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It is shown that the recent data on the KK correlation in Pb-Pb interactions agree with the data on the

vy = na¥ and ¢p — na’y reactions and support the four-quark model of the ay(980) meson. It is shown that
the data does not contradict the validity of the Gaussian assumption. The study of two-kaon correlations
could provide more information about light scalar mesons after increasing the accuracy of the experimental

and theoretical descriptions.
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I. INTRODUCTION

The a((980) and f,(980) mesons are well-established
parts of the proposed light scalar meson nonet [1]. From the
beginning, the a((980) and f,(980) mesons became one of
the central problems of nonperturbative QCD, as they are
important for understanding the way chiral symmetry is
realized in the low-energy region and, consequently, for
understanding confinement. Many experimental and theo-
retical papers have been devoted to this subject.

There is much evidence that supports the four-quark
model of light scalar mesons [2].

First, the suppression of the @((980) and f,(980)
resonances in the yy — nz° and yy — 7z reactions, respec-
tively, was predicted in 1982 [3], ", ,, # I'f,,, = 0.27 keV,
and confirmed by experiment [1]. The elucidation of the
mechanisms of the ¢(600), f((980), and ay(980) reso-
nance production in yy collisions confirmed their four-
quark structure [4,5]. Light scalar mesons are produced in
yy collisions mainly via rescatterings, that is, via the four-
quark transitions. As for a,(1320) and f,(1270) (the well-
known ¢g states), they are produced mainly via the
two-quark transitions (direct couplings with yy).

Second, the argument in favor of the four-quark nature of
ap(980) and f((980) is the fact that the ¢(1020) — agy
and ¢(1020) — foy decays go through the kaon loop:
¢ — K"K~ = agy, ¢ > KK~ — fyy, i.e., via the four-
quark transition [6—10]. The kaon-loop model was sug-
gested in Ref. [9] and confirmed by experiment ten years
later [11-13].
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It was shown in Ref. [6] that the production of a,(980)
and f((980) in ¢ — agy — na'y and ¢ — foy — 2’2
decays is caused by the four-quark transitions, resulting in
strong restrictions on the large-N - expansions of the decay
amplitudes. The analysis showed that these constraints give
new evidence in favor of the four-quark nature of the
ay(980) and f((980) mesons.

Third, in Refs. [14,15] it was shown that the description
of the ¢ > KTK™ — yay(980)/f((980) decays requires
virtual momenta of K (K) greater than 2 GeV, while in the
case of loose molecules with a binding energy about
20 MeV, they would have to be about 100 MeV.
Besides, it should be noted that the production of scalar
mesons in the pion-nucleon collisions with large momen-
tum transfers also points to their compactness [16].

Fourth, the data on semileptonic D} — ssetv —
[6(600) + f0(980)]etv — ntrn~eTv decays are also in
favor of the four-quark nature of ¢(600) and f((980)
[17]. Unfortunately, at the moment the statistics is rather
poor, and thus new high-statistics data are highly desirable.
No less interesting is the study of semileptonic decays of
D® and D" mesons—D° — dite*v — agetv — xnet v,
D* = dde*v - aetv — 2%%eTv (or the charged-conju-
gated ones) and DT — ddev — [6(600) + f,(980)]
e'v —» ntx~eTv—which have not been investigated yet
[17,18]. It is very tempting to study light scalar mesons in
semileptonic decays of B mesons [18]: B® — diietv —
ayetv — nnetv, Bt s uiietv—adetv—n'nety, BT —
uitev — [6(600) + f((980)]e v =zt et b

It was also shown in Refs. [19,20] that the linear S; (2) x
Sr(2) o model [21] reflects all of the main features of low-
energy 7z — niw and yy — zx reactions and agrees with the
four-quark nature of light scalar mesons. This allowed for
the development of a phenomenological model with the
right analytical properties in the complex s plane that took
into account the linear 6 model and the background [22].
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This background has a left cut inspired by crossing
symmetry, and the resulting amplitude agrees with results
obtained using the chiral expansion, dispersion relations,
and the Roy equation [23], and with the four-quark nature
of the 6(600) and f,(980) mesons as well.

