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Abstract. Recent studies of meson spectra have enabled the
resonance structure of the IJ°C = 00*+, 10"+, 027, 1277,
and 1J* = %0+ waves to be found for masses ranging up to
1900 MeV, thus fully reconstructing the 13Pyqq and 23Pyqq
meson multiplets. There is firm experimental evidence for the
existence of five scalar —isoscalar states in this mass range, four
of which are qq states and members of the 13Pyqq and 23Pyqq
nonets, whereas the fifth falls out of the quark picture and
displays all the properties of the lightest possible scalar glueball.
A dispersion analysis of the 00"" wave elucidates how the
mixture of the pure glueball state (or gluonium) with neighbor-
ing scalar qq states forms: three scalar mesons, namely two
relatively narrow f;(1300) and f,(1500) resonances and a very
broad fo(1530132,) resonance, share the gluonium, the broad
resonance being the gluonium’s descendant and accounting for
about 40 to 50% of it.

To the memory of Yurii Dmitrievich Prokoshkin

1. Introduction: retrospective view
and the current state of the problem

A great variety of the currently observed mesons and
baryons represent systems built of quarks: baryons, which
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are three-quark systems (qqq), and mesons, which are
quark —antiquark bound states (qq). More than 20 years
ago the problem arose [1] of whether additional hadrons
exist which are built out of another fundamental QCD
particle, the gluon. An intensive search for the glueball —
a particle consisting of gluons — has been carried out
throughout these decades.

The first evaluation of glueball masses for different
was done in the bag model [2]. According to this, the lightest
glueballs are scalars and tensors, 0t and 2**; then follow
pseudoscalar and pseudotensor glueballs, 0~ F and 27+,

Recently considerable progress has been achieved in
lattice QCD calculations. The UKQCD Collaboration [3]
obtained the following mass values for the lightest gluodyna-
mical glueballs (i.e. glueballs without quark degrees of
freedom taken into account):

JPC

mg(077) = 1549 £ 53MeV, mg(2*) =2310 £ 110 MeV,

mG(07F) = 2332 £ 264 MeV . (1.1)

Systematic errors are not included into the values given in
Eqns (1.1); they are of the order of 100 MeV.

The IBM group obtained a slightly different value for the
mass of the lightest scalar glueball [4]:

mg(0T1) = 1740 £ 71 MeV . (1.2)
The result of Ref. [5] is as follows:

mg(07") = 1630 4 60 + 80 MeV ,

mg(211) = 2400 & 10 £ 120 MeV . (1.3)
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However, in the lattice calculations cited above the quark
degrees of freedom have not been taken into account, since
the existing computing facilities did not allow it. Quark
degrees of freedom may significantly shift the position of the
glueball mass. The dispersion relation analysis of meson
spectra [6, 7], based on a restoration of the propagator
matrix for scalar—isoscalar resonances, shows that mixing
with qq states results in a mass shift of the order of 100—-300
MeV. It should be stressed that, according to the 1/N-
expansion rules [8] (N = Ny = N, where Ny and N, stand for
the light flavor and color numbers), the mixing of a glueball
with qq states is not suppressed.

Experimental searches for the glueballs have been
particularly intensive over the last decade. There exist
reactions where one could expect an enhanced production of
glueballs. Central hadron production at the high-energy
hadron—hadron collisions provides us with an example of
such a reaction, because the particles in the central region are
produced in the transition pomerons — hadrons. The
pomeron is a gluon-rich system, so one could expect to find
dominant production of glueballs among secondary hadrons,
while the production of qq states is expected to be small.
However, the data on central hadron production, with
statistics sufficient to perform a reliable partial wave
analysis, are only now appearing. More accessible for
experimental study appeared to be another reaction, which
is governed by the transition gluons — hadrons, i.e. radiative
decays J/\r — v+ hadrons. In these decays, hadrons are
formed by gluons created in cC annihilation; therefore one
may expect dominant production of glueballs in this reaction.
The experimental study of hadron spectra in radiative J/\s
decays has been carried out for 2 decades, and is still going on.
Experimental information accumulated at the beginning of
the 90’s seemed to be rather discouraging: in radiative J/\
decays qq states have been strongly produced. Meson
production branching ratios presented in the Particle Data
Group compilation [9] show a number of resonances
produced with similar probabilities, such as n, n/', f,(1270),
£,(1525), etc., which certainly are qg-dominant systems. Such
a situation presents a dilemma:

(1) the glueball does not exist; it is ‘an unfulfilled promise
of QCD’ [10];

(2) glueball states are mixed strongly with the qg mesons,
so in experiments one observes just these mixed states.

Analysis of the 00"+ wave [6, 7] definitely supports the
second scenario.

Experimental data on the transition formfactors
vy*(Q?) — 7, m,m’ [11] provide the following restrictions
for probabilities of finding the glueball components in  and
N’ mesons: Wy < 8%, Wy < 20% [12]. This means that in
the qq mesons observed in radiative J/\s decay one could find
a glueball component at the level of 5—10%. Hence, the
admixture of the qq component in the glueball should be
considerably more, since the glueball can mix with several qq
mesons. This qualitative estimate agrees with that obtained in
the framework of the 1/N expansion: according to this, the
glueball component in each qq meson is of the order of 1/N,
while the qq component in the glueball is of the order of
Nt/ N, [13]. Of course, it should be stressed that some specific
cases may differ from this general evaluation, because the
mixing depends strongly on the relative spacing of mixed
levels.

If scenario (2) with strong mixing of the glueball and qq
states is realized in nature, the search for the glueball is a

laborious and difficult task involving the identification of
mesons and their systematics. Naive expectations, such as a
study of gluon-rich yy reactions with the purpose of seeing
direct glueball production cannot be expected to succeed.

The main channel of radiative J/{ decays, as deduced
from experimental data, is the production of broad hadron
clusters. The production of these clusters may be viewed as a
direct signal of strong mixing between the glueball and qq
mesons. What happens is that, through mixing, one reso-
nance accumulates the widths of other resonances. This effect
was first observed in Ref. [14], where the low-energy part of
the spectrum of the 00*" wave was analysed, and it was
investigated in detail in Refs [6, 7]. When the two resonances
mix completely with each other, one of them gets almost the
whole width I'y + I'>, while the width of the other tends to
zero. In the case of an ‘ideal’ mixing of three resonances, the
width of one of them accumulates the widths of the other two,
I'y + I'; + I';, and the widths of the others tend to zero. In
reality, when the scalar glueball mixes with neighboring
states, a qualitatively similar effect occurs; that is, a glueball
situated among the scalar qq states mixes with them and
accumulates a considerable part of their widths. From this
point of view, the appearance of a broad resonance which is
the glueball descendant is an inevitable consequence of the
mixing. The broad resonance must be a neighbor of
comparatively narrow resonances, which are the descen-
dants of pure qq states; the broad resonance contains a
considerable glueball admixture. The analysis of the 00*"
wave in the mass range 1200— 1800 MeV [6, 7], based on the
dispersion relation representation, reconstructs just this
picture of the lightest scalar glueball mixing with qq
members of multiplets 1°Py and 2°P;. One may predict that
such a scenario of mixing is common for all low-lying
glueballs.

Thus, the strong mixing of qq states with a gluonium does
not allow easy identification of the glueball. In this case the
only reasonable strategy is to study the systematics of all
resonances in terms of qq multiplets. The extra states which
do not fit into the systematics should be regarded as
candidates for the glueballs or other exotic mesons. This
investigation program has been declared in Ref. [13], and at
the same time the first steps have been made in carrying it out:
in Ref. [14] the K-matrix analysis has been performed for the
low-energy part of the wave IJ°C = 00",

Detailed analysis of meson states in the region 1000—
2000 MeV was possible due to the huge amount of experi-
mental data collected in the last decade by Crystal Barrel and
GAMS Collaborations. The Crystal Barrel Collaboration has
high-precision data on the production of three neutral mesons
in the pp-annihilation reaction at rest,

pp (at rest) — n'nOn°

(1.4)
with event numbers of 1500000 for (n°n’z’), 280000 for
(r°7%n) and 185000 for (n°nn). The data on the reaction
pp (at rest) — n®nn® with somewhat lower statistics were
published in 1991 [15]. However, the first fits of the spectra
did not provide a correct identification of scalar resonances,
for certain special features of the three-particle decay were not
taken into account. A critical analysis of the situation has
been made in Refs [16, 17], where it was shown that a
resonance near 1500 MeV, which had earlier been identified
as a tensor one, AX,(1520), is actually a scalar resonance. Re-
analysis of the reactions (1.4) within the 7-matrix formalism

’n’n, n'nn,
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performed together with the Crystal Barrel Collaboration has
confirmed the existence of new scalar resonances: f;(1500)
[18] and a((1450) [19]. In addition, in Refs [16—-18] a
significant production of the resonance fy(1360), with a half-
width equal to 130 MeV, was identified, although at that time
it was not quite clear whether this was a newly observed
resonance or a fragment of the broad resonance €(1300),
widely discussed over the last decades. Later on, after having
performed the K-matrix analysis for larger samples of data, it
became clear that in this mass region there are two resonances
— a comparatively narrow one, fo(1300), and a rather broad
one, fp(153075%)).

In the first stage of the investigation, the data fitting was
done in the framework of the T-matrix technique. The reason
was obvious: the T-matrix representation of the amplitude is
simpler for data fitting; the advantages of the K-matrix
approach reveal themselves only when information exists for
all possible channels of the reaction. In the mass region 1000 —
1500 MeV, there are the following channels in the 00" wave:
nn, KK, nn, and nrnn, while in the region above 1500 MeV
the channel N1’ becomes also important. It was obvious that
the application of the sophisticated K-matrix technique for
fitting to a limited number of channels (1.4) would lead to
some ambiguities.

The discovery of the resonance f(1500) immediately gave
rise to hypotheses of a close relation to the lightest scalar
glueball, and the possibility of such a relation was stressed in
Refs [17, 18]. In papers [13, 20—23], several schemes were
suggested for the mixing of the lightest scalar glueball with the
neighboring qq states. However, none of these schemes took
account of the special features of the mixing which are due to
the transition of a resonance into real mesons, although these
very transitions, as was shown in a specified K-matrix
analysis, determine the structure of the 00" wave around
1500 MeV.

At the next stage of the 00T -wave analysis, the GAMS
data on the spectra n°n’, nm, and nn’ were included; these
were obtained in the reactions [24 —26]

1 p—nr’n’, nmm, oy (1.5)

together with the data of the CERN —Miinich Collaboration
[27]:

np—nntn” (1.6)
and BNL [28] group:
nn — KK. (1.7)

Simultaneous analysis of the whole data sample (1.4)—(1.7)
was carried out in Refs [14, 29, 30] in the framework of the K-
matrix technique; in this way the range of masses under
investigation and the number of channels covered by the K-
matrix fit of the 00"+ amplitude gradually increased.

The first investigation [14] was done in the region of
invariant meson energies /s < 1100 MeV for two channels
only, namely, nrw and KK. In this analysis an observation was
made, which became later important: the transitions which
are responsible for the decay of meson states are also
responsible for a strong mixing of these states. Moreover,
the masses of mixed states differ essentially from the primary
ones. These ‘primary mesons’ were called ‘bare mesons’ [14],
in contrast to physical states, for which the cloud of real
particles, mn and KK, plays an important role in their
formation. The masses of bare states are defined as the K-
matrix poles. The above-mentioned accumulation of widths

of the primary states by one of the resonances due to mixing,
was also observed in Ref. [14].

