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A review is given of the dynamic structure of scalar resonances that exhibit a series of features that
are unusual for two-quark systems. Recent experimental data on these resonances are analyzed by
a very general method that is the most suitable for verifying different assumptions about the
dynamic structure of the resonances. It is shown that the four-quark model is the most suitable for
describing the known properties of scalar mesons. Attempts to identify any of the known scalar
mesons with gluonium are unsuccessful. The phase ambiguity of elastic s-wave wm-scattering and
the mixing of the S* and & ° resonances, which are model-independent for scalar resonances, are
examined. A number of new experiments that may yield valuable information on the structure of
scalar mesons is suggested. In particular, analysis of 77—KK and r7— 7 data predicts the
appearance of well-defined effects due to the S* (980) and £(1400) resonances in the 7~ 7~ 77

reaction.
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1. INTRODUCTION

Hadron spectroscopy" has always played an important
role in the evolution of our ideas on the dynamics of strong
interactions. A clear example of this is the discovery of heavy
quarkoniums—the J/¢ and Y meson families. There has also
been recent increased interest in “pre-charm” hadron spec-
troscopy, following the hiatus during the general enthusiasm
for small-distance physics. Once it became clear that quan-
tum chromodynamics (QCD) was the only real pretender to
the role of a theory of strong interactions, the central prob-
lem became the retention of color—the physics of large dis-
tances—which, in the final analysis, determines the spec-
trum of hadrons. One of the most surprising and so far
unexplained dynamic features of light-hadron spectroscopy
is the existence’ of five already nearly filled nonets (two s-
wave and three p-wave) in the quark-antiquark qq system

"We shall confine our attention to mesons.
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predicted by the simplest nonrelativistic quark model.
Moreover, ““ideal”” mixing of the SU(3) singlet and the isosca-
lar component of the octet occurs in the well-established J7¢
=177 and 2" * nonets, which signifies the suppression of
(ull 4+ dd)/v2<>s5) transitions in these channels (this is the
Okubo-Zweig-lizuka rule). We note that the simplest nonre-
lativistic quark model predicts ideal nonets. The 1* * nonet
is probably also ideal. The 1* — nonet has not as yet been
fully filled; eight out of the nine members have been estab-
lished.

The pseudoscalar 0~ * nonet is not ideal. The reason for
this is now understood, but is purely theoretical. It is con-
nected with the solution of the U(1) problem in QCD, with
instanton contributions (see, for example, Ref. 2).

Of course, within the framework of the simple quark
model, one would expect nonet as radial excitations. In fact,
eight out of the nine radial excitations of the pseudoscalar
0" nonet have not been discovered. There are also candi-
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dates for the 1~ ~ radial excitations but, here, the interpreta-
tion is less obvious since some of the 1~ ~ states can be orbi-
tal excitations with L = 2.

There are also nonets or orbital 3=~ and 4™ * excita-
tions that are almost completely filled (eight out of the nine
members of the nonets are known).

The simplicity of the light-hadron spectrum can prob-
ably be in many cases explained by the fact that, on the one
hand, strong interactions due to gluon exchange remain
small to distances of the order of 1/m,,,? as has been shown
with the aid of the QCD sum rules,? and, on the other hand,
for most channels (nonet quantum numbers), there are no
nonperturbative contributions of direct instantons.?

At the same time, it is precisely the light-hadron spec-
trum that presents us with the first surprise. It turns out that
the scalar-meson nonet' (5 (980), S*(980), £(1300-1400) and
#(1350-1500)) is difficult to understand as a set of two-quark
states (p-wave nonet analogous to the 2* * nonet). The main
problem is that the isoscalar S* and isovector & have equal
masses, whereas S* is more strongly bound to the KK than
to the 77 channel. These two facts can be simultaneously
explained within the framework of the simple two-quark
model in which the mass of the resonances and the coupling
constants to the hadrons are determined by simple ““‘quark
counting” rules. Similar considerations show that the
masses of the £ and » mesons are “incorrect” if these parti-
cles are placed in the same nonets with S* and 4 mesons. Of
course, one can hardly expect the 0% * nonets to be ideal
since, in QCD, direct instanton contributions lead to the
(uii + dd)/v2<«>s5 mixing in both the scalar and the pseudo-
scalar channels (see, for example, Ref. 3). It is clear that this
mixing would remove the degeneracy of the isovector and
isoscalar and would not facilitate the solution of the princi-
pal scalar-meson problem. Moreover, it is shown in Ref. 4
with the aid of the QCD sum rules that, if scalar mesons are
looked upon as qq systems, the “bare’’ masses of the S* and
mesons (i.e., the masses without taking into account the fin-
ite width of the resonance and the interaction in the final
states) should lie in the range 1.7-1.8 Gev.

At the same time, the degeneracy of the S* and é meson
masses and the suppression of the coupling of $* to the 77
channel as compared with its coupling to the KK channel is
simply and naturally explained in terms of the four-quark
nature of these mesons, as predicted by the MIT bag model
of hadrons® (see Sec. 3 below). The question of multiquark
hadrons arose together with the quark model. Multiquark
mesons can be of two types: 1) clearly exotic, i.e., such that
their quantum numbers are impossible in the qq system, and
2) latently exotic, i.e., such that their quantum numbers are
possible in the qg system. In the former case, it is obviously
possible to detect multiquark states, whereas, in the latter,
one needs some well-defined effects connected with the man-
ifestation of multiquark states, or some skillful theoretical
analysis of experimental data on the coupling constants
between resonances and the hadrons, etc., i.e, characteristics
for which different models give different predictions.

Pm, is the mass of the p meson.
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In the twenty years since the advent of the quark model,
not a single exotic state has been detected, and the great
majority of cases leaves no doubt that the quark-antiquark
interpretation was correct for the vast majority of detected
mesons. The first difficulties arose in the interpretation of
scalar mesons.

We have to say that, although multiquark states have
long been under discussion, there have been no reliable dy-
namic calculations of their spectrum, coupling constants
with hadrons, and so on. This became possible for the first
time within the framework of the MIT bag model for ha-
drons,’® which is a relativistic phenomenology of quark trap-
ping. An abundant spectrum of low-lying (without orbital
excitations) four-quark states (qqqq) was obtained in Ref. 5.

The four-quark mesons, in some sense, ‘““‘consist” of
pairs of pseudoscalar and vector “white”” (and colored) qq
mesons, and therefore have Zweig-superallowed coupling to
the corresponding pairs. In most cases, Zweig-superallowed
decay channels are not suppressed by the phase volume of
the decay products and the four-quark states simply “break
up”’ (without the creation of an additional qq pair from vacu-
um) into their ‘‘white components,” qq3q—qq + qq (Fig. 1).
The widths of these scalar mesons should be of the order of 1
GeV, so that these states do not appear as peaks in the parti-
cle collision cross sections, i.e., they are not like ordinary
resonances.” In fact, these states appear as poles of the P-
matrix.® At present, the only way information about them
can be extracted from the background is by model-depen-
dent procedures (the P-matrix method® is the only one
known at present).

It is only in the rare cases where superallowed decay
channels are suppressed by the phase volume that the
“primitive” four-quark states should clearly show up. It is
interesting to note that, according to the predictions report-
ed in Ref. 5, it is expected that all the clearly exotic states
have unsuppressed superallowed decay channels, and can-
not appear as narrow resonances, with the exception, possi-
bly, of the isotensor meson with a mass of 1650 MeV. Traces
of this meson may have been recently detected’ in the
yy—p°p° process.

The most likely candidates for the four-quark states
with latent exotic features are the scalar mesons S*(980) and
4 (980). In addition, the scalar mesons £(1400) and x(1500)
may be four-quark states with latent exotic properties.

It is thus clear that the problem of scalar mesons is one
of the most intriguing problems in pre-charm hadron spec-
troscopy. We have to add here that new excitations—gluon-
iums—have recently been predicted for the scalar sector.
These “consist” of gluons rather than quarks, and their
masses lie in the region of 600 and 1200-1400 MeV.

93

FIG. 1. Zweig superallowed decay of a qqqq state into two qd mesons.

Achasov et a/. 162




The aim of the present review is to examine in detail the
situation that has arisen in the study of scalar mesons, and to
identify theoretical assumptions about their possible dynam-
icstructure that are not inconsistent with experimental data.
We shall also try, as far as possible, to show the value of
different conclusions about the dynamic structure of scalar
mesons and, finally, draw attention to many new possibili-
ties for the experimental investigation of scalar mesons
which, in our view, could yield valuable information about
the nature of these mesons.

The most important processes for the investigation of
scalar mesons are the peripheral reactions with single-pion
exchange in the z-channel, such as 7N—77N, TN—KKN.
Actually, it turns out that it is not at all a simple task to
obtain clear experimental information about these states.
The difficulty is that 0* mesons are either masked by reson-
ances with higher spins, which have greater statistical
weight 2J + 1 in the reaction cross section, or they are un-
usually broad and difficult to separate from the background
and from one another, or, like the $*(980) and & (980) reson-
ances, they lie at the thresholds of inelastic channels and are
greatly affected by them, which complicates the theoretical
interpretation of such phenomena. It is even quite difficult to
classify existing scalar mesons in accordance with the SU(3)
multiplet scheme, since a given set of data can frequently be
interpreted in different ways.

We shall try to examine experimental data by using sim-
ple and readily interpreted formulas to process these data.
The amplitudes for s-wave processes, for example, mr—,
7r—KK, m7—17, and so on, will be written in the form of
the sum of inelastic, i.e., coupled to several channels, reson-
ances that can transform into each other and mix as a result
of common decay channels. Whenever necessary, we shall
take into account nonresonant background contributions.
Our formulas are explicitly unitary and are direct general-
izations to the relativistic case of the well-known quantum-
mechanical formulas used to describe systems of resonances
with common decay channels. Essentially, the only differ-
ence will be in the relativistic kinematics and in the inclusion
of finite-width corrections that are important for the scalar
mesons that we shall consider. It seems to us that this ap-
proach is the most suited to attempts to obtain information
on the masses and coupling constants of resonances to differ-
ent channels. Moreover, it is very convenient as a way of
verifying relationships between the coupling constants that
are among the most important characteristics of any quark-
gluon model of resonances. The particular feature of experi-
mental data of scalar mesons is that they contain resonances
that are strongly distorted by interactions between them, a
large continuous background, and very narrow features that
appear at the thresholds of inelastic channels. All this is a
manifestation of the strong coupling between the scalar me-
sons and one or more two-particle decay channels. Natural-
ly, in the case of strong coupling, finite-width corrections
(FWC) modify the usual Breit-Wigner resonance formula in
an essential way. Inclusion of these corrections lead, for ex-
ample, to fundamentally new possibilities in the interpreta-
tion of data on the S*(980) and & (980) resonances (cusps), and
highlights a new theoretical ambiguity in the behavior of the
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elastic s-wave phase shift in 77 scattering above the thresh-
old in the KK channel. The coupling constants between the
resonances and pseudoscalar and vector mesons, and their
masses, serve as parameters in our formulas. Using reasona-
ble values and relationships for them, we arrive at the very
interesting conclusion that experimental data on scalar me-
sons can be interpreted as supporting the four-quark struc-
ture. It is considered that this fact must be looked upon as a
new physical basis for further experimental and theoretical
studies of these interesting objects. Of course, we shall also
examine other possibilities and some difficulties in the de-
scription of the data, for example, those on the mr—# pro-
cess (or discrepancies between the data?). We emphasize that
the evidence we have found in favor of the four-quark model
isindirect, but even this is impossible without detailed analy-
sis of the experimental situation which, in this case, is very
complex and sometimes contradictory and varying with
time.

