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This paper reviews the present status of the physics of bottomonium: a bound system consisting of
a heavy b quark and the antiquark b. The basic experimental data on the levels of bottomonium
are presented. Theoretical methods for describing the properties of these levels are discussed.
Questions pertaining to the spectroscopy of bottomonium, including the fine and hyperfine
splittings, radiative transitions between levels, and annihilation decays of the bb system, are
discussed. Effects which are not describable by quantum-chromodynamics perturbation theory
are taken into account. Transitions between bottomonium levels involving the emission of light
muons are discussed. The possibilities of a search for hypothetical new particles and effects in the
decays of Y resonances are also discussed.
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1. INTRODUCTION

In the summer of 1987 ten years will have clasped since
Lederman's group published the first reports' of the obser-
vation of Y and Y' resonances, with masses of about 9.5 and
10.1 GeV, in the mass spectrum of/u+/u~ pairs produced in
the reaction p + nucleus -»/z +/x ~ + X. These resonances
are levels of a bound system consisting of a b quark and its
antiquark. The b quark is the heaviest quark known from
experiments so far. It carries a new quantum number, usual-
ly called "beauty." " In the Y resonances this is a hidden
number, however, since there is a cancellation between b and
b. The lightest of the particles which contain a bare "beau-
ty"—the B mesons—have the quark compositions bu (B~)
and bd (B°) and respective masses 5.271 and 5.275 GeV
(Ref. 2). In contrast with the levels of the (bb) system, the
beauty hadrons are produced only in pairs (e.g., BB) in
strong and electromagnetic interactions.

Beginning in 1978, and continuing to the present, re-
search has been carried out on bottomonium at electron-
positron storage rings—first at the DORIS installation in

Hamburg (West Germany)3 and later at some new storage
rings: CESR at Cornell University in Ithaca (USA),4'5 the
modernized DORIS II,6'7 and the VEPP-4 in Novosibirsk
(USSR) .8 Over this time, seven more levels of the bb system
have been discovered below the threshold for the decay into
the meson pair BB, and at least three resonances have been
discovered above this threshold.

A difference between the levels which lie above and be-
low the BB threshold is that the former decay into a BB pair
and thus have fairly large widths, from 20 to 110 MeV, while
for the latter this decay is not possible, and their widths are
smaller by a factor of about 1000 and are^etermined primar-
ily by the annihilation of a quark pair bb into gluons (§4).

There is considerable interest in research on the bb sys-
tem, since among the quark systems which have been ob-
served experimentally it hold the records in terms of both the
number of known (and expected) levels and the nonrelati-
vistic nature of the motion of the quarks in bottomonium
(these two properties are interrelated). The average quark
velocity u in bottomonium is of such a magnitude that the
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parameter v2/c2, which describes relativistic effects, is of the
order of 0.06. The complications caused by relativistic ef-
fects in an analysis of the dynamics of quarks are thus sup-
pressed to a significant extent, and this system is our only
"laboratory" for studying the strong interaction between a
quark and an antiquark in essentially its pure form. (By way
of comparison we note that the value of this parameter in
charmonium is v2/c2~0.2 — 0.25, and it is of the order of
unity in hadrons containing light quarks.) The annihilation
of b and b quarks in narrow resonances occurs at distances of
the order of the Compton wavelength of the b quark: I/
mb s0.4-10~14 cm (we are using a system of units with
ft = c = 1). These distances are in the region of asymptotic
freedom of quantum chromodynamics (QCD), so for sever-
al quantities characterizing annihilation, e.g., for the relative
probability for the decay of Y into a hard 7 ray and hadrons,
it is possible to generate very definite predictions in terms of
the coupling constant of quantum chromodynamics, as.
Measurement of these quantities is thus one of the best ways
to determine the value of as experimentally. Finally, the
products of the annihilation of Y resonances are all possible
hadronic states. A study of the products of the decay of bot-
tomonium levels is accordingly of considerable interest for
other problems in hadron physics: searching for new reson-
ances, including glueballs and various exotic states, and in
general for studying the dynamics of hadrons.

Broad Y resonances decay into BB pairs, as we have
already mentioned, and accordingly constitute a B-meson
"factory." The resonance Y (10 575), which lies just above
the BB threshold, is used particularly frequently for this pur-
pose. The B mesons decay by a weak interaction, so that
research on them can help us learn about the structure of the
weak interaction of quarks.

Our purpose in this review, nearly ten years after the
discovery of the first Y resonances, is to draw a picture of the
present status of experimental data on the levels of botto-
monium and of the theoretical understanding of the internal
dynamics of this system and of heavy quarkonium.

2. ACCELERATORS AND DETECTORS FOR STUDYING
BOTTOMONIUM

Electron-positron storage rings turned out to be the
most effective tools for studying the properties of this new
family of particles. The advantages of colliding e+e~ beams
over extracted hadron beams are obvious. The 3S] reson-

ances (Subsection 3.1), which have the quantum numbers of
the photon, are produced quite well directly in the annihila-
tion of the electron and the positron, and the width of the
"narrow" resonances is determined exclusively by the ener-
gy spread of the beams in the storage rings. This energy
spread is much better than the resolution in terms of the
invariant mass of the leptons or hadrons in experiments us-
ing extracted beams with an energy of several tens of giga-
electron volts. Furthermore, in storage rings the center-of-
mass frame of reference for the reaction is the same as the
laboratory frame of the detector, and the energies and mo-
menta of the secondary particles produced in the decays of
various states of bottomonium are not high and can be mea-
sured quite accurately. A very important advantage of stor-
age rings is the much lower background level, which allows a
study of transitions between levels and the decays of levels
under very "clean" conditions.

At present, three electron-positron storage rings are op-
erating in the Y energy range: DORIS II (West Germany),
CESR (USA), and VEPP-4 (USSR). The basic characteris-
tics of these rings are listed in Table I.

The most important characteristic is the luminosity of
the storage ring, which tells us the number of colliding parti-
cles per unit time and which has dimensions of cm~ 2 -s~ ' .
However, the peak luminosity, given in Table I, does not give
a comprehensive picture of the actual situation. The techni-
cal state and operating reliability of a storage ring may sub-
stantially reduce the integral luminosity, which, along with
the acceptance of the detector, ultimately determines which
level of the cross sections of the reactions of interest can be
reached experimentally.

The experimental installations presently in operation at
these storage rings can be classified in two groups. The first
group consists of specialized detectors intended for studying
processes involving 7 rays in the final state (CUSB5 at CESR
and Crystal Ball7 at DORIS II). There are compact installa-
tions, without a magnetic field, which use Nal(Ta) or BGO
crystals. They contain rather simple systems of proportional
chambers which can measure the directions of charged par-
ticles. In problems which do not require very precise mea-
surements of the energies of the y rays at a high 7 detection
efficiency, these installations are of course surpassed consid-
erably by the general-purpose magnetic detectors (CLEO4

at CESR, ARGUS6 at DORIS II, and MD-18 at VEPP-4).
The nature of the installations in use is illustrated in

TABLE I. Basic characteristics of the storage rings which have been optimized for studying the bb
system.

Characteristic

Circumference, m
Maximum beam energy, GeV
Energy spread, MeV (at £
= 9.46 GeV)

Luminosity, cm~ 2 -s~ '

Experimental installations:
Magnetic
Nonmagnetic

CESR
(Ithaca, USA)

770
2X8
3,8

2-1031

CLEO
CUSB

DORIS II
(Hamburg, FRO)

300
2x5,6

8,2

3-10"

ARGUS
Crystal Ball

VEPP-4 (Novo-
sibirsk, USSR)

380
2X7
4,4

3-1030

MD-1
OLYa
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Fig. 1, which shows the layout of the ARGUS detector. This
detector was constructed by an international collaboration
including scientific centers from West Germany, the USA,
Canada, Sweden, and the USSR (Institute of Theoretical
and Experimental Physics, Moscow). The point at which
the beams intersect, in a vacuum chamber at the center of the
installation, is surrounded by a vertex drift chamber consist-
ing of 600 cells, oriented parallel to the beam axis, in which
the coordinates of charged-particle tracks can be measured
within an error of about 50//m.

The basic part of this installation—the cylindrical drift
chamber9—is 2 m long and 0.9 m in radius and consists of
5940 cells, distributed in 36 layers. Half of the layers have
wires running parallel to the axis of the beams, while the
others are rotated through small angles for measuring the
longitudinal coordinate. Each signal wire provides informa-
tion on the coordinate of a track and on the ionization loss
(dE/dx) in the cell. The error in the measurement of the
momenta of the particles is about 1% at 1 GeV/c. The
chamber is surrounded by 112 scintillation counters, in
which the particle transit times are measured, and 1760
shower counters consisting of lead + scintillator sand-
wiches. The resolution in terms of the energy of the j ray is
about 10% atEY = 1 GeV. All these chambers and counters
are in a solenoidal magnetic field of 0.8 T, directed parallel to
the axis of the beams.

A more detailed description of the installations can be
found in the original papers cited above.

Detectors of a new generation are already being devel-
oped: CLEOII at Cornell and SKIP at Novosibirsk. '"These
detectors combine a good momentum resolution with a very
good resolution for y rays, with the result that the list of
problems which can be studied is lengthened considerably.

FIG. 2. Production and decay of a T resonance in e+e annihilation.

3. LEVEL SPECTRUM OF BOTTOMOMUM

3.1. Classification of levels

The levels of bottomonium are classified by analogy
with positronium, as are the levels of charmonium (Refs. 11
and 12, for example). Each level is characterized by the re-
sultant spin of the quark and the antiquark, 5 (S = sb + SB );
the orbital angular momentum of the quarks, L; the total
angular momentum (the spin of the resonance),
/(J = L + S); and the radial excitation number nr (the
number of zeros of the radial wave function). These quanti-
ties can be written in the compact form (nr + 1)25+ '£_,.
For the values o f L , the numerals are replaced by the letters
used in atomic physics: S, P, D, F, . . .. The resultant spin 5
can take on only the two values 0 and 1. (The value of 2S + 1
would then be 1 or 3.) States with S = 0 are "para-states,"
and those with S = 1 are "ortho-states." The values ofL and
S determine the spatial parity P and the charge parity C of
the state: P— ( — l ) L + 1 , C = ( - l ) i + s. It is easy to see
that the 3S, states have the quantum numbers of a photon,
J pc = 1 , and are thus observed as resonances in the
cross section for e+e~ annihilation: the Y resonances, which
are produced directly at electron-positron storage rings
(Fig. 2). So far, six T resonances, from Y(1S) to Y(6S),
have been observed experimentally.21 The masses of the first
three levels lying below the threshold for the production of

JRGUS

FIG. 1. Diagram of the ARGUS detector: section along the axis
of the beams. 1—Muon chambers; 2—shower counters; 3—
scintillation time-of-flight counters; 4—basic drift chamber; 5—
vertex drift chamber; 6—magnetic yoke; 7—magnet windings;
8—compensating coil; 9—mini-beta-quadrupole lens.
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FIG. 3. Level scheme of bottomonium.

the meson pair BB have been measured with a very high
accuracy,8'13 much better than the energy resolution of the
storage rings, thanks to a method of resonant depolarization
of beams which was developed in Novosibirsk.14 The other
levels of bottomonium can be observed experimentally only
as a result of transitions from Y resonances. At present we
know of two triplets of 3Pj levels (/= 0,1,2), also called
"X\,j resonances": the !3Py levels, observed in transitions
accompanied by the emission of a y ray from T(2S) and
Y(3S), and the 23Pj levels, which are produced in 7 transi-
tions from Y(3S) (Fig. 3). So far, levels of para-bottomon-
ium have not been observed. Figure 3 shows the system of
known and expected levels of bottomonium, along with the
observed (and some of the expected) radiative and hadronic
transitions between levels.

3.2. Potential model of quarkonium

Because of the large number of known levels in the bb
system, a calculation of their positions is an important prov-
ing ground for models of quark dynamics. The most popular
approach is that in which the interaction between the b and
the b is described by a potential V(r), and the levels are
found by solving a nonrelativistic Schrodinger equation. In
efforts to improve the accuracy, several studies3' have incor-
porated as perturbations the leading relativistic corrections
and also the coupling with the BB channel. This coupling is
particularly important in an examination of levels lying
above the BB threshold.