As the next step, the K-matrix analysis was extended to
1550 MeV [29], with the additional channels nn and nrran
included. The channel mrrm is rather important for the
correct description of spectra from 1300 to 1600 MeV, since
a(nn — mnnn)/o(nn — nn) is of the order of 0.5 at 1300 MeV
and about 1.5 at 1500 MeV [31]. The use of the channels nr,
KK, and mn provides an opportunity to perform the qg
classification of bare 00" states, fé’m, below 1600 MeV [29].
The point is that qg-meson decays go to the new qq pair via
the production of intermediate gluons. According to the rules
of the 1/N expansion, the main contribution to the decay
constant comes from planar diagrams. When an isoscalar qq
meson disintegrates into two pseudoscalar mesons PP,
namely,

mt, KK, nn, nn', n'n', (1.8)

the coupling constants can be determined, up to a common
coefficient, by two factors. The first is the quark content of the
qq meson:

qq =nncos¢ +sssin¢, (1.9)

where nfi = (uti 4+ dd)/v/2. The second is the parameter /,
which characterizes the relative probability of producing non-
strange and strange quarks by gluons in soft processes:

uti:dd:ss=1:1:4. (1.10)

Experimental data provide the following values for this
parameter: 4~ 0.5 [32] in central hadron production in
hadron—hadron high-energy collisions, 4 =0.8 £0.2 [33]
for the decays of tensor mesons and 1 = 0.6 +0.1 [34, 35]
for the ratio of yields of m and 1’ mesons in the decays
I/ — /.

The coupling constants for the decay qq — PP, into
channels (1.8), which are defined by the leading planar
diagrams in the 1/N expansion, may be presented as

g(qq - PIPZ) = CP1P2(¢7 ;“)gL )

where Cp,p, (¢, 1) is a wholly calculable coefficient depending
on the mixing angle ¢ and parameter /; g is a common factor
describing the unknown dynamics of the process. Therefore,
experimental investigation of resonance decays into channels
(1.8) allows us to reconstruct the quark content of the state
(i.e. its mixing angle ¢), thus making it possible to establish
the meson systematics.

However, on the basis of the decay constant analysis, it is
impossible to determine unambiguously whether we are
dealing with a qq meson or with a glueball. The reason is
that the glueball decay is a two-stage process, with the
subsequent production of two qq pairs. After the production
of the first qq pair, in the intermediate state a qq system exists
with the following content:

(1.11)

nncos ¢ + sssindg, tandg = \/% (1.12)
For 4 = 0.45—0.80 the mixing angle is ¢ = 25°—32°. At the
second stage, the intermediate qq state (1.12) turns into the
PP, mesons; this means that the relations between the
glueball coupling constants are the same as for the decay of
the qq meson with ¢ = ¢g.

Analysis of the nr, KK, and nn spectra performed in
Ref. [29] proved that in the region below 1600 MeV there are



422 V V Anisovich

Physics— Uspekhi 41 (5)

four scalar—isoscalar states, and only one of them is an ss-
dominant state. Since each of the *Pyqq multiplets contains
two I = 0 states, which refer to two flavor combinations, nn
and ss, then, as a result of the analysis of Ref. [29], the
following dilemma becomes apparent:

(1) In the region 1000—1800 MeV there are three Pyqq
nonets: the basic one, 1°Pyqqg, and two radial excitations,
23Pyqq and 3°Pyqq. In this case, there should exist two ss-
dominant scalar mesons in the region 1600 — 1800 MeV.

(2) At 1600—1800 MeV, there is only one ss-dominant
state. Then, one of the three mesons from the region 1200 —
1600 MeV is an extra one from the point of view of qq
systematics, and it should be considered as a candidate for an
exotic meson: the ratios of couplings to the channels (1.8)
found in Ref. [29] provide the basis to consider it as the
lightest scalar glueball.

Thus, after carrying out the analysis of Ref. [29], the
immediate task was to extend the K-matrix analysis of the
00"+ wave to the region 1600-1900 MeV. Such an
extension suggested the inclusion of the mn’ channel into
the fitting procedure; this has been done in Ref. [30],
where the K-matrix analysis was performed in the mass
region 500—-1900 MeV, with the following five channels
taken into consideration: mn, KK, nn, nrnn, and nn’. It
was shown that in the range 1600—1900 MeV there exists
only one f, meson with a dominant ss component, hence
the analysis [30] confirmed case (2). In this way, it was
also shown that there are two variants for fixing the scalar
glueball.

Solution I. Two bare states, fo*°(720+100) and
f{‘“e(1260 + 30), are members of the multiplet 13Pyqq, and
f*"°(720) is the ss-rich state, with ¢(720)=—69°+12°. The
bare states fy*(1600 + 50) and fZ*"* (1810 + 30) are members
of the 2°Pyqqg nonet , and fg’are(1600) is dominantly nn state,
with ¢(1600) = —6° 4+ 15°. The state fé’a“’(1235 +50) is
superfluous from the point of view of the qq classification;
its coupling constants satisfy the ratios relevant to gluonium.
Therefore, this state may be considered as a candidate for the
lightest scalar glueball.

Solution II. The basic scalar nonet is the same as in
Solution I. The members of the next nonet, 2°Pyqq, are as
follows: f2*™®(1235 4 50) and fy*°(1810 + 30). Both these
states contain a considerable admixture of the ss compo-
nent: ¢(1235) =42° +10° and ¢(1810) = —53° +10°. The
state f77° (1560 + 30) is an extra one from the point of view of
qq systematics and it may be regarded as a good candidate for
the lightest scalar glueball.

The existence of two variants corresponds to the impos-
sibility of answering unambiguously, on the basis of the
information on the decay channels (1.8), if we are dealing
with a glueball or qq meson with a mixing angle
¢ = 25°—32°, as was stressed above.

Both K-matrix solutions, I and II, lead to practically
identical positions of the amplitude poles in the complex
mass plane. The amplitude has five poles:

Resonance: Location of pole (MeV):

£5(980), 1015 £ 15 —i(43 £8),

fo(1300), 1300 £ 20 — i(120 + 20),

fo(1500), 1499 + 8 — i(65 £+ 10), (1.13)
fo(1750), 1750 £+ 30 — i(125 £ 70),

fo(153075%,). 1530732, — (560 + 140).

The broad resonance f0(1530fg(5)0) is not a new object in
meson physics: this is the one called €(1300). A large width
of f(1530%9%)) is due to the accumulation of widths of
neighboring resonances.

A reliable and unambiguous identification of the scalar
glueball must be based upon a complete reconstruction of the
multiplets 13Pyqq and 2°Pyqq. Each of these nonets consists
of two scalar—isoscalar states f;, one isovector—scalar state a,
and the scalar kaon K. As was stated above, it is reasonable
to perform the nonet classification of highly-excited qq states
in terms of bare states, which do not contain clouds of real
mesons. The analysis [30] fixed four fg’*"e mesons, which are
necessary for the construction of two nonets; the two lightest
isotriplet resonances, a9(980) and ay(1450), are also known
(see Ref. [9]). A full K-matrix analysis of the 10T+ wave, [36],
provided the following resonance masses:

20(980) — (988 % 6) — i(46 & 10) MeV,

a(1450) — (1565 + 30) — i(146 + 20) MeV . (1.14)

It should be pointed out that in the Particle Data Group
compilation [9] the mass of the second resonance is too low by
about 100 MeV. Corresponding bare states are as follows:

ag™(964 +16),  af*™(1670 + 70) . (1.15)

The identification of scalar resonances as members of the
multiplets 1°Pyqq and 2°Pyqq always raised problems.
Namely, according to Refs [9, 37], the masses of the two
lightest kaons are 1429 +4 £5 MeV and
1945 4+ 10 20 MeV; these are noticeably higher than the
average masses of other mesons which are candidates for the
scalar-nonet members. This high position on the mass scale of
the scalar kaon K((1430) gave impetus to models where the
basic 1°Pyqq multiplet was fixed in the region 1350— 1500
MeV, and the resonances f;(980) and a,(980) were considered
as exotic states — hadron molecules [38], multiquark bags
[39], or minions [40, 41].

In Ref. [42] a K-matrix re-analysis of the S-wave Kn
spectrum was carried out to determine the K. Another
reason to re-analyse it was as follows. In Ref. [37] the K=
spectra were investigated in two separate mass regions, 820 —
1580 MeV and 1780—2180 MeV, but the mass region 1580 —
1780 MeV was not included into the analysis of the Kn
amplitude. Our experience in fitting the 00" wave [30]
teaches us that separate consideration of different mass
regions leads to the loss of certain information. In order to
get a full picture, a simultaneous fit is needed; moreover, at
1580—1780 MeV there is a rapid change of the amplitude.

As follows from the K-matrix fit of the IJ¥ = 10" wave
[42], for a good description of the Kr spectrum in the region
800—-2000 MeV at least two K, states are necessary.
Correspondingly, the %0* amplitude of this minimal solution
has poles near the physical region on the sheet II (under the
K7 cut) and on the sheet III (under the Kn and Kn/’ cuts), at
the following complex masses:

(1415 4 30) — (165 £ 25) MeV,

(1820 4 40) — i(125 + 35) MeV . (1.16)

The Kn/' threshold, being in the vicinity of the resonance (at
1458 MeV), strongly influences the %0* amplitude, so the
lowest K state has a second pole which is located above the
Kn' cut, at M = (1525 £ 125) — (420 &+ 80) MeV: the situa-
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tion is analogous to that observed for the f;(980) meson,
which also has a two-pole structure for the amplitude due to
the KK threshold. The Kn channel weakly influences the
%0* K amplitude: experimental data [37] prove it as well as
the quark combinatorial rules.

The minimal solution contains two K5 states:

KEe(120079%,),  K§*©(1820192). (1.17)
In this minimal solution, the lightest scalar bare kaon appears
200 MeV lower than the amplitude pole, and this latter
circumstance makes it easier to build the basic scalar nonet,
with masses in the range 900— 1200 MeV.

It is worth noting that the K spectra also allow solutions
with three poles, with much better y; still, for these solutions
the lightest kaon state, KB"“, does not leave the range 900 —
1200 MeV. In the tree-pole solution we have

K§Ue(1090 +£40),  KgU(1375%,3%),  K§**(19507%),

(1.18)

and the Kn amplitude has the poles:
Sheet I — M =998 £ 15 —i(80 + 15) MeV;
Sheet I — M = 1426 + 15 —i(182 &+ 15) MeV;
Sheet IIT — M = 1468 + 30 —i(309 + 15) MeV;
Sheet IIT — M = 1815 £ 25 —i(130 &+ 25) MeV. (1.19)

The state Kb*©(13757125), being near the Kn' threshold,
results in doubling the amplitude poles around 1400 MeV. It
should be underlined that masses of the lightest bare kaon
states obtained by the two- and three-pole solutions coincide
within the errors.

