard to the J/
tj), and we began to see manifestations of an even heav-
ier quark, the b quark, with a mass 7^=4.8 GeV and
with the new quantum number of "beauty",3' which is
conserved in strong interactions. Here the T mesons
are particles with a hidden beauty; i.e., they corre-
spond to 1" levels of quarkonium, bb (bottonium).

Experiments on e*e" annihilation were necessary for
definitive proof of the existence of this new quark and
for a detailed study of its properties, as in the case of
the J/ip meson. The colliding e*e" beams available at
the time did not have an energy sufficient for a search
for T. However, immediately after the report of the
CFS results, an effort was undertaken to modify the
DORIS installation, and no later than late April or early
May 1978 two groups, PLUTO52 and DASP-2,53 observed
a narrow peak in the e*e"-annihilation cross section
corresponding to an T meson with a mass A/T« 9.46
GeV. By the end of August 1978, experiments on DORIS
had also revealed an T' with a mass Mr

K 10.02 GeV
(Ref. 54). The observed Tf and T' widths agreed well
with the energy resolution calculated for DORIS, so that
their intrinsic widths were extremely small («20 MeV).
This result was the strongest argument for interpreting
the T mesons as bound states of new quarks.

3>In the literature we also find another name for this new
quark: "bottom," i.e., the lower quark in the new quark
doublet.

FIG. 7. Observed cross section for the annihilation e*e"
— hadrons near the T resonances according to measurements
by the CLEO group.'7

The T and T' resonances were also found in the CESR
installation (at Cornell University) which came on line
in 1979. Here again, another narrow resonance, T",
with MT,.= 10.35 GeV, was observed55-56; finally, a
broad T'" resonance57-58 with MT...~ 10.57 GeV and a
width r roughly twice the energy resolution of the CESR
beams (r = 14 ± 15 MeV) was observed. This width is
more than two orders of magnitude greater than the in-
trinsic width of the T meson, so that there is no Zweig-
lizuki restriction on the decay of T'". A further analy-
sis showed that this resonance is an analog of ^(3770)
and is a B-meson factory (i.e., a factory for mesons
consisting_of the quarks bu and bd): T'"~BB. No new
states of T of any sort were found18 between T" and T'"
[r(T-e*e')<0.03 keV]. Figure 7 illustrates the situa-
tion with the measured cross sections for e*e~— hadrons
near the T resonances. We might note that the compar-
atively slight rise of the cross sections above the back-
ground observed at the T resonance—by a factor of only
a few units—in comparison with the rise in the case of
the J/i/> meson (where the ratio of the resonance to the
background is about two orders of magnitude) stems
from both the serious degradation of the energy resolu-
tion in the e*e" beams and the increase in the back-
ground, on the one hand, and the small charge of the
new quark,59 Qb=-l/3, on the other. Measurements of
the ratio R at energies W= 10.40-11.60 GeV, above the
T'" resonance, have shown an increase by an average
of &R

aQ.2 (the systematic errors essentially cancel out
upon subtraction). Measurements of other characteris-
tics of e*e" annihilation (the multiplicity, the shape of
the hadron events, and the yields of direct leptons) also
demonstrate this increase in the cross section. These
results agree well with the suggestion that the charge
of the new quark is QB= -1/3, while the theoretical pre-
diction is &Rttteo = 3Ql=l/3.

1) Properties of the T resonances

Figure 8 is a schematic diagram of the levels of bb
quarkonium (or bottomium) and of the transitions ex-
pected between these levels. In contrast with charmon-
ium, only the T(w3S1) levels17 and the excited P levels,25

(23P/), have been reliably established at this point.
This is not surprising, since the world of beauty parti-
cles is much younger, and furthermore the statistical
base available is about two orders of magnitude smaller
than that for charmonium.
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TABLE VII. Properties of the T', T*. and T" resonances18'62*.

FIG. 8. Family of levels of bb quarkonium. Solid lines-
observed levels or transitions; dashed lines—unobserved
levels or transitions; dot-dashed lines—transition of T " to
the P ground level 13Pj. The observation of this transition
is not an absolutely solid fact (see the text proper).

The characteristics presently known for the T reso-
nances are listed in Tables VI and VTI.

It follows from Table VI that the width of the direct
decays T — 3g — hadrons,

r(r-i-3g)«rr-(3 + fl(H' = 10GeV))r(r-)-e*e-) (1.9)

is about r(T- 3g)«27.5t| keV, or much smaller
than r(J/i|)- 3g) = 44 keV. This fact indicates a de-
crease in the color constant as with increasing momen-
tum transfer, and it is striking evidence in favor of as-
ymptotic freedom (see Subsection 2b for more details).

In direct (nonelectromagnetic) decays of T, a detailed
study has been made of the shape of the events in order
to confirm their three-gluon nature, T — 3g (for details
see Refs. 11 and 63). In complete agreement with quan-
tum chromodynamics, the distributions in eight sepa-
rate topological characteristics in the decay of T agree
well with the three-gluon model, while away from the
resonance these distributions correspond best to the
production of a quark-antiquark pair. The confirmation
of the three-jet nature in the hadronic decays of T was
historically the first direct evidence for gluons. Only

TABLE VI. Properties of the T meson18'31*.

Mr, MeV

e-), keV

r, keV

(n

9459.7±0.6

3.2±0.4

1.18±0.04
36.9±4.8

7.9±0.6"

0.64+0.16 (DASP-2) "
0.59±0.05 (CLEO)

0.25±0.03

Novosibirsk. Resonant-depolarization
method60

DASP-2 data. The multiplicities corres-
pond to direct decays of the resonances.
Away from a resonance, (nc

ff) = 6.9
± 0.6

In the background
(nj$p) = 0-27±0.02 (CLEO)

In the background

(nA
f|

A>=0.08±0.01 (CLEO)

M — Mr, MeV
2S+1Tn Lj

r<r(nS)-*e*e-), keV
BR(]f(nS)-*e»e-), %

rtot(r<nS)), keV
r<r(nS))->-3g, keV

BR(r(nS)-*r+n*n-),«i
("ch>

<»A+A>
<«p+p>

I"

559.5±0.3 (CLEO)

2>S,
0.54+0.03

1.6±1.0 (CLEO)
2.0±0.4")

27.3+4.7
13.0+3.4
19.2±2.6
8.!3±0.26
0.31±0.03
0.41±0.08

r~

890.7+0.5 (CLEO)
3=3!

0.42±0.03 (CLEO)
3.2±1.6 (CLEO)

13.1±6.6
8.7±2.6

4.9±0.9±0.5

0.15±0.03

0.47+0.02

rr"

1113.0+1

4'S,
0.275±O.OR

(1.9±0.8)-10-J

11.5+0.4

0.006±0.06

0.21±0.i5

*See the comment in Table VI.
**The total width TT. is found from

'- +r (r ̂ 1-BR (r

where r(r'-»YP) is estimated by ̂ t^l * ( $ Y -

because of the inadquate energy of the gluon jets did
this fact taken by itself fall short of being a sufficient
basis for declaring the discovery of gluons. This dec-
laration did follow the observation of bremsstrahlung
gluons in the reaction e*e" —qqq — hadrons on the PETRA
(at Hamburg) at Wz 30 GeV (see Ref. 11, for example).

The first attempts have been undertaken to determine
the width of the radiative decay T —ggy — y + hadrons.64

These measurements yield the extremely weak restric-
tion T (T-(ggy)/r (T-3g)<27% [cf. (1.4); 6* =3.5%].

Some extremely important characteristics of vector
bottomium are the total and purely hadronic ("three-
gluon") widths. While these characteristics have been
measured directly for the T ground state, in the cases
of T' and T" we are forced to resort to a theoretical re-
construction.18 Let us consider T' for definiteness.
The total width is rtot (T') = r (T'~ 3g) + r (T'-y-. . .)
+ T (T'-)TirT) + r (T'-y-i-P-level)-f-negligibly small
channels. Furthermore, for the first two terms we
can obviously adopt

*'CLEO group. Preprints CLNS 82/536 and CLNS 82/547.

and we can also use

F (r' -*• nnT) = Ttot (1

The width of the radiative El transitions to P levels has
been estimated theoretically only in potential models or
through a simple scaling from the corresponding num-
bers for $'. In the case of T" there are direct experi-
mental data for BR(T"-yP), and, incidentally, these
data agree well with model-based calculations (more on
this below). We can thus reconstruct the total widths of
T' and T" and their three-gluon widths. The results
are listed in Table VII.

Some recent measurements of the pion spectrum in
the decays T'- Tir*tr~ and T"- °Cir*ir~ have some far-
reaching consequences for the theory.65 While the dis-
tribution in the invariant pion mass (for a total of 17
events) in the former decay is compatible with the cor-
responding distribution for 4>'~ J/tyirir, in the second de-
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FIG. 9. Distribution in the invariant mass of pions in the
decay65 T" ~*T!r*'r~- 1—the corresponding distribution for

ir; 2—the phase volume, 3—the best fit.

cay we find a sharply different picture (Fig. 9). The
mn distribution is absolutely flat, and this result can-
not be explained by standard theoretical arguments.
We will discuss this question in more detail in Section
2.

A few words are in order here regarding the observa-
tion of the P levels of bottom ium in El radiative transi-
tions, The clearest result deals with the transition to
excited P levels,

which has been studied in both the inclusive spectrum of
photons, T"-~y + ..., and the cascades25 T"~y + 2?Vf

- 2y + T, 2y + T'. From the statistical base available we
can draw the following conclusions:

M(2P, bb) w 10.250 GeV ( e r r o r <j2_MeV),_
BR (r»-f T + 2»P,) = 34 ± 3%,

BR (r-*v-f 2»P.,)BR(2»P,-i-2»Sf+Y) = 5.9 ± 2.1%,
BR(T* -* v-|-2»P,) BR (2'Py -* l'S,+i>) = 3:6 db 1.2%.

(1.10)

In fact, it is even possible to resolve levels corre-
sponding to different spins (Fig. 10).

The situation with regard to the P ground level of
bottonium is more contradictory. The CUSB group
studied the spectrum of inclusive y rays in the decay of
T" and did not find a peak which they could associate
with a transition to the IP state. In contrast, experi-
mentalists in the CLEO group assert that they see a
signal corresponding to the exclusive cascade T"-^
+ (l3P/)-y1+y2 + T-yly2fi*M" with jBn^410 MeV. If we
assume that this signal does in fact reflect a transition

FIG. 10. Spectrum of y rays in the cascade T" — y + 23P_r

— ry+T (from Ref. 25; the background has been subtracted).
1-3—The transitions T"—T + 23P/, where J=0, 1, 2; 4—
resultant contribution of all transitions.

to the P ground state of bottomium, then we conclude
M(l»Pj, bb) = 9.93 GeV,

BR (T" -*- vl'Pj) BR (!3Pj -»- vT) = 3.1 ± 2.2%.

This conclusion, however, would be premature from
both the experimental and theoretical standpoints. The
experimental "signal-to-noise ratio" is apprently too
low for a statistically defensible assertion. For our
purposes, of course, the theoretical argument is more
important. According to the existing analysis of the
quantum-chromodynamics sum rules the mass of the P
ground level cannot be above 9.86 GeV. Most potential
calculations in fact lead to predictions below 9.90 GeV.
The matter is discussed in more detail in Section 2.

We also note that the CUSB group had previously stud-
ied radiative transitions to P levels, making use of the
fact that, in contrast with T'(")-3g, the 3P0i2 levels
decay preferentially to a two-gluon state. This circum-
stance should give rise to an admixture of two-jet
events in T' and T" by virtue of T (nS)-y + («3P0>2) cas-
cades. Although there are clearly several ambiguities
in a statistical approach of this type, we can still ex-
tract the following information18:

BR (r (2S) -* 7 + (1'Po.j)) = 8 ± 2%,
BR (r (3S) ->• y + (23Po.2)) = 20 ± 3%. (1.11)

The addition with equal weights of transitions to the 3Pj
levels leads to values of BR [T(wS)-y-t-(n3P.r)] larger
by a factor ~1.5. The second number in (1.11) is thus in
excellent agreement with the direct measurement
(1.10).

2) Beauty hadrons

"Beauty" mesons and baryons have one b quark among
their constituents. The most accessible to study are the
the B mesons (B°-bd, B~ bti), since they are produced
intensely at the T'" resonance. The CLEO group was
recently the first to observe B mesons from a recon-
struction of the following decay modes:

-D*±n±, B± ->-

All the relative probabilities are of the order of a few
percent. In addition, there is a rich store of indirect
information.

2.1) The mass Mz. This mass satisfies the inequality

It has been found experimentally17-18 that the mode T'"
— B*B" accounts for only a small fraction of the total
width of T'", so that the mode T'"- BB is the primary
decay mode. The best present values for the masses of
the B mesons are

MBo = 5274.5 ±1.4 MeV,
M ± = 5274.0 ±2.1 MeV. (1.12)

2.2) The yields o/K mesons. Weak decays of B me-
sons, which furnish the definitive evidence regarding
the nature of the new quark b, were first discovered
from a substantial increase in the yield of K mesons
and inclusive leptons at the T'" resonance. Important
information regarding the structure of a theory of the
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TABLE VIII. Relative probabilities for the decays26

B— lv, X.

FIG. 11. Quark diagrams for the decays of the B meson in the
approximation of the decay of a free quark. The ratios of the
corresponding partial widths in T (b —e'p.c (a)) are shown in
parentheses. These partial widths were calculated with allow-
ance for the color factors and phase-volume effects.

weak interaction follows from these decays. All the
data available, including the topological characteristics
of hadronic events, indicate that a particle pair BB
with a mass of about 5.3 GeV is formed and then de-
cays. For the b quark, the transition b — c + W" is dom-

l-*s
inant17-18 (Fig. lla), as would be expected in the stan-
dard six-quark model. In particular, this decay should
give rise to a large number of K mesons in the final
state by virtue of the transition BB- DDX- KK + . . .
Monte Carlo calculations show that pK = [aBg(K)]/
[o-0,,(K)j, the ratio of the (K* + K°) yields in BB events
and in the nonresonant region, should be ~1.8 for b
— cW" transitions (Fig. lla) and OK = 1 for b— uW" tran-
sitions (Fig. lib). From experiment62 we have (p^expt
= 1.9±0.3.

That the transition b — uW" is of minor importance is
also demonstrated by the shape of the electron spec-
trum in the semileptonic decays B—e^eX.

2.3) Semileptonic decays. The electron yield in-
creases sharply at the T'" resonance. By measuring
the yield of electrons (or muons) one can learn about
the semileptonic decays of B mesons.

The spectra of inclusive leptons and the multiplicity
distributions in events involving leptons are consistent
with the assumption that the three-particle decays B
— D(D*)Zy, play an important (and perhaps governing)
role in the semileptonic decays of B.

The observed shape of the lepton spectra corresponds
to the decay of a free b quark resulting in the produc-
tion of a hadronic system X = D + . . . with a mass ~2
GeV. The possibility of an effective hadron mass A/x

s 1 GeV has been ruled out by experiment. This result
is a clear argument in favor of the dominance of the
transition b— cW", since in the b — u W " case the mass
of the X system could be significantly lower than 2 GeV.

Quantitatively, we have26

BR(B->-eveXu)/BR(B->-eveXc) ^0.093(90% c.l.),

which means (see Section 4)

sJO.21. (1.13).

From the data of the T'" resonance we can determine
the average multiplicities of charged particles (hadrons
+ leptons) in purely hadronic and semileptonic decays
of the B meson66:

^ = 6.3 ±0.2 ±0-2 <rech>|'- = 4.1 ±0.35 ±0.2,

BK(B-»ev e X)

0.127-*-0.017±0.013 (CLEO)
0.131±0. 012+0. 020 (CUSB)
0.11+0.03+0.02 (MARK-II)
0. 136+0. 05±0 04 (TASSO)

BR (B -» HV^X)

0.122±0. 017+0. 031 (CLEO)
0.15±0.035±0.035 (TASSO)
0.093±0. 029+0. 020 (MARK-J)

We see that the multiplicity in the B decay is high, so
we see the reason for the difficulty in observing the in-
dividual exclusive channels.

The measured probabilities for the semileptonic de-
cays of B are listed in Table VIII. They are consistent
with each other within the experimental errors, and
they are lower than the prediction for the case of the
decay of a free b quark (Fig. 11), in which case we
would expect BR (b— c + e~ + U,) = 16% when phase-volume
effects are taken into account4' (see Ref. 67, for ex-
ample). It may be that time will bring the experimental
values of BR (b — c + e~ + v,) into agreement with this
number, especially for the I- fi.

By measuring the yields of inclusive leptons with mo-
menta higher than that permitted in the decay B — De vf,
one could obtain unambiguous information about the b
— uW " transition.

Experiments on the mass spectrum of inclusive e*e"
pairs have revealed a limitation on the decay B —
+ X expected in the standard model26: !-»•*•

BR (B ->-JAp 4- X)< 1.4% (90% c.l.). (1.15)

2.4) Lifetime of the B meson. The JADE group has
found an upper limit on the lifetime of the B meson from
experiments on PETRA26-68:

(TB)Mp,<l-4.10-'»s(95c.l.). (1.16)

They obtained this limit from limits imposed on the B
decay length according to events with inclusive muons.
In this manner we get a new lower limit on the quark
mixing angles (see Subsection 4a). We might note that
on the basis of the information presently available on
the mixing angles we could expect

TB = 10-"-10-»s. (1.17)

2.5) Nonstandard models. All the data available on
the decays of B mesons agree with the standard six-
quark model for the weak interaction (see Subsection
4a). In addition, there are several clear experimental
arguments17*20 against the various nonstandard and ex-
otic models.

