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Abstract:

We discuss the results accumuiated during the last five years in heaby
quark physics and try to draw a simple general picture of the present
situation. The survey is based on a unified point of view resulting from
quantum chromodynamics.
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INTRODUCTICN

Investigation of heavy quarks is a very important part of the medern
high energy physics. It suffices to recall that the quark model itself be-
came generally accepted only after the discovery of heavy quarks that has
produced an immense effect to the whole subsequent development of experi-
ment and theory. This discovery stimulated & considerable progress in such
fields, disconnected originally, as Quantum Chromodynamics (QCD) and the
electroweak interaction models. It is no chance that the discovery of the
first heavy quark {the charmed ¢ quarkl)) was marked by the Nobel Prizez).

" Basic information on the ¢ quark is compiled in previous reviews, e,g?'4),
which are presumably familiar to the reader. A useful information can be
found also in a number of reviews5'12); but we will not suppose that the rea-
der has studied them all.

A lot of new data was obtained during a few recent years: the charmoni-
um family has been proliferated considerably, a heavier quark (the beauty b
quark13), see also in Ref. 8) was discovered, direct gluoh effects were in-
vestigated. In view of the recent progress we feel it is necessary to syste-
matize the newly gained data, to expose the modern progress from a unified
point of view. The general theoretical picture which will guide us through
all the review is based on QCD whose abilities are well checked now.

The first particle in the newly discovered family, J/¢, was detected
eight years agol), but today we look at this fact as an event of ancient histo-
ry. The theory has gone a long distance from the pioneering work by Appel-
quist and Po1itzer14), revealing the nature of charmonium, to the modern high-
1y sophisticated methods. At the early stage, some people supposed that "char-
monium may well be a 'hydrogen atom® for the physics of strong interactions.
Then a considerable part of the hadron physics can be related to the charmoni-
um spectroscopy ih quite the same manner, as molecular spectra are related to
the hydrogen spectrum" 3 . In a sense, though not literally, the cited predic-
tion has been confirmed.

At present, there is a quantitative discription of a1l aspects of heavy
quarkonium. Sometimes, the accuracy of the description is better, in other
cases it is worse, since we still have no selution for the confinement problem.
By and large, we understand the structure of the system quite well and can use
it often as a probe for the strong interaction, concurrent with colliding efe”
beams. The probe is unique, as it provides with a direct information on proper-
ties of the gluonic medium filling the physical vacuum, while more convention-
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al probes, like v* and W, are coupled to quarks. Besides, heavy quarkonium

is a first-class testing ground for investigation of weak interactions, in-
cluding some of most nontrivial objects {Higgs particles, axions, etc., cf.
for instance, Ref. 10).

Dealing with the theory of heavy quarkonium one should have in mind
that in its present state it is not yet completed, as it is the case for the
tydrogen atom. A number of "standard" approaches are elaborated, but nobody
has succeeded in traversing the whole way from the fundamental QCD Lagrangian
to real experimental quantities (masses, widths, etc.) with no supplementary
assumptions. The sum rule approach, based upon the concept of a complicated
nonpd’@urbative structure of the QCO vacuum is the closest to fundamental
chromodynamics. Unfortunately, this method is not completely universal. The
nonrelativistic potential model, originated in fact from the pioneering work14),
is very popular. Some peopie use old prescriptions and models, 1ike the guark-
hadron duality, bag model etc., filling them, however, with new contents,
Below we shall give brief characteristics for the theoretical tools used in
the analysis of heavy quarkonium, and discuss some particular facts. Naturally
enough, we dwell mainly on recent results, and try to select the most crucial points*
0f course, the selection of "main" results is a subjective matter. In particular,
we discuss the physics of ete” collisions, but leave aside such processes as photo-,
hadro-, and neutrino-productions of heavy quarks. The interested reader may
turn to other review324’28). As to theoretical approach, we do not put special
emphasis on the nonrelativistic potential model that was a basis of numerous
works on heavy quarks. Actually, excellent reviews written by experts are avail-
ablezg) {a compilation of recent results has been given in Ref. 30).

Besides the problems relevant directly to heavy quarkonium, we are going
to consider some velated issues, for which the quarkonium serves rather as a
épring-board for thegretical attacks.

We start the review with an exposition of main experimental facts accumu-
Tated during the past half-decade (Chapter 1). Our purpose in this chapter
is to provide the reader with an information important from the point of view

**The experimental facts used here are extracted mainly from the works pre-
sented to the 1981 Symposium on Lepton and Photon Interactions, Bonn{16-24},
and ¥XI International Conference -on High Energy Physics, Paris 1982. As a
rule, we quote in the text only the data which are absent in the latedt edi-
tion of the PDG tables(31).
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of the theory. A theoretical interpretation of this material is presented
in Chapters 2 - 5, which constitute the most important part of the review.
We consider also such aspects as the mass spectrum of heavy particles,
their Teptonic and hadronic decays, effects due to the weak interaction.
Application of QCD perturbative methods to processes involving heavy quarks
is discussed in Chapter 5. The expected properties of toponium, the ti-sys-
tem containing the sixth, as yet not discovered quark, are considered brief-
Ty in Chapter 6.
Finally, in the last Chapter 7, we give a 1ist of trends in the experi-
mental and theoretical investigation, which seem to be most promising in our
opinion.

1. BASIC EXPERIMENTAL FACTS

1.1. c QUARKS

The experimental study of ¢ guarks has continued to develep inten-
sively during the last six years. The main subjects of the investi-
gation performed in ete” collisions were as follows: (i) a detailed
analysis of radiative transitions between charmonium Tevels; {ii) a search for miss-

ing levels (in particular*, 1130, 2150, 1Pl, ca.
decays of J/v and search for new hadronic states, Tying below J/w; (iv) investi-
gation of properties of charmed hadrons.

A substantial pregress in investigations of charmonium properties was made
recently, owing to the nmeutral detector Crystal Ball (CB) operated at the SPEAR
machine in Stanferd. In essence, CB is a spherical shell composed of NaI(T1l)
crystals; it is able to detect phqtons with high accuracy {the photon energy
resolution is AEY/EY = 2.6%/(EY1/*(G9VJ),the anqular resg1ution is 1-20). The total
statistics, accumulated by CB, amounts to about 2.2 . 10~ J/y bosons and about
1.8 - 106 ¢ bosons. In the Tast year the CB detector was transported to Hamburg and
is presently being used fo study the T system at the new DORIS II e*e~ storane
ring at DESY.

A} Charmonium

}; (iii)a study of radiative

Known levels of charmonium lying below the open flavoer threshold and the
corresponding radiative transitions are shown in Figure 1.

a) y mesons. Above the charm productien threshold in the e*e” = hadrons cross sec-
tion the ¢"{3770) resonance is detected, which is a "D-meson factory" {Mw" -

2MD° = 40 MeV). A number of resonance structures lying higher than the ¢" have also
been observed . Parameters and supposed quantum numbers of these states are present-
ed in Table 1. The parameters of J/y and ¢' states are also given here, for

the sake of completeness. In particular, we would like to draw attention to
precision measurements of the masses performed in Novosibirsksz) by means of

* We use the following spectroscopic notations:
("r + 1)(ZS * 1)'5 where n is the radial quantum number (the number of nodes
in the radial wave function).
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an original methed of the resonance depolarization of e” oneam-.

b) C-even states. These states wers investigated in inciv<ive spectra of phe-
tons from decays of ¢' and J/y , as well as in the incluvive charnels J/y -
¥ + hadrons, J/9 + 3y, and ¢ » vy + hadrons, @' + 2v + J/u. Five states are

established reiiably ng: three 3P tevels, xg, X1+ X2’33} and two parachar-
monium states n_(2980)%13%) and " 1(3592)%) . The Tatter are identified as
1150 and 2150 levels, respectively, Figure Z illustrates the inclusive photoen

spectrum in the radiative decay of ¢'16) as cbtained by the CB Collaboration.

¢} Decays. ¢' = J/y + (n.no).A very interesting byproduct from investigation
of cascade radiative transitions between ' and J/y¢ states is observation of
the decays ¢' > 3/y +nand 3' > J/y + a°. The latter decay breaks the isoto-
pical symmetry, and the ratio of the decay widths allows one to measure the
current quark masses "directly".

36a) attempted to find the elusive IP {JP 1t "} charmenium

0, (1P ) and the cascade ¢' -+ no + (1 . The fol-
fowing bounds were obtained in the expected mass interval M(1 P17/ {see eq.(2.20))
BR (v' »+° ') < 0.42%,

The CB group
tevel in the decay ¢' » n

BR (4" » a0 1 P,) - BR (Ip1 > yn.) <2.20% (for M(lPl) = 3.50 - 3.515 GeY), (1.1)

BR (v' » ° 1p)) < 0.56%, BR (v' » 2° o) - BR (Ip) > yn ) < 0.142
{for M(1P,) = 3.515~ 3.525GeV) (1.2)

B) Decays Jfp » vy _* light hadrons

In gluon physics, this process is an analogue of the famous e*e” annihilation.
In terms of gquarks and glucns, we say that

03 -~ ggv, g9 > light hadrons {1.3)

(the two-gluon system is in a colourless state}. By regulating the photon energy
we control the invariant mass of the hadronic system,

m2 (1ight hadrons) = M {1 = x), x = ZEy/M.

The Towest order of the QCD perturbation theory suggests (compare the graphs
of Figures 3a,b) that

e {1.4)

where Qq is the quark electromagnetic charge. In this approximation the x
distribution of photons grows practically linearly for all x. (The domain
allowsd kinematically is 0 2 x = 1). By identifying T gg 24 T(/¥ > v + Tight
hadrons) we assume, in fact, the gluon-hadron duality, which is evidently broken
at large x (low mﬁadr}' If one still accepts that rygg = r{J/¢ =y + Tight ha-
drons} one finds that the branching ratic of the radiative transitien of J/v
into Tight hadrons is related to 6Y in the following way

R (J/¢ + v + light hadrons) - fl - (R+ 2) BR (Jfy>e'e)

1+ 35
¥

- BR (J/y > yn }1 (1.5)

where R = o(e"e shadrons) / c(e+e' + u+u_). For o, = 0.18 we get BR (3/p ~
vy + light hadrons) =

Experimentally, the yield of inclusive photons is identified reliably only
for x ~ 0.5. For lower x values there are considerable uncertainties due to
subtraction of the photonic contribution arising from the two-photon decays
of n and 7 mesons; the latter are copiously produced in the hadronic decays
of J/v. The data obtained at SPEAR™®) indicate that the total yield of the
vy guanta is in reasonable agreement with (1.5), while the shape of the photon
spectrum deviates sharply from the prediction of the perturbation theoryga)
(see Figure 4a). One sees from Figure 4 that in the intermediate region x =
0.5 - 0.7 the ratic (dN/dx)exp / (dN/dx)theor is considerably higher than 1,
which might be due to some broad resonance structures. For large x the ratio
is Tess than 1. However, more careful measurements of the incliusive photons
have shown that this domain is saturated by narrow peaks, corresponding to ra-
diative transitions of J/y into the known mesons (no, ns 's ), as well as
into new state516’40’25) (Figure 4(B} and Table 2}.

Two of them, 1 and & , are generally accepted as respectable resonances
since they were observed in different channels by two groups (Table 3). Apart
from these mesons whose existence is beyond any doubt a few other (probably
resonance) structures were found in J/y radiative decays. We mean, first of

all, a peak in the channel J/y » Ypopo 43). If one tries to fit it by the Breit-

Wigner curve one gets43)
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= 1650 + 50 MeV, T

Mpp tot = 200 + 100 MeV,

and, moreover,

BR (3/¢ » vo%° s m < 2 GeV) = (1.25 & 0.35 £ 0.4) - 1073,

It may well turn out that the peak is actually a manifestation of the & meson.
In this case the 2 p mode will be one of the most important decay modes of s.
The available data are insufficient to prove or rule out this hypothesis.

A broad enhancement was observed also in the channels J/y - ynrin,
379 + vir®r® 22}, The Breit-Wigner description yields

M = 1710 = 45 MeV, T

e tot ° 530 + 110 Mev.

The number of events in the peak ~ 5 - 102, and the corresponding branching
ratio amounts to

(3.5 + 0.2 £ 0.7) - 1073,
(2.3 £ 0.3 £ 0.8) - 107,

BR (J/lb +'Yn1r+11_)
BR (J/y +»yntn)

n
1+

-+

H

Notice that these rates are comparable to those of most intensive radiative de-
cays known previously,

-3 -3

BR (J/y »yn') ~ 4 - 1077, BR {J/y » yf) ~ 1 - 10

There are some indications of other mesons - gluonium candidates - in hadro-
nic reactions and two-photon collisions.We shall not touch upon the correspond-

ing data, The interested reader may turn to the ta1k25) ar the original papers.

Both mesons, 1 and 8 , are discussed in the literature as serious ;andidates,
perhapé, opening the family of particles built from gluons - glueballs. There
are arguments pro and contra such an interpretation. Some of them will be con-
sidered in Chapter 2. In any case, one should keep in mind that there are no
vacancies in the lowest pseudoscalar and tensor nonets. Indeed, the (}_+ iso-
scalar states are n and n’; the corresponding places in the 2** nonet are occu-
pied by f(1270) and f'{1515). '

C} Charmed hadrons

a) D-mesons (ci, cd). At present, they are rather well studied. There are two
isodoublets; spinless 0° and D*, and vector D*° and D*'. Their properties are
investigated mainly at the resonance ¢" (" - DO almost completely), and at
the peak y(4030}. The values of D-meson masses and basic non-leptonic decays
are presented in Ref. 31). New data referring to D* are compiled in Table 4.
Mean multiplicities of the charged particles from D decays are

<n_,>» = 2.46 + 0,14 ; <n_, >
ch DO ch o

+ 2.16 + 0.16 {1.6}
Measurements of semi-leptonic decays of D-mesons provide very im-

portant information on the decay Ca-se+ue. Since AT = 0 in this transition,

the widths of the semi-leptonic decays of 0° and DY are ghyigus)y eaual.

+

r(0% > ef 4w, 4 X) = (0T w et + v+ ).

This fact implies that the ratio of the D, D® Pife-times is

ot

0° BR (0% et 4y, +X)

BR(0F e + v+ %)

(1.7}

T

The evolution of the experimental situation has been rather dramatic. The
value of BR (D+ set s Ve + X) - (19 % 3)%,according to SLAC datas - turned out
to be close to the number expected for the free guark decay, = 1/5 (see Fig. 5}.
Meanwhile, the same experiments gave an essentially Tower value for BR (D0 -+
et + Vo t X}, so that the ratic Tt /1 o turned out to be too high {to give
an idea on the scale of the anomaly we quote the DELCO resu1t45) TD+/TDO > 4.3).
Such a large difference, by a factor of ~5, between the 1life-times of 0° and Dt
seemed to be confirmed also by direct measurements in nuclear emulsfons exposed
to beams from proton accelerators, see Table 5 and Ref. 23), 24), 12). The ob-
served anomaly rD+/rDo gave rise to an outburst of theoretical speculations.
Forestalling the end of the story let us notice that reasonable
theoretical estimates for the ratio TD+/TDO lead to a number close to unity,
and in any case not higher than 1.5 - 2. However, under the pressure of the data,
some theorists gave in and proposed a number of models "explaining" the TD+/TD°
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anomaly and "predicting" ot / Tp® = 5-10.

In 1982 the situation seems to begin to normalize after appearance of the
data on the direct measurements of D%, D* life-times performed at the SLAC
hydrogen bubble chamber in the photoproduction experiment at E = 20 GeV. The
result obtained, <pe = (7.3 f g:g) . 10713 seczs), js close to the emulsion
data and to predictions of the free quark decay model, T = 6.5 ¢ 10'13 sec.
At the same time the value of o = (7.7 7 3:0) - 10713 sec, found at siac,
became considerably higher than in previous measurements, see Table 5 and
Ref. 26.

Note also that the semileptonic decays are, seemingly, practically exhausted

by three-particle channels, O » K*(8%0)eu, (37 + 16)%) and D =+ Kev ((55 14)2)").

b) F-meson (cs). The situation here is not yet established. The preliminary re-
sults of the DASP group48) were interpreted at first as observation of the F-
meson with mass Mc = 2030 = 60 MeV and of the F¥*-meson with mass Mg, = 2140 =
60 MeV in e'e” collisfons ({in the reactions ete”™ .+ FF¥, F#[%). They have not
been confirmed, however, by later experiments of the CB group49). The existence
of the F mesons is now established reliably only at proton synchrotrons (e.qg.
Ref. 23), 24), 12)) It is claimedl?>%8) that the emulsion data correspond to
the value of o = (2.0 * é:g) - 10713 sec.
More recent measurements yield a larger number,

= (4 - 5) - 1073 sec, {1.8)

true, with an enormous error (see Table 5}.
One can expect that, with statistics increasing, experiment will stabilize
at the level (1.8). It goes without saying that the rapprochement of and
1 15 welcome. Indeed, the value = - 2 - 1078 sec, as well as that for T
quoted below, seem very suspicious - hardly admittable - from the theoretical
point of view. As it will be arqued in Chapter 3 the life-times of all charmed
particles should coincide with the naive estimate Te ™ 6.5 10_13

pre-asymptotic corrections {~ 0{50%)).

sec up to

¢) Charmed baryens A_{cud), 1. (cdd, cud, uuc). An abundant experimental infor-
mation on the produczion of A was obtained on proton accelerators; and there
are some traces of E:’ 2t These measurements result in the following value

of v, :(1-3) .10
colliSions by a sharp increase in the inclusive yields of p,p and AR at W =

seczs). The charmed baryons were detected in efe”
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4.5 Gev®®). The a_ mass amounts to M, = (2282.2 = 3.1} MeV, decay branching
ratios are presented in tablessl). ¢

By studying inclusive electron yields in the ete” annihilation with pro-
duction of baryons, in the energy range W = 4.5 - 6.8 Ge¥, the MARK II group

has measured51) semileptonic decays of charmed baryons,
BR (A, > e'vX) = (4.5 = 1.7) %

As was mentioned above, the value of BR (4, - e+veX), as well as Ty, seems
to be underestimated by a factor of 3 - 4 (for details see Chapter 3).

1.2. b QUARKS

A new breakthrough in particle physics happened in May-June of 1977. The
united CFS group, headed by L. Lederman, operating at the proton synchrotron
at FNAL {USA), discovered a new family of heavy particles with masses near
10 Gevls). These particles, named T mesons, were found by the mass
spectrum of wte” pairs in proton-nucleus collisions {Figure 6). The new dis-
covery was "tried and tested in fire", since soon after the first observations
of the mesons a fire flared up at the experimental set-up, and the results
were reproduced only after the group had done away with the damage. With fur-
ther increase of statistics the authors were able to make a statement that the
data are described best of all by the hypothesis of existence of three narrow
peaks in the spectrum, corresponding to mesoms T, T', T" with the masses ~ 9.4 GeV,
~ 10 GeY, and ~ 10.4 GeY, respectively.

Immediately after the T meson discovery, the physics community, which was
actually prepared by the preceding J/v episode bedan to speak about a new,

still heavier quark. The popular hypothesis which had practically no competi-

tion read that we were witnessing the birth of a quark, its mass about 4.8 GeV,
with a new quantum number, named “beauty"*, conserved in strong interactions.
Correspondingly, the T mesons were considered as particles with hidden beauty,
the 17 levels of the bb quarkonium{“bottonium"),

As in the case of the ¢ mesons, only the ete” annihilation experiments could
provide with a final proof of the existence of the new quark. They were neces-
sary in order to investigate its properties in more detail. In efe” colliders

* Another name for the new quark can be also found in the Titerature, it is
sometimes referred to as the bottom quark {i.e. the Tower quark n a new
quark doublet.
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available at that time, energies were insufficient for the T searches. Imme-
diately after the publication of the CSF resuitsls) a new modification of the
DORIS facilities was undertaken, and already by the end of April or first
days of May, 1978, two groups, PLUTOSZ) and BASP—253) have detected a narrow
peak in the ete -annihilation cross section, correspending to the T meson
with the mass MT= 9.46GeY. By the end of August, 1978, the T' peak with the
mass MT. = 10.02 GeV was observed at DORISS4). The observed widths of T and T'
were in good agreement with the calculated energy resolution of DORIS, so that
the proper widths turned out to be very small (<< 20 MeV}. This was the most
important argument in favour of the bottonium interpretation of the T mesons.
The resonances T and T' were confirmed at the CESR collider (Cornell, USA},
which came into operation in 1979. The third narrow resonance T" whose mass
MT" = 10,35 GeV was first studied here55’56). Soon the CESR team announced
a broad resonance T"'57’°a) with the mass Mpire = 10.55 GeV and the width
I about twice as large as the energy resolution (T = 14 £ 5 MeV). This widtk
is Targer than twe orders of magnitude, so there is apparently no Zweig - Iizuka
suppression in the ™' decay. According to a subsequent analysis, this resonance
is an analogue of ¢(3770). In other words, T™ represents a factory of B mesons
(i.e. the mesons -composed of the quark pairs by, bd): T = BB. No new states
¥ in the region between T" and T were foundls)(the upper bound is r(? > ete')
<0,03 keV). To illustrate the situation, we reproduce in Figure 7a the cross
section e*e™> hadrons in the T-resonance domain. Note that the T-resonance
peaks are comparable to the non-rescnant cross section, in sharp contrast to
the case of the J/¢ meson, where the resonance-to-background ratio amounts to
about two orders of magnitude. This fact reflects both a substantial smearing
of the beam energy resolution (ae % Eez) which results in the resenance suppres-
sion, relative increase of the background, and a trivial decrease of the reso-
nance cross section due to (ijﬁj)z = 1/459). Measuring the ratio R in the energy
region ﬂ = 10.40-11.50 GeV one observes a typical open flavour threshgld: above
™' the value of R becomes larer by AR ~ 0.2, on the average {see Fig. 7b)
(the systematical errors practically cancel after the subtraction). The measure-
ment of other characteristics of the ee” annihilation - multiplicities, shape
of the hadronic events, direct lepton yields - also confirms this rise of the
cross section. The results are in good agreemgnt with the assumption that the

charge of the new quark is Q, = - 1/3, so that En;heor = 3QE = 1/3.
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A) Properties of T resonances

The level structure of the bb-quarkonium (bottonium) and the expected
transitions are shown in Figure 8. Unlike the charmonium, only the T(n351)
Tevels!?) and the excited P Tevels (2°P;)%%) are established retiably at pre-
sent. No wonder, of course, since the world of the beauty particles is con-
siderably younger, and besides that, the statistics accumulated here is about
two orders of magnitude lower than in the case of the charmonium states.