We now summarize the content of the successive sec-
tions of this review. Section 2 enumerates briefly the basic
experimental data on scalar mesons (general information).
Some of them were obtained quite recently. Specific exami-
nation of data and their interpretation actually runs through
the entire review. Section 3 discusses the popular four-quark
(qqqq) model of scalar mesons put forward by R. L. Jaffe.’
We also discuss the two-quark (q@) model for the 0+ reson-
ances, and the possibility that the 0™ gluonium exists. Sec-
tion 4 reproduces formulas that will be used in the analysis of
the experimental data. The analysis of data on scalar mesons
is carried out in Section 5, which deals with a number of
points. First, we examine the complex of resonances $*(980)
and £(1300-1400) with isospin 7 =0 in the #m—7m and
7m—KK processes. The data clearly support strong “super-
allowed” coupling of S* to the KK and 77 channels. At the
same time, they indicate strong suppression of coupling
between S* and 77. All this constitutes the characteristic
features of a four-quark S*(980) meson—a member of the
first (“lightest”) (9, 0™} nonet of scalar qqqq mesons predict-
ed by the MIT bag model.” Moreover, we shall show that the
£(1400) resonance can be interpreted as a member of the sec-
ond (“heavier”) four-quark (9%, 0%) nonet. At the same time,
the explanation of existing experimental data on the
77—KK process does not require the introduction of a
further new 0™ ““g¢(1240)” resonance in addition to S*(980)
and £(1470), as in Ref. 8. It is sufficient to include $*(980) and
£(1400) resonances and their mixing. We note that particles
from the (9*, 0%) qqqq nonet should have relatively small
widths, since the “fraction” of pairs of pseudoscalar mesons
in their wave functions is smaller by an order of magnitude
as compared with the members of the (9, 0*) nonet, and the
channels for the decay into pairs of vector mesons, whose
“fraction” in (9*, 07) is large, are suppressed by the phase
volume (I 400}, =~ 100-150 MeV). The question is what
can be said about other models of the £(1400) resonance?
Analysis of the data shows that £(1400) can hardly be gluon-
ium [pure SU(3) singlet]. At the same time, the two-quark qg
model of it is not inconsistent with experimental data. As for
$*(980), we do not think it can be described as a qd resonance
[in the same nonet as £(1400) and & (980)] without abandon-

Achasov et al. 163



ing generally accepted simple ideas according to which the
masses and coupling constants to different channels for
members of a given multiplet are determined simply by their
quark composition. In addition, in this section, we use an
analysis of the 77—KXK, 7, processes to predict well-de-
fined effects due to the scalars S*(980) and £(1400) reson-
ances in the cross section for the process 77 ~—77 in the
invariant-mass region 2m, ~ 1.5 GeV, for which contribu-
tions of the tensor f and f ' mesons are highly suppressed by
the phase volume. A theoretical prediction for the cross sec-
tion g{m*7~—nn) is made for the first time. The
7~ —7n process has not yet been studied experimentally,
but it can be effectively investigated, for example, by using
the neutral-particle detectors on the Serpukhov accelerator
in the 7~ p—77 n—4yn process with single-ion exchange in
the t-channel.

We next consider data on the & (980) resonance, whose
effects are seen in channels with isospin 7 = 1(m5 and KK),
and the data on the 7K—7K process, which contain infor-
mation about the x(1350-1550) resonance withZ = 1/2. Ex-
isting data are not inconsistent with the four-quark scheme
for the 6 (980) resonance, in which, like $*(980), the 5 (980)
belongs to the first “light” (9, 0) nonet and, like £(1400),
%(1500) belongs to the second ‘““heavier” (9%, 07) nonet. A
more specific prediction for the »x(1500) cannot be made at
present. We emphasize that the § and S* data can be de-
scribed together within the framework of the qqqq model
with the aid of large (“superallowed”’) coupling constants
between & and 77, and between KK, S* and the KK and 77
channels.

Sections 6 and 7 report two model-independent results.
Itis shown in Section 6, that, for strong coupling between S*
and the KK channel in the 77— process, there is a theo-
retical ambiguity in the interpretation of data on the behav-
ior of the s-wave phase shift in 77 scattering above the
threshold of the KK channel. This can only be settled experi-
mentally by improving the resolution in the invariant mass
of the 77 system. Section 7 examines the mixing of $*(980)
and § °(980) mesons, which violates the conservation of isoto-
pic spin. This differs radically from, for example, the well-
known p° — @ mixing. The mixing of S* and ° mesons is
determined by the strong coupling constants between S* and
5 and the KK channel, and by the quantity
Jlmye —my.)/myo, rather than my. — my.)/myo.. The
latter might have been expected from general consider-
ations. Section 7 lists processes in which this phenomenon
can be investigated.

In Section 8, we discuss Tornqvist’s analysis of scalar
mesons.’ According to the Particle Data Group,' the prob-
lem of the scalar meson spectrum is resolved in Ref. 9, i.e., it
is considered that they can be described as ordinary qgq me-
sons with a large admixture of the qqqq component in the
form of virtual two-meson states, without introducing a spe-
cial 0% qqqq nonet. We shall show, using arguments that
are, in our view, quite convincing, that the conclusion re-
ported in Ref. 1 is premature. We shall also show that the
objections put forward in Ref. 10 against the interpretation
of 8 (980) as a broad qqqq state, which were based on the

164 Sov. Phys. Usp. 27 (3), March 1984

TABLE 1. Coefficients of the expansion of the qqgg-meson wave func-
tions into pairs of “‘qq mesons.” The P, V singlet and P, V color octets of
pseudoscalar and vector qq mesons, respectively.

Multiplets
of qqqq PP vv PP vy
mesons, J ©
@ 0% 0,743 —0,041 —0.169 0.646
(_9"', %) —0.177 0,644 0,623 0,407

7'—nmrmrand D, E—7nrr decays, are simply incorrect within
the framework of the qqqq model.

2. EXPERIMENTAL DATA ON SCALAR MESONS. GENERAL
IDEAS

We begin with the generally accepted resonances listed
in published tabulations."'"!? A few narrow structures are
known: S$*(980, I°(J")=0%(0*))>mm, KK, &(980,
170" )>mn, KK; Iy, =I's =50 MeV, and the more or less
ordinary resonances £(1300-1400?, 0*(0*)}—»mm, KK,
I, =200400 MeV; x(1350-15007 1/2(0%)}—7K,
I, =250 MeV. The narrow feature S* in the mm—#7 pro-
cess, which appears at the KK channel threshold, the ¢ reso-
nance noted above in the same process, and the » meson in
the Km— K process, are observed against a background of
smoother (nonresonant?) contributions (Fig. 2a; see also Fig.
8 in Section 5). The S* and £ resonances appear in a “purer”
form in the inelastic process m7—KK (see Figs. 3 and 4 in
Section 5). S* is most clearly seen as a peak in the two-pion
spectrum in the K-P—7+77(4,3 °) processes'* and, recent-
ly, in the e*e™—J/¥—8* + X—»7+7~X process.!* The
dynamic structure of precisely this nonet of scalar mesons is
now under extensive discussion (see, for example, Refs. 1, 5,
6,9, and 15-25). We shall also deal mainly with the above S*,
£, 6, and x resonances. In addition, we shall frequently con-
sider the status of £(700-900)—a very broad and consider-
able enhancement of the 77— 77 amplitude, which is diffi-
cult to interpret as a separate resonance structure.!®2527
Several experiments have recently been performed on the
7+ 7~ —>KIKY processes,®*82° which reveals the further 0*
resonances S*' with a mass of about 1770 MeV and width
equal t0 200 + §°¢ MeV.?® We shall not consider this feature
because our analysis is restricted to lower energies (actually,

TABLE II. Flavor structure of the wave functions of four-quark 0% me-
sons in the (3, 0™) nonet [and similarly for the (9*, 0*) nonet],

(0% = (us — dd)/vZ, 7 (pT) =vud, 7 (f = ud, 7ole) = (ub + dd)/
vy, 7.p)=ss, K+(K'+) =us, KYK*)=ds, K°(K*°) = ds,
K~ (K*7}=1s.

|89 =] 3 Kok g KoRo— |/ L nyns )

IB)—-{ l/-“' “+“—+— n® —— "Io"lo>
16%= I —?K+K'+7 K%Ko l/? ‘flsﬂ>

1 1 1
| %)= I l/—2-~K+:r —5 Kon®— 5 K°n°>
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the region of the pp threshold) and its extension to higher
energies would involve major technical complications.
Moreover, the S*’ data require further refinement. The basic
experimental data on scalar mesons (that are known to us),
published up to the beginning of 1983, were obtained as a
result of s-wave studies in the following two-particle reac-
tions with pseudoscalar mesons, and also studies of the mass
spectra of the pair of pseudoscalar mesons created in differ-
ent reactions of decays:

process references
i — e 27, 30—40
ot — %m0 28, 27, 40-45
JT+J'I:——>K+K_ 35, 36, 46-51
+n—_>KgKg 8, 28, 29, 32-54
aK - aK 85-58
K=P —[(nn7), (_KOK_)] 2l 59
D (0* (1), E(0* (1%)) > nan, KKxn 80-54
¥ —>X4an, ¢+ an 14
pp — KK (nx) 68
Kp—ntn (A, 29 13

The first five processes are separated from the more compli-
cated 7+ N—[(77), (KK)], (N,4 ) KN—K7N by the single-
pion exchange in the t-channel. We note that there have been
several reviews!??7:6% of hadron resonance spectroscopy
in which the problem of scalar mesons was considered to a
greater or lesser extent.

3.4qq49 AND qq MODELS OF SCALAR MESONS

The theoretical quark structures of scalar mesons con-
sidered below will be used later to analyze experimental data
(see Section 5).
A. qq4 models

We begin by considering this popular model in which
there is a large number of nontrivial relationships for the

coupling constants between the scalar resonances and differ-
ent decay channels. The MIT-bag model predicts® many sca-
lar four-quark states with masses in the range 0.6-2.4 GeV:
these are the (9, 07), (9*, 07), 36(, 0*) and (36*, 0*) U(3)
multiplets. As metioned in the Introduction, the “live” reso-
nance manifestations of qqq states in 7, 79, and KK chan-
nels could be the S*{980) and &§ (980) mesons from the first
(“lighter”) four-quark nonet (9, 07), for which Zweig-super-
allowed KK channel is suppressed by the phase volume.?""?3
Moreover, it is expected that there are narrow scalar mesons
belonging to the second (“heavier”) four-quark nonet (9*,
07). This expectation is based on two facts. Firstly, it is clear
from Table I, which lists the expansion coefficients for the
wave functions of the qqqq states in the (9, 0*) and (9*,0™)
multiplets in terms of qg meson pairs,>® that the “frac-

tion” of pseudoscalar mesons (PP) in the (9*, 07} is smaller
by a factor of 18 than in the (9, 0*). Secondly, channels in-
volving decays into vector mesons, whose “fraction” (VV) is
large in (9*, 0™), are suppressed by the phase volume, since
their thresholds lie above the expected masses of the scalar
resonances in the (9*,07) multiplet.’ In the simplest variant,
the coupling of the four-quark states in the (9, 0") and (9*,
07) multiplets to the pseudoscalar (and vector) mesons, of
which they ““consist” in some way, is determined by the sin-
gle constant g,,. Tables I and Il can now be used in an obvious
way to calculate the coupling constants of the S*(980),
£{1300-1400), and other resonances to specific channels. For
example, ge.x-x- = 1/2X0.743 X go, and so on. We shall
try to identify S*(980) and £(1300-1400) with the heaviest
isoscalar representative of the (9, 0™ ) multiplet and the light-
est member of the (9*, 0*) multiplet. It may be that suitable
candidates for other (9%, 07) states are"'' x(1350-1500,
1/2(0%)) and the recently discovered®® S*'(1770, 0%(0¥)).
The prediction made in Ref. § is mg. = ms; = 1100 MeV,
instead of the observed mg. ~m; ~980 MeV. The predicted