The potential V(r) is chosen on the basis of the follow-
ing considerations. At small distances, where perturbation
theory is applicable in QCD, the interaction of quarks is
determined by one-gluon exchange (Fig. 4a). When the re-
normalization of the constant as due to radiation correc-

I \
I I

V

i i_ o
FIG. 4. The leading Feynman diagrams in a perturbation theory for the
potential for one-gluon exchange. Dashed line—gluon; solid line—quark.

tions is taken into account (Fig. 4, b and c), this exchange
leads to the potential

(1)

where as(l/r) falls off logarithmically as r->0 in accor-
dance with the known expression

2n
tts= ~61n( l / rA) *• '

(b is the first coefficient in the P function in QCD; in the
distance interval of importance for the bb system we have
b = 9; see the discussion in Ref. 16, for example). At large
distances, use is made of the results of a QCD analysis on a
space-time lattice (see, for example, the review in Ref. 17).
That approach leads to a function which is linear in r for the
energy E(r) of a quark and an antiquark which are at rest
and separated by a distance r. Since we have E(r) = V(r) in
the potential model, the following behavior is assumed for
the potential at large distances:

Clearly, this potential provides quark confinement. The pri-
mary distinctions among the various potential models in the
literature lie in the procedure for joining potentials (1) and
(3) [and in the procedure for dealing with the various per-
turbation-theory corrections to Fpt (r)].

Incontestable advantages of the potential approach to
the description of heavy quarkonium are its simplicity and
transparency. This approach makes it possible to calculate
(on the basis of a particular potential model which is adopt-
ed) the positions of levels, the widths of radiative transitions
between levels, and the widths of annihilation decays. Some
of the models reproduce the experimental data extremely
closely (Table II).

3.3. QCD vacuum and the dynamics of quarkonium

A serious difficulty of the potential description is that it
is actually not possible to construct a solid foundation for
this description within the framework of QCD.18 This cir-
cumstance can be seen (if only faintly) even in perturbation
theory. Specifically, as was pointed out in Ref. 19 the contri-
bution of diagrams like that in Fig. 5 to the scattering ampli-
tude of a quark and an antiquark cannot be described by a
two-particle interaction potential in a colorless state. This
result is easy to explain: In these diagrams a real transverse
gluon propagates along with the bb pair in the intermediate
state. Therefore when such diagrams are taken into account,
this contribution cannot be replaced by an effective potential
in the two-particle sector, since the propagation of the gluon
between emission and absorption introduces a temporal re-
tardation in the interaction of the quarks, while the potential
corresponds to an instantaneous interaction. The effect is
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TABLE II. Spectrum of bottomonium levels below the BB threshold according to the potential
model* (Ref. 19). [The (rounded) experimental values of the mass are given in parentheses for the
states which have already been observed experimentally].

State

1 3St (T)
1 % (rib)
23S,(r ' )
2 'So (rib)
33S!(r")
3 'So (T|b)
1 3P2 (Xbj)

Mass, MeV

9462 (9460)
9427

10013(10023)
9994

10355(10355)
10339

9910(9913)

State

!3Pi(Xbi)
!3Po(Xbo)
I1?!
23P2(Xb2)
2 'P2(Xbl)
23P0(Xbo)
21Pl

Mass, MeV

9893(9892)
9868(9860)
9900

10266(10271)
10252(10255)
10232(10233)
10258

State

1 3D3
13D2
13D!

l^ j
2'D3
23D2

Mass,
MeV

10167
10162
10155
10163
10459
10454

State

23D!
2!D2
1»F.
l'F3
13F2

l lFi

Mass,
MeV

10447
10455
10365
10364
10361
10364

•The reason why the splittings d2 and <53 differ from those given in Subsection 3.6 is that the model of
Ref. 29 predicts e+e~ widths which are slightly on the high side: 1%,, (Y') = 0.62 keV,
rce(T") = 0.42keV.

analogous to an effect in quantum electrodynamics (QED),
which leads to the Lamb shift (Ref. 20, for example) of
atomic levels by virtue of the emission and absorption of
transverse photons by an electron. It is also not possible to
describe the Lamb shift by any effective increment in the
interaction potential in the atom.

Alternatively, this nonpotential effect could be regard-
ed as the result of an interaction of a bound system with
vacuum fluctuations of gauge fields (photons in QED or
gluons in QCD). In perturbation theory this effect is small:
The shift of the levels of quarkonium which it causes is pro-
portional to as- The reason why this shift is small is that
quarkonium effectively interacts only with fluctuations
whose wavelengths are greater than or of the order of the size
of the quarkonium. If we characterize the resultant intensity
of such fluctuations by a mean square field strength tensor
(F^v), the contribution of wavelengths longer than Amin in
perturbation theory is

(Fl p3 dp oc
(4)

For a Coulomb-like system we would have /lmin ~ (ma) '
(the first Bohr radius), so that the power to which the con-
stant as is raised is large.

However, we know that in QCD long-wavelength vacu-
um fluctuations of the gluon field are not described by a
perturbation theory and that the difference between the
vacuum expectation value (F^v F°v) and that determined
by this theory is nonvanishing (a gluon condensate)41 (Ref.
21):

~ (^v)2 = 0.012-0.018 GeV. (5)

In QCD, the effects of the interaction with the vacuum fluc-

tuations are thus not small quantities of the order of the
constant as.

The fluctuations which are responsible for the appear-
ance of gluon condensate (5) have a fixed wavelength scale
Ag (this scale is independent of the parameters of quarkon-
ium ) and thus a fixed scale for frequencies, «g. This frequen-
cy scale, like other hadronic parameters, is determined by
the infrared scale in QCD, A. If the characteristic frequen-
cies of the quark system, coq, are greater than «g, the gluon
field will not manage to keep up with the motion of the
quarks, so that a retardation will arise and thus a deviation
from a potential situation.18

For the same reason, the energy of a static quark and a
static antiquark, E(r), calculated on a lattice does not, in
general, correspond to the potential in real quarkonium,
since the revolution frequency of the quark system must be
set equal to zero in a calculation o f E ( r ) (Ref. 22).

Under these conditions, a successful description of
heavy quarkonium by potential models seems to be an ex-
tremely nontrivial matter. It is highly probable that this de-
viation from a potential situation will be manifested only at
intermediate distances. At small distances, on the other
hand, the Coulomb-like potential of one-gluon exchange op-
erates, while at large distances (corresponding to small mo-
menta of the quarks) a linear potential can be used. The
nonpotential nature of the interaction at intermediate dis-
tances effectively reduces in the purely potential approach to
a redefinition of the parameters of the potential, which are
not calculated in this approach but instead found by fitting
the experimental data.

In any case, the use of a potential description seems at
present to be completely justified, particularly in those ques-
tions for which we have yet to find answers on the basis of the
first principles of QCD.

q

q

1
|

i

FIG. 5. Example of a Feynman diagram in a perturbation theory which
leads to nonpotential effects in the interaction of quarks.

3.4. Superheavy quarkonium

The effect of a gluon condensate in the dynamics of
heavy quarkonium can be dealt with in a very simple way if
the condition <yq > tag holds and if the size of the quarkon-
ium is much smaller than A g . This situation prevails for the
deep levels of systems consisting of very heavy quarks. Spe-
cifically, if the quark mass m is sufficiently large then the
first Bohr radius determined by potential (1), r0 = [ (2/
3)mas ] ~', is so small that quarks which are localized at this
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distance are insensitive to a difference between the long-
range interaction and that described by ( 1 ) . The dynamics
of quarkonium will be determined primarily by potential
( 1 ). In this case the size of the quarkonium is of the order of
r0, and the characteristic quark revolution frequencies are of
the order of the binding energy: wq ~ma\. Incidentally, we
see that &>q increases with increasing quark mass.

To incorporate the leading corrections for the interac-
tion with nonperturbative vacuum fluctuations we can make
use of the circumstance that under the conditions r0^Ag,
a>q %>a>g we can ignore the change in the field strength of the
fluctuations in space over distances of the order of r0 and in
time over a time of order &>q~ ' <^ a)~ ' . Here the problem of the
level shift reduces to one of calculating a QCD analog of the
Stark effect in a static (but random) chromoelectric5'
field18'23 E" and then taking an average over vacuum fluctu-
ations. When this average is taken, the part of the shift which
is linear in E" vanishes, since we have (E" > = 0 by virtue of
the rotational and color invariance of vacuum. The leading
term is the quadratic term proportional to the expectation
value:

This equality is a consequence of the Lorentz invariance of
vacuum, which leads to the relation61 (Ref. 18)

= - <(HT> = - 4- < (6)

A direct calculation22'23 leads to the following expres-
sion for the shift of an energy level with a principal quantum
number n = «r + / + 1 and an orbital quantum number /:

\En\~ \ 18 vtln" / 1(2/3) mocs/ril' "2a"'' (7)

where En is the unperturbed "Coulomb" value of the bind-
ing energy, given by

2 mi
m (8)

and the dimensionless coefficients an{ are quantities of the
order of unity and are expressed in terms of n and /by

(9)

where

f(n, Z) = ; [«2— (Z+l)2]

X L ~ •+- 9n +

It can be demonstrated that (7) cannot be reproduced
by adding a potential perturbation of any sort (either local
or nonlocal) to potential (1). For the IS level we find the
following value of the binding energy from (7)-(9):

[(2/3) mix,]' '

In the case of bottomonium we find the estimate

2mb — Mf =190MeV-(65-100) MeV

s 90-125 MeV

[where we have substituted the estimate (5) of the size of the
gluon condensate, and we have used the values mb =4.8
GeV, and as = 0.3 (see Subsection 3.5) ]. This value of the
binding energy agrees well with the estimate of 130 + 50
MeV found from the sum rules (Subsection 3.5).

3.5. Sum rules for bottomonium

It can be seen from (7) that the relative magnitude of
the shift is proportional to «8. Consequently, an analysis of
the interaction with fluctuations as perturbations quickly
becomes inapplicable as n increases. In particular, for botto-
monium expression (7) is poor even at n = 2. The reason is
that the size of bottomonium is not sufficiently small in com-
parison with Ag, and the characteristic frequencies are not
large in comparison with <yg. We are thus forced to seek
alternative approaches to a description of the bb system. One
such approach is based on sum rules. "'I2 Since the sum-rule
method is set forth in detailed reviews,1 U2'24 we will skip the
details here and simply point out the distinctions which are
characteristic of bottomonium and list the results.

We recall that the sum rules are relations for integrals of
the spectral state densities of quarkonium in channels with
definite quantum numbers J K. For the channel with the
quantum numbers of 3S, resonances, JPC = 1 ~ ~, for exam-
ple, the sum-rule method leads to predictions of the mo-
ments of the cross section for e+e~ annihilation in a state
containing heavy quarks:

M = j /?„ (S) )-' As, (8')

where s is the square of the total energy of the e4" and e in
the c.m. frame, and

D . . _
b ( '

o(e+e--*"bb")
(9')

The quotation marks in the expression e+e -»"bb" means
that we are not talking about an annihilation into a pair of
free quarks but one into hadronic states containing a bb: Y
resonances and BB meson pairs. We also recall that the con-
tribution of the narrow resonance to R ( s ) is expressed in
terms of the width Fee of its decay into e+e~, as follows:

Clearly, when n is sufficiently large the moment Mn

will be dominated by the contribution of the low-lying reso-
nance (in charmonium, the J/if> resonance essentially satu-
rates the moments even at «>4; Ref. 11). Accordingly, if a
theoretical expression calculated by the QCD methods is ap-
plicable at such values of « then the properties of the low-
lying state in a channel with definite values J pc can be deter-
mined by the sum-rule method.