The T-resonance parameters, known at present, are given in Tables 6 and 7.
As it follows from Table &, the width of the direct decays T » 3g -+ hadrons,

T(T > 3g) m T, - (34 R(W =10 GeV¥)) r (1> e'e’), (1.9)

turns out to be approximately equal to T{T + 3¢) = 27.5tg keV, which is con-
siderably less than I{J/v = 3g) = 44 keV. This fact indicates a fdecrease of
the colour coupling @y with the momentum transfer increasing and is a striking
manifestation of asymptotic freedom {more details are given in Section 2.1 of
Chapter 2.). :

The event shapes were investigated thoroughly in direct (non-electromagne-
tic) decays of T mesons, in order to test their three-gluon nature, T + 3g
{details see in Refs. 11, 63). In complete agreement with (QCD, the distributions
in eight different topoiogical characteristics in the T decay agree well with
the three-gluon model, while outside the resonance, these distributions correspond
best of all to the quark-antiquark pair production, The confirmation of the three-
jet structure in the T hadronic decays was the first direct manifestation of

- gluons, It was only because of the insufficient energy of the gluonic jets that

this fact by itseif was not considered as a decisive proof of the existence of
qbuons; their discovery was declared after the observation of bremsstrahlung
gluons in the process ete” » qqg -~ hadrons made at PETRA (Hamburg) at W 230 gev
(see e.g. Ref, 11).

First attempts were undertaken to estimate the width of the radiative decay
T > ggy »+y + hadronsﬁ4) . The pubtished upper bound T(T + yag}/r(T + 39) < 27%
(90% C.L.) is rather weak (cf. (1.4), 5$=3.5%).

Very important characteristics of vector bottonium are its full and purely
hadronic ("three-gluon") widths. If for the ground level, T, these parameters
are measured directly, for the excited states, 7' and T", one has to rely on
theoretical reconstructionsls). Consider for definiteness 1'. The full width is



- 14 -

Pyot (T') = T(T" > 39) + T{T" >y > ..) 4 P{y' > ra1)

+ T(T" = v + P levels} + inessential channels.

Moreover, for the first two terms one can evidently accept
r(r' > e'e)

r{T' +3g) + (T + v+ ...} = e
BR{T - ee )

Besides that

r{T' =+ wnT) = T, _(T') / BR{T' > nT),

tot

and the widths of the radiative E1 transitions on P levels are estimated theo-
retically either in potential models or by a simple rescaling of the corre-
sponding numbers for T'. In the case of T" there are direct experimental data
for BR{T" = vP) which are, though, in good agreement with model calculations
{see below). In this way we reconstruct the full widths of T', T" and their
three-gluon widths. The results are presented in Table 7.

Another recent result having far-going consequences for the theory is the
measurement of the pion spectrum in the decays T' - Tw+w", ™ ot 65). If
in the former decay the pion invariant mass distribution (it describes 17 events)
is compatible with that in ¢' » J/¢ n+n', in the T" decay the picture is drasti-
cally different.Them _distribution is absolutely flat (Fig. 9), and this fact is
hardly understandable within the framework of the standard theoretical construct-
jons. We shall dwell on the issue in Chapter 2,

A few words about observation of the tottonium P levels in E1 radiative
transitions. The most definite result refers to the transition to the excited
P levels,

™ > v + 23PJ .

which has been studied both in the inciusive photon spectrum T" + y + ..., and

25

in the cascades T" + vy + 23PJ + 2y + T ). The statistics available allows one

to draw the following conclusions
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M(2P,bb) = 10.250 GeV
BR(T" » vy + 29P)) = (34 + 3 ) % (1.10)
BR(3S » 2P + y) BR(2P » 25 + v) = (5.9 + 2.1} %

(3.6 + 1.2) %

BR{3S + 2P + v)-BR{2P > 1S + v)

Moreover, spin splittings are aiso detected and different spin levels are re-
solved (Figure 10.).

The CLEO experimentalists observe also a signal in the ¥" =+ 2vy cascade
at EY10w ~ 410 Mev25). {f one accepts that the»signa1 cgtresponds ta the
transition to the ground P state, ™" + v + 1’PJ. then®>’

M(13Pd,b5) - 9.93GeV; BR(3S > 1P + ) BR(IP > 15 + y)= 3.1:2.2%

However, such a conclusion seems to be premature both from experimental and
theoretical points of view. The experimental sianal js statistically not
very significant. Of course, more important for us are theoretical arguments.
The existing analysis of the QUD sum rules does not admit the ground P state
mass higher than 9.86 GeV. Likewise, the majority of potential calculations
yield a quantity < 9.90 GeV,

For a more detailed discussion of this question see Chapter 2.

Notice also that previously the CUSB group has been studying the radiative
transitions to the P levels using the fact that, unlike T\ 5 3g, 3P0 2
Tevels decay predominantly into two-gtuon state. This should result in ;n ad-
mixture of two-jet events in T', T" due to cascades T{n3) » v + {{n - 1)3 PO,Z)-

Although in such statistical procedure there are some ambiguities - it is clear
from the very beginning - it still yielded the fellowing important information18

BR(T (25) +—Y(13PG’2)) = (8+2) %
BR(T (35) » v(2°Py ,)) = (20 & 3) %. (1.11)

Adding transitions to 391 levels, with equal weights, we get the values of
BR (T(ns) » vy (n°P} ) by a factor of 1.5 higher than that in (1.11) .
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B) Beautiful hadrons

Mesons and baryons which contain a single b quark are called beautiful.
Most accessible for investigations are B mesons (B° = bd , B = bu) since
they are copiously produced inthe T™ resonance. Recently the CLEO group ob-
served 8 mesons tn a direct way for the first time having reconstructed it in
the following modes:

B™ > 0%, B% Crte, BO 2 6™, BT 4 "+ CuCL

A1l the branching ratios are of the order of few percent. Besides that, there
exists a rather rich indirect information.

a) Mass. MB satisfies the following inequality

M'I'" < 2 MB< MT,.,

Experimentally it is established17’18) that the =" - B*B mode constitutes

only a small fraction of the full T™ width, so that the ™ » BE channel is
the dominant decay mode. The modern values of the B-meson masses are:
= 5274.5% 1.4 Me¥
BY (1.12)
gt = 5274.0+ 2.1 MeV.

M
M

b) Yields of K mesons. Weak decays of the B mesons, which have finally con-

firmed the nature of the new b quark, were found by a substantial increase in
the yield of K mesons and inclusive leptons in the ™ resonance. An important
information on the structure of weak interaction is obtained from these data.
The whole set of the data, including the topological characteristics of ha-
dronic events, indicates that the production and subsequent decay of the BB
takes place, the particle mass is about 5 Ge¥, and the transition b > G + W
dominates for b quarkleI) (see Figure 11a}}, as it was expected inthe framework
of the standard six-quark model. In particular, such a decay should result in

a large number of K mesons in the final state because of the transition BE -
DX + KK + ... . As it was shown by means of the Monte-Carlo simulation, the
ratio of the (Kir + K°) yield in the BB events to that in the non-resonance re-
gion, py = opglK) /“ofF{K)’ must be, approximately, 1.8 for the b -+ ci” tran-
sition (Figure 1l1a), and about ! for the case b » uW (Figure 11b). Experimen-
tally 'pK‘ exp ° 1.9 + 0.3%2),

The fact that the transition b + uW is small, is confirmed also by the shape

of the electron spectrum in semileptonic decays B » Evex.
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c) Semileptonic decays. In the ™ resonance the eiectron yield increases
sharply. By measuring the electron {muon) yield one studies semileptonic
B-meson decays.

The inclusive leptonic events are in agreement with ithe assumption that
the dominant role in the semileptonic B decays belongs to three-particle
channels 8 + D(D*)Hu].

The observed shape of the leptonic spectra corresponds to the decay of
the free b quark with production of the hadronic system X =D + ... with
mass ~ 2 GeV. The possibility of smaller masses, Mx'i 1 GeV, is ruled out

experimentally. This is more evidence in favourof the dominance of the b - cW”

transition, since for b + ul~ the X system mass might be noticeably lower than

2 GeY.
Quantitativelyzs)

BR{B » ev X} / BR{B - ev X} £0.093 {90% C.L.)
which implies, in turn (see chapter 4)
<
|Vbu ! Vyel= 0.21 {1.13)

Data in the T™ resonance enabled one to determine mean multiplicities of
charged particles in purely hadronic and semileptonic decays of the B meson,
ch_ h ch s.1

N> p=63203¢ 0.3 <n"p " =41 20.3520.2 (1.14)

It is seen that the multiplicity in the B-meson decay is rather large, so that
enormous difficulties in observation of particular exclusive channels become
clear,

The probabilities of the B-meson semileptonic decays, measured by various
groups, are collected in Table 8. Within the errors they are in mutual agree-
ment, and are Tower than the prediction based on the free quark decay (Fig. 11},
which amounts to BR(b = ¢ + & + ;e) =~ 16%, with account of the phase space
effects, see e.g. Ref. 67*. One may think that with time the experimental values
of BR{b > ¢ + & + ;e) will come to agreement with this quantity.

* An enhancement of the non-leptonic Hamiltonian due to hard gluon exchanges in-
essentially Towers this number, down to = 15%, see text-book({7).
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Note that measuring yields of inclusive leptons with momenta larger than
those allowed in the decay B » Dev,, one will be able to get unambiguous
information on the transition b -+ ulW-. '

The CLEO collaboration have announced recently 26)

detect the decay

their attempts to

B+ J/v + X

expected in the standard model. The J/¢’s have been identified by the ete” or
u+uh modes. The following upper bound has been obtained

BR(B > J/¢ + ¥)< 1.4% (90% C.L.) .

We shall return to theoretical interpretation of the fact tater on.

d) B-meson lifetime. The JADE group, working at PETRA, has obtained a lower
bound for the B-meson Tifetime 68,26

(Tploxp < 14 X 107 Ysec. (95% C.L.) (1.16)

The authors managed to bound the B-meson decay length in events with inclusive
muons. Thus one gets a new lower bound on the quark mixing angles (see Section
4.1 of Chapter 4). Note that starting from existing information on the mixing
angles we expect

g = 107 - 107 Msec, (1.17)
e) Non-standard models. A1l the available data on the B-meson decays agree
with the standard six-quark model of weak interaction (see Section 4.1 of

chapter 4). Besides, there is a number of clear-cut experimental argumentsl7’20)

against various non-standard and exotic models.

Finally, the B-meson decays rule out the existence of charged Higgs bosons N
with the mass in the interval 2 GeV < LTI In fact, the data on the inclusive
lepton yields and the measurement of the enmergy carried away by charged hadrons
in the b-meson decay do not admit the cascades

b+ g s {1.18)

> T- Vr,C5
which were expected to be dominant if B existed in the indicated mass interval.
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2. THEORY OF HEAVY QUARKONIA

2.1. SPECTRUM

A) Quarks and their masses

As it was explained in Chapter 1, the existence of two heavy quarks, c¢ and
b, is established reliably. Their etectric charges are + 2/3 and - 1/3, and
they form the charmonium and bottonium families, respectively. People believe
that there must exist a third heavy quark, t, not yet found experimentally, with
the electric charge + 2/3.

The most important characteristic of the heavy quark is its mass. Since the
guarks are confined, it is impossible to weighan isclated quark, as one does
weigh, for instance, the muons. Nevertheless, one can introduce a notion of the
so called current quark - an object which is essentially deprived of its gluonic
cloud. (To be more exact, only seft gluons are eliminated; hard gluons result in
logarithmic corrections which are readily accounted for.}

The current quark mass depends on a normalization point and is involved in
ali the calculations based on fundamental chromodynamics. For the ¢ and b quarks
it was determined69’70) from the QCD sum rules:

m. = 1.40 GeV my, 4.80 GeV (2.1)
We give here the numbers referring to the so called on-shell mass,a gauge inva-
riant quantity, well-defined in the perturbation theory. (Note that a somewhat
lower value of LN 4.71 GeV was gg;ained in Ref. 71). The Euclidean mass, also
often mentioned in the literature ~/, does, on the contrary, depend on the gauge
condition. For instance, in the Landau gauge one has

2 a
mo? - -nf) < m (7 =y {1 - 27502 L
i1
and the coefficient of g varies in proceeding to other gauges. At present,
there exist many independent estimates for the Euclidean mass of charmed

quark569’72_74). They all agree with each other and with Eq. (2.1}:

m. e 1.25 GeV (p2 = —mg » Landau gauge). (2.2}

Unfortunately, the situation with b quarks is worse. According to Refs. 74 and
n, m (Euclidean) =~ 4.26 GeV, and this quantity is, seemingly, too small: it
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should be larger by approximately 150 MeV in order to be in agreement with
Eq. (2.1). Evidently, the problem deserves a further analysis.

People whe work with constituent quarks usually get considerably larger
masses. This is rather natural, of course, since the quarks they deal with
incorporate some gluon cloud.

It is noteworthy that

MJ/W > 2mc s {2.3)

while

Mo< 2m . 2m - Mo 130 Mey 70

(2.4)
The situation with J/¢ seems quite natural, but Eq. (2.4) might be surprising.
Actually, effects due to confinement tend to increase the resonance mass as
compared with the quark mass doubled. Why then M; < Zmb? The Coulomb attraction
becomes numerically important for the T family; it overcompensates a positive
mass shift due to the confinement forces.

As for the hypothetical t quark, fts absence in the PETRA experiments
implies that

20,21)

m > 18.5 GeV . (2.5)

Now, to understand the quarkonium spectrum, cne should know, apart from the
quark masses, the nature of the binding forces. According to the modern views,
quarks exist in a complicated medium - the non-perturbative QCD vacuum, popula-
ted densely by longrange fluctuations of gluon fields. These non-perturbative
fluctuations lower the vacuum energy density as compared with its perturbative
value. If a QO pair is injected into the vacuum, the colour quark field some-
what ffeezes the fluctuations in an adjacent domain75), and an effect%ve attract-
jon between § and @ results.

One should have in mind that in real systems, like J/y or T, the attraction
force is not described, generally speaking, by a static potential. Indeed, the
impact on the gluonic medium can be represented by a potential only if the me-
dium has time enough to tune itself and follow the {slow) quark motion. In other
words, the condition under which a potential can be introduced is

Yauark ©° “glue ° (2.6)

-1 -

where « is a characteristic frequency. For the charmonium and bottonjum fa-
milies, the order of magnitude of the characteristic frequencies is the
following

wouark ~ Myt~ Myzs Moo - Mp v 0.6 GeV (2.7)

and the frequencies specific for the gluonic medium are approximately the same.
Moreover, the validity of the multipole expansion (see below} implies that
mg1ue < mquark' If this is the case one may expect substantial deviations from

the potential picture, especially for charmonium. This expectation is confirmed,

in a sense, by the recent analysis of various relativistic effects77).

B) Gluonic condensate

Peculiar properties of the QCD vacyum which are responsible for the formation
of spectrum, are not yet understood completely, but some gross features are
known. For instance, the net effect of long-range gluon fluctuations is measured
by the vacuum expectation value of the gluon field squared,

a .a
<vacIGuv Guvl vac> £ 0. (2.8)
On one hand, this parameter is reduced, in a strajahtforward wav, to the
vacuum energy density 73),
1 a9 % a .a
yac = n—<vac[9uu| vac> = - gy <G G, (2.9)

where auv is the energy-momentum tensor. Here we have used the fact that in

oco epu is determined by the so-called triangle anomaly73),
Blac) - 9
g o=— @@ gy rmags-——6 & .
Hy der LRSI VRV q S v HY
s q

On the other hand, the gluonic condensate plays a special role in the heavy
quarkonium physics. What is the reason? The QQ pair, forming a quarkonium
state, is coloriess, so its coupling to the vacuum field is of the dipole
type

1 a
Hop = =79 (8] - t)ee (2.10)
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where % is the chromoelectric field and t?,z stand for the color SU({3) gene-
rators acting on the quark and antiguark indices, respectively. For transi-

tions between colorless states, the first-order term in Hint
the dominant effect is due to the second-order term, preportional to

vanishes, and

<E%% = —%- <G3U G3U> s

plus higher iterations.’
The vacuum expectation value {2.8) was introduced in Ref. 79 where its
magnitude was estimated from the charmenium sum rules:

a 4

[+3
wac) 2@ @ | vacew 1.2 - 1077 Gev {2.11)

More recent investigations70’71’30’81)

, based on similar principles but invol-
ving more data, indicate that the vacuum expectation value can be, in fact,
larger by a factor of ~1.5.

Comparing Egs. (2.11) and (2.9), we see that ..
perfect agreement with the fact that in the confining theory non-perturbative

fluctuations should necessarily Tower the vacuum energy density.

is negative.This is in

C} Pre-Coulomb behaviour

In one particular case, the information written down in Eg. (2.11} is suf-
ficient to build a genuine and exhaustive theory of the quarkonium levels. If
the quark mass is large enough, the quarks are bound essentially by the Coulomb
force at distances of order of k;l where kn is given by the following relation:

_m2
ky = 75 2slky) (2.12)
{n is the principal quantum number and m is the quark mass}. For larce kn

the orbit radius is small, commared to the charcteristic wave Tenath of the
vacuum fluctuations, hence

Irc Dl-l GuB! << |GC‘B| (2.13)

and higher-order non-perturbative effects can be neglected. The Tife of the
quarks becomes simple: they form a Coulomb system which feels, however, an in-
fluence of an external constant field.This field is (a) weak, (b) random,

(¢} chromoelectric {corrections due to the chromomagnetic field are suppressed
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by two powers of the coupling as(kn) )
Being stated in this manner, the problem has an elegant and exact solution
{based on the operator preduct expansion) described originally by Veloshin
and Leutwy1er76’82_84}. They succeeded in finding an analytical expression for
the Tevel shifts, namely
2

k Mt
= n m 2 S w2
Mn]—Zm—T—n—-{l-;Bnan1<-I-8—G>} , (2.14)

where 1 is the orbital angular momentum and an is a known coefficient function
of order of unity; say, g ™ 1.65, a5 = 1.78, etc. (m stands for the so-called
on-shell mass, see the above discussion), This formula will be useful for the
tt phenomenology; it is even more important from the point of view of the theory,
since it provides with a guantitative answer to the guestion at which quark mas-
ses the Coulomb-1ike picture sets in.

Evidently, the expansion parameter in Eq. (2.14) is

me 2 Mg o

Eg "< e G~ >,

n
and it is of order unity for the bb systems. (We mean the ground state, kl(ﬁg)
~ 0.96 GeV with <« {1GeV) = 0.3, i.e. M = 100 Me¥.) For lighter quarks the
binding force has nothing to do with the Coulomb interaction, and the latter is
quite negligible. On the cantrary, heavier guarks form almost perfect Coulomb
levels, the deviations are very small.The upsilon family lies somewhere in be-
tween: here the Coulomb terms are competing with non-perturbative ones.

It is instructive also to examine the n-dependence which turns out to be
very sharp. Already the first excited level in the bb system is completely
non-Coulombian. For n = 2 the lower boundary of the Coulomb domain is shifted
to m A4 20 GeV. For such quark-mass the number of the excited Tevels below the
continuum threshald is rather Iargegs),

1

ne2m /m)P R -8,

and one can enjoy a rich spectrum of dynamical scenarios in one and the same
quarkonium family.
Of great practical interest is the result for theelectronic width r(13$1 +
+ -
ee ),
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AZZ m2 LI :
T =T i1 +T\:I {1 +I54'93<T8HG>} {2.15)
1

The expression presented here is taken from the work of Voleshin, that obtained
by Leutwyler is somewhat different; Teoul is a purely Coulombic width,
293 16a(m)

2o, - opey, (2.16)
m

—

Teour = 47 (Qy)

Qq is the quark charge, and the correction factor |1 + AZ / AY12 is due to the
Z-boson contribution, The curve for the reduced width,

3 4+ =y 102 AZZ
{1°S, » e'e )/Qq |1+ ﬁ:| (2.17)

Tred = T 1

is displayed N Figure 12. It is surprisingly flat in the domain m %10 Gev,
where the result is reliable.