420%- -
Tt - e

T

FIG. 2.(a) The phase 8 { in elastic s-wave 77 scattering
with 7 = 0 (curves 1-3 correspond to the sets listed in
Table III; details are given in the text; 4-Ref. 31; 5—
Refs. 32 and 33; 6—four solutions for the phase taken
from Ref. 33; 7—Refs. 49 and 38; 6—Ref. 37); (b) elas-
ticity parameter for the 773 amplitude for the same pro-
cess {1—Ref. 31; 2—Ref. 33; 3—Ref. 19).
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masses for the ¢, x and $*’ states in the (9*, 0) multiplet are
1450, 1600, and 1800 MeV, respectively. The fact that the
observed masses are slightly lower than the theoretical pre-
dictions cannot be a serious objection because, on the one
hand, the model is based on simplifying assumptions and, on
the other, the observed peaks may be shifted by interactions
in the final state and by the overlap of the resonances. It
follows from Table I that, in the “ideal” variant of the qqqq
model, the S* is coupled to KK, %7, 7', and 7'7’, and the
to the 7, 117, 77m’, and 7'’ channels. Experimental data
clearly show that the coupling of the S* to the 7 is actually
much weaker than to the KK (Refs. 18, 19,21, 22, 30, 31, 35,
36,41, 48, 49, and 71}, and that the absolute magnitude of the
coupling between S* and KK is large (Refs. 21, 22, 71) (this is
the superallowed coupling). There is also evidence for strong
coupling between S* and 777 (Refs. 21, 22, and 71). Accord-
ing to Refs. 1 and 11, the £(1300-1400) resonance is coupled
mainly to the 77-channel.!!*#5° We shall use the following
quark structure (in flavor) for the physical S* state in order
to introduce the coupling of $* to 7

S* — sgi‘/__tgé
The second term in (1) is responsible for the coupling

between S* and 7. We emphasize that this representation is
sensible when there is little mixing, i.e. |tga|<]1:

cos & 4 uu dd sina. (1)

_tga
2y2’? (2)
ESWK+K-= % -0.743g, cosa =~ -;—-0.743g0;

& = g,
Seatn- V2 tg o, S*+n =1
8S*K+K- BQeK+K~

where we have taken into account 77-77' mixing, the mixing
angle is 6, ~ — 10°, and we have assumed that
7 = [(uii +dd)/V2 —s5]/V2=ng cos 6,,, — 7, sinf,,,.
For the € meson, we can write, by analogy with (1),

e —uu dd cosB+ss 2% gin g, (3)

V2
and thus take into account the (small) coupling between ¢
and KK. In this expression, a and 8 are independent param-
eters [S*(980) and £(1300-1400) belong to different multi-

plets], and

BeK+K- _ tgf Bemn  __ 1

) = (1—21gp), 4

8en+n- V2 ! Eemta- 2 1/2( gﬁ) ( )
0,177 5 5

CO8 Afentn-—= — 0.743 Vzgsq(ﬂ(- cos ﬁ, ( )

where the last relation follows from (1) and (3) and from
Tables I and II. We note at once that, although the param-
eter |tgar| is much less than unity, we cannot set it equal to
zero. On the other hand, the zero value of tg £ is entirely
allowed by experimental data (cos & and cos 8 are both equal
to unity with good precision). At the same time, the coupling
of € to the KK channel arises only because of S* — ¢ mixing,
which is due to the presence of common 7, 777, etc., decay
channels (see next Section).

In the qqqq model, the & ° (980, 1~ (0 7)) resonance has
the structure (uil — dd)ss/v2 and, together with S*, belongs
to the (9, 0%) multiplet. Since S* = (ull + dd)ss/v2 [see (1)],
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the degeneracy of the masses of § and S*, and the strong
coupling of $* to the KK channel, can both be explained by
the four-quark model in a very natural way.

The question is: what can be said about the lighter qq@q
states £(650) — uiidd and »*(900) — Sudd in the (9, 0*) mul-
tiplet for which the predicted masses are® 650 and 900 MeV,
respectively? First of all, they must be exceedingly broad,
since their masses lie well above the thresholds of the super-
allowed decay channels (£(650)—mm, %(900)—K). If their
widths are of the order of 1 GeV, the resonance interpreta-
tion, the problem of separation from the background, and
even the question of the “mass” of states must be considered
in the light of the decay dynamics, i.e., within the framework
of some particular model of strong interactions (large-dis-
tance quantum chromodynamics). It is striking that, in the
elastic s-wave region of the 7wr—mr, Km— K1 processes (for
the first of these, the elastic region is bounded by the KK
threshold®®->* and, for the second, it reaches up to 1300
1400 MeV?°-8 and, possibly, up to the K* p threshold, to
within experimental error), there are actually very broad
structures producing large amplitudes. The phase of the
elastic amplitude passes smoothly through 90° at about 850
MeV for wr—rm and at about 1300 MeV for K7— K, with
the amplitude reaching the unitary limit?7>234°558 (gee
Figs. 2a and 8). In the phenomenological analysis of the data,
these contributions are usually taken into account by inter-
preting them as a large continuous elastic background. We
note that the P-matrix method® can be applied to the phase
data to “‘expose” the “primitive” four-quark states £(650)
and %(900) in the (9, 07) nonet in a more or less graphic way
(see Ref. 6 for details).

In “grid” calculations, the mass of the scalar gluonium
sometimes turns out to be approximately 600 MeV. The
width is not predicted. A narrow state of this mass has not
been seen, at least in the 77 channel. If, on the other hand,
this state is very wide, the interpretation of this kind of reso-
nance must involve the complex dynamics of the process,
just as it does in the wide four-quark 0 state.

Apart from the (9, 0%) and (9*, 0™) nonets of qqqg me-
sons mentioned above, the four-quark model also predicts
the (36,07) multiplet® in the region between 1.1 and 2 GeV.
The masses of all its representatives lie appreciably above the
threshold for superallowed decay channels. As far as these
states are concerned, the situation is therefore analogous to
that considered for the £(650) and x(900) mesons in the (9,
07*) multiplet. At present, it is very difficult to say anything
specific about them. All the foregoing refers to the heaviest
four-quark multiplet (36*, 0*) that lies® in the mass range
between 1.8 and 2.4 GeV and is coupled mainly to decay
channels to vector mesons.”® We shall actually confine our
application of the qqgq model to clearly resonant structures
that can be assigned to (9, 0*) and (9*, 07) nonets (see, how-
ever, Section 8B).

B. qG Model for the £(1300-1400) resonance

We shall consider the qg model only for the £(1300-
1400) resonance, since it does not seem to us pos_sible to de-
scribe S* as a qg resonance (with the (ull + dd)/v2 or s§
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structure) without abandoning the generally accepted sim-
ple considerations,” according to which the masses and cou-
pling constants to different channels for members of a parti-
cular multiplet (in the case of the q@ model, it is natural to
consider $*(980), £(1300-1400), § (980), and x(1350-1500) as
members of a particular nonet] are determined simply by
their quark composition. This is a well-known difficulty in
the two-quark model of 8*. From the phenomenological
point of view, the four-quark structure seems the most ap-
propriate for $*, if not in the sense of the MIT-bag model,
then in the sense of a system consisting largely of virtual KK
pairs.>’? Thus, let us suppose that, for example,
€ = (ull + dd)/v2. Then, if we take 7 — #’ mixing into ac-
count, we obtain the following ratios of coupling constants
for the £ resonance:

Zeatn- * Gex+K- | Leqm=11 %‘ : ZLI/E (6)
It will mix with the S* resonance because of the presence of
common channels. We have verified that the ratios of the
coupling constants g,,+,- and g.x -x - in this model are not
inconsistent with experimental data on the 77—KK, 77
processes. We note that the ratio g2, /g2 .+, =~ 1/8 does not
depend on whether ¢ has a two-quark (uil + dd)/v2 or four-
quark utidd structure [see (4) and (6)].

C. (1300-1400) resonance as gluonium

The possibility of a gluonium state with quantum
numbersJ 7 = 0* * in the region of 1300 MeV is now being
actively pursued. The extent to which theoretical predic-
tions can be regarded as reliable is not clear. There is, as yet,
no clear evidence for the existence of this state.®® However,
general considerations suggest that the structure of the wave
function of gluonium, which is a “flavor” singlet, should
produce the same coupling of this state to all pseudoscalar
mesons. We identify it with the £(1300-1400) meson. We
then have

entn= = LeK+K= — Vi Senne (7)

As in the previous formulas, the identity of particles is taken
into account in this expression directly in the definition of
the constants. We note that (7) has enabled us to achieve a
satisfactory fit to all the data on the 7m—KK process.

4. RESONANCE PARAMETRIZATION OF THE s-WAVE
AMPLITUDES FOR THE 7r—s(mm, KK, 77), Kr—(Km,K7)
PROCESSES

Suppose that the s-wave amplitude for the process
ab—cd (a, b, ¢, d are pseudoscalar mesons) includes contri-
butions due to several scalar resonances coupled to several
channels. The resonance amplitude (7[5 ;) can then be
written in the following form (which satisfies the unitarity
condition):

3In Sec. 8, we shall discuss the attempt” to describe the observed spectrum
of 0* resonances within the framework of the qG model with allowance
for finite-width corrections. This attempt is based, in our view, on the
unjustified assumption of a specific violation of the quark model [U(3)
symmetry] for the coupling constants between the 0™ resonances and the
(0~07) decay channels.
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Tiea= 3 R Gk (s), (8)
iR, R’

where the sum is evaluated over the resonances R,

R’(R(R') =S8*,¢,...),8ra 18 the coupling constant between R

and the channel ab, and Ggg(s) is the inverse propagator

matrix:

Dst () — Hgtg ()
Grr (5)= (—Hs,,p () Dels) ) 9)
where
Drp(s)=mph—s+ 2} [Re T’ (mfz) —IIF (s)),

Im 5 (s) =1/ 5 T g () = =

2
1%1::;1 Pab (s)v (10)
pab(s)=Vs_m3VS_mE%7 m:!::ma:l:mby

Tr(s)= g} Tras (5),  TIg (s) :g g (s), (11)

and Mg, I'y, and Iy, are, respectively, the mass, total
width, and partial widths of the resonance R. The finite-
widths corrections to the decay of the resonance appear in
the expressions I13(s)-Rell¥(m%), which are single-loop
contributions to the proper energy of the resonance R dueto
two-particle intermediate states ab, subtracted at the point
s =m%. A detailed discussion of their role in the case of
scalar resonances can be found, for example, in Refs. 21-23
and 71. When g and b are 0~ mesons and m, >m,, s> m?,_,
we have

Bhob [ m.m m
Hab — a LM mp
E (5) 16n s In ma

o1 Vs—mi—Vs—m?
+oap (14 In Viemif Voot )] 12

When s < m?,_, TI%(s) can be obtained by analytic continu-
ation.?' Near the ab threshold (either above or below it), the
function I1E(s) varies much more rapidly than m% — s (even
for mg ~m, + m,), so that there is a substantial modifica-
tion {distortion) of the 0*-meson propagator for large cou-
pling constants.

