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1. INTRODUCTION

This review is devoted to the spectroscopy of light
mesons which consist of light quarks (u,d, s) and gluons
(g). Although quarks were invented specifically to ex-
plain the shape of the spectrum of light hadrons (mesons
and baryons), they are now studied mainly in reactions
at high energies and momentum transfers (“hard” pro-
cesses), especially in the scattering of electrons and
neutrinos by hadrons, in electron-positron annihilation,
and so on. The structure of hadrons is most clearly
seen in these reactions and the success of the quark
model is particularly striking (the magnitude of R in
e’e”annihilation, quark and gluon jets, and so on). Oue
of the most outstanding achievements of the quark mod-
el is also the prediction and description of the proper-
ties of the family of mesons consisting of heavy quarks
c and b. All these successes have stimulated the rapid
development of quantum chromodynamics (QCD) which
was initially invented to explain the paradoxes that
arose in the quark spectroscopy of light hadrons. The
application of QCD to processes with high-momentum
transfer or with participation of heavy quarks has
turned out to be fruitful because it is often possible to
use standard perturbation theory developed in quantum
electrodynamics (QED). Strictly speaking, this “per-
turbative” QCD (or PQCD) is valid only for elementary
events involving the hard interaction between quarks
and gluons in which they acquire or give up high mo-
menta. Moreover, the asymptotic freedom of QCD en-
sures that the effective coupling constant between the
quarks and gluons is sufficiently small in the limiting
case, and higher-order corrections can be neglected.
Although for the currently available energies the effec-
tive coupling constant is not as yet very small, and the
corrections are large in most cases, this difficulty can,
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in principle, be obviated by using one of the numerous
methods available for the summation of perturbation-
theory diagrams that were developed in QED. The
more difficult problem is that, in the initial and final
states, one observes not quarks and gluons but real
hadrons (light mesons and baryons), and PQCD is funda-
mentally unsuitable for the description of these parti-
cles, not only because of the increase in the effective
coupling constant at low-momentum transfers but,
mainly, because of the presence of nonperturbative ef-
fects that do not appear in standard perturbation theory.
These effects appear to be connected with the compli-
cated structure of vacuum in QCD, and the problem is
to construct a perturbation theory that would take into
account vacuum and other nonperturbative effects even
in the zero-order approximation. This type of theory,
or even a realistic model, has not as yet been developed
although the nonperturbative effects have been isclated
and estimated more or less reliably in some cases.
These studies have shown that light-meson spectroscopy
is one of the main sources of information on nonper-
turbative effects in QCD. This fact alone has determin-
ed the importance of experimental studies and theoreti-
cal analyses of this problem which is one of the most
important in high-energy physics. Apart from this,
studies of the spectrum and decays of light mesons en-
able us to elucidate other effects that are important for
the development of a rigorous theory, namely, violation
of chiral and SU(3) symmetry, the mixing of quark con-
figurations, spin splitting, and so on. Finally, the dis-
covery of multiquark and, especially, pure gluon states
would be of fundamental importance. We emphasize
that the observation of pure gluon resonances would be,
essentially, an unambiguous confirmation of the validity
of the basic QCD ideas and would be the beginning of a
new branch of the physics of resonance states. Both
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pure gluon and multiquark states must be sought among
light mesons, but the differentiation between them and
the “ordinary” mesons which consist of a quark and an
antiquark is not at all a simple matter. A clear under-
standing of regularities revealed by the spectroscopy of
ordinary mesons is absolutely essential for the solution
of this problem as well. The main aim of this review

is to exhibit these regularities at the level of phenomen-
ology based on the quark model and using the fundamen-
tal ideas of QCD.

Practically all the meson resonances that have been
adequately investigated may be regarded as consisting
of a quark q and an antiquark @ (qq state). Some mesons
appear to have an admixture of gluon states, but pure
gluon states (gluonium) have not as yet been found and
their proposed properties will be discussed only briefly
below. A more complicated situation obtains in the case
of exotic mesons which consist of a larger number of
quarks (dqqa). Although the existence of these states
has not as yet been confirmed with adequate reliability,
there are indications that such states, or mixtures of
such states with ordinary quark-antiquark states, have
already been observed. Unfortunately, all mesons sus-
pected of having exotic properties have quantum num-
bers (charge @, isospin I, G-parity, spin J, parity P,
and C-parity) that are allowed in the nonrelativistic
quark model for the g states as well.

Suspicion can be transformed into certainty only by
demonstrating that the suspected mesons cannot be in-
terpreted as quark-antiquark states. The essential
foundation for this is a sufficiently complete knowledge
of the properties of mesons consisting of a quark and an
antiquark. One of the principal aims of this review is
to expose these properties at the phenomenological level
without introducing complicated or excessively detailed
dynamic models. The results obtained with such models
will of course be recalled and briefly reviewed below.
However, we shall concentrate our attention on simple
assumptions and a formalism that will not take us out-
side the framework of a modern course of general phys-
ics (see, for example, Refs. 1 and 2). This selective
approach to our material is dictated not oi..y by the
limited space available to us but also by the absence of
a systematic theory capable of providing a unified ex-
planation of all the basic facts in this branch of physics.
Although detailed models have been successful in indi-
vidual areas, a sufficiently complete and clear picture
of the present state of light-meson spectroscopy can at
present be outlined only by confining ourselves to the
meagre range of color available on the phenomenological
palette.

There is not at present a single experimental fact that
cannot be fitted into the framework of the quantum
structure of hadrons. It is almost equally certain that,
in addition to the usual quantum numbers B, @, {, and
J, quarks have a further degree of freedom, namely,
their color, so that each quark is a triplet of the color
group SU3, and all observed hadrons are “colorless”
(i.e., they are singlets belonging to this group). The
situation regarding the quark charge is less definite.
The most likely conclusion is that quarks have frac-
tional charges (Q, = +2/3, Q4= Q.= -1/3, @.,=+2/3,
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@,= —1/3 in units of the electron charge e), but it is
not as yet absolutely certain that colored quarks do not
have integral charges. We shall always refer to quarks
as objects with the above fractional charges.

Free quarks have not been seen in modern accelera-
tor experiments. Searches for fractionally charged
particles among cosmic rays have not as yet led to con-
clusive results because of the difficulties in interpret-
ing such observations. Most experiments involving
searches for fractional charges in different media
(measurements of the charges of small particles) have
not resulted in their discovery (see, for example, one
of the recent papers® in which iron particles were
used). Experiments with niobium spheres,? in which
charges of +1/3 were observed, form an exception to
this. We recall that a similar situation occurred 60-70
years ago when Ehrenhaft, working in parallel with
Millikan and others who observed only integral charges,
performed analogous experiments with silver particles
and reported seeing “subelectronic” charges (see Ref. 5
for a discussion of this; experimental techniques have,
of course, advanced appreciably since that time).

It is clear that searches for fractional charges will
have to be continued, using different materials. An at-
tempt has also been reported® to systematize the chem-
ical properties of the elements that have the highest
probability of having quarks “stuck” to them. Lackner
and Zweig® consider that the negative result of all the
experimental searches for quarks in different materials
is not an essential limitation on the abundance of quarks
in nature.?’ In any case, if free quarks do exist, their
mass would appear to be substantially greater than the
mass of the mesons known at present. When we refer
to the u,d, s quarks as light, we have in mind their ef-
fective mass in the interior of the hadron which, gener-
ally speaking, may be different in different hadrons and
may also depend-on how the quarks are observed. For
example, the effective mass of the quark-parton, or the
current quark, observed in processes involving high-
momentum transfers, may be substantially different
from the effective mass of the constituent quark with
which we deal in meson spectroscopy in which momen-
tum transfers are usually low. The mass of free
quarks, if they exist, is expected to be high and unre-
lated to the effective mass of a quark in the interior of
a hadron.

Henceforth, we shall almost entirely confine our at-
tention to constituent quarks. We shall try to introduce
the minimum number of assumptions with regard to
their properties in order to leave open the question of
the relationship between, say, constituent and current
quarks. In certain particular dynamic models, this re-
lationship can be established but at the cost of introduc-
ing relatively far-reaching and not fully justified as-
sumptions. The consequence of the desire to avoid this

~ and to use maximally familiar language suitable for the

USee, however, the estimated abundance of quarks reported
in Ref. 7. The possibility that this estimate may be too high
is discussed in Ref, 8. Experimental searches for quarks
are reviewed in Ref. 9. These experiments are discussed
in the rapporteur’s paper given by Montanet'® at the Madison
Conference in July 1980.
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formulation of very different models is, of course, that,
in contrast to the current quark considered in the per-
turbative QCD, the principal object of our analysis—the
constituent quark—turns out to be a somewhat nebulous
object. Unfortunately, the latter cannot be completely
avoided at the present level of our understanding of
phenomena involving small momentum transfers in
QCD. In actual fact, there is as yet no rigorous theory
of the structure of hadrons, and the constituent quark
cannot be clearly defined. On the other hand, when this
theory becomes available, such a definition is likely to
become superfluous.

It is possible to try to compare the constituent quark
with an elementary excitation (quasiparticle) in con-
densed matter. Although this analogy is known to be in-
complete and, probably, even incorrect, it does help
us to see that the difference between the constituent
quark and the current quark is no less than, say, the
difference between the electron quasiparticle in the
Fermi liquid and the free electron. Such ideas will not
be used below. We shall simply gradually introduce the
basic phenomenological characteristics of the constitu-
ent quark as they become necessary. Of course, the
most interesting characteristics are those that are
closely related to the confinement of color degrees of
freedom and the nontrivial properties of vacuum.

Most theoreticians adhere to the dogma of perpetual
confinement of quarks with fractional charges. This
dogma can, in principle, be overturned—all that is re-
quired is to find free quarks. Its experimental verifica-
tion is a problem of a fundamentally different type. It
is essential to construct the corresponding theory and
verify all its basic predictions. Fortunately, such a
theory is not essential for the understanding of the
spectroscopy of hadrons. It is sufficient, for example,
to imagine that free quarks are very heavy and difficult
to eject from hadrons. The assumption of quark con-
finement used in different models can therefore be re-
garded simply as a good approximation to reality. In
this restricted form, the quark confinement hypothesis
has undoubtedly been confirmed by hadron spectro-
scopy, and this in itself is responsible for the many es-
sential differences between the meson and baryon spec-
troscopy on the one hand and the spectroscopy of mole-
cules, atoms, and nuclei on the other. Although we
shall frequently use the analogy with these “old” spec-
troscopies, such analogies must not be taken literally
or too far.

Before we proceed to the main body of this review,
let us emphasize that the list of references given at the
end is very limited. With the exception of a few excur-
sions into history, which are necessary for an under-
standing of the modern situation, the author has been
forced to abandon references to foundation-laying origi-
nal papers that are well known and have been examined
in review literature and monographs. All the experi-
mental data for which sources are not given are taken
from the review in Ref. 11, where references to origin-
al papers may be found. The history of the development
of compound models of hadrons can be followed in Ref.
12 which also gives much information on numerous cal-
culations in the quark model. A very clear account of
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the quark model of hadrons, which does not require any
preliminary familiarity with the subject, is given in
the lectures reprinted in Ref. 13. A brief account of the
basic results of the quark model can be found in Ref. 14
together with numerous references to the literature.
More recent ideas and results are discussed in the re-
viewer’s paper by the present author at the Tbilisi con-
ference,'® which also gives a relatively extensive re-
view of the literature. Discussions of experimental da-
ta and of the phenomenology of boson resonances can be
found in Ref. 10 and Refs. 16-19 and in the proceedings
of international conferences on high-energy physics
(London, 1974, Tbilisi, 1976, Tokyo, 1978, and Madi-
son, 1980). The proceedings of the London conference®
give a particularly good discussion of the phenomeno-
logical theory of decays of hadronic resonances, based
on the transformation from constituent to current
quarks (the so-called Melosh transformation—see also
Refs. 18 and 19). The proceedings of the Tokyo con-
ference® give a good account of the applications of
quantum chromodynamics to the spectroscopy of had-
ronic resonances and a particularly detailed discussion
of exotic states and charmed particles. The application
of QCD to the spectroscopy of charmonium is discussed
in the review paper given in Ref. 22. The basic results
of QCD and the history of its development can be glean-
ed from the reviews given in Refs. 23 and 24. At the
end of the present review, we shall touch upon certain
new theoretical ideas that give us reason to hope for a
deeper understanding of light-meson spectroscopy
based on QCD, but we shall begin with a detailed ac-
count of experimental data and will analyze them without
resorting to excessively detailed dynamic models.