It is interesting that within the framework of the same approach one can
estimate spin splittings as well.

Say, the splitting for the ground state (n = 1) 1s the followingsa):

3 a (m)
mdsy) - mals,) = B St | o) 1
m
o
2.-1 688
+ <T3§ [52 > (l%mkl) 1 153

(2.18)

where wl(o) is the wave function at the origin, containing in turn two distinct
terms,

3
ky

. 2 o4
}2=“—{1+4.93E’—6<—1—%GZ>} (2.19)
K
1

I‘i’l(o)

Substituting here the b-quark mass, m, = 4.8 GeV, one gets 90 MeV, approximate-
ly. Unfortunately, the expansion parameter is equal to unity, and we have no
reasons to believe that higher-order non-perturbative terms do not change the
answer,

As it was noted in Ref. 89, the dominant effect is just a renormalization
of |¢1(0)|2, while other non-perturbative contributions are limited under rea-
sonable assumptions ( % 5 MeV for the bb system). On the other hand,HJl(O)l2
is known from phenomenclogy, from T{T + u+u'). In this way we get

_ 25 -
ustmb) “s(mb)
Hy =My BT(1) S (161 )
. ] (2.20)
vo—=65 (amkd) B8 36 wev
18 153

where the O(as) correctionssfound in Fig. 88, are atso included. Amusingly,
this formula does also work for J/y (the resulting splitting is 60 + 30 =
90 MeV), although, of course,.one can hardly justify theoretically such a
distant extrapoelation.

It goes without saying, that with such a small difference it is extremely
difficult to detect f experimentally.

Formulae for the hyperfine splittings in 1P and 2P states, analonous to
{2.18), have been obtained in Ref. 90. Unfortunately, as it was mentioned above,
in proceeding from L=0 to L=1 the domain of the applicability of the method is
shifted sharply to higher masses. We do not present here the amalytical ex-
pressions for the mass splittings 4 = M(lPl) - M(3P0), by = M(lPl) - M(JPI),
bg = M(3P2) - M(lPl), that were obtained in Ref. 90; they are rather lengthy.
The approximation becomes reasonable for m % 40 GeV; and for quarks with mass
40 - 50 GeY, occupying the lowest P levels, one has LA 9 MeV, by 3 2 MeV,
by s 3 MeV.

n) Charmonium and Bottonium

The charmonium and bottonium size is too large to apply the technique des-
cribed above directly. A very powerful alternative approach are the QCD sum
rules which allow one to get accurate predictions for the Towest-lying levels
with different quantum numbers in terms of fundamental parameters.

Let us consider, for instance, the vector channel of charmonium. The defi-
nition of the spectral density Rc is standard,

+

R = ofe’e” » charm) / slete” » 'y,

(o
where the cross section c(e+e' » charm) includes J/¢ , higher resonances, and
the charmed continuum. As well-known, at present QCD does not rescive separate
resonance structures, only the smeared cross section is predicted. Thus, for-
mally speaking, one has to recede a step back as compared to the theory presen-
ted above {Subsect. C}. Instead of a particular level we shall consider now the
weighted sums over many levels.
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However, if the weight function is steep enough, the sum may be in fact satu-
rated by the lowest-lying state, and we get a {quasi-} theory of such states.
In other words, everything depends on our abilities to calculate integrals

IR (5)F(s)ds

with steep weight functions (of power or exponential type). The firsi system-
atic investigation of such integrals in QCD has been undertaken in Ref., 91 -
93. During the last years we were witnessing a considerable progress in this
direction. At present, the QCD sum rules are successfully exploited not only
in heavy quarkonium but also in such problems as the spectrum of Tight mesons73)
and baryonsga), form factors at intermediate momentum transfersgs), three-par-
ticle coupling constants, for instance, per 96) etc.

The basic theoretical steps are simple. We start with a two-point function
with the appropriate quantum numbers. For instance, in order to analyse RC we
take

Ty - iraxe’ ¥ <0 T (v, elx)Ey c(0)3] 0> (2.21)
The simplest graph contributing to m  is shown in Fig. 13a.) Moreover, because
of the famous asymptotic freedom, it is the only one which survives in the deep
Eu€lidean domain of Qz. A trivial smooth behavicur of Rc(s) at high s is in
one-to-one carrespondence with asymptotic freedom.

When we proceed from the Euclidean domain towards the physical region, the
interactions become important bringing in an additional mass scale. Respective-
ly, the smooth curve for Rc(s) becomes tess smooth at Tower s, and resonace
structures do appear.

The interaction which is the first to manifest itself and turns out to be
the most important is depicted in Figure 13b . The crosses on the gluon lines
indicate that they are non-perturbative, and the graph is reduced to the vacuum
expectation value {2.8), times a known function of 02 79’72—74).

On the other hand Huv can be expressed in terms of Rc by means of the general
dispersion relation. Thus the resonance properties are correlated with the fun-
damental vacuum parameters.

We do not dwell on exposition of the technicalities, they can be found in the
original paper571_74). Just to illustrate the specific features of the method,
we will reproduce a plot from one of the early works73) (Figure 14). It displays
the ratio of the moments,
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R _(s) R.{s)
C C
r = ds / ds =
n J n+l I n
s 3
2
_no-1 1 (6n+14)n(n+1}{n+2) . 4 21 }
[ L 1 - <X wa G ... p(2.22)
% n anf { (2n+3)(2n+5) g ° (‘tmg)2

as a function of n. For large n ail the contributions, except that of J& , die
away, and r MS?¢ . Unfortunately, in the present-day theory we cannot consi-
der infinitely large n, since the non-perturbative terms blow up. However, for

n =5 -6 (from the physical point of view these numbers may be considered as
large}, the term proportional to <G2> is still under control. Meanwhile, for
such n the J/¢ contribution exceeds 95%. Thus, the J/% mass is expressed in
terms of the quark mass to a one-percent accuracy.

In fact, the investigations proceed in the reverse order: the quark mass
and ‘62 >were fitted to reproduce the experimental value of MJ/¢. With these
parameters in hand , one can predict masses of the lowest states with other
quantum numbers, The results for the P Tevels of charmonium, obtained in
Ref. 74, are given in Figure 15. In all cases ome has a nice stability plateau
(this fact is due to some technical improvements developed in Ref. 74); its po-
sition is in perfect agreement with the experimental mass value. The authors
have also predicted the position of the elusive 1P1 Tevel:

m1tp,) = 3.51 £0.01 Gev. {2.23)

Seemingly, this i3 the most accurate and reliable estimate available teday;
we believe it will be confirmed when the level will be discovered*.

Perhaps it is worth recalling a dramatic story of the n, discovery. It was

first found at a wrong place, 2.83 GeV, while the sume rules imply72)

M =3.00 + 0.03 GeV.
T

*Recall (Section 1.1 of Chapter 1) that the state 1p (JPC = 1% cannot be ob-
served as a resonance in the direct channel of the e' e annihilation, neither
in the decay 3' * YlPl. The cascade ¥' *'sz‘*74P1 is expected to be suppress-
ad because of a small mass difference between Xy and lPl. Search for the ¢' -+
0 1P1 transition37) was not successful thus far. Morsover, the upper bound for
BR(W"*“0 lpl} is already somewhat lower than the existing, though very rough,

theoretical estimates, for details see Ref. 37. The cascade ¥' + yn' ~ Y?lPl is
probably the most promising way of observation on theip1 Tevel.
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The discovery of the 2.98 GeV state at SLAC was thus one of the major success-
es of the QCD-based ideas=.

An analoqous analysis for the bottonium family is hampered by the necessi-
ty of accounting for the Coutomb interaction. All the difficulties were cvercome,
one by one, in Refs. 70, 98 where a non-relativistic variant of the Borel
summation technique was used. First, the 1~ channel was considered, and an
accurate value of the b-quark mass was extracted, that was quoted above. Then
a more difficult problem is investigated, namely, that of the 13-P level
splitting. The final result for M(P) 1570)

M{1P,bb) = 9.83 + 0.03 GeV. (2.24)

A close number, 9.80 GeV, has been obtained by Bertlmann in a somewhat diffe-
rent way71)- It is moteworthy that various potential models provide with a
spectrum of predictions, ranging from 9.86 up to 9.94 GeV {the most typical
number is 9.90, see below),

The superfine splitting in bottonium has also been studied within the sum
rule approach, and it was obtainedgg)

M’r - M, b“ 30 MeV (2.25)

This result is in very good agreement with Eq. (2.20) and, thus, the corres-
ponding prediction should be considered as reliable.

(Later on, exactly the same method was used in Ref. 74 but with a different
result, aM~ 60 MeV. Probably, this number is overestimated, because the Cou-
lomb corrections were not taken into account in this work.)

The QCD sum rules are insensitive to the position of the radial excitations.
As far as 3PJ—1eve1 splittings are concerned, they can be, in nrincinle, extract-

ed from the sum rules. However, thus far, this has not been done. Thus, in both
cases, one has to invoke the potential model. An exhaustive ana1ysis'of the
battonium family accounting for the relativistic corrections r"(U/c)z is under-
taken in Ref. 77. The authors use, in essence, the potential of Eichten et al
(the funmel-like potential). In order to account for the spin dependence they
construct the Breit-Fermi Hamiltonian in which the Coulomb singularity at the

+The state %(2.83) was shady from the very beginning bcause of the expected
large width of the J/y » yX transition, stemming from a naive estimate of the
Ml transition (e.q. see Ref, 97)
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origin is smeared out artificially at distances < mol. The enerqy eigen-

values and eigenfunctions are determined by virtue of a numerical integra-
tion of an equation with the Breit-Fermi Hamiltonian. The authors assume

that the linear term in the potential is scalar under the Lorenz transfor-
mations - only in this case they manage to reproduce the charmonium spectrum.
A1l free parameters are fixed by fitting charmonium where theoretical results
deviate from the experimental ones by at most 20 - 30 MeY. Then, the predic-
tions for the bottonium family are formulated (Table 2}. For 2351 and 23PJ
the agreement with experiment is very good. It seems that one may expect

the same accuracy ( ~l0 - 20 MeV) for 1P levels as well; their center of
gravity is located, according to 77)at 9.90 GeV.

This Tast result, and especially the sum rule prediction (2.24) is a for-
cible arqument questioning the fact of observation of T" - {1P,bB) + v with
EY = 410 MeV {the corresponding 1P state mass amounts to 9.95 GeV, see Chap-
ter 1).

Notice that calculations of Ref. 77 imply a too large superfine splitting
1331 - 1150, approximately three times larger than the correct answer {cf.
eq. (2.20)). The authors of Ref. 77 confess that their predictions for super-
fine splittings are not quite reliable since they depend on the details of
smearing of the singularity at the origin. As it is common to a]l potential
catculations one fai1577) to reproduce the leptonic widths of n'Sl levels
{see Subsection 2.2.),
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2.2. LEPTONIC AND PHOTONIC DECAYS

A) Leptonic widths

The same sum rules which are so useful in the spectroscopy, give simul-
taneously leptonic widths of the ground levels. A1l the relativistic effects,
renormalizations etc. are taken into account automatically. The result for

J/y is known for several years n0w69’72’73).

It is in excellent agreement
with the experiment; evidently, no further comments are necessary. As for the
t particle, the situation became clear quite recently. Because of large Cou-
tomb factors appearing in the sum rules this decay rate is very sensitive to

the value of ag The theory requires70)

P> pu’) = 1.15 + 0,20 eV,
and
ag(1 Ge¥) = 0.30 + 0.03, (2.25)

corresponding 1o Ape = 100 - 150 MeV. It is impossible to go beyond these 1i-
mits, at least if our basic concepts are true. The world average for the Tep-
tonic width is r(r *’”+“-)exp = 1.17 + 0,05 keV (Table 6}.

As to the guark-gluon coupling constant, the latest data welcome Eq. (2.26).
A set of results referring to deep-inelastic lepton-photon and photon-photon
scattering, properties of the three-jet events in the ete” anpihilation, and a
series of other characteristics (details can be found, say, in Ref. 100) show
that the world average is*

r =160 P90 ey (2.27)
s

The branching ratio BR {r - u+u_) is also in agreement with this number,
BR {7 + u+u_) = (3.3 + 0.5) % (a detailed discussion js given in Ref. 99). It
is worth recalling that the QCD sum ru]es73} have never admitted a value of
D;S(IGEV) considerably higher than 0.3. (A few years aqgo the commonly accepted
magnitude was A=500 - 700 MeV)

In principle, the sum rule method enables one to determine alsc other Tepto-

*For a definition of the parameter “ﬁg see Ref. 101.
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nic widths, e.g. I'(n. -+ 2y). Technically, this is a more complicated problem,
as compared to the case of the electronic widths, since instead of the two-
point functicns one has to analyse the three-point functions of the type

<OIT (8(0) vge(0), 35" (%), 3% ()10 (2.28)

In order to get a reliable prediction, one has, of course, to take into account
the gluon condensate effects, as well as the usual gluon exchanges. The first
steps along these lines have been done in Ref. 102, where Gz terms in the three-
point function (2.28) were found. The non-perturbative effects are shown to be
substantial, and the obtained width of the e 2y decay, 4.5 keV, is considera-
bly less than the naive potential model estimates that give 6.0 - 6.5 keV.

The former number, 4.5 keV, is quite close to the old estimatesg), obtained

from the sum rules in their primitive form (i.e. without the gluon condensate}.
OFf course, without the gluon condensate, one cannot estimate the accuracy of

the prediction reliably. Results of Ref. 102 permit one tc achieve the same
extent of reliability as in the oroblTem of electronic width.

As was already mentioned the sum rules are insensitive to radial excitations
and do not fix with sufficient accuracy their masses and coupling constants.
Likewise, the potential models cannct provide with accurate estimates of
14(0)1% - the quantity determining r(n’S + e*e”) and r(n'S; » 2v). In parti-
cular, in Ref. 77 E¢(0)!2 for ©, T' and T" systematically exceeds, by a factor
of 2, experimental values. Moreover,according to Ref. 77 the superfine inter-
action enhances |¢(0)|211S by 3-4 times (!) as compared to |w(0)|213S - a
result which is in sharp dQSagreement with the sum rule predictions, sée the
previous paragraph. However, non-potential effects seem to cancel in the ra-
tios r(n’s; - e*e”) / r(1%5; » e'e’) (Table 10).

3) Other methods, other trends

We have already mentioned the potential model in connection with various

aspects of quarkonium physics. The conventional local duality 104} i< also

used often; its starting assumption is
s, FAs So * 4s
[ Tphysical (319 = %bare quarks‘s)9s (2.29)
5, " A5 5, - &5

However, one should not demand from these models more than they can really give.
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It is important to realise that the potential derscribing the spectra of charm-
onium and bottonium is nothing else but an effective potential. The true sta-
tic enerqy might reveal itself in highly excited levels (s1ightly below the
flavor threshold). Here the level spacings are small and the quark frequencies
are substantially less than those specific for the gluon medium. In other words,
in this case the potential approach is quite justified from the theoretical
point of view.

The potential model is indispensable for orientation, and it gives a nice
general picture; however, it cannot (and should not} answer all subtle questions,
such as the sumerfine splittings, precise determination of the leptonic de-
cay rates and so on.

The naive duality relations 1ike {2.29) are usually exploited in order
to extract the couplings of mesons to various currents. It is known that the
amplitudes

Q| dryel Wy, <0lTyeh>, L.

are reproduced well in this way.

The origin of the duality is quite clear within the semi-classical treat-
ment of the Schroedinger equation105)
ture.

; actually, it fs of a mere general na-

The true reason explaining the local duality is the fact that the interac-
tion switches off at short distances. If at short distances the theory approaches

the asvmptotically free limit, the local duality at high energies is guaran-
teed.

Consider a virtual photon of a high energy E, which converts into a 0§ pair.
The conversion takes place at distances ~ 1/E, and its probability is proportion-
al to U(e+e' + bare quarks). Only at much larger distances, ™ E/Az, confine-
ment effects switch on in full. They play the role of a larae hox which makes the
spectrim discrete, Evidently, the sum over a few adjacent discrete levels repro-
duces the cross section 0(e+e_ » bare quarks) up to termsn (1/E) to a positive
power.

Thus, the local duality is a rather trivial fact for highly excited states.
As for the lowest state, J/y, its validity, confirmed by the sum rules, seems
more surprising, at least, at first sight. One could hardly foresee beforehand
that the non-perturbative effects would be so modest and would not blow up in
the domain where the current correlation functions are practically saturated
by the J/y. The fact that this is indeed the case shows that the characteristic
quark frequencies in J/y are numerically larger thar those inherent to the
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gluon medium. In other words, the J/v size is smaller than the confinement
radius. The expansion parameter reduces to RJ/¢/Rconf = 1/2 to a rather
large positive power (2 or, even, 4).

With quark mass increasing the accuracy of the relations (2.29) becomes
worse. Actually, in a purely Coulombic situation the Coulomb poles should be
added "by hand" to the right-hand side of E€.(2.29), so the procedure be-
comes almost senseless.

One can show that the standard duality is invalid also for mesons with
high spins, 3 2 4106),

In many cases QCD suggests a more refined version, instead of the naive
formula {2.29),

o0

! dso o . . (s)F(s) = £, dso (s)}F(s) (2.30)
threshold  Prysical g quark

with specific weight functions f(s) ~ sh, Equations of this type are based on

the asymptotic freedom and dispersion re]ationsga’sg)

. The resonance masses and
the position of the continuum threshold are put in by hand, and the resohance
coupling constants are the desirable output. Ref, 107 is devoted to the radia-

tive transitions ¢' > y + y and y - J/¢ +y. Three-point functions
Saxdy e TR Weg|T (3,(0) 5 () dply o > (2.31)

were introduced, where j1 and j2 are external charmed quark currents with ap-
propriate guantum numbers, say, Iy = cc and jﬁm = Cy. ¢. In the Fuclidian domain
two alternative expressions exist for the matrix element (2.31) (Fig. 16), so
one has anoverdetermined set of equations. Approximate solutions of these
equations are displayed in Table 11.

For comparison, this table contains also the experimental numbers and those
obtained in the potential mode177). Relativistic corrections are especially
large for the transitions ¢' = Xt Y and ¢' - X Y.

C) Photon transitions

Photon transitions play a distinguished role revealing the world of C-even
charmonium levels. As for the electric dipole transitions, nothing dramatic
has happened on the theoretical scene during the tast years. The results ob-
tained in the framework of the potential models, dispersion approach, and from

108)

the nonrelativistic sum rules {Thomas - Reiche - Kuhn) coexist peacefully,
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waiting for a future development. Some of them are compiled in Tables 11
and 12 which contain also the experimental data. Note that according to the
data of the CB group, the quantity I'(yp' »> de)exp/Ev (2J + 1), is approximate-
ly identical for all the xg-states, namely, 1.00 £ 0.07; 1.05 £ 0.08; 1.37
+ 0.09 for J = 0,1,2109). The analogous data of the CUSB group in the botto-
nium family are>) et 5 2% 4y 53 (20 + 1) =1.03 0.5 (J = 0); 1(J = 1);
0.952 0.3 (J = 2). Such a behaviour is natural for the non-relativistic quarko-
nium model. One should keep in mind, however, that relativistic effects are ra-
ther large, especially in charmonium, so that, perhaps, we are dealing with a
numerical coincidence.
A few words about the M1 transitions.The allowed decays, Tike J/v .Y fust
be described accurately enough by the simplest formula, like

1 16 2 3

F(l S;+ 1Sy +v) = (2.32)
whereu is the Dirac magnetic moment, u = (quark charge) va/2m. Sometimes an ad-

hoc assumption is made according to which ¢ and b quarks may have Targe anoma-

lous magnetic moments; in this case Eq. {2.32} would be invalid, of course. However,
this assumption is not true. The derivation of Eq. {2.32) is perfectly controlled
by the theory; moreover, corrections to £q. (2.32} are calculable and small. Ac-

tually, one can show thatllo’lll)
2
2 r(ﬂ + 2v) M

r{dfv ~ n.y) = ————a —
9 r{/p>ete”) Mie

4 M
n

¥ o1 - ;4?5 2 (1 - 0.28) (2.33)
v

where

U(n, + 2y) / T{3/w »e'e’) = (1 +0 (ag, (2.34)

Ynon- pert/m))
Similar relations hold for T. It is easy to understand why there are no large cor-
rections to the magnetic moment in the transitions like J/y + Y- Let us con-
sider the amplitude n. > 2y and represent it in the form of the dispersion inte-
gral in one of the photons. The dispersion integral is dominated by the J/¢ con-
2 _ 2MaM (where aM - M.
- M¢) and their contribution is small, Oa, (62)) In this way we get Eq. (2.33),
and U(u ) corrections are determined, essentially, by short drstancesu0 111)

A naive reasoning suggests that the ratio r(n +2y )Y/ P(J/¢~+e e } would be
close to 4/3, then r(J/¢ +ncy) rs 2.5 keV. Perturbative effects tend to increase
the ratio of the widths, resulting in 1.12 - 4/3 instead of 4/3; however, non-

tribution. Other states are separated by a Targe gap, §
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perturbative effects draw to the opposite direction (see Subsect. A). Seeming-
1y, the minimal value permitted by the medern theory is I'{n, -+ 2v) /F(J/w->e+e—)
=0.9. Then r(n + 2y) = 4 ke¥ and T(J/¢ + n Y) = 1,5 keV. On the other hand,
according to Ref 25, T{(J/¥ + n, )exp = (0. 76*8 gg) keV. The experimental result
is lower than the theoretical prediction, which seems to be absolutely reliable,
by 3 standard deviations. In order to reproduce 0.8 keV theoretically one

should assume that I‘(nC > 2v) is close to 2 keV, not 4 ke¥ as was expected.