The off-diagonal elements of the matrix G- (s) are the
amplitudes for the R—R ' transitions due to the mixing of
resonances that results from the interaction in the final state,
which occurs when there are common decay channels,
R—{ab}—R ' (“unitary mixing”). We shall write them in the
form

Tras ()= [ 3} S IR (5) |+ Crges
ab -

ERal

R£R'. (13)

All experimental data on the scalars S*, ¢, 8, x,... show that,
at energies of about 1-1.5 GeV, the most important for them
are the two-particle decay modes to pseudoscalar mesons.
We shall take them into account in the first instance in the
sums over the intermediate states of (¢b ) in (10) and (13). The
suppression of four-particle, etc. decays of the form
0" —407,... in this energy range can be understood by as-
suming, for example, that they occur in a quasi-two-particle
manner through the vector mesons 0*—VV—40~ and, con-

Achasov et al. 167



sequently, are suppressed under the VV threshold (for s
<my, + my,_ ). Onecould try to estimate the contribution of
vector mesons top ImIl (s) for particular models, for exam-
ple, in the way it is done below for the £ resonance (see Sec-
tion 5). The question then is: what is the nature of constants
Crg in (13), which are free parameters in our case? The an-
swer is that, firstly, they include subtraction constants for
diagrams corresponding to the R—(0~07)}—R ' transitions,
the finite parts of which are written our explicitly in the
square brackets in (13). Secondly, Cyy , efffectively represent
contributions of all other intermediate states, for example,
VV, 40~ and so on, which we cannot calculate, but which are
naturally assumed to be smooth functions of the energy in
the range 1-1.5 GeV, and can be approximated by a con-
stant. At this point, we note one favorable fact. In the four-
quark model of the S* and ¢ resonances (in its “ideal” var-
iant;’ see Section 3), the sum of diagrams corresponding to
the S*«<¢ transition due to common superallowed decay
channels into pseudoscalar mesons is found to converge be-
cause of the orthogonality of the wave functions of the four-
quark S* and ¢ resonances. In that case, the portion of the
constant that is connected with the contribution due to pseu-
doscalar mesons turns out to be known (it is equal to
(85 oqnBenqn /167 In (m?,/m2)=~0.045 GeV?}, but the con-
stant Cs,, due to the other intermediate states is at our dis-
posal.

We emphasize that the parameter Cs., is very imporant
when a fit is made to the data (it cannot be set equal to zero),
although its order of magnitude (and sign) is the same as the
Re-part of the explicitly calculated contributions to Il,., (s).
The cross section corresponding to the amplitude given by
(1) is

16
Gaboca (5) =——-

g%| Tabwca (8) |2. (14)
Thus, the adjustable parameters now available to us are the
masses my of the resonances, the coupling constant gz,
and the mixing constants Crg.. Naturally, to reduce the
number of independent parameters, we must use consider-
ations involving SU(3) or U(3) symmetries, or some particu-
lar quark model for the scalar resonances. Whatever scheme
is actually used, there are certain relationships, for example,
between the constants 77—KK, 7, so that, if we use the
data on the 77—KK, 77 processes, we can make some pre-
dictions for the wm—sn7 process. Our formulas readily en-
able us to investigate a large number of channels. We note
that, so far, the analysis of the data (for example, by the K-
matrix method) was performed with allowance for only the
two channels, 77 and KK (Refs. 15, 19, 24, and 48-50). This
assumes, right from the start, that there is no coupling
between the 7777-channel and the resonances. However, as we
have already mentioned, this coupling is present and may be
considerable in any composite model. We shall see this later
in the case of the S* resonance. Moreover, additional data on
scalar mesons in the 7#7—>7n channel can, in principle, be
helpful even in connection with their classification in accor-
dance with the SU (3) multiplets on which, as we have al-

ready mentioned, there is at present, a lack of unanim-
ity.8'9'15—25’48_50'67_69
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5. ANALYSIS OF DATA ON SCALAR MESONS

A. Scalar mesons with / = 0In the 77—KK, mr—nrm processes;
$*(980)-c(1300-1400) resonance complex. Predictions for
the 7m—nn process

As already noted, the s-wave amplitude for the 7m—7m
processes contains a large continuous background in addi-
tion to the S* and ¢ resonance (see, for example, Fig. 2a,
which shows the phase 85 of the amplitude). The phase
“take-off in the narrow region near the KK threshold is due
to the contribution of the S* resonance. It is interesting to
note that, in the cross section for the #7—77 process, the
resonance S* corresponds not to a peak, but to a narrow
valley, since the background phase § 5 in this region is of the
order ot 90° and the elasticity is 75 = 1 with high precision
up to the KK threshold.'3273%34 We shall consider the s-
wave amplitude for the mr—mm process with 7 =0 in the
form of the sum of the inelastic resonant amplitude I"™=___
[cf. (8)], in which we shall include contributions due to the S*
(980) and £(1300~1400) resonances, and the amplitude for
the elastic background

Py 2i62 216 i

T (> ) = Mot Pty e (1)
where 8 = 85 + &,.,. Formulas such as (15), which include
the elastic background, are frequently used in data-fitting
procedures in a very broad range of energies. !>18-22:30.31.48:49
This is, of course, the simplest approximation, but it works
well in the region of the S* resonance, and in the 77 and KK
channels. The amplitudes for the inelastic processes
7m—KK(777) can be taken in the following form:

T (nn — KK (1)) = ¢'°87™ 135 (16)

- KRmm®

(in accordance with the unitarity condition). Here, 8  is the
smooth phase of the nonresonant elastic background in the
KK—KK process (or the 77—77 process), which we shall
neglect, since there are no clear indications that it plays an
appreciable role. This can definitely be done, at least near the
KK (77) threshold, where 5 ; €6 5.

When the moduli and phase of the amplitudes for the s-
wave process 7 7~ —7 7™, K*K™ are determined from
experimental angular distributions of pseudoscalar mesons
in the 7N—(77, KK) + (N,4 ) processes, there are usually
several possible solutions?6-27-32-34:37.:40,44-50.66 The pnumber
of solutions can usually be reduced with the aid of data on a
process with identical particles in the final state:
atr~—or’r%, 77~ —>KCK? (Refs. 26-29, 4045, 52, and
66). We note that the process 7+ 7~—K°KY has the advan-
tage that it does not involve I = 2 contributions which com-
plicate the analysis of the data in the 77— case. It is pre-
cisely this situation that occurred, for example, for the
£(1300~1400) resonance, which has been under intensive
study since 1976 in the 7* N—KKN processes.?-28:29.46-54
Some of the solutions for the #+*7~—K*K ™ process con-
tained this s-wave resonance, whereas, in other solutions, the
resonance enhancement “migrated” into the p-wave.*¢°
There is no p-wave in the 7+ 7~ —KK? process, and the D-
wave (the interference with which by the s-wave is very im-
portant in the determination of the latter) is well known and
is dominated by the fand f’ resonances. Recent data on this
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FIG. 3. Modulus of the amplitude for the 777—KK process. s-wave
I=0; the value of 0.5 is the unitary limit for this process. The curves
represent the sets listed in Table II1. 4—Ref. 20, 5—Refs. 48 and 49.

process confirm the resonance enhancement in the region of
1300-1400 MeV (Refs. 8, 29, 48-50).

Let us begin with this particular process 77—KK; Figs.
3-5). Here, we can clearly see a very rapid and large rise in
the amplitude (the height of the maximum is 80% of the
unitary limit; see Fig. 3) near the threshold, which is due to
the S* resonance (strong coupling between S* and KK chan-
nel), the £ resonance in the form of the rise in the region of
1250-1450 MeV, and also traces of an interaction between
them, represented by the abrupt fall in amplitude above 1450
MeV and the clearly constructive interference in the region
between the resonances. Naturally, this mutual interaction
between the S* and £ resonances complicates the investiga-
tion of their individual properties.

Figures 3-5 show the results of various fits based on (8)-
(16) and restrictions (1)—(5) on the coupling constants of the

J00°
PRI —=KK)
2680°+ —7
—————— 2
—— ——3
260°1- o —¢
a —5
+ —¢
240°F
220°F + +
v
200°F- >
760°F -
760°r T
%0 °) 1 1 | ! i 1
7 127 144 7.2 13 14 143 14
Vs, GeV

FIG. 5. Phase of the amplitude for the process mm—KK. s-wave, I = 0.
The curves correspond to the sets listed in Table III. The data are taken as
follows: 4—Ref. 15, 5—Ref. 29, 6—Refs. 48 and 49.

S* and £ mesons, which follow from the qqqq model (cf.
Sections 3 and 4). Table III lists three sets of values of the
adjustable parameters for the S* and £ resonances that corre-
spond to the curves of Figs. 3-5. Other (close) parameter sets
are also possible and yield satisfactory agreement. Case 2
(Table 111} with mg. = 1.4 GeV should be no surprise. It
corresponds to the S* cusp.?*?27! All such non-standard
cases that arise because of the finite-width corrections in
Dg. (s) have been described in sufficient detail in the litera-
ture.2*~*>7! Here, we merely note that mg. ~ 1.4 GeV corre-
sponds to a zero of Re Dg. (s), which is not reflected in the
amplitude for the process against the background of the
large Im D. (5) =+ I'sexg (5), and that Re Ds. (s) is close to
zero for s =2my . On the other hand, the fact that the real
part of the S* propagator is close to zero for s ~2my pro-

do/avs, rel. units /0.05 GeV

FIG. 4. The KK mass spectrum in the 7N—KKN process
with one-pion exchange in the t-channel. s is the invariant
mass of the KK system. do/ds = const-spyx
X |T (mm—KK)|*. The curves are marked as in Fig. 3. The

data are as follows: (a) 1 —Ref. 28, 2—Ref. 30, 3—Ref. 32; (b)
1—Ref. 29, 2—Refs. 48 and 49, 3—Ref. 51.
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TABLE III. Parameters of the S* and £ resonances in the qqqq model, obtained by fitting the

7m—KK data (with allowance for the data on the mr— process).

2. _
Parameter mgx, GeV mg,GeV gs'% , tg o tg B Cgre, GeV?
set GeV?
1 0.9 1,4 3 0,163 —0.12 —0,336
2 1.4 1.4 4,5 0.163 —0,098 —0,384
3 0.985 1.4 4,5 0,163 -—0,098 —0,384

duces exactly the observed abrupt increase in the cross sec-
tion for the m7—KK process near the threshold [since
Tgpg (s2~4mi ) is small). Sets 1 and 3 and set 2 also lead to
qualitatively different behavior of the phase of the amplitude
for mr—KK(T (7m—KK)) = € |T (mrm—KK)| near the
threshold itself (see Fig. 5). Because of the large uncertainties
in the phase @ near the threshold, it is difficult to decide
between these parameter sets. It is important to note, how-
ever, that different experiments reveal generally different be-
havior of @ near the threshold (Refs. 15, 20, 29, 48, and 49).
This is emphasized, for example, in Ref. 29.

It is clear the simple parametrization of the m7—KK
amplitude (16) with an elastic background in the 777 channel
(the phase was taken in the simplest form § 3 = ap_,. in all
the sets, where a~80° was determined from data on the
phase 8 (mm—>r) near the KK threshold) produced a suc-
cessful fit to all the main features of the behavior of
|T (mm—KK)| and the phase @. The various fits to the data
showed that the coupling between S* and KK was large (su-
perallowed) and that g2.g «x- /8% s+n- = 19> 1, as should be
the case in the qqqg model. At the same time, for example,
the width in set 1 is I'g., (Vs~1 GeV)=60 MeV. Next,
(tg B/V2) = g+x-/8*.+.- €1, where (as already noted),
there is actually no change in the fit if tg B is set equal to zero.
It is interesting that the most stringent restriction of the
qqqq model (5), g2, .- =~0.11g2.¢+x-, turns out to be com-
pletely admissible. Values of the order 90-140 MeV are ob-
tained for I',.,,, (Vs = 1.4 GeV). According to the qqgq mod-
el, the £ resonance [which belongs to the (9*, 0*) multiplet]
has a considerable coupling to the decay channel to vector
mesons, e—VV (see Tables I and II). By using this coupling
we take into account the decays e—pp—dr, eowo—6m.
The contributions of these decays to the total width I" '(s)
for \s < 2my are suppressed by the phase volume for the
creation of unstable vector mesons, so that for Vs ~m, ~ 1.4
GeV they amount to about 25% of " but, as /s increases,
their role also increases. For example, for s ~ 1.6 GeV I'.,,
~2rI,, .. Such fits to the data yield reasonable values for the
parameter C., [cf. (13)] that characterizes the S*«»¢ transi-
tion due to the presence of common decay channels. It is
found that Cg., (see Table II) is of the same order as the con-
tribution to the amplitude for the S*«<¢ transition (13),
which can be calculated explicitly [see (12) and (13)].