Finally, the decays of B mesons rule out a possible
existence of charged Higgs bosons H* with masses 2
GeV<mH<mb. Data on the inclusive yield of leptons
and measurements of the energy carried off by charged
hadrons in the decay of the B meson completely refute
a dominant role of the cascades

-qH-
i (1.18)

(1.14)
4'The firming up of the nonleptonic Hamiltonian by hard gluons

reduces this number slightly (to about 15%; see Ref. 7).
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which would be expected in the case of an H" in this
mass interval.

2. THEORY OF HEAVY QUARKONIA

a) Spectrum

1) Quarks and their masses

We have seen that the existence of the two heavy
quarks, c and b, has been solidly established. Their
electric charges are 2/3 and -1/3, and they form the
family of charmonium and bottonium, respectively. It
is believed that there should be a third heavy quark, t,
with a charge of 2/3, which has not yet been observed
experimentally.

The most important characteristic of the heavy
quarks is their mass. Because of quark confinement,
we cannot weigh an isolated heavy quark in the sense
that we can weigh, say, muons. It is nevertheless pos-
sible to introduce the concept of a so-called current
quark, i.e., a quark devoid of its gluon cloud (more
precisely, only the soft gluons are eliminated; the hard
gluons give rise to logarithmic effects, which are easy
to take into account).

The mass of a current quark depends on the normali-
zation point and enters all calculations based on funda-
mental chromodynamics. This mass has been deter-
mined69-70 from the quantum-chromodynamics sum rules
for the c and b quarks:

w 1.40GeV, mb -x, 4.80 GeV. (2.1)

These numbers correspond to the so-called mass on the
mass shell, which is a gauge- invariant quantity which
can be determined well by perturbation theory. (A
slightly lower value, mB=4.71 GeV, was derived in Ref.
71.) The Euclidean mass, which is also frequently
mentioned in the literature,69 depends on the gauge. In
the Landau gauge, for example, we have

where the coefficient in front of a, would change if we
changed gauge. For charmed quarks we now have many
independent estimates of the Euclidean mass.69'72"74 All
agree with each other and with (2.1):

mc«1.26GeV (p3=-m5, Landau gauge ). (2.2)

The situation regarding the b quarks is less happy.
From the literature74-71 we have rab (Euclidean) = 4. 26
GeV, and this number appears to be too small: To be
reconciled with estimate (2.1), it would have to be about
150 MeV larger. We see that further analysis is re-
quired here.

Investigators working with constituent quarks usually
come up with much larger masses. This is not sur-
prising, since the gluon cloud is being incorporated in
the quarks in this case.

It should be noted that

M j/(, >2mc,

but

2mb — j ISOMeV

(2.3)

(2.4)

While (2.3) is completely understandable, (2.4) may ap-
pear surprising. Confinement effects increase the mass
of the resonance in comparison with twice the quark
mass. But what happened in the bb system? In the T
family the Coulomb attraction becomes numerically im-
portant and overcompensates for the positive mass shift
caused by confinement forces.

As for the hypothetical t quark, its absence from the
PETRA experiments20-21 means

m t > 18.3 GeV. (2.5)

If we wish to reach an understanding of the quarkonium
spectrum we must know the nature of the binding forces
in addition to the quark masses. According to the pres-
ent interpretation, quarks live in a complex medium: a
nonperturbative quantum-chromodynamics vacuum which
which is densely populated with long-lived fluctuations
of the gluon field. These nonperturbative fluctuations
make the energy density of the vacuum lower than that
according to perturbation theory. If we now "inject" a
QQ pair into the vacuum, the color field of the quarks
causes a slight freezing of the fluctuations in the vicin-
ity,75 which in turn leads to an effective attraction be-
tween the Q and Q.

It is important to understand that in real systems such
as J/i/i or T the attractive force is generally not de-
scribed by a static potential.76 The effect on the gluon
medium can be reduced to a potential only if there is
sufficient time for this medium to adjust to the (slow)
motion of the quarks. In other words, a necessary con-
dition for a potential is

C (2.6)

where o> is a characteristic frequency. The character-
istic frequencies in the charmonium and bottonium fam-
ily are

Mquark " 0.6 GeV (2.7)

and the characteristic frequencies of the gluon medium
are approximately the same. In fact, the validity of the
multipole expansion (more on this below) implies o>glu,
< wquark. If this is the case, we can expect some large
deviations from the potential picture, especially for
charmonium. This expectation is supported in a sense
by a recent analysis of various relativistic effects.77

As the quark mass increases, the ordinary Coulomb
forces associated with single-gluon exchange of course
become progressively more important. In the limit mQ

— °°, the low-lying levels of quarkonium are purely
Coulomb levels (Subsection 2.3).

2) Gluon condensate

The particular properties of the quantum-chromody-
namics vacuum which are responsible for shaping the
spectrum are still not completely understood. Certain
crude characteristics are known. For example, the re-
sultant effect of the long-wavelength gluon fluctuations
is reflected by the vacuum matrix element of the square
of the gluon field:

(vac |G5 v Gj iv |vac>=/=0 . (2.8)

On the other hand, this parameter reduces directly to
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the vacuum energy density7

(2.9)

where Buv is the energy-momentum tensor. Here we
have made use of the circumstance that 9uli is deter-
mined in quantum chromodynamics by the so-called
triangle anomaly78:

where (3(as) is the Gell-Mann-Low function. On the oth-
er hand, the gluon condensate (2.8) plays a leading role
in the physics of heavy quarkonium. Why? The QQ pair
forming the quarkonium level is in a colorless state, so
that its coupling with the vacuum fields is a dipole cou-
pling:

ata —i-*(t?-J})rE", (2.10)

where E" is the chromoelectric field, and the tl>2 are
the color SU(3) generators which act on the quark and
antiquark indices, respectively. If we consider transi-
tions between colorless states, the term of first order
in Hiai vanishes, and the leading role is assumed by the
second-order term, proportional to

plus the subsequent iterations.

The vacuum expectation value (2.8) was introduced in
Ref. 79, where its value was derived from the sum
rules for charmonium:

/vac —\ it
1.2 • ICr'GeV4. (2.11)

More-recent papers,70'71-80-81 based on similar princi-
ples but working from more extensive data, indicate
that this vacuum expectation value may actually be 10-
40% higher.

Comparing (2.11) with (2.9) we see that eTac is nega-
tive. This result is in full accordance with the circum-
stance that nonperturbative fluctuations should lower
the vacuum energy density in a theory with confinement.

3) Pre-Coulomb behavior

In one particular case, the information embodied in
(2.11) is sufficient to derive a correct and exhaustive
theory for the levels of quarkonium. If the quark mass
m is large enough, the quarks are bound primarily by
Coulomb forces over distances of order fe"1, where ka

is defined by
771 2 (2.12)

(n is the principal quantum number, and m is the quark
mass). At large values of kn the orbital radius is small
in comparison with the typical wavelength of the vacuum
fluctuations, so that the following inequality holds:

I rDuG^ |< | GaB |. (2.13)

This inequality means that we can ignore all nonpertur-
bative effects of higher order. The life of the quarks
simplifies: They form a Coulomb system, but a sys-
tem which is subject to a static external field. This

field is (a) weak, (b) randomly oriented, and (c) chro-
moelectric [the corrections for the chromomagnetic
field are smaller by two powers of as(fen)].

The problem formulated in this manner has an exact
and elegant solution (based on an operator expansion);
this solution was derived by Voloshin and Leutwyl-
er_76,82-84 They managed to find an analytic result for
the level shifts:

»*- 2m ^" f 1 m<i n? / nas /7g\ \ (2 14)

where I is the orbital angular momentum, and «„, is a
known coefficient function of order unity, say a10= 1.65,
«20* 1.78, etc. (m is the so-called mass on the mass
shell; see the discussion above). This expression can
apparently be useful for the tt phenomenology. It is
even more important from the theoretical standpoint,
since it gives us a quantitative answer to the question of
what are the quark masses at which the Coulomb picture
is established.

The expansion parameter in (2.14) is evidently the
combination

which reaches a value of the order of unity for bb. [We
are thinking of the ground state; fe^bb^O.ge GeV at
as(l GeV) = 0.3, i.e., Ajg = 100 MeVJ. For the lighter
quarks the bonding force has nothing in common with the
Coulomb interaction, and the latter is negligibly weak.
In contrast, the heavier quarks form almost perfect
Coulomb levels with very slight deviations. The family
of T mesons falls somewhere in between: The Coulomb
terms compete with the nonperturbative terms.

It is also instructive to consider the n dependence,
which is very strong. Even the first excited level of bb
is a completely non-Coulomb level. For n = 2 the lower
boundary of the Coulomb region shifts towards m g 20
GeV. At this quark mass, the number of excited levels
below the continuum threshold is quite large,85

and we can observe the entire spectrum of dynamic
scenarios in the same QQ family.

The result for r(!3S1— e*e~) is of much practical in-
terest:

r = (2.15)

Here we have given the expression derived by Voloshin;
Leutwyler's expression is slightly different. Here rCoul

is the purely Coulomb width,

16 a, (m) (2.16)

Qa is the quark charge, and the correction factor
11 + (Az/Ar) |2 corresponds to the Z- boson contribu-
tion.86-87 This factor is discussed in more detail in Sec-
tion 6. Figure 12 shows a curve of the reduced width

(2.17)
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FIG. 12. Theoretical prediction of the reduced leptonic width
(2.17) as a function of the quark mass. Experimental points
for J/$ and T are shown for comparison. The numbers at the
top are the relative magnitudes of the (G2> correction.

This curve is surprisingly flat at m s 10 GeV, where the
result can be believed.

Interestingly, the spin splittings can be evaluated by
the same approach. The splitting in the ground state
(«=1), for example is88

where i|)1(0) is the wave function, which also contains
two different terms,

5 m2 / nas fiy\ \ /o 1 Q\3T!-<-ra-G2) . (-2.19)

Substituting into (2.19) the mass of the b quark, wzb

= 4.8 GeV, we find approximately 90 MeV. Unfortunate-
ly, at this mass the expansion parameter is poor, of
the order of unity, and there is no reason to believe
that the nonperturbative terms of higher order are neg-
ligible.

It was mentioned in Ref. 89 that the primary effect is
simply a renormalization of | ̂ (0) | 2, while the other
nonperturbative contributions have an upper limit (s5
MeV for bb ) under certain reasonable assumptions. On
the other hand, | ̂ (0) | 2 is known phenomenologically
from r(T- M>")- We thus find

~i G*) (4m*;)-' If- w 36 MeV, (2. 20)

where we have also included the corrections O( a4)
found in Ref. 88. It is not surprising that this expres-
sion gives a reasonable result for J/i/> (~60 + 30=90
MeV), although it cannot, of course, be used for char-
monium.

It is perfectly clear that at this small mass differ-
ence an experimental search for ?/„ would be extremely
difficult although definitely worthwhile.

Expressions analogous to (2.18) for the hyperfine
splitting of the IP and 2P levels were derived in Ref.
90. Unfortunately, as we go from L = 0 to L = 1 we find
that the range of applicability of the method shifts rap-
idly toward larger masses. To save space we will not
reproduce here the lengthy analytic expressions de-
rived for

in Ref. 90. The approximation becomes valid at m S 40
GeV, and for quarks with masses of 40-50 GeV occupy-
ing IP levels we have AI = 9 MeV, A2~ 2 MeV, and A3

« 3 MeV.

4) Charmonium and bottonium

The size of charmonium and bottonium is too large
for direct use of the technique described above. An ex-
tremely powerful alternative approach is to use the
quantum-chromodynamics sum rules, which yield ac-
curate predictions for the lowest-lying levels with var-
ious quantum numbers in terms of fundamental param-
eters.

Let us consider, for example, the vector channel in
charmonium. The spectral density Rc is defined in the
standard way:

flc = a (eV-* charm ) [a (e*e~-*- nV)]-',

where cr(e*e~ — charm) includes J/$, higher-lying reso-
nances, and the charmed continuum. We know that, as
it exists today, quantum chromodynamics cannot re-
solve the individual resonance structures; it predicts
only an average cross section. We are thus forced to
take a formal step backward from the situation dis-
cussed above. Instead of a specific level we now con-
sider a weighted sum over many levels. If the weighting
function is sharp enough, however, the sum may be es-
sentially saturated by the lowest-lying state, and we
will arrive at a (quari-) theory for such states.

In other words, everything depends on the method
which we use to evaluate the integrals / Rc(s)f(s) ds
with steep weighting functions (of the power-law or ex-
ponential type). The first systematic study of such in-
tegrals within the framework of quantum chromodynam-
ics was undertaken in Refs. 91-93. Recent years have
seen substantial progress in this direction. At present,
the quantum-chromodynamics sum rules have been
tested not only in heavy quarkonium but also in such
problems as the spectrum of light mesons13 and bary-
ons,94 the form factors at intermediate values of Q2

(Ref. 95), three-particle coupling constants (e.g.,
paw),96 etc.

The basic theoretical steps are quite sample. We be-
gin with a two-point function with suitable quantum
numbers. For example, to analyze /?c we choose

nuv = t j dze"* <0 I T {cyB c (x), ?Vv c (0)} | 0>. (2.21)

Figure 13(a) shows the simplest Feynman diagram con-
tributing to !!„„. Because of the much-celebrated as-
ymptotic freedom, this diagram is the only one which
survives in the deep Euclidean region of Q2. The trivial
smooth behavior of Rc(s) at large s is unambiguously in
accordance with asymptotic freedom.

When we go from the Euclidean region into the physi-
cal region, interactions which introduce an additional
scale mass become important. Correspondingly, the

—.—./ v^^*«*~ ^%^^/ y^f^^f

FIG. 13. a—Lowest-order diagram for the correlation func-
tion (2.21) (the solid lines represent heavy quarks and the wavy
lines currents); b—coupling of the quarks with the vacuum
fields (the dashed lines represent gluons).
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FIG. 14. Ratio of moments as a function of T) [see (2. 22) for
a definition!. The arrow A marks the 20% level of the correc-
tion to (G2); the arrow B marks the boundary between the re-
gions of small and large experimental uncertainties (the uncer-
tainty to the right of this arrow is s 1%); the arrow D indi-
cates the asymptotic value of rn; 1—with powerlaw corrections;
2—without power-law corrections; 3—experimental.

smooth .Rc(s) curve becomes less smooth at lower val-
ues of s, and resonant structures arise.

Figure 13(b) shows the interaction which comes into
play first and which is the most important. The cross-
es on the gluon lines mean that they are nonperturba-
tive, and the diagram reduces to the vacuum expecta-
tion value (2.8), multiplied by a known function of Q2

(Refs. 72-74 and 79).

On the other hand, II „„ can be expressed in terms of
Rc through the use of a general dispersion relation.
The properties of the resonances are thus related to
the fundamental vacuum parameters.

We will not discuss "technical details." The inter-
ested reader is directed to the original papers.71"74 To
illustrate the characteristic features of the method, we
reporduce a diagram from one of the first papers73 (Fig.
14). This diagram gives us the ratio of moments

er hand, the J/$ contribution exceeds 95%. The J/i/i
mass is thus expressed in terms of the quark mass
with an accuracy up to 1%.

Historically, the problem was inverted: The quark
mass and (G2) were adjusted to reproduce MJ/t. Armed
with these parameters, we can generate some unam-
biguous predictions of the masses of the lowest-lying
states with other quantum numbers. Recent results74

derived for the P levels of charmonium are shown in
Fig. 15. In all cases there is a stability plateau (re-
lated to the technical improvements of Ref. 74). The
position of this plateau is in excellent agreement with
the experimental masses. Reinders et al.1* also pre-
dict the position of the relatively inaccessible 1P1 level:

Af(l'P,) = 3.51 ±0.01 GeV. (2.23)

This seems to be the most accurate and most reliable
estimate available today, and apparently it will be con-
firmed after this level is discovered.5'

There are perhaps many who still remember the
dramatic story of the rjc particle. It was first found in
an inaccurate position (2.83 GeV), while the value found
from the sum rules is6' (Ref. 72)

m^ = 3.00 ±0.03 GeV.

The discovery of the 2.98-GeV state at Stanford34-35 was
therefore one of the greatest successes of quantum
chromodynamics.

A corresponding analysis for the bottonium family is
difficult to carry out, because the Coulomb interaction
must be considered. All these difficulties were over-
come, one by one, in Refs. 70 and 98, where a nonrel-
ativistic version of the Borel technique was used. In
this approach, the 1" channel is considered first, and
an accurate mass for the b quark is extracted (this
mass has already been cited). The next step is to study
the more complicated problem of the IS-IP splitting.
The final result for M(1P) is70

n + 3)(2n-l-5) \T Jta»G7 (l^r + • • • ] M( IP, bb) = 9.83 ± 0.03 GeV. (2.24)

(2.22)
as a function of n. At large values of n, all the contri-
butions disappear except that of J/i/>, and we have rn

— M02. In the theory as it exists today, of course, we
cannot let n go to infinity mathematically, since the
nonperturbative corrections "blow up." At « = 5-6
(these numbers are already quite large from the physi-
cal standpoint), however, the term proportional to (G2)
is still under control. At these values of n, on the oth-

A similar value, 9.80 GeV, was derived by Bertlmann
by a slightly different method.71 Interestingly, the var-
ious potential models yield a wide range of predictions
here, from 9.86 to 9.94 (with 9.90 being the most typi-
cal value; more on this below).

Hyperfine splitting in bottonium has also been studied
by the sum-rule method; the following result has been

3.B

d.S

J.4
GeV

3.8

3,6

2*

L °S>z x
— x x

X ^ „ X T c-0

- ^ J.#
X

x v f v x x T „
 5*

5.2

•̂
- X

- X X X X X Xy w « ^

« s 8 to iz 1$ n 4 ff 8 10 1t 1t n

FIG. 15. Masses of the P levels of charmonium according to
the quantum-chromodynamics sum rules, from Ref. 74.