The K-matrix fit of the %0+ Kr wave makes it possible to
complete, in terms of bare states, the construction of the two
lowest scalar nonets. In line with the result for the 00" wave
[30], where two solutions for an extra state (a candidate for
the glueball) were found, there are two variants for the nonet
classification of scalar mesons. The basic 1°Pyqq nonet is the
same for both variants:

ab¥® (960 + 30), £2°¢(720 + 100),

f2(1260750), KEr(120079%)) . (1.20)
It should be particularly stressed that the wave function
f£97¢(720) in the flavor space is close to an octet one; indeed,
¢(720) = —69° £ 12°, while ¢ e = —54.7°. Correspond-
ingly, fg’are(l260) is close to the flavor singlet. A similar
situation is observed in the pseudoscalar sector where the
flavor wave functions 1 and 5’ are close to octet and singlet
ones. It is even more analogous, if one takes into considera-
tion that the mass difference of isoscalar states in these sectors
coincide with each other, and the scalar masses are not much
larger than the corresponding masses of pseudoscalars,
mg — mps ~ (200 £ 100) MeV. Such coincidences clearly
point towards parity degeneration of the interaction forces
in isoscalar channels.

Thus, one may conclude: the basic nonet of scalar mesons
is uniquely fixed by the K-matrix fit of meson spectra. It is
located rather low on the mass scale, in the range 750—
1250 MeV. Here, at mass values below 1200 MeV, there is no
room for exotic states.

The 23Pyqq nonet contains the following states in
Solution I:

ab™® (1640 + 40), £2*°(1600 + 50), £*°(181073),),

Ke(1375412%)  or KE¥°(182078)). (1.21)

An extra state with respect to the nonet classification is
£y (1235°530).
In Solution IT the 2°Pyqq nonet looks like

ab¥e (1640 + 40), £070(123510) £02e(1810730),

K5 (13757125)  or KH™©(182074). (1.22)

In this solution an extra state is ff** (1600 + 50); once again it
should be stressed that the mass of this state appears just in
the mass region where lattice calculations for the mass of the
lightest scalar gluonium point; also the coupling constants for
meson channels agree with the quark combinatorial ratios for
the gluonium decay.

Immediately after performing the K-matrix analysis in the
range up to 1900 MeV, the problem of presentation of the
00" amplitude as a dispersion integral was raised. The
dispersion N/D representation correctly restores the analytic
properties of partial amplitude over the whole complex s-
plane. In addition, and this is the principal point, within the
dispersion representation it is possible to reconstruct the
propagator matrix, thus evaluating the mixing of the qq
states and the glueball, and then to restore correctly the
gluonium mass. The dispersive N/D description of the wave
00"+ was performed in Refs [6, 7]: in Ref. [6] the region 1200 —
1700 MeV, where three scalar—isoscalar states are located,
was studied; then, in Ref. [7] the region under investigation
was extended to 1900 MeV, with the fourth state, f;(1780),
taken in consideration.

The results of the N/D representation of the 007" wave
allowed us to draw a picture of the mixing for the lowest scalar
gluonium: it mixes with the two neighboring qq states —
members of the multiplets 1°Py and 23Py, and the resonance,
which is descendant of a pure glueball, accumulates large
parts of the widths of the neighboring resonances, being
transformed into the broad state fy (1530 )

It should be emphasized that the state fg’m, which was
found in the K-matrix fit, does not explicitly describe the
gluodynamic glueball, for the state f*'® contains non-gluonic
degrees of freedom related to real parts of the loop diagrams
(imaginary parts are responsible for the decay process). The
dispersion relation N/ D method is able to restore the real and
imaginary parts of the loop diagrams, thus providing a
complete picture of the mixing, so it also restores the mass
of gluonium. In Solution I it is equal to

Mgluonium = 1225 MeV (123)
and
Mgluonium = 1633 MeV (124)

in Solution II. The value (1.24) agree well with the mass values
of the lightest scalar glueball obtained in lattice calculations.

It is rather striking that both solutions obtained in the
dispersive technique provide practically the same structure
for the 00" wave and the quark —gluon content of physical
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resonances: in both solutions the broad resonance,
fo(153073%,), is a descendant of the gluonium, keeping about
40-50% of its component, while the remnant part of the
gluonium is shared between f(1300) and f,(1500). From this
point of view, the structure of resonances in the range 1300 —
1600 MeV is uniquely solved.

The formation of the broad state which is seen in the 00+
wave raises a question about the presence of such effects in
other waves as well, for it is reasonable to believe that exotic
mesons (glueballs and hybrids) with other quantum numbers
can also afford a width accumulation. Because of that, the
search for other exotic mesons must be inseparably linked
with the study of broad resonances.

Another problem appears which is no less intriguing: the
broad resonance, after having absorbed the widths of its
neighboring resonances, plays the role of a locking state, since
it prevents the decay of neighboring states with the same
quantum numbers. This means that the broad resonance
actually plays the role of a dynamic barrier for the nearby
states. How does this dynamic barrier relate to the confine-
ment barrier? — Only detailed investigations of broad
resonances in other waves may answer this question.

2. K matrix and the dispersive
N/ D representation of the scattering amplitude

In this section a brief review is made of the technique used in
the analysis of meson spectra. Namely, the analytic properties
of the amplitude are discussed together with the connection of
the dispersion N/D representation to the K-matrix approach.
The role of short and large distances in the formation of
meson spectra under investigation is also discussed, and in
this connection the notion of a ‘bare state’ is introduced. The
quark combinatorial relations between the coupling con-
stants for the glueball decay to meson channels are consid-
ered in comparison with similar relations for qq states: these
relations provide the basis for the nonet systematics of
mesons.

2.1 Scattering amplitude, 7 matrix and K matrix
Using a simple example, let us get over the terminology and
notations used for the analysis of meson spectra.

In terms of the wave function, which expresses the relative
motion of two spinless particles, the scattering at large
distances is described by incoming plane wave and outgoing
spherical wave, r~'£(0) exp(ikr), with the coefficient related
to the partial amplitudes as follows:

- Lkzoc; (21 + 1) Py(cos 9){exp[2i5/(k)} - l}. (2.1)

This formula is written for one-channel scattering in the
absence of absorbtion (k is the momentum of the relative
motion, / is the angular momentum and 6 is the scattering
angle). The T-matrix element is determined by the scattering
phase shift d;:

T = % [exp(2id;) — 1] = exp(id;) sin é; .

For the investigation of analytic properties, it is suitable to
use an amplitude with another normalization:

(2.2)

A=

[exp(2i6;) — 1], (2.3)

1
2ip(k)

where p(k) is the invariant two-particle phase space factor:
p(k) = J do (P;kl,kz) y

d(p(P; k] 5 kz)
1 dky d’k,
2 (2m) 2k (2m)* 2k

Qr)*oW(P -k —ky).  (2.4)
The invariant phase space factor is determined by three four-
momenta: the total momentum of scattered particles, P, with
P? =5, and the momenta of particles 1 and 2, k; and ko,
respectively. For equal masses of particles 1 and 2, we get

k S

The K-matrix representation of the amplitude A; reads

2
L Ki(k7) - (2.6)
= ip(KA(R?)
K; is real in the physical region; the imaginary part of the
amplitude is explicitly written in Eqn (2.6). In addition, K;
being a function of the invariant energy squared s, is analytic
near the threshold singularity, s = 4m?; a singular term is
singled out, it is explicitly given by the two-particle phase
space factor p.
In the presence of absorbtion, the scattering is described
by the absorbtion coefficient #; inserted to the partial wave
expansion (2.1):

[exp(2i6,) — 1} — [17, exp(2id;) — 1] . (2.7
Here 0 <,
tion.

Itis suitable to display the energy-dependent amplitude 7;
on the Argand diagram, which is an appropriate instrument
for searching resonances. The 7T-matrix element at fixed k (or
s) corresponds to a point on the plane (Re 7;,Im 7;). As a
function of k, it draws a trajectory on the circle with a radius
of 1/2 and center at the point (0,1/2). In the inelasticity case,
the trajectory T enters the internal part of the circle.

The K-matrix representation of the amplitude with an
absorbtion requires fixing the inelastic channels. Consider the
inelasticity occurring due to another two-particle channel; we
denote these channels by the indices 1 and 2. Then the elastic
scattering amplitude 1+ 1’ — 1+ 1’ (denoted as A;;; the
index of the partial wave / is omitted) can be represented in
the form of Eqn (2.6):

__ K
S L—ip K(k?)

< 1; the case n; = 0 corresponds to full absorb-

An (2.8)

However, the block K(k?) has an imaginary part above the
threshold of the second channel:

Ky pr K>

K(*) = Kjj +i—= .
() llell—ll’szz

(2.9)
Here p, is phase space factor of the second channel 2 4 2/,
and the matrix elements Kj;, Ki» = K»; and K,, are real
functions of k% in the physical region. The threshold
singularities of channels 1 and 2, which are located at s =
(my +m/)? (threshold of channel 1) and at s = (m; + m})*
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(threshold of channel 2), are explicitly written in Eqns (2.8)
and (2.9) — they are present in the phase space factors p, and
p,, respectively. The function K(k?) is real below the thresh-
old of the second channel, (m +ml’)2 <s < (my+ mz’)z,

because in this region p, = i|p,|.

2.2 Dispersion relation N/D method

and the K-matrix representation

The dispersion relation N/D method [43] correctly repro-
duces the analytic properties of the amplitude on the whole s-
plane. Following Refs [44, 45], we present here the elements of
this method which are used in the analysis of meson spectra.

The partial amplitude A(s) (as before, the index / is
omitted for brevity) is written in the form of the ratio

N(s)

A(S) - D(S) I
N(s) is a function of the complex variable s. It has only left-
hand side singularities of the amplitude, which are related to
the interaction forces, i.e. to the diagrams with meson
exchanges in the crossing channels (Fig. 1). These singula-
rities are located on the left of the threshold singularities, at
s = (m + m1/)2 - mgrossing'

The D-function contains only right-hand side singulari-
ties, which result from the rescattering of particles in the s-
channel. Figure 1 shows the corresponding rescattering
processes.

First, we consider the one-channel case, with equal
particle masses m; = m|. In this case the D-function assumes
the following form:

(2.10)

D(s) = 1— B(s), m@:Jwgﬂﬁﬁﬂ§Q (2.11)

a2 T ST —s5—10 "

Here the index 1 is omitted: m; — m, p; — p. The form of
Eqn (2.11) suggests that D(s) — 1 at s — oo [more generally,
D(s) — const at s — oo, since this case can be reduced to Eqn
(2.11) by the re-definition of N(s)]. Moreover, in Eqn (2.11) it
is also suggested that the D-function does not contain the
Castillejo— Dalitz— Dyson poles (a detailed description of the
N/D method may be found in Refs [43, 44]).