Thus, existing data on the 7m7—KK process can be sat-
isfactorily interpreted in the spirit of the gqgq model of the
S* and £ resonances.
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The fit to the experimental data that we have achieved is
notat all inferior to that reported in Ref. 8 where, in addition
to S* (980) and £(1470), a further new scalar resonance, the
“gs(1240)’, was introduced. One may well ask why the auth-
ors of Ref. 8 have had to introduce the new resonance. The
point is that the data analysis performed in Ref. 8 did not
take into account the mixing of the S* and £ resonances,
which cannot be justified when the resonances have common
decay channels. It is now interesting to consider how the
presence of the complex consisting of the S*(980) and £(1400)
resonances is reflected in the process 7+ 7 ~—77. We have
verified that the coupling of the S* to the 77 channel can be
considerable [the same as with the KK, g2.,, ~gZ.x--; cf.
{2) and Table III]. Strong coupling of S* to 77 is evidently
indicated by the abrupt change in the variation of the ampli-
tude for the 77—KK process at the 577 threshold?!?>7! (see
Fig. 3).

We already know that the strong coupling to the 77
channel is characteristic for the four-quark S* resonance.
The £ resonance is also coupled to 97, g2, ~gZ,- - /8 [cf. (4)
and Sec. 3B]. Our predictions for o{w* 7~ —%7) are shown
in Fig. 6. The nature of the S* — ¢ interference is here
uniquely determined by the magnitude and relative signs of
the resonance parameters, deduced from data on the

88T T T T T

S(r Y ——S*+e-—>y7), mb

77 12 73 14 L5 16
Vs, GeV

FIG. 6, Predictions for the s-wave cross section for the 7+ 7~ —#7 pro-

cess. The theoretical curves correspond to the parameter sets for the S*
and ¢ resonances in Table III.
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7m—KXK process [the dominant feature is the relative sign of
the constants gg. .- .- and Cs., ; see (2), (4), and (13) and Table
I11]. The authors Ref. 73 had already noted the possibility of
studying the £ resonance in the 7~ p—97n—4yn process
{the cross section for which for small |7 | is proportional to
olm* m~—n7) because of the single-pion exhange in the t-
channel). We recall that the contributions of the f and f’
mesons withJ = 2 to the 7+ 7 ~—%7 process are highly sup-
pressed relative to the s-wave contribution, since the corre-
sponding partial cross section is proportional to p, . It fol-
lows that the s-wave S* — £ complex may be the dominant
entity. In this sense, the process 7+ 7' — 77 is unique. The s-
wave cross sections for the processes 7*#~—yn and
77~ —K* K™ are predicted to be very similar in magni-
tude and character for /s S 1.5 GeV. The cross section for
the process 7~ p—(S* + £)n—np7n—4yn can be estimated
readily with the aid of the formula for single-pion exchange.
For |t | i <|]<0.1 (GeV/c)* and 2m, <m,, <1.6 GeV, the
result for ¢, = 6, 20, and 40 GeV /c is, respectively,

o (np—(S* + e)n —nnn = 4yn) ~ 1,8; 0.16; 0,04 ub.
(17)

These values are measurable, for example, with systems de-
signed for the detection of the neutral decay modes of reson-
ances. The h-meson (/ = 4*) was discovered with this sys-
tem at Serpukhov in the 7~ p—7°7°n—4yn process. The
system has also been used to measure the fraction of 7-meson
decays into 7%y (Refs. 74 and 75). We note, for comparison,
that the cross section for the process =7 p
—hn—7°7°n—4ym is roughly the same as for the process
considered here.

We now turn to the s-wave process wr—mm. The 5*
resonance is indicated in this case by the abrupt change in
smooth variation of the phase 7§ in the region of the KK
threshold (see Fig. 2a). In addition, it is known independent-
ly of the process 77—KK that the elasticity parameter 75 in
the amplitude T (mm—s ) also undergoes an abrupt reduc-
tion for v/s just above the KK threshold (Refs. 19, 27, 31, and
32; see Fig. 2b). It is generally accepted that the 77—KK
channel is the first main inelastic s-wave 7-scattering chan-
nel, i.e., that

n = ]/ 1—bpanprg | T (ma— KK) |2

(18)

at least up to the 57 threshold. The 79 data near the KK
threshold (see Fig. 2b) are in agreement with experimental
data on | T (m7—KK)|, and there is no problem in describing
them together with the 8 § data for \s< 1.2 in terms of the S*
resonance (which is strongly coupled to the KK and weakly
to the 77 channels) and the elastic nonresonance back-
ground in accordance with (15) (Refs. 19, 21, 22, 30, and 71).
For /s > 1.2 GeV, data on the process 77—KK show that it
is important to take into account the ¢ resonance. Unfortu-
nately, in the 77 channel in the region Vs > 1.2 GeV, not a
single solution has so far been obtained for the phase and
modulus of the 7r—sryr."+!332-3437.38:40:44.45.66 The golution
with the almost elastic £ resonance'!?438:40:44.45.66 i fre.
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quently considered to be the most acceptable. Because of the
considerable coupling to the 77 channel, this resonance ap-
pears as a further “burst” in the phase § § between about 270°
(which it has reached up to Vs ~1.2 GeV) and 360° (at s
~m,). Moreover, if the parameter %3 is not small in the
resonance region (this is indicated by the data for
Js=1.2-15 GeV; Refs. 11, 33, 40, and 50), the £ resonance
should appear in |T (77—7)| as a minimum at Js~m,
(analogously to the S* resonance). This picture is found in
many of the solutions!-'!1332-34.38:40.44.66 £ the processes
ata—rtr, 7°7% 8 3—360° for s = 1.5-1.6 GeV, with
a corresponding deep minimum on |7 (w7r—rr)) at these en-
ergies. However, it is clear that the region in which the
events connected with the £ resonance develop is much
broader in the 77— process than in the 77—KK process,
and the mass m, of the resonance, if it is identified with the
position of the minimum on |T (w7—)|, does not corre-
spond with the value found from the 77—KK process, i.e.,
m, ~1.4 GeV. When theoretical curves for 8§ (see Fig. 2a)
are constructed by using the above fits to the 77—KK data,
good agreement with experiment is not achieved for
Vs>1.35 GeV, 83 (theor.) passes through 360° at s
~m, ~ 1.4 GeV, and its variation is more rapid than indicat-
ed by the experimental data (here we have in mind curves 1
and 3 in Fig. 2a; curve 2 for § J will be separately discussed in
the next section). What is the conclusion from all this? We
recall that the behavior of §3 and | T (m7—ww)| is now more
or less established only up to s =~ 1400 MeV, as indeed has
been emphasized in many publications.??:37-38-4044.66 Eqr
larger +/s, the situation is actually as follows: there are as
many different sets of data on | T (mr—rm)| and & J as there
are different experiments, and this obtains under the condi-
tion that a unique solution can be obtained.!5-*2-3437-45.66
Actually, the measured modulus of the amplitude is known
to within a substantial uncertainty.?337-3842:44:45 Whep the s-
wave with I=0 is separated from the data on
7t r—m 7™, 7°7°, there is also the problem of correct
extrapolation of the I = 2 wave to the region s X 1.5 GeV.
This is particularly important for solutions for which
|T (rr—7r)| has aminimum at s 2 1.5 GeV, since there are
serious doubts about the correct value of the I = O amplitude
when the amplitude is small. For example, there are solu-
tions for 8 § and |T (wm—m)| without a hint of a resonance
structure for /s > 1.2 GeV and 6  ~const (Ref. 37). Some of
the solutions violate unitarity.?*>*4>¢ A very important ex-
perimental problem in this situation is the reduction of the
data from s > 1.4 to a “common denominator.” On the oth-
er hand, our predictions in this region for the w7r—mmr pro-
cess cannot, of course, be regarded as indispensable (al-
though they were based on a good fit to the 77—KK data)
mainly because our assumption of an elastic and roughly
constant background (6§ 5 = ap,,,.) for large Js does not seem
convincing. Other authors have faced a similar problem.
15.24.48,49 This conclusion is not, of course, very constructive,
but one has to face reality. The problem of constructing a
nonformal, i.e., not purely adjustable, model of the back-
ground in 77 scattering for S*, ¢, and other resonances is, in
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and 2 in Table IV.

fact, a serious physical problem that will have to be tackled
in future investigations.”

We note that these difficulties are not confined to the
qqqg model of £ resonance, but are also found in the qG@ mod-
el and any other model in which the £ resonance is mainly
coupled to the 77 channel.

B. Can the 5(980) resonance be a four-quark object?

Although, by now, there is no doubt about the existence
of the 8 resonance, there are still very few data available
concerning it. The § resonance has been clearly seen in the
mass spectrum of the 77 and KK mesons in one experi-
ment® on the process K p—d "3 bl ),
(K~K)> %5 (Fig. 7) and in a few experiments on the cre-
ation of the D(1285) and E(1420) axial mesons with the decay
mode®* §r—ymm, KKr).

The mass spectra of 7~ 7 and K~ K in the first of these
processes have been analyzed by many authors, 1819:21-23.59.76
using two-channel parametrization. Analyses'®7¢ that
take into account the relation gs-x - xo = \3/285- -, [pre-
dicted by SU (3) symmetry at 6, = 0] yield I's,,, =80 MeV
and a much smaller value (because of the influence of the KK
channel) for the total effective width of the observed peak in

“Formal agreement with the § J data can readily be achieved by assuming,
for example, that the background phase & 5, falls rapidly for Vs 2 1.3GeV.
To ensure that the phase of the 77—KK amplitude remains unaltered,
we must also introduce the phase &y [cf. (16)] with the restriction
8y + O p =~const. However, the nature of the rapid variationin §  is then
unclear.
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the 7 channel: I' ¥ =~ 50 MeV. One of these fits*® is shown in
Fig. 7. As can be seen, the fit is very good. It is clear that the
four-quark model faces the most critical situation in the case
of the & resonance. Actually, the 5—7 decay, which is sup-
pressed by the phase volume, cannot be regarded as superal-
lowed in this case, since I';,,, % 100 MeV, which is not con-
sistent with the spirit of the qqqq model that predicts a
Zweig-superallowed coupling of scalar mesons to pseudo-
scalar mesons. However, let us examine the situation more
carefully from different points of view, following largely the
work reported in Refs. 22 and 23.

The first point is: how is information usually extracted
from the data?®® Essentially, it is assumed right from the
outset that the 77 mass spectrum (Fig. 7a) is a narrow reso-
nance above a high noncoherent background that is propor-
tional to the 77 phase volume (Ref. 18, 19, 59, 76). A high
background is also required for the explanation of the KK
spectrum (Fig. 7b). However, this analysis is not valid when a
search is made for traces of qqqQ states. We must try to
explain the data by assuming a superallowed (strong) cou-
pling of  to 7y and KK channels. The narrow peak in the 7
mass spectrum must then be due to the influence of the KK
channel threshold which lies next to the mass of the reso-
nance, i.e., it is akind of threshold feature accompanying the
broad & resonance. It turns out that the entire 77 mass spec-
trum between the threshold and 1.1 GeV can be reproduced
qualitatively with the aid of a single § resonance that is
strongly coupled to 7 and KK (i.e., without introducing
any background at all; see Fig. 7a).?>?* This is assisted by
finite width corrections to the & propagator [see (10}-(12)],
which illustrates the importance of these corrections in the
case of large coupling constants.'®2"?%23 For the 77 mass
spectrum, we used the expression

dN . 2N sI‘b_.m (s) s:m;n (19)

dmnn N Dy (s) |2°
(an analogous expression can also be used for the KK mass
spectrum), while, for the coupling constants, we used the
predictions of the four-quark model [in which §°=sS
(vt — dd)v2]:
- - [ —
gox-ko =V 2800x+x- = 553 (efli;‘w) = —%m (eq“'%nn') ’

v (20)
6, is the “ideal” mixing angle, and cos 8, =+2/3,
6, =35.3°. When 6, — 6, =456, = 10°

B5-K-Ko
—‘/5—' = B0 K+K-~ £6-n-n = — &5-n-1’ - (21)

Moreover, in the qqqq model [see (1) and Table IT]

BoK+K- COS @ = — Zoxk+K~ O  EeoR+K- =~ — fe+k+K~ (22}

We note that, in the fitting procedure, we also take into ac-
count the coupling of the § to the 77)'-channel. Table IV lists
the values of the constant gk - - /47 and the partial width
of the & resonance calculated with the aid of this constant
and (21). These correspond to the two curves in Fig. 7a. Itis
clear that all the intermediate variants are also possible, i.e.,
relation (22) is admissible (for values of gg.x - - see Sec. SA).
Thus, with the presently avialable statistics (see Fig. 7), it
seems to us that we cannot conclude that the description of
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TABLE IV. Parameters of the § resonance obtained with allowance for
the relationships given by (21) in the analysis of the data from Ref. 59 (see
also Refs. 22 and 23).