5'We recall (Subsection la) that the state 'P, Wc = l«') cannot
be observed neither as a resonance in a direct channel for
e*e" annihilation nor in the decay iff -~ylPl. The cascade
tf ~~~YXi ~*yylPi is expected to be suppressed because of the
small difference between the X2 and 'PI masses. So far,
search for the transition37 $' — ir!tpi has been unsuccessful.
Furthermore, the upper limit on BR(if' —Tr01?,) is slightly
lower than the existing, albeit rather crude, theoretical
estimates.37 The hope for discovering the 'Pj level is pre-
sently pinned on the cascade $* —• yrfc — yy1 Pt.

8)X (2. 83) immediately came under suspicion because of the
large width expected for J/i/1 —-yX on the basis of the simple
estimate for the Ml transition.97
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found":

30 MeV. (2.25)

Here the gluon condensate plays an extremely modest
role, «5 MeV. Result (2.25) agrees very well with es-
timate (2.20) and is thus reliable.

Literally the same method was subsequently used in
Ref. 74, but the result found there was AM<= 60 MeV.
The apparent reason why this number is too high is that
Coulomb corrections were ignored in Ref. 74.

The quantum-chromodynamics sum rules are insen-
sitive to the positions of the radial excitations. As for
the splitting of the 3P7 levels, it can, in principle, be
found by means of the sum rules, but this has not yet
been done. In both cases we are thus forced to resort
to a potential model. The bottonium family is analyzed
exhaustively in Ref. 77, where relativistic corrections
~(v /c)2 are taken into account. That paper is essential-
ly based on the potential of Eichten et aZ.29 (a "funnel"
potential). A Breit- Fermi Hamiltonian is constructed
to take the spin dependence into account; the singularity
at the origin associated with the Coulomb force is arti-
fically smoothed out over distances sl/m0. The level
positions and the eigenf unctions are determined through
a numerical solution of the equation with the Breit-
Fermi Hamiltonian. McClary and Byers believe that the
linear part of the potential is a Lorentz scalar: Only in
this case can the spectrum in charmonium be repro-
duced. All the adjustable parameters are determined
on the basis of charmonium, where the theoretical re-
sults agree with experiment within 20-30 MeV. The
next step was to generate predictions for bottonium
(Table IX). The agreement with experiment is very
good in the cases of the 23S! and 23Pj levels. We can
apparently expect roughly the same accuracy (10-20
MeV) for the IP levels, whose center of gravity is at
9.90 GeV, according to Ref. 77.

The latter result and, especially, the sum-rule pre-
diction (2.24) are strong arguments for doubting the ob-
servation of T"-( lP,bb)+y with £r*410 MeV (the cor-
responding mass of the IP level is 9.93 GeV; see Sec-
tion 1).

The calculations of Ref. 77 exaggerate the l^-l^S,,
hyperfine splitting, yielding a result about three times

TABLE LX. bb bound states in the potential model of Ref. 77.
Shown for each level is its position (in MeV) with respect to
T(13S,).

Level

S'Dt
4«S,
41S0
3'P2
3'P,
3"P0

3'P!

2^
3*3,
3'S0

2'P2

Nonrela-
tivistic ap-
proxima-
tion

1278
1204

1120

1026
-928

With (v/c)1

correction

1231
1160
1133
1091
1074
1037
1081
991
895
864
820

Experi-
men-
tal"'"

1113±1

Level

23P,
2»P,
2'P,

1^
2"S,

i 2'S0

I 1 "P.,
I*?;

890. 7±0.5 1 3P0

l lpi
804±5 1'S,,

Nonrela- •
tivistic ap-
pioxima-
tion

838

734
585

483

0

With (p/c)1

correction

801
761
809
710
560
520
478
456
407
465

—101

Experi-
men-
tal"'"

790±5
773±8

560±0.3

the correct result [cf. (2,20)]. McClary and Byers"
point out their predictions for the hyperfine splittings
are not reliable, since they are sensitive to the partic-
ular method used to "smear out" the singularity at the
origin. As usual in potential models, it is not possible
to reproduce the lepton widths of the n ̂  levels (more
on this below).

b) Leptonic and photonic decays

1) Leptonic widths

The same sum rules which have proved so useful in
spectroscopy yield the leptonic widths of the ground
levels. All the relativistic effects, the renormaliza-
tions, etc., are automatically taken into account. The
result for J/iji was known several years ago.69'72-73 It is
in excellent agreement with experiment, and further
comments would seem superfluous. The situation with
T is more "lively." Because of the large Coulomb fac-
tors which arise in the sum rules, the probability for
this decay is very sensitive to the value of as. The
theory requires70

(T -» n*u-) = 1.15 ± 0.20 keV

and
as(lGeV)= 0.3 ±0-03, (2.26)

which corresponds to Agg^ 100-150 MeV. It is not pos-
sible to go beyond these limits, at least if our basic
arguments are correct.

The experimental result for T(T- M*M~) is (Table VI)

As for the quark-gluon coupling constant, we find that
(2.26) again fits in well with the data available. The ex-
tensive results from deep inelastic lepton-photon and
photon-photon scattering, the properties of three-jet
events in e*e" annihilation, and several other charac-
teristics (see Ref. 100, for example, for details) yield
the following worldwide average7' for Ajg:

A== = 160-88° MeV. (2.27)

This value is also in agreement with the value
BR(T- M*M") = 3.3±0.5% (discussed in detail in Ref. 99).
It should be recalled that the quantum-chromodynamics
sum rules73 have never allowed values of as substan-
tially larger than ~0.3 (just a few years ago it was still
believed that A « 500-700 MeV).

In principle, the sum-rule method can be used to de-
termine other widths, e.g., r(T)c-2y). This problem is
slightly more complicated technically than in the case
of the electron widths, since instead of the two-point
functions it becomes necessary to analyze three-point
functions of the type

<0|r{c(0)ysc(0), fim(x), ;v
m(y)}|0>. (2.28)

For a more reliable prediction it is of course neces-
sary to consider both the effects of the gluon conden-
sate and ordinary gluon exchanges. The first steps in
this direction were taken in Refs. 102, where the terms
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TABLE X. The ratios r(«3Si — e*e')/r(l 3S, — e*e~) in the
potential model.

Level Buchmuller
and T ye39

1
2S , T'
3S,, r"
4S,, r»

0.44
0.32
0.26

Martin103

0.51
0.3.5
0.27

Experimental18

0.40+0.02
0.34+0.02
0.23-^0.02

~G2 in the three-point function (2.28) were found. We
see that the nonperturbative effects are important, and
the ijc— 2y width turns out to be slightly smaller (about
4.5 keV according to Ref. 102a) than in the simple-
minded nonrelativistic model, which yields 6-6.5 keV.
The value 4.5 keV is literally almost the same as the
old estimate found69 from the sum rules in their primi-
tive form (i.e., without the gluon condensate). Of
course, if the gluon condensate is omitted, it is not
possible to evaluate the accuracy of the prediction re-
liably. The results of Ref. 102 make it possible to
achieve the same degree of reliability as in the problem
of the electron widths.

As mentioned earlier, the sum rules are insensitive
to the radial excitations, and they do not give either
their masses or their coupling constants with a satis-
factory accuracy. The potential models are also unsat-
isfactory for estimating |^(0)|2, which is the quantity
determining T (w3S1 — e*e") and T (w'Sg—2y). In particu-
lar, the values derived in Ref. 77 for |(d(0)|2 for T, T',
and T" are systematically twice as high as the experi-
mental values. Furthermore, according to Ref. 77 the
hyperfine interaction makes |i/)(0)|2 for 11S0 3-4 times
larger (!) than for 13S1—a result in sharp contradiction
of the sum-rule predictions (see the preceding para-
graph). In the ratios r(«3Sl-e*e-)/r(l2S1-e*e-), how-
ever, the nonpotential effects apparently cancel out
(Table X).

2) Other methods and other directions

The potential model has already been mentioned in
connection with the various aspects of the physics of
quarkonium. Another frequent approach is to use the
traditional local duality,104 which states that

s.+A» s.-fis

j Oph!,(S)dS= \ 0))are „„.,.„ (.5) ds. (2.29)

i,-4s « , - A «

We should not, however, demand more of these models
than they can realistically provide.

It is important to realize that the potential describing
the spectrum of charmonium and bottonium is none oth-
er than an effective potential. A genuine static energy
might be manifested in highly excited levels (slightly
below the continuum threshold). Here the distances be-
tween levels are small, and the quark frequencies are
much lower than the characteristics frequencies of the
gluon medium. In other words, in this case we are
completely justified from the theoretical standpoint in
speaking in terms of a potential.

The potential model is irreplaceable for rough esti-
mates, and it gives us a good overall picture. How-
ever, it cannot (and does not have to) answer all the de-

tailed questions, such as those regarding hyperfine
splittings, the exact determination of the probabilities
for leptonic decays, etc.

The simple-minded duality relations of the type in
(2.29) are usually used to extract constants coupling
the mesons with the various currents. We know that
the amplitudes

can be reproduced well in this way.

The origin of duality is completely transparent in the
semiclassical treatment of the Schrodinger equation.105

Duality is actually more general in nature and is ex-
plained on the basis that the interaction is turned off at
short range. Let us consider a virtual photon with a
high energy E, which converts into a QQ pair. This
conversion occurs at a distance of order E'1, and its
probability is proportional to cr(e*e~— bare quarks). On-
ly at much larger distances, ~.E/A2, are nonconfine-
ment effects completely in force. They serve as a large
box which makes the spectrum discrete. The sum over
close-lying discrete levels evidently reproduces cr(e*e~
— bare quarks) within terms of order E~*(k>0).

We thus see that local duality for highly excited states
is a rather trivial fact. That local duality holds for the
lowest-lying 3/fy state is more surprising, and it has
been shown by the quantum-chromodynamics sum rules
to be a consequence of the particular structure of the
vacuum. We might note that by no means all the cur-
rents of the lowest-lying states obey local duality.

With increasing quark mass, the accuracy of (2.29)
worsens. In the purely Coulomb situation, the Coulomb
poles have to be added "manually" to the right side of
(2.29), so that the procedure becomes almost meaning-
less.

It can be seen that the standard duality also fails for
mesons with a high spin,106 J^ 3.

In many cases, quantum chromodynamics proposes a
refined version of the simple equation (2.29):

ys («)/(s)ds= \ ffquark (s) / (s) ds (2.30)

with specific weighting functions f ( s ) ~ s~". Equations
of this type are based on asymptotic freedom and dis-
persion relations.93'69 The masses of the resonances
and the position of the continuum threshold are inserted
"manually"; the coupling constants of the resonances
are the desired outcome. Khodjamirian107 has studied
the radiative transitions ^'— XX and x — J/#T, introduc-
ing the three -point functions

e-t (*>+«> (01 T {;, (0) /™ (x) /, ( y ) } \ 0> Ax Ay, (2.31)

where j1 and j2 are external currents with suitable
quantum numbers, say j\ = cc and j™ = cyuc. In the
Euclidean region there are two alternative expressions
for matrix element (2.30) (Fig. 16), so that we have an
overdetermined system of equations. Approximate so-
lutions of these equations are shown in Table XI.

Shown for comparison in this table are the numbers
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TABLE XII. Radiative transitions in bottonium.117

FIG. 16. Diagram representation of the quantum-chromody-
namics duality relations.

found in the potential model.77 The relativistic correc-
tion77 is particularly large in # '—Xo.iX transitions.

3) Gamma transitions

These transitions play a leading role, opening up the
rich world of C-even levels of charmonium. Regarding
the electric dipole transitions, nothing dramatic has oc-
curred over the last few years in this theoretical arena.
The results obtained in the potential models, by the dis-
persion approach, and from the nonrelativistic sum
rules108 (Thomas-Reiche-Kuhn, etc.) are coexisting
peacefully in expectation of future development. Some
of these results are shown in Tables XI and XII, which
also show experimental data for comparison. We might
note here that according to data obtained by the Crystal
Ball group the quantity r(il>'~y>Xj),nt/E*(2J+l) is
roughly the same for all the Xj states, specifically,109

1.00±0.07, 1.05±0.08, 1.37±0.09 for J= 0,1,2 respec-
tively. The corresponding data from the CUSB group
for the bottonium family are25

r <r -H-2'p,+Y)t£?(2y+i)]-'
= 1.03 ± 0.5 (/ = 0), !(/=!). 0.95±0.3(/=2).

(2.31)
Behavior of this type fits in naturally with the nonrela-
tivistic model of quarkonium. It should be recalled,
however, that the relativistic corrections are large,
especially in charmonium, so that we may be dealing
with nothing more than a coincidence.

A few words are in order regarding Ml transitions.
The allowed decays of the type J/i/»— 7}cy should be de-
scribed very accurately by the very simple expression

=.E,,w. (2.32)

where ^ is the Durac magnetic moment [n = (the quark
charge)- V~a/2m]. On occasion we see the arbitrary as-
sumption that the c and b quarks can have large anom-
alous magnetic moments; this assumption would of
course invalidate (2.32). This assumption is incorrect.
The derivation of (2.32) is controlled by the theory; fur-
thermore, the corrections to it are calculable and are
small. It can be shown that110-111

^L.aJ^-fl_^k)3
(l_0.2a,), (2.33)

TABLE XI. Radiative decays in charmonium (r, keV).

Decay mode

y -*• Xov
tb' — *• X'Y
Xo ~^~ ^ Ityf
X, -i- J/i|>v

Ref. 107

8
31
31

108
160
136

Potential model77

Nonrelativ- 1 ,„. L , / .,
isticapprox- VV,th~(v/c)!

imation j corrections

45
40
27

121
250
362

19
31
27

128
270
347

Experi-
mental"'""

2) +4
19±4
17+4

100+40
<700

330^-165

Transition

3 OPUS'S,

3 'P, -* 3 *S,
3 *Pj ->• 2 '§!

31PI-*21S0

3>Sl^2»P,

31S0->-21P1

23P.r-».23S1

21Pt-*2 'S,,
2 'P/ -* 1 "S,

2'P1->-l 1S<,
2 sSt -H- 1 'Pj

21S0-»-l *P,
l3P/->-l3S,

I'P.-l'S,

Relativis-
tic value
of»), F

0.47

0.064

—0.52

0.34

0.651

-0.33

0.19

J

0
1
2

0
1
2

0
1
2

0
1
2

0
1
2

0
1
2

0
1
2

<r>, F, with
(v(c)3 cor-
rection

0.55
0.48
0.44
0.39
0 026
0.055
0.067
0.069

—0.42
—0.49
—0.53
—0.54

0.39
0.35
0.32
0.28
0 022
0.043
0.053
0.054

—0.27
—0.31
—0.33
—0.34

0.20
0.20
0.20
0.16

W-

8.0
12
14
15

0.69
3.9
6.1
7.7

H \ BR(3S-*2P)
j 3 j =29+5 %
1.3
12
16
17
18
2.1
9.3
15
21

J;™)BH(2S-*1P)
0 96 J lu±* fa
0.53
26
36
39
46

Ev,
keV

141
177
194
215

466
501
518
546
133
94
75
55

199
238
257
285
733
770
787
870

152
103
82
55

399
446
467
550

Experimental rela-
tive probability for
the radiative trans-
ition

BH (3 »S1 -* 2 3Pj)

(34+3 %> «

BR (2 'S, -* 1 »P.r)
= 12+3 %18

where

(2.34)

with a similar expression for T. It is easy to see why
there are no large corrections to the magnetic moment
in transitions of the type J/i/> — T)cy. Let us consider the
amplitude for T)0 — 2y, and let us write it in the form of
a dispersion integral over one of the y rays. Here J/i/i
plays a dominant role. The other states are separated
by a large "hole," 52=2MAM (where &M~M$' -Mty),
and their contribution is of the order of as(6

2). We
thus find (2.33), and the corrections are determined by
short distances.110-111

It has been naively expected that the ratio T (r]c — 2y)/
r ( J/i/i — e*e") would be approximately 4/3, so that we
should have r(J/#- T)cy)K 2.5 keV. The perturbative
corrections tend to reduce the ratio r (j?c— 2y)/r(J/^
— e*e"), giving us (4/3)- 1.12 instead of 4/3, but the non-
perturbative effects work in the opposite direction (see
Subsection 1.1).

The minimum value allowed by the existing theory102

is T (T}C- 2y)/r (J/$- e*e") = 0.8. Here we would have
T (rjc - 2y) « 4 keV and T (J/ty - 7jcy) « 1. 5 keV. According
to Ref. 25, on the other hand, we have r(J/ip- ^t.y)nr>t
= 0.76!£|5 keV. The experimental result lies three
standard deviations below the theoretical prediction,
which seems absolutely reliable. In order to reproduce
the value of 0.8 keV theoretically we would have to as-
sume that r(77c- 2y) is half as large as we presently
expect. We note that if r(7ic= 2y~ 2 keV we immediately
run into trouble in other places69; in particular, we
find monstrous violations of the Appelquist-Politzer
recipe, which are completely beyond explanation.

In the bb family, the small mass difference A/T -A/nb

hinders a search for the decay. The numbers are gen-
uinely pessimistic:
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r (T ) ~ 2 eV andBR(r-*tibv)~lCr4.

Unfortunately, it is no easier to reach rjb by starting
from T'.

Decays of the type T' —?7by and $' — ?jcy are forbidden
in the nonrelativistic limit. The decay of ip' has been
seen experimentally with a width16-35 r(i^' —7j0y) = 0.6
±0.2 keV. The deviations from the nonrelativistic ap-
proximation must therefore be important. What does
the theory have to say about all this?