2. MESON RESONANCES AND THEIR MAIN
PROPERTIES

The basic data on meson resonances are listed in Ta-
ble I. Data not given in Ref. 11 or differing from those
data are shown in brackets with the appropriate refer-
ences. They are discussed in the text. The table is
confined mainly to sufficiently firmly established data.
Whenever the reliability of the data seems in doubt,
they are labeled with a question mark and are also dis-
cussed in the text. It is important to remember that
some of the “sufficiently firmly established data”
may, in fact, change appreciably in the future, espec-
ially in the case of results obtained in a single experi-
ment with poor statistics. In such cases, we give a
reference to the corresponding experiment or print an
exclamation mark to draw the attention of the reader.
In the latter cases, the corresponding reference can be
found in Ref. 11. It is also important to remember that
the physics of meson resonances is advancing very ra-
pidly and, at the time of writing, new data are coming
to light which may even alter the entire picture. The
author hopes to take this into account at the proof
stage. Most of the data used in this review were pub-
lished up to the end of 1980 and at the beginning of 1981.
In a few cases, we used the results reported at the
Madison conference (July 1980) and discussed in the re-
viewers’ papers by Montanet!® and Berkelman.?® In such
cases, we quote the designation of the experimental
group and (or) the name of the first of the authors to-
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Experimental errors are shown in parentheses, for example,
7.95(55)x 1076 = (7. 95 + 0.55) x107, etc.

374 Sov. Phys. Usp. 25(6), June 1982

The table does not include all the known results. A
more complete listing may be found in Ref. 11. A de-
tailed review of data on stable particles or particles de-
caying as a result of weak or electromagnetic interac-
tions is given in Ref. 26.

In addition to the experimentally determined quantum
numbers of mesons, the table also lists (in brackets)
the following information: the proposed quark composi-
tion, for example, [ud] and the spectroscopic designa-
tion of the quantum numbers connected with the relative
motion of quarks in the hadrons; for example, [*P,]
means that the orbital angular momentum L associated
with the relative motion and the total spin S of the
quarks are both equal to unity. The fact that we are us-
ing this nonrelativistic notation does not, of course,
mean that the motion of the quarks can be regarded as
nonrelativistic. This is simply a convenient way of
enumerating the possible states (see Refs. 12-14).

Nine mesons of the form qq (q=u,d, s) correspond to
each 254! , state, where J= L or J= LS, namely, the
isotriplet (I= 1), two charge-conjugate isodoublets (I
=1/2) and two isosinglets (/= 0). The particle charges
are given in this scheme by the Gell-Mann-Nishijima
formula @ = [;+ (Y/2); C=(-1)I*% P=(-1)I, and G
= C(-1)f=(-1)%+5+/, Meson quantum numbers that can-
not be represented in this way are referred to as ex-
otic. Moreover, exotic charges, isospins, and hyper-
charges are exotic quantum numbers of the first kind
(Q#0,+1; 1#0,%,1; Y+#0,:1). For isosinglets and iso-
triplets, the quantum numbers J¥€= 07 and J 7 for
Jz=1, P=(-1)7, C=(~1)""! are said to be exotic num-
bers of the second kind. Of course, there may be
states for which all the quantum numbers are equal to
the quantum numbers of some qq resonance but consist
of qqqq or, say, two gluons gg. Such states are re-
ferred to as cryptoexotic. A simple example is:
(88),+{q0Q), where §5 is in the J¥¢= 0** state and qg is a
nonexotic meson state. The majority of two-gluon and
three-gluon S—wave configurations is cryptoexotic.
Exotic states of the second kind include the 17*~-two-
gluon and three-gluon S-states and the 2* -three-gluon
S-sgtates. The quantum numbers and the hypothetical
properties of four-quark mesons are discussed in Refs.
27 and 28 in terms of the Massachusetts bag model.
Exotic multiquark states of a somewhat different type,
which are strongly coupled to baryon-antibaryon pairs
BB, are discussed in detail in Ref. 29 (see also Ref.
30). The experimental status of meson resonances that
are strongly coupled to BB is still very uncertain and
such resonances will not be discussed here. A review
of the proposed properties of exotic {mainly cryptoex-
otic) gluonic mesons and further literature citations can
be found in Refs. 31-33.

Most of the extensively studied mesons are amenable
to the qq interpretation and some of the “suspected”
states are discussed below. It is important to remem-
ber that cryptoexotic states can mix (in the quantum-
mechanical sense) with normal qq states in a way simi-
lar to the mixing of the states R, =(1/V2)(ut + dd) and
R, = $8 in isoscalar mesons (R=17,7"; w, ¢;f,f; ...).
Only this type of mixing is indicated in square brackets
under the particle symbols in the table (we use the ab-
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gether with a reference to the reviewer’s paper.
breviated notation sy = sinf, ¢y = cosf8y, where 8, is
the mixing angle for the strange and nonstrange
quarks). In some cases, one could add further states,
namely, (cC)y, (gg)g, and so on. Although we note this
possibility, the determination of the corresponding new
mixing angles does not seem to be reliable, and such
admixtures are not indicated in the table.

A. Pseudoscalar (0-*)-mesons

7, K, and 7 mesons are among the most extensively
investigated particles. However, the properties of the
n meson have not been adequately studied. The total
width of ~850 keV was obtained in a single experiment.?
In an earlier experiment using the same method (Prim-
akoff effect), the width was found to be greater by a
factor of three. It is desirable to determine this quan-
tity by a different method, for example, by using the
creation of the n meson in the two-photon process in-
volved in the e*e” reaction. For B (n—1%7), we list a
recently published result,*® whereas the value given in
Ref. 11 is B(n—~n%%)=3.11+1.1). The advantages of
the method used in Ref. 36 are so obvious and so con-
siderable that the earlier results can be safely forgot-
ten., The reasons for the discrepancy between the two
sets of data are discussed in Ref. 36. The properties
of the n’ meson were investigated quite recently. Ref-
erences to determinations of the quantum numbers of
n' are cited in Ref. 11. The total width was determined
in two essentially different experiments3”3® and the
agreement between them is satisfactory. We shall
adopt the weighted average of these two results for I').
Data on the production of 4 and 7’ mesons at high ener-
gies (see, for example, Ref. 39) are very important for
the understanding of the structure of these mesons.
The clearest information has been obtained in experi-
ments involving the creation of n and 1’ in reactions of
the form 77p = n(n"}n*®*. The cross-section ratio for
t —~0 was found to be
) - %S_{%"% =0,55 % 0.06 "= 0.500 = 0.085 4 0.03541, (1)
The IFVE-CERN data® cover a wide range of energies
(p. = 4-200 GeV/c), whereas data reported in Ref. 41
were obtained for p, = 8.45 GeV/c. Previous experi-
ments on v and ' production were mostly carried out
at lower energies and did not result in a clear picture
(see the review in Ref. 39).

B. Vector (1--)-mesons

The vector mesons p, w, ¢, and K (or K*) are the
most clearly defined ¢q states. Their properties have
been adequately investigated. New data on I'(p™ = 77y)*?
and I'(K"v—~K™y)** have recently appeared. The value of
B(p—ny) given in Ref. 11 is smaller by a factor of two,
averaging of the data reported in Refs. 11 and 42 would
not be meaningful. Qur table lists the results reported
in Ref. 42 on the assumption that [')-= I' 0. The quanti-
ties I'(p—~ n7) and I'(w—ny) have been measured in a
single experiment.* Of the two solutions given in Ref.
44, we have chosen the one corresponding to construc-
tive w-p interference, which is in better agreement with
the quark model. The other solution requires very
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strong SU{ symmetry breaking and does not agree with
any of the theoretical models. Data on B{w=mu*p")
have recently been obtained at IFVE.*®* The latter paper
also reports a study of the dependence of the formfac-
tor of the wny vertex on the mass m ,  of the virtual
photon for m ,, <0.65 GeV, which is important for de-
tailed verifications of the predictions of the vector
dominance model (VDM), according to which w— n(p)
=~ m(y) = mu*u” (virtual particles are enclosed in paren-
theses). We note that a quantity B(¢ ~ 7y), important
for the theory, has been obtained in a single experi-
ment. An earlier experiment which is not included in
the table yielded a result that was lower by a factor of
two (see Ref. 11),

Finally, one more word about the width of the ex-
tensively investigated w =~ 7y decay. The authors of
Ref. 46 proposed that the value obtained in Ref. 11 as a
result of a fit to all the existing data should be replaced
by a somewhat lower value based on an average of all
the direct measurements of the ratio I(w—=7y)/I(w
~n*n"n°% (see Ref. 11). It is difficult to agree with this
suggestion because one then has to reject the results of
nine other experiments which essentially involve the de-
termination of I'(w—~neutr.)/I'(w—=7*7"7%, and four other
experiments involving the determination of I'( w ~neutr)/
T, (see Ref. 11). Careful analysis of all the data shows
that the statistical analysis performed in Ref. 11 does,
in fact, yield the best value for [(w—ny). Together
with [(7° =), this value must be regarded as the most
reliably measured radiative width in meson decays.
The K%~ K%, p—~n7, w—ny, vector-meson decays re-
quire further investigation. New, systematic studies of
the ¢ =ny, p"= 17y, Ky =K'y decays would be very use-
ful. The w—=ny decay and the as yet unobserved ¢
=1’y decay are particularly important for the verifica-
tion of theoretical models (see below).

C. Tensor (2++)-mesons

The resonances A,, f, f’, and K (or K**) can also
be assigned to classical qq states whose properties are
now very reliably established. Studies of the radiative
decays of tensor mesons are only just beginning. Mea-
surements of the decay widths of f— vy, f'~yy, A, ~ vy
produced in colliding e* and ¢~ beams are particularly
promising. We recall that the n’ —yy width has been
measured in this type of process.’” The table lists new
results*’*® gbtained by such measurements for
I(f~77) (see also Refs. 49 and 50). The creation of f,
A, (and, possibly, € as well) in two-photon processes is
indicated by the results reported in Ref. 51 and the pre-
liminary data of the MARKII, SPEAR group (see the re-
view paper given by Wiik at the Madison conference®).
All these preliminary data® will probably be improved
in the near future and will then become the subject of
theoretical analyses. The foundations of the analysis of

. radiative decays of mesons with relative quark angular

momentum L = 1(2*,1**,0**,1*7) are described in Refs.
52 and 53.

Y Certain additional assumptions (f-meson helicity and domi-
nance) were introduced in Refs. 47 and 48 to obtain the final
results. This will require careful analysis.
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Data on strong decays of tensor mesons are taken
from Ref. 11, but some of the multiparticle decays have
been omitted; it is probable that these also proceed
through intermediate two-particle channels which can
also be virtual, as in the w—~(p)r =371 case. For
f’ = nm, we reproduce an estimate based on Refs. 54-56.
The authors of Ref. 55 analyzed the data in Ref. 54 on
the assumption that B(f’ ~ KX) ~70% and found that_

B(f' = 71) = 0.75+0.25%. The estimate for B(f’ = KK)
follows from exact SU{ symmetry and the quark line
rule (QLR),* which is often referred to as the Okubo-
Zweig-lizuka rule (OZI). The same considerations
yield B(f’ - K K)~10%. This decay, like the f’ ~ 7y de~
cay which is very dependent on the mixing angle 6,, has
not as yet been observed. The value obtained in Ref. 55
for B(f’—~7n) is in agreement with the estimate B(f’
—~am = 0.5-0.9%, reported in a recent paper.* A some-
what greater value, namely, 2.7:]:%, has also been re-
ported.™ Apart from those mentioned above, the A,

= n'n, K, = Kn decays, which are very sensitive to the
angles 6, and §,, require further experimental study.

The status of other dq states with L = 1 will be ex-
amined a little later, and we shall begin with states with
L= 2 and small values of J for given L(3™,4**,5™).

D. Resonances with high spin

The most extensively investigated are the 3™ states
(g-meson family). Only one isoscalar state @, is still
required to fill this SU! multiplet. The mass of the g-
meson listed in the table is the average over all the ex-
periments and is close to the weighted average given in
Ref. 11. The uncertainty indicated in the table is not the
statistical uncertainty and is intended simply to be an
indication of the spread of the data (within three stand-
ard errors). The g-meson decays do not include data.on
the main channel g - 4n(~72%) which probably consists of
the two-particle channels pp, A7, wr (see Ref. 11). The
value B(g —~KK) = 1.3+ 0.3% obtained in Ref. 56 is in good
agreement with the results listed in the table (see Ref.
"11). We note that the result quoted in Ref. 57, namely,
(g~ KK)/I(g~ 1) = 19+ 4%, is very differ ‘nt from that
quoted in Ref. 11 (6.3+1.3%; see Table I). In contrast
- to B{g—~2m), the quantity B(g~KK) is difficult to regard
as firmly established, and this is indicated by the ques-
tion mark in the table. The partial width of K, has not
as yet been determined. There are data on the exist-
ence of the K, ~ Kp, K, ~ K7, K, ~Kn7 decays," where
the last decay may proceed through the Kp, Kyn, K7
channels. The main two-particle decays of w, are
probably pm and B7. It is not as yet possible to esti-
mate their partial widths.

