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Constraint on KK compositeness of the ay(980) and f(980)
resonances from their mixing intensity

T. Sekihara"" and S. Kumano™”
'Research Center for Nuclear Physics (RCNP), Osaka University, Ibaraki, Osaka 567-0047, Japan
*KEK Theory Center, Institute of Particle and Nuclear Studies,
High Energy Accelerator Research Organization (KEK), 1-1, Oho, Tsukuba, Ibaraki 305-0801, Japan
3J-PARC Branch, KEK Theory Center, Institute of Particle and Nuclear Studies,
High Energy Accelerator Research Organization (KEK),
203-1, Shirakata, Tokai, Ibaraki 319-1106, Japan
(Received 12 November 2014; published 11 August 2015)

The structure of the a((980) and f(980) resonances is investigated with the ay(980)-f,(980) mixing
intensity from the viewpoint of compositeness, which corresponds to the amount of two-body states
composing resonances as well as bound states. For this purpose, we first formulate the ay(980)-f((980)
mixing intensity as the ratio of two partial decay widths of a parent particle, in the same manner as the
recent analysis in BES experiments. Calculating the a((980)-f(980) mixing intensity with the existing
Flatte parameters from experiments, we find that many combinations of the a,(980) and f,(980) Flatte
parameters can reproduce the experimental value of the ay(980)-f,(980) mixing intensity by BES. Next,
from the same Flatte parameters, we also calculate the KK compositeness for ay(980) and f(980).
Although the compositeness with the correct normalization becomes complex in general for resonance
states, we find that the Flatte parameters for f;,(980) imply a large absolute value of the KK compositeness,
and the parameters for a,(980) lead to a small but non-negligible absolute value of the KK compositeness.
Then, connecting the mixing intensity and the KK compositeness via the ay(980)- and f,(980)-KK
coupling constants, we establish a relation between them. As a result, a small mixing intensity indicates a
small value of the product of the KK compositeness for the a,(980) and f;,(980) resonances. Moreover, the
experimental value of the a((980)-f,(980) mixing intensity implies that the a((980) and f((980)

resonances cannot be simultaneously KK molecular states.

DOI: 10.1103/PhysRevD.92.034010

I. INTRODUCTION

The nature of the lightest scalar meson nonet [ f,(500) or o,
K(800) or k, f((980), and a,(980)] has been a hot topic in
hadron physics for many years [1]. A naive expectation with
the gg configuration indicates that they should show the same
mass ordering as, e.g., the vector meson nonet, but in reality,
they exhibit an inverted spectrum from the expectation. For
this reason, they have been considered to be exotic hadrons,
which are not able to be classified as gg for mesons and ggq
for baryons. Indeed, in Refs. [2,3], it was suggested that in a
bag model the interaction between quarks inside a compact
qqq g system is attractive especially in the scalar channel, and
hence the light scalar mesons would be compact gqg g
systems. However, it was found that in a nonrelativistic quark
model KK molecules can appear as weakly bound s-wave
states, which may be identified with f,(980) and ay(980)
[4,5]. The lightest scalar mesons can also be described by the
combination of the chiral perturbation theory and the scatter-
ing unitarity [6-15] in pseudoscalar meson-pseudoscalar
meson scatterings from the hadronic degrees of freedom.
This fact implies that the lightest scalar mesons may have
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non-negligible components of hadronic molecules. In a
model-independent way, on the other hand, the structure
of f¢(980) and a((980) was discussed in Ref. [16], which
suggested that f,(980) should be a KK molecular state to a
large degree and a,(980) also seems to have a non-negligible
KK component. There are further discussions on their
structure as well, e.g., hybrid states for f;(980) and
a(980) [17].

Among the light scalar mesons, a((980) and f,(980) are
of special interest because their almost degenerate masses
would lead to a mixing of these mesons in isospin symmetry
violating processes. In particular, it was pointed out in
Ref. [18] that the difference of the unitarity cuts between the
charged and neutral KK pairs, the thresholds of which
are close to the a((980) and f(,(980) masses, can enhance
the a,(980)-1,(980) mixing to be sizable compared to,
e.g., the p(770)-w(782) mixing. Namely, the leading
contribution to the a((980)-1((980) mixing comes from
the mixing amplitude A; + A, in Fig. 1, and it behaves as

Ay + Ay = O(pgo = pi+). (1)

where pgo(pg+) denotes the magnitude of the relative
momentum of the neutral (charged) kaon pair. Then,
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FIG. 1.

because of the difference of the unitary cuts, the mixing
effect should be unusually enhanced in the energy between
myg+ + mg- = 987 MeV and mygo+mgo=995MeV to be

)

while out of the energy region, the mixing effect returns to a
value of natural size, O[(my, —mg.)/(m%, + m.)]. In
addition, as a subleading contribution, the electromagnetic
interaction would enhance the a((980)-£((980) mixing,
since the electromagnetic interaction takes place selectively
in the K™K~ loop. Bearing in mind that in general a scalar
meson does not have derivative couplings to two pseudo-
scalar mesons, we have only a soft photon exchange
between K™ and K~ as the leading order with respect to
the electromagnetic interaction, which is diagrammatically
shown as A5 in Fig. 1. Indeed, the amplitude A5 logarithmi-
cally diverges at the K™K~ threshold in an approximation
of the threshold expansion. For observations of the
a0 (980)-£¢(980) mixing, various reactions which should
be sensitive to the mixing were discussed in, e.g.,
Refs. [19-27], and the mixing effect was recently observed
in an experiment [28] from the decay of J/y.

The a((980)-1,(980) mixing has been expected to shed
light on the structure of the ay(980) and f,(980) reso-
nances. Actually, in Ref. [28], the experimental value of the
mixing intensity was compared to several theoretical
predictions, and the structure of the two resonances was
discussed. We emphasize here that coupling constants of
ay(980)-KK and f((980)-KK reflect the KK structure of
the a,(980) and f(980) resonances, respectively; espe-
cially, a larger KK coupling constant means a larger
fraction of the KK component in the scalar mesons [29].
In recent studies, this statement has been formulated in
terms of compositeness [30-36] in the so-called chiral
unitary approach, which is a way to combine the chiral
perturbation theory and the scattering unitarity. In these
studies, the compositeness was defined as the two-body
composite part of the normalization of the total wave
function, and hence the compositeness corresponds to the
amount of the two-body states composing a resonance as
well as a bound state. In the formulation, the two-body
wave function was found to be proportional to the coupling
constant of the resonance state to the two-body state

2 _ 2
A1+A2:(’)< Mo ~ M+ (2)
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Feynman diagrams for the leading contribution (A; + A,) and a subleading contribution (A3) to the a((980)-f((980) mixing.

[36-38]. Thus, bearing in mind that the ay(980)-1,(980)
mixing amplitude contains both the coupling constants of
ay(980)-KK and f((980)-KK, one can expect a relation
between the KK compositeness of the ay(980) and f,(980)
resonances and their mixing intensity through the strength
of the coupling constants of a,(980)-KK and f(980)-KK
in the mixing amplitude, in a similar manner to the relation
between the A(1405) radiative decay width and its KN
compositeness established in Ref. [39]. The purpose of this
paper is to establish a relation between the KK compos-
iteness of the a((980) and f((980) resonances and their
mixing intensity and to give a constraint on the structure of
the two resonances from the experimental value of the
mixing intensity obtained in Ref. [28].