Representation of the N-function in the form of a sum of
separable vertex functions [44] is likely to be a reasonable
ansatz: this technique is successfully applied to the description
of the nucleon—nucleon scattering amplitude [45]; in addi-
tion, the technique is elaborated for the presentation of the z-

\ ~ /)
RN (3 + mj)?
n2 (m my)”
(my + ml/)Z _ mgr ! (my + ml/)z .(mz +m;) '3;
—_— [ N -
/MmN X N
/ \ \ \

T G S
7

S EEe B -8Bkt -8B e
\\_// \\_// \\_// \\_//

Figure 1. Complex s-plane and positions of singularities of the partial
amplitude: the right-hand singularities at s > (m, + m])” are due to elastic
and inelastic rescatterings, the left-hand ones are due to the interaction
forces, that is, particle exchanges in the crossing channels.

channel exchange diagrams as a sum of separable vertex
functions [46]. For the simplest case, which is discussed
below, N(s) = g2(s). Then

2O gy [ g0 ts)

Als) = ————
(5) 1—B(s)’ a2 T s —s5—1i0

. (2.12)

Expanding Eqn (2.12) in a series with respect to B(s), we
represent the amplitude A4(s) as a sum of the diagrams shown
in Figs 2a— 2c, etc.; B(s) in Eqn (2.12) is a loop diagram. At
s > 4m?, the loop diagram is a complex quantity:

* dis) £67e(")

(2.13)

Im B(s) = *(s)p(s),  ReB(s) = PLmZ n

The amplitude (2.12) stands for the case when the partial
wave amplitude does not contain input particles: the bound
states, if any, are formed by particle interaction taken in the
N-function. The inclusion of input particles into the ampli-
tude corresponds to the assumption of D(s) increasing as
s — oo. The linearly growing D(s) can be written in the form

D(s) =mg —s— B(s), B@%:r°égﬂgiimgg

g T8 —s—1i0 "
(2.14)
The amplitude
2
Als) =50 (2.15)

m} — s — B(s)

is an infinite set of diagrams shown in Figs 2d —2f, etc.; B(s)
stands for the loop diagram and (m} — s)fl is the propagator
of the input particle.

The K-matrix representation of the A(s) amplitude is
related to the explicit separation of the imaginary part of the
loop diagram:

Als) = A0, =

3 — s — Re B(s) — ip()g(s)
g ()
m} —s—ReB(s)

K(s) =

In the two-particle loop diagram, the function Re B(s) is
analytical at the point s = 4m?”. This means that poles are the
only singularities of K(s) in the physical region. However, in
the left half-plane s, K(s) has singularities related to the -
channel exchanges.

The poles of the amplitude A4(s), which are determined by
the condition

my—s—B(s) =0,
D B CP B B
a b c

d e f
Figure 2. Diagrams representing s-channel scattering.

(2.17)
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are related to particles with quantum numbers of the partial
wave under consideration. If the pole is above the threshold,
at s = 4m?, we are dealing with the resonance; this very case
is studied further. Let the equality (2.17) be satisfied at the
point

s=M>=u>—ilu. (2.18)

Expanding the real part of the denominator (2.15) in a series
2

near s = u-, one has
my —s — Re B(s) = [1 + Re B'(12)| (u* — 5) —ig*(s)p(s) .
(2.19)

The standard Breit—Wigner approximation comes when
Im B(s) is fixed at the point s = . If the pole is located not
far from the threshold singularity s = 4m?, it is necessary to
keep the s-dependence in the phase space factor, and we use
the modified Breit— Wigner formula:

y ()

A =—"+—— g=—252 171
) 2 —s—ipls) T T+ReB(2)

(2.20)
A similar resonance approximation may be also carried out
for the K-matrix amplitude representation, that corresponds

to the expansion for K(s) given by Eqn (2.16) near the point

5= p

K(s) = ,‘fj(f L >
Here
__gw)
0 = T R
- 2(2) ~ 2e(1)g' (1) (2.22)

2[1+ReB'(1?)] 1+ReB'(1?)"

2.3 Multichannel scattering

The resonance amplitude (2.15) can be easily generalized for
the case of n channels. The corresponding transition ampli-
tudeb — ais

8a(5)8h(s) -
A =——>—2=—-<_  B(s)= B , 2.23
ab($) m — s — B(s) () ; ec(s) ( )
where B, is defined by the standard expression [see
Eqn (2.14)] with the properly chosen phase space factor,
vertex function and integration region:

g )p(s") = g2 (s )pe(s),  Am® — dm;. (2.24)

The transition amplitudes A4, form a matrix A. The
amplitude written in the K-matrix representation reads:
- - 1
A=Kk ——,
1—1pK

(2.25)

where K is the n x n matrix, K (8) = Kpa(s), Iis the unitn x n
matrix, I = diag(1,1,...,1), and p is the diagonal matrix of
phase space factors:

2a(5)) - (2.26)

p = diag(p; (), p2(s); - - -

The K-matrix elements are

2a(5)85(5)

Kap(s) = — 50080S)
o(s) mj — s — Re B(s)

(2.27)

In the vicinity of the resonance, the K-matrix elements may be
expanded in a series: in this case we have a representation of
the K-matrix elements similar to that of Eqn (2.21).

2.4 qq mesons: the problem of small and large distances
The qq classification of meson states in the vicinity of 1000 —
2000 MeV faces the problem of quark —hadron duality as well
as a tightly related problem of separating large- and small-
distance interactions contributing to the formation of meson
spectra.

Let us discuss these problems using the language of the
standard quark model. In this model the qq levels are
determined by the potential which increases infinitely with r,
V(r) o< or (Fig. 3a). An infinitely rising potential creates an
infinite set of qq levels. However, it is obvious that the
standard quark model is a simplified picture, since only the
lowest qq levels are stable with respect to hadron decays. The
heavier states decay by hadron channels: an excited (qq),
state produces a new qq pair, then the (qq), + (qq) quarks
recombine into mesons, which leave the confinement trap
with the formation of a continuous meson spectrum. This
structure is conventionally shown in Fig. 3b, where the
interaction related to the confinement is shown as a certain
potential barrier, namely, the interaction at r < Rconfinement
creates the discrete levels of qq spectra, while the transitions
into the region r > Reonfinement giVE Tise to the continuous
meson spectrum. This very meson spectrum is observed in the
experiment. This problem of reconstruction of the qq levels
created at r < Rionfinement 18 directly related to the determina-
tion of the effect of the meson decay spectra on the level shift:
the classification of qq levels requires the elimination of the
decay products of real mesons.

The K-matrix representation of the amplitude resolves the
problem of excluding the components of real mesons;
formally, it corresponds to the limit p, — 0 in Eqn (2.25). If
only leading pole singularities are taken into account, the
transition amplitude b — « assumes the form

_ &ulK)s(K)

Aggre(s) = Kab(s) 'uz — +fab . (228)
a b
v, v, :
| .
| continuous
| spectrum
|
|

r

r 7 = Reconfinement

Figure 3. (a) The standard quark model potential with stable qq levels. (b)
The potential with unstable highly excited levels, corresponding to the
realistic situation for qq states.
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Thus, the K-matrix pole corresponds to the state with the
removed cloud of real mesons. For this reason, we call the
corresponding states ‘bare mesons’ [29, 30]. However, one
should distinguish between this notation and that of ‘bare
particles’ of field theory, where a cloud includes virtual mass-
off-shell particles as well.

In the case when the qg spectrum contains several states
with the same quantum numbers, the amplitude 4%(s) is
determined by the sum of the corresponding poles:

Ab;lre (S‘) _ Z g‘(la) (K)ggf) (K)

2 +fab-
o My —S

(2.29)

Representation of the amplitude responsible for the
interaction at r < Reonfinement 1N the form of a series of poles
is not new: it was widely used in dual models for leading
contributions in the 1/N, expansion. From the point of view
of these models, the s-independent term f,;, is the total
contribution of poles which are distant from the region
under consideration.

Coupling constants of the bare state, g[(f‘) (K), are a source
of information on the quark —gluon content of this state.

2.5 Coupling constants of the gluonium and qq states

to meson channels: the rules of the 1//N expansion

and quark combinatorial relations

The quark —gluon content of states related to the K-matrix
poles (bare states) is revealed in the relations between
couplings of these poles to meson channels, gé“).

First, let us evaluate these coupling constants using the
rules of 1/N expansion; this evaluation will be done both for
the transitions glueball — two mesons and for the transitions
qq state — two mesons. For this purpose, we consider the
gluon loop diagram which corresponds to the two-gluon self-
energy part: glueball — two gluons — glueball (Fig. 4a). This
loop diagram is of the order of unity, provided the glueball is a
two-gluon  composite  particle:  B(G — gg — G) ~
26 . geNE ~ 1, where gG g is the coupling constant of a
glueball to two gluons. Therefore,

1
e N 2.30
8G—ge N. (2.30)
g
glueball lueball glueball f‘\ q
q
a g b
meson q
c meson d q

Figure 4. Diagrams for a glueball decay into two mesons.

The coupling constant for the transition gg . g is determined
by the diagrams of Fig. 4b. A similar evaluation gives:

1

8G—qq ™ gGHggngCDNc ~N (2.31)
C

Here gqcp is the quark — gluon coupling constant, which is of
the order of 1/y/N. [8]. The coupling constant for the
transition glueball — two mesons in the leading 1/N, terms
is governed by the diagrams of Fig. 4c:

1

2
~ 86 a8 o Ne o — . 2.32
8G—qq8m—qqi¥e N, ( )

86— mm
Here the approximate equality gm — q5 ~ 1/+/N is used which
follows from the fact that the loop diagram of the meson
propagator (see Fig. 4d) is of the order of unity:
B(m — qq —m) ~ gy Ne~1. A diagram of Fig. 4e-
type governs the coupling constants for the transition
glueball — two mesons in the next-to-leading terms of the
1/N, expansion:

NL 1

4 2 2
8G—-mm ™~ gG—*gggQCng—wquc ~ m . (233)
c

As was mentioned above, the glueball can decay into
channels (1.8). In this way, the production of light quarks by
gluons occurs with a violation of the flavor blindness,
uti : dd : s§ = 1 : 1 : 2. Within such an assumption, the cou-
pling constants for the transition glueball — two pseudoscalar
mesons can be calculated using quark combinatorial rules.
These rules were successfully applied to the calculation of
yields of secondary particles in the hadron—hadron high
energy collisions [47] and to the decay J/\ — hadrons
[48]. The calculation of coupling constants for the decays
glueball — mesons has been carried out in Refs [20, 34, 49].

The glueball decay constants to channels (1.8) are given in
Table 1 for the leading, g5 . ... and next-to-leading, g5" ...
terms of the 1/N expansion. The unknown dynamics of the

Table 1. Coupling constants for a glueball decaying into two pseudoscalar
mesons, in the leading and next-to-leading terms of the 1/N expansion.
© is the mixing angle for n —n’ mesons: n = niicos ® — sssin @ and
1’ =nnsin O + sscos O.

Channel Coupling constants  Coupling constants in the Identity
in the leading term of next-to-leading term of factor
the 1/N expansion the 1/N expansion

070 GL 0 1

2

e GL 0 1

K*K~ ViGL 0 1

K°K* ViGL 0 1

7 21

nm GL(cos2 O + Jsin® O) 2G| cosO — \/; sin @) 2

nn’ GL(1 —2)sin@cos® 2GnL (COS@ — \/Z sin 9) 1

2
. 2
x| sin @ + Ecos@
i~ -2 2 : 4 ? 1
nn GL(sin” @ + Acos” ©) 2GNL | sin O + Ecos@ 2
2
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decay is hidden in the parameters Gi and Gnp. The decay
constant to the channel z is a sum of both contributions:

The second term is suppressed, as compared to the first one,
by a factor of N.; experience in the calculation of quark
diagrams teaches us that this suppression is of the order of
1/10.