8ok k- Tg.m for | Topg for
FitNo. | ™o MeV | —m— | T (GeV]s = 1.2(GeV]?
(GeV)? MeV MeV
1 988 3 497 582
2 990 2.3 380 446

the 77 mass spectrum by a narrow & resonance and a high
noncoherent background is necessarily the only one. We em-
phasize that the 5-resonance data impose much more strin-
gent limitations on the size of the superallowed coupling
constant than, for example, the S* data,?'-2?

In the experiment reported in Ref. 59, the higher-order
waves were not separated out in the 77 system. On the other
hand, one would expect that the P-wave is very small, since it
corresponds to exotic quantum numbers. The contribution
of the D-wave A, meson must be taken into account near 1.3
GeV (see Fig. 7a). We note that, in the region up to 1.3 GeV,
our fit of the dominant s-wave contribution to the 77 mass
spectrum”® can be appreciably improved by assuming that,
above 1 GeV, the & resonance is accompanied by some
smooth s-wave contributions. Their “tails” will also appear
in the region below 1 GeV. The § resonance can then des-
tructively interfere with them for m ., <ms =~2my and give
rise to appreciable constructive interference for m,, > 1.5
GeV, which, obviously, improves the description of the data
(see Sec. 8B in this connection).

There are very few data on the K ~K° mass spectrum
(see Fig. 7b) in the process KT p—>b 3 %
—[(77n), (K7K% 12 s and, as noted in Ref. 22, these data
are not very critcial to our discussion.

Let us suppose that it will be demonstrated that
I, <100MeV. Does this totally preclude the possibility of
the four-quark composition of the § resonance? In principle,
we also have to establish whether the coupling of the § to KK
is superallowed, since there must be some particular reasons
why the constants g, are suppressed. There is definitely no
conflict between this situation and any of the currently avail-
able data.?*?

One further remark is in order here. A few years ago, it
was noted'® that I',,, could be large (approximately 300
MeV) but, nevertheless, the narrow structure in the 77 spec-
trum*® could be reproduced by taking into account the
strong effect of the KK channel. It is therefore sometimes
considered that our analysis is simply a refined variant of the
observation made in Ref. 18. This is not the case. To describe
the narrow & peak in the 77 mass spectrum for Iy, =300
MeV, Flatte'® had 1o abandon the SU {3) symmetry predic-
tions [SU(3) yields g5- x - xo /85,m = 3/2;6,,, = 0inRef. 18],
and use the ratio g5- ¢ - ¢« /g5, =~4in thefitting procedure in
order to achieve the maximum possible effect of the KK
channel on the 77 mass spectrum. Both in Ref. 18 and in
other analyses of the data,®® it was necessary to introduce a
large, smooth, and noncoherent (?) background under the
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7+ K~ —m*K ™. The points (crosses) are taken from Ref. 58. The theoreti-
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narrow & peak in the 77 mass spectrum. On the other hand,
we have shown”>?? that the departure from SU (3) symmetry
for large values of I';,,, is not at all essential. In fact, the mp
mass spectrum® can be satisfactorily reproduced without
abandoning the SU (3) symmetry by including the finite-
width corrections in the §-resonance propagator and aban-
doning, as already noted, the high noncoherent background
in the description of the spectrum.

C. Scalar x (1500) resonance

The basic data on the s-wave amplitude and phase in the
Km—K process in the broad energy range between 0.75
and 2.2 GeV were obtained relatively recently by the two
groups®>*>® and have been discussed in a number of reviews
and theoretical papers. (Refs. 1, 6, 9, 15, 56, and 57).
Figure 8 shows typical experimental data on
ITK*a¥ —>K*a¥)3pk,/2=|T,,,+(1/2)T5;,,] and
the phase (T = ¢°|T')), T, is the amplitude corresponding
to a particular isospin 1. The amplitude T, ,, is the dominant
one and is responsible for the characteristic features in the
behavior of |T(K* 7 ¥ —K* 7T )| and @ (Refs. 55-58). The
modulus |7 | grows slowly and smoothly up to a maximum at
about 1400 MeV, and then falls abruptly in the range 1400
1600 MeV. The behavior of the phase @ is also found to vary
in this range. These properties are usually associat-
ed’!1555-58 with the s-wave resonance x (m, = 13501500
Mev, I = 1/2) that appears against a high continuous back-
ground.'>*>-%8 The parameters of the resonance (total width,
mass, elasticity, and partial widths) have not been estab-
lished accurately, and only estimates are available at pres-
ent."!155:58 As in the case of the #7—mm, KK processes,
here again, there are several possible solutions for the s wave
{several sets of data) for ys > 1.46 GeV, as in Ref. 55, or for
Vs> 1.8 GeV, as in Ref. 58. They differ by the detailed be-
havior of |T'| and @. It is found that the most acceptable
solution (B ) in Ref. 55 for the s wave with 7 = 1/2 violates the
unitarity condition in the range 1.6-1.8 GeV. The most dra-
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matic feature is that, in the last experiment,>® it was possible
to obtain with good statistics a unique solution up to s ~ 1.8
GeV which, however, was found to violate the unitarity con-
dition for the s wave with = 1/2 for ys=1.5-1.8 GeV
{Refs. 57 and 58). Thus, in the region that contains the most
interesting resonance structure, one cannot perform a quan-
titative comparison between theoretical predictions and ex-
perimental data. For a correct extraction of the s wave in the
region where s > 1.4 GeV (and to verify a number of unex-
pected features in the D and p waves; see Ref. 58), we must
modify the procedure used to analyze the angular momen-
tum data on the K~7 ™" system, obtained in Ref. 58 for the
process K p—K~7*n.

If, nevertheless, we try to draw a theoretical curve
through the experimental points®® (see Fig. 8), we find that,
in the simplest parametrization, we must take into account a
high elastic background and a sufficinetly broad » reso-
nance, coupled mainly to the K7 channel [see Eq. (15}]. We
have also taken into account the coupling of the x to the K,
K7’, K*p, and K*» channels in accordance with the qqqq
model (see Tables I and II), assuming it to be a member of the
(9*, 0*) nonet. The fit to the experimental data with m,

=1500 MeV and I'x,.(m2)=230 MeV yields g2, /47
=~ 1.6 (GeV)?, which is greater by a factor of 1.5-1.8 than the
prediction of the four-quark model:

B
ExKn— 1/7 8uwk+n- = 0,41 gsag k-

=~ 0.41g5nK+K— ~ ‘/% ety (23)

if we use the results of Sec. SA for gg.c-k- . Of course, no
important conclusions can be drawn from this because the
data in the region of the resonance must be regarded as only
qualitative in the “Pickwickian sense.”

Allowance for the heavier resonances that may be pres-
ent>® and the background problem will be, as in the case of
the mr—m process, a subject for future theoretical investi-
gations. However, the most immediate task is, of course, to

obtain physically sensible and reliable data in the resonance
region.

6. PHASE AMBIGUITY IN s-WAVE 77 SCATTERING ABOVE.
THE KK CHANNEL THRESHOLD FOR LARGE COUPLING
CONSTANTS BETWEEN S*(980) AND KK

In the detailed analysis of data on the processes rr—mm
and 77—KK near the KK threshold, we encountered a cir-
cumstance that seems to us to be particularly important.”’
We have found that admissible sets of theoretical fits (as a
rule, the data can be fitted for a variety of parameter sets) can
be divided into two qualitatively different classes. Some of
the parameter sets lead to the elastic s-wave mr-scattering
phase (83 = 8, + 8y), Wwhose behavior is in agreement with
the generally accepted (standard) behavior of experimental
data for 8§ in the region of the KK threshold (see, for exam-
ple, sets 1 and 3 and Fig. 2a, and Sec. 5A and Fig. 9b). At the
same time, other sets, (for example, set 2 of Sec. 5A) could
describe the data on 8 that are lower than the generally
accepted values at 180° for s >2my (see Figs. 2a and 9b). It
was noted in Refs. 21, 22 and 71 that these nonstandard sets,
and sets with the generally accepted behavior of the phase 6 §
can actually provide equally good description of both the
existing data on \T(1r1r—+KI_()\ (see Figs. 2—4} and, most im-
portantly, the data on the normalized moments of spherical
harmonics (Y ) (see Fig. 9a), which determine the angular
distributions of 777 mesons in reactions with single-pion ex-
change in the t-channel: 7* N—>7*7~(N, A ). We empha-
size that it is precisely the measured quantities (¥?) that
contain the primary information on the S* pheno-
menon,?”-3%23 while the data on the phase 83 are extracted
from them by different data-processing procedures.>!~3#%%
We recall that the most clearly defined manifestation of the
S* phenomenon is the abrupt reduction in the magnitude of
the moment (Y9 ), which falls to zero at the threshold of the
KK channel?”3%-%2 (see Fig. 9a).

The question then is: is the usually reported behavior of
the phase § § correct?'? The point is that this phase is deter-
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FIG. 9. (a) The moment {¥?) as a function of s (1-
data from Ref. 31 extrapolated to the pion pole; for the
sake of completeness, we also show the nonextrapolat-
ed data (2) from Ref. 32, which are in good agreement
with the nonextrapolated data from Ref. 31); (b} the
phase 8 (1—Refs. 32 and 33); the dotted curve defines
the band in which the other sets of data for the phase
are confined (see Refs. 32 and 12); the other curves are
taken from Ref. 71; they correspond to: 2—variant
with “standard” behavior of the phase 6 % in theregion
of the KK threshold (see Sec. 5A, Fig. 2a); 3—two
close variants with “nonstandard” behavior of 89
above the KK threshold (variant 2; see Sec. SA and
Fig. 2a); see text for details; the parameters of the S*
resonancein Ref. 71 are very close to those listed above
in Table II1.
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mined at each point s to within n#, and the relative magni-
tude at two neighboring points is determined by continuity.
In the present case, the phase changes abruptly (by roughly
100°) in a region 2040 MeV wide near the KK threshold (see
Fig. 9b), which has not been investigated in sufficient detail
{by which we mean the use of a statistically adequate step in
the invariant mass of the 7 system, of the order of 2-3
MeV). One cannot therefore say a priori that § lies in the
first or third quadrant for s 4m% . The generally accepted
behavior of the phase!? s 2 4m? is actually based on the as-
sumption that the experimental data near the KK threshold
are described by resonance formulas that are valid only for
weak coupling between S* and KK, i.e., without the finite-
width corrections. On the other hand, the ambiguity in the
behavior of 8 § above the KK threshold is produced precise-
ly by new possibilities in the description of resonance phe-
nomena for large coupling constants between $* and KK,
which arise when the finite-width corrections are taken into
account. They have all been described in some detail in Refs.
21, 22, and 71. The above ambiguity in the behavior of the
elastic 7 scattering phase above the KK channel threshold
can be removed only by an experimental procedure. This can
be done by scanning the region of the KK threshold in the
process wr—mm With a step of 2-3 MeV in an experiment
with good statistics. Data on the phase of the KK—KK am-
plitude near the threshold would also assist in the solution of
this problem. However, they are quite incomplete at the
present time, and it is difficult to see any possible advances in
this area at present. More accurate data on the phase of the
amplitude for the 77—KK process near the threshold (see
Sec. 5A and Fig. 5) would also assist in resolving this diffi-
culty. At present, the errors at the threshold are large, and
all specific conclusions do not seem entirely reliable.

