Chiral dynamics in 77 scattering and light scalars
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Abstract

We present the updated analysis by means of w7 scattering amplitude 7 having regular
analytical properties in the s complex plane. We dwell on questions dealing with the small
o — fo mixing, inelasticity description and the kaon loop model for ¢ — (o + fo) reaction,
and show a number of new fits. In particular, we show that the minimization of the o — fj
mixing results in the four-quark scenario for light scalars: the ¢(600) coupling with the
K K channel is suppressed relatively to the coupling with the 77 channel, and the f,(980)
coupling with the w7 channel is suppressed relatively to the coupling with the K K channel.

We also suggest a simple background parameterization, practically preserving the reso-
nance features, which is comfortable for experimental data analysis, but allows to describe
the results based on chiral expansion and Roy equations only on the real s axis.

1 Introduction

Study of light scalar resonances is one of the central problems of nonperturbative QCD, it is
important for understanding the chiral symmetry realization way resulting from the confinement
physics.

In QUARKS-2010 [1] we reported for the first time the S-wave w7 scattering amplitude
T(S) with I = 0 with correct analytical properties in the complex s plane. This amplitude was
used to analyze the KLOE data on the ¢ — 797% decay [2] with the help of the kaon loop
model ¢ — KtK~ — (fo+0)y — 77% [3, 4, 5, 6, 7] simultaneously with the data on the 77
scattering and the 7 — K K process [8]. The chiral shielding of the ¢(600) meson [9, 10] and
the o0 — fp mixing were taken into account, the analysis supported the four-quark nature of the
o(600) and f(980). From that premier results we came to those reported in Ref. [11].

Remind that the primary goal of building such an amplitude is the ability to compare results
[8], obtained in our model, with results of Ref. [12], where the 77 scattering amplitude was
calculated in the s complex plane, basing on chiral expansion and Roy equations. The ¢ pole
was obtained in Ref. [12] at

M, = 441730 — 327217, - MeV . (1)

Remind that in our model the S matrix of the 77 scattering is the product of the ”resonance”

and "elastic background” parts:
58 — Sgback Sgres’ (2)

and we introduced [1, 11] special SS back parametrization to obtain the correct T, é) analytical
properties, while S§"® had correct analytical properties in Refs. [8] already. In Ref. [11] we
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successfully described the Ref. [12] results on the real s axis using the constructed 77 amplitude,
while the o pole was located rather far from the Ref. [12] result. The hypothesis concerning
this deviation was suggested. Note that the results [12] were treated along with experimental
data.

Here we report the enlarged data analysis [13].

2 Results

The S-wave amplitude 7 of the w7 scattering with I=0 [14, 15, 16, 4] is

50 s STCTT _
Tg _ 77862160 -1 _ 62Z5B -1 i 621'6%‘" Z gRﬂ'TFGR}{/gR/Wﬂ' . (3)
2iprr(m)  2iprr(m) Part 167

Here 778 = 778 (m) is the inelasticity, 58 is the scattering phase, 05" is the phase of the elastic
background, and the matrix of the inverse propagators [17, 8, 11]

_ D o(m) —1I oﬂ(m)
Grr(m) = < _Hj;oa(m) Di(m) >

The form of 25" may be found in Ref. [11], note that it is practically the same as in Ref.
[1].

The results are shown in Tables and Figs.

In Table I we show 5 Fits for different f couplings to the K K channel. In Fit 4 the o(600)
and fo(980) are coupled only with the 77 channel and the K K channel, while in other Fits nn,
n'n and 'y’ channels are taken into account.

One can see from Table I and Fig. 5 that the small o — fo mixing (637¢*(m,) close to
90° and 807 (my,) close to 270°) leads to the four-quark scenario for light scalars: the o(600)
coupling with the K K channel is suppressed relatively to the coupling with the 77 channel,
and the f,(980) coupling with the w7 channel is suppressed relatively to the coupling with the
KK channel [18].