The sum of coupling constants squared satisfies the sum
rules:

> (86— o ()] 1(n) = % GE(2+ )%,

n

S8 ()] 1) = 3 GR (2427 (2.39)

n

where /(n) is an identity factor for the particles produced (see
Table 1). These sum rules follow from the quark —hadron
duality: the sum of squared coupling constants over the whole
set of flavor states is equivalent to the sum of cut diagrams
with the quark loops (diagrams of the type of Fig. 4f for the
leading and of the type of Fig. 4g for next-to-leading terms).
Each quark loop contains the factor (2 + 1) related to the
summation over light flavors [see Eqn (1.10)].

Quark combinatorial rules may be applied to the calcula-
tion of couplings of (qq), mesons to pseudoscalar channels
(1.8). There exist two types of transitions (qq), state — two
mesons: they are shown in Fig. 5. The type of process
represented by the diagram of Fig. 5a is leading according to
the rules of 1/N expansion; its coupling constant is of the
order of

I
VN

L

8m(a) —mm ™ g}?q—»quC ~ (236)

The decay constant for the process of Fig. 5b is of the order of

NL
m

1
8 (a) —» mm Ngt%l—aquczg?naqq ~ N, \/V . (237)
c c

The coupling constants for the decays (qq), — nr, KK, nn,
nn’, and n'n’ are shown in Table 2 both for the leading and
next-to-leading orders; gt and gNU are the parameters, in
which the unknown dynamics of the soft decay is hidden.
Concerning the glueball decay, the coupling constant for the
(qq),-meson decay to the channel # is the sum of two terms:

L NL
gm(a)—»mm(n) + gm(cz)—»mm(n) .

(2.38)
These two terms in Eqn (2.38) define the decay constant of the
(qq), meson in the general case: different variants of fixing the
ratios of coupling constants correspond to different choices of

meson meson

(q9), (qd),

meson
meson
a b

Figure 5. Diagrams for the decay of the (qq), state into two mesons.

Table 2. Coupling constants for a qq meson decaying into two pseudosca-
lar mesons in the leading and next-to-leading terms of the 1/N expansion.
¢ is the mixing angle for nn and ss states [see Eqn (1.9)].

Channel Coupling constants
in the leading term
of the 1/N expansion

Coupling constants
in the next-to-leading term
of the 1/N expansion

n0n? L cos LA 0
0
ntrT gl cos % 0
L .
Kk- & (v2sin ¢ + /7 cos ) 0
V8
L .
Kk £ (V2sin ¢ + V% cos ¢) 0
V8
nn gt <c052 O cos i \/igNL (cos o — \/Z sin @>
V2 2

++/Z sin ¢ sin’ @) X (cos ¢ cos © — sin ¢ sin O)

(/] 1 A
nn’ g sin@cos@(cos ﬁ \/;gNL [(cos@ — \/% sin @)

—+/A sin d)) X (cos ¢ sin O + sin ¢ cos O)

+<sin@ + \/% cos @)
% (cos ¢ sin @ — sin ¢ cos @)}
n'n’ g% sin? @ cos 2 V2N (sino + \/Z cos @
V2 2

+v/Z sin @ cos? @) X (cos ¢ cos © + sin ¢ sin O)

the ratio g to gNL'. Examples of different fixations of g /g Nt
may be found in Refs [40, 49].

Let us stress once again that the coupling constant ratios
for the (qq), states (see Table 2) become identical to those of
the glueball, when ¢ = arctan \/4/2: this is valid for leading
and next-to-leading contributions. Therefore, on the basis of
a study of couplings to the hadron decay channels only, it is
impossible to distinguish between a glueball and an /=0
(qq), meson with the mixing angle ¢ ~ 30°.

3. K-matrix analysis of meson spectra
and the nonet classification of qq states

In this section the results obtained in Refs [30, 36, 42] for the
waves 00T+, 10T+, 02+F, 12*F, and % 0" are presented. On the
basis of this analysis, the nonet classification of qq states is
established.

3.1 K-matrix fit of 00*+ wave: the spectra nn, KK, nn,
and nn’
To describe the spectra, in Ref. [30] the standard K-matrix
representation of the 00T amplitude (2.25) was used, where
K is a 5 x 5 matrix (a,b =1,2,...,5), with the following
notations for channels: 1 = nn, 2 = KK, 3=nn, 4 =17,
S = (rrnn+ other multi-meson states).

The matrix elements K, are parametrized in a form
similar to Eqn (2.28):

() (o) 2

ga &) 1 GeV~* + 59
K, = 3.1
ab <1 MO%_S'i‘fnb P ; (3.1)

with the restriction sy > 1 GeV2.
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The following formulae provide the description of the
spectra mn, nm and N1/, obtained by GAMS group for the
reactions with a 7-channel pion exchange:

Ann—xp = gWN7sYN)F(1)D(1) K1 (1)(1 — if’f();bl , (32)
(o) () 2
) = (2 B0 0 LETE) g

Here D(r) is the pion propagator, Fn(7) 1s the nucleon
formfactor related to the vertex TNN, and g; )( 1) and f1,(¢)
are the formfactors of the pion block.

The part of the amplitude for the reaction pp (at
rest) — m0nn®, mnn, which describes the formation of two
mesons in the 00" state, is written as follows:

Apf)ﬂmcsons = A1(523)+A2(513>+A3(512)- (34)
The amplitude 4 (s;;) corresponds to the process with the ‘last
interaction’ of particles ij, while the particle k remains a
spectator.

The amplitude A (s23) for the spectra nn and nn has the
following form (b = nr, Nn):

A1 (523) = Kppr,a(523)(1 = 1pK) 5
A% g(a) 1 GeV? + 5
_ ppn &4 90
Kopr.a(sif) = ( d m"' Pppr.a Tatn ) - (3.5)

In the reaction pp (at rest) — n°n’n®, the amplitude is

symmetric with respect to permutation of pion indices, i.e.
Ai(s5) = Aa(sy) = A3(sy). The n°n° interaction in the reac-
tion pp (at rest) — n°n’n is determined as follows (below
b = mn):

Ai(523) = Kppn, 0(523)(1 - ipK);bl )

ga )
Kppn, alsij) (Z ppn

PPU~ a

1 GeV?
LoV % s°> .(3.6)
Sij + So

The parameters A;‘,fm, ¢ ppn> Appn> and @5, can be complex
magnitudes with different phases, that follows from the three-
particle interaction; a more detailed discussion of the
amplitude pp — three mesons is given in Ref. [50].

3.2 Results of the K-matrix fit for the 00" wave

in the region below 1900 MeV

A simultaneous K-matrix fit of the 00" spectra in the mass
region 550—1900 MeV performed in Ref. [30] pointed to the
existence of five bare states, f;) b Only two of them, f, b“‘re(720)
and f, b"‘re(1810) contain a large ss component. This means
that only two 3Pyqd nonets can be built in the mass region
below 1900 MeV.

The following requirements provide the basis for the
nonet classification of bare states:

(1) nonet partners are orthogonal in flavor space, i.e. they
must have mixing angle differences [see Eqn (1.9)] equal to
90°: ¢, — ¢, = 90° (for this value the corridor 90° + 5° is
allowed);

(2) the coupling constants g~ and g\ (see Table 2) are
approximately equal for the nonet partners: gi ~ gr and
gNL ~ gL

The standard quark model requires the equality of
coupling constants. However, the s-dependent vertex func-

tions and loop diagrams violate this equality because of the
presence of mass differences of nonet partners. Moreover, the
K-matrix coupling constants have an additional s-dependent
factor [1 JrB’(s)T1 [see Eqn (2.22)]. This factor strongly
affects the region of small masses (the region of basic 1°P
nonet), where the thresholds and left-hand singularities of
partial amplitude play a more important role.

Fitting to experimental data (1.4)—(1.7) resulted in two
solutions, I and II. First, let us sum up the results for
Solution I.

Type of state: Flavour wave

function:
f57¢(720) — 13Pyqq 0.40n — 0.92s§
f"°(1260) — 1°Poqq  0.92nf1 + 0.40s5
f2¢(1600) — 23Ppqg  0.995nf — 0.10s5 (.7
fg’are(ISIO) - 23P0qq 0.10nn + 0.995ss
f5*"*(1235) — glueball — 0.91nn + 0.42s5.

In Eqn (3.7) the ‘flavor wave function’ is introduced for
the glueball. It describes the flavor content of the intermediate
state for the glueball decay, see Fig. 4c.

Now let us summarize the results for Solution II.

Flavour wave
function:

Type of state:

0.40nn — 0.92s5
0.92nn + 0.40ss
0.74nn + 0.67ss
0.67nn — 0.74ss
0.91nn + 0.42ss.

£547¢(720) — 13Poqq
297 (1260) — 1°Poqq
f29¢(1235) — 2°Pyqq
f29(1810) — 2*Pyqq
f29(1600) — glueball —

(3.8)

The quality of the data description by Solutions I and II can
be seen in Figs 6 to 9 (dashed and solid curves, respectively).

3.3 The resonances: are they bumps or dips in the spectra?
For decades the search for meson resonances meant the
search for bumps in the particle spectra. Only recently the
understanding came that it is not always so, and the resonance
f0(980) provides us with an example. In the peripheral nn
spectra it reveals itself as a dip, and a number of papers were
devoted to this phenomenon (see, for example, Refs [9, 51]).
The study of the 00"+ wave proved that meson resonances in
the region 1000— 1600 MeV appear not only as bumps or dips,
but also shoulders in the spectra. The fundamental character-
istic of a resonance is not to be a bump or a dip in the
spectrum, but to provide a circle on the Argand diagram.
Figures 10 and 11 demonstrate the Argand diagrams
relevant to the fits of spectra under discussion. In Fig. 10
one can see the 007" amplitudes Ay — nr, Arr— k> Anr—nms
and Ag;_qn as functions of the energy. Indeed, rather
distinct circles were obtained for the resonances fy(980),
f5(1300), £5(1500), and f5(1780). The manifestation of the
resonances f,(980) and f;(1300) in the form of circles is rather
clear for the amplitudes Ay n .~y at large |7] (see Fig. 11).

3.4 Resonance f,(980): is it the KK molecule or the
descendant of the lightest scalar qq states?

This is a principal problem for the qq systematics, which was
first investigated in Ref. [14] using a K-matrix analysis for the
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low-energy part of the 00™* wave. Following this paper, we
provide arguments that f;(980) is the descendant of the
lightest qq states.