7. MIXING OF THE S*(980) AND 5°(980) RESONANCES AS A
THRESHOLD PHENOMENON

The mixing of the resonances $*(/ =0) and §°(/ = 1)
with different isotopic spins could be ignored in our discus-
sion above because, for example, in the KK process, the
effect is confined to a very narrow region (about 10 MeV) at
the threshold for the creation of K*K ~ and K°K?, and pro-
duce minor effects, whereas, in the m7—s 1 process, it can be
totally ignored because it appears only in the second order in
the S* — & ® transition. There are, however, other processes
in which fine effects associated with the breaking of isotopic
invariance, and due to $* — & ° mixing, can be more appre-
ciable. They can be studied in the processes’”"’®

nEN — (8%, 89+ (N, A) > a'n+ (N, A),

(K-, K® 4 N-—(S*, &

atnm 4 (A, B, Tyges)s
'+ (A, Z, 21385)!
D (1285, I (J*)=0* (1*)) > 8°x° — 3,

P are )= (7, p7) S* (7, p7) n'm,

+ (A, I, Byae) > {

although this is not an easy task. The most suitable processes
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FIG. 10. (a) Diagrams responsible for S* — § ¢ mixing; (b) the function
[ px--px, | [see (24) and (25)].

are 7* N—(S*56°% + (N, 4 )—(#%p) + (N, 4), in which
S* — 5° mixing provides us with the possibility of single-
pion exchange in the t-channel, which leads to an enhance-
ment of the $* — § ® interference effect that can be observed
both in the mass spectrum of the 7%y system and in the dif-
ferential cross section (do/d|¢ ) at |¢ | <0.1 (GeV/c)>. More-
over, from the theoretical point of view, there is a cardinal
difference between S* — §° mixing and, for example, the
well-known p° — w mixing, and is therefore of independent
interest. The mixing of the scalar S* and & ° resonances is
examined in detail in Refs. 77 and 78. Here, we shall consider
only the fundamental aspects of this phenomenon.

Because the masses of the S* and § ° resonances are close
to the KK threshold, and because they are strongly coupled
to the KK channel, the S* — & ° transition must be governed
to a considerable extend by the K* K~ and K°K? intermedi-
ate states (see Fig. 10a). In the region between the K¥K™
and K°K° thresholds, which is 8 MeV wide, the amplitude
for the S* — & ® transition M., is a quantity of the first order
in the “electromagnetic” interaction, i.e., ~+ya and not a, as
one would expect on the basis of general considerations.”
The amplitude M., falls sharply outside this region, and
tends to a value of the order of a. Actually, the sum of the
diagrams shown in Fig. 10a converges and yields the follow-
ing coftributiontothe S* — & ° transition amplitude near the
K *K~ and K°K° thresholds:"’

(S* | T 8% =V s Mgss

EgrK+K-E80K+K- [ . 1, 2 2
= 1{6x [l (Pro —pPR+) — — (Pko — Pk+)

+olpke—pke) |, (24)

which we have written as a series in p,, and pg-;

px =+/1— (4m%/s).

Below the corresponding threshold, pyx = i|px |
=iy — pk . We shall refer to |Mg.;| as the “mass” of the

5t is now clear that both the mass difference in isotopic multiplets and the
mixing parameters for particles with different isotopic spins (such as
p° —w, 7° — 75, 3% — A) are largely due to the difference between the
masses of the light u and d quarks and not to the electromagnetic interac-
tion. The quantity a that appears in our discussion is therefore an effec-
tive parameter representing isotopic symmetry breaking, and is only for-
tuitously equal to the electromagnetic fine-structure constant a = 1/
137.
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S* — & °transition. The “resonance” behavior of (24) is clear-
ly illustrated in Fig. 10b. In the region between the K"K~
and K°KP° thresholds, the modulus of the first term in (24) is

2 2

- B K+K-BgoK+K- myo.— MK+
V5o e |/ 2
Ko

~
~

Eg*xK+K~860K+K~ lO 127
—_— W4,

167 (25)

We emphasize that it is theoretically uniquely determined by
the coupling constants between S* and § ° and the KK chan-
nel, through the unitarity condition. Other intermediate
states provide, generally speaking, a contribution of the
same order as the second term in (24), i.e., lower by an order
of magnitude. Thus, if the coupling of the $* and & ° mesons
with the KK channel is not suppressed dynamically, the
S* 5 transition is almost entirely determined by the first
term in (24). From the theoretical point of view, the “mass”
of the 8* — §° transition should be large in the four-quark
model of the S* and & resonances because the constants
gs'x-x- and gsox-- are large in this model.

When the corresponding fitting procedure is applied to
the constants ggex-x- and gsox -k, We obtain’ "8

I MS*G ] ~ ZO—SOMCV. (26)
We note that the known “masses” of the p° — w, 7° — 7, and
39 _ A transitions are respectively equal to 2-3.5, 5, and 1
MeV. _

Since M., is large between K*K ™~ and K°K° thresh-
olds, we must, in general, take into account all the orders in
S* — 59 mixing in the amplitydes for processes with the par-
ticipation of the S* and 6 ° resonances.77 For example, the
cross section for the s-wave process 7+ 7~ —7°y, which is
forbidden by G-parity, can be written in the form

Vs Mgus 2
Dga (8) Dy (s)—sM s,

(27)

- 167
o (n*n” —n'n) = —;
pﬂﬂ

Fstnﬂ-(-reonun

if we assume that it occurs only as a result of $* — & ° mixing
(w7~ —S*—8 °—>u°7). Between the thresholds for K*K ~
and K°K° creation we have

o (ntn- —a'n) ~ 0.25 R,R, mb, (28)
where R, = gk +x-/30zrn> Ry =8sx+x-/85my- When
(27) is used in this estimate, we assume that
mg ~mg. = 2mg,andretainin Dg and Dy only the quanti-
ties Vs gorp and ys[y,,. Moreover, we have neglected
sM2 in the denominator, which can be done if
R, XR,S5(R; 5V5). Suppose, for example, that
R, XR,=4, which is actually possible.”® We then have
o(m*7~—m°n)=1 mb. This is too high for a “forbidden”
process. For example, the unitary limit for the s-wave pro-
cess 77 —7°7° at s =~2myg is 4.76 mb. Outside the re-
gion 2m . <ys<2myo., the cross section o(r* 7~ —n’%) is
found to fall rapidly, so that a resonance peak 10-15 MeV
wide appears in the process.
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8. DISCUSSION
A, Térnqvist analysis for scalar mesons

In the above discussion, we produced a number of indi-
rect pieces of evidence in favor of the qqqq origin of the S*
and & resonances. However, as we have emphasized, the
most important argument in favor of the unusual nature of
the S* and § resonances (possibly, of qqqq origin) is the sim-
ple fact that the masses of the S* and & are degenerate despite
the considerable coupling between S* and the KK channel as
compared with the 77 channel. On the other hand, in our
view, no one has succeeded in explaining the properties of
the S* in a natural manner by assuming it to be a “normal”
qq resonance. In particular, we disagree with the view ex-
pressed in Ref. 1 that the problem of scalar mesons was
solved in Ref. 9, i.e., that they can be described as ordinary
qq mesons with a large admixture of the qqqq component in
the form of virtual two-meson states, without introducing a
special 0% qqqq nonet. In an interesting, in our view, paper,®
Tornqvist clearly demonstrated the importance of taking
into account the interaction in the final state of scalar me-
sons. It was also shown that the mass spectrum of the 0™
resonances, which is unusual for a two-quark system, can be
explained with the aid of unitary corrections by assuming for
the coupling constants on the mass surface some very unu-
sual departures from the quark-counting relations. This can
hardly be regarded as a solution of the scalar meson prob-
lem. Our view is that the problem has merely been trans-
ferred elsewhere. It i s assumed in Ref. 9 that the quark-
counting rules are satisfied at the thresholds of the decay
channels:

Zrab (S) = VrasF (Kem) = yRabe_(Kcm/Kcut off)’7

(29)

where m g I'rap = 82ap (Ko /' /s> and ¥, are the cou-
pling constants of the resonance R that obey the quark-
counting rules. The physical coupling constants g, contain
the formfactor F(K_,) (Refs. 9 and 79) that violates the
quark-counting rules on the mass surface of the resonance,
K__, is the momentum of particle a (or b ) in the rest frame of
the resonance R, and K, . = 0.7 GeV (Ref. 9). Here, we
can immediately see the difficulty encountered by Torng-
vist® in describing the nonet of tensor mesons (f, A,, K**, f’)
which, in the qq model, are completely similar to the 0*
mesons, since it is generally accepted that there is little (/s)-
coupling (see, for example, Ref. 9). By using (29), we find that
the ratio I'g /1%, is greater by a factor of 2.5 than the
experimental result. On the other hand, simple quark count-
ing, performed for the coupling constants on the mass sur-
face [Eq. (29) without the formfactor], results in excellent
agreement with experiment: (Cxg /T err)gcoume”
(Fxg /Tern )exp = 1.06 = 0.11. Quark counting is also in
good agreement withthedataon I", xg /T a -, . On the other
hand, despite the considerable difference between the phase
volumes of the final states in the A,—~KK, A,—7 decays,
the method used in Ref. 9 leads to a value of ', xx /T .,
that is greater by a factor of about five than the experimental
value (for K, (7) = K., (KK), the predictions made in Ref.
9 would coincide with the results of quark counting on the
mass surface).
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Moreover, the analysis reported in Ref. 9 cannot be re-
garded as complete because the author of that paper has not
examined the extensive data on the 77—KK process (simul-
taneously with the process mr—mm in the region of
2my ~ 1.6 GeV), which yield the greatest amount of infor-
mation about the properties of the S* and ¢ resonances. Ex-
perience shows that this examination can yield many sur-
prises. For example, it may turn out that, even in the scheme
put forward in Ref. 9, in which a phenomenological formfac-
tor is used [see (29)], it is not sufficient to include in the
amplitude for S*<«>¢ only the contributions of intermediate
pseudoscalar mesons 7, KK, 77,..., as was done in Ref. 9,
i.e., they must be augmented, for example, by introducing an
additional constant [such as Cs., ; see (13)], which effectively
takes into account the contributions of other intermediate
states. This became clear in the course of our analysis.

B. The broad (qqqq) 5(980) resonance and the decays
7'—nrm D, E—yrr

The interpretation of the & resonance in terms of the
four-quark state, given in Sec. 5b, gave rise to objections in
Ref. 10, where the following questions were examined: (1)
the decay '—n7m (2) the decays D, E—>é7—n7r and (3)
the contributions of the “‘tadpoles” to the electromagnetic
mass difference and mixing. It was concluded that the wide
qqqq resonance & (980) was in conflict with experimental
data.