Recently, the ALICE Collaboration’s investigation of
K9K* correlation [24] determined that a(980) is a four-
quark state. This conclusion was made on the basis that
masses and coupling constants obtained in the four-quark-
based scenario from the data on ¢ — 5z and ¢ — 7°2%
decays [7,8,13] accurately describe the data on two-
kaon correlations, in contradistinction to other sets of
parameters [25].

Statistically significant data on two-kaon correlations
appeared recently. In 2006, the STAR Collaboration pre-
sented data on K$K$ correlation in Au-Au interactions
[26]. Both a9(980) and f(980) are created in the process.

Recently, the ALICE Collaboration published data on
K$K* correlations in Pb-Pb interactions [24], and a3 (980)
is created in these reactions.

In 2015, the authors of [27] presented an analysis on the
Belle data on the yy — nz2° reaction together with KLOE
data on the decay ¢ — nz'y. Here, we present a new
analysis which additionally includes the ALICE data on
K9K™ correlation [24].

We justify the ay(980) four-quark nature on a higher
level than that in Ref. [24]: the set of different data (the
Belle data on yy — nz°, the KLOE data on ¢p — nz°y, and
the ALICE data on two-kaon correlation) is simultaneously
described in a scenario based on the four-quark model [2].
In this scenario the coupling constants obey (or almost
obey) the relations [9]

Gagnz® = \/ESin(ep + eq)gaUK+K‘
= (0.85+0.98) g0k x-
Gagfn® = = 2cos(0, 4+ 0,) G,k k-

= —(1.13 + 1.02) gy k- k- (1)

and the coupling to the yy channel is small. Here g, ,,0 =
0.8594,k+ k- and g, 7,0 = —1.13g4 g+ k- for 8, = —18° and
Gage® = 09894 k+x-  and g, 0 = —1.02g, g+~ for
0, = —11°. The 0, = 54.74°.

Our description takes into account the a;, meson and uses
one-loop scalar propagators with good analytical proper-
ties; see Sec. II.

The approach is based on Ref. [28], which in turn was
based on the assumption of an ideal chaotic Gaussian
source, which requires that the correlation strength A be
equal to unity; for details, see Ref. [29]. We show that the
data is described well with 4 = 1, what didn’t manage to be
made in Ref. [24].

Note that we do not use the STAR and ALICE data on
the correlation of identical kaons [26,30,31] because in the

charged case a((980) is not created, and the neutral case
deals both with isospin / =0 and [/ =1, i.e., a similar
simultaneous analysis would require taking into account
f0(980), f»(1270), and o(600) and the reactions
yy = 7°2°, ¢ — 7°2%, and zz — zz. This is a rather
complicated problem, and we hope to return to it in the
future.

II. FORMALISM AND RESULTS

Let us briefly consider the formalism used in Ref. [24],
which is based on that in Ref. [28]. The scattering
amplitude is [Eq. (6) of Ref. [24]]

Fk) = — Fan=KK 2)

My, — S — i(yao—ﬂ(l_(k* + }/ao—mr]krm) .

Here the denominator is the inverse propagator of a; in a
Flatté-like form [32], s is the invariant two-kaon mass
squared, k* is the kaon momentum in the kaon pair rest
frame,

Vs = Omgg = mi-}2) (s = (g + myc-)?)

k' =
and k, is the corresponding 77 momentum.

The correlation C(k*) is [Eq. (9) of Ref. [24]]

A (1P Ref(k)

Ck')=1+=(= 2 F1(2k*R

by =1+5 (G5 22k e

Imf(k*
_Imf(k) F2(2k*R)> ’ (4)

where R is the radius parameter from the spherical
Gaussian source distribution, 4 is the correlation strength,
and

2

2
Fi(z) = ¢ AZ e dx;

Z

RE = ()

The Flatté propagator is not adequate for studying
f0(980) and a((980); see Refs. [10,14,33-35]. As in
Ref. [27], we use one-loop propagators and take into
account the @’ g meson, so Eq. (4) is modified:

2 gsxox+ G skoi+
k) = — s s ; 6
k) = B )

where S.§ =aj.d§, and the constants IsKok+ =

—9skok+ = Jsk+k-- The matrix of the inverse propagators is

—I1y 4, (m) ) L)

D, (m)

Da6 (m>
_Ha600 (m)

036015-2



LIGHT SCALAR MESONS AND TWO-KAON CORRELATION ...