The two poles correspond to the resonance f;(980), with
the following complex masses: M = 1015 — 146 MeV on the
second sheet (under the nw cut) and M = 936 — 1238 MeV on
the third sheet (under the nr and KK cuts). The second pole,
at 936 —i238 MeV, appears because of a well-known
doubling of poles affected by the proximity of the KK
threshold (see, for example, Refs [51, 52]). The first pole at
1015 — i46 MeV dominates in the w spectrum, providing a
sharp dip in the Tt — 7r spectrum or a bump in the spectrum

nn(t) — mr at large [¢] [24]. Let us study the dynamics of this
pole, when the decays into the channels 1 = nr and 2 = KK
are subsequently switched on and off. To this end, let us
substitute the following into the K-matrix amplitude:

£1(720) — &1g1(720),  £2(720) — &r82(720),  (3.9)

with ¢, varying over the interval 0 < ¢, < 1. At {; — 0 and
&, — 0 the decay channels for the lightest 00" state are
switched off, and we are dealing with the ‘bare’ state, in terms
of Refs [29, 30]. At &; = &, =1 the real case is restored. At
&y ~ & ~ 0 the mass of the bare state is in the vicinity of
720 MeV, while, with the increase of &,, the lightest scalar
state acquires the components of real mesons, nrw and KK,
and, due to transitions to these states, it mixes with the other
scalar ones. As a result, the mass of the lightest scalar state
increases approaching the region around 1000 MeV. At
& = & =1, the pole of the amplitude is at

M(real case) = 1015 — i46 MeV , (3.10)
i.e. near the KK threshold. Therefore, the KK component is
of the quasi-molecular type: the relative momentum of K
mesons is small, hence the mean distance between the K
mesons is comparatively large. However, one can see that the
KK component weakly affects the formation of the final
state. Indeed, let us switch off the KK state, i.e. let us put in
the amplitude ¢; = 1 and &, = 0. Then, the pole appears at
the point

M (without KK) = 979 —i53 MeV . (3.11)
Actually the mass shift
M(real case) — M(without KK) = 36 +i7 MeV
(3.12)

is comparatively small, thus making the role of the KK
component in the formation of the real f;(980) state
insignificant.

Therefore, the K-matrix analysis of 00" wave restores the
following picture of the formation of f;(980). Before mixing,
there existed the lightest scalar—isoscalar qq state
f£9¢(720 4 100), with the flavor wave function close to the
octet one:

Viavor(720) = cosOs g —sinlOsy,,  Os = 14" £12°,
(3.13)

1, _ - | - 2 _
ll/lzﬁ(uu+dd+ss), wg—%(uu+dd)—\/;ss.
(3.14)

The mixing with other states, which goes through the
transition f0*°(720) — nr, leads to the formation of a
resonance with characteristics which are almost the same as
observed in the experiment [see Eqn (3.11)]. The onset of the
KK component, f2*"(720) — KK, effects a relatively small
shift of mass and width [see Eqn (3.12)].

It should be noted that direct measurements also point out
that f5(980) has considerable short distance components: the
production of f3(980) is not suppressed in the reaction
np — £p(980)p at large momentum transfers [24, 53] as well
as in radiative J/\y decay [54].
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One should pay attention to the fact that the lightest
pseudoscalar—isoscalar state, that is, the n meson, also has
flavor wave function <close to the octet one:
n = cos Op g —sinOp y; with Op = —16.7° £ 2.8° [12].

3.5 The wave IJ°¢= 10"+

Two isovector—scalar resonances are clearly seen in reactions
(1.4) [18, 19]. The lightest of them is the well-known a((980),
while the next resonance is the recently discovered ay(1450)
(according to Ref. [9], its mass is 1450 +40 MeV and the
width I' = 270 £ 40 MeV). Note that fitting to the latest high
statistics data [30, 36, 56] provided us with a greater mass
value: 1520 + 40 MeV.

For a description of the scalar—isoscalar amplitude,
in Ref. [36] the two-pole 4 x4 K matrix was used,
with the channel notations: 1 =nn 2=KK, 3 =nn/
4 = multi-meson states. The couplings to the two-meson
channels are defined by the quark combinatorial relations
(see Table 3). We recall that the constants g are the same for
all multiplet members. At the first stage of the fit, the coupling
constants of the lightest resonance a, were varied over the
interval limited by the constants gM[f*°(720)] and
gH[f2(1260)]. In all variants of the fit the coupling constant
gl lal¥(lightest state)] was found to be rather close to
gL[72"°(1260)]; so in the final variant of the fit these coupling
constants were taken as equal to each other. The coupling
constants of the next isovector—scalar resonance to two
mesons were also fixed to be equal to each other for all 23Py-
multiplet members.

The fit allowed us to find two solutions for the wave 107",
which practically coincide for the resonance sector and differ
for background terms. The positions of the amplitude poles
and relevant bare states are shown in Eqns (1.14) and (1.15).

In Ref. [41], a hypothesis was discussed that the
resonances ap(980) and f;(980) belong to a special class of
states (minions), which are loosely bound to hadron channels:
the small widths of ay(980) and ,(980) were considered as
arguments in favor of this particular nature. The character-
istics of resonance a¢(980) provide a good opportunity to
check this hypothesis: actually the components of real mesons
yielded by the decays of a9(980) into nn and KK weakly affect
this state [see Eqns (1.14) and (1.15)]. The K-matrix fit of the
data [36] proved that g“[f?*™*(964)] is not small, being of the

Table 3. Coupling constants for the transitions K) — fwo mesons and
a~ — two mesons in the leading and next-to-leading terms of the 1/N
expansion.

Channel  Coupling constants Coupling constants
in the leading terms in the next-to-leading terms
L
K & 0
L
K%n® & 0
V8
. o _ Pa . N
K" cos — — V7sin @ | = (\/Ecos@fx/zsm@)—
V2 2 2
L NL
Ky (sin %+ V.cos @) % (\/_i cos @ — V1 sin @) gT
L/
Kk 0
L NL
g cos® = . g
nTn NG (\/Ecos@ \/Zsm@) 3
L NL
., g sin® (2.@7; 08—
nn 7 V2 sin Vi cos ) 3

order of a standard hadronic value, and the small width of
a0(980) is related not to the small probability of the decay, as
could follow from the minion nature of ay(980), but to the
threshold effect. It should be emphasized that this result is
also seen in the 7T-matrix analysis of the data [19, 56].

3.6 K-matrix analysis of the Kn S-wave

A partial-wave analysis of the K™ n" system for the reaction
K p— K ntn at 11 GeV s~! has been carried out in
Ref. [37], where two alternative solutions (A and B), which
differ only in the region above 1800 MeV, were found for the
S-wave. In paper [37] the T-matrix fit for the Kn S-wave was
performed as well, though independently for the regions
850—-1600 MeV and 1800—-2100 MeV. In the first region,
the resonance K{(1430) was found:

Mg =1429£9MeV, TI'=287+31MeV. (3.15)

In the second mass region, Solutions A and B provided the
following parameters for the description of the resonance
K (1950):

Solution A: Mg =1934+28 MeV, I' =174+98 MeV,

Solution B: My = 1955+ 18 MeV, I' =228 + 56 MeV .
(3.16)

The necessity of improving this analysis is obvious. Firstly,
the mass region 1600 — 1800 MeV, where the amplitude varies
quickly, must be included into the consideration. As was
stressed above, it is well-known that, due to the strong
interference, a resonance may reveal itself not only as a
bump in the spectrum but also as a dip or a shoulder:
likewise, resonances appear in the 00"+ wave. Secondly, the
interference effects are also the source of ambiguities. It is
worth noting that the ambiguities in the 00"+ wave were
successfully removed in Refs [30, 36], that was due only to a
simultaneous fit of different meson spectra. For the wave % 0",
the data available are not copious, therefore one may suspect
that the solution found in Ref. [37] is not unique.

The K-matrix re-analysis of the Kn S-wave has been
carried out in Ref. [42], with the purpose of:

(i) restoring masses and coupling constants of the bare
states for the wave %0*, in order to establish the qq
classification;

(ii) finding out all possible K-matrix solutions for the Kn
S-wave in the mass region up to 2000 MeV.

The S-wave K scattering amplitude extracted from the
reaction K™p — K~n*n for small momentum transfers is a
sum of two components with isotopic spins 1/2 and 3/2:

1 .
As = A% +5 4Y7 = |As|exp(ios)

5 (3.17)

where |A4s| and ¢4 are measurable quantities entering the S-
wave amplitude [37]. The S-wave part of the amplitude with
isotopic spin I = 3/2 has a non-resonance-type behavior at
the energies under consideration, so it may be parametrized as
follows:

pKn(S)a3/2(S)

3200y —
A5 (s) [ ipg, (5)aya(s) (3.18)

where a3, (s) is a smooth function and py (s) is the Kn phase
space factor.

For the description of the Aé/ 2 amplitude, the 3 x 3 K
matrix was used in Ref. [42], with the following channel
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notations: 1 = Kn,2 = K1/, 3 = Knnn + multi-meson states.
Accounting for the Kn-channel does not affect the descrip-
tion of the data, for the transition Kn — Kn is suppressed
[37], that also agrees with quark combinatorial results (see
Table 3). In Ref. [42] the fit of the wave %0* was performed
with the parametrization of K, given in Eqn (3.1). For the
reaction K p — K n'n the data analysed with small
momentum transfers (|| < 0.2 GeV?) were singled out , and
at the first stage the data were fitted to the unitary amplitude
(3.1). At the next stage, the ¢r-dependence of the K-matrix
amplitude was taken into consideration. The amplitude
Krcgt) — Kn [n(f) labels virtual pion] is equal to
Aé/ = Ky.(t) (I - ipK);ll: the parametrization of the matrix
K14(2) is given in Eqn (3.3).

The coupling constants are determined from the quark
combinatorial rules, they are presented in Table 3. In Ref. [42]
only the leading terms in the 1/N expansion were taken into
consideration: in this case coupling constants are fixed by the
fit of the 00** and 107" waves, because gt is a common
parameter for all the nonet members.

The description of the % 0" wave was performed under two
assumptions, namely, with the two- and three-pole structure
of the wave in the mass region below 2000 MeV.

In Ref. [37], two solutions, A and B, were found for the
wave %0*; they differ at M x > 1800 MeV only. Correspond-
ingly, in Ref. [42] the two two-pole K-matrix solutions, (A-1)
and (B-1), were obtained. The positions of the amplitude
poles are practically the same for both solutions; they are
given by Eqn (1.16). The description of data is shown in
Fig. 12. The mass of the first resonance in Eqn (1.16) does not
strongly differ from that of Ref. [37] [see Eqn (3.15)], but the
width for the resonance found in the K-matrix solution is half
that. This follows from the correct accounting for the Kn’
threshold in the K-matrix solution and relevant doubling of
poles. The mass of the second resonance in the K-matrix
solution decreased, as compared to the value of Ref. [37], by
more than 100 MeV.

As(Kn — Kn)
=
N
T

2
MKTH GeV

My, GeV

Figure 12. Description of data in Ref. [37] in the two-pole K-matrix fit:
Solutions (A-1) and (B-1). The solid curves correspond to the solution
found for unitary amplitude; the dashed lines stand for the fit with the ¢-
dependent K matrix; ¢g is in degrees.

The masses of bare kaon states related to the two-pole
solution are given in Eqn (1.17). The mass of the lightest state
is 1200 MeV, i.e. this scalar kaon is located in the same
mass region as the other scalars — candidates for the basic
13Py-nonet members.

The description of data in the three-pole K-matrix fit is
shown in Fig. 13. The high mass range, Mg, > 1700 MeV,
is described in Solutions (A-2) and (B-2) by the two poles.
However, the two-pole structure of the amplitude did not
change the characteristics of the two first resonances — they
are identical to Solutions (A-2) and (B-2). In Solution (B-3)
the region My, < 1600 MeV is described by two poles. The
positions of bare states in Solution (B-3) are given in
Eqn (1.18) and the corresponding positions of poles in
Eqn (1.19).
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Figure 13. Description of data in Ref. [37] in the three-pole K-matrix fit:
Solutions (A-2), (B-2) and (B-3); ¢ is in degrees.