© Such mysterious suppression, incredible by itself, wouid immediately lead to

troubles in other p1acessg), in particular, to an enormous viplation of the
Appelquist - Politzer recipe that cannot be understood in any way.

In the bb family, the small mass difference M Mn hampers searches for
the decay. The mumbers give reasons for pess1m1sm, s1nEe (T + nby) = 2 eV,
and BR{T + nyy) ~ 10 -4 . Unfortunately, it would not be easfer to attain ng,
starting from T'.

Decays like T' - ngY or VR Y are forbidden in the non-relativistic
limit. The ¢' decay has been seen experimentally with the width r{¢' -n Y) =
0.6 £0.2 keV16 35) Thys deviations from the non-relativistic approximation
must be substantial. What does the theory say on that?

in Ref. 111 it was argued that the ¢' - n.Y transition is mainly due to a
gluon admixture in the ¢' wave function. The arguments are as follows. If the
local duality holds, one can substitute the amplitude

Aly = ¢")A{v" » v nc), (2.35})

in the sense of duality, by another amplitude, namely,
A(y - quarks, gluons)A{quarks, gluons + v). {2.36)

The latter product is easily calculated, of course, fixing, in turn, the ampli-
tweﬁw'+ng}‘metMmﬁﬁmlr%MtiswmmHMewﬁhFW'+mg%m-ﬁ
more important fact is that the contribution to (2.36), dominating numerically,
is due to the intermediate state ccg, to be interpreted, naturally, as the gluon

admixture in ¢'. At the same time, a rather large width,
['(1{1" > ncy) ~ 1 keV, (2‘37)
is predicted, considerably higher than in the standard potential models where

the " = Y decay is strongly forbidden. Unfortunately, it is not easy to check
the Tatter estimate experimentally, because the corresponding branching ratio
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does not exceed 5 - 107%,

The T' decay rate is further suppressed as compared to §t o neYs by at least
the following factor
M a (T)

2

e (2L

(2 )2+ 0.8 & 1/100 (2.38)
My e (+)

1

4
The ratio of the coupling constants characterizes here the gluon admixture, and
the factor 0.8 js due to the phase space. Combining this factor with r(T'=+ "CY)exp’
one gets

(T > 1Y) ppeor © 8 V- (2.39)

-4
The corresponding branching ratio is expected to be smaller than 5 x 10 .
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2.3. HADRONIC DECAYS

A) Heavy quarkonia and the 01d World

The issues discussed up to now refer mostly to heavy quarks and their rela-
tions with the vacuum environment. Now we proceed te another fundamental as-
pect - coupling of heavy quarkonium to old hadrons. Theoretical and experimen-
tal investigations in this field give information on the structure of the 0d
systems, glueballs, and traditional old hadrons. In many cases, the information
is unique, since it is impossible to get it in any other way.

B} Inclusive hadronic decays

The famous Appelquist - Politzer recipe14) prescribes to calculate the ele-
mentary processes Q0 > 2g, 3a, or qgg , instead of summing over a large number
of exclusive channels. This brilliant invention is applicable, beyond any doubt,
to asymptotically heavy Q@ states. We are interested, however, in charmonium
and bottonjum, and various preasymptotic {non-perturbative) corrections may be
of importance here.

The Appelquist - Palitzer prescription assumes an ideal gluon - hadron duality.
For Tight quarks the quantity 9 Gevz (~ Mf } is indeed an asymptotical domain,
where the hadron cross section coincides with the quark cross section. Is this
statement true also for gluons?

The onset of the asymptotic behaviour is determined by the non-perturbative
effects - one will scarcely doubt this fact today. Meanwhile, these effects are
drastically different for the ouark and aluon channels Sluonic currents are
coupled to vacuum fields much stronger than the quark currents (Fig. 17, further
details can be found in Ref. 112), therefore the asymptotic regime sets in at lar-
ger energies for gluons.

It is not a simple task to find out quantitatively what is the critical ener-
gy. Sti1] some estimates do exist in the literature. It was shOwnllz), in par-
ticular, that the boundary of the asymptotic domain is

2
(5o)two gluons, oP = o= = 6 = 16 GeV™. (2.40)

If this is true, the charmonium family is in a dangerous vicinity of the critical
zone, or, perhaps, even inside it. Therefore one would be hardly surorised hy
some (moderate) deviations from the perturbative formulae for the cc annihilation.
On the other hand, the bb annihilation should be described by these formulae to a
good accuracy.
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Experiment indicates the following.The Appelguist - Politzer recipe seems to
be valid in charmonium and bottonium in the channels 17 and 2% and is invalid
for C-even charmonium levels with JP = 0% . The anomalously tardy onset of
asymptotics just in the channels with zero spin has been predicted theoretical-
lyllz). The reason lies in a very strong interaction of gluons with direct
instanton fluctuatiens in the vacuum which takes place only if the total spin
is vanishing.

Let us demonstrate, first of all, that BR(T - “+"-}exp confirms, among
other things, the Appelquist - Politzer prescription.

Indeed, starting from r{T > e'e”) = 1,17 + 0.05 keV and BR{T » p*p7) =
3.3+ 0.5 %, we get Ftot(T) = 35.5 £ 7 keV, or Tdirect hadr(T) =27 = 6 keV,
Suppose that the hadronic and gluenic widths are equal, and use the formula

3 b)

F3{T) 19 4% -9°
\:T) 1 ™ a

5 ;m (1+ (112 0.5)f§) (2.41)
ruu Qb "
where the O(a_) correction ﬁr1£he WS scheme) has been found in Ref. 113. The
corresponding magnitude of as{mb) = 0,15+ 0,013, The standard renormalization
group expression implies now that us(mc} = 0.210+ 0.028, which results, re-

spectively, in the ratic
FBg (3fw) / ruu {d/¢) = 15.5 ¢ 6. (2.42)

Agreement with the experimental value, 9.2 + 2.4, is quite satisfactory.
On the other hand, the data on the hadronic widths of n, and Xg are Now avail-
able (Table 13). Their photonic widths are to an extent fixed by the theorysg’llo’loz)
(4.5 and 4.5 -~ 5.5 keV, respectively), and one can compare the ratios

Chadr (nc) / P(ﬂc + 2y} and Thadr (XU) / F(XO + 2y) with
r{cc + 29} / r{ct + 2v}. (2.43)

A formidable work has been done in order to account for the first-order per-

113-115)

turbative correction in ratios like (2.43) . For instance, in the case

of ne it was found114) that

I‘(CE + 2q) - 2 (ug(mc) )2 (1+9.2 i§ )s (2.44)
8

I‘(CE -+ 2#() a I

where m. s the quark mass, and the coefficient of o  depends, in fact, on the
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rengrmalization procedure (Eq. (2.44) is written for the MS scheme}.

With as(mc) = (.2, the O(us) correction amounts to 50 %, a substantial, but
not dangerous level; we mean that the perturbative series is, seemingly, under
theoretical control, and does not blow up.

Substituting the two-photon widths, we pbtain Fhadr("c) = 6 MeV; the correspond-
nending result for x, is 6.2 - 7.6 MeV. The experimental data, quoted in Table
13, exceed these numbers systematically, by a factor of 2. Note that if
r‘(nC > 2y) ~ 2 keY, as it seems from I'(J/y > ”cY) (see above), the discrepancy
amounts to a factor of 4 in the case of ne - the possibility hardly imaginable.
Finally, the Appelquist - Politzer recipe works perfectly for the tensor channel
(i.e. XZ) yielding Fhadr(XZ) = 1.7 - 2.3 Me¥, while the experimental width is
Mxphyp = 2.1f0:7 MeV (see Table 13).

Thus, the anomaly takes place only for spin zero. As was already noted, the
possibility of such a situation was predicted theoretica]]yll?

Turning back to techmical aspects, we feel it would be in order to present

114,115),

a few expressions much computational efforts were expended to derive

these formylae,

s 1t 0.9a/n (c€) B2ty {1 + 6.5a_/7 (cg)

- . = (2.45)
0™y 1+ 2.1lafn (bb) gotty 1+ 4.0a /v (bb)

PC

where B(JPC) =T(J "> 2v) / F(JPC -+ gluons). These ratios are convenient be-

cause they are independent of the renormalization scheme. The following recent

113)

result is of great practical impertance,

+

1 -(3.8 £ 0.5) a /v {cC)

7y i (2.46)
1-{4.2 £ 0.5) a /v (bb)

T(Qasl- -+ 39) =

+

Further details and nmerical examples can be found in the paper by Barbieri et

a188) which gives a nice review of the whole subject.

C} Hadronic transitions beiween quarkonium levels

Decays like
o' > Jd/y + mmor T > T (2.47)
and others of this type probe the gluonic content of usual hadrons. The transi-

tions (2.47) can be considered as two-step processes: first, emission of soft
gluons by heavy quarks at relatively short distances: second, conversion of
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the gluons inte light hadrens at relatively large distances.So 10n§ as the
quarkonium size is small as compared to the sizes of the "01d" hadrons, one
can use consistently the familiar multipole expansion to describe the gluon
emissionl16-119)

The factorization alone {plus symmetry properties of the transition ampli-
tudes) yields a lot of predictions for the relative rates, for instance118

3
ar(2%s, » 135, + 2n) dr(2lsy + 15, + 2n),

(2.48)
3 1 1
dr(1303 > 175, + 2n) = dr{1'Dy » 15y + 21}, ...

More intriguing is a unique possiblity to test the QCD Tow-energy theorems.
Within the framework of the multipole expansion, one has the following decom-

positionslzo)

An, 35, > ne 5+ mm) = ¢q <0] E%E%|um + higher multipoles,
(2.49)

Aln; 351 g 351 + o) =Gy <0| £ n> + higher multipoles,

where E® and H® stand for the chromoelectric and chromomagnetic fields, respec-

tively, and the coefficient functionsCl and C2 contain information on the heavy

quarkonium. These coefficients are proportional to each other and cancel in the

ratio of the amplitudes; moreover in particular guarkonium models they can be
. 121).

found explicitly .

At first sight one would suppose that it is impossible to calculate such
nontrivial matrix elements as

<0|€agﬂ| T <U[Eaxﬁa{ n>

which ;epresent conversion of gluons to mesons at large distances. Su%prising]y,
one can do that, starting just from first principles. These matrix elements are
related to the so-called triangle anomalies in the trace of the energy-momentum
tensor and in the divergence of the axial-vector current. The answers look so
attractive that we feel it is worth illustrating them by a few examples. For

instance, <0|€aﬁa|wn> is reduced to a combination of the following quantities
min , B, pG(p), ms(u) {here B is the first coefficient in the Gell-Mann - Low

function, p° is the gluonic share of the pion momentum, an analegous quantity for
the nucleon is measured in deep inelastic scattering;u is a normalization point,

its order of magnitude is that of the inverse quarkonium radius).

120,122)
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The ratio (v’ + J/y #wm) /T{y' -+ I/y +n) was found in Ref. 120 in perfect
agreement with experiment. The prediction for bottonium is

L1’ + ) .4 . 1973 (MT' - MM 33

r{T' - Twn) 10 MeV
{2.50)
[.(TH > Tn! 2 . 10—2
(" > Trm)
The shape of the pion is also well described by theorylzz). Namely,
2 2

2m 2 4m
d
E"% n {1e8 - k(am? (14 T2 < tamn? - o121 - 0% (2.51)

q q q

where q2 = miw s A M= M(QG)i - M(Qﬁ)f, and k = & ag{u) pG(u) w 0.2, for charm-

onium. The second term, ~ «“/5 in Eq.(2.51) is dSE to a D-wave contribution;
thus a suppression of the D-wave (x2/5 s 1/125) is explained by the theory. Note
that the magnitude of « is not universal: this parameter is expected to be smaller
by a factor of 1.5 - 2 for the decay T' » Tum .
The T size is rather large, and therefore the accuracy of the approach in the
™ 5 Twy transition should be somewhat worse. Still, one may expect that ¢« ~ 1/5.
Then, neglecting small corrections in Eq.(2.50), we get

wi/de?y Y2 u o - en? e =3 -0 (2.51)

The linear rise in qz, up to q2 = 0.3 Gevz,is observed in ¢’ erdf¢ﬂ+w- and

T' 2 Tate” decays, in full accordance with Eq. (2.51). If the multipole expan-
sion does work, just the same behaviour of {dr/dqz} 172 should take place in this
q° region in the 1" + txTn” transition as well. Looking at Figure 9 we see that
experiment rather favours a flat q2 dependence, {dI‘/dqz}I/2 = const. Such a beha-
viour of the pion spectrum is hardly understandable from the theoretical point of
view. A possible explanation has been suggested by Voloshin who has noticed the
following. The pion spectrum in the ™ » Twr decay would be indeed flat if there
existed a bottonium tevel of the molecular type - call it X - with mass close

to MT“ and quantum numbers I =1, F = 1%, Then the decay would proceed as a
cascade

T"+x .
virtual T4y
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Due to vicinity of the X pole the multipole expansion would be inapplicable.
Is this explanation satisfactory from the experimental point of view? The question
is still open.

For very heavy quarks forming the Coulombic Tevels, the quarkonium coefficients
[:1 and C2 are calculable, so that the absolute rates are fixed unambiguously. How-
ever, the real ¢ and b quarks are not heavy enough, and one has to invoke models.
One of them has been developed in Ref. 121, Perhaps, the most interesting finding
of that work is an unexpected suppression of the T" + Twv transition rate, due to
cancellations in Cy. It was found that r(T" = Trm ) must be less than I'{T' > Tevw ),
in spite of the increased phase space.
As was discussed in Section 1.2 of Chapter 1, the averaged value of BR(T" -+
*r7) = (4.9 £ 1,1} %. In other words, I(T" + T wn) ~ 1 keV, cf. with
L "")ex = 5.2 * 1.1 keV, A suppression is evident, and one sees that the
mode1121} is not bad, at least at the gqualitative level.

The most important lesson, supported by the data, is the applicability of the

T w

muitipole expansion.

If the reader is not entirely convinced by the facts presented above it is
worth adding a few words about the T' =+ Tmdecay. In the framework of the multi-
pole expansion one has

3 a a a a 3
Cp v <ne’Sy [(8] - t5) riGigyleg) vyt - )l g 75p3

where G 8 is the non-relativistic Green function for the color-octet state. In
other words, one should expect that

. 2
Pre > T ¢{<1‘2> T L2 & 116 (2.52)
rget > gpmry [,

or T{T' = Taw ) =6.8 ke¥. This expectation agrees reasonably with the data (see
above).

Hadronic transitions are promising also in another respect. The cascade
1

™1 Py +mm

1

1 S0 +
is, probably, the best way to discover at once two elusive bb Tevels: 1P1 and 1SO.
A "bottle-neck" of this chain is the first decay; its branching ratio is not large.
According to Ref. 121, it is about 1%, but one has to expand some more efforts in

order to avoid a theoretical uncertainty present in that work. Once the 1P1 level

is produced, the problem of ny weuld be solved: almost every second decay of 191 is
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Cur last remark concerns the decays ¢' » J/y + ° and T' + Tno, violating
the isotopical symmetry. They measure the current gquark masses directly. To be

more exact, the following theorem h01d5123}

. - B
My > 9p®) 33 "My Plos O(m/u})  (2.53)

r{y' > Jfyn } 4 m Bl
n

where m_ stands for the mass of u, d, or s quark, p is a characteristic scale of
strong interactions {a few hundred MeV). Of course, an analogous relation is
valid for T,
According to the data of the (B group33) the ratio of widths in the 1.h.s. of
Eq. (2.53) amounts to (4.1 + 1.5} - 10'2, which, in turn, leads to
m

S . -29: 8.

My - M,

This result, evidently, does not contradict the conventional magnitudes of the
quark masses: my = 7.5 MevV, m, = 4 MeV, m, = 150 MeV {for these values one has
ms/(md - mu) 42},

D} d/y » y + Tight hadrons, T » y + light hadrons

As it was mentioned in Section 1.1 of Chapter 1 (Subsection B}, the observed
shape of the photon spectrum from the decay J/yp » y + 1ight hadrons deviates
from the predictions of the quark-gluon model {see Figure 3b), while one has an
approximate agreement in the integral probability.

The foremost questions are i) "which states do actually saturate the total
probability?", ii) "what is the value of msight hadrons* at which the parton-
1ike regime sets in?". The latter parameter, the boundary of the asymptotic
domain, is an important dynamical characteristic. For Tight quarks, as we know
from the e+e' annihilation, it is about 1.5 GeVz, but there are good reasons to
suppose that this scale is not universal. Arquments were presentedllz) that the
boundary is shifted to higher energies in the gluonic sector, A X6 GeVz(See
Eq. {2.40)). If so, the genuine glueball continuum can hardly be investigated in
the radiative decays of J/y , and this problem will be rather a prerogative of
the r-family physics (x < 0.94).

On the other hand, the resonance production can be studied much easier, star-
ting with J/¥ . It is generally believed that the gluon pair materializes in the
form of a glueball, the 2t glueball predominantly. This conclusion is, evidently,
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based on the perturbative analysis of Ref. 124, It is noteworthy that in the
exclusive decays of the type

J/p > v + a meson (2.54)

the situation is far from being so simple. In fact, direct non-perturbative
fluctuations mix effectively the quark and gluon degrees of freedom in the ot
channels, so that the quark-meson praduction is not at all suppressedllz).

For the 2% state the non-perturbative mixing is small; however, another
effect does exist which is sometimes forgotten. Gluons are emitted in the
annihilation process at distances n 1/m. In other words, the gluon source is
Just esv(m), where m stands for the normalization point and eﬁv is the gluonic
piece of the enerqy-momentum tensor. On the other hand, the specific off-shell-
ness of the meson wave function is of order R a few hundreds MeV), and

conf”

conf {
one should account for the evolution of the momentum scale from m down to R

As a result, the standard logarithmic mixing arises,

1

G ( -
conf

uw (R

-1
Rogng) + = 0,3 ) (2.55)

G
euv(m) =0 -~

and the mixing parameter ¢ is of order unity (Figure 18). This explains, in par-
ticularswhy the classical quark meson f is produced in the reaction (2.54) with-
out a noticeable suppression.

Still, beyond any doubt, the final hadronic system in this decay should be
enriched by various unusuail states.

The states ¢(1440) and 8(1640) are debated now as possible glueball candidates
{data are compiled in Table 2). Let us discuss them in turn. There are certain

16’125): absence of va-

arguments in favor of the gluonium interpretation of 1
cancies in the lowest pseudoscalar quark-meson nonet, a large J/y + 1y width (as
compared to that for the usual mesons,except n') and the dominance of the decay
channel 1 » & =, '

A1l these arguments do not seem to us to be convincing {see below) and we are
not inclined to accept 1 as a glueball since the sum rules predictllz} that the
pseudoscalar gluonium should 1ie higher, M(0 ,glue) = 2 - 2.5 GeV. If so, the :
might be a radial excitation of n'.

A relatively large width r{J/y ~1y) seems natural within the framework of the
standard duality. Indeed,

- <0{jp|!>2 !ﬁ.lE 3

<ol 3gh ﬁ?n.{

T{J/P + 1y)
r{d/e > n'y)

(2.56)
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where

: 5 nd a
Jp = 8r wv GuB Cavap
If one introduces the following correlation function

Pig?) = ir d xe'™ <0| T(ip(x), $p(0)}] 0>

induced by the gluonic current, then one can find that the n' is dual to the

interval (0 - 5 GeVz) in the corresponding spectral densityllz),
5 2
21 93¢ 2
1<o| Jp [n'> |© = ¥ g Im P, {s) ds; Im P (s) = g:g o {(s).

Even if the 1is dual to an adjacent interval of 1 GeV2 tength (i.e. the duality
interval stretches from 5 to & Geva), even in this case its coupling to jP
is approximately the same as that of n) and the ratio (2.56) is close to unity.
As far as 5(1640) is concerned, the status of the tensor gluonium for this
meson would not contradict the QCD sum rules. Estimates for M(2+,glue) yield
1.3 to 2 GeV.
True it is worth noting a serious problem emerging in connection with the
a8 > 2r and 6 > 2y decays. Assuming that ¢ is a unitary singlet and that its
decay amplitudes are SU{3) symmetric, we get

r(o>an +°m°)md -3 - {8 +m) {(2.57)

where the factor 4on the right hand side is due to the phase space and D-wave
nature of the decays. Experimentaily, T(e - 2n) X r(e + 2n), see Table 3.
Both starting assumptions leading to Eq. (2.57) are now rejected, actually.
According to Ref. 126, due to a small mass splitting between 8 and f'(1515),
one can not neglect the 6-f' mixing,which effectively results in a certain
strange quark admixture in the & wave function. Besides that, the transitions
inte a pair of Goldstone mesons(m,n} do not obey SU(B)f]. The 8an amplitude
should be enhanced due to a noticeable gluon admixture in the n wave function;
the gluons penetrate in n via nn’ mixing127). Due to the same reason the
8 » nn' decay should be also very essential.