In bottomonium, however, the smaller relative differ-
ence between the masses of the resonances has the conse-
quence that the Y meson and the ground states are dominant
in the other channels only at «>20. At such values of n, the
expressions for the moments25 which were originally found
for charmonium are not directly applicable,26 since the pa-
rameter describing the contribution of the QCD perturba-
tion theory to the theoretical expressions is not as but
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asn' /2. The reason for the appearance of this combination is
that the nth moment is determined by the dynamics of the
quarks at relative velocities v~ n ~'/2. The perturbation the-
ory for the Coulomb-like interaction (due to gluon ex-
change), in contrast, has the parameter as/v~asn

l/2. At
large values of n it is thus necessary to deal with the Coulomb
interaction exactly. Since we are talking about terms which
are the leading terms n~v~2, we can do this by a purely
nonrelativistic method: by examining the Coulomb Green's
function of the Schrodinger equation. We can illustrate the
situation by writing the sum rules which arise as a result of
that approach27:

s ( I D

\ 72 ^ f 1

where mb and Qb are the mass and charge of the b quark,

2 i f> / 1 1 )Y = — ocsw'/2 (12;

is the Coulomb parameter, and the functions <I>s(y) and
Xs (y) describe Coulomb effects. The first of these functions
is given by

n=l

'-), (13)

where
X

erf z = ̂ U \ exp( — t2)dt.Vn i
The function Xs (y) is an extremely complicated function,
but in the region 7< 1.5, which is the region of interest for
bottomonium, Xs(7) can be approximated by the simple
expression

xs(Y) ~ «•

In the limit of large n, the weight function in integral (11)
agrees within a factor with that in (8):

We also see that (11) incorporates not only all terms of type
(asn'/2)k but also as(asn

l/2)k, since the first radiation
correction, 1 — (16as/377), is included.

Just how important an exact account of the Coulomb
interaction is can be seen from expression (13): with y = 1
(and, correspondingly, «~25) we find <l>s(7);s50; i.e.,
Coulomb effects change the answer by a factor of tens.

Analysis of (11) yields the following conclusions27:
The constant as which appears in the Coulomb effects (at
distances of the order of 0.2 fm) should be 0.30 + 0.03; the
mass separation of the quark threshold, 2mb, and the mass of
the T should be 2mb — Mr = 130 + 50 MeV, so that we
have mb ~4.8 GeV; and, finally, the width of the decay of the
Y into the e+e~ pair should be ree(Y) = 1.15 + 0.2keV,in
extremely good agreement with the present experimental
value,71 Tee (Y) = 1.22 ± 0.05 keV.

The most important difficulty in applying the sum-rule
method to bottomonium is in dealing with relativistic cor-
rections, i.e., in dealing with the next term in the expansion
in \/n (Ref. 28). Here a summation must be taken over all
terms of the type (asn

l/2)kn~l or, equivalently,
a2 (as n'/2) * (since we have as n'/2 ~ 1). These terms con-
tain, along with purely relativistic effects (which are de-
scribed by a Breit-Fermi Hamiltonian), radiation correc-
tions of the order of a2. So far, no such calculations have
been carried out.

This difficulty is manifested extremely sensitively in,
for example, the calculation27 of the difference between the
masses of the IP and IS levels of bottomonium. Using sum
rules analogous to (11), but for the P-wave states of botto-
monium, we find the estimateM( IP) —A/(1S) =370 + 30
MeV (the "error interval" here reflects the uncertainty in
the parameters as and {(F°v)2}, which is allowed by the
consistency of sum rules (11) with experimental data on Y
resonances). Taking account of the spin of the quarks, we
find that the P level splits into three 3Py resonances
(/ = 0,1,2) and a 'P, level, while the IS level splits into 13S,
[Y(1S)J and l'S0 [?7 b ( lS)] . Experimentally, the mass dif-
ferences are (in MeV) Af(^-bo ) - Af(Y) = 400,
M(XM ) - M( Y) = 432, M(xb2) - M( Y) = 453. The
"center of gravity" of the IP levels lies above Y, by about 440
MeV. The nonrelativistic estimates are naturally compared
with the last of these numbers, since the fine splitting—a
relativistic effect—is completely absent from these esti-
mates. We see that the experimental number lies outside the
limits of the nonrelativistic estimate. On the other hand, the
difference is of the same order of magnitude as the fine split-
ting of the *Pj levels, which may serve as a measure of the
relativistic corrections (we might note that the mass of^b0

falls within the predicted interval). Accordingly, this dis-
crepancy which arises from the underestimate of the relativ-
istic corrections in Ref. 27 by no means discredits the sum-
rule method in comparison with the potential models (some
of which have yielded a more accurate prediction of the
masses of the P states). It simply illustrates the need to im-
prove the accuracy of the sum rules by incorporating relativ-
istic effects, although this is an extremely difficult problem
from the technical standpoint, because of the factors de-
scribed above.

3.6. Fine and hyperfine splittings

Forces which depend on the spin and orbital angular
momentum in heavy quarkonium arise as relativistic correc-
tions to the basis interaction. These forces—spin-spin, spin-
orbit, and tensor—lead to a splitting of levels with different
values of S and J. In the potential model, the question of the
Hamiltonian of these forces reduces to the question of the
Lorentz structure of the interaction potential. The potential
is usually treated as a mixture of a vector potential Fv term
(Yp matrices appear in the quark vertices) and a scalar Fs

term (unit matrices appear in the vertices):

V (r) = Vv(r) + VB (r). (14)

It is thus a straightforward matter to use the standard proce-
dure (Ref. 20, for example) to find the spin-dependent part
of the Breit-Fermi Hamiltonian. ">13 This part is the sum of a
spin-orbit interaction ( FLS ), a tensor interaction ( FT ), and
a spin-spin interaction ( Fss ):
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2
3m> (15)

where the operator 8=8; + s2 is the resultant spin of the
quark and the antiquark.

The potential for the one-gluon exchange (1), is un-
doubtedly of the vector type (the radiation corrections in as

are also calculated in perturbation theory29). The linear part
of potential (3), on the other hand, is usually taken to be of
the scalar type.

It can be seen from expression (15) that in this case the
spin-spin interaction yss, to which only Fv contributes, ap-
pears to be the simplest. If Fv is determined exclusively by
the perturbative Coulomb-like potential (1), then we can
write

VsS = -g^T as^ (F) (Sl1^) • (16)

(The distance dependence of as should be taken into ac-
count along with other radiation corrections; the result of a
corresponding calculation will be presented below.) The
presence of the 5-function means that the SS interaction oc-
curs over distances of the order of m~l, which appear as
pointlike distances for a nonrelativistic system. According
to (16), the spin-spin splittings in states with L ^0 (split-
tings between the states lLj = L and the center of gravity of
the 3Lj levels) should not occur, since the wave function of
such states vanishes at r = 0. For the splitting between the
«3S! and «'S0 levels we have

M(n3S,)-M(n150) = |^-a8|\|)nS(0)|2. (17)

The value of |^(0) |2 is related to the width of the decay of
the 3S, level into an e+e~ pair by virtue of the process shown
in Fig. 6, by the well-known formula

(l (18)

where Q is the charge of the quark in units of \e\(Qb — — I/
3). The radiation correction in QCD has also been incorpo-
rated. As a result, we find the following expression for the
hyperfine splitting of the S level [the radiation correction30

to (16) is taken into account ]

(1+8.1 -£-

(19)

With as (mb ) =0. 17 (more on this below) and with the ex-
perimental values of the e+e~" widths of the Y( IS) through
Y(3S) resonances, we find

<5, -40 MeV, <52=; 18 MeV, S3x 14 MeV.

In the approach described in Subsection 3.4, which is
not based on a phenomenological confinement potential,
there is an additional contribution to the splitting from the
interaction of spins (chromomagnetic moments) of quarks
with fluctuations of the chromomagnetic component of the
gluon field (an analog of the quadradic Zeeman effect in a
random magnetic field). In particular, this contribution to

s

FIG. 6. Feynman diagram for the annihilation of b and b quarks into an
e+e~ pair in a Y meson (the decay Y->e+e~).

The constant as in the denominator must be normalized to
the size of the IS state for Y( IS) </•> ̂  1 GeV-': as =0.3.
The correction <5, for bottomonium would be about 2 MeV in
this case; this figure is much smaller than 5,, so that the
differences between the masses of the Y and the ijb should be
35-45 MeV (we are taking account of the uncertainties of
the parameters used here). Interestingly, for charmonium
expression (19) describes a splitting between J/i/> and rjc of
about 60 MeV; this figure is much smaller than the experi-
mental value of 116 MeV. When we take contribution (20)
into account, on the other hand, we find a value close to the
experimental value, although the assumption that the mo-
tion of the quarks is of a Coulomb nature—the assumption
under which expression (20) was derived—is totally inap-
plicable to charmonium.

The question of the fine splitting of the levels of ortho-
quarkonium is a more complicated one, since interaction
(15) contains spin-orbit and tensor forces. That both terms
are important can be seen from the experimentalvalue of the
ratio of the splittings of the 13P/ levels in the bb system:

Pi - * (| *«>-" (i»Pi) 0-67 ± 0 M (21)

For the pure spin-orbit interaction FLS this ratio would be 2
(according to the Lande interval rule, which is well known
in atomic physics), while for a purely tensor interaction FT

it would be 2/5.
For Coulomb-like interaction (1), FLS and FT are pro-

portional to each other [see (15) ]:
FT -JS-TS V __2«s_/n^SrHSr) „ \'LS —-^r^o, "T —-g^r^o -^ S>-=J. (22)

The expectation value of the expression as/(w2r3) over the
P-state wave function cancels out in a ratio p of the type in
(21), and we find

pn = -=- = 0.8 for arbitrary n; (23)

m[(2/3mas)]
a

/"«»
\ 18 (20)

this value is close to the value ofp, in (21) but slightly larger.
The difference between the "Coulomb"number (23) and the
experimental number can be explained in the following way.
In the potential model which leads to expression (15), the
term Fs, linear in /•, makes a small negative contribution to
the spin-orbit potential, according to (15). This contribu-
tion is S FLS = — (const/r)LS; it slightly offsets the pertur-
bative LS interaction and reduces the value ofp. [The same
effect results from the radiation corrections to the potentials
FLS and FT, given in (22).] In the picture of the effect of
vacuum fluctuations, the interaction with the field of fluctu-
ations gives rise to a small negative contribution (a few
MeV) only to the LS interaction. It does not give rise to
corrections to the tensor forces. Accordingly, again in this
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picture the value ofp is slightly smaller than 0.8 and does not
lead to contradictions.

It is thus natural to expect that the ratios of the split-
tings of the P levels of the type in (21) must always be
smaller than 0.8—and to an extent which increases with in-
creasing size of the P state, since the nonperturbative effects
become more important in this case.81 In charmonium
(which is much larger in size than bottomonium) we have
p,(cc) =0.48. For the 23Py levels of bb, the ratio p2 is
known only crudely at this point (p2 = 0.73 + 0.25). On the
basis of this discussion we might expect that this ratio should
be smaller than^>,, because of the large size of the 2P state.

In conclusion we would like to call attention to Table II,
taken from Ref. 29, where radiation corrections to the per-
turbative Breit-Fermi potential were taken into account, and
calculations were carried out in a potential model. Those
calculations rank among the most successful in terms of the
agreement with the calculated positions of the levels of bot-
tomonium with the experimental information available. The
positions which Gupta et a/.29 predicted for the still un-
known D and F levels can probably serve as guidelines for
seeking these states experimentally.

4. RADIATION TRANSITIONS IN BOTTOMONIUM

Transitions between levels of the bb system accompa-
nied by the emission of a photon are very important from the
practical standpoint, since they make it possible to observe
bottomonium states which are not produced directly in
e+e~ annihilation. From the theoretical standpoint these
transitions are completely analogous to transitions in atoms
or in positronium. For example, transitions between 3S, lev-
els (Y resonances) and 3P7 levels are of the El (electric
dipole) type according to the standard classification. The
widths of these transitions are described by (see, for exam-
ple, Refs. Hand 12)

4

" 'mnl2, (24)

8, (25)

where co is the energy of the photon, and Imn is the matrix
element of the radius between the mP) and |«S) states, giv-
en by

/m.n = rflmp (r) RnS (r) r2 dr (26)

[ R ( r ) is the radial part of the wave function].
Experimentally, the !3Py and 23T?j levels have been re-

liably observed,32 and the average positions of these levels
and the transition probabilities are given in the Appendix.
The most accurate data on the position of the 13P_, levels
were obtained by the ARGUS group. Figure 7 shows the
spectrum of inclusive photons which have converted into an
e+e~ pair in the decay of the Y(2S) meson. We clearly see
three peaks, which correspond to the transitions

(' = 0, 1, 2),

- - >-e+e~.