It has recently been argued that111 the transition $'
— rjcy results primarily from an admixture of gluons in
the $' wave function. The argument runs as follows:
If local duality prevails, then the amplitude

A {v -̂ »- ![•') A (i]:/ —*- T)C7) (2,35)

can be replaced, in the dual sense, by

A (y— quarks, gluons)- A (quarks, gluons — y). (2.36)

The latter product can of course be calculated easily,
so that we can in turn find A(ip' — )7cy). The theoretical
result is compatible with F(^' —7jcy)6X])t. More impor-
tantly, the numerically greatest contribution to (2.36)
comes from the intermediate state ccg. It is natural to
interpret this circumstance as a gluon admixture in $'.
At the same time, a rather large width F^" — r\cy)
is predicted:

)~ l keV. (2.37)

This width is far larger than in the standard potential
models, where the transition $" — 7jcy is strongly for-
bidden. Unfortunately, the latter estimate is not amen-
able to a simple experimental test, since the corre-
sponding relative probability is less than 5-10"5.

For T' the decay probability is suppressed in compar-
ison with that of #' — T)cy by at least the following factor:

_U^* \2(« ,<m2 i
-

_
4 M .W ioo-

(2.38)

Here the ratio of coupling constants is a measure of the
gluon admixture, while the 0.8 reflects the phase vol-
ume. Combining this result with F ((!)' — 7}cy)W9t, we find

r(r'-+rM)theo<8eV. (2.39)

The corresponding relative probability is less than
5-10-4.

c) Hadronic decays

1) Heavy qtiarkonium and "old" hadrons

The questions which we have discussed up to this
point deal primarily with heavy quarks and their rela-
tionships with the surrounding vacuum medium. We now

*̂ s*%swf V^^s^^»

FIG. 17. Effects associated with the gluon condensate in the
correlation functions of the quark and gluon currents. In the
gluon case (b) we are dealing with Born diagrams. In the
quark case (a), the diagrams necessarily contain loops. Each
additional loop introduces a suppression ~1/16T2.

turn to another fundamental aspect of the problem: the
relationship between heavy quarkonium and "old" had-
rons. Theoretical and experimental research in this
field yields information on the structure of the QQ sys-
tem, glueballs, and the traditional "old" hadrons. In
many cases this is unique information, unobtainable by
other methods.

2) Inclusive hadronic decays

The famous Appelquist-Politzer recipe14 prescribes
a calculation for the elementary processes

QQ-*2g. 3g or qqg

instead of a summation over a large number of exclu-
sive channels. This remarkable invention is applicable,
beyond any shadow of a doubt, to asymptotically heavy
states QQ. Here, however, we are interested in char-
monium and bottonium, and the various preasymptotic
corrections in this case can be large.

The Appelquist-Politzer recipe presupposes an ideal
gluon-hadron duality. For light quarks, 9 GeV2 (~M^),
this is actually already the asymptotic region, where
the hadronic cross section is equal to the quark cross
section. Can the same be said for gluons?

The transition to the asymptotic regime is determined
by nonperturbative effects, as could hardly be doubted
today. The nonperturbative effects are radically differ-
ent in the quark and gluon channels. The gluon currents
are coupled to the vacuum fields much more strongly
than the quark currents are (Fig. 17; see Ref. 112 for
further details), and as a result the asymptotic regime
begins for gluons at high energies.

To determine quantitatively just what this energy
boundary is, is by no means a simple problem. Never-
theless, some estimates have been published. Novikov
et a?.112 have shown that

"2 gluon 6—16 GeV2, (2.40)

where s0 is the boundary of the asymptotic region. If
this result is correct, then the charmonium family is
dangerously near the critical zone or in fact is inside it.
It would thus not be surprising to find some (moderate)
deviations from the perturbative_equations for cc an-
nihilation. On the other hand, bb annihilation should be
described very accurately by these formulas.

Here is what experiment indicates: The Appelquist-
Politzer recipe apparently holds for charmonium and
bottonium in the 1" and 2* channels but is violated for
the C-even levels of charmonium with </*' = 0*. An anom-
alously late onset of the asymptotic regime — precisely
in spin-zero channels — has been predicted theoretical-
ly.112 The reason lies in the very strong interaction of
gluons with direct instantaon fluctuations in the vacuum,
which would be possible only with a zero total spin.

We will first show that BR(T- fi*fOwt confirms
(among other things) the validity of the Appelquist-Po-
litzer prescription.

Starting with r(T-
BR(T~f i*M~) =

") = 1.17 ±0.05 keV and
we find rtot(T) = 35.5±7 keV
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TABLE xm. Widths of the C-even levels of charmonium.

T, MeV

1c

12.4±3.4

1c

< 8 (95% c.l.)

Xo

16.5±1.5

Xi

1.71?:!
Q.75±0.3«)

X:

2.11J:?**)

"The relation r fa -*f,J/i|>) = r (Xo -•• VoJ/*) { — }* is assumed.
\ «Vo '

**The values of rxj in this table correspond to the inclusive decay -ji ' -* fxl > from tne

cascade *'->•«, -*-nJ/«^-rY''l''"we find rw= 4 12 MeV (Ref. 109).

or rdirect.tedr(T) = 27 ± 6 keV. We equate the hadronic
and gluonic widths and use the formula

where the correction O( aj (in the Ms scheme) was
found in Ref. H3. Hence we can determine the quark-
gluon constant: as(mb) = 0.156 ±0.013. The standard
renormalized-group formula yields as(m,,) = 0.210
±0.028 here, which in turn gives us

(2.42)

The agreement with the experimental value of 9. 2 ± 2.4
is completely satisfactory.

On the other hand, we now know the hadronic widths
for TJC and X0 (Table XIII). Their y widths have been
more or less fixed theoretically69'110 (~4.5 and 4.5-5.5
keV, respectively), and we can compare the ratio of

• hadr (T}c)/r(i]c- 2y) and rtudr(x0)/r(Xo-' 2y) with

2V). (2.43)

A very ambitious effort has been undertaken to in-
corporate the first-order perturbative correction in ra-
tios of the type in (2.43) (Refs. 113-115). In the case of
T)C) for example, the following result has been found114:

»
.2-^-).

* >
(2.44)

where ma is the quark mass, and the coefficient in
front of a, depends on the renormalization procedure
[(2.44) corresponds to the MS scheme].

For as(mc) = 0.2 the correction O( as) reaches 50%:
large but not dangerous in the sense that the perturba-
tion series is apparently still controlled by the theory
and is not "blowing up."

Substituting the two-y widths, we find T^TJ,,) « 6 MeV
and a corresponding result for x0'- 6.2-7.6 MeV. The
experimental data (Table XIII) systematically run twice
as high as these values. We might note that if r(Tj,.
- 2y)» 2 keV, as we conclude from r(J/i|>- T)cy) (see the
discussion above), then the discrepancy reaches a fac-
tor of four in the case of t)c— a possibility which is dif-
ficult to imagine.

Finally, in the tensor channel (i.e., for x2) the Appel-
quist-Politzer recipe works exceedingly well, giving us
1.7-2.3 MeV for rhadr(x2), while the experimental x2

width is r(x2)elpt = 2.1 ± 1 MeV (Table X11I). We thus
have an anomalous situation only for spin zero. As
mentioned earlier, the possibility of this situation has
been predicted theoretically.112

Turning now to the technical points, we will write
down a few expressions114-115 whose derivation required
lengthy calculations:

l + 0.9-=i(cc)n ' (2.45)B (O-4)

l+2.1^(bb), "<"• ' ' (_ 1 + 4.0-^ (bb),

where B(^c] = T(JPC - 2y)/r(Jpc - gluons). These ra-
tios are convenient in that the result does not depend on
the renormalization procedure. A result found recent-
ly113 is of much practical importance:

l-(3.8±0.5)-£.(cc),
gluons ) = r0^ . (2.46)

l_(4.2±0.5)-2t(bb).
r(QQ,

For further details and illustrative calculations we re-
fer the reader to the paper by Barbieri et al.,as which
gives a good review of the entire topic.

3) Hadronic transitions between levels of quarkonium

Decays of the type

1|>' -* JA|)JUt or T"->-r|r etc., (2.47)

serve as a probe of the gluon content of ordinary
hadrons. Transitions of the type in (2.47) may
be regarded as processes which occur in two
steps: First there is an emission of soft gluons by
heavy quarks at relatively short range, and then the
gluons convert into heavy hadrons at a relatively long
range. Since the dimension of quarkonium is small in
comparison with that of the old hadrons, we can make
systematic use of the well-known multipole expansion
to describe the gluon emission.116"119

By working from nothing more than a factorization
(and the symmetry properties of the transition ampli-
tudes), one can find a set of predictions regarding the
relative widths, e.g.,118

dr (2 3Si-> 13S, + 2n) = dF (2 <S0^ 1'S0 + 2n),

dF (1 »D3 -*• 13S, + 2n) = dF (1 >D2 -»-1 'S0 4 2n) (2.48)

More intriguing is the unique opportunity for testing
the low-energy theorems of quantum chromodynamics.
Within the framework of the multipole expansion the
following expressions hold120:

A (nt
 3S, ->- nt

 3S( + JIB) = C, (01 E°Ea | an) + higher multipoles
A (rt; 3S, ->- n, 3S, + T|) = C2 (01 [E"^] | T]> + higher multipoles

where E° and Ha are the chromoelectric and chromo-
magnetic fields, respectively, and the coefficients C±
and C2 embody information about heavy quarkonium.
These coefficients are proportional to each other, so
that all the unknown factors cancel out from the ratio
of amplitudes. Furthermore, by adopting some model
or other for quarkonium we can find these factors ex-
plicitly.121

At first glance it would appear impossible to calcu-
late such nontrivial matrix elements as

(0|E°E-|n3i>, <0|[E"Ha]|t)),

which reflect a conversion of gluons into mesons at long
range. Surprising though it may be, this can be done by
working from only first principles. These matrix ele-
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ments are related to the so-called triangle anomalies in
the trace of the energy-momentum tensor and in the di-
vergence of the axial current. The results are so at-
tractive that a few examples are worth looking at. The
matrix element (01 EaEa \ Kit), for example, reduces to
some combination of the following quantities120'122: w2,,
b,pG(p.), as(^i) (b is the first coefficient in the Gell-
Mann-Low function, pG is the fraction of the pion mo-
mentum corresponding to gluons, and /j. is a normaliza-
tion point, of the order of the reciprocal radius of
quarkonium).

The ratio T(il>' — J/i/nr7r)/r((/)'— J/^TJ) was calculated in
Ref. 120 and found to be in excellent agreement with ex-
periment. The following is predicted for bottonium:

r < r - • run) 10 MeV r(r. •run)

The shape of the pion spectrum can also be described
theoretically122:

(2.50)
where q2=m2.,,&M = M(QQ){ -M(QQ)it H = (&/
6ir)as(^)pG(/i)~0.2 for charmonium. The second term,
H2/5, in (2.50) results from the D-wave contribution,
so that we have a theoretical explanation for the sup-
pression of the D wave (x.2/5~ 1/125). The value of x,
we might note, is not universal: InT' — TTTTT, this pa-
rameter should be smaller by a factor of about 1.5-2.

The dimension of T" is quite large, so that the accu-
racy of the approach is slightly poorer in the transition
T"— TJHT. Nevertheless, we can expect x~ 1/5. Ignor-
ing small corrections in (2.51), we then find

' dr C=3 —4. (2.51)

A linear increase with q2 up to 0.3 GeV2, in complete
agreement with (2.51), has been observed in the decays
#' — J/$T*J7~ and T' — TTT'TT. If the multipole expansion
works, then we should find precisely the same behavior
of VdF/d?2 in this region of q2 in the decay T"- Tff*ir~
also. We see from Fig. 9 that the experimental results
tend instead to support Vdr/d^2= const. It is difficult
to explain this behavior of the pion spectrum theoreti-
cally. Voloshin has proposed one possible explanation:
The pion spectrum in the decay T"— TTTIT might be flat
if near T" there was a bottonium level of a molecular
type, which we call X, with the quantum numbers I-I
and f = 1*. The decay would then proceed through the
chain

r* * Y I ~-»• A „,„ + n.

Because of the proximity of the X pole, a multipole ex-
pansion would be ruled out. Does this explanation pass
an experimental test? Time will tell.

For very heavy quarks forming Coulomb levels the
quarkonium coefficients C1 and C2 in (2.49) can be cal-
culated, so that the absolute widths are fixed unambig-
uously. The real c and b quarks, however, are not
heavy enough, and we are forced to resort to models.
Kuang and Yan121 have offered one model. Possibly

their most interesting result is an unexpected suppres-
sion of the T"— TTTTT transition because of cancellation
in Ct. It turns out that T(T"— TTTTT) must be smaller
than T(T' —TTTTT) , despite the increased phase volume.

As discussed in Subsection Ib, we have the average
value BR(T"~ T7Tir') = 4.9± 1.1%. In other words, we
have r(T"—TTT'TT")- 1 keV, which should be compared
with r(T'— T7r*'7r")expt = 5.2±1.5 keV. The suppression is
obvious, and it shows that the model of Kuang and
Yan121 is not bad, at least at a qualitative level.

The most important conclusion which we would like to
draw here is that the multipole expansion is applicable.

If the reader is not yet fully convinced of this by the
facts that we have presented, we will add a few more
words about T' —TJHT. According to the multipole ex-
pansion, we have

C,~(n, »S, | (t? - tl) r,G(8) (g.) r, (t? -tS) | n, SS(>,

where G(8) is the nonrelativistic Green's function of a
color-octet state. In other words, we would expect

r(r'-»r«n) _. / <rV •>'_ i !9 c?\
rw-»j/^n)~lT?%rJ ~Te ' ^-°^

or r(T' — Yirir) = 6.8 keV. This expectation agrees very
well with experimental data (as discussed above).

Hadronic transitions are very promising in yet anoth-
er regard. The cascade

>1'S0 + V

is the best place for detecting two inaccessible levels of
bb at once: 1P1 and 1S0. The bottleneck in this chain is
the first decay, for which the relative probability is
small. According to Kuang and Yan,121 this probability
is about 1%, but further work will be required to shed
the theoretical uncertainties of Ref. 121. Once the 1P1

level has been reached, the rj^ problem is solved:
Nearly every other decay of lPt is

The latter comment deals with decays involving a
breaking of isotopic symmetry, ip'-'J/ipv0 or T '— TTT".
These decays furnish direct estimates of the masses of
the current quarks. More precisely, the following the-
orem holds123:

\ f n \ \
f-£)l. (2-53)

where tnq is the mass of the u, d, or s quark; and [i is
a scale value for the strong interactions (several hun-
dred MeV). A corresponding relation of course holds
for T.

According to the Crystal Ball data,33 the ratio of the
widths on the left side of (2.53) is (4.1 ±1.5)-10'2, from
which we find

- = 29±6.

This result seems to be consistent with the standard
values of the quark masses: wd = 7.5 MeV, wu = 4 MeV,
and ms = 150 MeV [here mJ(mA - mu)~ 42].
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4) J/ip -*y + light hadrons, T — y + light hadrons

As discussed in Subsection la 2, the observed shape
of the y spectrum in the decay J/V — y + light hadrons
differs from that predicted by the quark-gluon model
(Fig. 3b), while the integral probabilities are approxi-
mately equal.

The primary questions here are as follows: Which
states saturate the integral probability? At what value
°f m light n»dr 's tne parton regime established? The last
parameter—the boundary of the asymptotic region—is
an important dynamic characteristic. We know from
e*e" annihilation that for light hadrons this boundary
lies near 1.5 GeV2, but there are reasons to believe
that this result is not of universal applicability, Novi-
kov et a/.112 have presented arguments which move the
boundary in the gluon spectrum upward along the energy
scale, to s02 6 GeV2 [see (2.40)]. If this is correct, the
actual gluon continuum could hardly be studied in the
radiative decays of J/ty, and the study of this continuum
would become a problem for T physics (#<0.94).

On the other hand, the production of resonances can
be studied far more easily by starting with J/$. It is
usually assumed that the gg pair materializes in the
form of a glueball, primarily a 2* glueball. This con-
clusion seems to be based on the perturbative analysis
of Ref. 124. We wish to emphasize that in exclusive de-
cays of the type

JA|> + meson (2.54)

the situation is by no means as simple. In the O* chan-
nels, the direct nonperturbative fluctuations effectively
mix the quark and gluon degrees of freedom, so that
the production of quark mesons is not suppressed at
all.112

For 2*, the nonperturbative mixing is slight, but
there is another effect, which is frequently forgotten.
The gluons are emitted in the course of an annihilation
over a distance ~l/m. In other words, the gluon source
reduces to 8°v(m), where m designates the normaliza-
tion point, and 0°, is the gluon part of the energy-mo-
mentum tensor. On the other hand, the characteristic
virtuality in the meson wave function is of order H^,
(several hundred MeV), and we must take into account
the evolution from m up to R^t- ^s a result we find
the standard logarithmic mixing

flc tm\ s -̂ 9G (R-i }4-e09 f-ffiT1 ^ (2 55}

where the mixing parameter e is of the order of unity
(Fig. 18). In particular, this result tells us why the
classical quark meson f is produced in reaction (2.54)
without any significant suppression.

Nevertheless, the final hadronic state in this decay
is enriched by a variety of unusual states, beyond any
doubt.

The states i(1440) and 0(1640) are presently being
discussed as candidates for blueballs (Table II). Let
us discuss these states in turn. The arguments ad-
vanced for a gluonium interpretation of i are as fol-
lows16'125: the fact that the lowest lying pseudoscalar
quark nonet is full, the large probability for the J/!/i

^ I

FIG. 18. Exclusive radiation annihilation of J/i/>(T). The
additional factorsjDf -fa~s fcf. Fig. 3(b>] are offset by the large
logarithm In M2^^, which arises from the integration over
the loop.

- i (1440) transition (in comparison with ordinary me-
sons, other than TJ'), and the dominance of the decay
channel i — Sir.