The 4** multiplet (h~meson family) has recently be-
gun to be filled. The existence of the h meson is firmly
established and its mass is known with a reasonable
relative precision.? However, the absolute mass is not
well known. The weighted average of the masses ob-
tained in different experiments!'* is shown in our table.

Y We note that much higher precision is necessary for esti-
mates of fine effects, such as spin-splitting of the mixing
angles and so on, because the absolute uncertainty in mﬁ

for a particle with a large mass is very large.
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The decay channels have not as yet been adequately in-
vestigated. Preliminary data suggesting the existence
of the 174**-resonance in the KsK* system were report-
ed at the Madison conference (W. Cleland et al.; see
Ref. 10). This resonance is designated as p, and is in-
cluded in the table although its existence cannot as yet
be regarded as established. The data on the K -reso-
nance which has been seen in Kg7t%® and K™7* % are
more reliable. The masses and widths of the K ob-
tained in these experiments are somewhat different, and
we have listed the simple average of the masses and a
rough estimate of I‘Kh.

Some evidence has recently appeared for the exist-
ence of resonances with spins of 5 and 6. The K'K~ sys-
tem exhibits a peak, and the analysis of the angular
distribution of the decay products suggests the presence
of a resonance with M = 2307%6), I'= 24520), J*C=5;
it is probable that J°= 1* (see Ref. 60). Preliminary
data on the K§K*-resonance (1°6*, M ~2515, and T
~450) were reported at the Madison conference (W. Cle-
land et al.; see Ref. 10).

E. Axial mesons

The status of axial mesons with J°= 1 is less clear
than that of the tensor mesons. The most fully investi-
gated are the D and B mesons. The Q, and Q, reso-
nances are firmly established but require further de-
tailed investigation. The H meson has recently been
seen in the pr channel.®® The A, and E mesons have
given rise to some interesting problems with which we
shall begin our discussion.

The existence of A; can now be regarded as firmly
established, but measurements of its mass have re-
sulted in values that are grouped near 1100 and 1300
MeV. Our review of early data and their analysis can
be found in Ref. 11. Recent data® = have been obtained
with much better statistics (better by an order of mag-
nitude) but discrepancies remain. The A, resonance
was sought in both the recent and earlier experiments
on reactions of two types, namely, in diffraction pro-
duction of p7 in 7p— n*1"7’n (see, for example, Refs.

~ 61 and 62) and in the baryon-exchange reaction K'p

~z n*n*n" (see, for example, Ref. 63). The basic dif-
ficulty in analyzing the data of the former experiments
is the presence of a high nonresonant background (this
is the Deck effect). It would appear that observations
reveal not the pure resonance but the resonance plus
background. The method proposed in Ref. 64 is cur-
rently used to subtract the background. An analogous
approach has been used to reexamine some of the older
data (see Ref. 11). The application of this analysis to
the main experiment belonging to the first of the above
two types indicates that the A, mass lies in the range
1250-1300 MeV. For example, the experiment report-
ed in Ref. 62, which has the highest statistics, has
yielded My, = 1280+ 30 MeV. A lower value lying in the
range 1050-1100 MeV has been obtained for reactions
belonging to the second type. For example, the value
reported in Ref. 63 is MA; =1040+ 13 MeV. We note,
however, that there are specific problems when the
baryon-exchange reactions are analyzed (see, for ex-
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ample, Refs. 65 and 10) which have not as_yet been
adequately investigated. The A, meson appears to have
been observed in 7*~ Afy_decays (see Ref. 11), but it is
still difficult to establish its mass reliably from such
data (see the discussion given in Ref. 66). A rough
estimate is 1100-1200 MeV. One still cannot exclude
the possibility that two different 1** particles are being
observed. If this is so, one of them is probably exotic
(see Ref. 27) and the observed states can be mixtures of
qq and ggqq. A more detailed review of experimental
data and further references to the literature will be
found in Ref. 11 (see also Refs. 63 and 65).

Somewhat more subtle problems have arisen in con-
nection with the E meson whose quantum numbers,
mass, and width are now firmly established. The mass
given in our table is slightly different from that in Ref.
11 since we have taken into account the most recent re-
sults.’” For [(E—~ KK+ c.c.)/I(E ~KK7), we can take
the weighted average of two recent results,®”*®® which
are in good agreement with one another, and the final
figure turns out to be 80+ 8%. Approximately 20% of
the E ~KKn decays appear to be E ~ 67~ KK7 (see Ref.
67). These data are not included in the table because
they cannot be regarded as reliable enough. A particle
with a mass of ~1440 MeV and width ~50 MeV has re-
cently been observed® in J/¢~¥X, X —nn7, and X
- KKr7 decays.® 1t follows from these data that (X
- nrm) /(X ~KKn) ~%, i.e., B(X~ 6m) is greater than
B(E ~ 6m), and it is difficult to say anything more pre-
cise at present. An important point is that J/¢—yD
has not been observed even though B(J/¢— yX)~B(J/¢
—yn’). All this gives rise to the suspicion that X and E
are not the same particles. We recall that the KK7 en-
hancement with Myg, ~1425 MeV and width ~80 MeV has
also been observed in pp annihilation at rest, which was
not accompanied by the D-meson effect’™ and was
strongly coupled to the 67 channel, the D and E mesons
are readily seen in pp annihilation and in 7°p processes
at high energies (see, for example, Ref. 67). It is pos-
sible that the J/¢ decays and the pp annihilations at rest
reveal not the E meson but another particle with Jre
=1** or 07*. If this is so, the state can be a radial 0°*
excitation, an exotic gqgq meson (we recall that Mg,

+ M, ~1400 MeV), or even glucnium™™™ (see also Refs.
10, 25, and 49). Before we can say anything more
definite, we shall, of course, require more detailed
studies of the E-meson decays. As in the case of the A
meson, it would be particularly useful to have informa-
tion on radiative decays because quite reliable predic-
tions can be made for the qq states (see, for example,
Refs. 52 and 53).

In contrast to the A, and E, the D meson has been in-
vestigated quite well and we may suppose that this is
mainly a q state. The D meson is strongly coupled to
the 67 channel, and roughly three-quarters of the D
- nnm decays proceed through the intermediate D~ 67
decay.!' It is possible that the D —~KKr decays are also
coupled to the D~ 67 — KK7 decay.

The strange meson Q,, which is present with A, in
the same SU! multiplet, has been observed in a mixture

Y See also Refs. 10, 25, and 49.
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with Qu, which belongs to the SUf multiplet of the
B(1*) meson. Experimentally, Q, has been observed
with the Kp main decay channel and Q, with the K7
main channel. The following simple mixing formalism
has been used to analyze the Q-meson data™:
1 = 08 8- Q4 -+ sin 8- Q,
(2)
Q; = — sin 8- Q4 + cos 8- Qs.

If the masses and widths of the Q, and Q, are known
with sufficient precision, one can determine the mixing
angle 6, and, subject to certain additional assumptions,
the masses of Q, and Qz.™ Currently available data
have not as yet enabled us to find 8, with sufficient pre-
cision. As a rough guide, we note that 8, is most likely
to lie in the range 35-40°7%7 (however, see Ref. 77,
where a lower value is reported).

It is important to emphasize that the determination of
the data on the Q, and Qg mesons from data on Q, and
Q. is, in fact, more complicated than might appear at
first sight. To obtain sufficiently reliable data on the
mass and width of these resonances, one must begin
with a detailed study of the mechanisms responsible for
their creation. For example, both resonances are usu-
ally observed in diffraction creation. In nondiffraction
processes, for example, 7p—KnnA ™, one observes
either Q, or Q,. A more detailed discussion can be
found in Ref. 79.

Q, ~Kw has recently been seen™ in the K#p reaction,
and the ratio of the coupling constants was found to be
88:k./85 ko= 0-21-0.04 which is in agreement with SU$
symmetry predictions for qq states. The Q, ~Kw de-
cay has not as yet been observed in nondiffraction pro-
cesses.™

The axial isovector meson B with negative charge
parity is firmly established. Its probable isoscalar
partner H has recently been detected in the p7 system.®!
The heavier isoscalar meson H’ has not as yet been
seen.

F. Scalar resonances

The properties of scalar resonances are, at present,
the darkest corner of light-meson spectroscopy. Al-
though the 5,5*,%, ¢ resonances can be regarded as well
established, their interpretation in terms of the quark
model is not clear. At first sight, the natural assump-
tion is that they form a nonet of qq states, but this is
not consistent with their masses. The £ mass is too
high as compared with that of & and 8*, but even for
M, = 1300, the mass of the » should be about 1150,
whereas for mm <1400 MeV, there is no indication
that a strange scalar K7 resonance does, in fact, exist
(see Refs. 10 and 11). On the other hand, there is re-
cent serious indication of the existence of the ¢’ reso-
nance®® (see also Ref. 10). One could try to fit the
£, £’, and » resonances into a single 4q, *P, multiplet
if M, < 1400 MeV, but then one would have to decide the
fate of the S* and 6. These resonances lie near the
threshold for the creation of a pair of K and K mesons,
and there is therefore a suspicion that they may be
states of a “molecular” type,® i.e., (us)(us), and so on.
Such highly simplified ideas are, of course, difficult to
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use in the development of a quantitative theory of the
very complicated range of phenomena involving these
resonances (coupled channels 77, KK, 71, nm). The ap-
proach developed in Refs. 83 and 84 is more promising
and takes into account the coupling between the different
channels, the finite width of the resonances, and thresh-
old effects. It turns out that exotic gqdq states, which
have a large width and mass close to 2M,, can simulate
the observed narrow resonances S* and 6.°%%* The oc-
currence of this effect is connected precisely with the
large width of the original state. The final elucidation
of the nature of the scalar resonances will have to await
the availability of more accurate data on the phase
shifts for 77, KK scattering and an analysis of such da-
ta with allowance for the above effect (see Ref. 83 for
further details).

Another approach to the analysis of the scalar reso-
nances is based on the use of the P-matrix instead of
the S-matrix.?® In the single-channel, nonrelativistic
theory, the P-matrix reduces simply to

(P = kctg (kb + & (),

where % is the momentum in the center of mass system
and b is the distance at which the wave function vanish-
es. In the general multichannel case, the P-matrix was
first used by Wigner and Eisenbud®’ (see also Ref. 86)
to analyze nuclear reactions. It was shown in Ref. 28
that the P-matrix contained the most complete informa-
tion on the qq and q?g? states. In particular, even the
q%’q? states that do not appear at present as resonances
can be observed as the poles of the P-matrix; they are
referred to as “primitives” in Ref. 28. Some of the
primitives correspond to real resonances, for example,
all the gq states (p mesons) and also the S* meson, and,
probably, the 8 meson, regarded as g*g* states.

Among the scalar primitives corresponding to q%g?2,
Jaffe and Low?® found not only the cryptoexotic states
(I=0: M=690 and M= 980; I=1/2: M= 960, where the
second isoscalar state corresponds to $*, but also
primitives with J= 3/2(1190) and 7= 1(1040), i.e., prop-
erly exotic states of the first kind. These primitives
have masses close to the predictions for the g?q*
states.?” It may be considered that the isoscalar primi-
tive with the mass of 980 MeV appears as the S* reso-
nance. To find the isovector primitive connected with
the 8 resonance by this procedure, we must have data
on phase shifts in the 7 system. ’

Comparison of the analysis carried out in Refs. 83
and 84 with the results of the P-matrix approach?® leads
to the conclusion that the S* meson is probably crypto~
exotic. It is possible that the 5-resonance also corre-
sponds to a cryptoexotic state. Final elucidation of
the nature of these resonances will have to await more
complete and accurate data on phase shifts in their
main decay channels and a complete analysis in both
the P-matrix formalism?® and the more traditional dis-
persion approach but including corrections for finite
width and threshold effects.®® It will be particularly
important to find and investigate radiative decays of the
-scalar mesons, which should reveal most directly their
quark structure. Decays into two photons are probably
most likely to be seen in e’*e” reactions (see Refs. 47—
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51). It is, of course, essential to continue the searches
for qq scalar states. The g,% resonances and, possibly,
the ¢/ resonance, remain likely candidates for these
states, but their properties have not as yet been ade-
quately investigated and there is as yet no candidate for
the isovector qq resonance.