In Refs. [8, 11] we used the factor Pk, caused by the elastic K K background phase, that
allows to correct the kaon loop model, suggested in Ref. [3], under the K K threshold!:

ei‘sgk m > 2mg ;
analytical continuation of e*’s m < 2mg . (4)

Now we investigate how small this correction may be. We upgrade the parametrization of
the 655 (m), used in Refs. [8, 11], now the 05 is parametrized in the following way:

fim2 2
m* —4mi.

m2—m%

(m —m2)?/A3 ) arctan(—g>—) — o -
1+(m—m2)2/1\% AK ’
One can see that for Fits 2-5 with g]%O[ﬁK, /4m > 1.5 GeV? the maximum of the |Px|? is
close to 1 (about 1.2), see Fig. 6b, this means that the correction to the kaon-loop model [3]
is small. For lower g?o o+ - /4T the | Pk |? increases as a compensation, see Fit 1 and Fig. 6a.

This results in a model dependence of the constant determination. A precise measurement of
the inelasticity 778 would resolve this problem.

eQiégk _ 1+ Z'QpKfK(m2)
1— i2pKfK(m2) ’

PK =

N =

o) =1+

'Remind that the Px also provides pole absence in the analytical continuation of the ¢ — (fo+0)7y amplitude
under the 7w threshold, see Ref. [8].
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Figure 1: The phase 58 of the 7w scattering for Fit 3. Solid line is the obtained description,

dashed lines mark borders of the corridor [12], points are experimental data.

Table 1. Properties of the resonances and main characteristics.

Fit 1 2 3 4 5
my,, MeV 978.30 974.78 981.49 979.85 980.40
Ii ik /AT, GeV? 1 15 2 2 4.2782
g?oﬁﬂ, /47, GeV? 0.154 0.208 0.313 0.215 0.533
L, (my,), MeV 56.7 76.6 114.8 79.1 195.5
My, MeV 479.40 471.89 470.87 472.87 469.94
g2 . _/Am, GeV? 0.564 0.569 0.588 0.584 0.596
G2 s o /AT, GeV? 0.001 0.048 0.006 0.006 0.002
T, (m,), MeV 362.1 363.2 379.5 376.0 384.7
ad, m! 0.223 0.220 0.224 0.223 0.225
Adler zero in 7 — 7w | (93.5 MeV)? | (85.6 MeV)? | (96.8 MeV)? | (94.6 MeV)? | (92.3 MeV)?
597 (my ), © 91.8 94.1 91.0 90.6 92.3
597 (my,), © 250.1 250.1 260.1 255.1 258.7
79(1010 MeV) 0.55 0.52 0.51 0.51 0.51
Xopase (44 points) 53.1 48.9 42.0 40.0 55.1
X%, (18 points) 21.2 20.8 21.3 17.0 12.6

Inelasticity is crucial for the analysis, here we describe the peculiar behavior of the data

up to 1.2 GeV, indicated by the experimental data, see Fig. 7. This behaviour was discussed
quite widely in Ref. [15]. Unfortunately, the current data have large errors, so the precise
measurement of the inelasticity 778 near 1 GeV in mm — 7w would be very important.