PHYS. REV. D 97, 036015 (2018)

9a, ab
Ha6a0 (m) = Z (—Jngf(m) + Cagao’ (8)

a.b YGagab

where m = /s, and the constant Ca;)ao incorporates the

subtraction constant for the transition ay(980) — (0707) —
a;, and effectively takes into account the contributions of
multiparticle intermediate states to the a, <> ;, transition.
The inverse propagator of the scalar meson S [9,10,27,36] is

Dg(m) = m} —m? + > [Rellg (m}) — TIg" (m?)],  (9)
ab

where 37, [RelT§” (mg) — TI§" (m?)] = Rells (mg) — Xs(m?)
takes into account the finite-width corrections of the reso-
nance, which are the one-loop contributions to the self-
energy of the S resonance from the two-particle intermediate
ab states. We take into account the intermediate states nz™,
KK, and /=" in the a (980) and o’ propagators:

g K0K+
Mg = I + IS

+rSK o (10)
The forms of I14%(m) are expressed in Appendix A.
Equipped with these formulas, we fit the “previous”

data (i.e., the data on yy — na° [37] and ¢ — na’y [13]

reactions) as in Ref. [27] simultaneously with the ALICE

data on K(S)K+ correlation (29 points from the upper-left
panel in Fig. 2 of Ref. [24]). Only statistical errors are taken
into account.

Unfortunately, the ALICE Collaboration did not publish
the data in the form of a table, with statistical, systematic,
and total errors for combined KK+ and K3K~ data sets.
For safety, we neglect systematic error and do not fit the
data on K‘;K ~ (the data sets are consistent).

We perform four analogs of Fit 1 of Ref. [27]; see Table I
and Fig. 2. Parameters that are not mentioned above are in
Table II of Appendix B. To fit the “previous” data we use
the same y? functions with the same restrictions, including
fixing the af, mass at 1400 MeV and terms that guarantee
being close to the four-quark model relations (1); for
details, see Ref. [27]. The y2,, in Table I is the usual y?
function built on the K3K* correlation data.

In Table I, Fit 1 is for free A and R, and Fit 2 is for A = 1.
One can see that the quality of Fit 2 is also good so the data
does not contradict A being equal to unity.

Fits 3 and 4 are for the parameters of Fit 1 of Ref. [27],
with free 1 and R and with 4 = 1, respectively. One can see
that Fit 3 describes the data quite well, while Fit 4 does not
describe the data on correlation with a perfect y?, though
the description is not very bad since errors are small and
systematic errors are neglected.

The difference in the q features between Fits 1,2 and
Fits 3,4 (with the “old” parameters) is rather small: the aj,
features are more fluid, as was observed in Ref. [27]. The
description of “previous” data for Fit 1 is shown in Fig. 1: it
is close to that in Ref. [27]. The correlation is shown
in Fig. 2.

Analogs of other fits from Ref. [27] could be obtained in
the same way.

As in Ref. [27], we do not calculate errors of the
parameters. In our case, the minimized function has more
than one minimum, for example, one with 4 = 0.53 (Fit 1)
and another with 4 = 0.66 and m,, = 1012 MeV. The last
value exceeds the usually obtained ones, but is also not
excluded. The values of the minimized function differ by
less than 1 in these minima, while for 4 in the intermediate
region 0.53-0.66 the deviation from the minimum values is
greater than 1.

TABLE I. Properties of the resonances and the description quality.

Fit 1 2 3 4
mg,, MeV 995.1 1003 993.9 993.9
Gaox-k-> GEV 2.70 2.73 2.75 2.75
Gagnz> GeV 2.85 2.95 2.74 2.74
Gagy'n» GEV -2.79 -2.81 -2.86 -2.86
my,, MeV 1400 1400 1400 1400
Jal KK GeV 0.87 1.04 1.63 1.63
Yaypa> GeV -2.33 -2.72 -3.12 -3.12
Gl > GeV -6.73 —6.56 —4.75 -4.75
Cayal» GeV? 0.146 0.133 0.021 0.021
A 0.53 1 0.73 1
R, fm 5.0 6.7 5.6 6.8
;(%,/36 points 13.1 19.0 12.4 12.4
;(%1,/24 points 24.7 25.6 24.5 24.5
2.+/29 points 19.0 28.2 24.8 40.4
()(}%7 +;(§p + om)/m.d.f. 56.9/73 72.8/74 61.6/73 77.2/74
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(a) The yy — na° cross section: the curve is Fit 1, and the data points are from Belle [37]. Note that the Belle data represent the