G. Radial excitations

In the nonrelativistic theory, radial excitations cor-
respond to states whose radial wavefunctions have zeros
and for which the number N of a radial excitation is
equal to the number of such zeros; for the ground state,
N=0. Radial excitations of the qq states are well
established for the heavy quarks ¢ and b—these are, for
example, ¢*, T’, and so on (see Refs. 11 and 25). The
situation is less clear for light quarks. The most likely
candidates for the radial excitation of the p mesons is
the 1™"-isovector resonance p’(1600): M, ~1600 MeV,

I, ~300, decay into 27(~15%) and 47(~85%). The most
recent data confirm the existence of the p’(1600) and the
above parameter values. For example, the photoproduc-
tion of p’(1600) and the decay p’ = pn*n® = 77 m*1* were
investigated in Ref. 87. Analysis of the data showed®’
that M, = 1520(30), I', = 400(50). On the other hand, if

it is supposed that p’ = p®n*n* proceeds through the two-
particle decay p’ = Alz* = p°7*z®, then this experiment
yields the following values for the parameters of the A,
meson: M, ~1300, T', ~300.

The fate of the p’(1250) meson which has been dis-
cussed for some considerable time remains unclear.
Although this meson does not appear to be necessary®®
for the description of data on the creation of 27- and
4n-systems in € € reactions in the range vs =1-1.5
GeV, it is difficult to exclude it altogether for suffi-
ciently small I'(p’ = e'¢’) (see Refs. 10 and 88). There
have been some new indications that it might, neverthe-
less, exist (see Refs. 89 and 10) but, if this is so, the
leptonic width of the p’(1250) is very small. According
to Refs. 90 and 91, I'(p’ ~e*e”) ~0.5 keV. Its interpreta-
tion as a radial excitation of the p meson must then be
regarded as relatively unlikely.

The situation relating to the radial excitations of the
w and ¢ mesons is less clear. There has been some
new evidence for the presence of a resonance (or reso-
nances) with a mass of the order of 1650 MeV in the
wr*r™ and KK channels (J.C. Bizot et al.; see Refs. 10
and 92-94; references to earlier work can be found in
Ref. 11). Data are accumulating on the existence of an
isoscalar vector meson in the range 1800-1850 MeV,
strongly coupled to KK,'%:11+% and there are also indica-
tions that a vector K™n*-resonance with a mass of
~1650 MeV exists (D. Aston et al.; see Ref. 10). If
these resonances are confirmed, then, together with the
p'(1600), they will probably complete the SUL multiplet
of radially excited vector mesons p’,«’, ¢',K{. It is
difficult to make any final conclusions as yet.

Data on radial excitations of pseudoscalar mesons
are even less clear. The isoscalar nprm-resonance with
JPC=0"*, M~1275 MeV, ' ~70 MeV has been seen in
one experiment. This is a probable candidate for the
radially excited state of the n-meson. Quite recently,
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IFVE obtained evidence for the existence of the 7’ reso-
nance in the 37 system with the following quantum num-
bers of the 7 meson: M,~1240, I'.~300 MeV.*" Data
on the creation of three 7 mesons in diffraction®® and
charge-exchange reactions (unpublished data from the
Canadian-American collaboration CEX) were analyzed
in Ref. 98. It is reported that two resonances are ne-
cessary for the description of these data, namely,

Ay, My, = 1230(30), T's, ~ 350(60),
A, Mg = 1273(50), T = 580(100).

Because of the special nature of the pseudoscalar
mesons (small mass of the 7, large mass of the 7,
strong mixing of strange and nonstrange quarks in the
7- and n’-mesons), it would be very interesting to have
further studies of their possible radial excitations R,
=n(1275) and 7'(1240).

H. Additional remarks

At this point, we have to end our somewhat cursory
and incomplete account of the main experimental data _
on light mesons. We have not discussed data on the BB
resonances whose experimental status and theoretical
interpretation are far from clear (see Refs. 10, 29,
and 30). We have also left out some results which,
while interesting in themselves, are not very important
for the description of the overall picture of light-meson
spectroscopy.

Thus, with a few exceptions, we shall not use data on
the creation of resonances in inclusive and exclusive
reactions, we shall not report on the parameters of
Regge trajectories, deduced from data on interactions
at high energies, and shall not examine electromagnetic
and weak meson formfactors. Of the data omitted from
the table and the text of this section, we will now men-
tion only those facts that will be useful later.

The resonance nature and the quantum numbers are
now fairly well established for the state A,(1660):
I67P€=172"*, M= 1660(10), I = 200(50), B(A, ~fn) ~ 60%,

B(A,~ pm) ~30% (see Ref. 11 and the new data in Ref. 97).

This is almost certainly the 'D, state of qg, split
from the g-meson by the spin-spin interaction.

The table does not include recent IFVE data® on rare
decays of the  and n’ mesons, namely, n—=pu*u",
n—~p*uy, n’ = u*p"y. The partial widths and the de-
pendence of the formfactors of these decays on m . -
are in good agreement with the vector dominance model

(VDM).
3. MAIN REGULARITIES IN MESON SPECTROSCOPY

The clearest feature of the spectrum of meson states
described above is the presence of relatively narrow
resonances with quantum numbers that can be predicted
by the simple, nonrelativistic model of excitations in
the dqq system. The 'Sy-, 3S,-, and ®P,-3P -multiplets
are complete. The 'P, and °D, are almost complete,
and °F, is being completed. The qq system definitely
has radial excitations. The cryptoexotic states, q2q?,
probably exist, but are seen as ordinary resonances
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under special conditions. Exotic values of [¢ and J©¢
are not observed in the spectrum of the resonances.
Modern data do not exclude the existence of pure gluon
resonances, but their creation in ordinary hadron re-
actions appears to be suppressed. It is interesting that
the main decay channels of qg resonances are two-par-
ticle channels. Practically all the known multiparticle
decays proceed through intermediate two-particle chan-
nels. Occasionally, as in the case of the w—37 decay,
the intermediate two-particle state can be virtual.

The structure of the SU{ multiplet 177,2*,1**,1*,3™",
4** seems to be very simple. The isovector and the
light isoscalar states have similar masses M, ~M,, and
the mass of the state with isospin 1/2 and of the heavy
isoscalar is such that M, <M, ,<M{ and

M+ My~ Mg+ M| ~2Myp2.
Simple interpretation of these relations yields

.111~41]o~211n, AIi/ZN(uR+SR)1 }L[:~2SR,

where uy and sy are the effective masses of the corre-
sponding quarks and it is assumed that up #d,. The
pseudoscalar nonet appears to be constructed in a dif-
ferent way: M <M, ~My<M,, where the masses M,
and M, differ by almost an order of magnitude. This
means that the quark line rule (QLR)*® is broken quite
strongly in the pseudoscalar multiplet, whereas its
breaking in the remaining known multiplets is very
slight. According to this rule, KK and K K are the
main channels in the decays of ¢, f’, and E.

Spin-spin splitting is very large for the S state. A
rough estimate can be obtained by taking the difference
between the mean squares of the masses of the 3S, and
'S, nonet: ~0.49 GeVZ. A more accurate estimate will
be obtained later, after we examine in detail the struc-
ture of the pseudoscalar nonet. This splitting is small-
er for the P-multiplet. If we estimate the average
square of the mass of the °*P, | , states from the A,,

f, A;, and D, and subtract the square of the mass of the
B-meson, we obtain ~0.14 GeV2. For the D-multiplet
{splitting of g and A,), this quantity is ~0.07-0.013
GeVZ?. From the standpoint of nonrelativistic ideas, this
splitting is most likely to continue to fall with increas-
ing L.

Spin-orbit splitting is probably present but not very
strong. We can estimate it by examining the structure
of the ®P,- and ®P, -nonets in greater detail. It is pos-
sible that tensor forces must also be included in the
nonrelativistic description of these interactions, but it
is hardly possible to show this at the present level of
our knowledge of the P states.

It may be that the most striking feature of the spec-
trum of observed resonances is the linear rise of the
Regge trajectories. Crudely speaking, the Regge tra-
jectory is the relationship between M2 and L. It is
readily verified that the squares of the masses of the
resonances p, w, Ay, f, g, w,, k, p, and of the recently
found candidates for the isovector resonances with J°
= 5" and 6* fit quite well a single straight line of the
form

M2 (L) =pi+piL,
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where pZ(uu) ~0.548 GeV?, pXuu)~1.153 GeV2, For the
K-resonances Ky, K;, and K, these parameters are
u3(us) ~0.829, uX(us)~1.193. For ¢ and {*, p¥ss)
~1.040, pi(ss)~1.259. Although the parameters p?
(crossings) for these trajectories are quite different,
the slopes are very close to one another. To within ex-
perimental error in p}~10%), we may suppose that the
slopes are equal but, as will be shown below, the sim-
ple relationship between p? and the quark composition
of the particles lying on the trajectory is not accidental.

Similarly to the masses of the particle themselves,
the slope parameters satisfy the following inequalities:

B! (uu) < pf (us) < pi (s8"),
Bl (un) + pd (ss) =& 2u (us).

(3)

We note that the parameter u%(uu) represents the slopes
of both the isovector and the isoscalar (w, f,h) trajec-
tories which, in the first approximation, can be re-
garded as degenerate. Similar relationships are satis-
fied by u3(dg’) but SUf{-symmetry breaking is very large
in pj. If we use the masses of the x/P, and J/¢ parti-
cles to find the slope p¥cc) for the charmed particles
(see Ref. 11), we see that pXcc)~2.8. Although this
slope is much greater than the slope of the usual tra-
jectories, the following relationship is satisfied:

B (c0) — 3 (85) < pj (c0) — i3 (83) ~ My — 3.

The linearity of the Regge trajectories is also well de-
fined in the baryon spectrum. By analyzing the se-
quence of resonances &(J° = 3/2,7.2*,11/2%, M1/2*,
5/2*,9/2%), N¥3/27,7/27,11/27, A(1/2',5/2', 9/29,
z(1/2*,5/2%), £%3/2*,7/2*) (see Ref. 11), we obtain the
following average slopes for the A,N and A, trajec-
tories, respectively:

uf (uuu) =1.02(6), p?(vus)=1,10(3).

The linear rise of the Regge trajectories is one of the
strongest arguments in favor of the confinement of
quarks. In the nonrelativistic theory, linearly rising

.trajectories are obtained only for the oscillator poten-
tial. However, the nonrelativistic model says nothing
about the spin dependence of the potential. The pres-
ence of a large spin-splitting, comparable with the
splitting associated with the excitation of the orbital
angular momentum L, will probably require an essen-~
tially relativistic description.

Let us now formulate a more accurate theory of the
mass formulas, taking into account the effects men-
tioned above (see Refs. 15, 100, 101, and 102 and the
more complete account given in Ref, 103). We shall
assume that the wavefunction of the quarks g, and q, in
the state R satisfies the following set of equations:

[#Yr— k2 (ME, m}, mD) ¥in= ‘f—:’ oAY, 1 (R) Yuun. (4

The wavefunction ¥ depends on the relative coordinates
of the q, and q, and on R=(J, L,S,N). In the ensuing ac-
count, we shall often replace the set of quantum num-
bers with the symbols for the corresponding multiplets
R=P,V,T,A,S,P',V’, ... (P—pseudoscalar, T—ten-
sor, V’'—radially excited vector, and 8o on). In the
phenomenological approach, the operator 9?2' 4r 18 not
specified in an explicit form, but certain assumptions
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are introduced about the depend:znce of its eigenvalues
H: e oni,j, and R. The quantity #%M%, m?%,m?), i.e.,
the square of the relative momentum of the quarks q,
and q; in the center-of-mass system, is given by the
following expression:

ke (ME, ml, m}):%Mﬁ—%(wzf-{-m”-{-ﬂ%::i; (5)
where m, is the mass of the i-th quark and My is the
mass of the bound quark state, i.e., the mass of the
meson, which, in principle, is determined by the solu-
tion of the operator equation (4). The right-hand side
describes the mixing of the quark configurations, for
example, ui-—ss, i.e., the breaking of the QLR. We
shall leave the right-hand side until we come to the
next section and, for the moment, we shall assume that
A%, (R) =0, which gives a good approximation to the
description of the vector mesons (R= V) and an ade-
quate approximation for R=T.