In Ref. [10] it was shown in the SU(2)xSU(2) linear o model, that the residue of the o
pole in the amplitude of the w7 scattering can not be connected to coupling constant in the
Hermitian (or quasi-Hermitian) Hamiltonian for it has a large imaginary part. The T residues
in the 0(600) pole, shown in Table II, illustrate this fact. Note that large imaginary part is
both in the residues of the full amplitude T, (? and its resonance part T(? Res So, considering the
residue of the o pole in T(g) or T(g) Res a5 proportional to the square of its coupling constant to
the w7 channel is not a clear guide to understanding the ¢ meson nature. In addition, this pole
can not be interpreted as a physical state for its huge width.
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Figure 2: The real and the imaginary parts of the amplitude 7| of the w7 scattering for Fit 3
(s in units of m2). Dashed lines mark borders of the corridors [12].
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Figure 3: The 77" spectrum in ¢ — 7979y decay for Fit 3, solid line is the obtained description.
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Figure 4: The phase §) of the 77 scattering for Fit 3.
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Figure 5: The resonance phase of the 77 scattering 637 (degrees): a) Fit 1 (m, = 479.4 MeV,
my, = 978.3 MeV); b) Fit 3 (my, = 470.9 MeV, my, = 981.5 MeV).
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Figure 6: The |Pg(m)|? is shown, see Eq. (2): a) Fit 1; b) Fit 3.
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Figure 7: The inelasticity 7 is shown: a) Fit 3, b) Fit 4.



Table II. The o(600) poles (in MeV), the residues of T3, Res T, and of the resonance part T3¢,
Res 9%, (in 0.01 GeV?) in this pole on different sheets of the complex s plane depending on sheets of
polarization operators I1%°(s) are shown.

Sheets of I1°? Fit 1 Fit 5
| A | |’ | e o pole ResT{ | ResT)fes o pole ResT{ | ResT)fes
11 I I I I 565 — 2047 | —2+4+ 144 | —22—11% | 566 —201¢ | —1+ 137 | —20 — 12+
11 II I I I 612 — 3461 5+ 31 —18+ 1474 | 569 — 2674 3+ 1017 —26—11¢
11 II II I I 542 —3967 | —1+ 31 —16 -3¢ | 522 -3794¢ | —24 314 —14—-61
11 II II II I 577 —5227 | 0.2+ 1¢ —15—-1¢ | 612—-6267 | 0.3+0.4¢ | —15—44
11 II II II II 633 — 5344 1414 —23+4+2¢ | 664—651¢ | 0.54+0.3: | —19—44
Sheets of I1°? Fit 3 Fit 4
| A | |’ | e o pole ResT{ | ResT)fes o pole ResT{ | ResT)fes
11 I I I I 572 —206% | —2+14¢ | =21 —124 | 579 —216¢ | —3+ 154 | —23 — 121
11 II I I I 572 —-2797 | 3+ 107 —2642¢ | 579 — 2731 14129 —27—11¢
11 II II I I 526 — 3954 | —2+ 24 —12 - 514 - — -
11 II II II I 623 — 6517 | 0.34+0.37 | —14— 34 - - -
11 II II II II 683 — 6797 | 140.1¢ —19—-44 - — -

Table III. The f5(980) poles (in MeV), the residues of 79, ResTy, and of the resonance part To%es,
Res T{%es, (in 0.01 GeV?) in this pole on different sheets of the complex s plane depending on sheets of
polarization operators I1%°(s) are shown.

Sheets of TP Fit 1 Fit 5
| A | |’ | e fo pole ResT? | ResTQ%es fo pole ResTQ | ResTQRes
IT I I I I 986 — 261 6—21 —T+21 986 — 214 5-1i | —6+0.14
II 1T I I I 913 —-3027 | 10+5i | —19—197 | 1575 — 5530 | —8 — 44 | —21 — 231
IT il il I I 966 — 450 3—17¢ | —12—104 | 2101 — 10657 | 0.1 + 54 | —28 — 104
II 1T I | 11 I 962 — 4657 | 3—0.37 | —12—124 | 2173 — 11584 | 1+54 | —25— 114
IT 1T Im | 10 il 954 — 5867 | 1+0.47 | —3— 147 | 245215704 | 3+37 | —22— 104
Sheets of I Fit 3 Fit 4
| A | |’ | e fo pole ResT? | ResTQ%es fo pole ResTQ | ResTQRes
IT I I I I 986 — 231 611 —6+11 985 — 204 5-1i | —5+14
II 1T I I I 1149 — 4857 | 3—64 | —14—164 | 1187 — 6184 | 0.5—2i | —11—94
IT 1T 1T I I 1441 — 8357 | —3+0.44 | —20 71 - - -
II 1T I | 11 I 1469 — 8857 | —2+0.44 | —16 — 93 - - —
IT 1T Im | 10 I [ 1607 — 11820 | —1+1i | —11—8i - - -