So far, we have no direct data on the spins of these
states. However, if we assume / = 0 for the level with the
smallest mass and/ = 2 for that with the largest mass, and if
we then divide the measured transition probabilities by a
factor of a>3(2J+ 1) — which follows from (24) — we find,
for the l3Pj levels, for example, ratios which are close to
unity:

(1,00 ±0.26) : 1 : (1.03 ±0.19).
For an arrangement of levels of this sort we can find the

position of the center of gravity of the levels (Mcg ) from the
formula

2

Js=0

where M} is the mass of level J. For the 13P_, levels we find

A/cg = 9900.2 ± 0.6 MeV.

Matrix elements (26) for the transitions 3S^2P and
2S— IP, and thus the widths of the transitions, are described
satisfactorily by the potential models.15 (The experimental
widths are reproduced within a factor of 1.5-2.) For the
transitions 2S^1P and 1P-^1S, however, it is possible to
establish limitations which follow from the general princi-
ples of quantum mechanics. Specifically, from the funda-
mental commutation relation [ p , , rk ] — — i8ik , follow
nonrelativistic Thomas-Reich-Kuhn and Wigner nonrelati-
vistic sum rules for the quantities mo)\I \2, summed over the

i i i i i i i i i i
80 100 120 HO 160 ISO

FIG. 7. Inclusive spectrum of photons from theT(2S) resonance in
the ARGUS experiment.32 The line is the best fit with three photon
lines of the shape set by the energy resolution of the detector for the
converted photons, plus a smooth background described by fifth-
degree Legendre polynomials.
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various transitions (see the derivation and discussion in
Refs. 11, 12, and 33; see also Ref. 34 in connection with
transitions in bottomonium). In particular, the first of these
sum rules is

T (I (IS) -> %V) « 2- 3 eV. (33)

(Et—En) |/in |
2 = 3 for arbitrary n. (27)

(The existence of relations of this sort might be expected on
the basis of no more than the following estimate: ( p ) ( r ) ~ 1,
\ ( p ) \ = mco(r), and thus ma>(r)2~\.) For the transitions
2S-» IP the sum rules predict upper limits

(28)

in charmonium this value for 2S-> IP transitions is

If we assume that this value changes only slightly when we
switch to bottomonium, we find the following results for y
transitions from the 23S, level to the !3Py level, with the
experimental values of the energy release being:

{ 0.7keV<1.4keV,7=0,
1.2keV<2.4keV,/= 1,
1.5keV<3.0keV,/=2

(29)

[the limitations which follow from inequality (28) are also
given here]. The experimental widths found from the values
of rto t(Y(2S)) and 5(Y(2S)^b, + 7) are 1.3+0.4,
2.0 + 0.5, and 2.0 + 0.5 keV, respectively. We see that the
central values of these numbers exceed estimate (29) and are
probably close to the upper limits in (29). This result may
mean that the quantity rtot (Y(2S)) given in the tables of
Ref. 2, and found from the value of Fee /B^, is slightly too
high.

For the 1P-»1S transitions, the quantum-mechanical
inequalities are

Actually, the lower limit can be increased to 2'3/38~ 1.25,
which corresponds to the limiting value as m -> oo, which is
realized in a purely Coulomb system. The widths of the tran-
sitions \3Pj -»13S,7 can therefore be fixed within a factor of
1.5:

r fob, — r (is) Y) « 3okev. (31)

Measurements of these widths require a determination of the
absolute values of the total widths of the %bj levels. (This
problem has not been solved completely, even for the corre-
sponding levels in charmonium.)

The widths of magnetic-dipole (Ml) transitions
between ortho- and para-levels are the simplest properties to
find theoretically. The reason is that the magnetic-moment
operator does not have a coordinate dependence, so that
only transitions with A«r = 0 and AZ, = 0, for which the
overlap integral is unity, are allowed in the nonrelativistic
limit. In this case the transition widths are given by

F («3L.7->- nlLL-{-v) = — aQI —r. (32)

Because of the small energy release a), these widths are ex-
tremely small. The largest value, &>~ 35-40 MeV, is expect-
ed for the transition Y( IS) -»7;b. The transition width here
should be34

This width is very small for an observation of this transition
in the near future.

With regard to the forbidden Ml transitions with
A«r 7^0, we note that their amplitudes contain a small factor
~v2/c2 and that the widths of these transitions are also very
small, despite the large energy release.

5. ANNIHILATION DECAYS

5.1. One-photon annihilation of 3Sn states

The production of Y resonances in e+e annihilation
results from the process illustrated in Fig. 6. Some of the
decays of these particles also involve the same mechanism.
The virtual photon formed in the annihilation of b and b may
then decay into a lepton pair (e+e~, n+n~ , or T+T~) or
into a quark pair qq (q = u, d, s, c). The total width and
relative probability for the decay by this mechanism are
therefore

rlv = Tee(R + 3), B1V =

where R is the known ratio

(R + 3), (34)

R = -^hadrons

cr(e+e--/^V~)

when the total e+e~ energy is equal to the mass of the bb
resonance (actually, R is measured along with the reso-
nance). Experimentally we have R ~3.6 and, for example,
BW (Y) = 2.8 + 0.2 % in this energy region. Accordingly,
about 18% of the decays of the Y resonance occur by the
one-photon mechanism. We might also point out that all the
characteristics of events with such decays of Y resonances
are identical to the characteristics of events in the contin-
uum. As a particular example we note that events with a
decay into a qq pair should exhibit the well-known two-jet
structure.

5.2. Hadronic annihilation

The greatest fraction ( ~ 80%) of annihilation decays
of bottomonium is annihilation into hadrons due to an inter-
action of b quarks with gluons. Because of the large mass of
the b quark, the annihilation occurs at short range and can be
dealt with in_QCD perturbation theory.35 In perturbation
theory, the bb states with quantum numbers J pc = 1 an-
nihilate into three gluons (Fig. 8). The width of this decay is
described by

r(3S,-.3g-.hadrons 10 n2 — 9 al (mb) (35)

[Both widths are proportional to the quantity
which cancels out in ratio (35).] The radiation correction36

to this formula is a factor (1 + 0.5as/7r) if the constant as in

FIG. 8. Feynman diagram describing the annihilation (bb).S( ^gluons
(the decay Y — hadrons).
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(35) is determined in an MS renormalization scheme at a
momentum q = 0.48AfT xmb.

It can be seen from (35) that the width for the direct
decay is proportional to a*, so measurements of this quantity
would constitute an extremely sensitive tool for determining
the strong-interaction constant as. The ratio on the left side
of (35) for the T resonance can be found from the value of
B^ since the total width of the T is the sum of F, y, F3g, and
the width for the decay into a photon + hadrons (y + 2g):
Trgg (see the following subsection of this paper; numerical-
ly, we have Fygg ~ T ^ ). We thus find

'38 _

rgg
1

which leads, according to (35), to

«s (mb) = 0.168 ± 0.005

28.1 ±2.5, (36)

(37)

(this value corresponds to the infrared QCD parameter
A^g, determined in the two-loop approximation:
\m=160±40MeV).

One might ask just how well the characteristics ob-
served experimentally for Y-resonance decay events corre-
spond to the picture of three-gluon annihilation. Let us look
at a result found by the ARGUS group.37 After analyzing
the statistical characteristics of the hadronic decays of an Y
resonance—the sphericity,38 the thrust,39 and the second
Fox-Wolfram moment40 (a distribution of events in this mo-
ment is shown in Fig. 9)—the group established that the
extent to which the fraction of two-jet hadronic decays (i.e.,
decays into qq pairs) of the Y meson exceeded the expected
contribution from one-photon annihilation (RB^
~ 10.1 %) was no greater than 5.3% (at a 90% confidence
level). At a qualitative level, we might note that a sphericity
of Y decay events significantly larger than in the continuum
had been recognized experimentally a long time ago and has
frequently been utilized in experimental analysis as a crite-
rion for selecting events for suppressing the contribution of
the "pedestal" under the resonance.

5.3. Annihilation into photon + hadrons

If we replace one of the gluons by a photon in the dia-
gram in Fig. 8, we obtain a diagram which describes the
decay of 3S, states into a hard photon (often called a "direct
photon") and hadrons. The ratio of widths is given by41

^— — •^-Q^-r-T.^.— ̂ --. (38)

The radiation correction to this formula vanishes (within
+ 0.6as/7r) if the constant as in (38) is normalized in the
MS scheme with 0.27 Mr ^mb/2 (Ref. 42). With
as ;s0.17, ratio (38) should be 0.035, which corresponds to

Of interest in addition to the total width Frgg is the
photon spectrum in this decay. In the decay into y + 2g,
bottomonium serves as a nearly point source of gluons. The
invariant mass (M) of the gluon system is then expressed
directly in terms of the photon energy: M2 — M\(\ — x),
where x = 2Er/Mr, x < 1. The region 0.5 S x < 1 thus can
be used to study the fragmentation of gluons into hadrons in
the invariant-mass interval 45 GeV25A/S90 GeV2 (at
x S 0.5 it is essentially impossible to distinguish direct pho-
tons because of the background of secondary y rays). A

ARGUS

0,2 04 O.B
H,

0,8

FIG. 9. Distribution of the number of events in the second Fox-Wolfram
moment40 for direct decays of the T meson (1) and for the continuum
with s"2 = 9.98 GeV (2) in an experiment by the ARGUS group."

study of this sort for gluon physics is analogous to measuring
the ratio R for quark physics in e+e ~ annihilation, where the
virtual photon serves as a point source of quarks.

With regard to R we know that this quantity reaches the
perturbation-theory value calculated from free quarks at
M2^2 GeV2. For gluon sources there are theoretical
grounds43 for expecting that the asymptotic behavior of per-
turbation theory will set in for these sources at far larger
values of M2: M2 £ 20-25 GeV2. We might thus expect that
the spectrum of photons in the decay Y -> y + hadrons
should differ from that predicted by perturbation theory at
xZ 0.7-0.8.

So far, the experimental data from the study of direct
photons are rather contradictory, apparently reflecting sig-
nificant difficulties in the subtraction of the very large back-
ground from secondary y rays. For example, the spectrum of
direct photons found by the CUSB group44 can be described
well by the curve calculated in QCD perturbation theory up
to values jc~0.9 with a branching fraction 5(Y — y
+ 2g) =2.99 + 0.59%. On the other hand, the CLEO

group45 reports a direct-photon spectrum with a maximum
atx~0.1, which is described poorly by the QCD curve, and
for which the branching fraction is B(T^y + 2g)
= 1.88 + 0.22%.

With regard to a search for glueballs and new reson-
ances in general in these decays at energies up to 2 GeV, we
note that in comparison with the corresponding decays of
the J/i/> mesons the Y meson would seem to have no advan-
tages. On the contrary, it is more likely to be at a disadvan-
tage. A search of this sort would be difficult here since it
would require a substantially better relative resolution in
terms of the photon energy. Furthermore, the branching
fraction of the decay is smaller than that for J/i/i because of
the square of the quark charge in expression (38) and also,
and primarily, because of the suppression of the fraction of
each exclusive hadronic decay channel of the Y meson.
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5.4. Annihilation of P levels

In the perturbation-theory picture, the 3P0 and 3P2 lev-
els annihilate into two gluons, while the 3P, state annihilates
primarily into a gluon and a qq pair (Ref. 46; see Fig. 10 of
the present paper). The widths of these decays are

T (3P0-^2g) = 6ai |flt(O)|2ms4,

20 • In (mR)
(39)

where R p (0) is the derivative of the radial part of the wave
function of the P level at the origin, and R is a characteristic
radius of the P state (the last expression is of logarithmic
accuracy). An estimate27 of R 'P (0) by the sum-rule method
yields the following expected widths:

F(3P0) -360keV, T(3P2) ~ 100keV, r(3P,) ̂ 25 keV (40)

(similar values are predicted by the potential models).
The measurement of absolute widths is a fairly compli-

cated experimental problem. It is considerably simpler to
extract ratios of widths from experiments. The reason is that
the width of radiative transitions from 13P_, levels to Y( IS)
differ by only a ratio of the factors a3, which is easily dealt
with. Accordingly, the ratio of the measurable quantities
B (Xw ->"*"( IS) + 7) can be used to find the ratio of the total
widths of the x\>j levels. From the data available we find the
following estimates by using this method:

(41)

While the second of these ratios does not contradict esti-
mates (40) at least qualitatively, the first is higher than the
expected value. If this discrepancy does not fade away as the
experimental data become more accurate, the meaning will
be that either the nonlogarithmic terms in r(3P,) are large
or nonperturbative effects are important.