This paper is organized as follows. In Sec. II, we
formulate the ay(980)-£¢(980) mixing intensity. In this
section, we also calculate the ay(980)-f,(980) mixing
intensity with several Flatte parameter sets for a(980)
and f((980) from experiments and compare the numerical
results with the recent experimental result. Next, in Sec. III,
we develop our formulation of the compositeness in the
context of the chiral unitary approach, and we calculate
the KK compositeness of a(980) and f,(980) with the
experimental Flatte parameter sets. Then, in Sec. IV, we
give a relation between the mixing intensity and the KK
compositeness for the ay(980) and f,(980) resonances.
Moreover, we discuss further steps for the determination of
the structure of the ay(980) and f((980) resonances in
Sec. V. Section VI is devoted to the conclusion of this study.

IL a,(980)-f,(980) MIXING INTENSITY

In this section, we formulate the ay(980)-f((980)
mixing intensity. For this purpose, we first determine the
expression of the a((980) <> f((980) mixing amplitude in
Sec. I A. Next, we evaluate the propagators of ay(980) and
f0(980) with their mixing in Sec. II B. Then, we formulate
the a((980)-1,(980) mixing intensity as the ratio of partial
decay widths of a parent particle in Sec. II C. Finally, in
Sec. I D, we calculate the mixing intensity by using several
parameter sets obtained from experimental data.

A. Mixing amplitude

First of all, we determine the a((980) <> f,(980) mixing
amplitude A(s) as a function of the squared momentum of the
scalar mesons, s. In this study, we consider three Feynman
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diagrams in Fig. 1 for the a((980) <> f(980) mixing, and
the mixing amplitude A(s) is sum of the three contributions:

A(s) = Ay (s) + Aa(s) + As(s). (3)
Here, we assume isospin symmetry for coupling constants.
Namely, the a((980)-KK and f((980)-KK coupling
constants in the particle basis, g, and g, are given as'

9a = Gak k- = —Gax'%°>  Gf = Grxtk- = GrKOk0- (4)

Then, it was pointed out in Ref. [18] that the sum of the first
and second contributions, A; + A,, converges and the result
can be presented as an expansion in the KK phase space,

i

Ay (s) +As(s) = _Egagf["l(s) — 05(s)]

+Oloi(s) = o3(s)]. (5)

where i = 1 (2) denotes the channel K* K~ (K°K") and the
phase space o;(s) is defined as

A2 (s, m2, m? 4m?
o(s) = L mim) Ly dm o ()
S S

with the Killen function A(x,y,z) = x* + y* + 72 — 2xy —
2yz — 2zx and masses m; = mg+ and m, = m K0.2 Since we
have taken into account just the difference of the unitary cut
contributions, this leading-order contribution is model in-
dependent except for the coupling constants.

The third contribution to the mixing amplitude, As, is a
soft photon-exchange diagram between K™K~, and with
the photon-exchange loop function G,(s), the mixing
amplitude can be written as

As(s) = 3.G,(5)7y- (7)

For the evaluation of the photon-exchange loop function
G,(s), we take an approximation by the threshold-
expanded form [40], which reads [24]

a [ 4m%. —s 21¢(3)
= — |n—%—"+1n2
Grls) = =55, |In mZ, T
+O[(s — 4mi. )], (8)

with the fine structure constant a =~ 1/137 and the zeta
function ¢(x) with {(3) = 1.20205....

'We put a bar on the coupling constants, g, ;, which are used
on the real energy axis. On the other hand, we will not put a bar
on the coupling constants which are evaluated as the residue of
the scattering amplitude (see Sec. III).

In our calculations, we use the physical masses
myg+ = mg- =493.68 MeV, mgo = mgo = 497.61 MeV, and
m, = 547.85 MeV, while for the isospin symmetric masses,
we use My = (Mg +m,- +myp)/3=138.04 MeV  and
myg = (mg+ + mg- + mygo + mgo)/4 = 495.65 MeV.
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In above expressions, only the two coupling constants,
Jq and gy, are the parameters and reflect the structure of the
ao(980) and f,(980) resonances. In this study, the coupling
constants are taken from the Flatte parameter sets with
several experimental fittings in Sec. IID, and then in
Sec. 1V, they are used to establish a relation between the
mixing intensity and the KK compositeness of the ay(980)
and f((980) resonances.

B. Propagators of a,(980) and f,(980) with their mixing

Next, we formulate propagators of the a(980) and
f0(980) mesons with their mixing. If the ay(980)-
f0(980) mixing is absent, their propagators can be expressed
as 1/D,(s) and 1/D(s) in the Flatte parametrization [41]

Dy(s) = s — M2 + iv/5[T%(s) + T ()],
Dy(s) = s = M3+ iv/5[Cals) + T (), (9)

for a(980) and f,(980), respectively. Here, s is the squared
momentum of the scalar mesons; M, and M ; are masses of
ay(980) and f,(980), respectively; and the decay width of
a—b+c, T (s),is defined as

a |Gave|” M2 (s,m2, m?)
00) = 2L ), puats) =2,

with the a-b ¢ coupling constant in the isospin basis g,.., the
magnitude of the relative momentum p,,., and the b and ¢
masses m,;, and m,., respectively. Here, we note that, due to
the energy dependence of the decay-width terms in Dy,
the pole position of the propagator slightly shifts from that
of the naive expectation s = [M, (s — il*V) (M3 ))/21%
Furthermore, the momentum p,.(s) in the decay width
(10) requires us to move to the proper Riemann sheet when
we search for the pole of the propagator. Throughout this
study, we search for the a,(980)[f((980)] pole existing in
the unphysical Riemann sheet of the z7(zz) channel and in
the physical Riemann sheet of the KK channel. We also note
that the isospin symmetry breaking negligibly affects the
decay width I'}_(s) in this study, so we use the isospin
symmetric masses and coupling constants of pions and
kaons for the evaluation of the decay width (10).

Now, let us turn on the a((980)-£((980) mixing. In this
condition, we can obtain the a,(980) propagator with the
ay(980)-1,(980) mixing, P,(s), by summing up all the
contributions of ay(980) — £¢(980) — -+ — a,(980),
and hence P,(s) is expressed as

1 1 1 1 I & A? \n
P =5 A A+ =5 (o)

1 A2\ D
= (1- =— (11)
D,\ DDy D,D; — A

(10)
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where A(s) is the a(980) < f((980) mixing amplitude
determined in the previous subsection. In similar
manners, we can obtain the f((980) propagator P(s),
the a((980) — f((980) propagator P,_(s), and the
f0(980) — a(980) propagator P,_,(s) with the
a(980)-10(980) mixing, and they are summarized as
follows:

Py Pug 1 D, A
) S . (12)
Proa Py D,D;—N\ A D,

C. Partial decay widths and mixing intensity

Let us now define the ay(980)-f((980) mixing intensity
¢rq- In the experimental analysis in Ref. [28], the mixing
intensity was defined as the ratio of two branching fractions
of J/w. 1]y — $fo(980) = hay(980) — dar to J [y —
¢f0(980) — ¢pzr. Hence, in the same manner as this
experimental analysis, we define the ay(980)-f,(980)
mixing intensity &7, as the ratio of the decay widths,

$fa ==, (13)

where I'y , and I'y  are partial decay widths of a meson X
to Y£((980) — Ya(980) — Yznandto Y (980) — Yzx,
respectively. Here, we assume that both X and Y are I = 0
states, and hence isospin symmetry allows only the
X-Y-f¢(980) vertex. Therefore, in our formulation,
ay(980) appears only through the ay(980)-1,(980) mixing.
We could consider an intrinsic isospin-violating contribu-
tion which allows a direct coupling of X to the Y-a,(980)
system, but such a contribution will scale as a natural size,
for instance, (m,; — m,)/my, and will be much smaller than
the mixing amplitude of the KK loops between the charged
and neutral KK thresholds. For this reason, we neglect the
direct X-Y-a¢(980) coupling.’ Schematic diagrams of the X
decays to Yz and Yzn are shown in Fig. 2. In this study,
we do not take into account final-state interactions between
Y and pseudoscalar mesons by assuming that decay points
of £1(980) and a((980) are well isolated from the particle