The obtaining of the o pole in Ref. [12] gave the strong argument in favor of the ¢(600)
existence, but followed efforts aiming the precise determination of the pole are not productive.
The Roy equations are one-channel, that is, are approximate and even slight discrepancy in
the amplitude in the physical region may lead to large changes in the complex plane. Remind
that the Riemannian surface of the n7 scattering amplitude has many sheets (strictly speaking,
infinite number of sheets), and even for relatively narrow fy(980) it is sometimes difficult to
determine on what sheet should we find the pole, see, for example, Fit 2 in Ref. [11]. But even
if we obtained the pole precisely, it would give us practically no information on the resonance
nature. Besides, the residue of the amplitude in the pole is strongly distorted by the background
part of the amplitude, that gives essential contribution even for relatively narrow fy(980), see
Tables IT and III.

Let us dwell on the results, presented in Table III. Remind that for a stable particle with
the mass mg there is the pole in the amplitude

2
1
T:_g/GZ

at s = m(%, the residue of the amplitude ResT is connected to the coupling constant (g) of the
stable particle with the 77 channel.
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Figure 8: The comparison of Fit 3 and Fit 7 (with the same resonance parameters, but ”sim-
ple” background): a) The phase §J, b) the amplitude T3 under the 7m threshold. Solid lines
correspond to Fit 7, dashed lines to Fit 3, points - the experimental data.

One can see that the real part of the T(()) residue in the f((980) pole is positive, so the
coupling constant should be practically pure imaginary, what is physically meaningless. Note
that the residue of the amplitude resonance part T 8 Res is good. That is why the best way for
understanding the nature of the light scalars is the investigation of their production mechanisms

in physical processes.

3 Simple background

The background function, suggested in Ref. [11] to reach the correct analytical properties of the
7w scattering amplitude and used above, is rather complicated and costly in computation. We
suggest much more simple background parameterization, practically preserving the resonance
features, which is comfortable for experimental data analysis and allows to describe the results
[12] on the real s axis. This background function is an upgrade of the one, used in Ref. [8]:

bo— b1 25 + baZh + b5 2% + (ot e B+ o lE + s
0 = buogg +bai +bsf + | co ek et sk

Pr
t 57'('71— —
an{0g") My (14 4p2/AT2)(1 + 4p2 /AT 2?) ’ (6)

here pr = y/m? — 4m2 /2. Note that in comparison with Ref. [8] the function (6) has a left cut.

To illustrate the abilities of the background (6), we perform Fit 6 with the same resonance
parameters as for Fit 3. Fit 6 provides practically the same experimental data description
as Fit 3. The theoretical curves for phase (58 are shown in Fig. 8a, they are practically the
same. It is obvious that both Fit 3 and Fit 6 provide practically identical mass spectrum in
¢ — 710y decay also. The inelasticity is exactly the same. Additionally, Fit 6 and Fit 3
provide indistinguishable curves for T(? at 4m2 > s > 0, see Fig. 8b.

4 Summary

1. The analysis using the w7 scattering amplitude with correct analytical properties has been
updated. The requirement of ¢ — fy mixing smallness leads to the four-quark scenario of
the o and fy.

2. The determination of the pole positions and their residues give us practically no informa-
tion on the broad resonances nature.



3. The data are described well with small deviation of the |Pk| from 1 for m > 850 MeV.

4. New experiments are important for the study of light scalar mesons.

This work was supported in part by RFBR, Grant No 10-02-00016, and Interdisciplinary
project No 102 of Siberian division of RAS.
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