5.5. Nonperturbative effects in hadronic annihilation

An indication of the presence of nonperturbative ef-
fects—an indication which is more definite experimentally
than that which we have just discussed—follows from a
comparison of the constants as(mb) and as(mc) which can
be extracted with the help of (35) from data on the Y and J/
\l> widths, through the use of the well-known expression for
the dependence of as on the normalization point. Specifical-
ly, armed with value (37) for as(mb), we can calculate
as (m c ) from the expression from the single-loop approxi-
mation:

«s (mc) = as (mb) ( 1 — I2n (42)

= 0.224 ±0.007.

FIG. 10. Decay of the 3P, level into a gluon and a qq pair.
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With this value of as (mc ), we find T3g (J/^)/Fee (J/^) ac-
cording to (35), while the experimental ratio is 9.2 + 1.5.
Incorporating the two-loop contribution into the relation
betweerras (mb ) andas (wc ) simply deepens the contradic-
tion since it accelerates the "running" of the constant as

[accordingly, as (mc ) turns out to be slightly larger than in
(42) ] . As another example we might cite the ratio of ratios
r3g/ree for i/>' and J/^; experimentally, it has a value of
2. 1 +0.5, while perturbation theory evidently predicts a val-
ue of unity.

The physical reason for the appearance of nonperturba-
tive effects in the hadronic annihilation of quarkonium is47

the existence of nonperturbative, long-wavelength vacuum
fluctuations of the gluon field, which substantially modify
the spectral density of soft gluons in comparison with that
from perturbation theory. This difference is parametrized by
the vacuum expectation value of gluon operators of the type
in (5) and of higher dimensionality. Another way to clarify
the picture of the effect in the example of the annihilation of
the 3S, state is as follows: as it interacts with a component of
the fluctuation field of the magnetic (or electric) type, the
3S, state converts into a 'S0 (

3Py )-color state, which annihi-
lates into two gluons. (The effect is analogous to the well-
known conversion of ortho-positronium into para-positron-
ium in an external magnetic field. )

Qualitatively it is_clear that this effect should be signifi-
cantly weaker in the bb system than in charmonium, because
the bb system is smaller than the cc system (for identical
quantum numbers). Qualitatively, the effect is amenable to
estimates47 only for very heavy quarkonium in the Coulomb
limit (by analogy with the calculations described in Subsec-
tion 3.4). Several distinctive features of the nonpeiturbative
corrections are found here. First, the parameters which ren-
der vacuum expectation value ( 5 ) dimensionless are the size
of quarkonium and its binding energy, not the mass of a
quark. Second, the corrections are not expressed in terms of
the value of the wave function ( or of its derivative, in the
case of the P state) at the origin. Accordingly, the ratios
F3g («

3S,)/Fee («3S,) are not identical for different values
of n, when the corrections are made. Third and finally, the
relative magnitude of these corrections is substantially dif-
ferent in the cases of the annihilation of S and P states. For P
states, the relative magnitude of these corrections is (v/c) ~4

times as large as that for 3Sl states. The fact that the correc-
tions are not universal can be understood easily: The interac-
tion with the soft gluon fields does not occur at distances
small in comparison with the size of quarkonium, so that the
effect does not reduce to an expression proportional to the
wave function at the origin.

General formulas for these corrections are given in Ref.
47. In particular, the correction to (35) for the 13S, ground
state is

fag/Fee
,,
(

, _ _
2»-9(^-9)os.(m)[(2/3)mas(r-1)]* '

(43)

An extrapolation of this formula down the quark mass
scale to Y yields a correction to F3g /Fee of about — 0.4%
and a correction for J/i/> of about — 5%. The numerical
factor of 4.0 in (43 ), however, arises from the subtraction of
two large numbers (22.9-18.9), which correspond to the
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interaction with the electric and magnetic components of the
gluon fluctuation field. Since the dynamics of the quarks at
the T and J/i/> resonances is extremely different from the
Coulomb dynamics, this cancellation probably does not oc-
cur, and the effect may be several times as large. In this case,
the correction in the T annihilation would be at the percent
level, while the annihilation of J/i{> into hadrons would be
suppressed by a matter of tenths; the result would be to
eliminate the contradiction discussed above, which arises in
a comparison of the T and J/iA widths with the expression for
the evolution of «s.

As was mentioned earlier, the correction has different
values for the /23S, levels with different values of n. In this
connection it would be very interesting to compare the val-
ues of F3g /Fee for T, Y', and Y" at an accuracy level of a few
percent. However, this accuracy level has not yet been
achieved48 in the measurements of Bfl/i for the Y' and Y"
resonances, and we can only hope for an improvement in the
experimental data in the future.

We might also note that the nonperturbative effect
which we have been discussing might also be responsible for
the disruption of the similarity between the probabilities for
exclusive decays of various 3S, levels. Such examples are
known for J/^and i/>'. The most obvious oneisB(i{>' ^pir)/
B(J/i/>^pir) < 6- I0~ 3 , while one might naively expect that
the relative probabilities for each decay channel would be
proportional to B^ [we recall that we have B^($')/

In the case of P levels, the correction is extremely large,
and an extrapolation of the Coulomb formulas47 yields 8V/
V(X\M ) —0.35, so there may be significant deviations of the
annihilation widths of the P levels from the perturbation-
theory predictions.

The nonperturbative correction has its smallest relative
value in the ratio F,/gg /F3g for the 3S, states (it differs by a
factor of — 1/3 from the correction to F,g /Fee). One might
therefore expect that a calculation of ratio (38) by perturba-
tion theory would be valid within no worse than 1%, so a
determination of the constant as from measurements of this
ratio appears theoretically to be reliable.

6. HADRONIC TRANSITIONS

6.1. Multipole expansion and transitions between 3S-i levels

Transitions between quarkonium Ivels accompanied by
the emission of light mesons (77, 77) differ from radiative
transitions in that they have no direct analog in atomic phys-
ics. However, there is a remote analogy, and it can be used to
advantage in describing these transitions. The analogy is
that the emission of gluons by heavy quarks underlies ha-
dronic processes. One-gluon transitions are of course impos-
sible, since the initial and final states of quarkonium are
colorless. The minimum number of gluons is thus two, so
that the analogy is with two-photon transitions in atoms.
Because of "color confinement," gluons convert into had-
rons: 77 and 77 mesons. In a hadronic transition, two pro-
cesses thus occur: the emission of gluons by heavy quarkon-
ium and the conversion of gluons into light mesons
(Fig. 11).

The wavelengths of gluons are large in comparison with
the size of quarkonium (a consequence of the nonrelativistic

FIG. 11. Feynman diagram describing the transition m3S, -> n3S, + ira in
heavy quarkonium. The hatched regions on the quarkonium line repre-
sent the E1 interaction with the gluon field (the dashed lines); the hatched
region at the top represents the production of pions by the gluon field.

nature of the system), so that a multipole expansion can be
used to analyze the interaction of quarkonium with a gluon
field, as in the case of radiative transitions.49 For example,
the leading term in this expansion—the Hamiltonian of the
El interaction—is

H (E,) — —2" g^rE0 (0), (44)

where g = (4iras)'
/2, the vector r is the relative position of

the quark and the antiquark, and £j" = t° — t" is the differ-
ence between the color generators which are acting on the
quark (t ° ) and on the antiquark (t "2).

The gluon system which is emitted in second order in
Hamiltonian (44), in a transition between 3S, states, has the
quantum numbers of the 7777 system. It has therefore been
suggested that transitions («3S,) -»(w3S,) +7777 occur in
second order in H(El). The expression50

m 3S,Jin) = (nit | ) A0,

(45)

can be easily derived for the transition amplitude; here •»)>'
and i|> are the polarization amplitudes of the initial and final
states, and An is the quarkonium matrix element

A0 = (24) -1
(E) nS), (46)

where G(E) is the Green's function of the quark-antiquark
pair. Because of the color operators £", expression (46) con-
tains a Green's function which describes the propagation of
a quark pair in a color-octet state. The energy E at which
G(E) comes in is equal to the residual energy of the quark
pair after the application of a single operator H( E I ) . It is not
possible to calculate A0, since we do not know just which
states saturate the color Green's function. In any case, it is
reasonable to suggest that at energies in the mass region of
the narrow resonances a color state of the bb pair will arise
for only a short time (short in comparison with the time
scale <yq — A£, where A£ is the level spacing). (Above the
BB threshold, a color state of the quark pair bb may be real-
ized in a colorless BB hadronic state.) In this case, G(E)
should depend only weakly on the energy over an interval of
the order of A£, and it can be replaced by a constant. The
emission of the entire gluon system corresponds effectively
to a point interaction, and the operators E" in the amplitude
(7777 77asE°Ea 10), which describes the con version of gluons
into 77 mesons, come in a single space-time point. For the
local operator as (E" )2 we can write

-. (47)
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Both of the terms on the right side are related to the energy-
momentum tensor 9^v. The first term is proportional to the
trace #MM in the limit in which the masses of the u, d, and s
quarks are zero:

where b = 9 is the first coefficient of the Gell-Mann-Low
function in QCD with three light quarks. [Equation (48) is
an expression of the so-called conformal anomaly (Ref. 51;
see also Ref. 16).] The second term in (47) is proportional
to the energy density of the gluon field 6 §>:

«s ——g = as9oo
(the superscript G means that we are considering only the
gluon part of 0^).

It can be seen from (48) and (49) that the terms on the
right side of (47) differ in their order in as [the anomaly
actually "eats as out" from as ( F " ^ ) 2 } . Consequently, the
term (49) can be ignored in general in a certain approxima-
tion. The matrix element (ir^O^ |0) is determined by cur-
rent algebra in the low-energy limit. In the chiral limit (with
ml = 0) the relation

holds50 where q=p++p_is the total 4-momentum of the
TTTT system. The amplitude for the TTTT transition can thus be
written as follows

.£ 4*
H dx

p'tb) A0 (51)

where the phenomenological constant C describes devia-
tions from the chiral limit as well as the contribution of the
term (49) and other possible corrections. Expression (51)
agrees very well with the experimental distributions in the
invariant mass of the two-pion system in the transitions
i/>'^J/i/>ir+ir- (Ref. 52) and Y'^YTT+TT-- (Ref. 53; see
Fig. 12 of the present paper). The constant C is not large:
C= (4.6 + 0.2)ml for the first transition and C= (3.3
+ 0.2)ml for the second. Corresponding data on the decay

Y' -»YTnr were obtained in Refs. 6, 54, and 55.
This picture of the hadronic transitions between 3S, lev-

els can be tested well in a case in which the initial state is
polarized. Since the El-El transition dominates the multi-
pole expansion during the emission of two soft pions, the
spin quantum numbers of the final 3S, state must be the same
as the quantum numbers of the initial state; the initial polar-
ization must therefore be conserved. An experiment of this
type, with transversely polarized T' mesons, has been car-
ried out by the ARGUS groups.53 The angular distributions
of the two leptons in the exclusive decay
Y'-»Y;r+fl-~->7r+77-~;u~l>~(e+e~) turned out to be similar
to the distributions of muon pairs in the decay Y' -»/i +fj- ~
(Ref. 53; see Fig. 13 of the present paper). The degree of
polarization of the Y mesons turned out to be the same as
that of the original Y' mesons.