We find these arguments unconvincing (more on this
below), and we are not inclined to consider i to be a
glueball, since the sum rules predict112 that pseudo-
scalar gluonium should lie considerably higher, M(Q~,
glue)= 2-2.5 GeV. If this is the case, the i meson
might be a radial excitation of 77'.

The relatively large width r
according to standard duality:

r (j/ni

-ay) seems natural

(2.56)

where

3as
'»=~sr voP-

Introducing the gluon-current correlation function

P (<f) =» J d'w«P (01T (jf (x), ), (0)> 10),

we know that 77' is the dual of the interval 0-5 GeV2 in
the corresponding spectral density,

1 » Q-2

uoi /p iv>I s =-5-1 I m p °<*) d s - Imp°w•=!?°!<s)-
o

Even if the i meson is the dual of the next interval of
width 1 GeV2 (i.e., if the duality interval stretches
from 5 to 6 GeV2), its residue in jv would be approxi-
mately the same as that of 77', and the ratio (2.56)
would be approximately one.

As for 0(1640), the status of tensor gluonium for this
meson would not be in contradiction of the sum rules of
quantum chromodynamics. An estimate of M(2*, glue)
yields values ranging from 1.3 to 2 GeV.

It should, of course, be noted, that a problem arises
from the decays 0— 2ir and 0 — 27). If we assume that 6
is a unitary singlet and that the amplitude for its decay
is SU(3)-symmetric, we find

r (0 ->• ii+n- + n°Ji0) w 4-3F (9 ->• tm), (2.57)

where the factor of 4 on the right side stems from the
phase volume and the D-wave nature of the decays. Ex-
perimentally we have r(fl- 2ir)s r(0- 27j) (Table III).
Both of the original suggestions which led to (2.57) have
now actually been refuted. According to Ref. 126, the
approximate equality of the 6 and f (1515) masses
means that we cannot ignore the mixing of these me-
sons, and as a result we effectively have some mixture
of strange quarks in the 9 wave function. Furthermore,
the amplitudes for the decays into a pair of Goldstone
mesons do not obey SU(3)n. The 9m amplitude is en-
hanced by the significant admixture of gluons in the T)
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wave function; these gluons penetrate into TJ through the
TJ7)' mixing. For the same reason, the decay 6 —TJTJ '
should be extremely important.127

It is in general an extremely complicated matter to
establish the gluon nature of a meson. All the tests
which have been proposed in the literature [(a) a small
total width; (b) a large signal in J/<p — yX; (c) a singlet
according to SU(3)n and a unitary symmetry of the de-
cay amplitudes] have been negated by counterexam-
ples.25

Among the other 3/ip and T decay modes we should
mention y?j and yTj'. The ratio of the corresponding
widths reduces to128

(0 I !SG° VG"

While the denominator is determined by the symmetry
properties exclusively, the numerator contains a great
deal of nontrivial information about the relationship be-
tween the gluons and 77'. Several models predict re-
sults128'133 for <0| asGG\rj'). From the experimental
Crystal Ball result (Table II)

-=4.7±0.6

we find

-^-GjvGSv V = Af?, (120-140MeV), (2.58)

in agreement with the quantum-chromodynamics esti-
mates.112

3. UNCONCEALED-FLAVOR MESONS

Up to this point we have been discussing systems of
the Q§ type, where Q is the heavy quark c, b, or t.
The flavor of the quark in these mesons is a latent fla-
vor, masked by the corresponding antiquark. It is per-
fectly obvious from the theoretical standpoint (and con-
firmed by experiment) that hadrons with an unconcealed
flavor must exist. If we consider only those mesons
which include a heavy quark, there are 12 essentially
different combinations:

(cu, cd, cs), (bu, bd, bs), (tu, td, tsj, (cb, ct^ bt). (3.1)

In the last three cases, where we are dealing with
bound states of two heavy quarks, the theory of quark-
onium does not differ substantially from the Q§ theory.
Any question dealing with cb or ct is resolved to the
same extent that it is resolved for cc, and we learn es-
sentially nothing new. The numerical estimates of
course appear different, and a reader interested in
some particular quantity is forced to go through the cal-
culations again, using one of the methods described
above (Section 2). We will not pursue_this question in
detail here; we simply note that the bt system appears
to be a very curious one from the standpoint of electro-
weak effects.

In contrast, analysis of mesons of the Qq type can
yield important new information about the structure of
the quantum-chromodynamics vacuum. In the hierarchy
of hadrons, these mesons occupy a place between the
traditional old hadrons, on the one hand, and charmon-

ium and bottonium, on the other. Their structure is
simpler than that of light hadrons, since the heavy
quark serves as a static center, rendering certain
problems trivial. These mesons cannot, however,
serve as a probe for studying effects which are inac-
cessible (or nearly so) in charmonium and bottonium,
for example, the quark condensate in the vacuum.

The theoretical description of Qq has several distin-
guishing features. In general, which problems are in-
teresting in connection with these mesons? First,
there is the spectrum, or the splitting of levels with
quantum numbers f = 0*, 1*, etc. We will see below that
the lowest-lying are pseudoscalar mesons, giving us
the situation to which we have long been accustomed.
The D and B pseudoscalar mesons thus decay exclu-
sively through the weak interaction. A calculation of
their total widths brings together the weak decays of
quarks and strong-interaction effects, which are par-
ticularly important for cq. The simplicity of the as-
ymptotic formulas (ma—°°) stands in contrast with the
complexity of the preasymptotic corrections. The sit-
uation seems to be considerably clearer in the case of
inclusive semileptonic decays. Finally, there is anoth-
er interesting aspect of the problem: decays of the type
D(B)—Zj; (where l = e, i±, or T). The quantum-chromo-
dynamics sum rules can yield the constants for these
decays, /D(/B), quite accurately.

We will discuss all these topics briefly. It should be
noted that yet another direction, identified recently, is
now developing rapidly, both experimentally and theo-
retically, becoming an industry all by itself. We have
in mind the exclusive nonleptonic decays of D mesons
(see Subsection Ia3). In principle, these decays can
yield a rich store of information about the dynamics of
quarks and gluons. Unfortunately, to attempt anything
approaching an adequate discussion of this material
would lead us far astray, so we will have to be content
with some fragmentary comments.

a) Spectrum

The masses of mesons with unconcealed charm and
beauty have been discussed in terms of the sum rules
in Refs. 134 and 135. In contrast with charmonium and
bottonium, the result depends dramatically on the quark
condensate in vacuum:

(vac | | vac> ̂  0, (3.2)

where ip = \i, d, or s. The existence of a quark conden-
sate (3.2) has been known for many years,136 but it has
previously appeared only in pion physics.

Figure 19 shows the diagrams which are predominant
in the current correlation function. As an example here
we have chosen a current with the quark content (ctl). A
cross on a quark or gluon line means, as usual, that

FIG. 19. Diagrams corresponding to the correlation function
i feip*dlx{0\ T{cTu(x), uTc(O)} \ 0 ) , where F=l, y5, or yu.
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TABLE XIV. Masses of
me sons ̂ ontaining the quark
bu (or bd). The theoretical
uncertainty is about 100 MeV.

Quantum num-
bers/^

o-+, i--
0+», 1+*

Mass, GeV

Ref. 134

5.3
6.1

Rcf. 135

5.2
6.0

the corresponding field is the vacuum field, i.e., forms
a vacuum condensate.

In the limit WZQ-°° the states differing only in the di-
rection of the quark spin are obviously degenerate. In
other words, m (fc = 0'*) = m (Jpc = 1") and m (Jpc = 0")
= m(Jpc = 1**). With decreasing mQ, a spin dependence
arises. To get an idea of the magnitude of the effect,
we review the results found by Reinders et aZ.134 for the
bq~ system. According to Ref. 134, the splitting of the
pseudoscalar from the vector is about 50 MeV. A sim-
ilar number is found for the splitting of the scalar and
the axial vector.8' Both of these predictions still await
experimental confirmation.

In the cq system we have some good data on D and D*
mesons.31 The experimental D*-D mass difference is
about 140 MeV. Unfortunately, the analysis of the
quantum-chromodynamics sum rules for this case has
not yet been completed, and the only thing we have for
comparison with this 140 MeV is the prediction of the
nonrelativistic model.137

As for orbital excitations, we see a picture of unan-
imity in the quantum-chromodynamics theory. In both
Refs. 134 and 135 it has been mentioned that there is a
strikingly large quark-condensate effect, which induces
large splittings between states with opposite parity,
i.e., Am0 = w(Jp = 0'*)-w(Jp = 0**) and Am, = m(J*' = l")
-m(Jp = 1**). The results of Refs. 134 and 135 are
summarized in Table XIV (the numbers have been
rounded slightly). The technical details differ (a non-
relativistic Borel treatment in one case and a moment
technique in the other), but the predictions agree well
within the theoretical uncertainty, of the order of 100
MeV. The mass difference between the states with pos-
itive and negative parity is 0.8 GeV. In the cq system
we should expect an even greater splitting Aw0 and
Awzj. By way of comparison we recall that the potential
model predicts only 0.5 GeV in this case.137 According-
ly, the question of an experimental search for a scalar
partner of the D meson appears extremely important.

We wish to emphasize again that the analysis based on
the quantum-chromodynamics sum rules requires noth-
ing in the way of a model: The fundamental vacuum pa-
rameters translate directly into the language of observ-
able quantities.

b) Constants of purely leptonic decays

Decays into an lv pair are possible for mesons with
the quark contents cS (the F meson), cd (the D* meson),
and bu" (the B" meson). The second decay is suppressed
in comparison with the first in the Cabibbo sense; the
ratio of probabilities is proportional to tan2 Bc (more on
this below). We know that the transition of a pseudo-
scalar particle into a left-hand neutrino and a charged
lepton is proportional to the mass of the lepton for kin-
ematic reasons, so that decays into a TV pair are the
most probable. For example,

-u*v I. 1 —(m»/m},) J «2.5, (3.3)

where the factor in square brackets reflects the differ-
ence in phase volumes. In the cases of F* and B", the
dominance of r becomes absolute.

The branching ratio BR [D(B)~ TV] is determined by
both the width of the transition to TV and the total width
of the decaying meson. Putting aside the question of the
total width for the moment, we consider the absolute
value of r[D(B)-Ti/].

It is convenient to introduce the constants /D and /„,
which parametrize the corresponding amplitudes by
analogy with the well-known^:

<7|0> = -«7D(B)^. (3.4)

(3.5)

For the relative probabilities we then find

) = 3.3- 10-" (-£-)BR (F*

where we have set the total width of D* to be rtot(D*)
= 1.25-1012 s"1, which is close to the experimental value
(see Subsection Ia3.), and we have assumed rtot(F*)
s rtot(D

+) (more on this below). We might also note
here that by studying the secondary-particle distribu-
tion in the cascade

(3.6)

one can, in principle, find a limitation on the i/T
mass.138

8)Potential models29 also predict a similar result, of about
50 MeV.

A key question here is just how greatly different the
constants /D and/B are from /,= 133 MeV [the constants
/D and /p are equal within O(10%)]. This question can
be answered by analyzing the two-point functions in-
duced by the current Qy^y^q in the sum-rule method.
We omit the details (the procedure is completely stan-
dard) and immediately write the result from Ref. 135:

/D w 200 MeV, /B « 140 MeV. (3.7)

Some similar sum rules were studied in Ref. 134,
where a slightly larger value was found for/B. That
result can apparently be attributed to an underestimate
of the role played by the continuum, whose threshold
was put too high in Ref. 134. At any rate, these num-
bers are far smaller than those which were proposed
back during the time of the theoretical speculation which
was stimulated in an effort to explain the "D*/D° anom-
aly." As mentioned in Section 1 (Subsection a3), there
seems to be no need for such hypotheses.
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The result in (3.7) agrees well with the phenomenolog-
ical trend. We do in fact find/D//,« 1.5. On the other
hand, we know from experiment that increasing the
mass of one of the quarks from 0 to 150 MeV (we have
in mind the s quark) leads to an increase in the constant
by a quarter:

1.27. (3.8)

It is instructive to compare (3.7) with results based on
other principles. The predictions139 based on the sim-
ple bag model, for example, are several times larger.
Further experiments will of course identify the correct
model.

If we assume /D =/F » 340 MeV, we find

BR (D * -v iVi « R • 10-*. RR (F+ ->- T+V) w 0,07.

c) Total widths

If roa — °°, and if we are not interested in specific
modes but instead carry out a summation over all
modes, then the parton model is completely adequate.
The inclusive probability for the Qq decay is deter-
mined simply by the probability for the weak transition
of the Q quark into three light fermions, while the q
quark plays the role of a passive spectator. The proc-
ess is illustrated in Fig. 5, where we have c— sud,
sii*v, se*v, if we ignore the Cabibbo-forbidden chan-
nels.

The virtual hard gluons (Fig. 20) slightly enhance the
nonleptonic modes, but even at mc = 1.5 GeV the effect
is small, ~10% in the probability, and the effect be-
comes even weaker with increasing quark mass. The
main point is that the logarithmic corrections for the
hard gluons have been studied thoroughly, and they
hold no surprises for us (see Ref. 7, for example).

If we ignore the logarithmic renormalizations alto-
gether, we can find the lifetime of the c quark from the
muon life-time by a simple scaling:

Tc = 4-(-^-)5Tll, (3.9)

where the factor of 1/5 reflects the circumstance that
the number of allowed modes is 5 (se v, sfj.v, sujd,,
where i = 1, 2,3 is the color index). Here BR(D- ei/X)
= 0.2, in good agreement with experiment in the case of

Which quark mass should we substitute into this ex-
pression: the current mass or the constituent mass?
Or perhaps the mass of the D meson? This question
can be answered properly only if we know the preas-
ymptotic nonperturbative corrections. In the asymp-
totic limit mc —°° the difference between the current and
constituent masses of the c quark and the mass of the D
meson would be insignificant, but back in the real world

the corresponding numbers are 1.40, 1.55, and 1.86
GeV. The spread in the estimates for TC in two ex-
treme cases is (1.86/1.40)5* 5. An even greater uncer-
tainty would arise if we attempted to incorporate the
mass of the s quark in the final state. In using the con-
stituent quark, ms=500 MeV, we would reduce the ac-
cessible phase volume by a factor of two.

The sole reason for all this discussion has been to
demonstrate the acute need for at least a rough under-
standing of the preasymptotic nonperturbative effects.
These are the effects which convert the current mass,
which is important at short range, into the constituent
mass, and they cause the greatest deviations from the
parton model. Unfortunately, we do not yet have a sys-
tematic analysis of effects of this sort based on quan-
tum chromodynamics. We will briefly discuss here one
of the corrections (the interference correction), which
is formally suppressed by powers of l/mc but actually
turns out to be of the order of 0.5 in D-meson decays
because of the large numerical factors. We know quite
accurately that some of the corrections do exist and
may not be small, but the theoreticians do not know
even the appropriate direction to take to estimate them.

This unsatisfactory theoretical situation has led to the
suggestion that the asymptotic formulas be completely
abandoned, at least in the case of the D mesons, and
that rtot be calculated by summing over all the acces-
sible two-particle and quasi-two-particle modes.140

The theoretical result is in reasonable agreement with
the experimental lifetime, and, more significantly,
rtot(D*) and rtot(D°) are roughly equal. For further de-
tails the reader is directed to the original paper.140

Nevertheless, such a radical step as abandoning the
quark-parton formulas for D mesons seems unneces-
sary. Lacking a systematic theoretical framework, we
can rely on our intuition, which suggests that it is the
mass of the constituent c quark, mc= 1.55 GeV, which
should appear in (3.9), and the mass of the strange
quark in the final state can be ignored. We then have

S, (D , (D») « 6.5 • 10->3 s, (3.10)

in excellent agreement with recent data26 (see Subsec-
tion la). Inspired by this success, we might expect
that the lifetime of the F meson is similar,9> 6.5-10"13

s. What is apparently happening is that the nonpertur-
bative corrections with different phases interfere de-
structively, and their resultant effect reduces primar-
ily to a renormalization of mc.

In the case of the B mesons the question of which
mass to substitute into an expression like (3.9) is total-
ly unimportant, since the uncertainty is comparatively
small. On the other hand, information about the quark
mixing angles is still quite incomplete (Subsection 4a).
As discussed in Section 1 (Subsection b2), experiment
suggests that the dominant transition is of the b quark
to a c quark, not a u quark. The relative probability

FIG. 20. Diagram of the decay c —sud taking hard virtual
gluons into account. Heavy point—weak Hamiltonian.

9>Since we are assuming that the nonleptonic decays of F are
determined by the diagram in Fig. 5(a), the final state in
the nonleptonic decays contains an ss pair and is thus rich
in 7), KK

409 Sov. Phys. Usp. 26(5), May 1983 V. A. Khoze and M. A. Shifman 409



FIG. 21. Illustrative diagrams corresponding to corrections
to the decays of heavy mesons.

for the semileptonic decay is BR(B- ej/X)« 15-16%,
depending on the particular assumptions regarding the
masses mc and wzb (Refs. 67 and 141),

d) Preasymptotlc effects

As mentioned earlier, the lifetime of a meson in the
limit mQ-~°° agrees with the lifetime of the Q (Figs. 5,
11, and 20). There are a set of corrections of various
natures which fall off in proportion to some power of I/
WQ. Some examples are shown in Fig. 21. Some of the
diagrams depend on the flavor of the spectator [Figs.
21(a) and 21(b)]. It is this contribution which is respon-
sible for the differences among the D*,D°, F, etc., life-
times. In other diagrams [Figs. 21(c)-21(e)] the flavor
of the spectator is unimportant. As always, a cross on
a line represents an interaction with vacuum fields.
The diagrams in Figs. 21(d) and 21(e) describe growth
of the quark mass due to gluon and quark condensates—
in intuitive language, a conversion of the current mass
into constituent mass.