The phenomenological relativistic equation (4) can be
made more specific by introducing a particular dynamic
model. For example, if the interaction between the
quarks is described by relativistic quasipotential equa-
tions, then #? appears as a differential or integro-
differential operator (see, for example, Refs. 15 and
104 where further references can be found). In the
simplest cases, the Bethe-Salpeter equation will also
reduce to a differential equation for the quark wave
function (see, for example, Refs. 15 and 105). It is
sometimes useful to use the simplest form of the opera-
torj?’:

*LL[;;-)—'*FVUR n. (6)

apn as
Hlhp=— 5=+

When we refer to a “potential,” this will mean a func~
tion V,,p(») determined by this particular form of 72,
We emphasize, however, once again that the phenomen-
ological description that we are giving requires not only
a potential but a particular form of (4). SU! symmetry
breaking is already included in the main equation given
by (4), since the masses of the quarks », are not as-
sumed to be equal. Moreover, as indicated above,
symmetry breaking in the slopes of the Regge trajec-
tories is also possible, and this must be reflected in
the assumptions made about the dependence of .7(";,3 on

" 1, j, and L. We therefore assume that

Hljn = kb + 5 (114 pd L, (N

where L, is the orbital angular momentum in the rela-
tive motion of the quarks in the multiplet R. Isotopic
invariance demands that p, = ug,; the dependence of &3
on R will be discussed a little later. The assumption
expressed by (7) was first put forward and justified
phenomenologically in Refs. 15, 100~103. An analogous
assumption relating to the reciprocal quantities (the
usual Regge trajectories) was introduced in Ref. 106.
Multiplicative symmetry breaking on the Regge trajec-
tories [u,u, instead of (ui+ p%)/2 in (7) ] was introduced
in Refs. 107 and 108 where an attempt was made to
justify this hypothesis. It is shown in a recent paper!®®
that (7) follows from the condition of s-channel factor-
ization of planar diagrams of the dual topological ex-
pansion ( see the review paper given in Ref. 110 for
further details of this expansion). As noted above, the
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difference between u2 and pﬁ is difficult to estimate di-
rectly from the slopes of the Regge trajectories—the
errors are too large. However, an estimate readily
follows from (4) if we neglect mixing (which will be
taken into account later). The mass formulas then fol-
low from the condition

Hhr=kt (ML, m}, m}). (8)
Let
mip=mi+ ki -~ pilr, min—mip=mi—mj+(pi—pj) In=ALn, (9)
so that

Aljr == A%+ (ui— ;) Lr,

It follows from (5), (7), (8), and (9) that

Alj=mi—mi (10)

Mijn = min+ mjg, (11)

and this leads to linear mass formulas (the masses are
indicated by the particle symbols, i.e., M,=p, and so
on):

p=w, Ky-=(7+9), (12)

Agf, Kpooo (754, (13)
The masses of the vector mesons satisfy (12) with good
precision, but (13) is less satisfactory.

We emphasize that all the main solutions involve the
squares of the masses, as required by the linearity of
the Regge trajectories, but all the mass formulas turn
out to be linear, nevertheless. This is connected with
the relativistic relationship (5) between %k? and the quark
masses and with the absence of mixing. When mixing
is taken into account, the mass formulas turn out to be
intermediate between linear and quadratic.

It is assumed in (9) and (10) that the entire SUf
breaking in %2 is described by the slope parameters p
= pgand pg. Symmetry breaking in spin-splitting must
also be taken into account when we use the analogous re-
lationships for SUfor SUS. This SU{ breaking can be
neglected for light mesons.

Using (11) and the a2 , =A% (from now on, A%, =a?
and A}, and hence obtain A*~0.107 GeV?, (u3- p?)
~0.06 GeV?, i.e., the SU! symmetry breaking in the
slopes of the Regge trajectories, is ~20~30%. We note
that Ly cannot be replaced with J in (7) because the
observed splitting between the 2** and 1** (or 1*7) states
is small.

Let us now consider the dependence of 24 on R. The
simplest to explain is the dependence of 23 on N. In any
model with a given potential, the dependences on L and
N are coupled. For example, if the meson is described
by (6) with the potential V() ~#", then 5@ depends on the
combination L,,, = vZ+ N+ )+ (L+ 3). This can read-
ily be verified with the aid of the quasiclassical approx-
imation (see, for example, Ref. 111). However, when
L >1, the Regge trajectory corresponding to the poten-
tial of the form ~¥" behaves as L%* (**" so that ¥ must
be close to 2 (oscillator potential). To ensure the lin-
earity of the Regge trajectories, it is sufficient to sup-
pose that V~2 for large r. For small », the potential
can be, for example, proportional to 1/¥, as follows '
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from QCD. In view of the foregoing, we might try to
replace Ly in (7) with L+ SN, where 8 may differ
from 2. The data on p’, 7', 75 discussed above do not
as yet enable us to establish with complete clarity the
structure of the spectrum of radial excitations. All we
can say is that p’(1600) gives 8~ 2, whereas the de-
scription of the 7' and Mg, requires a smaller value
(<1.5). It is possible, however, that, for small values
of L, the Regge trajectories cannot be regarded as lin-
ear, and the description of the spectrum of radial ex-
citations will require more complex assumptions. At
any rate, nonlinear effects of this type are essential
for the description of the excited states of charmed par-
ticles and the T-family. If the combination of Coulomb
and oscillator potentials is replaced with the effective
potential V~»" mentioned above, we find that #%
~Lf;,(2"). It is readily verified that ¥ must be relative-
ly small (<1/4) and the nonlinear effect is quite large.
Although this potential is occasionally used for the de-
scription of the excited states of the ¢ and T-parti-
cles,'*®13 (gee the discussion and further references in
Refs. 21 and 25), it is completely unsuitable for light
mesons. The potential connected with one-gluon ex-
change!!* seems to be more justified. This potential
will also give the dependence of the eigenvalues on R,
which can readily be obtained by using existing results
of positronium theory (see, for example, Ref. 115).
Unfortunately, this simple approach will not reproduce
the observed splitting in R not only for the light but for
the charmed mesons as well. In view of this, more
successful descriptions of the spectra of the ¢€ and bb
states have been achieved with more complicated poten-
tials containing not only vector but also scalar or
pseudoscalar parts (see Refs. 116 and 117, and the re-
view paper by J.D. Jackson et al.; see Ref. 21). The
parameters that have to be introduced in this approach
cannot be determined from the observed light-meson
spectrum because the structure of the L =1 multiplets
is not sufficiently well understood.

The dependence on R in k% could be introduced in the
phenomenological scheme as follows: (1) isolate the
term pi(s,,s,) which describes the splitting of the V-
and P-multiplets, (2) isolate the term pgf(s,, s,)(1 - 5
+{(u2/4)(L, S) which describes the spin and the spin-or-
bit splitting in multiplets with L #0, and (3) take into ac-
count the tensor interaction: u2X(J), where X(J) = (J
+2)/(2J+ 1) ford=L-1, X(J)=-1forJ=L, X(J)=(J
+1)/(2J+ 1) for J= L+ 1, L fixed. The quantity p? will
be found below and we shall also obtain some estimates
for pf® and p? for multiplets with L = 1. We note that
these parameters must be regarded as different for dif-
ferent L and, moreover, they may depend on the quark
composition of the mesons but, for light mesons, this
dependence can be neglected. In view of all the assump-
tions introduced above, the mass of states with /=1 and
I=1/2 can be described by

M= mi 2 (ntmf) — T ) )
44 [pbSpo+ p# (1 — 10)) (510 8)+ L (L, S)+pbX ().
(14)

Corrections that are not included in (14), for example,
the correction for the nonlinearity of the Regge trajec-
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tories, are contained implicitly in m2. The quadratic
mass formulas!** that are frequently employed can be
obtained from (14) by neglecting the third term on the
right-hand side. If, in addition, we replace the
squares of all the quantities with the dimensions of
mass by linear terms, we obtain the linear mass for-
mulas.

4. MIXING OF QUARK CONFIGURATIONS. DECAYS

Quantum chromodynamics leads to a simple expres-
sion for the mixing matrix, namely,

ohis, e (R) = — ek, (15)

This is obvious in perturbation theory (see Refs. 114,
118, and 119) but perturbation theory does not yield
even the correct sign for the quantity £} not to mention
£3.'*° However, the same mixing matrix results from
nonperturbative effects that are taken into account with
the aid of the effective Lagrangian'® ™ (see also the
lectures reported in Ref. 124; nonperturbative effects
have also been .investigated by other methods!?®:126,3%)
The mixing matrix (15) was first put forward by
Schwinger,!?” who used it to derive the well-known ex-
pression for the mass of vector mesons

(@*—p%) (@~ ) = 2|9* — (2K¥ — )] {(2KY —p?) — o?].

The linear variant of the Schwinger formula works
somewhat better than the quadratic formula, but either
gives reasonable results: the prediction for the mass
of the p meson based on the masses of the w, ¢, and K
is p=0.774 GeV. However, the Schwinger formula is
not suitable for pseudoscalar mesons: the predicted n’
masses based on M,IK and n are: 7n’=1.610, n’ = 2.340.
The conclusion reported in Refs. 118, 119, 123, and
124 that the mixing matrix (15) can be used to describe
the masses of the pseudoscalar octet is therefore incor-
rect. The mass formulas used in these references are
the same as the Schwinger mass formulas and the mass
of the 7’ should be very large. It was suggested in Ref.
114, where linear formulas were used so :hat the dis-
crepancy was not noticeable, that the parameter €2 is
very dependent on the meson mass, e = ¢2(M2). This
dependence appears very naturally in QCD and can, in
principle, be connected with the dependence of the effec-
tive strong-interaction coupling constant ag on M3%. It
turns out, however, that this dependence must be ex-
ceedingly strong: £i(#%)/ei(n'®)~8.1'* For quadratic
formulas, this dependence can be somewhat weaker,
e2(n?)/ei(n'?) ~ 4, but, even in this case, it is difficult
to reconcile it with the practical absence of a similar
dependence for the w and ¢ mesons so that one can
hardly hope for an explanation of such a strong effect in

QCD.

The idea that ¢} depends on the mass was used in
Refs. 101-103 to formulate a new mixing model in which
the SUY singlet matrix (15) was replaced with the SU]

singiet matrix
oy, n (R) = — ek (MB) (8180~ 5 Sy ) . (16)

If ¢2 is independent of M%, the difference between (16)
and (15) at the phenomenological level is purely formal:
the additional term ¢}6,,6,,/3 can be included in m§
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[see (14) ] and all the relationships between the masses
remain. If €% depends on M%, it follows from (4) and
(14) that the masses of particles with isospins 1 and 1/2
are given by

M, =mh—20k— % ok k), Ak =Abg; an
.4 :
M3, 1/z=m§'—‘m—'—‘§-8§(M§. ), A=An=st—-uy  (18)
R. 172

whereas the masses My, M} of the isosinglet particles
(ed = e2(M2), eff= ei(MY)) aregiven by

Mi =mh+ (14/3) et + 2V {3k — e D 1 BeR, (19)
Mb=mk+(14/3) eh—2 V (Ah—ch)? I Bek. (20)

The mixing angle for the quark functions R, and R in
a light isosinglet particle is given by

tg 0y =2V 2 ek (AR~ ek + V [(Bh—ek)®+ Beh ™, (21)

where the expression for 8,  is given by (21) with €2

= g2(M2) replaced with e>=c3(MZ}. If ¢y is independent
of My, then, by neglecting the second term on the
right-hand side of (18) and eliminating the parameters
A%, m?, and ¢ from (17)—(20), we obtain the Schwinger
formula mentioned above. When the term A“/Mfl is
taken into account, the corresponding formula is (see
Ref. 103)

(02— p?) (¢?—0%) =2 |¢*— (ZKy —p)?] [(2Ky — p)2—w?].

When this expression is used to calculate the mass of
one of the vector mesons from the other three, the re-
sult is practically the same as the prediction of the
Schwinger formula. Hence, it follows that eZ(M?) = ¢%
=const and, since the masses p= My , and w= M, are
very close, the quantity £3 must be small. The masses
of the w, Ky, and ¢ can readily be used to find a3 = a?
=g?—u?, g%, and mi:

A?--0.1085, m¥y =0.8161, &¥%-=0.0017. (22)

We note that A% and m?% are determined with good pre-
cision (~0.6%), whereas the precision of £ is low
(~50%), where the uncertainties are largely connected
with the experimental uncertainty in the mass of the K.
The mass of the p meson is predicted to be p_,,= 0.774.
The angle 9= 6, can be found from (21) and the result

. is 8,=8,=0.6-1.8°, which is appreciably lower than

the value obtained from the quadratic mass formulas
(~5° and is close to the angle associated with the linear
formulas (~2°C) (see Ref. 11). The parameter A% is
equal to KKy - p,..9, which follows from (9) and (11).
Since £% is small, Egs. (11) and (12) are well satisfied,
and to a good precision A% =(¢? - p?)/4.