We might also note that according to (51) a system of
two pions should be a purely S-wave system; i.e., the IT me-
sons should be emitted in a totally isotropic fashion. Experi-
mentally, this behavior is found, again highly accurately.
The admixture (f) of a D-wave amplitude in the transition
Y' -> T-n-ir was recently measured53 and was found to be only
id _ n m s +°-'°8
£• — U.U1S _0.009-

</>'~l/<p It* Tt-» - MARK II
T'-T n+n--o-ARGUS

I i i i i i

0 X=(m1llC2mn)l(M'-M-2mn) .1,0

FIG. 12. Normalized invariant-mass distribution of the TTTT system ac-
cording to data obtained by the MARK II group52 and by the ARGUS
group.53 The curves are best fits by expression (51). The parametrizations
of Refs. 56 and 57 lead to curves which are not distinguishable at the
accuracy of this figure.

The contribution to the amplitude of term (49) was
analyzed in Ref. 56. It has two consequences: first, the ap-
pearance of a D wave, whose contribution to the probability
should be of the order of 1%; second, a correction term,
which is written in (51) as the constant Cbut which is actu-
ally a small quantity which depends on q2,

n 9

(2), (52)

where x is related to the fraction (p° ) of the 7r-meson mo-
mentum which is carried by gluons by

It was predicted56 that the effective value of C in an expres-
sion like (51) should decrease as we go from if>' -» J/ifiirir to

So far, the experimental data are not capable of distin-
guishing between a constant value of C and the form de-
scribed by (52); nor is it possible to draw a distinction with
the predictions of certain other models,57 in which the form

N
0,1 n

40

30.

20

10

-3-2-1 0
COS <P

FIG. 13. Distribution in the azimuthal angle <t> of electrons and muons in
the exclusive decay T'—TIT + ir~ ^fj.+fj.~ (e+e")iT+ir^ in an ARGUS
experiment.53 The curve is the best fit, with a = P+P_ = 0.75 + 0.10,
where P is the degree of polarization of the beams. The corresponding
value for muons from the decay T'-+fj.+fi~ is a = 0.68 + 0.02.
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of the correction term is different. There are also models58

which are at odds with the existing data on the shape of the
invariant-mass spectrum of the 7777- system.

6.2. Transitions accompanied by the emission of a single i) or
TT° meson

Since the amplitude A 0 in (50) is not amenable to calcu-
lation, we cannot verify whether this expression agrees with
the absolute value of the width of TTTT transitions (we do note,
however, that rough estimates of the ratio of the values ofA0

for the transitions Y'-^Y-rrir and ^'->J/^7777 have yielded a
correct prediction34'57 of the width of the T' -> Tmr transi-
tion). Nevertheless, a further test of the validity of the ap-
proach described in the preceding subsection can be made by
studying the ratio of the widths of TTTT and 77 transitions. The
quantum numbers of the 77 meson are shared by the gluon
system which is emitted in the transition «3S1->m3S1 as a
result of an interference of the El interaction, (44), and the
M2 interaction described by the Hamiltonian

H (M2) = - (4m)-' (0), (53)

where m is the mass of a quark, the operator S = s, + s2 is
the total spin, and Z>, is a covariant derivative. It is easy to
see that the El and M2 interactions depend on r in an identi-
cal way, so that the amplitude for the 77 transition is ex-
pressed in terms of the same coordinate matrix element A0

(Ref. 50):

==. 4

= i (dk \ 0» (54)

The matrix element for the production of 17 by the gluon
operator E«H which appears in this expression is determined
by59 the SU(3) flavor symmetry and by an anomaly in the
divergence of the axial current in QCD:

? | 0} = (55)

where /„ is the constant of the decay ir->fiv, having a value
/„ ~ 132 MeV. For A^ we thus find

Ari = T~' (•rY'Zfnm^m~i^n^^i(^^Ao^ (56)

where p^ is the momentum of the 77 meson. As a result, the
unknown constant A0 cancels out in the ratio of the widths of
the 77 and irir transitions, and the ratio is determined from
(50) and (56) in terms of exclusively known quantities50:

4m^ \ -1/2

dF (n 3Si

(57)

where M is the mass of the quarkonium, and p^ = p, |. The
corrections to this formula can be expected to be at a mini-
mum in the case q2 = m^, since in this case the quarkonium
experiences an identical recoil. Interestingly, a ratio of two
quantum anomalies appears in (57): one in the axial current
and one in the medium of the energy-momentum tensor. In
this sense we could say that the 77 and 77-77 transitions are
associated with some extremely profound, and genuinely

quantum-mechanical, properties of quantum chromodyna-
mics.

For transitions between i/j' and J/^, we find from (57),
after an integration over q2, the ratio of total widths
T(i/>'^J/^77)/T(f ^J/V-77+77-). It turns out to be 0.10 if
M = Mj,, or 0.14 ifM = M}/4,. (The difference between the
masses of the levels is of the order of v2/c2 and is ignored in a
nonrelativistic treatment of heavy quarkonium.) Experi-
mentally, this ratio is 0.082 + 0.013; this value can be judged
to be in good agreement with the theoretical number, since
the expected error in relation (55) is of the order of 30%
[the typical accuracy of SU(3) relations].

The width of the transition Y' -> Trj is proportional to
/>3 and thus very sensitive to the exact value of the difference
between the masses of Y' and Y, which is close to m^. If we
take this mass difference to be13 563.3 MeV, and if we take
C=3.2w^, we find from (57)

r (r-»-rn) « 5-io-3 r (r — rn+n-).
Since the branching ratio of the latter decay is about 20%,
we conclude that B (Y' -* YT? ) should be about 0.1 %; this is
half the upper limit on this quantity which has been estab-
lished in an experiment by the CUSB group55 (see the Ap-
pendix). A search for the decay T' — TT/ would thus be an
extremely interesting and feasible experimental project.

We have a few comments about transitions in which a
TT° meson is emitted instead of an 77. These transitions occur
because of a breaking of the isotopic symmetry by the masses
of the u and d quarks; their amplitudes are proportional to
wd — mu. Because of the mass difference, the gluon opera-
tor E° -H" produces a 77° mesons60:

(n» |EaH°|0)
(T, |E"Ha| 0) (58)

For the ratio of the widths of the 77° and 77 transitions we thus
find61

T (re 3Si ->- m 3S1n°) _ „ / md~-mu

r (n 3Si -*- m 3Sit]) I m,i + mu

According to the analysis of Ref. 62, the ratio (md — mu)/
(md + wu ) is about 0.3. With this value, we find the ratio of
the decay widths in charmonium to be

22-10-3,

in reasonable agreement with the experimental value
(37+ 12)-10-3.

6.3. The problem of the decay Y"-»Yinr

As was discovered in the first experiments63 in 1982 and
confirmed by new data,64 the invariant-mass distribution of
the 77-77 system in the transition T" -» YTTIT is totally unlike the
spectra in the transitions Y'^Y7777 and ^' ->/ /i/>irir and is
not described by (51) (Fig. 14).

The reason for this feature is not known; various possi-
ble explanations could be discussed. We should apparently
reject without further consideration an explanation based on
a deviation of matrix element (50) from linearity in q2 at
large values of q1 because of 77-77 resonances or for some other
reasons. (We recall that the difference between the Y" and Y
masses is A ~ 895 MeV.)

There are at least two objections to this explanation.
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FIG. 14. Experimental data of the CLEO group64 on the distribution in
the invariant mass of the two pions in the decay

r* -* rii+n-
'->-Bce

(inclusive events) and

anything

'-»• |i*(i~(e'*1e~) exclusive events).

The dashed line is the distribution which arises in the case in which an
exotic resonance X with a mass of 10 245 MeV is dominant (see the dis-
cussion in the text proper).

First, the spectrum in the decay Y" -> YTTTT differs from that
described by (51) even at values of q which are observed in
the transitions ir'->J/if>-mr and Y'-^YTTTT: (?2)1 / 25550
MeV (actually, just above the threshold q2 = 4m2 there is a
significant number of Y" -»T-irrr decay events; this situation
is not observed in the two other transitions). Second, a sin-
gularity in q2 which disrupts the linearity of matrix element
(50) is expected65 theoretically at a mass above 1 GeV, while
experimentally the possible contribution of the next term in
the expansion in q2( q4/M2) in the decay Y'->~finr corre-
sponds toM > 1 GeV at a 90% confidence level, according to
an analysis of the q2 dependence of the matrix element,
which can be found from the data of Ref. 53 (Fig. 15).

One possible explanation might be based on the circum-
stance that the quarkonium matrix element A0 is very small
for this decay. (The width of the transition is much smaller
than that for Y'-. YTTTT, despite the fact that the phase vol-
ume is many times as large.) This suppression may be lifted
by effects of the recoil of the b quarks, which varied over the
phase volume. The amplitude A0 may depend strongly on q2.
This explanation might be tested by searching for the transi-
tion Y" -»Trj, whose width in this case is determined by (57)
with?2 = m2. As can be seen from Fig. 14, some 10-15% of
the Y" -»Yirir decay events fall in the mass interval of the
dipion system, 520-600 MeV. Hence we can estimate the
ratio of widths from (57):

; 0.017 —0.025,

30

20

L

FIG. 15. M2
m dependence of the matrix element for the decay

Y' — Yjr+7T~ extracted from data of the ARGUS group." The dashed
lines are the systematic errors which occur at the two extreme points
because of the edge of the phase volume and the experimental resolution in
the invariant mass.

or, correspondingly, 5(Y" -Y?/) -0.1%.
Another, more exotic, possible explanation66 is that the

spectrum in this decay is distorted because a resonance X in
the Y?r (or, equivalently, Y'V) system lies close to the phys-
ical decay region. The mass of X here would have to be
slightly greater (by something of the order of tens of MeV)
than the mass difference Af(Y") -m^ = 10216 MeV. The
decay amplitude is then dominated by the pole of the X reso-
nance which corresponds to the process shown in Fig. 16.
Here X lies nearly on the mass shell. [The possibility that X
is lighter than M(Y") = m^, and that a real decay Y" -. Xir
occurs, is ruled out since in this case the pion spectrum
would consist of two essentially monoenergetic lines. ] The
shape of the pion spectrum depends on the quantum
numbers (the spin and parity) of resonance X. If Jf = l+,
the transitions Y" -> Xir and X -> YTT would be S-wave transi-
tions, and the vertex would be proportional to the pion ener-
gy (according to the partial conservation of axial current).
For the other waves, a power of the pion momentum should
be involved. The theoretical curve in Fig. 14 is drawn for the
contribution of an X pole in the case of an S-wave vertex with
Mx = 10 245 MeV. The maximum on this curve corre-
sponds to the case in which one of the pions (that emitted at
the Y" -»X;r vertex) predominantly has an energy close to
the minimum possible, el = mw, i.e., is nearly at rest. In this
case the second pion would necessarily have an energy close
to e2 = A — m^. A configuration of this sort corresponds to
q2 = 2/MTA=;(500 MeV)2. Clearly, this feature should be
seen more obviously in the pion energy spectrum (which has

T(3S)- -T05)

nr-i-rrai)
FIG. 16. Hypothetical mechanism for the decay T" — YJTTT by virtue of an
exotic resonance X in the (YTT) channel.
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not yet been plotted by the experimentalists) than in the q2

distribution. There is some excess of events at large q2 in
comparison with a purely pole contribution in Fig. 14; the
reason may be a small contribution of an amplitude propor-
tional to q2.

The resonance X might be manifested in the decay
Y(4S) -»Xw, whose signature is a monoenergetic pion. Un-
fortunately, however, it is exceedingly difficult to predict the
probability for this transition. If we assume that the vertices
representing the transition of all Y resonances into Xir are
identical, then we can work from the Y"-^TTTTT widths to
estimate the magnitude of this vertex; taking this approach,
we find r(Y(4S)^Xn)=0.1 MeV. This figure corre-
sponds to a branching fraction of about 0.5%. However, this
estimate may be incorrect, even in order of magnitude—in
either direction.