3However, in certain cases, we cannot neglect the direct
X-Y-a((980) coupling. Actually, it is claimed in Refs. [26,42]
that the mixing intensity &g, is affected by interferences between
several diagrams of a((980) and f,,(980) productions, and hence
&rq depends on the reaction, as experimentally observed in the
n(1405) — £,(980)7° decay [43]. Nevertheless, in this study, we
employ the mixing intensity &/, in Eq. (13) since such interfer-
ences are expected to enhance or decline both the a((980) and
f0(980) productions similarly and the mixing intensity &, will
not change so much as long as only intrinsic isospin-violating
contributions are considered. On the other hand, if the decaying
particle exists close to thresholds such as KK*, these thresholds
could be another source of isospin violation and provide a non-
negligible X-Y-a,(980) coupling.
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FIG. 2. Schematic diagrams of the decays (a) X —
Yf4(980) —» Yzz and (b) X — Yf((980) — Yay(980) — Yan.
In the figures, ellipses denote that the propagators of the scalar
mesons include the a((980)-f((980) mixing contribution.

Y. As we will see, the final expression of the mixing
intensity &y, does not contain masses nor widths of the
particles X and Y.

Since the decay process X — Yf((980) - Yzz has a
three-body final state, the width I'y ; can be calculated
as [1]

1
I'yi=—7%—5 [ dM m(M M,
0 = st | MePenM)pr(M,)

x/dQ/de|Tf|2, (14)

where My is the mass of the particle X, M, is the invariant
mass of the zz system in the final state, and  and Qy are
solid angles for the final z in the zz rest frame and for
the final Y in the X rest frame, respectively. Momenta of
final-state z in the zz rest frame, p.,, and Y in the X rest
frame, py, are defined as

/11/2(M2,m2 mz)
M) = A 15
Pen(M) i (15)

M2 (M3, M3, M?)
2My ’

py(M) = (16)
respectively, with the particle ¥ mass My. The decay
amplitude 7', is expressed as

Tf = TProd(Mrm)Pf(Mizm)gfﬂ”’ (17)

where T4 is the f((980) production amplitude for the
X — Y f,(980) process, P is the f;(980) propagator with
the a((980)-f,(980) mixing given in Eq. (12), and gy, is
the f,(980)-zz coupling constant in the isospin basis.
Then, we assume that the £,(980) decay width I'/ is small
compared to the energy scales in which the momentum py
and the f((980) production amplitude 7,4 largely change.
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In this condition, since the M ,, integral is dominated by the
f0(980) mass region due to the f,(980) propagator, we can
approximate the ¥ momentum py(M,,) and the f;(980)
production amplitude 7Toq(M,,) as the values at
M,, = My, respectively. Therefore, only the squared
f0(980) propagator |P;(M2,)]* and the momentum
Pem(M,,) appear in the M, integral in the expression
of the decay width (14),

1
Fx,fZWPY(Mf)/dQYTprool(f‘/ff)|2

x / M A e (M) 1P (MEDR. (18)

where we have performed the integral of the solid angle €.
Then, by using the relation in Eq. (10) and the identity
Pem(M) = p,.(M?), one can obtain

Iy, = Cx / My M2 T (M2 | P (M2, (19)

with a constant prefactor C:

_ py(My)
- 167°M%

[ ittt P (20)

In a similar manner, the width of the decay process
X — Yf(980) = Yay(980) — Yzn, I'y,, can be calcu-
lated from

1
FX,u = W/dMnnP/cm(Mm)PY(Mm)

x/dQ’/dQY|Ta|2, (21)

where pl,, is the final-state 7 momentum in the 7y rest
frame,

11/2(M2’ mz, mZ)
Pln(M) =R 22)
Q' is the solid angle for the final 7 in the 77 rest frame, and
T, is the decay amplitude evaluated as

Ta = Tprod(Mzm)Pf—m (Mzzm)gamy' (23)

Here, P;_, is the f((980) — a(980) mixing propagator
given in Eq. (12) and g,,, is the a;(980)-757 coupling
constant. Then, in order to evaluate the decay width I'y ,,
we use the fact that the a,(980)-(980) mixing takes place
particularly at the zn invariant mass M, ~M;~
M, =~ 2myg. This is because the f((980) — a((980) tran-
sition is dominated by the difference of the unitarity cuts for
the charged and neutral KK thresholds and hence the
mixing amplitude A(M%,) shows a narrow peak at the KK
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thresholds with a width ~(mgo + mgo) — (mg+ + mg-) =
8 MeV. Therefore, one can take the values M,, ~ M, ~
M, for the amplitude T',q and the momentum py in Iy ,.
Moreover, by using the relation in Eq. (10), we can replace
the momentum p(,,(M,,) and the squared coupling con-
stant |g,.,|* with the decay width I'¢, (MZ%,) and a kinetic
term, which results in

Fyu = Cx / My M2, (M2)|P o (M2, (24)

where the constant C is same as that in Eq. (20).
As a consequence, we obtain the final expression of the
ay(980)-1((980) mixing intensity &/, (13) as

— fermM;zmrgn(Mizm)|Pf—>a(M;2n1)’2
fdMﬂﬂMizml—‘;Tﬂ(Mfzm)|Pf(M72m)|2

gfa (25)

The range of the M, integral is fixed so as to cover the K K
thresholds, say [0.96 GeV, 1.02 GeV]. On the other hand,
we fix the integral range of M, so as to take into account
the bump structure coming from the squared propagator
|P¢(M2,)|*. In this formulation, the model parameters for
the mixing intensity are the masses M, and M, in the
propagators and the coupling constants g,, gf, Jumy, and
Jfzr- We note that the final expression of the mixing
intensity £y, does not contain masses nor widths of the
particles X and Y, as one can expect that the
ay(980)-1,(980) mixing intensity does not depend on
the f((980) production process.

Finally, we mention that one can reproduce the mixing
intensity given in Ref. [25] by considering only the
integrands in Eqs. (25) and taking M2, = M2, = s, which
results in

)};Z(S) _ F;ln;(s”Pf—m(S)lz . (26)
| Tae ()P y(s)?
Actually, in Ref. [25], the authors calculated the mixing
intensity £} at the central value of the two KK thresholds,
EVZ((mg+ + myo)?). Here, we emphasize that the mixing
intensity £W'7 at the central value of the two KK thresholds
would be larger than the numerical result from Eq. (25)
with the same parameter set. This behavior comes from the
fact that in Eq. (26) we do not perform the integral of M,
for the decay f,(980) — zz. Namely, while the factor
|P—4(s)|* has a sharp peak at the KK thresholds due to the
a(980)-15(980) mixing, |P/(s)[* has a relatively broad
bump according to the decay width of f,(980). Therefore,
the numerator of Eq. (26) becomes nearly comparable with
the denominator momentarily at the KK thresholds, but
when they are integrated, the total amount of the numerator
becomes only a few or less than a percent of that of the
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TABLE 1. Masses and coupling constants of the ay(980) and
f0(980) resonances in the Flatte parametrization (9) determined
from experimental data. Here, we only show the central values
except for the KK coupling constant. Coupling constants are
given in the isospin basis.