The solid curves in Figs 12 and 13 represent the
description of the Kn wave by the unitary amplitude, and
the dashed lines correspond to the fits performed with the z-
dependent Kn amplitude. It is seen that the z-dependence
allows us to get a better description of the phase shifts around
1700 MeV. It should be noted that in this region, as well as in
the mass region above 2000 MeV for Solution A, the data
under consideration violate the unitary limit. It is hardly
possible that the rather strong violation of unitarity is a
consequence of the amplitude 7-dependence; more likely it is
related to the underestimation of systematic errors in the
partial-wave analysis of Ref. [37] in those regions. The -
dependence included in the fitting procedure does not
strongly affect the masses of the bare states and the positions
of the amplitude poles. As a rule, the masses of bare states
found in the z-dependent fit are 20—30 MeV less than the
masses obtained in the t-independent fits.
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4. Propagator matrix:
the analysis of the IJ'C= 00" wave

Here we are summing the results of the analysis of the 00"
wave performed in Refs [6, 7], in terms of the propagator
matrix (D matrix). The D-matrix technique is based on the
dispersion relation N/D method, allowing us to reconstruct
the amplitude, which is analytical over the whole complex s-
plane. We discuss the effects which are due to resonance
overlapping and mixing; namely, the mass shifts and
accumulation of widths by one of the neighboring reso-
nances. An expansion of the physically observed states in a
series with respect to initial (non-mixed) states is performed.

The investigation is made using the 00" wave, but the
method can be easily generalized for the other waves by using
the technique developed in Refs [44, 45].

4.1 The mixing of two unstable states

In the case of two resonances, the propagator of state 1 is
determined by the diagrams of Fig. 14a. Having all these
processes accounted for, the propagator of state 1 is

Ve (2 — s — Bui(s) — B12(8)Ba(s) -
Dy (s) = (m1 Byi(s) P2 — s~ Bn(s) 7S7b,22(s)>

(4.1
Here m; and m; are the masses of the input states 1 and 2, and
the loop diagrams Bj(s) are defined by Eqn (2.21), with the
substitution g2(s) — gi(s)g;(s). It will be helpful to introduce
the propagator matrix D;, where the nondiagonal elements
D1y = Dy correspond to the transitions 1 — 2and 2 — 1 (see
Fig. 14b). The matrix reads:

p=|p) B
1 M2 — B
= (M} —s5)(M3 —s5) — BiaBoy ;21 s M%lis . (4.2)
Here the following notation is used:
M2 =} = Bils), i=1.2. 43)

The zeros of the denominator of the propagator matrix (4.2)
define the complex resonance masses after the mixing:

I(s) = (M} —5)(M} —s) — BiaBy = 0. (4.4)

We denote the complex masses of mixed states by M and
M.

= ‘ = * = ‘ = . = +
= ‘ = . = *

Figure 14. Diagrams describing the propagation functions D;; (a) and D
(b) for the interaction of two bare states.

Let us consider a simple model, where the s-dependence of
the function Bj(s) near the points s ~ M3 and s ~ M} is
assumed to be negligible. M? and By, being constants, we
have:

[

1
(M} + M3) + \/— (M2 — M2)* + BBy .

M3, =
A,B 4

= 4.5

; (45)
In the case when the widths of the initial resonances 1 and 2
are small (hence the imaginary part of the transition diagram
By, is also small), Eqn (4.5) turns into the standard formula of

quantum mechanics for the split of mixing levels, which
become repulsive as a result of mixing. Then

cos? 6 N sin” 0 —cosfsin@ sinfcosl
b M;—s MZ—s M3 —s M3 —s
—cosfOsinf sin0Ocos 0 sin” 0 n cos2 6 ’
M3: —s M3 —s M —s Mj—s
1 1 1/2)(M? — M?
COSZQI—-‘r— ( / )( 1 2) (46)

22 Ja/ay(ME - M3 + BBy

The states |4) and |B) are the superpositions of the initial
levels, |1) and |2), as follows:

|4) = cos0|1) —sin0]2), |B) =sin0|1) + cos0|2). (4.7)

Generally, the representation of the states |4) and |B) as
superpositions of initial states is valid when one cannot
neglect the s-dependence of functions By(s) and their
imaginary parts are not small. Let us consider the propagator
matrix near s = M/i:

Ho 1 | M3(s)—s  Bpls)
H(s)| By(s) Mis)—s
- -1 M3 (MR) — M Bix(MR)
CIV(MR) (MR =) Bu(MR) MP(ME) - M|
(4.8)

In the left-hand side of Eqn (4.8), the singular (pole) terms are

the only surviving ones. The matrix determinant in the right-
hand side of Eqn (4.8) is equal to zero:
[M3 (M) = MR][MP(MR) — M]

— Bia(M})By (M3) =0. (4.9)

This equality follows from Eqn (4.4) which fixes I1(M3) = 0.
It allows us to introduce the complex mixing angle:

|A) = cosOa|l) —sin04]2) . (4.10)

The right-hand side of Eqn (4.8) can be re-written, using the
mixing angle 04, as follows:

— €08 04 sin 04
sin® 6,

Na N

Dl = )
[ ]-Y”MR M3 — 5| —sin0a cosOa

(4.11)

where
1

V=T |

2M; — M} — M3,
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M} — M}
sin 0, = A ! (4.12)

2MZ — M7 — M3

We recall that in Eqn (4.12) the functions M (s), M3 (s) and
Bix(s) are fixed at the point s = M3. In the case under
consideration, when the angle 04 is a complex magnitude,
the values cos? 04 and sin® 0a do not determine the prob-
abilities of states |1) and |2) in |4); indeed, the values
V/Na cos 0 and —/N4 sin 0, are the transition amplitudes
|4) — |1} and |A4) — |2). Therefore, the corresponding
probabilities are equal to | cos O] and | sin 04 |*.

In order to analyse the content of the state |B), an
analogous expansion of the propagator matrix should be
made near the point s = M3. After introducing

|B) = sin 0g|1) 4 cos 03]2) , (4.13)

we have the following expression for D in the vicinity of the
second pole s = M2:

- Ng sin® 0 cos 0p sin Op
1Pl = 322 =5 sin B cos 0 2gy |0 Y
B B COS U COS” Up

where
1 2 2 2
NB:m[ZMB—MI - Mj],
M2 _ MZ
cos’ Og = % ,
2M3 — M2 — M3
M2 _ M2
sin® O = B2 (4.15)

ML — M2 M}

In Eqn (4.15) the functions M2 (s), M3(s) and By, (s) are fixed
at the point s = M3.

If By, depends weakly on s and one can neglect this
dependence, the angles 65 and 0 coincide. But generally
they are different. So the formulae for the propagator matrix
differ from the standard approach of quantum mechanics by
this very point.

Another distinction is related to the type of the level shift
afforded by the mixing; namely, in quantum mechanics the
levels ‘repel’ each other from the mean value 1/2(E; + E3)
[see also Eqn (4.5)]. Generally, Eqn (4.4) can cause the
‘repulsion’ of squared masses from the mean value,
1/2(M} + M3), as well as their ‘attraction’.

The scattering amplitude for the one-channel case is
defined by the following expression:

A(s) = gi(s)Dy(5)g;(s) - (4.16)

In the multichannel case, Bj;(s) is a sum of loop diagrams:

Bj(s) =>_ By (s), 4.17)

where Bﬁf) is the loop diagram in the channel n, g, the g_/(.")
being vertex functions and p, the phase space factor. The
partial scattering amplitude in channel 7 is:

A(s) = g (5)Dy(5)g" (s) - (4.18)

4.2 The overlapping of a large number of resonances:
construction of the propagator matrix

Let us consider the propagator matrix D for an arbitrary
number of resonances. The matrix elements D;; describe the
transition from the input state i [with propagator (m? — )71]
to the state j. They obey a system of linear equations as
follows:

Djj = Dy Byj(s) (mj2 - 3)71 + Si/(mjz - s)7l , (4.19)
where Bj(s) is the loop diagram for the transition and 9;; is the
Kronecker symbol. Let us introduce the diagonal propagator
matrix d for input states :

d= diag((m} — 5)7h (m3 — s)7' (m3 — D ). (4.20)
Then the system of linear equations (4.19) can be re-written in
a matrix form, as follows:

D=DBd+d. (4.21)
We obtain
p——1 (4.22)
(d' - B)

The matrix d~! is diagonal, thus D' = (d~! — B) is of the
form:

M12 - 7312(5) *313(5)
| Bl MF—s —Bn(s) ...
D' =|_Bi(s) —Buls) Mi-s .| (423)

where M? is defined by Eqn (4.3). After inversion of this
matrix, we obtain a full set of elements Dj(s):

(=)™ )

Di/(S) = ™ (S)

(4.24)

Here IT™)(s) is the determinant of the matrix D' and
Hj(,N “(s) is a matrix supplement to the element [DA*I],.Z., ie.
the determinant of matrix D~! with the jth line and ith
column excluded.

The zeros of IT™")(s) define the poles of the propagator
matrix which correspond to physical resonances formed by
the mixing. We denote the complex masses of the resonances
as

s= M3, M3, M2, ... (4.25)

Near the point s = M3, one can keep only the leading pole
term in the propagator matrix. This means that the free term
in Eqn (4.21) can be neglected, so we get a system of
homogeneous equations:

Diu(s)(d~" = B),, = 0.

; (4.26)

The solution of this system defined up to the normalization
factor does not depend on the initial index i. Then the
elements of the propagator matrix may be written in a
factorized form as follows:

2
oy, oo, o003,

. Na 2

[Ny = e o (427)

2 _ 2 ’
MA S o3y, o300, o3,
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where N is the normalization factor and the complex
coupling constants obey the equation:

Aot oy =1. (4.28)
The constants «; are the normalized amplitudes for the
transition resonance A — state i. The probability of finding
state i in a physical resonance A is

wi = Jo] . (4.29)
An analogous representation of the propagator matrix can
also be made in the vicinity of other poles:

(N) n BB
D;; (s~ Mg5) = Np szs
(N) 2N ViV
Dy (s ~ M¢) = Ne 2 is , (4.30)

The coupling constants satisfy normalization conditions
similar to Eqn (4.28):

BE+B+. 4 By=1, i+n+o =1
(4.31)
However, generally there is no completeness condition for the
inverse expansion:

o+ B+ £ (4.32)
For two resonances, this means that cos? @4 + sin’ O # 1.
Still, let us recall that the equality in the inverse expansion,
which is relevant to the completeness condition, appears in

the models where the s-dependence of loop diagrams is
neglected [see Eqns (4.5)—(4.7)].

4.3 Full resonance overlapping: the accumulation by one
resonance of the widths of its neighbors
Let us consider two examples which describe the idealized
situation of a full overlapping of two or three resonances. In
these examples, the effect of the accumulation by one
resonance of the widths of its neighbors can be seen in its
primary intact form.

(a) A full overlapping of two resonances.