A resonance X with these hypothesized properties
would evidently have to be an isovector resonance, so it
should consist of four quarks (bbqq, where q = u or d).
Four-quark systems of this sort, consisting of heavy and
light quarks, have been discussed in the literature from time
to time (Ref. 67, for example). However, the previous candi-
dates have also been amenable to a standard interpretation
as quark-antiquark systems. We do not rule out the possibil-
ity that a first indisputably four-quark resonance will be
found in connection with the decay Y" — T-ITTT. In conclud-
ing this subsection we note that a resonance X might also
dominate the transition Y" -> T'irir, but the small phase vol-
ume in this decay (the energy release is only about 53 MeV)
would make it extremely difficult to establish a difference
between different functional dependences of the decay am-
plitude on the kinematic variables.

6.4. Transitions from Y" to the 11Pi level

Because of the negative C parity, 'P, states cannot be
produced in y transitions from Y resonances. However, pion
transitions are allowed for precisely the same reason. The
transition Y"-*'P|7T7r has been proposed56 as a source of
1'P, resonances in an experiment. (The 1'P, level subse-
quently decays primarily through a transition to rjby so that
rjb can also be observed.)

This transition results from an interference of the El
and Ml interactions with gluons. In Ref. 56, gluons were
treated as free (the parton picture), and the branching frac-
tion of the transition Y" -»I 'P,7777 was estimated to be at the
level of I %. However, at an energy release of only about 455
MeV, the parton picture for gluons seems totally inapplica-
ble. The reason is that the matrix element <7r+77~ |E ",H I \0),
which describes the conversion of gluons into 77 mesons in
this transition, is determined55 by that fraction (p° ) of the
pion momentum which is carried by gluons:

<jrti- | naaE?ffk | 0> =-|-naapG ethm(e1p2m + ezplm), (60)

where £ I 2 and p, 2 are the energies and momenta of the
pions. If we compare the square of this amplitude (TT°TT°
states are also taken into account) with the square of the
corresponding parton (gluon) amplitude, summed over the
color and polarization states of the gluon, we find

S l^t.il2 = (3/4)(pGV(g?p| + 6Jpj)_ J__efpi-+8ipf
2 Mggl2 16(co?ki + o)ikf) ~ 80 cofkl + colkf (61)

(p° s; 1/2, and col2 and k, 2 are the energies and momenta
of the gluons ) . The small numerical factor here arises pri-
marily because the number of gluon states in the denomina-
tor is larger than in the case of pions. An additional factor of
about 0.22 stems from the integration over the phase volume
when the mass of the TT mesons is taken into account (we
recall that gluons are massless). As a result it turns out68

that the width of the TTTT transition should be smaller than the
parton estimate by a factor of nearly 400; i.e., it should be
less than 10~4 of the total Y" widths.

As a result of this suppression, the transition involving
the emission of a single TT° meson, which violates isospin,
should be an order of magnitude more probable than a -rrir
transition. Working from an estimate of the conversion of
gluons into 77° on the basis of (58), we find the following
prediction of the ratio of widths:

1120 / JT" md-mu , 2 \ V o A
(62)

(gy^.0.22 is the factor — mentioned above — by which the
integral over the phase volume of the two pions is sup-
pressed ) .

The CLEO group recently reported data64 on the spec-
trum of the invariant missing mass for the two pions in Y"
decays. In this spectrum there is a small peak at a mass of
about 9900 MeV: the expected mass of the 1'P, level. The
number of events in the peak corresponds to a branching
fraction of 0.3 7 + 0.15% for this decay. However, the statis-
tical significance of this peak is low (about 2.5 standard de-
viations). If this peak is confirmed at this level of the decay
branching fraction as the statistical base is improved, then
we will be able to conclude from the discussion above that we
are dealing here with a transition caused not by a multipole
emission but by some other mechanism. We do not rule out
the possibility that again in this case the situation is dominat-
ed by the X resonance discussed in the preceding subsection.

7. SEARCH FOR NEW PARTICLES AND EFFECTS IN THE
DECAYS OF Y RESONANCES

Heavy quarkonium is a very compact blob of energy. Its
decays may result in the production of new particles still in
the hypothetical realm and also the production ( under unu-
sual conditions) of ordinary known hadrons, for which it
will be possible to test various models of hadron dynamics.

7.1. Higgs boson

One of the most interesting possibilities is a search for
the Higgs boson H in the decay69 Y — Hy. If the relationship
between H and the b quarks is the same as in the minimal
model of the electroweak interaction with a single Higgs
doublet,

-(V2G)i/2mbH(bb), (63)

then the following expression70 will hold for the branching
fraction for this decay, where the QCD radiation correction
has been made:

nr

(64)
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Herea(^) is a function of the ration = m\^/m\ whichhasa
fairly complicated form,70 but in the interval 0<x 5 0.7 this
function varies only slightly around a value a ~ 6. At an mH

mass close to mr , it has an ordinary Coulomb singularity
(1 — x ) ~ ' /2. We see that the radiation correction is large: It
reduces the prediction for the branching fraction by a factor
of nearly two (under these conditions, it would generally be
necessary to consider higher-order perturbation theories,
but technically that is a rather complicated matter).

A search for this decay is the best way to find a Higgs
boson with a mass mH < mr . In hadronic decays of T this
boson is produced about an order of magnitude more poor-
ly,71 and events with an H boson do not have such a notice-
able signature as the monochromatic photon in the decay
T->Hy. The absence of a noticeable signature also hinders a
search for H in hadron reactions which are unrelated to Y
resonances.

An experimental search72'73 for monochromatic pho-
tons in Y decays yielded a negative result. The best limita-
tion on the decay branching fraction, according to prelimi-
nary data of the CUSB group,73 is lower than that predicted
by expression (64), even without the radiation corrections,
at 1-2 GeV<mH <4— 5 GeV. However, the correction for
as brings prediction (64) under the upper limit found.

The CLEO group studied the decay Y-»y7r+7T~. That
group rules out the presence of monochromatic photons at a
level B(T->yrr+ir~) < 3- 10~5 at invariant ir+7r~ masses
from 0.5 to 8.5 GeV, except in three narrow regions, one of
which is near the mass of the p meson. A Higgs boson with a
mass of less than 2mK should decay primarily into mr pairs
(Ref. 71); not into/u+/Li~ pairs, as was assumed some time
ago74). The theoretical predictions in this mass region is
therefore B (H^ IT + -tr~) S50%, and we have

r(r->-av)
r(r-*|i+(i-)

B (T -»- Hy) B (H -»- n+n~) > 6-10-6. (65)

The data of Ref. 75 thus rule out an H boson with a mass
bet ween 0.5 and 1 GeV (except in the region near mp ) which
has the standard value of the coupling with quarks.

The coupling of the H boson with leptons and quarks is
rigidly fixed by the theory only in the minimal model. Even
in the theory with two doublets a very wide spectrum of
possibilities appears, and the interaction of Higgs bosons
with various fermions could, generally speaking, be intensi-
fied or weakened to various extent. It is thus clearly worth-
while to pursue the search for the decay at any attainable
accuracy level, and in various channels for the H decay
(e.g.,76H-r+r-).

7.2. Axion

Another hypothetical particle is the axion, a, which was
invoked in an effort to solve the problem of the natural con-
servation of CP invariance in QCD.77 In contrast with the
scalar H boson, the axion is a pseudoscalar and very light
particle (a typical mass is $50 keV). If we write the cou-
pling of the axion with the b quark in the form

' " V'2,

•• 0.0064 (66)

where xb is a dimensionless number, the decay probability is
given by an expression of the type78

(the correction for as here is extremely important, as it is in
the case of H emission).

If ma < 2/ne, the axion decays into two photons over a
macroscopic time, so that the decay does not occur inside a
detector. The upper limits which have been found79"8' on
B( Y-^ay) in the case of a long-lived axion of this sort range
from80 3-10~4 to81 8-10~4; these figures correspond to
xb 5 1.6. For an axion which decays rapidly into an e+e~
pair inside the detector (such a decay is evidently possible if
ma >2me), we find limits on B(Y-+ay) at the level of81

3.1 • 10~4 or82 5 • 10~4 (the limit of Ref. 81 also applies to the
case in which the a decays into 2y in the detector). At an
intermediate lifetime (~4-10~ 1 2 s), and at a mass of 1-3
MeV, the efficiency of a search is slightly poorer, and the
best limit is8' 1.3-10~3.

7.3. The decay Y^"nothing"

Searches for the axion make use of "tagged" Y mesons,
produced in the decay Y'->Y77-+77~, in order to distinguish
from the background caused by the process e+e~ -~ yy. The
same "tagged" Y can be utilized to search for the decay of Y
into invisible particles. Such a decay would be seen experi-
mentally as the vanishing of the Y or the decay of the Y into
"nothing." Decays of this sort are predicted by several mod-
els. For example, the standard model has the decay Y->vv,
for which the probability, for each type of neutrino is

so that an experiment of this sort could in principle be used
to limit the number of neutrino species. In the supersymme-
tric models, the decay of an Y into a phptino and gravitino83

would look the same. For this decay, one can find a limita-
tion on the mass scale of breaking of supersymmetry; alter-
natively, one could find a lower limit on the mass of the
gravitino. In reality, however, at the accuracy attainable a
search for the decay Y-> "nothing" cannot compete in these
areas with the limitations which have been found from a
search for the process e+e ~ -> y + "nothing" at higher ener-
gies.84 Nevertheless, the limit established by the ARGUS
group,81

B(Y^"nothing") <2.3% (90% confidence level),

(68)

gives us the best limitation on the oscillations of "our" mat-
ter into mirror matter in the model of so-called mirror parti-
cles.

According to the hypothesis of mirror particles,85 there
is a separate world of particles which interact with each oth-
er by means of "their own" vector fields (the photon, etc.).
The signs of the breaking of P and CP parity in the mirror
world are opposite to those in "our" world (so that left-right
symmetry is, in a sense, restored). It has been found85 that
among the known interactions the only one which could be
common to "our" particles and the mirror particles is the
gravitational interaction. However, new and sufficiently
weak interactions might also be shared86; in particular, they

570 Sov. Phys. Usp. 30 (7), July 1987 M. B. Voloshin and Yu. M. ZaTtsev 570



might send "our"neutral particles into the mirror particles.
If the mirror world is a precise copy of our own, then the
mass of the Ym (the subscript "m" specifies a mirror parti-
cle) is degenerate with the mass of the T, and the presence of
a vector interaction

would lead to Y<->Tm oscillations. After oscillating into an
Ym , an Y meson would decay into mirror particles, which
would be invisible to us.86 The probability for this process is
described by

B (T - mirror particles)

(69)

A comparison of this expression with the experimental limi-
tation in (68) gives us a limit on the interaction constant G x:

0-3GP (70)

7.4. Gluino

The presently popular models based on supersymmetry
require the existence of superpartners of gluons: gluinos.
Gluinos are Majorana particles with spin 1/2 and form a
color octet. Because of the latter circumstance, the interac-
tion of gluinos with gluons is slightly more intense than that
of quarks with gluons. In particular, if a gluon g is sufficient-
ly light, the decay x\,\ -^ggg could occur by the mechanism
shown in Fig. 10, when the qq pair is replaced by gg. The
ratio of the widths of the decays into gg and qq, if the q and g
have the same mass, is determined exclusively by a color
factor:

gg) =3
qqg)

(here we are also incorporating the factor of 1/2 which
arises from the identity of the Majorana gluinos) . As a result
the branching fraction for the decay Xb\ ^ggg may be

about46'87 20%. Using^Y'-^b, +7) = 7%, we would ex-
pect that a gluino pair would be present in about 1.5% of the
Y' decays, provided that the mass of the gluino did not ex-
ceed about 4 GeV.