averaged cross section (each bin is 20 MeV). (b) Plot of the Fit 1 curve and the KLOE data (points) [13] on the ¢ — 52"y decay; m is the

invariant #z° mass. Cross points are omitted in the fitting.
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FIG. 2. KgKJr correlation: the solid line corresponds to Fit 1,
and the points are experimental data [24].

In Ref. [24] the obtained values of A were much less than
1 and not far from 4 = 0.53 in Fit 1. We are able to obtain
Fit 2 with 4 = 1 primarily because of the presence of a(, and
the fact that we vary the a, parameters. a;, gives a notable
contribution to the correlation: its removal raises y2.
from 19 to 57 in Fit 1 and from 28 to 107 in Fit 2, while
the other parameters remain the same. Also, we use a better
propagator for the scalar particles.

Fits 1-3 show that the whole set of experimental data
could be described in the four-quark model of a(980).
Moreover, the results of the previous analysis are well
consistent with the data on correlation.

The predictive power of the data on correlation should
increase a lot following advances in the description of the
kaon generation process. Now we have two additional
degrees of freedom (R and 1), and Fits 1-4 show that even if
we only fix A, the data become much more “strict”.

Note that Eq. (4) is not a precise formula. Here 1 is an
effective parameter that takes into account the non-
Gaussian distribution of the kaon source, etc. If the
distribution is severely non-Gaussian, Eq. (4) should be
completely modified: it is not enough to just introduce A.

In Fits 1 and 3 and Ref. [24], the obtained values of A were
not close to 1 (~0.6 in Ref. [24]). This raises the question of
the self-consistency of the results (however, it could be
explained by other effects; see Ref. [29]). As far as we
understand, it is not easy to achieve progress in this field.

III. CONCLUSION

It was shown that the ALICE data on K%K correlation
could be described simultaneously with the Belle data on
vy — na° and the KLOE data on ¢ — 52y in a scenario
based on the four-quark model.

Fit 2 shows that the data could be well described with the
correlation strength A equal to unity, as it should be for an
ideal chaotic Gaussian source. However, we emphasize that
the current experimental data does not allow us to make
strict conclusions on A.
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APPENDIX A: POLARIZATION OPERATORS

For pseudoscalar mesons a, b and m, > m;,,m > m,,
one has

2

m m,

2
¢ (m?) = ‘?56—”1’ [—m+m_ 1n 0
T

27 2 _ .72
+pab(i+11n¢’" me = m ’"*)]

n \/mz—mzﬁ-\/mz—m?F
(A1)
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where pa,(s) = 2pa,(s)/\/s = /(1 = )(1 —m?/s), and my = m, &+ my,.
Form_<m<m,,
ab( 2y _ GSap |[Mym_ m% — m?
I (m®) =17 P lnm—a— |Pab(m )|+ |Pan(m )|arctanmz—_m% : (A2)

and for m < m_,

1 () = St [’"’" 0L () n VI I }
167 m mg, 1w \/m+—m +\/m -m?
(A3)
The constants gg,;, are related to the width as
Tsab
= (S = ab,m) = > Lo papy(m). (A4)

APPENDIX B: OTHER PARAMETERS

For completeness, we show parameters that are not described above in Table II. One can find all of the details in Ref. [27].

TABLE II. Parameters not mentioned in Table I.

Fit 1 2 3 4
gaow, 1073 Gev~! 1.8 1.8 1.8 1.8
Guyy 107 Gev~! 8.53 7.73 5.5 55
co 8.8 8.1 10.3 10.3
¢y, GeV™ -20.1 —18.4 —24.2 —242
¢y, GeV™ —0.001 —0.002 —0.0009 —0.0009
fxi» GeV! ~0.305 ~0.34 ~0.51 ~0.51
F» GeV-! 1.0 1.0 27.0 27.0
5,° =773 —67.8 -94.5 -94.5
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