In general, proving the gluonium nature of this or that meson turns out to
be a very complicated task. All tests suquested thus far in the literature:
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a) small total width;
b) copious production in J/u > vX;
<) SU(3)ﬂ singlet structure of the wave function and unitary symmetry of
the decay amplitudes
are ruled out by counterexamples, for details see Ref. 25.
Among other decay modes of J/¢ or T it is worth mentioning yn ard yn'.
The ratio of the corresponding widths can be written as {see Ref. 128)

N
Gl a 1
r(d/y > n'y) _ ey 6,y Euv[“ > 12 « |$n'] 3,
Iy >y ) | <Olag G 6] Tn > LAy

Here the denominator is fixed by symmetry properties only, while the numerator
contains a highly non-trivial information on the gluon coupling to a'., Several
models suggest answers of their own for the matrix element <0|as G:v Gsv! n'>
(Ref. 128-133). The experimental resuit of the CB group, quoted in Table 2,
is rn.Y / Tny = 4.7 + 0.6; it implies that

3

v
0 =262 G | n's =M, (120 - 140 MeV) (2.58)
4 nv Hv n

in agreement with QCD-based estimatesllz).
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3. MESONS WITH OPEN FLAVOUR

Until now we have discussed systems of the type 0, where Q is a heavy
quark, ¢, b, or t. In these mesons, the quark flavour is hidden, as it is
screened by the corresponding antiquark. It is quite evident from the
theoretical point of view {and confirmed experimentally) that hadrons with
open flavour should exist. As to mesons containing at least one heavy quark,
there are twelve essentially different combinations. They are

(cu,cd,c3),(bu,bd,bs),{tu,td,ts),{cE,c¥,bt). (3.1)

In the latter three cases, where we deal with a bound state of two heavy
quarks, the theory of the guarkonjum state is not essentially different from
that of the O state. Any question referring to cb or ¢t gets a solution to
the extent it s solved for cc, and one learns practically nothing new. Of
course, the estimates are quite different numerically, and if the reader is
interested in some particular quantity, he/she should repeat the calculations,
using one of the methods described above (in chapter 2). We shall not dwell

on this subject, it is sufficient to remark that the bt system is, probably,
very interesting from the point of view of electroweak effects,

On the contrary, analysis of 0 type mesons can yield a new important
informatton on the structure of the QCD vacuum. In the hierarchy of hadrons,
these mesons occupy an intermediate position between old traditional hadrons
and heavy-quark systems like charmonium and bottonium. Their structure is
simpler than that of 1ight hadrons, since the heavy quark plays the role of a
static center, so that some problems get trivial solutions. However, they
probe some effects which are inaccessible {or almost inaccessible) in charmonium

and bottonium; we mean, for instance, the quark condensate in the QCD vacuum.

Theoretical description of the Qg systems has certain peculiarities. What
are the problems which seem to be most interesting in connection with these
nesons 7

First of all, the spectrum, splittings of the Tevels with JP = Bt, 1*, etc.
As we shall see below, the lightest mesons are pseudoscalar - the situation
which we had already got used to. Thus the pseudoscalar mesons D and B decay
only due to the weak interaction. Calculation of their total widths is a
Jjunction where weak decays of quarks and strong interaction effects, especially
substantial for cq, are interconnected, The asymptotic formulae (mQ+w) are
simple, but the problem of the pre-asymptotic corrections is a very complicated
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one. The situation with the inclusive semileptonic decays seems to be
considerably more clear. Finally, one more interesting aspect is the
decays of the type D(B)+1v1 (where T=e, 1 or 1). The QCD sum rules enable
one to determine coupling constants for such decays, fB(fB), to a rather
good accuracy.

A1l these subjects will be discussed briefly below. It is worth noting
that there is another field of research, that has appeared recently, has
been developing rapidly and become a sort of industry, both in theory and
experiment. We mean exclusive nonleptonic decays of D mesons (see Section 1.1
of Chapter 1, Subsection C). In principle, they give a rich information on
quark and gluon dynamics. Unfortunately, adequate exposition of the issue
would lead us far aside and we have to 1imit ourselves by a few fragmentary
comments. -

3.1 SPECTRUM

Masses of mesons with open charm and beauty were discussed within the
sum rule method in Refs. 134, 135. Unlike the cases of charmonium and
bottonium, the answer depends drastically on the quark condensate in vacuum

<vac| W |vac> £ 0 (3.2)

where $ = u, d, or s. The existence of the quark condensate was established
i
in the sixtee%iabut until now 1t revealed itself in the pion physics only.

The graphs dominating in the current correlation function are presented
in Figure 19, where as an example we have chosen the current with the quark
contents (cu). As usually, the cross on a quark or gluon Tine means that the
corresponding field is vacuum, i.e, it forms the vacuum condensate.

In the limit M= the states differing only by the quark spin direction
are degenerate. In other words, m(JPc = 07"y - m(JPC =17") and m(dPC = 0% -
m(JPC =1, A spin dependence appears with my decreasing. To give an idea on
the magnitude of the effect, we quote the result of Reinders et al. referring
to the bg system. According to Ref. 134, the éplitting between the pseudoscalar
and vector states amounts to about-50Me¥. A close number was obtained for the
splitting between the scalar and the axia1‘vectnr*). Both predictions are
still to be confirmed experimentally.
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As for the cq system, here we have reliable data on the D and D* mesonsSl).

The experimental value of the D*-D mass difference is about 140 MeV. Unfor-
tunately, the complete analysis of the QCD sum rules is not yet performed
for this case and this number, 140 MeV, can be compared only with the nonrela-
tivistic mude]137).

There is a complete umanimity in the QCD theory on the orbital excitations.

134, 135)

In both works the authors have noted a strikingly larae effect of

the quark condensate which induces a large splitting between the different
parity states, i.e. am = m{JPC =07%) - m(JPC = 0**) and any = m(JPc =177) -
m(JPC = 1**). The results of Refs. 134, 135 are compiled in Table 14 (the num-
bers are somewhat rounded off). Technically, the methods are different - the
nonrelativistic Borel summation in one case and the moment technique in the
other case - but the predicticns agree well within the theoretical ambiguity
of order of 100 MeV. The mass difference between the positive and negative
parity states is 0.8 GeV. Still larger splittings Ay and am, should be expected
for the cq system. Recall for comparison that the potential model yields only
0.5 GeV in this case. Therefore the experimental searches for a scalar partner
to the D meson seem to be a very important task.

It should be emphasized conce more that the analysis based on the QCD sum
rules does not need model assumptions: the fundamental vacuum parameters are

translated in the language of observable quantities.

3.2 COUPLINGS OF PURELY LEPTONIC DECAYS

7

x
! Analogous result, about 50 MeV, stems also from the potential mode]zg .

Decays into an lv pair are possible for mesons with the quark content cs
(the T meson), cd (the D' meson), and b (the B™ meson). In the second case,
the decay is suppressed as compared to the first case because the Cabibbo
angle is smail, the ratio of the probabilities is proportional to tg2 BC (see
below). As well known the transition of a pseudoscalar particle into a charged
Tepton and the left-handed neutrine is proportional to the Tepton mass, by
kinematical reasons, therefore most probable are the decays into a v pair.
For example,

NUMER M} =tm—TJ2[————-2—t - sz/szT 2.5  {3.3)

I‘(D+ > u'y) m, 1-m u/1112[)
where the second factor reflects the difference of the phase spaces. In the
r* and B~ cases the dominance of the tv channel is absolute.
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As to the branching ratio BR{ D{B) +tv), it is determined by the width
of the rv transition as well as by the total width of the decaying meson.
At first, we shall consider the absolute value of the width r { D(B)»tv).

It is convenient to introduce the coupling constants fD, fB’ para-
metrizing the corresponding amplitudes by analogy to the familiar coupling fﬂ,

< D(B)|QYUT5QI0 > = _ifD(B) 2, (3.4)
Then we get for the branching ratios

BR{ Dt » ¢ty

-4 2
2.5« 10°%e st 02,
D (3.5)

BR{F* 4 «%y)

I

3.3 0 10725 /f )8

here we have used the value Tiot {D*) = 1.25 - 1012 sec_1, which is ¢lose to
the experimental total width of the DY meson, see Section 1.1 of Chapter 1
(Subsection C), and have assumed that Tiot (F*} » Tiot {D*) {see balow), Let
us also parenthetically note that investigating the secondary particle dis-
tribution in the cascade

+

+
A ]
T

I._—«b Tr+ (p+) +-GT

provides, in principle, with a Timit on the v, Mass, see Ref.138 .

(3.6)

The key question is: "how far are the couplings fy and fp from f_ 2"
ﬁ" v 133 MeV; the couplings fD and fF are equal to each other up to 0(10%).
One can answer this question by analysing the two-point functions induced by
the current Oyuyaq in the framework of the sum rule method, We will not dwell]
on the details - the procedure is quite standard - but quote directly the
result of Ref. 135:

fD ~ 230 Me¥ fB n 140 MeV (3.7}

Similar sum rules were considered in Ref. 134, where a somewhat larger value
of fp was obtained. This fact is, perhaps, due to an underestimation of the
continuum whose threshold was pushed too high in that work134). ln any case,
these numbers are much less than those proposed some time ago in the course
of theoretical speculations aimed to explain the “D+/DB anomaly". As we have
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already mentioned in Chapter 1 there is no need now for such

speculations.

The result given in (3.7) is in good agreement with the phenomenological
trend. Indeed, fD/f11 ~ 1.7. On the other hand, it is known from experiment
that making one of the quarks heavier, increasing its mass from 0 up to
150 MeV {we mean the s quark}, we increase the coupling by a quarter,

(fK/f“)exp N 1.27 {3.8)
It is instructive to compare (3.7} with the results based on other prin-
ciples. Say, predictions139) of the naive bag model are several times larger.
We believe, of course, that future experiments will select the adequate scheme.
Assuming that fD ~ fF ~ 230 MeY, one gets
4

BR(D*stu)  ~ 7.5 « 1077, BR{F*=the) ~ 0.1

3.3 TOTAL WIDTHS

If m, »=, and we sum over all decay modes, the parton mode?! is quite
adequate, The inclusive decay rate of the Qg state is determined just by a
probability of the weak transition of the ( guark into three 1ight fermions,
while the 1ight antiquark q plays the role of a passive spectator. The process
is depicted in Figure 5, where ¢ ~+ sud, su *, se*y, and the Cabibbo suppressed
channels are neglected.

Virtual hard gluons {Fig. 20) enhance nonleptonic modes slightly, but
the effect is small even for m. = 1.5 GeV, about 10% in the probability, and

it falls further with the quark mass increasing. What is most important, the

Togarithmic corrections due to hard gluons. are investigated well and do not
bear any surprise (see e.g. the book7).

If the logarithmic renormalization effects are neglected at all, the
c-quark life-time is obtained from the muon 1ife-time by a simple rescaling

s (;:-1115 T (3.9)
c
where the factor 1/5 is due to the fact that the number of the allowed
channels is § (sev, suv, suiai; i=1,2, 3 is the colour subx ript). Note
that the corresponding value of the branching ratio is BR{D+evX) ~ 0.2 in qood
agreement with the data on D*.
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What quark mass is to be substituted in eq. (3.9): the current quark
mass or that referring to constituent quarks 7 Or, perhaps, one must take
the D-meson mass ? In order to give a correct answer to this questien one
should know the pre-asymptotic nom-perturbative corrections. In the asymp-
totics, m>es the difference between the current and constituent c-quark
masses, and the D-meson, would not be essential. In the real world the
numbers are: 1.35, 1.55, and 1.86 GeV, respectively. The scattering of the
estimates for T, in the extremal cases amounts to a factor (1.86/1.35)5m5.
Even a larger ambiguity would emerge if one tried to account for the mass
of the s quark in the final state. Say, taking the constituent quark with
msm500 MeV, one would reduce the available phase space by one half.

All the above arguments are presented only in order to demonstrate an
acute need for an understanding of the pre-asymptotic non-perturbative effects,
aven a very crude one. It 1s just these effects that convert the current mass
figuring at short distances into the constituent mass, and result in sub-
stantial deviations from the parton model. Unfortunately, consistent analysis
of such effects, based on QCD, is still absent. Below we shall consider in
brief one of the corrections (the interference one), which is formally suppressed
by powers of 1/mc’ but actually amounts to ~0.5 in the D-meson decays, because
of large numerical factors. Certain corrections are known surely to exist and,
perhaps, are not small, But they are abselutely beyond the reach of theorists
at present.

The situation in the theory, unsatisfactory as it is in this aspect,
inspired some theorists to renounce the asymptotical formulae at all, at least
in the case of D-mesons, and te calculate Ptot summine up all the available

140). The theoretical result is

two-particle and quasi-two-particle decay modes
in reasonable agreement with the experimental life-time; and,what is more
important, Ftot(D+)and rtot(DO) turned out to be approximately equatl. Further

details can be found in the original paper140).

Such a radical step as the renouncement of the guark-parton formulae for
D-mesons seems to be unnecessary, though. Without a consistent theoretical
apparatus at hand, one can nevertheless rely upon one's intuition, which
prompts that it is the constituent c-quark maés, m. = 1.55 GeV, that figures
in Eq. {3.9), while the strange quark mass may be nealected in the final state.
Then

-1

AU 0% ~ 6.5+ 10713 sec. , (3.10)
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in excellent agreement with the latest data, cf. Section 1.1, and Ref. 26.
Encouraged by this success, we expect that the F-meson life-time is also

close to this value, i.e. 6.5 - 10'13sec.x) It seems that the non-perturbative
corrections, having different phases, are subject to a "destructive inter-
ference”, and their total effect reduces, mainly, to a renormalization of 0.

In the B-meson case the question which mass is to be substituted into the
expression (3.9}1is unimportant at all, since the ambiauity is retatively small,
On the other hand, the information on the guark mixing anales is yet far from
being complete {see Section 4.1). As it was discussed in Section 1.2, Subsection
B, experiment indicates a dominance of the b-¢, not b-u, transition. The
branching ratio of the sémi!eptonic decay is BR{BrevX) ~ (15-17) %, depending

on the assumptions on masses me and mb67’ 141).

3.4 PRE-ASYMPTOTICAL EFFECTS

As was mentioned above, the life-time of the Qg meson coincides with the
N-quark tife-time in the limit mq+m {Figures %, 11, 20). There is & lot of
corrections of various nature vanishing as powers of 1/m,. Examples are shown
in Figure 21. Some of the graphs depend on the spectator flavour (a, b). It
is this contribution that is responsible for difference between the 1life-times
of DY, Do, F, etc. For other graphs {c, d, e} the flavour of the spectator
is inessential. As usual, the cross on the Tines means the interaction with
the vacuum fields. The graphs d and e describe the effect of the quark mass
growth due to the gluen and quark condensates - in the intuitive lanyuage, a
conversion of the current mass into the comstituent one.

In this section we will concentrate on a very simple effect due to the
Pauli principle. Turn back to the graph of Figure 5{a} and assume, first,
that we deal with the DY meson. Then integrating over the phase space of
the newly born d quark we find ourselves, inevitably, in the domain occupied
by the spectator d-guark. The Pauli principle forbids two jdentical quarks
to occupy the same position in the phase space. Nothing of the kind takes

*
) Since we believe that the F-meson non-Teptonic decays are determined by
diagram 5a, the final state in these decays necessarily contains a pair
of s5, and, hence, is enriched by n, KK, ... .



- B4 -

place in the oY case, where the spectator quark is u. Of course, the

Pauli principle is effective only in a Fimited reaion of the phase space,
where the d-quark mementa are approximately identical, while the total

phase space increases rapidly with mQ' However, for the real D-meson decays
this "1imited" region occupies a considerable part of the phase-space volume.

The interference contribution, in terms of the Feynman graphs,is depicted
in Figure 22*).

Omitting the calculational details, we give here the answer, cbtained by
M. Yoloshin and one of the authors {M.A.S.} a few years aco:

: : ng m®
+ + C —
Thagr(0) = gy < D173 V2 © (Lig)e
5 B4
-&mz(czmz)(” Ty )ds) (doy (Teyedes) (3.11)
= e N _ CiYu[ +Y5 3 { qu +Y5 Ci .

1 2y = 3
+ 5 1C2-¢%) (@y (1ovg)d) (v (1evgre) 07 >

where C_ are known coefficients, describing renormalization of the operators
(ES)L(aU)L t (Eu)L(as)L due to hard aluons {see e.o. the book7).

Let us suppose for a moment that the flavour dearees of freedom of quarks
are absent, and C+ = C_ = 1. Taking into account that

D ec| bt a2 My
+ = o - oo
<D ICyuy5d|o> = - ifge s <0|dYu¥5ClD > = ifpp,

we would conclude that the interference term decreases the decay probability,
in compiete agreement with the Pauli principle,

2 5 2
{ Thagr 000 cot mﬁigl?-%mz%
aar no color 6dx A C D

(3.12)

.- oyt gt
x <D |CYuv5d) (CYUYS.) | > e

E3
] A consideration of the interference effects close in spirit was
aiven in Ref. 142, but we do not agree with the final results obtained

in these works.

2 5 2
w M G oo o
O m. ™y fp

64x 4

It turns out that,with the colour indices switched on, the answer is no
longer unambiguous. The reason is that now two ¢ quarks having identical
momenta can be in different colour states, so that the interference may
be constructive, as well as destructive. Une should have in mind also the
fact that the coefficients Ci are not unity, namely, C%H1/V§, C%*Z (see
Ref. 7). As to the magnitude of the effect, it depends on the value of
the matrix elements of the four-fermion operators over the D meson state.

A naive factorization (i.e. saturation by the vacuum in the intermediate
state) is, probably, not too good, quantitatively, since, according to Ref. 143,
the non-factorizable contribution (Figure 23) has the same order of magnitude
as the factorizable one.

If, for the purpose of orientation, one makes use of factorization, the
correction to Ty adr {D¥) turns out to be positive {the interference is con-

structive 1),

2
X 2 f

L L R N (e S N (SR G P LI C LY

parton . m.

In other words, this effect tends to make t(D"}<t (D7), which seems to be
welcome by the latest SLAC data, Table 5. The factor f%/mg vanishes for RS
In the real world it amounts to ~ 10-2, but this suppression is compensated

by a large numerical factor, (16ﬂ'2/3)m50. Where do such larae numbers come
from ? The reason is quite transparent: the parton mechanism corresponds to
the three-particle decay of the quark, the interference mechanism corresponds
to the two-particle decay. The ratio of the (dimensionless) phase space volumes
is of order of 4x2. Due to the same reason the annihilation graph (Figure 21a)
is enhanced, generally speaking. (Thouah it is forbidden by the chirality in

the case of pseudoscalar mesons.}

To sumwarize, the natural scale of the pre-asymptotical power corrections,
at least some of them,is

0.5 for F, D mesons,
~ |
0.05 for B mesons

Z

2 2
L fQ/mQ
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In decays of (cq) states one may, in principle, expect considerable deviations
from the parton-model predictions (s 100%). In the decays of (bg) and especially
of {tq) states, the parton picture must work with a good accuracy.

3.5 EXCLUSIVE WEAK DECAYS

Both theorists and experimentalists are coencerned,with a rare exception, by
the U-meson decays. This subject is in a very intricate situation. On one hand,
a large number of particular medes has been observed experimentally, but sta-
tistical and systematical errors of measurements are still substantial (see
Ref. 31). On the other hand, theoretical understanding, unfortunmately, is not
up to the mark either. A considerable number of models has been uroposed1 > 145}
but all the models contain ambiguities and the connection with the basic prin-

ciples is not- always clear. A review of the models was agiven in Ref. 46.

In order to show a nontrivial character of the problems, which oresent, in
essence, puzzles of the quark-gluon dynamics, we shall discuss here a single
example - the ratio of the widths

0 g0 0
———”D(;‘K ) (3.14)
T (0¥+K *1
If we accept the naive quark model, the decay amplitudes are describad by the
graphs of Figure 24, Then we get for the ratio of the widths

2
, e, - )

LS .
& ey

Moy - 7 (3.15)

where the factor 1/2 is due to the isotopic symmetry, and 1/9 is an effect of the
colour synmetry (the ud pair, converting into %, is in the colourless state

from the very beginning, while to select this state in the K% C decay one has

to 1oose a factor of 3 in the amplitude). As to the coefficients €, C_, they

are re1ated to hard gluons and are given in Ref. 7; the result is (ZC -C } /

(2 W C_) er2 + 10 -2 Thus, according to the naive quark mode] the ratio
r{K9x0)/ r{Ka%) ~ 10 3. The experimental data show that BR(D +R° 0y and
BR(DU+K'F+) and BR(DU+K o*) are of the same order of magnitude. The contrast with
the theoretical prediction is striking. Probably one has to take into account

the graphs of Figure 25, which are enhanced numerically and do improve the
situation, according to the estimates presented in Ref. 144.

If the reliable theory for the exclusive weak decays of the charmed
particles is still absent, one may wonder what the chances are to succeed in
this question in the future. Indeed, we know a number of inveterate probiems
in the field of the traditional strong interactions which are not solved up to
now. Nevertheless, we think that a progress in understanding the exclusive D-
decays is quite probable, Our optimism is based on the fact that we have a large
parameter at hand, the c-quark mass; exploiting this parameter skillfully one will
be able to improve the theoretical description considerably.