For the sake of simplicity, let B; be a weak s-dependent
function, so Eqn (4.5) can be used. We define:

M? = M; —iMRrIy, M5=M;—iMrly,  (4.33)
and
ReBlz(Mz):pj‘” A’ &1(5082089p() (4 34
K (m+m)* T s’ — Ml%

It is possible that Re Bj,(M3) can be zero at positive g; and
g2, provided the contribution from the integration region
s < Mg cancels the contribution from the region s’ > M3.
In this case

IMR~/ T T .

After substituting Eqns (4.33)—(4.35) into Eqn (4.5), one has

Biy(MR) — igi(Mg)g2(Mg)p(Mg) = (4.35)

Mj; — M —iMg(I'y +T2), Mj— Mg. (4.36)

Therefore, after the mixing, one of the states accumulates the
widths of the primary resonances, I'a — I'y + I'», and the
other state becomes a quasi-stable particle, with I'y — 0.

(b) A full overlapping of three resonances.

Consider the equation

m¥(s) =0 (4.37)
in the same approximation as in the above example.
Correspondingly, we put

(a#b);

M} =ME —s—iMrli=x—iy;.

ReBah( ) -0

(4.38)

A new variable, x:Mﬁ—s, is used and we denote

MRI';=7; Taking account of B;B;=—y;;, and
Bi2By3 By = —iy; 7,73, wWe can re-write Eqn (4.37) as follows
x* 4 x2(iy, +ip, +iy3) = 0. (4.39)

Therefore, at full overlapping of the resonances, one obtains

M§—>Ml%—iMR(F1+F2+F3)7

M — M, ME— Mg. (4.40)
Resonance A accumulates the widths of three primary
resonances, and the states B and C become quasi-stable and

degenerate.

4.4 The resonances f,(1300), fy(1500), fo(1530+250 , and
f0(1780)

The K-matrix analysis provides a basis for the investigation of
the mixing phenomenon in the scalar sector. The propagator
matrix technique used in the next stage of the analysis allows
us to restore correctly the contribution from the real parts of
the loop diagrams, Bj(ss), thus having correctly calculated the
contribution of input states to the formation of physical
resonances.

The resonance mixing in the region 1200 — 1600 MeV may
be considered in the two-channel approximation, for the
quark —hadron duality justifies the use of the quark channels
nn and ss. Correspondingly,

Bjj(s) = cos ¢; cos (gl-Bl(;ﬁ) (s) + sin ¢; sin %Bl(;g) (s), (4.41)

where i, jrun over 1,2, 3,4 with the following notation for the
states: 1 = 13Py(ni rich), 2 = 2’Po(ni rich), 3 = gluonium,
and 4 = 23Py(s5 rich). The quark states are usually described
with light-cone variables. Then

By"™(s) = (21)3J de @k, S o1 ).
‘ TC X A N

(4.42)

Here s’ = (m*> 4+ k%)/x(1 — x) and m is the non-strange
quark mass. The factor 2(s” — 4m?) is due to the quark spin
variables:

Tr [(k+m)(—p +k+m)] =2(s' — 4m?).

An analogous expression, with the replacement m — m,
SS
defines B;
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The simplest parametrization of the vertex function for
the transition from input state i in quarks is:
kl2 =+ ag; klz + ag;
K4+a kKtoi+h]’

gi(s) = y,V/s (4.43)

Here k* =s5/4 —m? and k2 = m2/4 —m?, where m is the
constituent quark mass equal to 350 MeV for a non-strange
quark and 500 MeV for strange one, and m,, is the mass of the
input state.

For the first state, 1°Py(ni rich), and for the gluonium we
put d; = d3 = 0. The second state is radial excitation, 2°P;,
and its wave function is orthogonal to that of the ground
state. This means that the real part of the function B (s) must
tend to zero at s close to resonance masses. Such an
orthogonalization was performed at the point /s = 1.5 GeV,
thus determining the value of the coefficient ¢,. The vertex
functions for the same nonet members are equal, so
&2(5) = 2(s).

The parameters m,, y,, h and ¢, are defined by the masses
and widths of physical resonances. However, the mass m, can
be approximately fixed by the K-matrix pole: 2~
m> — Re By, (12). 1t should be underlined that mj is the mass
of a pure gluonium, which is a subject of lattice QCD.

The positions of the amplitude poles and the masses of
input states found in Ref. [7] by fitting the 00™" wave are
shown in Table 4. The relative weight of a primary state in the
physical resonance A is defined by Eqn (4.29); calculated in
such a way that the probabilities 17, for the resonances under
investigation are shown in Table 4.

Table 4. Masses and mixing angles of the input states, the content of
physical states and the positions of poles for the 00** amplitude (masses in
GeV).

Solution I
Probability 13Py(ni rich) 23Py(nii rich) Gluonium  23Py(ss rich)
of resonance ¢, =18° ¢, = —06° ¢y =25 ¢, =84°
my = 1457 mp =1.536 m3 =1.230 my = 1.750
Wf(1300)]  32% 12% 55% 1%
1.300 —i0.115
Wfo(1500)] 25% 70% 3% 2%
1.500 —i0.065
Wfo(1530)] 44% 24% 27% 4%
1.450 —i0.450
W [£o(1780)] 1% 1% 0% 98%
1.780 —i0.085
Solution II

Probability 13Py(nfi rich) 2°Py(ni rich) Gluonium  23Py(ss rich)

of resonance ¢, =18° ¢, =35° ¢ =25 ¢, =-55°
my = 1.107  my =1.566 m3 =1.633 my = 1.702

Wfo(1300)] 35% 26% 38% 0.4%

1.300 —1i0.115

Wfo(1500)] 1% 64% 35% 0.4%

1.500 —i0.065

Wfo(1530)] 12% 41% 47% 0.3%

1.450 —i0.450

Wfo(1780)] 0.1% 0.2% 0.2% 99.5%

1.750 —10.100

As was stressed above, in order to make comparisons with
the QCD calculations, one should separate contributions
from large and small distances, that is, take into account the
short-range interaction component, r < ry ~ Reonfinement, and
eliminate the contribution from large r. Therefore, in the

calculation of masses, which might be compared with the
results of QCD-motivated models, we should make a
replacement in the amplitude of the 00™* wave, as follows:

Bab(s) — Re Bab(é‘, k(z))

0 1 / / /
_ PJ d‘_vgll(s )p(s‘ )gb(‘g ) Z(S/ —41’7’12) (444)
4m24ar2 T

s’ —s

The poles of the amplitude re-determined in this way provide
the masses which are related to the interaction at r < 1/k.
One must compare the masses obtained with a cutting of the
order of k§ ~ 0.125 (GeV s~!)?, that corresponds to account-
ing for the quark interaction at r < 1 fin ~ Rconfinement With
the quark model results.

For Solution I we get (the values are given in GeV)

3Py (ssrich) 13Py(nn rich) 23Po(ni rich) 23Py(ss rich)

m(k3=0)=pb¥  0.720 1.360 1.577 1.791
m(k3 = 0.125) 0.730 1.340 1.560 1.780 (4.45)
m(k3 — oo)=my, — 1.457 1.536 1.750.

For Solution II:

13Py(ss rich) 13Py(nf rich) 23Py(nit rich) 23Py(ss rich)

m(k3=0)=pbe 0.720 1.357 1.585 1.734
m(k3 = 0.125) 0.735 1.340 1570 1.725 (4.46)
m(k3 — oo)=my, — 1.107 1.566 1.702.

In Refs [6, 7] the lightest qq state, f7*"¢(720), has not been
included in the mixing machinery. In Eqns (4.45) and (4.46)
the mass corrections for this state have been evaluated to be
my(k3) ~ m% — Re By, (m?2,k3). This approximate equality is
due to the comparative smallness of the non-diagonal loop
diagram contributions.

Results (4.45) and (4.46) prove that the values my
(k3 =0.125 GeV?) slightly differ from g, while the
differences from the input masses m, can be significant. This
means that the K-matrix analysis provides approximately
correct meson characteristics, which may be compared with
the quark model results. On the contrary, one should
compare the values of the input masses, m,, which can differ
noticeably both from the masses of bare states, p2*, and
from the masses of real resonances, with the results of lattice
QCD.

4.5 Dynamics of glueball mixing with the qq states
To discover the glueball mixing with the qq states, let us make
a replacement in the loop diagrams of the propagator matrix:

8als) = Egals) (4.47)

with the factor ¢ changing in the interval 0 < ¢ < 1. Até =10
the mixing is switched off, and the amplitude has poles at
s = m?2. Figure 15 demonstrates the position of the poles at
different & for Solutions I and II. With increasing &, the poles
move from the real axis to the lower part of the complex
plane. Let us discuss in detail the dynamics of the pole
movement for Solution II.

At & =0.1-0.5 the glueball state of Solution II is mainly
mixed with the state 23Py(nn), while at & =0.8—1.0 the
mixing with the state 13Po(nfi rich) becomes important. As a
result, the state which is the glueball descendant, sunk rather
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Figure 15. Variation of the resonance pole positions plotted on the
complex M-plane for different coupling constants g, — £g,.

deeply into the complex plane, acquires a mass
M = 1450—1450 MeV, and the glueball component of this
broad resonance is 47%. Likewise, in Solution I the broad
resonance is a glueball descendant as well.

The hypothesis about strong mixing of the gluonium with
qq states had been raised formerly. But attempts of
quantitative reconstruction of the picture of mixing within
the standard quantum mechanics approach failed, for two
phenomena were lost:

(1) The qg-glueball mixing described by the D matrix can
lead not only to the repulsion of levels, that follows from the
standard quantum mechanical approach, but to their attrac-
tion as well. The latest effect is caused by the presence of the
imaginary part in the loop diagram B, and it is important
that Im B, is not small near 1500 MeV.

(2) Resonance overlapping leads to the repulsion of poles
located on the imaginary axis of masses, and one resonance
accumulates the widths of the others.

Just this kind of mixing happened at 1500 MeV, and the
large width of one of the resonances is the inevitable
consequence. It is also natural that the broad resonance itself
is the gluonium descendant, for the gluonium mixes, without
any significant suppression, with the nearby qq states, both of
them being dominantly non-strange ones.

5. Conclusions

The deconfinement of quarks from the excited qq levels goes
in two stages:

(1) The unavoidable production of qq pairs, which form
two or more white states (hadrons).

(2) The flying away of the produced hadrons, their
interaction and, as a result, the mixing of neighboring qq
levels, that leads to the formation of a broad locking state,
which plays the role of a dynamical barrier for neighboring
levels.

This is the K-matrix analysis, together with the dispersion
N/D method, which are summoned to decipher the second
stage of the deconfinement. The analysis of the 00" wave
carried out in the K-matrix or the propagator matrix
techniques demonstrated that the lightest scalar glueball,
being near the states 13Poqq and 23Pyqq, after mixing turned
into a broad state, with I'/2 ~ 500 MeV. This broad state
fo(153073%,) carries about half of the scalar gluonium
component, whereas the other components of the broad
resonance are 13Pyqq and 2°Pyqq.

It looks like the waves 00~+ and 02*" behave similarly
[57], which allows us to believe that the future of the physics of
highly excited states is tightly related to the study of broad
states both in the search for exotic hadrons and the
investigation of confinement phenomenon.
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