In this subsection of the paper we will concentrate on
a very simple effect associated with the Pauli princi-
ple. :We return to the diagram in Fig. 5, and we first
assume that we are dealing with the D* meson. In in-
tegrating over the phase volume of the newly produced
d we then unavoidably enter a region of momentum al-
ready occupied by the spectator d quark. The Pauli
principle forbids two identical quarks from occupying
the same position in phase space. Nothing of the sort
occurs in the D° case, where the spectator quark is u.
The Pauli principle is of course in force only in a
bounded part of the phase space, where the momenta of
the d quarks are roughly the same, while the total
phase volume increases rapidly with mQ. In the spe-
cific case of the decays of the D mesons, however,
this "bounded" region amounts to a substantial fraction
of the entire phase volume.

Figure 22 shows some Feynman diagrams illustrating

FIG. 23. Unfactorized contribution of four-fermion operators
to the D-meson matrix element.

the interference contributions.10*

Omitting the details of the calculations, we write
down the answer, which was derived several years ago
by M. B. Voloshin and one of the present authors (M.
Sh.):

— m' s) '

k (1 + T5) d] {3Vll (1 + V,) c]} | D*) ,

(3.11)

where the Ct are known coefficients describing the re-
normalization of the operators

by hard gluons (see Ref. 7, for example).

Let us assume for a minute that the quarks do not
have color degrees of freedom, and we can write C,
= C. = 1. Using

<D+|M|D+> « 2mD, <

we would conclude that the interference term reduces
the decay probability, in complete accordance with the
Pauli principle:

G&mX GIT
^ re — m?m f* (*i 19^

It turns out that if we '"turn on" the color indices the re-
sult is no longer unambiguous. The point is that now
the two d quarks, even with identical momenta, can be
in different color states, so that the interference can be
both destructive and constructive. We should also take
into account the circumstance that the coefficients Ct

are different from one7: C^~ 1/S2, Cf = 2.

As for the magnitude of the effect, we note that it de-
pends on the values of the matrix elements of the four-
fermion operators with respect to the D meson.

A simple-minded factorization (i.e., a saturation by
the vacuum in the intermediate state) may not be very
good from the quantitative standpoint, since the unfac-
torized contribution (Fig. 23) is of the order of the fac-
torized contribution according to Ref. 143.

If we nevertheless use a factorization just to get a
rough estimate, we find that the increment in rlwdr(D*)
is positive (a constructive interference!):

FIG. 22. Interference contribution to the hadronic width of
the decay of the D* meson.

""interference effects are analyzed in a similar spirit in Refs.
142, but we do not agree with the final results.
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In the Hmit mc - °°, we find /£/m\- 0. In the real
world, this factor is ~10"2, but this suppression is off-
set by the numerical factor (16irVd~ 50. Where do such
large numbers come from? The source is completely
transparent: The parton mechanism corresponds to a
three-particle decay of a quark, while the interference
mechanism corresponds to a two-particle decay. The
ratio of (dimensionless) phase volumes is of the order
of 47T2. For the same reason, the annihilation diagram
is generally enhanced (Fig. 21a). (Although this dia-
gram is chirality-forbidden for pseudoscalar mesons.)

Let us summarize. A natural scale value for the pre-
asymptotic power-law corrections, or at least some of
them, is

fy I 0.5 for F and D mesons.

~m§ I 0.05 for B mesons.

In cq decays we could in principle expect significant
deviations from the parton predictions («100%). In (bq)
decays and, especially, (tq) decays, the parton picture
should hold very accurately.

e) Exclusive weak decays

With minor exceptions, the theoreticians have so far
concentrated on the decays of D mesons. The situation
is extremely complicated here. On the one hand, ex-
periments reveal a large number of distinct modes, but
the statistical and systematic errors of the measure-
ments are still large.31 The theoretical understanding,
on the other hand, is, unfortunately, also inadequate.
Although a rather large number of models have been
proposed,144-145 each contains some element of uncer-
tainty, and the connection with first principles is not al-
ways clear. The various models are reviewed in Ref.
46.

To illustrate the nontrivial nature of the problems,
which essentially convert into guesses regarding the
quark-gluon dynamics, we will cite a single example,
the ratio of widths

rmolTic-n-n • (3.14)

If we adopted a simple quark model, we would describe
the amplitudes for these decays by the diagrams in Fig.
24. For the widths ratio we would then find

(3.15)

where the factor of 1/2 is isotopic, while the factor of
1/9 results from the color (the ud pair, converting into
TT*, is in a color-white state from the very outset, and
this state can be distinguished in the decay to K°77° only
by losing a factor three in the amplitude). The coeffi-
cients C,. and C., associated with hard gluons, were

FIG. 24. Diagrams corresponding to the decays D° — K°fl'c

and D° —K~ir* (In the approximation of the decay of a c quark).

FIG. 25. Preasymptotic contribution to the decay D°—7r°K0.

given in Ref. 7: (2C, - C.)V[(2/3)C. + C_]2= 2-10'2. Ac-
cording to the simple quark model we would thus have
rgo,o/rK-r"~10"3- Experimentally, we find BR(D°
-KV) and BR(D°-IOT*) to be quantities of the same
order of magnitude. The contrast with the theoretical
expectation is striking. One possibility is that we
should consider diagrams of the type in Fig. 25, which,
according to Chernyak and Zhitnisky,144 are numerical-
ly enhanced and resolve the situation.

If we still do not have a reliable theory for the ex-
clusive weak decays of charmed particles, we might
ask just how good our chances are of finding such a
theory in the future. There are many problems in the
field of the traditional strong interactions which have
eluded solution for a long time. Our own opinion is that
definite progress is extremely likely. Our optimism
springs from the circumstance that we have a large pa-
rameter, the mass of the c quark, and the skillful use
of this parameter might significantly improve the qual-
ity of the theoretical description.

4. HEAVY QUARKS AND WEAK INTERACTIONS

The decays of heavy quarks present an excellent op-
portunity for studying the structure of weak interac-
tions. These decays not only permit us to study the
standard six-quark model and quark mixing angles but
also shed some light on the properties of such exotic
entities as Higgs bosons and the axion.

In this section we will briefly discuss the information
on the quark mixing parameters. This was the subject
of a recent review,5 where the reader can find a de-
tailed discussion and an exhaustive bibliography. We
will also discuss the decays of heavy hadrons which re-
sult in the production of Higgs bosons and the axion.
Useful information on this topic is given in Refs. 10,
146, and 147. Finally, the weak neutral currents of
heavy quarks are dealt with in a special subsection. We
will have essentially nothing to say about the violation
of CP invariance and the mixing of heavy neutral me-
sons; we direct the interested reader to Refs. 7 and 5.

a) Phenomenology of quark mixing

The discovery of the b quark (and of the third charged
lepton, T) led to a natural replacement of the Glashow-
Illiopoulos-Maiani four-quark model148 by the Kobay-
ashi-Maskawa six-quark model149 with three left-handed
quark doublets,

(4.D
and the right-handed singlets

UB, dii, CB, SR, tB, fan, ?B=^.(1_ Ys) q- (4.2)

here t is the sixth, as yet undiscovered, quark. At
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present, a lower limit wt>18.3 GeV is set on its
mass.20-21

The weak charged quark current j can be written in
general as

U, c. •)b/V (4.3)

where U is a 3 x3 unitary matrix (UU*= 1). The matrix
U is frequently taken in the Kobayashi-Maskawa para-
meterization149 in terms of the three Euler rotation an-
gles (9lt 62, 63) in flavor space and the phase 6 associ-
ated with the violation of CP invarianceu):

,,,, \
C,CH,+«'V. I,

— CjSjSa + AjCj/

(4.4)

where c =

It follows from (4.3) and (4.4) that the experimental
data on the various weak transitions can be used to de-
termine the matrix elements Uk.

1) Experimentally, only the angle 9^ is totally
known. Since tfud=c1( et can be identified with the
Cabibbo angle 0C, which is measured in & decays which
conserve strangeness:

0.9737 ± 0.0025, «, 0.2270t§;S!io. (4.5)

2) Um. It is simple to see that in the limit 02, 03- 0
the matrix U couples (d,s) quarks with (u, c) quarks,
but the b quark is coupled only with the t quark. Conse-
quently, the decays of the b quark discussed in Sections
1 (Subsection Ib) and 3 occur only at nonzero values of
s3 and/or s2. Limitations on the angle 83 are imposed
by data on the semileptonic decays of K mesons and
hyperons in virtue of Uta = slc3: Is^sl =* 0.219 ±0.002.
With flt known, it follows that c3 is approximately 1.
With all the uncertainties taken into account,46-150 we
can write

|smes| = 0.28tS;|8. (4.6)

3) tfub. The transition b-uW" is determined by the
. From the unitarity conditionmatrix element {/„„ =

(4.7)

and from measured values of £/ud and
that |t/uj is small:

17... it follows

(4.7a)

in complete agreement with all the data on the decays of
B mesons (see Subsection Ib). As mentioned in Section
1, more accurate information on the fraction of b— uW"
decays cannot be found at the present level of experi-
mental capabilities. With 03 = 0, Cabibbo universality
would hold exactly, and the phase factor e'6 could be
eliminated through a redefinition of the phase of the b
quark. It should be noted that more-stringent limita-

n)The signs of the phases are chosen in accordance with Ref. 7.
We also recall that in the minimal SU (2)x U (1) model with a
single doublet of Higgs bosons there is no natural way to in-
troduce CP nonconservation in the case of a four-quark
model.

tions on the angle 93 would be of considerable interest
from the standpoint of the CP-nonconservation problem.
In particular, if experiments yielded S3«s1~s2, then
the phase 6 might be of the order of 1. If s3~s2~s1, on
the other hand, we would have 6~ 10"2.

4) J/cd. The matrix element Uei=-s1c2 can be deter-
mined quite accurately from an analysis of the KL-KS

system (the virtual c quark contributes to the K°-K°
transition). The following interval was found in Ref. 5:

0.19<|f/Cdl<0.23, (4.8)

Essentially the same restriction on |fcd| follows from
data on the production of charm in neutrino reactions;
more precisely, we mean the difference between cross
sections

0 (VB (d + s) -t- (TcX) — a (vw (d + sj -+• n*cX).

Comparing (4.5) and (4.8), we see that c2 is approxi-
mately one, and the angle 92 is small. Quantitatively,

1 *, | < 0.5.

5) £/M. The most direct way to measure Uca = (c1c2c3

-e'6s2s3) is to use the decays D— K*ei>,,Kei>,. It should
be recalled that until the t quark is found these decays
are the best source of experimental information on the
angle 62. Unfortunately, the experimental situation with
regard to semileptonic exclusive decays of D is not yet
completely settled. We can nevertheless use data on
D*, which are not in danger of being substantially re-
vised. Analysis of the spectrum of electrons in the de-
cay D*— e*X shows that roughly half the events in D*
- e*X are associated with the mode D* - K°eVe. It fol-
lows that

(l±0.5).10" s-'.

On the other hand, theory gives us

and if the form factor f°~K (0) describing the transition
D — K based on the vector current is approximately one,
then

|tf0<l-0.8±0.2.

We might assume /?^K(0)~ 0.5, in which case we
would have | f/os 1 ~ 1. Analysis of the KL-Kg system
yields a similar restriction,5 0.8< |f7cs| <1.0.

6) UeV It follows from the discussions in Subsection
Ib2 that all the data available on the decays of B me-
sons confirm the hypothesis that

see also (1.13). Depending on the assumptions made re-
garding the phase 6, the information available on the
matrix elements J7cl) and UM, UcA could be summarized
in terms of joint restrictions on the angles Q2 and Q3

(see Ref. 5, for example).

As mentioned earlier (Subsection Ib2), the existing
restriction on the lifetime of the B meson [Eq. (1.16)]
furnishes a joint lower limit on the quark mixing angles.
Indeed, under the assumption of decay of the free b
quark (Fig. 11) we find, taking phase-volume effects in-
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FIG. 26. Diagram for the decay B—-J / t f + X.

\Vf~

y y.c.f z d w~ s

FIG. 27. Diagrams determining the mass difference

to account, with mb=4.8 GeV, the following, for exam-
ple67-141:

3.7-10-15 c

According to (1.16), we should have

2.5 | £?„„!» '

Combining this inequality with (1.13) and the condition
for the unitarity of the Kobayashi-Maskawa matrix, we
have

0.57>|t/cb|>0.05.

The dominant transition of the b quark, b — c +W " ,
l->iid

should give rise to charmed hadrons and to a compara-
tively large multiplicity of particles in the final state in
the decay of the B meson, and these predictions are
confirmed by experiment (Subsection 2b). In roughly I/
5 of the hadron cases we see the transition b— c + W"
— c + cs; the cc system has a mass mainly smaller than
2MD, so that it undergoes a transition to a charmonium
state (Fig. 26). Consequently, a comparatively high
relative probability was expected for the transition151

B-J/> + X: BR(B-J/i/> + X=l-3%. The 3% corresponds
to the assumption that the production of a colorless
bound cc state occurs with a unit probability.

The observation of this decay experimentally with a
probability ~1% would be a further argument in favor of
the dominance of the transition b— c. Here it would be
very interesting to study the exclusive modes, since
there are arguments151 which indicate that the final
state should be a comparatively few-particle state, of
the type J/i/i +Kv.

The beauty baryon Ab = bud might also have a signifi-
cant (i.e., at the level of 1-2%) decay channel, A b — J/

7) Utds, b). Direct experimental information on these
matrix elements will, of course, have to await the ob-
servation of the t quark. The t— b transition should be
predominant. Particularly interesting is f/td = SiS2,
from which we can determine just how small the angle
82 is. In the corresponding experiment it will be neces-
sary to study the transition t— e*Je + pions.

The unitarity of the Kobayashi-Maskawa matrix im-
poses the restrictions

|£/td|<0.13, |£/u|<0.56, 0.82<|atb|<;0.99

An important restriction on the angle 92 follows from
the theory for the contribution of t quarks to K°— K°
transitions (Fig. 27). If this contribution to the mass
difference K£ - Kg (the contribution is proportional to
mjSj) is not to be overly large in comparison with that
of the c quark, we must assume that152 tg 02« V(w?c/rwt)
s 0.3. On the other hand, since the contribution made

by the t quark is important at mc= 1.40 GeV, the angle
92 cannot be too small. This conclusion is supported
by an analysis of CP nonconservation in the K°-K° sys-
tem (see, for example Ref. 7).

Another parametrization of the mixing matrix, differ-
ent from (4.4), is also frequently used. This paramet-
rization involves three other angles Q, /3, y(0« 0,0^ T/
2, -7T/2 « y) and the new phase153 6' « -a/2:

(4.9)

here C9 i 6_ r = cos(0,/3,y),s9f / J (T= sin(6>,/9,y).

The angle B is the Cabibbo angle Bc, but at 0*0 the
Cabibbo universality is disrupted:

This parametrization is particularly convenient for
describing the weak transitions of the b quark, since
the angles ft and y are related directly to its decays:

|sin 7 cos p |

(4.10)

Since the Cabibbo universality is disrupted only slightly
[cf. (4.7) and (4.7a)], the angle 0 must be small: j3
s 6-10"2= 9/4. Limitations on the angle y arise, in par-
ticular, from data on K°~K° transitions. Figure 28 il-
lustrates this situation with a summary of the existing
limitations68 on sin/3 and |siny|, which follow from the
universality of the weak coupling, the data on the mass
difference K£ - K|, and measurements of the upper lim-
it on TB [see Eqs. (1.16) and (4.10)]. The hatched re-
gions show the values of sin/3 and j siny | which are pre-
sently ruled out by experiment; the lower left corner
corresponds to values TB < 1.4-10"12 s (Ref. 68).

FIG. 28. Existing limitations on the quark mixing angles in
the sin£, | siny I plane.68 The region at the lower left corner
corresponds to TB < 1. 4 • 10"12 s. The excluded regions are
hatched. Values lying to the left of the dashed line are elimi-
nated by the CLEO data on the K-meson yields in BB events.
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FIG. 29. Diagram describing the formation of a cc state in a
neutrino reaction.

b) Weak neutral currents of heavy quarks

In the standard Glashow-Weinberg-Salam model,9'154

the weak neutral quark current

(4.11)

corresponds to the following values of the vector and
axial constants:

1.

(4.12)

where 0W is the Weinberg angle t(sin2Sw)tt9t = 0.229
±0.009].

The existing experimental data on the yields of
mesons in neutrino reactions (Fig. 29) and on the cross
sections for hadron production in e*e" annihilation (Fig.
30) agree with the assumption of the standard model
that the currents c"c and uu have identical structures.
Furthermore, the e*e~-annihilation data rule out anom-
alously large constants in the bb neutral current.

Detailed information on the neutral currents of heavy
quarks can be found in e*e" collisions in a study of the
distributions in the polar angle 3 and the azimuthal an-
gle (p (in the case of polarized initial particles) at which
the jets produced by these quarks are emitted (see
Refs. 67 and 155, for example). In contrast with the
case of light quarks, these jets can be identified com-
pletely unambiguously on the basis of the particular de-
cays of the corresponding leader heavy hadrons — the
so-called marker-quark method67'155 (Subsection 5a).
One obvious channel is the fragmentation of c quarks to
D* mesons, which can be seen extremely clearly and
identified unambiguously in an experiment. Another ap-
proach is to detect the hard muons of a certain sign re-
sulting from semileptonic decays of heavy particles.
The yields of the c and b quarks can be separated reli-
ably by a selection based on the momenta of the de-
tected particles.