Since the spread of the masses in the tensor multiplet
is not very large, we may suppose that e2(M?) = €3
= const. The masses of the f, f’, and A, then yield

AV =04521, mh—2038, ch--—0.0132, (23)

The mass of the K, is predicted to be K, = 1.426. This
result is somewhat different from that reported in Ref.
11 but, in Table I, it is in good agreement with the
weighted average taken over all the experiments ana-~
lyzed in Ref. 11. Once we know A% = A%+ (ui- u?) and
4%, we can show that

. u2 —pd =0.0436, (23)
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which is appreciably greater than the very rough esti-
mate obtained in Sec. 3 (pZ - p?= [u¥(Ss) — p¥(uu)]/4
~0.027). The value given by (24) is, however, in good
agreement with the differences between the slopes of
the baryon trajectories: pZ- p?=(1/2)[pX suu)

— 1% uuu) ]~0.04. The spread among the rough estimates
is very considerable, whereas the uncertainty in (24) is
small. It is clear that (24) is, at present, the most re-
liable estimate of SUL symmetry breaking in the slopes
of the Regge trajectories. Equations (23) and (21) yield
6,= 8, ~~6.4° for the mixing angle, which is in agree-
ment with the value obtained for the linear mass for-
mulas.

Since A} = AZ, the above results can be applied to
axial multiplets. If E and D are the isoscalar states of
this multiplet, then (19) and (20) show that

BV pg, (25)

where the equality sign is achieved for g2 =4 2.
Therefore, E>1.490 (8). If ¢ =0, then E=1.502(8).
In the latter case, A, = D, whereas for AZ =(1/9)aZ
~0.017, we have A; = 1.236. Correspondingly, Q,
=1.395 and Q, = 1.351. In the latter case, the A is
almost degenerate with the B meson, and this means
that Q, = Q. The mixing angle is then 6, = +45°, which
is not inconsistent with experimental data, but we still
cannot exclude the possibility that £2 ~0, i.e., A =D.
All we can do is to say, with confidence, that, for the
pure qq state, we have excluded the possibility that A,
< 1.16 and that it is very probable that the E meson with
the mass of about 1.43 is not a pure qq state. The con-
clusion about the mass of the A, is based on the fact that
(20) and (17) lead to A, = 1.16 for £2 <(1/2)aZ. The val-
ue of (1/2) A% is then unacceptably large—six times
greater than |¢2|—and, as we shall show shortly, it is
even greater than £% for n and 7’ mesons.

B De= 4 | (T AP S

The difference u?— pf. can be found from the masses
g and K, in a similar way. Neglecting 5"; mixing, and
using (17) and (18), we obtain aZ=A%+ 2(pf- p%, and
hence pi- p?=~0.038. This is in good agreement with
(24). The masses of mesons with higher spins are not
accurate enough to compare them with the mass formu-
las. Having determined the slope of the Regge trajec-
tories, and neglecting mixing, we can reverse the pro-
cess and predict the masses of particles with high
spins. We shall not pause to do this here and proceed
to the analysis of the pseudoscalar multiplet.

To begin with, we assume that the dependence of &2
on the mass of the K mesons can be neglected, i.e.,
ex =e2=g? = g%, where ¢ =¢%(K?, and so on. Having
determined the two unknown parameters m% and €%, we
can use (7% + 7'®) and K® to show that m?% = 0.3637, £%
= 0.0526 which gives '~ 963, 7=0.540, and 6 =6,
= 34.7° (see Refs. 15 and 101). The masses of the n and
n’ are sufficiently close to the observed values and the
mixing angle is in good agreement with the results ob-
tained from data on n and 5’ production [see (1)]. In
fact, for small departures from the QLR in the matrix
elements for n and n’ production, the ratio K , in (1) is
related to 9, and 6, by*®
i (26)

1—e2

sin®@_.
— n
Ky =

cos? By
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where ¢ and ¢’ determine the impurity of the n and 7’
states differing from qq’:

T]=V1—EZ (MuCn— MsSy) + &8, (27)
W =VT1—¢2(Musn +nscn) &', (28)

We recall that n,= n/ = (du+ dd)/v2, ns=1ni=ss, s,

= sind,, and so on; £ and £’ represent all the remaining
states, for example, 2g; the states §, £’ are orthogonal
to n, and n,. The fact that the masses of the n and 7’
are satisfactorily described even for constant £% leads
us to the conclusion that 8, is not very different from
6,, so that £ and £’ are sufficiently small quantities.
Substituting e=¢’= 0 and §_= 6= 34.7° in (26), we ob-
tain K, = 0.48, which is in reasonable agreement with
(1). This value of K ; does not, however, agree with
the usually adopted angles 6, = 6+~ 45° (see, for exam-
ple, Refs. 11 and 14).

We note that the singlet-octet mixing angles 8(n),
6p(n’) are more frequently used in the literature.
Equations (27) and (28) can be rewritten in the form

7|' — 1/1 g2 ('fls sin ep (nl) + Mg COS 9? (nl)) + G'E', (29)

n=V"1—¢?(nscos Bp () — g sin Op ()} + ek, (30)
where

na:7‘§-<uﬁ+da_2s‘s), (31)

1]01%(u5—!—dd:+ss_). (32)

B () = B+ 8, —90° Op (W) =0y = 8,— 90", tgf=—7r.  (33)

The result 6, = 8,=45° corresponds to 8,(n) = 65(1’)
~-10°, whereas (21) leads to 6,(n) = 6,(n’) ~ -20°.

The mixing described by (16) and (19)—(21) differs
from the Schwinger description by one interesting
property, namely, there is a finite value of €2 for
which the mass of the n meson is a maximum and, at
the same time, the 7’ meson contains the maximum
possible ss impurity. If £ varies from ~« to + =, then
tang, increases monotonically from -1/v2 to v2 and
g, increases monotonically from —90° to 0°. When €%
=~ we have ' = =7, n=7, and, when ¢} = +=, the
result is ' = n,, 1= 71, so that the admixture of strange
quarks in the 7’ is a maximum for g% = -x. However,
this impurity is also a maximum for e = A?/2, for
which tgé, = +1/v2. In that case, n and 7’ are, re-
spectively, equal to 1, and 7, but with a different sign
in front of s§,” and the mass of the 7 meson determined
from (20) assumes the maximum value

nzsz,_%Az; (34)

for which n'2= m% + 16/34A% K?= n*— A*/K®. The octet-
singlet mixing angle is §,~-19.5°and K, =1/2, which
is in good agreement with (1). If this description gives

9since the wavefunctions of n, and 3 are proportional to the
matrix elements of the operators giyy;q and Q\g¥sq, We can
obtain 7 and 7 from 7, and ng by means of the vy; transfor-
mation of the u and d quarks: q—Zv¥q, §—~—gY;%, where
P=(xg+y2X,) /3 is the projection operator for the u and d
quarks. Since the masses of the current quarks u and d are
very small,'?® the corresponding Lagrangian is almost in-
variant.
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the correct mass of the 7 meson, then it can be re-~
garded as fully satisfactory. However, the value of M,
turns out to be greater than the observed result by a
factor of two [see (17)] and it is essential to take into
account the dependence of €2 on M?. A reasonable de-
scription of the mixing and of the K, 7, 7’ masses that
differs from the results reported in Refs. 114, 119,
124, and 127 has been achieved because the mass of the
7 mesons has not been used in the determination of the
parameters. If we adopt the usual quadratic mass for-
mulas [i.e., omit A*/K? from (18)], then, as already
noted, we obtain the Schwinger formula which predicts
that n” ~1.6. This was not noted in the references cited
above because the procedure adopted there was to de-
termine £% from the sum of the squares of the masses
n®+ n2. All this finally gives the impression that the
mass formulas give a reasonable description of the
pseudoscalar multiplet. The reason for this curious
phenomenon is that the mass of the » is close to the
maximum value, and a small -change in the mass of the
n produces a very ¢onsiderable change in the mass of
the n'.

Before we proceed to the investigation of the depend-
ence of €2 on M?, we note that there is another possi-
bility whereby the description of the pseudoscalar mul-
tiplet can be improved, namely, one could try and in-
troduce SU{ symmetry breaking into the mixing matrix
(15).!2® Instead of the single parameter £, one must
then introduce the three parameters £3(ut), £2(us),
£2(88) and, to determine all the unknown quantities,
one must specify not only the 7,K,n,n’ masses, but al-
so the mixing angle #,. Using the mixing model based
on the effective Lagrangian in QCD,!*™24 jt is possible
to reduce the number of unknown parameters down to
two'® (see also Ref. 131). However, the symmetry
breaking in €2 turns out to be very large (>50%) and the
source of this is not clear.

The source of the dependence of £4(M?% on M*?, on the
other hand, seems almost obvious, namely, the de-
pendence of the strong interaction constant ag(M? on
M?. Since £% is determined by nonperturbative effects
(see Refs. 33, 121-126, 130, and 131), it was reason-
able to suppose that

h) (35)

25 (M?)

ef:(Mz)=M:exp(—

where A; M, are unknown parameters. The function
as(M?) is known only for M?— e 2%2%

- - M2 120
a.,,'(Mz)~q’]n—A—2—, szm‘

This expression cannot, of course, be used for M?

< A2, but one could try to extrapolate it to small M, so
that as becomes infinite only for M?*= 0:

a3t (M?) =ci*In (G- + 1). (36)

A similar extrapolation was proposed in a slightly dif-
ferent form in Ref. 132 and 103 and was subsequently
used to extrapolate the QCD potential for heavy quarks
from the region of small distances, where it is known,
to the region of large distances.'3¥"%° In the latter ref-
erences, A was assumed to be 400-500 MeV, whereas
the value adopted in Refs. 103 and 132 was A ~100 MeV.
It will be shown below that this value of A is actually
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necessary for the description of pseudoscalar mesons.
A small value of A is obtained from data on e*e” anni-
hilation in the region of ¥ and T (see Refs. 136 and 137),
whereas the large value is obtained from data on deep
inelastic processes. Determinations of A from e'€
annihilation are theoretically more justified (see Refs.
137, 138, 33, and 125).

Before we determine the parameters X, M,, and A
from the masses of the pseudoscalar mesons, we note
that (17), which gives the mass of the 7 meson, has the
following remarkable property.*® If —-e2(M%)- isa
convex increasing function of M? [this property is satis-
fied in (35)], then (17) has no solutions for a sufficiently
large value of M3. As M? is reduced, a point is reached
at which a solution which determines the minimum pos-
sible value of M, is found to appear. (Further reduction
of M, leads to two solutions but the solution with the
lower mass is unstable.) The condition for the mini~
mum mass of the 7 meson has the simple form*®

dep (M)

B ek 28 (37
aay,

3
-3,
When £} is given by (35) and (36), the result is the sim-
ple equation

A4 Mi=Sdeh (M), hem - (38)

c

Knowing 7, 0, and n’ and using (17), (34), (20), and (38)
together with the above value of A%, we find that

A=0.0977, M,=0.3594, A= 0.2055, mp=10,3735. (39)

The following prediction results there from:
Kone = 0.486, 8 =37.9", Onr=33.9° (40)

The resulting value A ~ 98 MeV is also in good agree-
ment with experiment.t*®

Thus, the structure of the pseudoscalar multiplet can
be understood at the semiphenomenological level. QCD
provides a partial explanation of the phenomenological
parameters that have been introduced but, unfortunate-
ly, further parameters are inserted at the same time
and these cannot be calculated on a theoretical basis.
Nevertheless, it is now clear that the complex structure
of the pseudoscalar multiplet reflects the complex
structure of vacuum in QCD and is closely related to the
confinement of the color of, in particular, quarks. The
mixing parameter £% is directly related to vacuum fluc-
tuations that are not described by perturbation theory
(see Refs. 33, 121-126, 130, and 131 for further de-
tails). It is probable that analogous fluctuations govern
the SU{ symmetry breaking as well; this is indicated in
particular by the expression £2(n?) ~ 34% found above
[and, incidentally, by £2(M?) ~A? and M%= e}(0)~e3(M3),
as well]. We note that the parameter p2 which deter-
mines the spin-spin splitting is almost exactly equal to
A% 4p% =mi ~m? = 0.445. If we substitute mg=0 in
(14), we can determine the masses of u and s: u=350
MeV, s~480 MeV, which are very close to the masses
of the constituent quarks used in baryon spectroscopy.
Moreover, u?~0.12~ M2~ A%, One thus gains the im-
pression that, in addition to the main dimensional pa-
rameter A~0.1 GeV, we need a further dimensional
parameter, say, M,~350 MeV, which determines the
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masses of the quarks, SU! symmetry breaking, mixing,
and so on. This parameter is determined by vacuum
fluctuations and cannot be calculated from perturbation
theory. In rigorous theory, the two parameters are
probably related.