4. HEAVY QUARKS AND WEAK INTERACTIONS

Heavy gquark decays are a beautiful testing ground for investigation of the
weak interaction structure. Not only they enable one to study the standard six-
quark model and get information on the quark mixing angles, but they also shed
light on properties of such exotic objects as the Higgs bosons and the axion.

In this Chapter we shall discuss in brief the quark mixing parameters. Notice
that there exists a recent reviewsJ devoted to the issue, where the reader will
find a more detailed discussion and an exhaustive 1ist of references. We shall
consider also the decays of heavy hadrons with production of the Hiqgs bosons
and axions in the final state. Useful informaticn on the subject is contained in
Refs. 10, 146, 147. Finally, a special subsection is devoted to weak neutral
currents of heavy quarks. Practically, we shall leave aside such interesting
questions as the CP-invariance violation and mixing of heavy neutral mesons,
refering the reader to other sources7’

4.1 PHENOMENOLOGY OF THE QUARK MIXING

Discovery of the b quark (and the third charged lepton 1) has Ted to a
natural replacement of the Glashow - Iliopoulos - Maiani four-quark mode]
by the Kobayashi - Maskawa (KM} six-guark mnde]149 with three left-handed quark

doublets,
u m H D a = () (4.1)
g ) I R A T ‘
(d)L 1 bl

and the right-handed singlets,

. 1
UR’ dR’ CR’ SR’ tRs bR ) qR = ‘2’(1'Y5)Q . (4.2)
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Here t s the sixth, not yel discovered quark; the present lower bound

for its mass is m, > 18.3 Gev 20, 21).

t
The general form of the weak charged current of the gquarks is

f
v

[=4]

i =

. d

where U 15 a unitary 3 x 3 matrix (UU* = t). The Kobayashi-Maskawa para-

149)

metrization is often used for the matrix U, in terms of three Euler

angles 91, 92, 03, describing the rotations in the flayour space, and a

*
phase & , related to the CP-parity violation ),

1

u ¢4 SyC3 5453 i

|

U= ¢ 5 -5,y c1c2c3—e16 $,53 CyCyCq + ets 52c3. (4.4)

: |

; _ __i8 - is i

t 5152 C152637¢ €53 18,83 + & Cply

|

d s b

where ¢y = cos Bi’ 5; = sin &y .

According to Eos. (4.3), (4.4), the experimental data on various weak
transitions allow one to determine the matrix elements Uik'

1) Uud . Tha cnly angle known completely from experiment is 91. Actually,
since U:E = ¢, the angle B, is just the Cabibbo angle O.; its value is
measured in the strangeness conserving B decays,

+3.0104

-0.0110 (4.5)

¢y = 0.9737 L 0.0025; sy = 0.2270

2) Uus . 1t is not difficult to see that in the timit 92, 93»0, the matrix U
connects the (d,s) quarks with {u,c), while the b guark is connected only with the

*} The choice of the phase sign here coincides with that in the hookY?. Recall
also that the CP violation cannot be introduced in a natural way within the
four-quark scheme in the minimal SU{2) x U{1) model with a single Higgs doublet.

- 00

t quark. Therefore the b-quark decays, discussed in Chapters 1,3 proceed only
if 55 # 0 and/or S5 # 0, Bounds on the angle 83 emerge from the data on semi-
Teptonic kaon and hyperon decays, because U . = s.c, : 1s1c3| ~ 0.219 T 0,002,

With the known value of 9}, ane gets, hence, a value of ¢, close to 1, Accounting

a6, 1s0) 3

for all uncertainties , one has
. _ +0.21
Isin 85 = 0.287 %, . (4.6)

3) Uub . The b»uW~ transition is determined by the matrix element Uub = 854S4.
From the unitarity condition
K 2 2 _
[Uggl® + U 1T #[UptT =t (4.7}
and the measured values of Uud’luus‘ it follows that the matrix element U, is
smali, B

G.03

= .+ M
=0.06 J g7pp (4.7a)

Uy
in complete agreement with the set of data on the B-meson decays {see Section 1.2.).
As mentioned in Chapter 1, the present-day experiment does not yet provide with a
more accurate information on the fraction of the beuW decays. If 93 = 0, the
Cabibbo universality would be exact, and the phase factor exp{is) might be
eliminated by a redefinition of the b-guark phase. It is noteworthy that

obtaining stricter  bounds on 93 is of great importance, from the viewpoint

of the CP-violation problem. In particular, if the experimental data indicated

S3 <<512m Sy the phase § might be of order 1, if, however, S3 v S, v Sy, then

6~ 107,

4) UCd . The matrix element Ucd = 54Cy can be extracted more or less accu-
rately from analysis of the KL-KS system. (The virtual c quark contributes to
the K°-E® transition.) In Ref. 5 it was found that

0.19 =10 4 = 0.23 (4.8)

Practically the same limit on |Ucd[ stems from the data on charm production in
neutring reactions. To be more exact, we mean the cross sections' difference

alv (d+s) + wcX) - c(Gu(a + 3y > u'ex)
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As we have mentioned already in Section 1.2 (Subsection B) the existing
bounds for the B-meson life-time (Eg. (1.16) ) lead to a combined lower bound
for the quark mixing angles. Indeed, for instance under the assumption of the
free b-quark decay (Figure 11), and accounting for the phase space effects,

Comparing eqs. (4.5} and (4.8) we see that ¢, is close to unity and the
corresponding angle is not large. Quantitatively,

|s,|<0.5
V4 we have
5) U__. The most straightforward way of measuring the matrix element U_ . = ~15

- s . .G 3.7 - 1071 sec
{c1c2c3 - e 5253) is the decays D+K*eue, D+Keve. One shoutd keep in mind Tp =
that until the t-quark discovery these decays are the best source of the 3|Ucb|Z + 2.5 IUubi2
experimental information on the angle 8,. Unfortunately, the experimental
situation with the semileptonic exclusive D meson decays is not yet established {see e.g. Refs.67,141).According to (1.13),{1.16) and unitarity the following inequa-
entirely. 5till one can use the 0" data which were not revised essentially. lity should be valid: 0.57 > |U b' = 0.05. The dominance of the b - ¢ tran-

e

The analysis of the electron spectrum in the Dt > e*X decay shows that roughly sition, beoc + w-_d must result in a high multiplicity of particles in the

: : + + + o0+ . U
speaking half of the events in 0" » e'X refer to the channel D'-K" e Ve* This final state in the B-meson decay - the prediction nicely confirmed by experi
implies that . ment (Cf.Section 1.2). This is just why it is difficult to study tra-

ditional exclusive channels in the B-meson decay, Mote that about 1/5 of all
hadronic events corresponds to the transition bac + W -c + Cs, with the cc-
system mass, predominantly, less than ZMD, so that this state converts inte
charmonium (see Figure 26). Therefore one should expect a rather high branching
ratio for the transition B-d/¢ + X121) : BR (B+J/¢ + X) = (3-1)%. The higher
estimate, 3%, assumes actually that the formation of the colourless cc bound

Dok state proceeds with the unit probability. More realistic assumptions lead to
and, if the form factor f_ {0}, describing the D+K transition induced by the BR(B + J/w + X) & 1%,

T etu ) o Jz r(pte’x) = (1 + 0.5) 10" sec”!

On the other hand, theoretically

K0 evy) v 1.5 - 1011 st 10K g Bpu 1P

vector current, is close to unity, then

. Experimental observation of this decay with the 1% branching ratio would be
|6 gi =0.8=0.2 an additional argument in favor of the b-c transition dominance. Of great
“interest here is investigation of exclusive channels, since according to Ref. 151,

B>K
f+ the typical fina)l state is 3/¢¥ K and the number of particles s not large.

Actually, one may think that {6) ~ 0.5, which automatically entails

1L{cs' v The beautifu) baryon = bud has, probably, also an appreciable (ef order
_ . 5) ' of a few percent) decay channel of the type A ~J/¥ + pk{An} .
The analysis of the KL - Kg system yields™’ a close constraint, 0.8 <1UCS|< 1.0.
7) Utd(s, b) * It goes without saying that a direct experimental infor-
mation on these matrix elements will be available only after the discovery of
the t quark. The t»b transition must be dominant. The matrix element Utd=515?

6) Ucb' As may be inferred from the discussion in Section 1.2 {Subsection B)
all available data on the B-meson decays confirm the hypothesis

is of particular interest, as it shows how small the angle 82 is. To find Utd
|Ucb/Uub|>> ! ? one should investigate experimentally the transition t»e+ve+ pions.

see also Eq. (1.13). Depending on assumptions on the phase &,the available
information on the matrix elements Ucb’ ch’ Ucd can be summarized in terms of
combined bounds on the angles 92 and 93 (see e.q. Ref, 5}.

An important bound on the angle B, stems from a theoretical analysis of the
t-quark contribution to the KU+KD transitions, see Figure 27. To avoid a too

large t-quark contribution (which is proportional to misg) to the KE- Kg mass
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difference, as compared with the c-quark contribution, one must suppose that
tg B, <{m_/m.} "7 2 CG.3. On the other hand, if m. = 1.35 GeY the t-quark cen-
tribution is needed in order to ensure the correct value of aM(KLKS); this
means that the angle &, cannot be too small. The conclusion is confirmed also
by analysis of the CP-symmetry violation in the KI-" system (see e.g. Ref. 7).
It follows from unitarity: [Utdl < 0.13, lutsl < 0.56; 0.99 > !Utb[ > 0,82,

A parametrization of the mixing matrix, different from {4.4}, is also often
used. Introducing new three angles 8, B, v {0548, B %n, - %ﬂﬁy ) and a new

phase a's%n we have153):
Calq CSg g
is! is' is'

¢, CgSpe c,Cp - S, SuSge 5,Cge

U= 14.9)
-8 -ig§!

“SgC, Ly * 5, 5p8 _CYSBSU-SYCQE <.Cp

Here cg o = oS (8, 8, v), sg g,y = SiD {8, B, v}

The angle 8 coincides with the Cabibbo angle BC, but for B # 0 the Cabibbo
universality is broken:
_ . 2 2
L9l = Uy /U5 10,10 #U gl - cosZe< 1.
This parametrization is especially appropriate for description of weak b-quark

transitions, since the angles g and vy are related directly to its decays,
sing = Uy s [siny cosaj = Ul ; tgy = iﬂcb/Utbl . {4.10)

Because the vielation of the Cabibbo unjversality is small {(cf. (4.7), (4.7a) )
the angle g must also be small: Bz 6 - 10_2 ~ % 8. Bounds on the angle v arise,

in particular, from the data on the Ko-ﬁu transitions. Yo iltustrate this point,
we present in Figure 7?8 a compilation of the available boundssg’ 20, 21) for the
quantities sing and |siny|, resulting from the universality of the weak coupling,
data on the KE - Kg mass difference, and the upper bound for g (see Egs. (t.16)
and {4.10))- The dashed areas are ruled out by the present experimental data, the

lower left angle corresponds to g < 1.4 - 10_12 sec.ﬁg}.
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4.2 WEAK NEUTRAL CURRENTS OF HEAVY QUARKS
. 9, 154)
In the standard Glashow - Weinberg - Salam model , the weak
neutral quark current
0 _ 1 P -
= 4.11}
iy =7 § (ugans + agay, s ) (

has the following values of the vector and axial-vector couplings:

P )
au,c,t 1 , U et ™ 1-—3 sin BN H
(4.12}
. & 2
ad,s,b, = -1=ae y L)d,s’b = 1+ 7 sin QN

. . . 2 -
where @, is the Weinberg angle { (sin Bw)exp = 0.229+0.009).

The available experimental data on the J/¥ meson yields in the neutrino-
induced reactions (see Figure 29), as well as on the hadron production cross
sections in the e*e” annihilation (see Figure 30), are in agreement with the
assumption of the standard model according to which the cc and uu currents
have identical structure. Besides, the data on the e'e” annihilation rule out
anomalously large coupling constants in the bb-current.

A detailed information en the heavy quark neutral currents can be extracted
from ete” collisions, if one investigates the distributions in the pelar &
and azimuthal ¢ angles describing the jets generated by these quarks (the ¢
distribution is useful if the initial particles are polarized, see e.n. Refs.
67, 155). In cortrast to the case of light quarks, these jets can be identified
quite unambiguously, for instance, by detecting hard definite sign muons pro-
duced in decays of the corresponding leading heavy hadrons {the so called-method
of tagged quarks®’® 193] see Section 5.1 of Chapter 5).The contributions from
semileptonic decays of 8 and D mesons can be reliably separated by means of a

selection in the muon transverse momentum,

In particular, measurement of the forward-backward asymmetry for charm and
beauty is of great interest,
doq{9) - doq(n—ﬂ)

Ag = 4 8 (4.13)
doq(ﬂ) + dcq(w-g)
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From this quantity one can immediately determine the parameter a . For N2<<M% 4.3 ELUSIVE SCALAR PARTICLE FACTORY
the quantity Ag is determined by the interference of the araphs of Figures
30a, b, and is equal to Decays of hadrons containing heavy quarks are one of the best sources of
infarmation on various exotic objects appearing in the theory. Such objects
Ad=,9 2 cos 8 (4.14) are, in particular, the Higgs bosons (see e.q, Refs. 10, 146) and the axion
¢ ¢ 1+00529 (e.q. Ref, 147) - their couplings to quarks are preportional to mq.
o 2 T f%ﬂg_ ( we )2 (1_H§)*1 {4.15) In the mi?imal sta?dard nge19?f elecfrowea% interaction {with a single 0
G MZ doublet of Higgs particles) * ““there is a sinale physical neutral boson H ;

in models containina several scalar multiplets there are also physical charged

cf. Egs. (6.2), {6.3). particles H'. The experimental search for the scalar bosons H is one of the

- foremost problems in modern physics. However, it is no chance that these
particles were called elusive. On one hand, the theory is not able yet to

predict their masses and the detailed structure of the Higgs sector. On the

hccording to [q. {4.15).the asymmetry in e'e” » g3 is larger than in ete” » uth
by a factor of 1.5 (c quarks) or by a facter of 3 (b quarks). The asymmetry in-
creases rapidly with energy and, as seen from cajculations exploiting more accu-
rate formulae, for W = 60 GeV the result 13 92 =-0.8; the effect is decreasing

for higher enerﬂies67). Note the possibility to determine the 7% mass via pronaga- i
q final state.
Ct

other hand, the expected production cross sections for the Higgs bosons are,
as a rule, quite small, and, moreover, it is very difficult to identify the

tor effects in A 1

Z
Since the Higgs boson-quark coupling constant is of the order of (G.V2) m
F g

in the standard model, the heavy guarkonia decay is an intensive source of the
0
H

Vg > H0 + y decay probability is given by the followina relation {see Fig. 31}
157)

The coupling constants vq can be found in experiments with longitudinally pola-

rized e”, e beams. For example, with the electron helicity 1, a P-odd cerre- ) . ;
. ] ) P bosons with masses my < 2m.. In particular, for the vector quarkonium VQ the
lation appears in the total cross section for the process e e -+ qq, Q

Ja { AV o v
ad=1 _3'_.._)___‘]; N (4,16)
P o a 4
a d 0 2 4
r (V. - HY) Ge m L
. Q - (-4 (4.17)
{NZ<<M%). This correlation is especially substantial in the case of the b quark: r (VQ wptuT) e Mé
for W = 40 GeV one has AS = 0.4, while AS = C.1.
For example,in the T meson case this relation yields (mﬁ/MS << 1) BRT~» Huy) =
An elegant possibility for investigation of the interaction of the neutral 3 . 10‘4, 50 one may hope to find the T + HOy decay by detecting momochromatic
axial electron current with the vector ¢ and b quark current directly at the J/¥ phetons. If oy %4 GeY, the main channels of the H boson decay are HU a ', il
and T peaks was considered in Ref. 156, The dependence of the total hadronpro- Note also that in the standard model with a singls Higgs doublet two require-
duction cross section on the sign of the longitudinal polarization sh0u1d4resu1t ments - the vacuum stability and applicability of the perturbation theory -
in a relative effect Ag = 1.6 10‘2 in the T resonance, and Ag =4 + 10 7 in the faply thatlsg)

J/¢ resonance. This effect is especially strikina in the case of the t quark where
A; becomes of order unity (below the LO mass). 1 Tev m, 27 cev

.

Another possibility is to measure the Tongitudinal polarization of the final
wfT (<17} at the narrow resonance peak.
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In the models with several doublets lighter scalar particles may well exist.
At present, the CB group is analysing the data on the J/y +—vu+u_ decay41)
in order to obtain bounds on the cascade transition J/y = yH® -+yu'u’. They
assume that 400 MeV & m, % 3 Gev.

In the case of the t quark, the ratio (4.17} is essentially enhanced,
and accounting for the existing bound m, > 18.3 GeV it is not difficult to

?et r‘(Vt > HGY)/ F(Vt 3u' 7Y > 0.12 (unless m s considerably higher than

=ty ).

Now we turn to the issue of the charaed Higgs bosons HE. If this particle
existed and had a moderate mass, mH<(mb - mc), then the b quark would decay
entirely by means of the semiweak transition b » H'c: r{b > H¢c)/ T(bcud )
o BHZ/GmE " 105. If M- > 2 GeV, the dominating decay channels would be
H =+ T'GT, €s, and their experimental signatures are bright. As discussed in
Section 1.2 (Subsection B}, the data on the B-meson decays reject such a
possibility. Moreover, analysis of data on the e*e” annihilation at energies
W < 30 GeV rule out the existence of_Hi within the mass interval 5 - 15 GeV
20, 21}. Therefore,

(provided H decays in the following way: H - Vo €s}
if there is any hope to discover the H: bosons in heavy quark decays, it
refers to t quarks, t ~ H'+ b,

Heavy quarkenia decays provide with very important information on such a thec-
retical invention as the axion (a), a new very light pseudoscalar particle
ensuring the natural CP invariance of strong interactions {see e.g. Ref. 147).
During the past few years, this object has been intensively searched for in
experiments on proton and electron accelerators, reactors, as well as in decays
of excited nuclei.
The standard axion theorylsg’lao) predicts that its coupling tou, ¢, t
quarks is of order (G /?71/2 qu, while that to d, s, b quarks is of order
(G J?)llz qu'l, where x is a standard parameter in the axion theory, which
is equal to the ratio of the vacuum expectation values for two Higgs fields.
Just as the decay VQ A'HO + v the ratio of the ¥V, - a + y width to the Tep-
tonic width, say for the J/0 meson, is (cf. {4.17)},

I (Jib » a +v) =-GFm(2: a

(4.18)
(/0 » |.I+|J- VZ o

{the corresponding formula for the b gquark is obtained by replacing the

factor x2 by «2 and m, > my)
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The CB group in a recent experiment161) has searched for the J/y decay
into a photon (with energy EY = %mJ/¢) and a Tong-living non-interacting
object having a low mass m, < 1 GeV. (It may be the axion or another exotic
object with similar properties.) Working with the statistics of about
2 - 198 J/¢ events, the authors have obtained an upper bound for the branching
ratio of the decay

BRIJ/Y +~ & +y) < 1.4 .« 1073 (90% C.L.) (4.19)

Comparing (4.18) and (4.19) (BR{J/y ~ WTeT) = (751) %), it is not difficult
to get a bound on the parameter x, » < 9.6, Thus, we rule put immediately the
value x=3, which seemed to be most preferable in the Feissner experiments152),
where the discovery of the axion was claimed.

Since BR{T + ay) ~ M% and the product BR(T - ay)BR{J/¥ -+ ay) is independent
of X and is unambiguously predicted within the standard Weinberg-Wilczek scheme
it may be instructive to perform combined analysis of J/¢ + ya and T+ ya
reactions. The data on monochromatic photons obtained by the LENA group {T-ay)
and the CUSB group (T" -+ ay} decisively rule out the existence of the standard
axionM). Let us emphasize that in the axion searches the heavy quark decays
have demonstrated an essentially higher effectivity than other metheds of in-
vestigation. Moreover, the heavy quark decays, as the best testing ground for
new axion models, will hardly Tose its role in future.

5, HEAVY QUARKS AND THE PERTURBATION THEORY

Since the heavy quark physics is connected with short distances where

'asymptotic freedom is operative, many relevant problems lock much simpler

here than for light quarks. The large quark mass enables one to use the standard
perturbation theory (PT); say, the Teading log summation.({e.g. 11,163,164},
gives a description of final states in various hard processes, or, in other
words, the heavy quark fragmentation function. Combining the PT results with
the parton model approach one can obtain a consistent picture of production
and hadronization of heavy quarks in which the bremsstrahluna and confinement
effects are accounted for simultaneously.

Besides, decays of heavy quarkonia are, in principle, the clearest source
of the gluonic jets. The vector quarkonia can decay into three glucns, while
the pseudoscalar and P-wave quarkonia with JPC = 2%, 0% may decay also into

two gluons {see Figure 32). Investigation of heavy quarkonia decays provides,
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thus, with an important infermation on the gluon jet prooerties in particular,
on specific features of the qluon hadronization, Determination of the dluon
quantum numbers (spin, parity etc.) is also related to investication of the
gluon jets. One should keep in mind, however, that PT is not a self-consistent
approximation, so that onwe should always remember about effects lying beyond
the PT control, Experiments cn heavy gquark fragmentation reveal conditions
under which confinement does not preclude coloured partons from appearing as
individual objects with cuite definite properties. In this way one learns
whether the hadronization mechanism is sufficiently "soft" or not.