ay(980)
Collaboration M, (MeV) Juxk (GeV) Gam (GeV)
CLEO [44] 998 3.97 +£0.77 425
KLOE [45] 982.5 2.84 £0.41 2.46
CB [46] 987.4 2.9440.12 2.87
SND [47] 995 5.931)%35¢ 3.11
E852 [48] 1001 2.36+0.13 2.47

f0(980)
Collaboration M, (MeV) Jrxk (GeV) 9frz (GeV)
CDF [49] 989.6 4.02719 2.65
KLOE [50] 977.3 245+0.17 1.21
Belle [51] 950 4077538 2.28
BES [52] 965 5.8010%2 2.83
FOCUS [53] 957 3.3910%2 2.15
SND [54] 969.8 7.88% 00 3.19

denominator in Eq. (25). In this study, we compare
theoretical values of the mixing intensity with the exper-
imental one, which was obtained as the ratio of two
branching fractions of J/w, J/y — ¢f,(930) —»
$ay(980) — ¢pan to J/yw — ¢fy(980) > ¢z, so we
employ Eq. (25) to calculate the mixing intensity in the
following.

D. Mixing intensity from experimental
Flatte parameter sets

Since we have formulated the a,(980)-£((980) mixing
intensity in the previous section, we now would like to
evaluate the a((980)-f((980) mixing intensity (25) with
the Flatte parameters (9) determined from experimental
data. Actually, several collaborations reported the Flatte
parameters for both the ay(980) and f,(980) resonances
fitted to the experimental observations. In this study, we
employ parameters by CLEO [44], KLOE [45], CB [46],
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SND [47], and E852 [48] for a(980) and by CDF [49],
KLOE [50], Belle [51], BES [52], FOCUS [53], and SND
[54] for f((980). The parameter sets are listed in Table 1.
We note that the coupling constants in Table I are given in
the isospin basis as in Eq. (10), and especially the KK
coupling constants in the particle basis, g, and g, [see
Eq. (4)], are evaluated with

1 _ 1 _
gy = \/_ngl(f(’ (27)

9o = 75%1(1'(,

where the factor 1/+/2 translates the coupling constants
from the isospin basis (g,xx and gsxg) into the particle
basis. In this study, we take into account the errors only for
the KK coupling constants, which will strongly affect the
ap(980)-£¢(980) mixing intensity, while we take the
central values for other parameters.

The numerical results of the a((980)-f,(980) mixing
intensity with all the combinations of the Flatte parameter
sets are given in Table II. These values should be compared
to the experimental value [28],

Era = 0.60 £ 0.20(yq) £ 0.12(4y5) £ 02610y %, (28)

sys)

ffa|uppcr limit — 11%(90% CL)’ (29)

which was obtained as the ratio of two branching fractions
of J/w, J/y = ¢£(980) — $ay(980) — ¢an to J/y —
¢f0(980) — ¢pzz. It is remarkable that two-thirds of the
combinations of the Flatte parameter sets reproduce the
experimental value with the errors (28), while only four
combinations exceed the experimental upper limit of the
mixing intensity (29). We also note that some of the
parameter sets tend to lead to small or large mixing
intensity. For instance, the f,(980) parameter set by
FOCUS gives a smaller mixing intensity, and the
ap(980) parameter set by SND gives a larger mixing
intensity. Nevertheless, every parameter set can reproduce
the experimental value of the mixing intensity with a
suitable combination. In this sense, we cannot rule out
any parameter set in Table I with the experimental value of
the a((980)-£¢(980) mixing intensity.

TABLEIL.  The a((980)-f,(980) mixing intensity &, in percentages from the Flatte parameters in Table I with the errors for the KK
coupling constants. The central value of the mixing intensity is shown in bold when it is consistent with the experimental value (28), in
italic when out of the experimental errors, and with an underline when above the upper limit (29).

ay(980) Jol550) CDF [49] KLOE [50] Belle [51] BES [52] FOCUS [53] SND [54]
CLEO [44] 0.2110:50 0.531053 0.261930 0.4310%2 020107 0.7319072
KLOE [45] 0.3240% 0.81°041 0.38103% 0.65103¢ 0.30107% 111793}
CB [46] 0.2610% 0.64108 0.3110%2 0.5210,9 0.241018 0.891030
SND [47] 0.60 535 152155 0.70%55 1.22755 0.55%53 2.12%)5
E852 [48] 0.191913 0.47:014 0.22:0 0.3910% 0.18132 0.6605)
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III. COMPOSITENESS

In this study, we would like to give a way to extract more
information on the structure of the ay(980) and f,(980)
resonances. For this purpose, we introduce the composite-
ness, which corresponds to the amount of two-body states
composing resonances as well as bound states. After a brief
review of the so-called chiral unitary approach and com-
positeness in Sec. Il A, we calculate the KK composite-
ness of the a((980) and f(980) resonances in Sec. III B by
using the Flatte parameter sets.

A. Chiral unitary approach and compositeness

In this subsection, we briefly review the so-called chiral
unitary approach, which provides scattering amplitudes of
two pseudoscalar mesons [11-14] as well as a pseudoscalar
meson and a baryon [55-60] from the coupled-channel
unitarization of the interaction kernel taken from chiral
Lagrangians. In this approach, chiral interactions between
two hadrons dynamically generate hadronic resonances in
several channels from the meson-meson and meson-baryon
degrees of freedom with successful reproductions of
experimental observables. Then, in recent studies within
the chiral unitary approach, the structure of the dynamically
generated states is intensively discussed in terms of
compositeness [30-36], which corresponds to the amount
of two-body states composing resonances as well as bound
states. Here, we also give the expression of the compos-
iteness in the chiral unitary approach.

In the chiral unitary approach, we solve the Bethe—
Salpeter equation in an algebraic form so as to obtain a
scattering amplitude of two pseudoscalar mesons

Tij(s) = Vij(s) + Zvik(s)Gk(s)Tkj(s)v (30)
k

with channel indices i, j, and k; the Mandelstam variable s;
the separable interaction kernel V' to be fixed later; and the
loop function G defined as

[ dq 1 1
Gi(S) = l/ (2”)4q2 _mlz 40 (P—q)2 —m? +i0
:/ q wi(q) + wi(q) 1
(27)° 2w;(q)wi(q) s — [wi(q)+ @(g)]*+i0

(31)

where P* = (1/s,0) and m; and m) are masses of pseu-
doscalar mesons in channel i. In the second line, we have
performed the ¢° integral, and w;(q) = +/m? +¢* and
w'(q) = \/m* + ¢* are the on-shell energies.