In particular, it would be very interesting to measure
the forward-backward asymmetry for charm and beau-

Hadrons Hadrons Hadrons Hadrons

,x

FIG. 30. Lowest-order diagrams for the process e*e~ — qq.
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•) — dgq(it—«)
; + daq (n —0) '

from which we could find the parameter a .

(4.13)

At W2«M% the quantity j4£ is determined by the inter-
ference of the diagrams in Fig. 30 and has the value

q 2 COS &
pc l+cosai?

where

(4.14)

(4.15)

[cf. (6.2) and (6.3)].

According to (4.15), the effect should be 1.5 times
greater for c quarks, and 3 times greater for b quarks,
than in the case e*e~— (i*^"- The asymmetry increases
rapidly with the energy, and, according to calculations
from more-accurate equations, at Wa 60 GeV we have
p£ « -0.8. Thereafter, the effect begins to fall off.67

Precise measurements of A^, over a sufficiently broad
energy range would make it possible to determine the
mass Mz from the propagator effect.

The constants UQ can be found in experiments with
longitudinally polarized initial e" and e*. For example,
for the electron helicity \ in the integral cross section
for e*e~ — qq we find a P-odd correlation,

(4.16)

This correlation is particularly strong in the case of
the b quark: At W«40 GeV we have A£ = 0.4 (A| = 0.1).

Skovpen' and Khriplovich156 have discussed an elegant
possibility for studying the interaction of the neutral
axial electron current with the vector current of c and
b quarks directly at the 3/ty and T peaks. The depen-
dence of the total cross section for hadron production
on the sign of the longitudinal polarization should give
rise to a relative effect A£« 1.6-10"2 at the T resonance
and A|~ 4-10~* at the 3/\j> resonance. This effect is par-
ticularly marked in the case of the t quark, where (be-
low Z°) Ap becomes ~1.

Another possibility is to measure the longitudinal po-
larization of the final /i*(i" (T*T") at a narrow resonance.

c) Elusive-scalar-particle factory

The decays of hadrons containing heavy quarks rep-
resent one of the best sources of information on the
various exotic entities which arise theoretically. Ex-
amples are the Higgs bosons (see Refs. 10 and 146, for
example) and the axion (see Ref. 147, for example), for
which the interaction constants for interactions with
quarks are proportional to my.

The bare-bones standard model of the electroweak
interaction (with a single doublet of Higgs particles)154'9

contains the physical neutral boson H°, while models
containing several multiplets of scalar particles con-
tain the physical charged particles H*. The experimen-
tal search for the scalar bosons H is one of the fore-
most problems of physics today. However, it is not by
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FIG. 31. Diagram describing the decay of vector quarkonium,
VQ-H°fy.

chance that these particles are called "elusive." On the
one hand, the theory as it exists today does not tell us
unambiguously the masses or structure of the Higgs
sector. On the other hand, the expected cross sections
for the production of the H bosons are generally very
small, and it is a rather complicated problem to iden-
tify the final state.

Since the constants for the interaction of Higgs bo-
sons with quarks are of the order of v/~Gy7Iw,1 in the
standard model, the decays of heavy quarkonia Q$ are
intense sources of H° bosons with a mass ma < 2mQ. In
particular, for the vector quarkonium VQ the probability
for the decay V Q — H ° + y is determined by157 (Fig. 31)

r ( V Q - » H « V ) G^ . mfe .
r < V Q - » | i - » | i - > 1/2 net \ <"v >' V*-J- i ;

In the case of the T meson, for example, we find (with
m%t/M%«l) BR(T-H<V)a3-10-4 from this expression,
so that there is the hope that this decay might be found
from monochromatic y rays. If raH 2 4 GeV, its pri-
mary decay modes should be H°— T*T", cc. We might
note that in the standard model with a single Higgs
doublet the requirement that the vacuum be stable and
that perturbation theory apply gives rise to the restric-
tion158

1 TeV GeV.

Models with several doublets can have even lighter
scalar particles. The Crystal Ball group is presently
analyzing data on the decay" J/i/) —yfj.*fi~ to find a limi-
tation on the cascade transition J/^ — yH°~yfi*|j~ at 400
MeVS mK-£, 3 GeV.

The ratio (4.17) increases sharply in the case of the
t quark, and in view of the present restriction mt > 18.3
GeV it would be difficult to obtain [(r(Vt - H"V))/
(T(Vt- n V))]>0.12 (provided that the mass mt does
not significantly exceed Mz/2).

We turn now to the question of the charged Higgs bo-
sons, H4. If such an entity existed, with a mass raH

<rw b -m c , the b quark would decay entirely by the semi-
weak transition b— H"c:

r (ii -> n-c)
-105.

r (b-<-cud ' ) °

The decay of H" in the case mH-> 2 GeV would be dom-
inated by the modes H"— T~vr,cs, which are extremely
distinctive experimentally. As we saw in Subsection
Ib2, the data on the decays of the B mesons rule out
this possibility. Furthermore, analysis of the data on
e*e" annihilation of W^: 30 GeV rules out the possible
existence of H* with masses in the range 5-15 GeV and
with the decay modes H"— T'JA^CS (Refs. 20 and 21).

Consequently, the main hope for detecting H* bosons

is now placed on the decay of the t quark: t— H* + b.

The decays of heavy quarkonia yield some extremely
important information on such a theoretical invention as
the axion (a): a new, very light, pseudoscalar particle,
which gives rise, in particular, to a naturalization of
the CP invariance of strong interactions (see Ref. 147,
for example). In recent years there has been an active
search for this entity in experiments on proton and
electron accelerators, in experiments on reactors,
and in a study of the decays of excited nuclei.

In the standard theory for the axion159'160 the constant
of its interaction with u, c, and t quarks is of the order
of ^ GJ~2m^x, while that for the interaction with d, s,
and b quarks is of the order of ' G^~2m^/x; x is the
standard parameter in the axton theory, equal to the
ratio of the vacuum expectation values of two Higgs
fields. As in the case of the decay V Q —H°+y, the ratio
of the width of VQ— a +y to the leptonic width, for the
J/i/) meson, for example, is [cf.(4.17)]

£ = -^£- (4.18)
r ( j / i f -* II*H~> 1/2.-K:

(the corresponding expression for the b quark differs
by the replacement x2-~ 1/x2).

The Crystal Ball group has carried out an experi-
mental search161 for the decay of the J/4> meson to a
y ray (with Ev = mJ/t/2) and a long-lived noninteracting
entity with a small mass ma<l GeV (an axion or some
other exotic entity with similar properties). From a
statistical base ~2-106 J/$ events, the following upper
limit was found on the relative probability for the decay
J/$ — a + y :

BR (JA|> -»• a + v)< 1.4-10-5 (90% c..l.). (4.19)

Comparing (4.18) with (4.19) at the known value of
BR(J/(/j — M*M~), we can easily find the limitationx<0.6.
We can thus immediately rule out the value x = 3, for
example, deemed the preferred value in the experimen-
tal study by Faissner et al. ,162 which generated the
claim that an axion had been observed.

Since BR(T— ay)~M|, and since the product
BR(T- ay) XBR(J/i/f- ay) does not depend on x and is
predicted unambiguously for the standard Weinberg-
Wilczek axion, a joint analysis of the reactions J/i/i
— ay and T —ay has attracted much interest. Data ob-
tained on monochromatic y rays in the reactions T
-ay(LENA) and T"-ay(CUSB) rule out the existence
of an axion with the standard properties.41 We wish to
emphasize that in the searches for the axion the decays
of heavy quarks have proved much more effective than
other methods of study. In the future, the decays of
heavy quarks will apparently become the most severe
test of new axion models.

5. HEAVY QUARKS AND PERTURBATION THEORY IN
QUANTUM CHROMODYNAMICS

Since the physics of heavy quarks involves small dis-
tances, where asymptotic freedom holds, many prob-
lems appear much simpler for heavy quarks than for
light quarks. The large mass of the quark means that
the standard perturbation-theory methods can be used
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teraction of bremsstrahlung gluons with k±~R'1 [oia(kl
~ R~2)~ l] and a vacuum condensate of light quarks, R'1

~ 250-300 MeV. Since Q has a large mass, the forma-
tion time for bremsstrahlung with an energy u> and a
transverse momentum k±,

FIG. 32. Diagrams describing the decay of vector (a) and
C-even (b) quarkonia in quantum chromodynamics.

(e.g., the summation of leading logarithms; see Refs.
11, 163, and 164, for example) to describe the final
state in various hard processes, primarily for the
fragmentation function of the heavy quark. Combining
the perturbation-theory results with the parton argu-
ments, we find a closed picture for the production and
hadronization of heavy quarks, in which the brems-
strahlung and confinement effects are intimately re-
lated.

Furthermore, the decays of heavy quarkonia are in
principle the purest source of gluon jets. The vector
quarkonia can decay into three gluons, while the pseu-
doscalar and P-wave states with fc - 2**, 0** can under-
go transitions to two gluons also (Fig. 32). A study of
the decays of heavy quarkonia will thus yield important
information about the properties of the jet produced by
a gluon, in particular, the specifics of the hadroniza-
tion of gluons. Also related to a study of gluon jets is
a determination of the quantum numbers of the gluon
(its spin, parity, etc.). It is pertinent to recall here that
perturbation theory is not a self-consistent approxima-
tion, and it is always necessary to be prepared for ef-
fects not controlled by the perturbation theory. Exper-
iments of this type can reveal the conditions under
which confinement does not prevent colored partons
from exhibiting the characteristics of distinct individual
entities with completely definite properties. In this
manner, we accumulate information on just how "soft"
the decoloring mechanism is.

Finally, we note that since the intensity at which soft
gluons are emitted by a gluon in quantum chromody-
namics is 9/4 times the intensity emitted by a quark,
there is the possibility in principle of comparing the
yields of particles of different species in the decays of
quarkonia and in e*e" annihilation (see Refs. 11 and 164,
for example). In this manner we can test the conse-
quences of the picture of the cascade multiplication of
gluons and their subsequent hadronization.

We will now briefly discuss the spectrum of heavy
hadrons in e*e" annihilation, the study of the spin and
parity of the gluon, and the quantum-chromodynamics
prediction regarding the yields of hadrons of various
species in the decays of quarkonia.

a) Distributions of heavy hadrons in jets

We will first discuss the specific features which
would be caused in gluon bremsstrahlung and hadroniza-
tion by the large mass of the Q quark, MQ (Refs. 67 and
164). We assume M^R» 1, where R is a characteristic
decoloring radius, determined by a nonperturbative in-

is, at z~ 1, always parametrically shorter than the glu-
on hadronization time tluuirot

ss uR2, when the interaction
becomes strong. For fast gluons we would typically
have k^ M9, and there would be an intense emission of
only parametrically soft gluons with z « (M^R'1) «l,kL

~ R. We can thus draw the important conclusion that the
energy lost by a heavy quark on emission is slight and
is controlled by perturbation theory.67'155'164 Taking
this approach, we can find an explanation for the clear-
ly defined heavy-quark (and hadron) leader effect,165

which is kinematically reminiscent of the baryon leader
effect in the pp interaction.

If the parameter MQ/J is large enough, the spectra of
HQ hadrons containing heavy Q quarks should be essen-
tially the same as the spectrum of the quark Q: \XQ

-*HQ I ̂  (MQR)~l at 1 -# Q > H Q »( l /M Q R)(x Q i K Q = 2£Q>HQ/
W). When a sum is taken over all types of hadrons with
the quark Q, the agreement should become even better.
At |l -:%Qi "Zl/M^R, the HQ spectra fall off in propor-
tion to a power of (1 -XH ).

Since the distances which are important in the hard
emission of gluons by quarks Q are determined by the
quantity M£ «R, at (1 - XQ) > l/M9R the Q spectrum is
described completely by perturbation theory and is an
infrared-stable quantity.

In this case the inclusive distribution Z)Q(x) of the Q
quark in the reaction e*e~ — Q(x) + ... is given in the
leading logarithmic approximation (LLA) by 164«16

(5.1)
where $ is a known function of r'/r,yE = 0.577... is the
Euler constant,

r 'i-2 — — (5.2)

> = -f-N—=-n, = 9 (u, d, s-quarks)

N is the number of colors (N- 3), and nt is the number
of "thawed" quarks. The integration in (5.1) is along a
contour running parallel to the imaginary axis, to the
right of all the singularities, i.e., atRej>0. Distribu-
tion (5.1) increases with increasing #. At arbitrary
values of A£ and x, the quantity D%LA(x) can be found
numerically. At realistic energies, however, A£ is
small, for the b quark, for example, and we can use
simple interpolations, for example,

N(A| (5.3)

where M&£) is determined by the normalization condi-
tions. In principle, more-accurate calculations could
reveal the logarithmic corrections to the LLA expres-
sion, (5.1), in the form of a series in as.

In the LLA, we find the following expression for the
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average fraction of the energy carried off by a heavy
quark:

(5.4)

This result corresponds to the results for valence
quarks in a hadron in deep inelastic scattering.167 For
the c quark this result means that at the energies pres-
ently attainable (W= 30-40 GeV) this quark would lose
only about a fourth of its energy on radiation, C*c)
~ 0.75. The b quark would be even stingier with its en-
ergy, (xb}~0.85. An experimental test of these predic-
tions of perturbation theory would be of major interest.
The first data on the production of charm, recently re-
ported, confirm the theoretical expectations: (xc)expt

= 0.7.

The properties of the mets produced by heavy quarks
are being studied experimentally in the "trigger" de-
cays of the daughter heavy hadrons, which carry off
nearly all the momentum of the heavy quark. For ex-
ample, one could detect the transition c — D* +... or
hard leptons from the semileptonic decays of Q. Anal-
ysis of the lepton spectrum will make it possible not
only to distinguish events involving heavy quarks but
also to distinguish between the contributions of differ-
ent heavy quarks. Furthermore, it will become possi-
ble to distinguish between the jets of a quark and a glu-
on and those of a quark and an antiquark. This circum-
stance opens up a path for studying not only strong-in-
teraction problems (the properties of the gluon,155'176

for example) but also the manifestations of the weak in-
teractions of heavy quarks (Subsection 4b). Events in-
volving b and c quarks can be separated by making use
of the transverse momentum (transverse with respect
to the axis of the hadron jet) of the leptons, p[; the con-
dition />{> 1.2-1.5 GeV corresponds primarily to events
involving b quarks.67 Other characteristic manifesta-
tions of events involving heavy quarks in e*e" annihila-
tion could also be cited. For example, along with a
lepton one should observe in such events a substantial
energy loss (carried off by neutrinos) and an apparent
imbalance of transverse momenta.

b) Test of the spin and parity of the gluon

Several perturbation-theory methods have now been
worked out for determining the spin and parity of the
gluon, and they have already been tested experimental-
ly.11'16'168 Taken together, the results show a prefer-
ence for the hypothesis J/c = l". However, an inter-
pretation of any experiment on the properties of quarks
and gluons requires additional assumptions, related,
in particular, to the hadronization of the quarks and the
gluons. It is therefore particularly important to mea-
sure the quantum number of the partons in various ex-
periments, in order to check the various levels in the
hierarchy of hypotheses regarding hadronization.11 In
this case, comparison of the results would represent a
test of both the predictions of perturbation-theory quan-
tum chromodynamics and the ideas regarding the nature
of the binding of partons and hadrons, i.e., confine-
ment.

In efforts to determine how sensitive a theory is to

some prediction or other of quantum chromodynamics
it is customary to compare it with the predictions of
other models, in particular, models in which the quan-
tum numbers of the gluon are changed. It should of
course be kept in mind here that such models are only
auxiliary models, since they do not represent versions
of a systematic theory. For example, the asymptotic
freedom indicated by, in particular, the observed prop-
erties of the quarkonia can prevail only in gauge theo-
ries. In this regard, chromodynamics has no competi-
tion.

1) Decays of heavy quarkonia

The most reliable confirmation of the spin and parity
of the gluon would come from a comparison of the decay
widths of heavy quarkonia, since this comparison would
be based exclusively on the minimum assumption that
the parton states are complete.168'169 In particular, for
the ratio of the widths of direct hadron decays (rdir) of
the pseudoscalar (1S0) and vector (3S1) states,

(5.5)
V

quantum chromodynamics predicts rQCD~ 6( as/ir)"
1 (1

+O(as)) (Fig. 32). In the case of J/i/> and 7jc, for exam-
ple, we would have >"QCD~102 (Section 2). A similar
value would be expected for the case of T,7jb.

If, on the other hand, the gluons are pseudoscalar
particles (j£ = 0~), the ̂  state could not decay into gg,
and both states, 1Sa and 3S11 would convert into three
gluons, despite the difference in C parity. The differ-
ence between widths becomes much smaller than in the
case Jf = 1". In the case of the J/$ and T)C states, for
example, we would expect168 r%~ 10. At J%= 1*, the
theoretically expected widths rdlr(1S0) is much smaller
than in the standard case, with J*= 1", and perhaps
even smaller than rdlr(3Sl).

if J^ = 0*, then 3St can again decay into three gluons,
but in a direct decay of "S,, at least four gluons would
form. In this case we could expect11 r*°' < rj?'r

Consequently, the ratio r^lpt = (3±l)-102 observed ex-
perimantally for J/# and TJC (Table XIII) is in excellent
agreement with the standard gluon of quantum chromo-
dynamics, and it rules out the other possibilities which
have been discussed. An even more reliable test of J%
will come from measurements of the S-wave states of
bb.

A comparison169 of the decay widths of the 3P0 and 3P2

states also requires nothing more than the complete-
ness of the parton states.

2)T-3g

The use of the three-jet processes e*e~ — qqg and T
- 3g (Refs. 170-172, 63, 17) to study the spin of the glu-
on requires more-serious hypotheses, primarily the
hypothesis that the hadrons "remember" the emission
direction and the properties of the partons which gen-
erated them (this is the so-called hypothesis of soft de-
coloring163).