Let us finally note that <ince in QCD the intensity of soft gluon emission
by a gluon is higher.by a factor 9/4, than that by a quark there appears.a
possibility to compare yields of various particles in decays of quarkonia and
in e*e” annihilation (see e.q. Refs. 11, 164). This is a way of testina conse-
quences of the conventional picture for the cascade multiple fission of gluons
and the subsequent hadronization.

We will discuss here in bwi2f the problem of the heavy hadron spectrum in
e'e” annihilation, the tests of the gluon spin and parity, as well as the QCD-

based ideas on yields of variouc hadrons in guarkonia decays.

5.1 DISTRIBUTION OF KLAVY HADRONS IN JETS

First of all, we shall discuss the peculiarities of the gluonic bremsstrah-
tung and hadronization due to & large guark ma5567’ 164)‘ Suppose that MQR >> 1,
where R is the confinement radius, or, to be more exact, a quantity determined
by the non-perturbative interaction of bremsstrahlung gluons with k; ~ R-‘I
(us(k2 W R7%) a1) with the vacuum Tight quark condensate: R™! ~ (250-300) Mev.
Because the quark Q is very massive, the formation time for the bremsstrahiung
with energy » and transverse uwcmentum k.,

toad ¥ EQz(i-z)/{ki + Mgzz)
is always parametrically shorter (for z ~ %) than the time of the gluon hadro-
nization, thadr ] mRZ, corresponding to distances at which the interaction
becomes strong. for energetic gluons the characteristic transverse momenta are
k, * MQ, and only parametrically soft aluons with z s(MQR)'1<< 1, ¥ L'LR_I
emitted intensively. Hence, we draw an important conclusion that the radiative
energy loss by a heavy quark is small and is controlled by PT155’ 164). Along

this line we get an explanation of the spectacular effect of leadina heavy quarks

(and hadrons)165) which is reminiscent (kinematicallyl of the leading baryon
effect in the pp-interaction.
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If the parameter MQR is large enough, the spectra of hadrons containing
heavy ( quarks - call them H, - should abproximately coincide with the
spectrum of the quark Q: |xQ - Xy | (MQ!R)_‘I for 1 - Xq. 1 >~>(MQR)_1
(XQ,H = ZEQ,H /W). The coincidenge should become even bét%er after summation
over 211 typesqof hadrons with the heavy quark @ when il - X0H|<(MnR)_1 the
spectra should decrease as powers of {1 - XHO).

Since the distances essential for the hard gluen radiation by Q are
determined by the quantity M61 << R, the Q spectrum for (1—x0) > (I"IQR}'1
is described completely by PT and is infrared-stahle,

The Q-quark inclusive distribution ﬁQ(x) in the process e'e” + Qtx)+...
is given in the leading log approximation {LLA) by the following expression:

< LLA (di -1 2 . 1
DQ (x,W) = 7 X exp { AE 7 C2 [3 + TG T éw(3+1)-4yE ]f (5.1}

where ¢ = T/T ‘i 0.577 is the Euler constant,

N 2 o 1. M
[.2 = R 3 ﬂE_='E(N )- E(MQJ = B In ;s‘nq% H . (5.2)
b=dln-ZH. -9 d ks)
3 N5 Ne . d, s, quarks) .,

Here Nc is the number of colors (N = 3), Nf is the number of "unfrozen" quarks.
The integration in Eg. (5.1) goes over a contour, parallel to the imaginary
axis, to the right of all singularities, i.e. Re j > 0. The distribution (5.1)
grows with x increasing. The magnitude of ﬁELA(x) can be found numerically
for arbitrary Az and x. However, for real energies the value of ag, say, for

the b quark, is not large, and one can use simple interpolations, for instance

- 2 -
DQ(’_(} = N {at) 15—’5— (1-x) 7 1HC,AL {5.3)

where N{af) is determined by normalization conditions. More accurate calcu-
lations enable one, in principle, to get Yoaarithmic corrections to the LLA
formula (5.1}, as a series in powers of ag.

The mean fraction of the ener%¥ carried away by the heavy guark is given in
; . 164,186)
tLA by the following expression :

LLA “s(MS) y %’Zf
< xQ> = axp (‘BCEL\E /3) = —_(;1_27) (5.4)
ot
35
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which corresponds to the well-known results for deep inelastic scattering

{the valence quark distributions)lﬁz)App!ied to the ¢ quark, this estimate

means that its radiation loss, for energies available at present (W ~ 30-40 GeV),
amounts only to a quarter of its momentum: <X = 0.75; the b quark spends

its energy even more stingily: Xy = 0.85. Experimental tests of this PT
predictions would be very interesting. Note that the first data from MARK II

{and CDHS, EMC oroups at SPS) really indicate that the charm fragmentation
function is fairly hard.

Properties of jets generated by heavy quarks can be investigated experimen-
tally via the specific decay modes of the corresponding leading heavy hadrons,e.g.
by detecting hard leptons from the semileptonic decay155’57).Ana1ysis of the lepton
spectra allows one not only to separate events with heavy quarks, but also to
discriminate between contributions of different heavy quarks. Besides that,
it is possible to discern the jets from a quark and a gluon, from a quark and
antiquark. This fact opens the way to investigate apart from the strong
interaction problems, say, the gluon properties155), various manifestations
of weak interactions of heavy quarks (see Section 4.2). A discrimination
between the b and ¢ quark events may be performed by using a selection in the
transverse lepton momentum pl (with respect to the hadronic jet axis): under
the condition pl > 1.2 - 1.5 GeV¥ one gets, mainly, the b-quark event567). It
is possible to indicate other specific features of events with heavy gquarks
in e'e” annihilation. In particular, apart from a lepton one should observe
in such events an appreciable energy loss (the emergy is carried away by
neutrinos} and an apparent disbalance of the transverse momenta.

5.2 TESTING THE GLUON SPIN AND PARITY

At present we have a number of PT metheds for determination of the gluon
spin and parity, and they were tried in analysis of experimental data (see
e.g. Refs. 16, 11, 168). The data favor the hypothesis ch = 17, although
with different degree of reliability. However, an interpretation of any
experiment on investigation of quark and gluon properties requires some addi-
tional assumptions, concerning, in particular, the mechanism of parton nadro-
nization, Therefore it is especially important to measure the parton quantum
numbers in various experiments, in order to test various stages in the hierarchy
of the hadronization hypothese511). In this case confronting the results means
testing the perturbative QCD predictions, as well as the concepts of the parton-
hadron relation, i.e. the character of confinement.
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[n order to get an idea of how strongly this or that QCD prediction
depends on particular features of the theory, it is commonly accepted to
compare the prediction with those of other models, in particular assuming
different quantum numbers for the gluon. One should keep in mind, of course,
that QCD has mo rivals, that such models are just auxiliary, since by no
means they present versions of a consistent theory.

A) Decays of heavy quarkonia

The most reliable confirmation of the conventional gluon spin and parity
is, evidently, the comparison of the heavy quarkonia decay widths, since it is
based only on a minimal assumption of the completeness of parton_states168’ 169).
In particular, the ratio of the direct hadronic decay widths (Fd1r) for pseudo-

scalar (150) and vector {331) states,
rS - Fdir (130)/ rdir l331) s (5_5)

predicted by QCD is roc” 6 (asln)_1 (1+U(a5) )} isee Fiqure 32)
For instance, for the J/¥ and e states we have PECD ~ 10, cf. Chapter 2.
A close result is expected also for T and U

If the gluons were pseudoscalar (Jg = 07), then the 150 state could not
decay into gg, and both states, 1SD and 351, go inte three gluons, in spite of
different € parities. Respectively, the predicted difference in the decay
widths is substantially less than that for Pt The estimate for J/¥ and
168) rﬁ ~ 10, For JF = 1% the estimated width [‘d1r (150) is con-
siderab}y less than in the standard case JP = 17, perhaps, it is even less
than Fd1r (351}. Finally, if qluons are scg1ars, JZ = 0%, the 331 state can
decay, as before, into three gluens, while the number of gluons generated
in the direct decay of 150 is no Tess than four. In this case one should

tot tot 11}
expect F”c < 1"\]/‘F .

e would be

s 12
axp = (31} + 107 (Table 13)

is in perfect agreement with the standard QCD gluon, and all other possibili-
ties are ruled out. The measurements of the widths for the S-wave bb states

Thus the nc/w ratio observed experimentally, r

will give even more reliable test of the g

g assignment.

The comparisoen of the decay widths for the 3PO and 3P2 states, proposed in
Ref. 169, also requires only the completeness of the parton states.



-
B)T- 3g

In order to test the gluon spin in three-jet processes efe” - qqa and
T + 39170'172’ 63, 17), one needs more serious assumptions; first of all,
it is necessary to assume that the hadrons “remember” the direction and
properties of the parent partons (the so-called soft decolorization hypo-

thesis).

In experiments at T, T' peaks the distribution of the so-called oblateness
axis*) T with respect to the direction of the initial e*e” beams has been
measured; it is proportional to 1+aTc0528. {“T)exp =035 3% 0.1182) | Let us
denote by B the angle between a vector normal to the gluon emission plane
and the oblateness axis. The B distribution has also been measured, It has

) T -0.2910.0662). The resutts are in agree-
qy?ﬁ? = 0.39, (a -0.33, and rule
p ‘

out completely the assumptions Jg

the form 1+uNC032 8, where (a

ment with the QCD predictions

0",

€) dp > yF = vwn173),2351 S (1351)116, 118)

Graphs describing these decays in the two-gluon approximation are given in
Figure 33{a, b). These decays naturally occupy a Tower position in the
"hierarchy of hypotheses”.

In particular, the masslessness of the intermediate gluons is Usually
assumed in calculations of the J/y + vf decay characteristics. [t is no sur-
prise.therefore, that we observe no good agreement of the oversimplified QCO
prediction”3J with the measurements of the f meson polarization state in the
radiative decayqz) (see Table 2, footnote, Xy = 0.76, yip = G.54).

As it was shown in Refs, 116, 118 with the help of the multipole expansion
for the gluon fields, the ratio of the cascade decay widths for ¥* and T',

k = FIT' > Tan)/ ply’ » Wyrn) (5.7)
must depend essentially on the gluon spin: kQCD ~ 0.1, for Jg = 0% ka1,
The point is that, unlike the scalar gluon variant, in QCcD the process ampli-
tude is proportional to orfs {see Section 2.3 and Eq. (2.52) ).

®*] The axis T 15 close to the direction of the most erergetic gluon Jet,
for details see Ref. 11.
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The experimental result kexp = (8.5%¢g) - 10_2 clearly favors the QCD

prediction.

The fact that various methods mentioned above do agree between each other
is very important, as it confirms our ideas of the confinement properties.
In particular, the "soft decolorization" hypothesis gets an additional expe-
rimental support.

5.3 HADRON MULTIPLICITIES IN QUARKONIUM DECAYS

Experimental data on the multiple hadron production in e'e” annihilation

at high energie323’ 174)

provide with a good qualitative confirmation of
spectacular predictions, specific for perturbative QCD, of the gluon cascade
fission (e.g. {11, 164)):a sharp rise of the mean multiplicity of charged
particles Ny with increasing energy, a characteristic structure of the
plateau, etc. The picture of the gluon fission is also in agreement with the
observed increase of the baryon yields {p, p and A, &) in hadronic jets164).
The latter fact indicates, among other things, that the 1ight glueball for-
mation does not dominate in the fragmentation of gluons into hadrons (the
gluonium proliferation in the final state would suppress the relative baryon

yield if m < 2.5 GeV),

glueball
Within the double-log approximation of perturbative QCD, there is a general
functional technique of calculating asymptotics of various characteristics

referring to hadron production in jets, multipticities, spectra correlation

functions etc.175)

. Using the known gluon distributions in quarkonia decays,
this method can be applied also to calculation of some characteristics of the
multiple particle production in these decays if the relative emission angles
of glucns are sufficiently large. However, if the gluon configurations in the
VQ - 3g decay are more or less symmetric, one can obtain simple formulae re-
lating directly experimental characteristics for the direct quarkonium decay
to the corresponding characteristics of e*e” annihilation at W= %”V ; see
Ref. 11. Q

In this way we supress theoretical uncertainties, say, those due to cor-
rections to the double-log approximation. Of course, one should keep in mind
that the resulting estimates (given below) may be rather crude, in particular,
because the symmetrical three-jet configurations are actually not absolutely
dominant in the VQ decay.
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Here we shall consider yields of various type hadrons h in the direct
decays of the quarkonium VQ. The mean multiplicities <nh(VQ}> can be
related to the bremsstrahlung gluon contribution to the corresponding
multiplicities in e*e” amihilation, <nh(e+e'}>, by means of the

equaTity11’ 164),

<nh(VQ)> = % . %~ﬂ<ﬂh(e+e-,w=§qu)>+ <nh{d/¢)> (5.8)

where A <n,> is the growth of the multiplicity for ete” annihilation with
energy increasing from ~ 2 GeV up to W. The factor of 3/2 accounts for the
replacement of two jets by three jets, and the factor of 9/4 is due to a
higher probability of soft gluon emission by a gluon, as compared with the
quark case (e.g. Ref. 176).

For the T meson £q. (5.8) provides with a reasonable estimate of the charged
particle multipticity, <nch(T)> = 8 - 10, The estimate for the tt quarkonium
{toponium) is <nch(T)> = 35 - 40 for the mass range 49 - 50 GeV.

Since for moderate e'e” annihilation energies, W <3 GeV, the baryon yields
are low (np(e+e') = (2t - 1072 for W 3 GeV), practically, all the observed
multiplicity of the non-leading baryons can be attributed to the cascade

fission of the PT gluons. Hence, replace A<np(e+e_J> in Eq. (5.8) by <nﬁ(e+e_)>.

One immediately predicts that the baryon multipiicity in the direct quarkonium
decay must be considerably higher than that in the background164). 1t is
remarkable that the situation is realized already for the J/y meson. For
instance, n (J/4) = (6.3 % 1.8) - 1072 177) by & factor of 2 - 3 higher

than off the resonance. This result can be considered as an argument in favour
of the three-gluon nature of the direct J/y decays. Using the data on p,p

and A, R yields in e*e” anmihilation (e.g.23 ) one gets from Eq. (5.8) for

the T resonance <n - | T)> = 0.74 ¥ 0.08 and <nni(‘rj> =0.22 ¥ 0,04, in

good agreement with experiment (see Table 6, and, especially, the DASP-2 data).

We would like to emphasize that the increase of multiplicities for diffe-
rent type hadrons is approximately one and the same since it is connected
with the gluon fission. In the case of the T quarkonium, where the pre-asymp-
totic effects are small, one should expect an approximately equal baryon-
to-meson yield ratic on and off the resonance,
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6. TOPONIUM AS IT MIGHT BE

The superheavy auarkonium is, probably, a fascinating world where the
rotes of the weak, electromagnetic and strong interactions are interchanged
as compared with those we have got used to. The weak interaction effects,
negligible in charmonium and bottonium, may be considerable, or even domi-
nating, in the topomium. From the theoretical point of view, the situation
in tT is quite clear: the Coulombian description is valid within the Timits
determined by the theory; but the decay properties are peculiar, indeed.

We will consider here in brief the expected properties of the T toponium,

the 1331 state of the tt system; a more detailed exposition of the issue can
be found, say, in Refs.86,87,141. As it was mentioned above, the toponium is
expected to be a "gluon factory", where it will be easy to investigate
exhaustively the gluon properties and the mechanism of their hadronization.
Possibilities of studying weak interactions in the T particle decays are also
unigque {see Chapter 4).

The expected toponium properties depend essentially on its mass, M?.
Unfortunately, the existing theoretical predictions for this quantity are
scattered in a very broad interval beginning s1ightly above the experimental
lower bound {37.6 GeV) up to MT = {50 GeV (see e.g. Ref. 178).

The main decays of the superheavy vector QG quarkonium can be described
by the diagrams of Figure 34. Transitions involving the Higas bosons 1ike
QG » 2% may also exist, in principle (see Figure 31).

One should pay special attention to the transitions, described by the
graphs of Figures 34h and 341, corresponding to weak decays of one of the
quarks constituting heavy quarkonium. In the case of the t quark, the graph,
the graph of Figure 34h represents the transition

tt = t + b + leptons or hadrons . (6.1)

The produced quarks t and b may then form a new hadron (tg) plus the B meson,
or bound themselves in a superheavy hadron tb. Thus there appears a real
possibility to study new elements of the quark mixing matrix U (in particular,
Utb’ see Eq. {4.4) and Section 4.1},
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The contribution (6.1} to the total T-meson width becomes noticeable
(i 5%) for my % 25 GeV and grows further with the t-quark mass; if
MZ X MT b ZMN this transition becomes dominant (see below}. The decays
can be reliably detected experimentally, say, by hard leptons from the
W e'Ge transition ar from a semileptonic decay of the t quark. For m

t
> ”H the graph of Figure 34{a) becomes operative.

Let us dwell now on the graphs of Figures 34a-g, They all correspond
to the QO amnihilation at short distances {so they are called annihilation
graphs) and are proporticnal to the quark wave functiom at the origin squared.
Account1ng for the y and 0 exchanges {Figures 34a, b), the leptonic width
T (T > e'e”) is determined by the following relation *} {cf. Eq. (2.17),
Sectien 4.2 and Eq. {4.11))

2 2 20 2 .
_ 2vveRy o (v "+ a v R
r (T +e'e) = r$|[1 Q z, & 2e £z ] (6.2)
L t Qt
_where
2 2
e MM st (6.3)
7 BraV? " Z_M 2 ' 35 GeV Z !
I B M
— -
My

and Fe = (Tre *eT) QED is the purely electromagnetic contribution to the
lepton1c T width. The axial-vector (a } and the vector (vt) coupling constants
for the t quark are determined within the standard model by Eqs. (4.12), and
for electron a,= -1 ¥, = 4sin29w -1, so that Vo <<1, since s.1'n25.-i|ﬂ| N 0.23.
Recall (see Sect1on 2.1 Subsection C) that the quant1ty F has a relatively
slow dependence on the quark mass, and the energy dependence of the leptonic

width is determined, almost completely, by the last term in the square brackets

of £q. (6.2). In particular, T(T > e*e”) sharply increases if My is close to M;.

*) Near the Z peak Eq. (6.2) must be modified, in particular, because
is changed by radiative effects and by effects due to T, (details can
bé found in Refs. 179, 180). )
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Since the neutrino couplings are equal to unity, a, =V, = 1, the
width of the T+wu transition (Figure 34(b}} is given by the following
expression

- Vz 2
r(T-ww) = 2 Ty ——? R . {6.4)
Qy
For MT " MZ’ the transition T+5v5 amounts to a considerable (10 - 20%)
fraction of the total T width, and its observation, say, by the radiation
tail efe” » v+ T "nothing” is of considerable interest, in particular,
from the point of view of counting the number of the lepton generations.

On the other hand, the Tsvv decay might be observed in the cascade*)

2351 + 1351 + at +n” . (6-5)

> vy

The T » qq decay width due to the graphs of Figures 34{c,d} is (cf. Eq.
{6.2) )
2, 2y, 2
2 2vgvl v R

(T > qq) = 3 1% [ % - g g, + 4 ~ z ] {6.6)
t

Note that in the case of the T + bb transition one should add a contribution
from the t-channel W boson exchange (Figure 34{g}) to the amplitude represented
by the graph 34(d}.

The W-boson exchange centribution to the total width is, for Ucﬁﬂl 181)

T 1 M 4 ’ 2

T = ( ] (6.7)
W z 1 z 2 “‘?
My~ +g M) 0y

The ratio of the T » fF width to the electromagnetic width %

T
s

T (T - f?)/rTe s f=e,v,q (6.8)

*) Bounds on the 1351 > vﬁ decay from the cascade (6.5) were intensively
discussed immediately after the J/¥ and ¥' discoveries (see e.qg. Ref. 97},



as a function of the T-meson mass is shown .en Figure 35. The ratio
rgg = © (T » 30)/ 1%, calculated with the help of formulae Tike (2.41),
is also presented for comparison. As ane sees from the Figure (see

also below), the relative weight of the three-gluon annihilation decreases

with increasing MT’ and it does not exceed 30% at MT X B0 GeY.

The difference in the dd and bb contributions is mainly due to the
constructive interference of the graphs 34(c.d) with that of Figure 34{g}.
Near the Z°-bason pole (Ml = 80 - 90 GeY) the behaviour of the T » ff
channels is determined completely by the pole term, medified according to
Refs. 179, 180 {see the footnote to Eg. (6.2)).A further growth of the

quark mass results in a spectacular interplay of different forces. For instance,

in the vicinity of the Z-boson pole the leptonic widths of the excited states
1ying nearer to Z, are larger than the leptonic width of the ground 1eve1182J.