In this construction, a sufficiently strong attractive
interaction with a coupling to an open channel can
dynamically generate a resonance state, which appears as
a pole of the scattering amplitude in the complex lower-half

PHYSICAL REVIEW D 92, 034010 (2015)

energy plane above the lowest threshold. The resonance
pole is characterized by the pole position and the residue of
the scattering amplitude as

9i9;

Tyls) = § = Spole

+TBS(s), (32)

where g; can be interpreted as the coupling constant of the
resonance to the channel i, Re, /5yoc(—2Im, /5p0c) corre-
sponds to the mass (width) of the resonance, and T?jG isa
background term which is regular at s — sy0. Then, in
Refs. [30-36], the pole position and coupling constant are
further translated into compositeness, which is defined as
the two-body contribution to the normalization of the total
wave function for the resonance. In our notations of the
separable interaction and the loop function, the ith channel
two-body wave function for resonances generated with the
Bethe—Salpeter equation (30) is calculated as [36]

= . 9i
= T rawr

and the compositeness is obtained as [30,36]4

_ [ dq wi(g) +ig) =
x=[ @) 20 @allg) 0
,dG,

= =G K(S = spole>7 (34)

where the normalization factor [w;(q) + @i(q)]/
[2w;(q)w!(q)] guarantees the Lorentz invariance of the
integral and in the last line the integral is transformed into
the derivative of the loop function G; (31). We note that the
compositeness is not an observable and hence is a model-
dependent quantity. We also note that the derivative of the
loop function does not diverge for meson-meson states in
contrast to the loop function itself, but one has to treat
consistently the loop function and its derivative; i.e., one
has to use the same regularization for both the loop function
and its derivative. On the other hand, to measure the
fraction of the bare state contribution rather than the
two-body state involved, we introduce the elementariness
Z, which corresponds to the field renormalization constant
intensively discussed in the 1960s [61-64]. The elemen-
tariness measures all contributions which cannot be respon-
sible for the hadronic two-body component involved. For
instance, compact gg and gqg g states contribute to the
elementariness. The expression of the elementariness in our
notations is obtained in Ref. [36] as

*For the correct normalization of the resonance wave function,
we do not calculate_the absolute value squared but the complex
number squared of W(g). Moreover, the bra and ket vectors of the
resonance state should be (U*| and |¥), respectively, so as to
obtain the correct normalization, (¥*|W) = 1 (see Refs. [34,36]
for details).
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Z__Zg/gz[ i UG:| : (35)
S=Spole

We note that in general both the compositeness X; and
elementariness Z take complex values for a resonance state,
and hence one cannot interpret the compositeness (elemen-
tariness) as the probability to observe a two-body (bare-
state) component inside the resonance. However, a striking
property of the compositeness and elementariness is that
the sum of them coincides with the normalization of the
total wave function for the resonance |¥) and is exactly
unity [36],

ZX +Z
dv

Zgjgl|: ij d Gi dsl]G] :1, (36)

S=Spole

(0|

where the condition of the correct normalization as unity is
guaranteed by a generalized Ward identity proven in
Ref. [65]. Based on this normalization, we propose to
interpret the compositeness X; and elementariness Z for a
certain class of resonances on the basis of the similarity to the
bound state case. Namely, if the compositeness X,
approaches unity with a small imaginary part while
X;(i # 1) and Z negligibly contribute to the normalization
(36), the system can be interpreted to be dominated by the
two-body component in channel 1, since the resonance wave
function is considered to be similar to that of the bound state
dominated by channel 1. In this sense, | X, | ~ 1 is anecessary
condition for the molecular picture in channel 1. In another
case, if |X;| is much smaller than unity, the system contains
negligible i-channel two-body component.

To examine the chiral unitary approach and composite-
ness, let us consider s-wave scattering of two pseudoscalar
mesons which couple to the a((980) and f(980) reso-
nances. We assume here the isospin symmetry and intro-
duce five channels labeled by the indices i = 1, ..., 5 in the
order K*K~, K°K°, zt7~, 2°2°, and z%. The interaction
kernel V;; =V ;; is taken from the leading-order chiral
Lagrangian as

Vi =2V, =2V;3 =2V2V ), = Vy,

=2V =2V2Vyy = V33 = —Zifz,

Vis==Vy = _w’

44/3f2
Vi = —ﬂ,

V22

Vis = V45 =0,

2
Vi = %VSS - —zm—Jg, (37)
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with the pion decay constant f. We note that we have
multiplied the interaction kernel (37) in the case of 7°z°

states by 1/+/2 compared to the expression given in, e.g.,
Ref. [24], and thus a naive unitarization in Eq. (30) with the
interaction kernel (37) can give a correct normalization for
intermediate states of identical particles. On the other hand,
for the loop function, we employ a three-dimensional cutoff as

G (8 Gmax)
:/ d’q wi(q) + »i(q) 0(qmax — |g1)
(27)° 20;(q)wi(q) s~ |wi(q) + @[(q)]* + 0’
(38)

where 6(x) is the Heaviside step function.

Now, we solve the Bethe—Salpeter equation (30) with the
isospin symmetric masses and parameters . =
1.075 GeV and f = 93.0 MeV, which are chosen so as
to generate two poles which correspond to the a((980) and
f0(980) resonances, respectively, in the complex s plane of
the scattering amplitude. The pole positions, coupling
constants, compositeness, and elementariness of the two
resonances are listed in Table III. We note that for the
evaluations of the compositeness and elementariness, we
use the same sharp cutoff ¢,,,, for the loop function and its
derivative. As a result, the KK compositeness for the
resonance, X gz, can be obtained by summing up the i =
1(K*K~) and 2(K°K?) contributions as

, dG,;

l (S = spole;qmax)7 (39)

Xk == 9 o

i=1

which results in 0.34 — 0.30i for a((980) and 0.70 — 0.11:
for f(980). Since the real part dominates the sum rule (36)
while the imaginary part is negligible, the KK composite-
ness for f,(980) indicates a large KK component inside it,
on the basis of the similarity to the bound state case. This
finding is consistent with a model-independent analysis in

TABLE III.  Properties of the a((980) and f(980) resonances
in the chiral unitary approach. For later convenience, we show the
values in the particle basis.

ay(980) f0(980)
/Spole 977 — 56i MeV 983 — 21i MeV
I+ k- 3.31 4+ 0.28i GeV 2.97 4+ 0.89i GeV
KR —3.31 - 0.28i GeV 2.97 4+ 0.89i GeV
[/ —0.29 + 1.28i GeV
G020 e —0.20 + 0.90i GeV
Gy 2.99 —0.85i GeV e
Xgig- 0.17 — 0.15i 0.35 - 0.05i
X gogo 0.17 — 0.15i 0.35 - 0.05i
X ne e 0.01 +0.01:
X 040 e 0.01 + 0.00i
X0, —0.07 + 0.12i e
Z 0.73 4 0.18i 0.28 4 0.10i
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Ref. [16]. The KK compositeness for a;(980) implies a
non-negligible KK component inside it, but we cannot
clearly conclude the structure due to its large imaginary
part. The difference of the structure of a,(980) and f;,(980)
may originate from the fact that the strength of the leading-
order KK(I =0) interaction from chiral perturbation
theory [see Eq. (37)] is three times larger than that with
I=1:

3s K
—m, va((I:l) = _4_fg-

Vkk(i-0) (40)

In addition, the absolute values of the z# and zz compos-
iteness are much smaller than unity, so both the zn
component inside ay(980) and the zz component inside
f0(980) are negligible.

At the end of this subsection, we emphasize that,
although the compositeness is not an observable, we can
evaluate it from experimental observables via appropriate
models. In the following, we employ the expression in
Eq. (39) for the KK compositeness of the ay(980) and
f0(980) resonances. We will take the cutoff g,,,, — oo for
the derivative of the loop function G;; the use of the finite
cutoff g.c ~1 GeV will give only a several percent
change of the value of the compositeness.