The decay properties of gluinos depend on the particu-
lar model. In the most popular models, a photino, y — the
superpartner of the photon — is lighter than a gluino, and the
latter decays into yqq through the exchange of a scalar quark
q. The lifetime depends on the masses of the g and q and is
given by

!-'(-
V100 GeV

IGeVV (72)

The ARGUS group carried out a search for secondary ver-
tices in the detector caused by the decay of gluinos.88 The
negative result of that search rules out gluinos with a mass
between 1 and 4.5 GeV and a lifetime between 10~" and
10-" s.

However, there is the possibility, although it is improb-
able, that the photino is heavier than the gluino.89 In such a

case the gluino either would be stable in general—if it is the
lighest superparticle— or would decay into a gluon and a
gravitino over a very long time: months, years, etc. In this
case, the decay of gluinos would of course not occur in the
detector. However, some of the events should give rise to the
production of a pair of heavy charged particles which would
be stable at the scale of the detector and which would cause
an anomalous ionization. Indeed, the lightest meson-like
hadron formed by gluinos might be89 (gg): a glueballino,
which is neutral. However.the lightest Coulomb-like hadron
should be the state90 (guud): a gluebarino, which has a
charge. Tracks with an anomalous ionization in Y' decays
have been sought in an experimental search91 for free quarks.
If we assume that the probability for the fragmentation of a
gluino into a gluebarino is not less than 10~2 (this figure is
considerably smaller than the ratio p/ir, i.e., considerably
smaller than the probability for the fragmentation of a light
quark into a baryon, and certainly smaller than the ratio Ac /
D~ 1—which is the same probability for a heavy c quark in
e+e~ annihilation), then we would conclude that the nega-
tive result of the experiment of Ref. 91 rules out the presence
of a (quasi) stable gluino of this sort with a mass up to 4 GeV.

7.5. Hadronic states in the decays of bottomonium

In contrast with other hadronic processes, in the anni-
hilation of bottomonium all the energy of the hadrons comes
from a very compact region. This distinguishing feature
could in principle lead to the production, in the decays of
bottomonium, of hadronic states which either are not pro-
duced in other hadronic reactions or are produced there at a
low probability. Such unusual conditions might serve as a
"laboratory" for testing various models of hadron dynamics.
In particular, various hadronic resonances could form in the
decays of the Y meson.

The research on the hadronic decays of the Y is at pres-
ent essentially limited to the study of only general, integral
correlation characteristics such as the sphericity, the thrust,
and the second Fox-Wolfram moment, which were men-
tioned in Subsection 5.2. Investigators are becoming con-
vinced that these characteristics agree well with a three-
gluon annihilation mechanism. However, today's detectors,
with their good resolution and good identification of parti-
cles, are capable of studying subtler details of the observable
events. For example, the decays of Y have revealed an unex-
pectedly large number of events with baryons and even with
double baryon-antibaryon pairs. There is the possibility of
studying the correlation of the polarizations of the A hyper-
ons in the decays Y^AA + anything, which may show
whether A hyperons are produced independently. In partic-
ular, if a AA resonance does exist, it may be manifested in
such a correlation.

Our purpose here is to draw the attention of specialists
in hadron dynamic models, who might suggest some specific
questions for study in the decays of Y and Y' resonances in
specific models. We do not rule out the possibility that
answers to many such questions can be found in the statisti-
cal base of bottomonium decay events which has already
been accumulated.

8. CONCLUSION

Today, a decade after the discovery of the first levels,
bottomonium remains a field with many opportunities for
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experimental and theoretical research. The problems of the
physics of bottomonium which have essentially been solved
at this point are only some of the problems "lying on the
surface." Suffice it to say that we still do not know the
branching fraction for the decay of an Y resonance in even
one exclusive hadronic channel. Several of the problems
which we believe are of foremost interest have been dis-
cussed in this review. Let us list them again: 1) refining the
values of B^ for the excited Y resonances; 2) measuring the
spectrum of direct photons in the decay Y -»•y + hadrons
and measuring the probability for this decay; 3) observing
and measuring the probabilities for the transitions Y' -» TTJ
and Y"-»Y77; 4) determining the dynamics of the "f" -*Yinr
transition. These problems also are actually lying on the sur-
face; it is only a matter of time before they will be solved at
the existing accelerator installations with existing detectors.

Subtler problems such as observing the bottomonium
ground state rjb or measuring the total widths of the x*,j
levels will probably require new and more sophisticated ex-
perimental apparatus. As time goes by, of course, new prob-
lems may arise and, as usually happens, come to be regarded
as the most important ones.

With regard to the theoretical problems pertaining to

bottomonium physics, an assessment of their comparative
importance is unavoidably a subjective procedure. It does
appear to be beyond dispute, however, that the central ques-
tion has been and remains that of generating a competent
description of the interaction of quarks within the frame-
work of QCD. As we have already mentioned, the existing
methods solve this problem only partially. The potential de-
scription uses phenomenological parameters (the slope of
the linear part of the potential, the nature of its joining with
the Coulomb-like part, and the hypothesized Lorentzian
structure of the potential) which are fitted to the experimen-
tal data, rather than calculated from the original theory:
QCD. Furthermore, because of the factors discussed in Sub-
section 3.3, it is not clear to what extent we can expect the
potential approach to be applicable at all in QCD. On the
other hand, the sum rules, although a direct consequence of
the well-grounded operator relations in QCD, have clearly
inadequate predictive powers; for example, the properties of
the excited states in a channel with definite quantum
numbers /K are still completely inaccessible to study by
this method. Furthermore, as we discussed in Subsection
3.5, the accuracy which is technically attainable in calcula-
tions of the coefficients in an expansion in vacuum expecta-

TABLE III.

Particle-

1(9460), l*Si

Mass M, MeV

9460,0a±0,2

Total
width T,
MeV

0.043±0,003

ree=l,22±0.05 keV

Xbo(9860), 13P0
Xbi(9895), I»P!
Xb2(9915), 1"P2
r (10 023), 2^!

9859, 8±1, 3
9891. 9±0, 7
9913, 3±0, 6

10023,4±0,3 0,030±0,007

Ttf* 0,54±0,03 keV

Xbo (10-235) 2»P,

Xbi(10255), 23P0

Xb2(10270), 23P0

I (10 355), S'Si

10 233±5

10 255+2

10271±2

10355,5±0,5 0.012+0,010
—0,004

ree = 0.40±0.03 keV

T (10 575), 4»Si 10577±4 24±2
ree = 0,24±0.05 keV

r (10 860), 53Si 10865±8 110±13
ree = 0.31±0.07 keV

r (11 020), 6sSi 11 019±9 79±16
ree = 0.13±0.03 keV

Decay modes

e+e~
(j.+(i-
T+T-

pn
J/t + X

"nothing"

Vgg
r (9460) Y
r (9460) Y
r(9460)v

|i*|i-
T+T-

r (9460) n+n-
r (9460) Ji°ji°

T (9460) T)
Xbo (9860) Y
Xbi (9895) Y

Xba(9915)7
T£S

r (9460)7
I (10 023) Y
T (9460) Y

r (10 023) Y
r (9460) Y
r (10 023) Y

n>-
r (9460) n+n-
r (10 023) Jrti-
Xbi (10 255) V
Xb2 (10 270) Y

Probability, % (upper limits
' on the 90% confidence level)

2.8±0,3b

2.8±0.2 c
3.2±0.4

<0.21
2

<2.3»1

1 2,99±0.59"
i 1.88±0.14±0.17«
<6

35±8
22±4

1.8±0,4
1.7±1.6ri

18,7±1.0a

8.6±l.le

<0.2
4.3±1.0
6.7±0.9
6.6±0.9

3.37±1.14««
Seen

»
»
»
»
»

3.3±1.5,
4.5±0,8f

3±28
15.6±4.2
12.7±4.1

a M (T (9460)) = 9460,59±0.12 MeV n" .
b B (T (9460) ->• e+e-) = 2,42±0.14±0.14% 63.
c B (T (9460) -»- |iV) = 2.30±0,25±0.13% ",

2.53±0.17±0.16%92.
dB (r(10023)-»-r(9460)jVrt-)=18.1+0.5±1.0% S1>.
t £(r(10023)-»-r(9460)ji0ji°) = 9,5±l,9+1.9% •».
f B (r (10 355) ->• T (9460) n+Jt-) = 3,47±0.34% •«.
8 B (r (10 355) -*• V (10 023) n+n-) = 2.1±0.5% •«.
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tion values of operators in QCD has so far been inadequate to
find satisfactorily the positions of the P levels in the bb sys-
tem.

Another question which seems important is that of cal-
culating the nonperturbative effects in the annihilation of
heavy quarkonium, both in the total widths and in the spec-
tra, in particular, in the spectrum of direct photons in the
decay of an Y resonance near the maximum photon energy.

Yet another interesting field for research is the interac-
tion of heavy quarkonium with gluons, light quarks, and the
light mesons made up of them. Here we mean hadronic tran-
sitions between levels of quarkonium and the role played by
an admixture of a pair of light quarks in heavy quarkonium.
In particular, if the resonance X discussed in Subsection 6.3
does exist, then a pair of light quarks in it will be in an isotri-
plet state. At present we know of no useful approximations
for dealing with the dynamics of such four-quark systems.

We have listed here only certain types of problems
which bear directly on the questions which we have dis-
cussed in this review. This list of course does not come close
to exhausting the total list of questions. For example, we
have said absolutely nothing about the production of botto-
monium in processes other than e+e~ annihilation or the
scattering of bottomonium by hadrons, primarily because of
the paucity of experimental data and of theoretical studies in
this field. We have also said nothing about theoretical mod-
els for exclusive hadronic decays of levels of the bb system,
because it seems to us that this field is still extremely far from
that stage of development in which it could be regarded as
one of the "advances" in the physics of heavy quarkonium.

In summary, the number of experimental and theoreti-
cal problems is large, and one does not need any great predic-
tive powers to assert that the physics of bottomonium will
remain the subject of significant experimental and theoreti-
cal research for many years yet and will permanently remain
of interest for reaching an understanding of the dynamics of
quarks and gluons.

9. APPENDIX

We have added a summary of experimental data on the
levels of bottomonium. Most of these results were repro-
duced from the tables of Ref. 2. For the most part, these are
numbers averaged over the results of several experiments,
published through 1 December 1985. We have also included
in Table III a few results pertaining to the probabilities of
certain inclusive decay modes of Y and Y' resonances (data
of this sort are usually not cited in the tables of Ref. 2), and
we have added in the form of notes some new data published
after the compilation of the tables of Ref. 2.

"The symbol "b" has two interpretations: a romantic one, "beauty" (the
Russian word is "krasota" or "prelesf ") and a mundane one, "bottom"
(the Russian work is "niz"). The latter interpretation stems from the
fact that the b quark is the lower component of a weak doublet (t, b) (t
meaning "top"; the t quark has yet to be observed experimentally, be-
cause its mass is even larger than that of the b quark). For the bb system
there is a second interpretation; it is called "bottomonium" by analogy
with positronium (e + e ~ ) and charmonium (cc).

5'The primes on the radially excited states have recently started to be
replaced by excitation numbers; the Y resonance is designated T( IS), T'
is T(2S), etc. We will be making frequent use of this notation below.

"A detailed review of the potential models, with an exhaustive bibliogra-
phy, was published a few years ago in this journal'5a (see also Ref. 15b).

4lThe smaller of the values shown here corresponds to that extracted from
a comparison of the sum rules of charmonium with experimental data21;
the larger one was found for bottomonium27 (Subsection 3.5). When we
allow for the theoretical uncertainties in the extraction of vacuum expec-
tation value (5 ) , we conclude that values in the interval given here do not
contradict an analysis of the two systems.

5'In the leading nonrelativistic approximation, the quarks interact with
only an electric (not magnetic) component of the field, in complete anal-
ogy with the interaction in electrodynamics.

'"It should not be surprising that it follows from this result and from (5)
that ((E" )2) has a negative value, since, as was stipulated in connection
with (5) , this quantity is the difference between the total vacuum expec-
tation value and its value in perturbation theory.

7lThe experimental data used in the text are given in the Appendix.

*'In a potential model, an increase in nonperturbative effects corresponds
to the situation in which the relative contribution of the linear part of the
potential increases with increasing size of the system.
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