Note that the T + qq transitions would produce two-jet configurations
experimentally, and the T » bb channel can be separated rather easily because

of specific properties of the b-quark decays (see Section 1.2 and Section 4.1),

For MTi 100 GeY the decay channels T ~ HUY (see Eg. (4.17) ), T =+ ZOY .
T~ HUZD are comparable with the anrnihilation channels discussed above.
However, as we have already mentioned, the free t-quark decays are dominant
at such energies (see Figures 34 h, i)}.The point is that the correspending
contribution to the total T-meson width is propertional to mi, in contrast
to the annihilation graphs (where the MT-dependence is rather weak, except
the region near the ZU-p01ej.

For my < MW’ one can write an expression for r{+ e , neglecting all
fermion masses, except my and Wy s and putting }Utb; =1,

2 5 2 2
G-"m m m
29 f bt ¢ o, by (6.9}

19247 nr

T

r tosWe,

lhe factor 9 here is due to the existence of 9 allowed decay channels. The
function f accounts for the effects due to the phase space and the W-boson
propagator (see Figure 36).

Figure 37 (taken from Ref. 87) compares the quantities I (T - 3q},
D E=  fopy.q LT~ ) and 18 1 (t > be'v,) for different magnitudes
of the mass le As it is seen from the Figure, the free quark decay becomes
noticeable (r W+.../ It 2 6%) only for MT % 50GeY; for HTE-TUGEV its
probabitity is, approximately, twice higher than T(T + 3¢) and amounts to
about 1/9 of the total width Ty

For M > 2M, the dominant channel is the t-quark decay with production
of the real W boson (Figure 34i}), The corresponding width of the T +» W
decay is (we put Uy = 1)
Cr 50 M a2
P AT+ Wea )= EEFV? my {1+2—?) (1——?) . 16.10)
Mt Mt
He emphasize that different hadronic chanrels of the T-boson decay can be se-
perated in experiments, 1f one pays attention Lo specific differences in the corre-
sponding events.For example, the T + qg transitions produce, mainly, two-jet
events; T - 3g events have a planar topology, while the free t-quark decays
result, in the average, in isotropic events. Besides that, as we have already
mentioned, one should observe in the latter case direct hard leptons corre-
lated with kaons(from the b quark decays).

At the T-resonance peak, the ete” annihilation cross section, corresponding
to the free t-quark decay,is179):

T - T _ + - + .
ole’e” > theoe quark decay ~ Reree quark decay sle’e” »wh") (6.1

. - .o F
9 r(Tsee) Tt We. .. o 220,86
Reree quark decay 2(12 V? ( Tr N U )(HT )
where
M
_4da T, _ 1

and ¢ is the energy spread in the ete” beams {Umwz). Note that for MT{ 70 Ge¥

. - + - - .
the branching ratio (T +~e'e )/PT, and, consequently, the ratio R. . quark decay®
have a weak dependence on the quark wave function,

The cross sections corresponding to other T-meson decay channels, T - f',
can be obtained from (6.11) by substituting r{ .. ar(T>f').
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As we see, the possthility of experimental observation and investigation of the T
meson depends substantially on the magnitude of U(e.g.sg)). Say for the toponium
mass in the interval My ~ 40 - 50 GeV and with o (MeV) = 22 - 1075 MZ (Gev?)

(the numbers are relevant to PETRA} we get that the maximum of the cross

section exceeds the backqround in the hadron channel by a factor of 2 - 3

and that in the muon channel by a factor of 1.5 - 2.5 . Thus the leptonic

width measurement and reconstruction of the total width does not seem to be

a difficult task, Note that if MT > MZ the conditions for experimental 0
investigations in toponium become worse because of a strono radiative Z

tail, which should be eliminated in this or that way155’ 179).

7. PERSPECTIVES

Rather rich information on the heavy quarks is avajlable at present, still
the field does not seem to be exhausted. One may expect here many striking and
important discoveries. In particular, the t quark observation and measurement
of its mass may produce a considerable effect upon the further development of
the theory of quarks and leptons. Moreover, the t quarks might be a unique
factory for production of exotic objects, like the Higas particles, etc. There
are some chances to encounter the fourth generation of quarks (if it exists in
nature),

There is still a lot of unsolved problems relevant to the charm and beauty
sectors, The information which can be obtained here concerns, mainly, the strong
interaction properties, in particular, special features of gluodynamics, As
always, the most attractive are the frontiers that are not yet achieved by the
present-day theory. From this point of view strikingly rich are the cq and
bq systems - charmed and beautiful particles. First of all, one should gain an
understanding of exclusive weak decays, work out reliable methods for calcula-
ting transition form factors like fE+K, completely solve the problem of charmed
particles' Tife-time. Analysis of 0*+Dy and D* »D7 type transitions is also
of interest. It goes without saying that many unanswered questions are still

waiting for their solution in charmonium and, especially, in bottonium.
Possible surprises are hidder in radially excited v levels above the open

flavor threshold. Unique and important data might be obtained in hadronic
transitions between the charmonium (bottonium) levels and in radiative J/v {( T )
decays.
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Accumulating data on various decays of heavy hadrons, we learn elements
of the quark mixing matrix. the data on the b-quark transitions into ¢ and
u quarks are especially urgent,

The progress in the heavy quark physics has been amazingly rapid. A 1ist

of main theoretical and experimental findings of last year contains at least
10-15 items; and, what is more important, new efforts in this field will be
surely highly productive.
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FIGURES

Figure 1. Level structure in charmonium and radiative transitions between
the levels. Solid Tines represent E1 transitions, dashed dotted lines repre-
sent M1 transitions. States and transitions not yet observed are shown by
dashed Tines.

Figure 2. Inclusive photon spectrum in the v' radiative decay measured by

the CB group16)

. The observed peaks are identified with the radiative transi-
tions between the charmonium levels. In the upper part we give the distributions
in the e and né resonance reqions {the backaround is subtracted).

Figure 3. Graphs representing the quarkonium transitions: (a) 04 -+ 3g,

{b} 0O ~ v g9.

Figure 4a. Normalized inclusive photon spectrum from the J/v decay;
r o= (dN/dX)exp/(dN/dx)QCD,lower order The Breit-Wianer curve shows a fit which
includes a broad tensor resonance with mass M = 2 GeV and width 1 = 0.6 GeV.
The experimental points are taken from Ref. 39.

Figure 4b. The photon spectrum from the decay J/¥ -+ v + Jight hadrons
0.8 <€ < 1.6 Geves)

Figure 5. Graphs describing charmed meson decays in the free quark decay
approximation {AC = aS).

Figure 6. Mass spectrum of e pairs measured in the pN collisions at
o = 400 Gev/c'3).

Figure 7a. The observed cross section for the process ete” > hadrons in the
T resonance region,measurements of the CLEO group17).

Figure 7b. Energy behaviour of R in the region of T ''*-resonance. The
darker curve shows R below T''',

Figure 8. Level structure in the bb guarkonium. Solid lines correspond to
observed states (transitions), Unobserved states (transitions) are denoted by
dashed Tines. The dashed-dotted line refers to the transition T '' - 13PJ,
whose observation is not absolutely trustworthy (see the text).
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Figure 9. The pion invariant mass distribution in the ™ et oW decay65).
Curve 1 - the analogous distribution for ¢' + J/¥ ww. Curve 2 - the phase
space volume. Curve 3 - the best fit.

Figure 10, The photon spectrum in the cascadeT® - y+'23 PJ > yy +°T
{the backaround is subtracted; taken from Ref. 26). Curves 1, 2, 3 cerrespond to
transitions T" =y + 23 PJ where J = 0, 1, 2. Curve 4 - the total contribution
of all transitions.

Figure 11, Quark graphs for the B-meson decays in the free quark decay
approximation. The ratios of the partia) decay widths to (b e Gec(u) Vs
including colour factors and the phase space effects, are presented in paren-
thesis.

Figure 12. Theoretical prediction for the reduced leptonic width (2.17)
versus the quark mass. For comparisen, the J/v and Texperimental points are
also presented. Numbers in the upper part of the graph indicate the relative
magnitude of the <6%> correction.

Figure 13a. The lowest order graph for the correlation function (2.21).
Solid lines denote heavy quarks, wavy lines denote currents.

Figure 13b. Coupling of quarks to vacuum fields. Dashed lines are aluons.

Figure 14. Ratio of moments versus n (definitions are given in Eq. (2.22) }.
Arrow A indicates the 20 % Tevel of the <Gz> correction. Arrow B separates the
regions of small and large experimental uncertainties: to the right of the
arrow the uncertainty is 1es$ than 1%. Arrow D indicates the asymptotical value

of Foe

Figure 15. Masses of che charmonium P levels derived from the NCD sum rules
(taken from Ref. 74).

Figure 16. Graphical representation of the QCD duality relations.

Figure 17. Effects due to the gluon condensate in correlation functions
included by quark and gluon currents. In the gluon case (b) we deal with the
Born graphs. In the quark case (a) any graph necessarily contains a loop.
Every additional Toop leads to a suppression ~ 1/160 Z
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F1gure 18. Exclusive radiative annihilation of J/¥ (T). Additional factors
(o) ? (cf. Figure 3blare corpensated  a large logarithmic factor n (4 chnf}

due to the loop inteqration.

Figure 19. Graphs describing the correlation function
el gty Jo T iEr LIt e (00} 0> L owhere r =1, v, or 1,

Figure 20, Graph for the ¢ -» sud decay accounting for hard virtual gluens.
Black point stands for the weak Hamiltonian.

Figure 21. Examples of graphs corresponding to corrections ~ mQ_2 to heavy

meson decays.

Figure 22. Interference contribution to the hadronic width of the D" -meson
decay.

Figure 23. Non-factorizable contribution to the matrix element of four-fermion

operators over the D-meson states.

Figure 24. Graphs describing Dg - KG nG and [.‘lG > K~ nF decays (in the free

c-quark decay approximation}.

Figure 25. Pre-asymptotical contribution to the 0% 5 9%0 decay.

Figure 26. Graph for the B »~ J/¥ + X decay.

Figure 27. Graphs determining the KE - Kg mass difference.

Figure 28. The existing bounds for the quark mixing angles, depictéd in the
{sin B, |siny|iplane. The domain in the left lower angle corresponds to
rg < 1.4+ 107 s ec.%8) . The domains which are ruled out are dashed, Values
to the left of the dashed line are ruled out by the CLED data on kaon yields
in the BB events17)

Figure 29. Graph describing the ¢C state production in neutrino induced

reactions.

-85 -

Figure 30. Lowest-order graph for the process e'e” > qq.
Figure 31. Graph describing the decay of the vector quarkonium, VQ + H0 + oy

Figure 32. Graphs describing the decays of vector {a) and C-even {b)
quarkonia in QCD.

Figure 33. Graphic representation for the decays (a) J/% -~ vf and (b)
(2351; - (1351) . G nr

Figure 34. Main graphs corresponding to the decays of superheavy vector
0d quarkonium

Figure 35. Ratios rf = r(T » FF)/n(T = e'e Yep and v

= T(T » q9g)/T{] ~ € ¢ }
87) 999

versus the toponium mass
. . 2 2
Figure 36. The function f(mQ/Mw b/mQ) for my =5GeV, MN =80GeV.

Figure 37. Comparison of the decay widths for T » 3g, T » & ff, and

t o+ be+\1e f=e,v.q
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Table 1:

Parameters of the J/¢ , ¢' and higher vector states of cc.

! 1
50 100 i50

: —m2m yGeV) .

2541, .-
Mass (MeV} n Fyl T(MeV) r{y > ee ) (kev)
Filg. 26
9 3% 3096.93 + 0. 0932) 1%, | 0.063%0.009 | ¢.6+0.4
" 3686.0 + 0.10%) | 2% | 0.215 + 0.040 | 2.05:0.2
10“ \ T 1 1] T T T T T 1 1 13 1 ‘3

1 F[MeV] 'W ¥ 3770.0 + 3 'p; {26+ 3 0.26 + 0.05
(4030)| 4030.0 =+ 5 3%, [s2 + 10 0.75 + 0.10
4(4160){ 4159.0 + 20 2o, 78+ 2 0.78 + 0.31
w(8415)] 4415.0 = 6 s, |3+ 20 0.43 = 0.13

Notes:

* Here and below (see Table 7) the spectroscopic assignments are those favored
by the potential models 29’30).

a)Here and below we point out the experimental group only when its resutt is
the most precise. In other cases the world average results are presented.
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Table 3:
Parameters of the new states 1 and 8 25[
Parameter MARK IT Crystal Ball
+10 +20
M1 {MeV) 1440_15 1440q15
+30 +20
r{1 > all) (MeV) 50_20 55_30
a - 0" (channel 1+87)
€ + +

BR{J/¥ -+y1)BR{x » KKr)}

4.3+ 1.7} - 1073

(4.0 + 1.2y - 1073

BR(J/4 =+~v1)BR(1 > nuw)

<2 . 107° (90% c.1.)

- 108 -
Table 2:
Exclusive radiative decays of J/¢.
Decay Channel BR{ - 10'4) Notes
I >y (3.6 + 1.1 + 0.8) - 10° cadl!
Iy =+ yn' 36+ 5
/Y -+ yn 8.6 + 0.9 BR{J/¥ » yn') _ 4.7:0.6
BR{J/p =+ yn)
CB41)
Jre + yF{1270) 15 + 4 e842) | £ o O
X = AI/AO = .88+0.13
y = AE/AO = (0.04+0.19
(Al - amplitude with
helicity 1)
Iy + yF' (1515) (1.6 * 0.5 + 0.8) MARK 11$ 251
o KR 0.9 + 0.9) c8 !
£

M, (Mev)

1700 £ 20 _
{channel 8+ K'K ,
two resonance fit)

1670 + 50
{¢hannel 8-+in,two reso-
nance fit)

r(e > all) (MeV) 160 + 80 156 + 30

it - 2t 951 c.1.
BR(J/w>vo )BR(8 > nn) (3.8 + 1.6) 107 -

BR(J/p > v6)BR(6 - KK) - (12.4 + 18 ¢ 5.0) 107
BR(J/4 - v&)BR(0 > wr) <6104 <24 - 107" (902 c.1.)




Table 4:

Parameters of the D* mesons

P
=]

44)

Decay Channel BR (%} Note
o0 0%° 47 + 9 It was assumed that
0 the angular distribu-
0%y 5329 tion of D relative to
its parent D* in
ete- » i*s D + ...
o+t 0%t 417 was isotropic,
ota® 28 + 7
oty 28 + 10

Table 5:
Charmed particle lifetimes 2€
~ :
Exper}gﬁ"t FNAL CERN CERN CERN kAC SLAC
{v) {r,P) {m) {v) (e7e {r)
E531 NAlG NALB NAl MARK II BC72/73
Parameter
0 +1.0 +1.4 +2.6 +2.5 +3.0
(;gg_ls cec) 3.2055 3.9 | 41073 - 3.7 (7.7 5 5
{14) {14} {9} (13)
+ +6.6 +4.4 +4.4 +3.1 _ +3.0
(;{g_iB sec) 11.47,, 9.20,¢ 6.3, 5t1.5| 9.5.)"¢ 7.355%
{11} {13 {7) {98) {14)
+ +2.5 +1.5 N +0.7
R = r(DO) 3.6 2.475°8 1.5%1 - - 0.975"4
7(07)
+ +1.8 +1.7 +5.0 +5.0 ) .
(;{5-13 ec) 2.075q 1.905a 4.477 7215 5573
(3) {3) (5) (%)
+ +1.0 +1.4 } .
T(A) 2.3 1.975 - -
(xl[]'13 sec) (8) (4

(a} In brackets the

number of events

is indicated.
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Summary of results on o'y r""and """ - resonances 18,62)
Table 6:
T meson parameters 18,31}
Parameter T' T L
M- My 559.5 = 0.3 (CLEG) | 890.7 + 0.5 (CLEQ) | 1113.0 + 4.0
Parameter Notes {MeV)
M. (MeV) 9459.7 + 0.6 Novos ibirsk, n Bt 2%, 3%, 4%,
T resonance depolariza-
tion method 60)
r{r(ns)-e*e”) | 0.54 + 0.03 0,39 + 0.02 + 0.03 | 0.275 + 0.06
BR(T )% 3,340.5 assumed; BR{T+e'e )= (keV) (CLEOD)
’ =BR{T>p u }
;- o BR{T(n,S}>¢"e™} 1.6 £ 1.0 (CLEG) ~ 1.9 {CLED) (1.9 + 0.8).107
r(r-ee ) 1.17 + 0. *)
(keV) (%) 2.0 £ 0.4
r 35.5 ir 2 Tiot (T(nS)) 27.3 £ 4.7 17.5 + 3.6
T (keV) (kaV)
ch 61} _ .
> 7.9+ 0.6 DASP-2.  Direct decays. (r(nS)-3g) | 13.0 ¢ 3.4 8.7 + 2.6
Off resonance <n c.> = k
= £.9:0.6 (keV)
- - + -
b P> 0.6420.16 (DAsp-2) OV <nbils> = 0.22 £ 0.04 BR(T(nS)}>Tr'a)} 19.2 + 2.6 4.9 £0.9 0.5
0.32+0.07 {CLEQ) (CLEO) (%)
- - ch
atth, 0.23 + 0.05 17 alh 014 + 0.03 <n s 8.93 + 0.26 12.0 £ 0.4
{CLED) <n >0ff=8.210.4
< M, 0.31 + 0.03 0.17 + 0.06 -0.07 + 0,10
<n PP 0.41 + 0.08 0.38 + 0.10 0.29 + 0.19
Note. - 1
%) T,.is determined by formula r, = IFFL(L*?T)" + I‘(T'-M(P)] X(1-BR{T'> Tpy})”
LBR(T=1"07)
where is estimated by r{r'+yP 1] 2 m 2
r{T'+yP) = ~b c

') @) w2



Table §:

Semileptonic branching ratio B - LYE X
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26}

Table 9:

Bound bb states in the potential model

- 115 -

)

For each level its position relative to T {1351) is indicated {in MeV).

BR (B + e veX)

BR (8 > u v X)

0.127 + 0.017 + 0.013

+

0.131 + 0.012 + 0.020
0.11 £ 0.03 £ 0.02
0.136 + 0.05 + 0.04

{CLEQ)
(CUSB)
(MARK 11)
(TASSD)

0.122 + 0.017 £ 0.031 (CLED)
0.15 + 0.035 + 0.035  (TASS0)
0.093 + 0.029 + 0.020 {MARK J)

Levels nonrelativ. Correct%ons Experiment 25,62)
approximation s ({v/c)
accounted
3%, 1278 1231
a%s, 1204 1160 1113 + 4
1
4 30 1133
3%, 1091
3, 1120 1074
3
3%, 1037
3'p, 1081
2%, 1026 991
3351 928 895 890.7 + 0.5
1
als, 864
2%, 820 804 + 5
2%, 838 801 790 + 5
2390 761 773 + 8
zlpl 809
', 738 710
2%, 585 560 560 + 0.3
1
2's, 520
3
1’r, a78
1’ 483 456
3
1°p, 407
1
1l 465
s 0 ~101




Table 10:

The ratios T
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(n3S1 ety (1351 +e'e”) in the potential models

Table 12:

Radiative transitions in bottonium

- 117 -

77)

State Buchmiiller and Martin, Experiment, ref.
Tye, ref. 29) ref. 103) 18)
2%, 1’ 0.44 0.51 0.46 1 0.02
3%, 1" 0.32 0.35 0.34 + 0.02
s, 0" 0.26 0.27 0.23 + 0.02
Table 11:
Radiative decay rates in charmonium (T in keV)

Decay mode ref. 107) | Potential medel 77} Experime?t
nonrelat. [ with cgrr. 18, 109
approx. ~{v/c)

¥ xg Y B 45 19 21 ¢ 4
Q_"-erl'\f 31 40 31 19 + 4
¥y Y 31 27 27 17 + 4

xg * /¥ 108 121 128 100 = 4 0
X J/y v 160 250 270 < 700
&-+Mwy 136 362 347 330 + 16 5

Transition Nonrel. J J«r > (fermi) Trad.® E? Radiative
value of correckions (keV} (keV) decay'BR,
<t > (v/c)c ac- Experiment
(in Fermi) counted

3%, - 3%, 0.47 0 0.55 8.0 141
1 0.48 12 177
2 0.44 14 194
3l > 3ls, 0.39 15 215
e » 135l 6.064 | o 0.026 0.69 466
1 0.055 3.9 501
2 0.067 6.1 518
3l -+ 2ls, 0.069 7.7 546
3%, » 2%, -0.52 0 | -0.42 1.38R [ 133 |BR(3%s,2%P,)<
1 | -0.40 1.9 i§§§= 94 l=(33:3:3)2
2 | -0.53 1.8 =(20 | 75 25)
3ls, » 2l -0.54 1.3 #9)% | 55
2%, > 2%, 0.34 0 0.39 12 199
1 0.35 16 238
2 0.32 17 757
2lp, -+ 2ls, 0.28 18 285
2%, > 1% 0.051 | o 0.022 1 733
1 0.043 3 770
2 0.053 15 787
2le, - 1l 0.054 21 870
2%, - e, -0.33 o | -0.27 0.78 BR | 152 [BR(2%5>1%,)=
1 | -o.m 1.01 Efgj: 103 |-(12+3) %
2 | -0.33 0.96 =(10] 82 18)
2lsy > 1tp -0.34 0.53 ¥2)%| 55
1, > 1%, 0.19 0 0.20 26 399
1 0.20 36 446
2 0.20 39 467
e, » ils, 0.16 46 550
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