B. KK compositeness from experimental Flatte
parameter sets

As we have seen in the previous subsection, the KK
compositeness of the a((980) and f(980) mesons (39) can
be determined with their pole positions and residues of the
scattering amplitudes. Here, we adopt the Flatte para-
metrization without the mixing in Eq. (9), and we calculate
the pole positions, residues, and compositeness for the
scalar mesons from experimentally fitted parameters in
Table I. Namely, the propagator of the scalar meson
A(A=a,f), 1/Dy(s), brings a pole in the scattering
amplitude of T?j,

A 9aigaj
TU - Dy(s)

+ (regular ats = s,), (41)

where s, is the pole position of 1/D,(s) and g4;g4; is
multiplied so as to describe the scattering i to j. Therefore,
compared to Eq. (32), the residue at the resonance pole of
the scattering amplitude 74 can be evaluated as

94 = GaRa, (42)

. §— 57
R, =Res|1/D ; =1 . 4
§=Res{1/Dy(s)isa] = fim =4 (@

As a consequence, the K K compositeness for the resonance
A, X4, can be obtained by summing up the i = [(K*K~)
and 2(K°K®) contributions as

PHYSICAL REVIEW D 92, 034010 (2015)

TABLE IV. Pole positions and compositeness from the Flatte
parameters given in Table 1. Here, we only show the central
values. Compositeness is given in the isospin basis.

ay(980)
Collaboration /s, (MeV) X, Xy
CLEO [44] 1022 -70i  0.09 —0.22i -0.16 + 0.05{
KLOE [45] 994 — 26i 0.15-0.17i  —-0.05 + 0.03{
CB [46] 1000 —36i  0.12-0.17; -0.07 4+ 0.03
SND [47] 1005 — 5i 0.68-0.51i —-0.05-0.01i
E852 [48] 1007 —28;  0.07-0.15i —0.06 + 0.03i
f0(980)
Collaboration /57 (MeV) Xy Xor
CDF [49] 1010 -30; 0.21-0.30; —-0.03-0.01{
KLOE [50] 985 — 10i 0.21-0.12i  —0.01 —0.00i
Belle [51] 983 —27i 0.29-0.17i  -0.02 —0.00i
BES [52] 1000 — 18  0.50-0.34i —0.02—0.01:
FOCUS [53] 981 — 28i 021 -0.14i  -0.02 —0.00i
SND [54] 1001 — 7i 0.80 -0.31i —0.01 —0.01i
O DY
=- — (8§ = $54; 0
A 9a - ds A
ARy > T
= — — (5 = §4,00).
galka - ds A

This is the formula to calculate the KK compositeness of
the scalar mesons from the Flatte parametrization without
the mixing. In a similar manner, we can calculate the zz
and zn compositeness for the scalar mesons.

Now, we calculate the pole positions and compositeness
of the a((980) and f((980) scalar mesons from the
parameter sets in Table I. The numerical results are listed
in Table IV and plotted in Fig. 3. In the table, we show only

0

-0.1 ¢

0.2+

-0.3+

ImX

04}

-05 ¢

-0.6

0 0.2 0.4 0.6 0.8 1
ReX

@,(980)
CLEO —— SND —7/~— CDF -4-- BES --y--
KLOE —&— E852 —&— KLOE --@-- FOCUS --@--
B A Belle --A-- SND --@--

Jo(980)

FIG. 3. The KK compositeness of the ay(980) and
f0(980) resonances from the Flatte parameters in Table I with
the errors for the KK coupling constants. Open (filled) symbols
with solid (dashed) lines represent the KK compositeness
for ay(980) [f((980)].
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the central values, while we take into account the errors for
the KK coupling constants in the figure. All of the pole
positions in Table I'V exist in the physical Riemann sheet of
the KK channel.

As one can see from Table IV and Fig. 3, we obtain the
complex compositeness in every parameter set since
ay(980) and f((980) are resonance states. For the KK
compositeness of a((980), the parameters do not give a
large absolute value of the KK compositeness comparable
to unity except for the SND parameter, which, however, has
a large error bar as seen in Fig. 3. The absolute value | X, | ~
0.2 in other parameter sets could imply a small but non-
negligible KK component inside a,(980), but at present,
we do not clearly interpret the KK compositeness for
ap(980). On the other hand, for f;(980), two of the
parameter sets (BES and SND) imply a large absolute
value of the KK component with, say, [X/| > 0.6.
Especially, it is worth noting that in the BES analysis
the authors fitted the KK spectrum as well as the 7z
spectrum, which leads to a small error coming from the KK
coupling constant. We note that the tendency for f,(980)
supports the result in the chiral unitary approach (see
Table III and also Refs. [36,60]).

The tendency for f;(980) is similar to the findings in
Ref. [16], which suggested that f,(980) should be a KK
molecular state to a large degree. However, although both
results in the present study and in Ref. [16] are obtained
with the experimental Flatte parameters and similar for-
mulations, a big difference is that in Ref. [16] the authors
defined “compositeness” in terms of the spectral density as
a real value even for the a((980) and f((980) resonances.
This treatment should be valid effectively only when the
resonance has a narrow width and the imaginary part of the
compositeness is enough small (see also Ref. [34]).
Otherwise, the correct normalization (36) will be lost.
However, our result gives a non-negligible imaginary part
of the compositeness from the Flatte parameters, which
means that the treatment in Ref. [16] should be reexamined.
In other words, the value calculated in Ref. [16] should not
be compared with unity, since the correct normalization of
the resonance wave function should be lost.

We also note that all of the absolute values of the zx and
7z compositeness for the ay(980) and f;(980) resonances,
respectively, are small compared to unity. This strongly
indicates that the a((980) and f((980) resonances are not
the zn and 7z molecular states, respectively.

IV. CONSTRAINT ON THE KK COMPOSITENESS
FROM THE a,(980)-f,(980) MIXING INTENSITY

A. Relation between the a((980)-f(980) mixing
intensity and the KK compositeness from experimental
Flatte parameter sets

Now that we have formulated both the ay(980)-£(980)
mixing intensity &y, and the compositeness X, we would
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like to investigate a relation between them for the a(980)
and f((980) resonances. To this end, we first mention that
the mixing amplitude A(s) (3) is proportional to the product
of the coupling constants, g,g,. This indicates that when
the product of the coupling constants g,g, and hence the
mixing amplitude A(s) are sufficiently small the mixing
intensity behaves in the power of

éfa ~ |A|2 ~ |ga§f|2 & |XaXf|' (45)

Therefore, we expect that the mixing intensity &g, is
proportional to the absolute value of the product of the
KK compositeness of a,(980) and f,(980), |X,X/|, for
small KK coupling constants.

To examine the behavior in Eq. (45), we plot in Fig. 4 the
absolute value of the product of the KK compositeness for
the a((980) and f,(980) resonances, |X,X |, with respect
to the a((980)-£((980) mixing intensity £, by using the
Flatte parameters in Table I. As one can see from Fig. 4,
although a clear proportional connection &7, o [X,X| is
not observed, there is a tendency that the product [X,X |
increases as the mixing intensity £, increases. From the
experimental upper limit of the mixing intensity (29), we
expect that the product of the compositeness has an upper
bound as |X,X | < 0.4. This upper bound implies that the
ay(980) and f,(980) resonances cannot be simultaneously
KK molecular states, since the condition |X,| ~ X ;| ~1
cannot satisfy [X,X /| <0.4.

We note that the above discussion is based on the Flatte
parameters in Table I. Therefore, to confirm this relation
between the mixing intensity and the absolute value of the
KK compositeness for ay(980) and f,(980), we have to
calculate them with more general parameter sets, especially
for the a((980)- and f((980)-KK coupling constants,

0.8 " . . . *

0.7}

0.6}

0.5f

0.4}

|XaXf|

0.3}

0.2}

0.1}

0 0.5 1 1.5 2 25 3

FIG. 4. Scatter plot of the absolute value of the product of the
KK compositeness for the a(980) and f,(980) resonances,
|X,X ¢|, with respect to the a(980)-f((980) mixing intensity &,.
Data points are obtained from the Flatte parameters given in
Table I with the errors for the KK coupling constants.
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which are responsible for both the mixing intensity and
their KK compositeness. This is the task in the next
subsection.