Having separated the mixing and spin-splitting effects
in pseudoscalar and vector mesons, we can estimate
the spin-orbit and spin splitting in the L = 1 multiplet,
and find the slope of the Regge trajectory 4u. If, as
discussed above, ¢4 =442~ ]¢Z|, A ~B and g}

= -0.012=¢%, then p2 ~0.083, u?~0.033, and 4p2~1.11.

These estimates of u;, and uf cannot, of course, be re-
garded as final, but the slope of the Regge trajectory is
determined with sufficient accuracy (to within better
than about 10%). This slope is in agreement with the
average value of about 1.15, found above from the high-
spin particle masses. It is curious that €2 ~g2 <0
whereas €% >0 and has the same order of magnitude.

We recall that certain assumptions that cannot be
justified (say, m,=0) have to be introduced to deter-
mine the absolute quark masses. It is possible, how-
ever, to find the minimum mass of the s quark:
sz s,,,= 4=0.330. When s is close to s_,,, the masses
of the u and d quarks should be small and the chiral
limit is reached.!®*® The masses cannot, however, be
compared directly with the current masses!?® s*= 150
MeV, d*=17.5 MeV, u*= 4.2 MeV because they differ by
the renormalization factor Z. The estimate for this
factor is Z= s*/s_,,~0.46. The constant Z can be cal-
culated only in specific models. For example, in the
Massachusetts bag model, it can be shown that'*

Z ~0.5, which is in good agreement with our estimate.

The above phenomenology can be applied to the analy-
sis of the spectrum of charmed particles. If (u}(cC)
~ pZ(cu) ~ u(ul)), the masses of J/y and Dy can be used
to show'! that A2 = ¢® ~u?~ 2.187 and m2=m2= 2u®+ 2¢?
=~5.106. (We are not assuming that mZ=m2.) This
leads to the following predictions: D=~1.83, n,=3.02,
F=~1.97, F,=2.1. The agreement with experimental
values!! must be admitted to be sufficiently good, es-
pecially if we recall the exceptional simplicity of the
model. We draw attention to the fact that n_ is relative-
ly large. Its value cannot be reduced even by taking in-
to account symmetry breaking in the spin interaction.
This phenomenological result was obtained in Ref. 15
and was then discussed in detail in Refs. 100-102,
where it was shown that the mass of the pseudoscalar
state ¢c¢ cannot be made less than 3 GeV. In the sim-
plest potential models, the J/¢ - 7, splitting was also
predicted to be small'** but, when the number of pa-
rameters was later increased, the mass of n_ was re-
duced to about 2.8 GeV, as seemed necessary in the
light of experimental data. Phenomenology does not al-
low us to do this provided J/¢, Dy, D, and n_ are pure
quark-quark states.'®™% Inclusion of y~ ¥’, n,~ 1.
GeV mixing can slightly modify the predictions but,
whatever happens, we are still left with the fact that
n.? 3 GeV. This result was subsequently obtained with
the aid of the dispersion sum rules in QCD'#; the most
reliable mass estimate is 2.98 < n < 3.02.1%

Having taken the average of the squares of the masses
of the )(/Pc particles'' in order to exclude the contribu-
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tions of spin-orbit and tensor terms, one can then show
that the slope of the Regge trajectory is 4u2=2.89. The
mass of the ¥’ can be used'! to estimate the parameter
Bin (14) for the ¢C state, and the result is g¢¢) ~1.37.%
As noted above, the value corresponding to the radial
excitation of p’(1.6) is ((uu) ~1.80. This estimate is not
very accurate because the mass of the p’ is uncertain
and so is the spin interaction between radial excitations,
but the inequality [ ¢¢) < ¥ uu) seems reasonable if we
take into account the above effect associated with the
nonlinearity of the trajectories. We note also that the
slope 4ui determined from the mass of the D state of
P’(3.77) is appreciably smaller than the value found
from the P state.

This brief digression into an area that is not covered
by the theme of the present review was made in order
to estimate the reliability of the phenomenology. We
have satisfied ourselves that, even when symmetry
breaking is considerable, the phenomenological mass
formulas yield reliable predictions and reasonable esti-
mates for the quark masses.

In conclusion, let us briefly consider light-meson de-
cays. Existing data will, in principle, allow us to esti-
mate QLR violations (in particular, the mixing angles)
and the SU{ symmetry breaking. SUS breaking in
V—~e¢e'€ is the most noticeable, which is not surprising
because these processes are connected with the annihil-
ation of quarks whose masses are very different. To
achieve a clearer picture of the overall situation, it is
useful to consider the decays of not only V= p, w, ¢ but
also V=1,Y. In the nonrelativistic quark model, I'}
=T(V—e*e) ~Q% 1 ¥y(0)12/m? 14314 (see also Refs. 13
and 14), where @, is the effective charge of the quarks
in the V meson: @%=1/2, @2 =1/18, @%=@%=1/9,
Q%=4/9.7 A similar expression for I(V ~e*e’) is ob-
tained in relativistic theory as well but, instead of
|¥,(0) 12, the relativistic result contains an integral of
1T y(7) I% over a region whose size is of the order of the
Compton wavelength of the corresponding quark, and
the nonrelativistic expression is obtained when the
quark mass is large enough.!#°'*” Experiment indicates
that the ratio I'%,/Q% is approximately constant for V
=p,w, ¢, P, T, and is equal to 11-13 keV. This means
that SUf,' symmetry is strongly violated in the wave-
functions ¥,. One could also try to relate the symmetry
breaking with the quark mass.*®™% We note that it can
be related to symmetry breaking in the slopes of the
Regge trajectories by taking the oscillator potential
which correctly describes the empirical slopes. Simi-
lar SU! symmetry breaking is observed in P={v, de-

cays, for example, 7~ puv,, K= uv,, and so on 371%

The effects of SU{ breaking in strong decays of mes-
ons are much more difficult to exhibit. Firstly, the
measured widths are not sufficiently accurate and, sec-
ondly, it is not entirely clear how kinematic factors,
which, of course, contain the frequently very consider-
able SU; breaking, are to be taken into account. In the

% These values of k. and B can be used to predict the mass of
the radial excitation 7,~3.59 GeV.

DThe small mixing angle 6,=6, can be neglected in this con-
text.
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most common approach to the two-particle decays, it is
taken into account with the aid of the kinematic factor
T'= | M,,1%3 /M? where 4, is the matrix element for
the decay, p, is the momentum of the final decay pro-
duct in the center-of-mass system, and M is the mass
of the decaying particle.!®3® Other kinematic fac-
tors'®!® may turn out to be natural from the standpoint
of the quark model. It is also necessary to take into
account corrections for the finite width of the resonanc-
es and the coupling between different decay channels.

If we ignore all these obscurities and corrections, and
simply evaluate the ratio of the matrix elements using
SU{'® and the known mixing angles for the P, V, and T
nonets, we can verify that the SUf predictions are satis-
fied with reasonable precision. A sufficient volume of
reliable data is available for V~PP, T~VP, T—~PP,
and 3™~ PP decays; the SU{ ratios of the corresponding
widths are given in Okubo’s paper® with allowance for
the mixing angles. Comparison with experimental data
shows that SU! symmetry can be regarded as unbroken
in these decays to within experimental error. Actually,
the theoretical and experimental ratios I{f-KK)/I(f
~a7), Ng~KK)/I(g~7m), Np~ /K, ~Kn), [(A,
-~ KK)/I(K; = Kn) differ by two to three standard errors.
However, the g, A,, f~KK decay widths cannot be re-
garded as finally established and, moreover, correc-
tions for the finite widths in £, g, p =~ 77 decays can be
quite large. The discrepancy can be connected with the
kinematic factor which is particularly important in the
first two of the above ratios. A model based on the Me-
losh transformation can be used to obtain further ratios
of the widths of two~particle decays, which do not con-
tradict existing data with roughly the same level of pre-
cision with which the SU! symmetry ratios were ob-
tained (see Refs. 18 and 19).

Unfortunately, it has not been possible to deduce the
mixing angles from these data. All that can be done is
to verify that the angles determined from the mass for-
mulas are not in conflict with the decay data. More ac-
curate information on the mixing angle § =6, can be
obtained by comparing the ¢, w =~ n*r"1° decay widths.
Assuming that both decays proceed through intermediate
two-particle pm states, we find that 6 = 2.4+ 0.3° (see
Ref. 152). :

Let us now consider the radiative decays V —~ Py,
P-Vy, P~7ry. Extensive literature is available on the
analysis of these decays (see, for example, Refs. 12,
14, 19, 39, and 151-156). In the quark model, the
widths of these decays are expressed in terms of the
magnetic moments of the quarks, which are determined
from the magnetic moments of the baryons (see Refs.
12, 14, 147, 154, and 156). However, this involves the
utilization of highly simplified hypotheses on the struc-
ture of mesons and baryons, which are difficult to justi-
fy. Moreover, existing data on the magnetic moments
of baryons* appear® to be in conflict with these very
simple ideas on baryon structure. If we calculate the
magnetic moments of the u,d, s from the magnetic mo-
ments p,, M, and p,, the predicted values for p -

® The magnetic moment of the =~ has recently been determined
with good precision (see Ref. 10).
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and u.- differ from the experimental results by a factor
of 1.5 (the discrepancy exceeds four standard errors in
the case of the p ). Finally, SU{ symmetry breaking
can readily be taken into account in this primitive mod-
el, but QLR breaking cannot be introduced into the ma-
trix elements (with the exception of the breaking de-
scribed by the mixing angles). It has been shown'®” that
this QLR breaking cannot be neglected. It is not sur-
prising that the agreement between the model and ex-
periment is not too good, especially for the w— 177y,
o~y decays which depend neither on 7 - 4’ mixing nor
on SU! breaking in magnetic moments (see Ref. 154).

It can, of course, be assumed that the quark magnetic
moments in mesons are different from those in baryons,
but the model then becomes less attractive and essen-
tially reduces to the phenomenological description of

V =Py, P~Vy decays with the simplest SU} symmetry
breaking.

We therefore turn to the phenomenological analysis of
radiative decays, taking into account QLR breaking and
certain special SU! symmetry breaking. If SU{ is re-
tained, the widths I{V =~ P7) and I(P -~ V) can be ex~
pressed in terms of the matrix elements of the octet
vector current J¥ (i=1,...,8):

Vil Iy 1Py = gdyuy (Vo lJs 1Py = (g + &) doise (Vildy] Py)

= (¢ + 6) dass (41)

where d,,, = v2/35,, V,, P, are the octet states, and
V,, P, are the singlet states. The dependence on polar-
ization and momenta, and the normalization factors,
are omitted. The exact QLR corresponds toe= 6= 0,
so that ¢ and & describe the QLR breaking that was not
taken into account in w- ¢ and n -7’ mixing. In stand-
ard notation,'® g=g,,, = = 3gx0x% = fiyk-r Lur = 38 + 2€,
8om=3gted, + YZe, and so on (the expressions for

8., and g, . take into account the fact that 6, and ¢ are
small).

The following SU! symmetry breaking mechanism,
which changes the ratio of the constants g, and g,,,,
is noted in Ref. 15. Consider the transitions V= (V‘P’%)
-(V'P'Y)y =Py, P~(V'P’*) ~(V'P'9y—~Vy, where the
parentheses indicate virtual particles and P’* is 7* or
K#. Since the masses 7 and K are sufficiently small,

- these transitions can introduce appreciable corrections.

These corrections are very large (about 100%) when
M,= M, =0, but they fall rapidly as the mass of P’ in-
creases.