It was not our aim, either in our previous papers*’~? or
here, to defend at all costs the qqqq model. However, we
must now examine arguments put forward by Bramon and
Masso'® and show that none of them is convincing and some
are simply incorrect.?°

(1) The ' —nmm decay.® Bramon and Masso'® assume
that the '—n77 decay occurs mainly through the interme-
diate 6 meson: 7'—>8m—n7m. The experimental results is’
I, ., ..=180keV.If we take the value of g%,,,, /4 that cor-
responds to Iy, =300 MeV, and g3, =g, as predicted
by the qqqq model (with 7 — %’ mixing angle 8,,. ~ — 10°),
then I” ‘,,‘??i{,,,,, turns out to be too high by roughly two orders
of magnitude. What does this lead to? The immediate conse-
quence is that the qqgq model for the § resonance is invalid.
In precisely the same way, the assumption of the dominance
of the & resonance in this decay may also be incorrect. Hav-
ing noted the conflict with the four-quark MIT-bag model,
the authors of Ref. 10ignore the fact that it is precisely in this
model that one cannot ignore contributions other than those
of the & resonance to the ' —nm7 decay. Indeed, the § reso-
nance in this model is accompanied by broad scalar reson-
ances with isospin I =1 from other multiplets, namely,
C.(36), C.(36), C7(9*), with masses of 1150, 1550, and 1800
MeV, respectively.’ C,,(36) is not coupled to the KK channel
and, therefore, does not influence the description of the
K p—[77),(K~K°]Z ;55 process. The C, (36) (like the §
resonance) is coupled to the 77, 7', and KK channels. Its
contribution to the 77 mass spectrum in the K" p—>7"7
X X 5ss process in the region of the § resonance takes the

®The remark on the quark structure of 5 (980) made in Ref. 10 in connec-
tion with the '—7 77 decay was subsequently repeated in Ref. 81.
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form of a low continuous coherent background, whose sign,
according to the qq@q model, is such that its inclusion im-
proves the fit made in Refs. 22 and 23 (see the discussion at
the end of Sec. 5B). The 75 mass spectra of the §, C,,, and
both C: resonances differ from one another by the fact that
the first of them shows a rapid rise near the KK threshold,
but this feature is absent for the other two (since their masses
lie above the KK threshold). However, the “tails” of all these
resonances contribute to the 7'—n77 decay, and must be
taken into account on the same basis. To explore the kind of
quantity that we are actually dealing with, we shall make
literal use of the MIT bag predictions®"° for the masses and
coupling constants of the §, C,(36), C;(36), and C (9*) re-
sonances, neglecting their instability for the sake of simpli-
city. If we then consider the amplitude for the decay process

W > 164 Ca (36) + €3, (36) + C, (9%)] 1 — et
we find that the hindrance factor for the contribution of the
single § resonance is
mi—s
mzs —Ss )
C(36)

mg—s

F= [1 — 1.504(2—) +0.75 (
mcn(ﬁ)— s

2
mb———s
Cx(9%)

~1—1,28+0,2640,01 ~—0.01,

V=154 MeV

(30)

the value of which is reduced to the midpoint of the allowed
interval for the invariant mass of the 7y system (ys = 754
MeV) in the 7'—n7r decay. We emphasize once again that
the relative signs and magnitudes of the contributions in (30)
are not the result of a fit to experimental data, but were taken
in accordance with the MIT bag model” (see Refs. 5, 70 and
7). Thus, it is clear that the MIT bag model does not provide
a specific prediction for the ' —nmr decay although a rea-
sonable valuefor I,/ .. canbereadily obtained by slightly
varying the masses of the resonances, taking into account
their instability, possible variation in the relationships
between the coupling constants, and so on.

The theoretical difficulties in describing I, ,, ., decays
in terms of the “primitive” qqqq states of the MIT bag model
are, of course, related in the first instance to resonances in
the 7# system, 7' —(€ + ...)y—mmy. The difficulties here are
the same as in the s-wave 77— 7. The amplitude for this
process is small at the threshold, although it could be quite
high owing to the wide & (650) qqqq resonance.® However, it
would be rather naive of us to seek here a contradiction with
the MIT bag model in which, on the one hand, the require-
ments of chiral symmetry®? are not taken into account and,
on the other, the superallowed coupling of £ to 77 prevents
us from looking upon it as a separate resonance (pole approx-
imation). The ¢ meson, in fact, merges into the background
and appears as a pole in the P-matrix.®

7We recall that, in the simplest variant, the coupling between the lowest
scalar four-quark states (states that are not excited in the orbital angular
momentum or the radial quantum number) in the 9, 9%, 36 U(3)-multi-
plets and the pseudoscalar (and vector) mesons, of which they “consist,”
is determined by the single constant g,.°
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(2) The decays D, E—~8m—nwr. It is maintained in Ref.
10 that the qq@g model for the & resonance predicts that
R =I' (E—+67)/I" (D—6m)» 1 instead of R,,, 1. Since the
flavor structure of the § meson is usually (and schematically)
represented by § ° = ss(ut — dd)/v2, it seemed to the authors
of Ref. 10 that the E meson, an almost pure ss state
(/£ = 17), should readily decay into 67, and the D meson
[largely a (uti + dd)/v2 state (J * = 17)] should decay into
& only as a consequence of a small s§ admixture. However,
this approach only appears to be natural. The conclusion
would be valid if the coupling of the § to the 170~ system
were Zweig-superallowed (as, for example, the coupling of
the 6 to mq, 77, KI_(). The authors of Ref. 10 ignore the
structure of the wave function of the four-quark & meson
which, in the MIT bag model, appears to consist of only the
0~ and 1~ pairs of qq mesons with which it has superallowed
coupling.>” The wave function of the 8 has the form™ (see
Table I

[ 8)=10.743PP —0.041VV + 0.646VV — 0.169PP), (31)

whereP, Vand P, Varecolorless0™, 1~ and colored0~, 1~
qq states. It does not contain the 10~ component. The cou-
pling between 6 and E7 and D7 is accomplished in this case
in the same order in a, , for example, it is due to the diagrams
shown in Fig. 11 and involving gluon exchange [because the
VYV component is present in (31)]. These diagrams cannot, of
course, be evaluated at present, but the main point is that
there is no reason why the E meson should decay more readi-
ly into 87 than into the D meson. It is clear that R, , 1 does
not present a challenge in any way to the four-quark MIT
bag model.

(3) Bramon and Masso'? have also discussed the possi-
bility of using the & ° meson to explain the electromagnetic
mass differences and mixing in the vector and pseudoscalar
meson nonets in the “tadpole” model. It is now generally
accepted, and the authors of Ref. 10 agree with this, too, that
the best realization of the old ‘“‘tadpole” mechanism is the
SU(2) breaking scheme for the u and d quark masses. As far
as we understand it, the contribution of the “tadpoles’ to the
electromagnetic mass differences and mixing was discussed
in Ref. 10 in order to complete, so to speak, the range of
objections to the broad (qqqq) 6 resonance. We shall not
pause to examine this question in detail and shall confine
ourselves merely to noting that this argument is also due to a
misunderstanding based on a naive utilization of the symbol-
ic form of the wave function for the (qqqq)  resonance. We
emphasize that, had we wished to explain the electromagnet-
ic mass differences and mixing of the qqqq tadpoles, this
would not have presented us with any fundamental difficul-
ties in the MIT bag model (see Ref. 8 for further details).

£ __/D
__\m

FIG. 11. Zweig-nonsuperallowed diagrams of the first order in a, that are
responsible for the coupling of the & resonance to the Ez and D7 mesons.
The wavy line corresponds to a gluon.
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C. Where is the scalar qf nonet?

We must now say a few words about scalar mesons in
the qq system. We shall suppose that four-quark interpreta-
tion of the “‘tabulated” scalar mesons is correct. This means
that we have to face two questions: firstly, what has hap-
pened to the p-wave 0" *qq nonet, and, secondly, why is
there no mixing between the qq and qqqq scalar mesons?

The former question has two answers. Firstly, if the
masses of the scalar qg mesons are high (more than 1.7 GeV
as, for example, in Ref. 4), they simply cannot be seen in the
two-particle channels, since there is practically no published
work on the analysis of phase shifts and inelasticities in this
region. Moreover, it is very probable that these resonances
are highly inelastic in this case (i.e., they decay into multi-
particle states), so that it is more efficacious to seek them in
two-particle processes. Generally speaking, we note that any
search for zero-spin particles with masses in the region of 2
GeV in hadronic reactions is an exceedingly difficult task.
Secondly, if the masses of the scalar qq mesons lie in the
range 1.2-1.7 GeV, they can also be highly inelastic (as, for
example, the vector p'(1600)), and have not, therefore, been
seen in two-particle processes.

Now a few words about mixing. If the masses in the qq
nonet are large (greater than 1.7 GeV), the weak mixing
between them and lighter qqgq states in not too surprising.
If, on the other hand, the masses in the qq nonet are roughly
the same as in the qqgq nonet, the absence of mixing is of
course surprising. The question is: does it follow from the
analysis givenin Sec. 5 that the £, x are pure qqqq states? The
answer is, of course, that they are not. At the same time, it is
difficult to imagine that the S* and & mesons have a large
admixture of the qq component. It is also not clear how one
can simultaneously explain the degeneracy of the $* and &
masses and the suppression of coupling between S* and the
wr-channel.

We now note one further point. If the £ (1300-1400)
resonance were a member of the “ideal” qq nonet with
(uii + dd)/v2 quark structure, it would not have a partner
with 7 = 1 and a mass of 1300-1400 MeV (the (uti + dd)/v2
state). Reported traces of this state’>?%5? are, however, very
unreliable, and the state is not included in particle tabula-
tions."’! At the same time, if £(1300-1400), »(1350-1500),
and the recent®® $*'(1770) resonances belong to the (9*, 07)
qqqq nonet, the discovery of the I = 1 resonance with a mass
of about 1770 MeV width of 100200 MeV as a partner of the
$*'(1770) would be a very powerful argument in favor of the
four-quark model. This resonance must be looked for in the
mass spectra of the pg, K*K*, KK, 77, and 77’ channels.

9. CONCLUSION

The above discussion seems to us to lead to the conclu-
sion that the scalar S*, ¢, §, and x resonances are very unu-
sual and interesting objects, the nature of which is not as yet
finally understood. We have also tried to show that the phys-
ics of scalar mesons has presented us with a number of ques-
tions that are of decisive importance for phenomenological
models based on the ideas underlying the modern theory of
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strong interactions (color-trapping, quantum chromodyna-
mics). To conclude, we list some of them.

(1) There is no doubt that, among the O* resonances,
there is one resonance, namely, $*(980), that has some very
unusual properties. No matter what approach we take to the
description of other scalar resonances, the degeneracy of the
masses of $*(980) and 6 (980) mesons, and the considerable
coupling between S* and KK as compared with 7 is most
naturally explained in terms of the four-quark structure of
the S*.

(2) Although there are now extensive data on scalar me-
sons, they are still insufficient to enable us to choose reliably
between different descriptions of them. Further efforts will
be necessary in the region between 1.3 and 2 GeV (and, gen-
erally, near the KK threshold)in the mr—ma, mm—KK pro-
cesses in order to obtain a clearer experimental picture of the
behavior of the moduli and phases of the amplitudes for
these processes. Theoretical (phenomenological) analyses of
the data on scalar mesons cannot be regarded as impeccable
either (some aspects of these data are essentially in a rudi-
mentary state; for example, the question of the background
is of this kind if we consider a nonformal description, i.e.,
data fitting).

(3} It is interesting to investigate new processes with the
participation of the S*(980) and £(1300-1400) resonances,
for example, 7+ 7~ —77.

(4) Modern data require no new resonances in the range
1-1.6 GeV other than the tabulated data.’

(5) There is no indication that a scalar SU(3) singlet state
(gluonium) exists in this region.

(6) Very interesting additional information on the quark
composition of the S* and 4 resonances can be expected from
the yy—mm and yy—n°n processes, respectively. Here, we
face the very intriguing fact that may be connected with the
unusual nature of the S* and & resonances, namely, in con-
trast to the f and A, mesons, these resonances have not been
seen in ¥y collisions.®* % This is readily understood in terms
of the qqqq model. If the scalar S* and & mesons are four-
quark states from the (9, 0) MIT bag nonet, their coupling
to the ¥y should be highly suppressed.’
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