B. Confirmation of the relation

1. Strategy

Now, we construct a relation between the a(980)-
f0(980) mixing intensity &, and the compositeness X
for the a((980) and f((980) resonances. Our strategy is
summarized as follows. First, we fix four parameters M,
My, Gumy» and gy, in some appropriate approaches. Then,
we generate the a((980)- and f,(980)-KK coupling
constants, g, and gy, respectively, which are responsible
for both the mixing intensity &y, (25) and their KK
compositeness, to evaluate simultaneously the mixing
intensity and their KK compositeness. With this approach,
we can give a more general constraint on the KK structure
of ay(980) and f,(980) regardless of the details of the
ay(980)- and f,(980)-KK coupling constants.

For the KK compositeness, we employ the model in
Sec. III and evaluate it with the following expression:

X, =-q, 4G, A= 46

SR G ) A a4
So we can calculate the KK compositeness with not only a
small but also a large mixing amplitude, the pole position
s 4 for the resonance A is extracted as that of the propagator
P, (s) rather than the propagator without mixing, 1/D,(s).
We note that the coupling constant g, in the expression of
the compositeness should be evaluated as a residue of the
resonance pole position [see Eq. (32)], and hence it differs
from g, by the residue of the propagator P4(s). Namely, in
a similar manner to the discussion in Sec III B, taking into
account the residue of the propagator P,(s) as

2

9 = TR, Ry = 1im (s —54)P4(s), (47)

S—54

we can calculate the compositeness as
X, = 7R zzjdG'( ) (48)
= - — (5 = 54;00).
A Jalky - ds A

Although the compositeness X, is in general complex
for resonance states, in this study, we use Eq. (48) so as to
evaluate the absolute value of the compositeness | X4 | from
the coupling constant g,. Therefore, in our strategy, we will
obtain a relation between the mixing intensity and the
absolute value of the KK compositeness for ay(980) and
f0(980). We emphasize that the absolute value of the
compositeness cannot be interpreted as a probability to find
a two-body molecular state, but it will be an important
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piece of information on the structure of the scalar mesons
when compared with unity. For instance, |X,|~1 is a
necessary condition for the KK molecular picture of the
meson A, while |X,| < 1 indicates that the meson A has a
negligible KK molecular component.

2. Relation between the ay(980)-f(980) mixing
intensity and the KK compositeness

We now fix the four parameters as rough averages of the
Flatte parameters listed in Table I,

M, =990 MeV,
M; =970 MeV,

Gamy = 3.0 GeV,
Gper = 2.4 GeV, (49)

to construct a relation between the KK compositeness of
the a((980) and f((980) resonances and their mixing
intensity &£;,. Since we expect that the mixing intensity
behaves as in Eq. (45) for small KK coupling constants, we
investigate a relation between the mixing intensity &g, and
the absolute value of the product of the KK compositeness
of ay(980) and f((980), [X,X/|. Here, we employ the
Monte Carlo method and generate values of the coupling
constants g, and g, independently from random numbers.
In the Monte Carlo method, we take the range of the KK
coupling constants as [0 GeV,6 GeV] both for g, and
gy, which covers the values of the coupling constants
Jakik (= V25,) and gsxi (= v/27;) listed in Table L.

In Fig. 5, we show a scatter plot for the absolute value of
the product of the KK compositeness of ay(980) and
f0(980), |X,X¢|, with respect to the mixing intensity &,
with various values of the coupling constants g, and g;
from random numbers. As one can see from Fig. 5,

0.7 ‘
MC events +
0.6 | Upper limit
-
05} 4
"
= 04+
Na w4ty
X 03} K
¢ TN S
“{'3‘ RS :*;,.‘ e
02¢ BeK Tt L s
X A AT S s
o ¢ 1 T +~"’+’¢‘{$‘ Al 3*’*1 ol
01t ey L ek TR e L
§"“"ﬁ*f¢’+ AR R R
O 1
0 0.5 1 1.5 2
éfa [ A)]
FIG. 5. Scatter plot of the absolute value of the product of the

KK compositeness for the ay(980) and f,(980) resonances,
|X,X |, with respect to the ay(980)-f(980) mixing intensity &,.
In the plot, the number of data in the Monte Carlo method (MC
events) amounts to ~4 x 103. We also show an upper limit of
|X,X ;| for each value of &, by the solid line.
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although a proportional connection &f, o« [X,X/| is not
observed, no Monte Carlo data point exists in the upper-left
region of the plot, which implies that there is an upper limit
of allowed |X,X | for each value of &;,. In fact, we can
check the existence of this upper limit by sweeping the
values of g, and g, independently in appropriate ranges,
say [0 GeV,6 GeV], and the result of the upper limit of
|X,X ;| for each &, is plotted as a solid line in Fig. 5. We
note that the upper limit of the allowed |X,X /| behaves like
| XX ¢lupper timit ~ &fa- This result means that, if we observe
a smaller value of the mixing intensity &,, the product of
the compositeness |X,X | also becomes smaller.

We then discuss the compositeness of the scalar mesons
with the experimental value of the mixing intensity (28) and
(29), which was obtained as the ratio of two branching
fractions of J/w, J/y = ¢f(980) = ¢ay(980) - ¢prn
to J/w — ¢f9(980) — ¢pzx. This experimental value,
together with the upper limit of |X,X | for each value of
the mixing intensity &z, shown in Fig. 5, can constrain the
structure of ay(980) and f((980) through their compos-
iteness. For instance, with Fig. 5, &rqlypper timie = 1-1%
gives a constraint |X,X,| < 0.47. With this constraint,
we doubt that both the a,(980) and f(,(980) resonance
are simultaneously KK molecular states, since the con-
dition  |X,|~|X;~1 is out of the allowed
region |X,X | < 0.47.

The experimental value (28) and (29) constrains not only
the value of the product |X,X ;| but also the allowed region
for |X,| and |X| in the |X,|-|X /| plane. Here, we show in
Fig. 6 the allowed region for |X,| and |X /| in the |X,|-|X /|
plane calculated by sweeping the values of g, and g,
independently. In Fig. 6, the shaded area corresponds to the
allowed region within the experimental value (28) includ-
ing errors, and the solid line corresponds to the upper limit
from the experimental value (29), &7, = 1.1%. The region
above the solid line in Fig. 6 inevitably leads to the mixing
intensity &g, > 1.1% and is hence excluded. As one can
see, the experimental value of the mixing intensity &, does
not allow the region of [X,|~[X;[~1, and thus the
statement that both the a((980) and f(980) resonances
are simultaneously KK molecular states is questionable. In
fact, this consequence was already implied in Ref. [28], in
which the authors showed that the experimental mixing
intensity disfavored the predicted value for ay(980) and
f0(980) as KK molecules. We note here that conditions
that one of the scalar mesons has a large degree of the KK
molecule, such as |X,| = 0.1 and [X ;| = 0.7 or |X,,| = 0.8
and |X ;| = 0.3, are not forbidden by the experimental value
of the mixing intensity. Especially, the band in Fig. 6 shows
|X/| 2 0.3 regardless of the value of |X,|, which might
indicate a non-negligible degree of the KK molecule for the
f0(980) resonance. Moreover, the experimental mixing
intensity does not disfavor the condition that both a,(980)
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FIG. 6. Allowed region for the absolute values of composite-
ness |X,| and |X;| constrained by the experimental value of the
a(980)-1(980) mixing intensity (28) and (29). The shaded area
corresponds to the allowed region within the experimental value
(28) including errors, and the solid line corresponds to the upper
limit of the experimental value &, = 1.1% (29).

and f,(980) have non-negligible KK components with, for
instance, |X,| = |X;| = 0.4.