Estimates of the simplest diagrams describing these
transitions (VV’P and V'P’P vertices are estimated with
the aid of SU! from g,, and g_,, or ngx(.) show that this
mechanism can increase the constant g,,, by 15-20%.9

It is possible to introduce the single parameter A so
that the most important effects are taken into account
by shifting the constant G=3g in the wr transition by 82,

9)Divergent integrals were truncated in the T-meson momentum
as follows: | Pr|<A~M,. The justification for this cutoff
can be found in Ref. 159, where the sum of the ladder dia-
grams is evaluated in another model which is equivalent to
that discussed here. It is shown there that the sum does not
contain any divergences and that it can be estimated by eval-
uating the simplest diagram subject to this cutoff.
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in the K¢K™ transition by 32, in the n’w transition by 8x,
and so on. Theoretical estimates of A yield A ~0.04~
0.05 GeV™. The parameters G = 3g, ¢, and § were de-
termined in'®" from all the existing data for given

w=- @ and 11— n’ mixing angles [see (22) and (40)]. The
A-correction was included only in the wny, and the

P~ vy decay was evaluated with the aid of the vector
dominance model. All decays other than n=y¥ could be
reasonably described, and the prediction I{n—=»7) =720
eV is close to the average obtained in the two experi-
ments reported in Refs. 34 and 35 and is greater by
about a factor of 2 than the value adopted in Ref. 11.
The latter is in good agreement with the standard angle
6, = —10° if there is weak SU!breaking in P = yy decays.
This point was also noted in Refs. 160 and 161, where,
however, the V=~ Py and P—~Vy decays were not investi-
gated. We note that VDM, current algebra, and chiral
model'®! give equivalent results'®” for P~ yy decays.
Bearing in mind the good agreement between the V —~ Py,
P-=Vy, n°=~ vy, n’~vy data and (1) and (40), we may
conclude that a new measurement of I'(n~v7) is essen-
tial, possibly by a new method (for example, by using
the two-photon process ¥y ~7 in e*e” collisions). Since
the data used in Ref. 157 were improved in the course
of the last year (Ky =K'y, p =~ 7"y, n~—~ wy), they were
reanalyzed by the present author together with O. Rasi-
zade. The values of the angles 6,6, were not fixed, all
the X corrections were taken into account (A was not
fixed), the V ~e*e” widths were used in the analysis

(7y was not fixed), the width I(n =~ ¥7) was not included
in the “fit,” and only the relative width B(n—~n*7"%) cal-
culated in accordance with VDM was employed; I(7
=v¥) and I'(n’ = ¥7) were also calculated by VDM. Al-
together, and including (1) [we substituted ¢ =¢’=0 in
(26)—(28) ], we used 18 experimental values. The inde-
pendent variable was the ratio I'(n’ = p¥)/T(n’ ~ w¥),
which is known to a better precision than the widths
themselves. The best values of the 9 free parameters
(for 6,=6,=1.5° are as follows:

G=1983, 6=0.228, £=10.054, A=0,059 (GeV™'),
0y == 34.0°, 0, =37.5°,
e T (42)
il « -
el 0.509, F:5‘2°' z:_:3,57,

For this fit, ¥*/9=1.66 and the maximum contribution
to x* was due to the K§ ~K% and w -5y decays, whose
widths were obtained in a single experiment with poor
statistics. When these are excluded, we obtain x*/7

= 0.893 for the same fit. The predicted p~ =77y width
is smaller than the experimental value by ~1.5 standard
errors, and the corresponding figure for K'y =K'y de~
cays is 1.3. The widths of these decays were deter-
mined in a single although very difficult experiment us-
ing the Primakoff effect.'® The remaining predictions
differ from the experimental values by less than one
standard error, so that, on the whole, the fit is very
good. The angles 6,,6, are in good agreement with
(40), and the value of A is close to the theoretical esti-
mate 0.04-0.05. The maximum violation of QLR (25/
G ~0.23) is comparable with the maximum SU! breaking

19We note that our fit gives I'(p™— 7"y} /K, —~ K y)=1.28,

whereas the experimental value for this ratio is 1.08 + 0.27.
The agreement is appreciably better.
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(82/G~0.24). It would be interesting to elucidate the
origin of the & correction in QCD language. We recall
that this correction describes QLR violation in the
transition of the P singlet into the V octet, and its rela-
tively large value may well be connected with the same
mechanisms that create the considerable mixing in the
P multiplet. The following numerical relationships are
interesting from this point of view:

26 \2 £2, 26 12 sé
() =5 (F) ~5

where M?= m3+ 2(v?+ s?~0.71, and M is of the order
of the mean mass of the vector multiplet.

st

The other decays of pseudoscalar mesons, n—=3n,7’
~nun,n=yy, are also very interesting. Useful infor-
mation on the structure and interaction of P mesons
can be extracted from data on weak and electromag-
netic-weak decays of 7 and K. The most complete re-
sults on these decays have beea obtained in chiral quark
models (see, for example, Refs. 139 and 162; the con-
nection with QCD is discussed in Refs. 121-124, 130,
and 131). Unfortunately, phenomenology alone does not
allow us to say practically anything about complex pro-
cesses such as n—=3w,n' ~nmn. However, one can
readily estimate I'(n =~ 7°»%) by using VDM and the
known constants gy,, and gy ;. 1= (V)y =%y, V=p, v,
¢@. This yields I'(n = 7°»¥) ~ 0.5 eV, which is roughly
equal to the upper limit obtained at IFVE?® (see Table
I). It is stated in Ref. 164 (see also Ref. 162) that the
chiral model predicts a much smaller width, namely,

+ ~0.01 eV. If this estimate is correct, there must be

some unknown mechanism that reduces the contribution
of the n=(V)y—~ Y transition.

Data on radiative decays of other mesons will prob-
ably be just as interesting for the theory as those ex-
amined above. For example, measurements of the
width T( £~ 7¥y) *"*8 (see Table I) can be used to dis-
criminate against models in which the predicted width
is <1 keV!®® or 27 keV (see, for example, Refs. 166
and 167). Simple quark-model estimates yield the best
agreement (for example, Refs. 160 and 168).

New data have recently appeared which substantially
modify some of the details of the overall picture in
light-meson spectroscopy. We shall reproduce those
that were reported at the International Conference on
Lepton and Photon Interactions at High Energies (Bonn,
August 1981) and are described in the review papers in
Refs. 182-184.

The Crystal Ball group'®® has established that the
particle X(1440), discussed above, which was previous-
ly seen® in J/¢ =~ ¥X decays, is a pseudoscalar &7
resonance J/¢—~ y#¥6t ~ yn*K K* and cannot, therefore,
be identified with the axial meson E(1420). They have
examined the possible interpretation of this particle,
given the designation t{1440) in Ref. 182, as a pseudo-
scalar gluonium, but it is very probable that this is the
radial excitation ss(07*). We recall that there are can-
didates for other pseudoscalar radial excitations,
namely, 7(1200), ng (1275). The same group has found
the new resonance §(1640) in the decay J/y ~v8 = ynn;
M,=1640(50), T ,=220:19% the most probable inter-
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pretation is that J°= 2.1 Ope cannot exclude the
possibility that this particle is gluonium. To verify
this suggestion, it is necessary to show that 8 is an
SU; singlet. This means that one will have to find the
other decay channels and verify the SU! selection
rules.!®® The other possibility is that 9 is the exotic
state qqqq. Such states (mass ~1650) were predicted
previously,®” and attempts are being made at present to
explain known anomalies in the yy = p°o° reaction near
the threshold'®® in terms of the creation of these exotic
mesons.'®® The difficulty in this interpretation is the
relatively low value of I',. On the other hand, if ¢ is
gluonium, then one would expect a relatively small
width I'(6 = ¥7), and the creation of 8 in two-photon pro-
cesses should not occur at a high rate.

The Crystal Ball detector has also been used to ob-
tain clear evidence for the existence of n, and ne in Yf
=1, 0 decays. The masses M, =2984(4) and M,
= 3592(5) are in good agreement with the above pre-
dictions, and the relation M3 — M3= M3 -~ M? | which
follows from the above mass formulas,c is p:;rticularly
well satisfied. The widths r, = 12.4(4.1) MeV (95%
confidence level) are also consistent with the theoretical
estimates 22142

New data on f°, A?, and n’ decays have been obtained
from two-photon processes produced in €' € beams!s3;
I{f°~7¥)~ 4 keV (4 experiments); I'(A2~37)=1 keV (2
experiments); I(n'~77)=5.9+1.6+1.2 keV; I(y’ =77
=T7.5£0.7T keV. The results for {° and 5’ are in agree-
ment with those listed in our Table I.

Many new data have been reported'®* on p/(1600). In
particular, it was established that, in the p’ ~pnr7 de-
cay, the main channel cannot be p’ —~ pe = p77 and, in
fact, the main channel is probably p’ =~ 7A; ~#np. There
is some evidence for the p’ ~n7n*s” decay, and a rough
estimate has been obtained for the leptonic width of p’:
(p’ —e*e’) ~5 keV.!® The status of the resonance
p’(1250) is still unclear. There are as yet no data for
‘which this resonance is essential, but it cannot be ex-
cluded absolutely. We note that a theoretical model
has recently been developed in detail in which p’(1250)
is the first radial excitation and p’(1600) is the sec-
ond.!*" To elucidate the situation, it is very desirable
to find the K{, w’, and ¢’ radial excitations. New indi-
cations have recently appeared for the existence of a
vector resonance with a mass ~1650 in the KK*s* and
K*K” systems (see Ref. 184). This may be the radial
excitation ¢’.

The authors of Ref. 36 have completed their analysis
of the data on n— %y decays and found that B(n— 7°y7)
=(0.095+ 0.025)%.!%® We note that the results mentioned
in the text of the calculations, which gave the low result
I(n—~ n%7) ~0.01 eV in the chiral model,!*2 have been re-
examined in Ref. 188, in which the chiral model was
modified in the spirit of the hybrid quark model.!®® The
. width I'(n— 7%7%) was estimated_in Ref. 188 from 7
= A p, w) = yrn® vector dominance, but the constants
Zgvp, Were calculated with the aid of quark loops, and
the estimated I'(n—~7%r¥) was close to the vector domin-
ance width'®® (see the text).
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5. CONCLUSIONS

The data presented above and their phenomenological
analysis undoubtedly show that the quark model is capa-
ble of explaining the main regularities in meson spec-
troscopy. Most probably, a quantitative theory can be
constructed only on the basis of QCD. The essential
step in this is the justification of the quark confinement
hypothesis if only with the aid of numerical calculations,
and one must learn how to evaluate the fundamental
phenomenological parameters such as the slope of the
Regge trajectories, the quark masses, the mixing pa-
rameters, the spin and spin-orbit splitting, and so on,
without resorting to perturbation theory. Judging by
what is known today (see Refs. 33, 103, and 121-131),
one is reasonably safe in suggesting that this aim will
be achieved in the near future.

The idea involving the expansion in terms of the num-
ber of colors (the 1/N, expansion; see, for example,
Refs. 169-172) brings us closer to the solution of these
problems than other approaches., This expansion en-
ables us to understand the main qualitative features of
light-meson spectroscopy, namely, the small width
'y ~my/N, and the very existence of the 4q resonances,
the suppression of multiquark and gluon components in
them, the QLR rule, and the suppression of multiparti-
cle decays of the resonances.!”™ The color confinement
hypothesis fits naturally into the 1/N, expansion, and
the principal approximation contains all the main in-
gredients of the Regge and dual phenomenologies.

Substantial advances in the quantitative understanding
of light-meson spectroscopy have been achieved by
elucidating the role of nonperturbative vacuum fluctua-
tions whose classical examples are the instantons!’3.17
and the Gribov ambiguities.'”> These ideas have led to
a justification and improvement, at least in general
outline,!"8" of the QCD-bag model!™!% and a qualita-
tive explanation of the origin of strong mixing in the
pseudoscalar multiplet.33:125126 The unification of these
ideas with the 1/N_ expansion!?'™24:130:13 hag been par-
ticularly fruitful and has brought us very close to the
solution of the well-known U, problem!?® and to a deeper
understanding of the role of the pseudoscalar multiplet

. in QCD.

It is less clear how one can tackle problems connect-
ed with SU! symmetry breaking, namely, the origin of
the quark masses and their splitting, the origin of sym-
metry breaking in the slopes of Regge trajectories and
in particle decays, and so on. There is a fairly gener-
ally held view that it will be sufficient to solve the QCD
problems in a world without quarks. It is possible,
however, that quarks with zero bare mass play an ap-
preciable role in the color confinement mechanism (see
Gribov’s paper*® on the screening of massless charges
in gauge theories). At any rate, a detailed quantitative
theory of light mesons can hardly be constructed with-
out a clear understanding of the mechanism responsible
for SU! symmetry breaking. This must also be said
about dynamic effects associated with the spin of the
quarks. The peculiar structure of the spin and spin-
orbit splitting in mesons is probably an indication of a
deeper interrelation between these effects and the basic
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properties of QCD. The nature of this connection is
still not clear. It is probable that a relativistic theory
of bound states that is more rigorous and takes into ac-
count both gauge invariance and color confinement will
turn out to be useful in this context.

I am greatly indebted to S.B. Gerasimov, V.N. Gri-
bov, V.I. Zakharov, and Yu.D. Prokoshkin for useful
discussions and to O. Rasizade for assistance with nu-
merical calculations.
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