In experiments at the T and T' resonances, the dis-
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FIG. 33. Diagram representation of the decays J/i/>—yf n (a)
and (23S,)-l3S,)7r7r (b). '-

tributions of the elongation axis T of events12' with re-
spect to the direction of the initial e*e~ beams,62 ~1
+ aT cos2 d[( otT)mt = 0.35 ±0.11], and with respect to
the normal to the gluon emission plane,62 ~1
+ aN cos2 0[(aN).XIPt= -(0.29 ±0.06)], have been mea-
sured. The results agree well with the expectations of
quantum chromodynamics171 [(<*T)QCD = 0-39,(aN)QCD
= -0.33] and completely refute the hypotheses J% = 0" and
0*.

- ir*V (I'SJ (Refs.3) J/i/i-yf-yirir (Ref. 173) and
116 and 118).

These decays are shown in Fig. 33 in the approxima-
tion of two-gluon exchange. A study of these decays
will represent the next steps in the "hierarchy" of hy-
potheses.

In particular, the assumption of masslessness of in-
termediate gluons has been used for the decay J/ty — yf,
and the calculations of Ref. 173 included even further
assumptions. For this reason, it is not surprising that
we do not find a good agreement between the predic-
tions of Ref. 173 and experiment in measurements of
the polarization state of the f meson in the radiative de-
cay42 (cf. the note with Table II with xtheo=0.76 and ytheo

= 0.54).

It was shown in Refs. 116 and 118 through the use of
a multipole expansion of the gluon fields that the ratio
of the widths of the cascade transitions of ip' and T',

J/lfTTTT) '
(5.6)

should depend strongly on the spin of the gluon: feQCD

« 0.1, feo**!. In contrast with the scalar case, the
quantum-chromodynamics amplitude for the process is
proportional to (y2> [Subsection 2c and Eq. (2.52)].

The experimental result,62 &,OTt = (8.5 ±6)-10'2, indi-
cates a clear preference for the quantum-chromody-
namics expectation.

The fact that these different methods agree with each
other in terms of the gluon spin is extremely impor-
tant, since it justifies our arguments regarding the
properties of confinement. In particular, we find fur-
ther experimental support for the hypothesis of soft de-
coloring.

c) Hadron multiplicities in the decays of quarkonia

The experimental data on the multiple production of
hadrons in e*e" annihilation at high energies23'174 fur-

nish qualitatively good support for the clear predictions
of the picture of a cascade multiplication of gluons (see
Refs. 11 and 164, for example) — predictions which are
specific to quantum-chromodynamics perturbation the-
ory: a sharp acceleration of the growth of the average
charged-particle multiplicity <woh) with increasing W,
the characteristic plateau structure, etc. Also in
agreement with this picture is the observed increase in
the yield of baryons (p,p and A, A ) in hadron jets.164

The latter fact also indicates that in the fragmentation
of gluons into hadrons the formation of light glueballs
does not play a governing role (saturation of the final
state by glueballs with mg< 2.5 GeV would have reduced
the relative yield of baryons).

In the doubly logarithmic approximation of quantum-
chromodynamics perturbation theory there is a general
functional technique for calculating the asymptotic be-
havior of various characteristics of the production of
hadrons in jets: the multiplicities, spectra, correla-
tion functions, etc.175 When the known gluon distribu-
tions in the decays of quarkonia are used, this technique
can also be used to calculate the characteristics of the
multiple production of particles in these decays in the
case in which the relative gluon emission angles are
quite large. With the more or less symmetric config-
urations in the decay VQ — 3g, however, we can find
some simple relations between the characteristics
measured directly in the direct decays of quarkonia
with the corresponding quantities in e*e" annihilation at
W=(2/3)MVg (Ref. 11). Here the theoretical uncertain-
ties, e.g., those surrounding the corrections to the
doubly logarithmic formulas of the perturbation theory,
become less important. It must be stipulated, how-
ever, that the estimates found below may be somewhat
crude, particularly since the actual three-jet symmet-
ric configurations of gluons in the VQ decay are not ab-
solutely dominant.

Here we will discuss only the emission of hadrons of
various species h in the direct decays of quarkonium VQ.
VQ. The average multiplicities (wh(VQ)) can be related
to the contribution of bremsstrahlung gluons to the cor-
responding multiplicities in e*e" annihilation, («h(e*e~))
by means of11-164

12) The T axis lies near the direction of the highest-energy
gluon jet.11

where A(wh) is the increase in the multiplicity in e*e~
annihilation as the energy is increased from ~2 GeV to
W. The factor of 3/2 results from the transition from
two jets to three, and the factor of 9/4 results from the
higher probability for the emission of soft gluons by a
gluon than by a quark (see Ref. 176, for example).

For the T meson, expression (5.7) gives a reasonable
estimate of the charged-particle multiplicity [«ch(T)
= 8-10]. For t quarkonium (toponium) in the mass in-
terval 40-50 GeV the estimated value of <wctl(T)> is
35-40.

Since the baryon yields are low at low e*e~ -annihila-
tion energies, W-s, 3 GeV [at W K 3 GeV, we have
Mp(e*e") = ( 2 ± 1)- 10~2], essentially the entire observed
multiplicity of nonleading baryons can be attributed to
a cascade breeding of perturbation-theory gluons, by
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replacing A v« j (e*e~)> in (5.7) by <w;(e*e")). Hence we
immediately find the prediction that the multiplicity of
baryons in direct decays of quarkonium should be sig-
nificantly higher than in the background.164 Interesting-
ly, this situation holds even in the case of the 3/ip me-
son. For example, we have177 n-y(i/^>)~ (6.3 ± 1.8)- 10'2,
which is 2-3 times higher than away from the reso-
nance. This result may be interpreted as an argument
for a three-gluon nature of the direct decays of J/iji.
When we work from data on the p, p and A, A yields in
e*e~ collisions (see Ref. 23, for example), Eq. (5.8)
leads to values in the case of the T resonance which are
in good agreement with experiment (Table VI): (n
= 0.74±0.08 and < « t ( T ) > = 0.22 ±0.04.

We wish to emphasize that in this picture of events
the increases in the multiplicities for the hadrons of the
various species associated with the emission of pertur-
bation-theory gluons are similar in nature. In the case
of t quarkonium, where the preasymptotic effects asso-
ciated with the size of the substrate are small, we
would expect to find an approximately identical ratio of
the baryon and meson yields at resonance and away
from it.

6. TOPONIUM AND WHAT IT MIGHT BE

Superheavy quarkonium may be thought of as an amaz-
ing world in which the weak electromagnetic and strong
interactions play roles opposite those with which we
have become familiar. The weak- interaction effects,
which are negligible in charmonium and bottonium, may
prove important or even dominant for tf. From the the-
oretical standpoint, everything is transparent here:
The Coulomb description holds within the limits deter-
mined by the theory, but the decay properties are very
peculiar. Let us briefly look at the expected properties
of toponium, T, the !3St state of tt (see Refs. 86, 87,
and 141, for example, for more details on these ques-
tions). As we have already mentioned, hopes for de-
veloping a gluon factory are pinned on toponium. This
factory would permit a detailed study of the properties
of gluons and their hadronization. Some unique possi-
bilities for studying the properties of weak interactions
are also presented by the decays of T (Section 4).

The expected properties of T depend most strongly on
its mass, MT. Unfortunately, the existing theoretical
predictions of this mass stretch over a broad range,
from values just slightly above the level which has been
attained experimentally, S37.6 GeV, up to MT* 150 GeV
(see Ref. 178, for example) or even higher.

The basic decays of superheavy vector quarkonium,
QQ, can be described by the diagrams in Fig. 34. Fur-
thermore, transitions involving Higgs bosons, e.g., QQ~
— Z°H, . . . (Fig. 31), are possible in principle.

We are particularly interested in transitions de-
scribed by the diagrams in Figs. 34h and 34i, which
correspond to weak decays of one of the quarks in
heavy quarkonium. In the case of the t quark, the dia-
gram in Fig. 34h corresponds to the transition

tt — >- t + b -r leptons or hadrons. (6.1)

The t and b quarks can convert into a new hadron tq and

FIG. 34. Basic diagrams corresponding to the decays of
superheavy vector quarkonium QQ.

a B meson, or they can form a superheavy hadron tb.
We thus see the real possibility of studying new ele-
ments of the quark mixing matrix U [in particular, C/tb;
see (4.4) and Subsection 4a]. The contribution of de-
cays (6.1) to the total width of T becomes appreciable
(£5%) at mts 25 GeV and increases with increasing
mass of the t quark; at Mz s MT s 2MW it becomes dom-
inant (more on this below). Experimentally, these de-
cays can be detected reliably from, for example, the
hard leptons from the transition W" — eve or from the
semileptonic decay of the t quark. The diagram in Fig.
34i works at mt>JWw.

We turn now to the diagrams in Figs. 34(a-34g). All
correspond to short-range QQ annihilation (and are thus
called annihilation diagrams) and are proportional to
the square of the quark wave function at the origin.
Taking y and Z° exchanges into account [Figs. 34(a) and
34(b)], we can describe the leptonic width r(T— e*e~)
by the following expression [cf. (2.17), Subsection 4b,
and (4.11)]13':

r (T -* e'e-) = r?r 1 - 2fet>tftz

Qt
(6.2)

where

Sun |/2

and ri{.= r(T— e*e")QED is the purely electromagnetic
contribution to the leptonic width of T. The axial con-
stant at and the vector constant vt for the t quark are
determined in the standard model9'154 by Eqs. (4.12),
while those for the electron are given by

ae = -1, ve = (4 sin'- Ow - 1), (6.4)

i.e., z>.«l, since sin20w= 0.23. We recall (Subsection
2a3) that r| depends comparatively weakly on the quark
mass, and the energy dependence of the leptonic width
is determined essentially completely by the last term
in square brackets in (6.2). In particular, r(T~ e*e~)
increases sharply at values of MT near Mz.

Since we have vv = av=\. for neutrinos, the width of the

'•"Expression (6.2) changes near the Z° peak, in particular,
because of the modification of Rz by radiative effects and
the incorporation of Fz (Refs. 179 and 180).
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FIG. 35. Dependence of the ratios
T r(T-^tf) d T _

- - r ,T _ e*e-)QED •

transition T- t>t7 [Fig. 34(b)] is given by

(6.5)

At MT ~ Mz the transition T — S* vv is a significant frac-
tion (0.1-0.2) of the total T width, and it would be very
interesting to observe this transition, by making use of,
for example, the radiative tail179: e*e~ — T + y. Such ex-
periments would be particularly interesting in connec-
tion with the effort to obtain information on the number
of lepton generations. On the other hand, the decay T
- vv might be observed in a study of the cascade14'

23S,-*-l3S1 + JI+ + JT. (6.6)

The width of the decay T~qq corresponding to the dia-
grams in Figs. 34(c) and 34(d) is [cf. (6.2)]

(6.7)

We might note that in the case of the transition T— bb
we must add the contribution of the t-channel exchange
of a W boson [Fig. 34(g)] to the amplitude described by
Fig. 34(d). The W-exchange itself generates a contribu-
tion to the total width given at t/cb= 1 by181

A/I

[m,+ (l/4)An,P
(6.8)

Figure 35 shows the dependence on the T mass of the
ratio

r (T -*. tf ir( =- (6.9)

of the widths F(T-ff) to the electromagnetic width T|..
Shown for comparison here is the ratio rls= r(T— 3g)/
r?. calculated from an expression like (2.41). We see
from this figure (see also the discussion below) that the
contribution of three-gluon annihilation decreases with
increasing MT, not exceeding 30% at MT £ 60 GeV.

14>The possibility of finding limits on the decay l3Sj — vv
from cascade (6.6) became the subject of an active dis-
cussion immediately after the discovery of the J/'J and
iff mesons (see Ref. 97, for example).

The difference between the dd and bb contributions re-
sults primarily from the constructive interference of
the diagrams in Fig. 34(c) and 34(d) with the diagram in
Fig. 34(g). Near Z° (MT« 80-90 GeV), the behavior of
the T — f f channels is determined completely by the pole
term, modified131 in accordance with Refs. 179 and 180.
A further increase in the quark mass leads to an obvi-
ous "interlacing" of the various forces. Near the Z
pole, for example, the leptonic widths of the excited
states lying closer to Z must be larger than the leptonic
width of the ground level.182

Experimentally, the T —qq transitions may give rise
to two-jet configurations; the T —bb mode can be sin-
gled out without any particular difficulty by making use
of the distinctive features of the decay of b quarks (see
Subsections Ib and 4a).

At MT2 100 GeV, the modes T- HV [see Eq. (4.17)],
T- Z°y, and T- H°Z° become comparable to the anni-
hilation transitons discussed above. As we have already
emphasized, however, the decays of the free t quark
become dominant at these energies [Figs. 34(h) and
34(i)]. In contrast with the annihilation diagrams (where
the MT dependence is quite weak, except for the effects
of the Z° pole), the corresponding contribution to the
total T width in this case is proportional to m\.

At mi<My, ignoring all the fermion masses other
than mi and mw and setting |f/tb| = 1, we can write the
following expression for rj1 — W + —:

(6.10)

The factor of 9 reflects the presence of nine allowed de-
cay channels. The function f reflects effects associated
with the phase volume and the W propagator (Fig. 36).
Figure 37, taken from Ref. 87, compares

Tf = F ( T - v f f ) and 1SF (t -* b uv)

for various Values of the mass MT. We see from this
figure that the decay of the free quark becomes signifi-
cant ([(T?^Wt..m)/rT]z 6%) at MT;s 50 GeV; at A/TS 70
GeV, its probability is roughly twice r(T—3g) and
amounts to ~ 1/9 of the total T width TT.

At MT > 2MW, the decay of the t quark accompanied by
the formation of a real W boson becomes predominant
[see the diagram in Fig. 34(i)]. The corresponding
width of the decay T-W + ... is (Utt>~ 1)

r(T

We wish to emphasize that the various hadronic decay
modes of T can be distinquished experimentally by mak-

FIG. 36. The function /(m£/M\,, mb/m|) atm^S GeV and
Afw =80 GeV.
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FIG. 37. Comparison of the widths of the decay87

ing use of the distinctive features of the corresponding
events. For example, transitions of the type T — qq
correspond to primarily two-jet events, T— 3g transi-
tion correspond to a planar topology, while the decays
of the free t quark give rise to events which are, on the
average, isotropic. Furthermore, as we have men-
tioned earlier, hard direct leptons correlated with K
mesons (from the decays of the b quark) should be ob-
served in the latter case.

At the T-resonance peak, the cross section for the
e*e~ annihilation corresponding to the decay of the free
t quark is179

O (e'lT -* tt-) , r f e a , , a r k d e c a y / i r r e c ' l u a r « d e c a y ° (e*e~ ~* H+H~). (6.12)

ii n -, f~ ( FIT -»o->c-) ^ / rt'-v . . . WJMllfLV
«lrceq,,ark decay - ^T \ ~\ - j^ - }( - <- - ) ( ,,/T ) >

where
(6.13)

and a is the energy spread in the e*e~ beams (a~ W2).
At MT s 70 GeV, we note that r(T- e*e~)/rT and thus
the ratio tftreequarkdocay depend only slightly on the quark
wave function.

The cross sections corresponding to other T decay
modes, r(T — f ) , can be found from (6.12) through the
replacement rj_w»... -r(T-f').

We have seen that the possibilities for experimentally
observing T and studying it in detail depend strongly on
cr (see Ref. 59, for example). For toponium with a mass
MT = 40-50 GeV at a (in MeV) = 22- 10'3M£ (in GeV2), for
example (the figures corresponding to the PETRA), we
find that the maximum cross section exceeds the back-
ground by a factor of 2-3 in the hadronic mode and by a
factor of 1.5-2.5 in the muonic mode. There should
thus be no difficulty in measuring the leptonic widths
and reconstructing the total. At MT >MZ, we might note,
the chances for studying toponium become slimmer be-
cause of the large radiative tail of Z°; an attempt should
be made to "tune away" from this tail.155-179

7. OUTLOOK

Although we know a lot about heavy quarks, it appears
that there is still more to learn. We can expect more
striking and important discoveries. In particular, the
observation of the t quark and measurement of its mass

could strongly affect the theory of quarks and leptons.
The t quarks may prove a unique factory for generating
exotic entities such as Higgs particles. Furthermore,
we do not rule out the possibility that a fourth genera-
tion of quarks (if it exists in nature) will be observed.

Many problems remain unresolved in the fields of
charmed and beauty quarks. The information which can
be obtained here deals primarily with the properties of
the strong interaction, in particular, gluon dynamics.
As always, the most attractive areas are the frontier
areas which have not yet been reached by the theory.
From this standpoint the cq and bq systems—charmed
and beauty particles—are surprisingly rich. Here it is
necessary to study the exclusive weak decays, to learn
how to calculate the transition form factors of the type
f?~*K, and to resolve finally the problem of the life-
times of all the charmed hadrons. An analysis of tran-
sitions of the type D*~Dy and D* —Dir would be inter-
esting. There are of course many unmapped areas in
the family of charmonium and, especially, bottonium.
It is believed that some P levels remain to be discov-
ered. The radial excitations of J/i/) above 4 GeV may
hold some surprises. Important information can be ex-
tracted from hadronic transitions between the levels of
charmonium (or bottonium) and in the radiative decays
of J/V and T.

In accumulating data on the various decays of heavy
hadrons we are obtaining information on the elements
of the quark mixing matrix. Information on the transi-
tions of the b quark to c and u quarks would be particu-
larly interesting at this point.

Progress in the physics of heavy quarks has been
surprisingly rapid. There have been at least 10-15
major theoretical and experimental findings in the past
few years; more importantly, the increasing effort in
this field will definitely be rewarded.
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