V. DISCUSSION

So far, we have considered the a((980)-/f((980) mixing
and have given a constraint on the KK compositeness for
the a((980) and f((980) resonances from an established
relation between the KK compositeness and the ay(980)-
f0(980) mixing intensity. As a result, the experimental
value of the mixing intensity implies that the a,(980) and
£0(980) resonances cannot be simultaneously KK molecu-
lar states. The a((980)-f,(980) mixing, however, cannot
answer the question of whether one of a((980) and f,(980)
is a KK molecular state or not. To solve this problem
experimentally, we have to call for other experimental data
on these resonances.

One possible way to determine the structure of each
scalar meson is to evaluate the compositeness. Actually,
Eq. (34) indicates that compositeness for each resonance
can be evaluated from the pole position and the coupling
constant as the residue at the pole position. From this point
of view, in Sec. III B, we have calculated the KK com-
positeness of the scalar mesons a,(980) and f,(980)
described with the Flatte parameters in Table I. From the
results shown in Table I'V and in Fig. 3, we have found that
two of the parameter sets for f,(980) imply a large absolute
value of the KK component with, say, |X f| > (.6 and the
parameters for a,(980) lead to a small but non-negligible
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KK compositeness |X,| ~ 0.2. Nevertheless, to conclude
the structure of the scalar mesons more strictly, we have to
determine the pole positions and coupling constants more
precisely in experiments. Especially, it will be important to
fit the KK spectrum as well as the 7/ 2z spectrum, which
will lead to a small error of the KK compositeness coming
from the KK coupling constant, as done in the BES
analysis in Ref. [52].

Another approach to determine the structure of the scalar
mesons is to measure their spatial size, since a hadronic
molecule can be a spatially extended object due to the
absence of a strong quark confining force. In fact, the
spatial size of exotic hadron candidates was theoretically
measured in a meson-meson and meson-baryon scatterings
in, e.g., Refs. [65-68], and it was found that f,(980) and
A(1405), of which the KK and KN compositeness is close
to unity, respectively, have spatial size largely exceeding
the typical hadronic scale <0.8 fm.

The internal structure of the scalar mesons could be also
investigated by the ¢ radiative decays into f;(980) and
ay(980), since ¢ — f((980)y and aq(980)y are electric
dipole decays, and hence the widths should reflect spatial
sizes of the scalar mesons [69—76]. The couplings of the
scalar mesons to two photons are also sensitive to the
structure of the scalar mesons and have been investigated
in, e.g., Refs. [77-81]. The measurements of the ¢ radiative
decays and the two-photon couplings support the multi-
quark picture for the scalar mesons f,(980) and
ay(980) [81].

In addition, high-energy reactions will be useful for
determining the internal structure of exotic hadron candi-
dates since quarks and gluons are appropriate degrees of
freedom at high energies. In this context, the generalized
parton distributions and the generalized distribution ampli-
tudes (GDAs) can be used to clarify internal configurations
of exotic hadrons, especially f(980) and a,(980) [82] by
the GDAs in two-photon reactions [yy* — AA, A =
f0(980), ap(980)]. Next, the asymptotic scaling behavior
of the production cross sections can be a guide to determine
internal quark configurations of the exotic hadrons, such as
A(1405), due to the constituent-counting rule in perturba-
tive QCD [83]. Fragmentation functions of exotic hadrons
could also provide a clue for finding their internal con-
figurations by using characteristic differences between
favored and disfavored fragmentations [84], which could
be measured at KEKB. Finally, the possibility to extract the
hadron structure from the production yield in heavy ion
collisions [85,86] is also interesting, since one can dis-
tinguish hadronic molecules, compact exotic states, and
ordinary quark configurations from the production yield.

VI. CONCLUSION

In this study, we investigated the structure of the a(980)
and f,(980) resonances with the a(980)-f,(980) mixing.
Since the a((980)-1((980) mixing takes place through the

PHYSICAL REVIEW D 92, 034010 (2015)

difference of the thresholds of the charged and neutral KK
pairs, the mixing should be sensitive to the KK components
inside the scalar mesons. Actually, the ay(980)-KK and
£0(980)-KK coupling constants reflect the KK structure of
the a,(980) and f;(980) resonances, respectively, and the
mixing amplitude is proportional to the two coupling
constants. The key quantity to connect the ay(980)- and
f0(980)-KK coupling constants to their structure is com-
positeness, which is defined as the two-body composite
part of the normalization of the total wave function and
corresponds to the amount of two-body states composing
resonances as well as bound states.

The a((980)-f,(980) mixing intensity was defined in
the same manner as the analysis by the BES experiment in
Ref. [28], where the ratio of the two branching fractions
of J/w, J/w = ¢fy(980) = ¢pay(980) — ¢zn to J/y —
¢f0(980) — ¢prm, was evaluated. For the a(980) <>
f0(980) mixing amplitude, we employed three Feynman
diagrams. Two of the Feynman diagrams are the leading-
order contribution from the K*K~ and K°K° loops, the
sum of which converges and becomes model independent
except for the coupling constants. In addition, the third
diagram is a subleading contribution of a soft photon
exchange in the K*K~ loop. We took the Flatte para-
metrization for the a((980) and f,(980) propagators. In
this construction, when we appropriately fix the parameters
of ay(980) and f((980) including the a((980)- and
f0(980)-KK coupling constants, we can calculate the
ay(980)-f((980) mixing intensity &,. By using the
existing Flatte parameter sets from experimental analyses,
we found that two-thirds of the combinations of the Flatte
parameter sets reproduce the experimental value with the
errors in Ref. [28], while only four combinations exceed the
experimental upper limit of the mixing intensity.

From the same Flatte parameters, we also calculated
the KK compositeness for ay(980) and f,(980), X, and
Xy, respectively. Although the compositeness with the
correct normalization becomes complex in general for
resonance states, we found that two of the Flatte parameter
sets for f(980) give a large absolute value of the KK
component with, say, [X;[ > 0.6 and the parameters for
ay(980) lead to small but non-negligible KK composite-
ness |X,| ~0.2.

Next, combining the two results on the a,(980)-£,(980)
mixing intensity and on their KK compositeness from the
existing Flatte parameters, we found a relation between the
mixing intensity and the absolute value of the product of
the compositeness, |X,X /|, from experiments. This relation
was confirmed by generating the values of the a((980)- and
f0(980)-KK coupling constants randomly, which are
responsible for both the mixing intensity and the KK
compositeness. As a result, we found an upper limit of
allowed |X,X | for each value of &;,, which behaves like
| XX £ lupper 1imit ~ $ra- Especially, the result suggests that a
small mixing intensity &g, directly indicates a small value
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of |X,X/|. Then, by using the a((980)-f((980) mixing
intensity recently observed in the BES experiment, we
constrained the allowed region of the KK compositeness
|X,| and |X/| in the |X,|-|X/| plane. We found that the
region |X,| ~ [X ;| ~ 1 is not preferred, which implies that
the a((980) and f((980) resonances cannot be simulta-
neously KK molecular states. However, the analysis does
not rule out possibilities that one of the scalar mesons has a
large degree of the KK molecule. Especially, we obtained
|X/| 2 0.3 regardless of the value of |X,|, which might

PHYSICAL REVIEW D 92, 034010 (2015)

indicate a non-negligible degree of the K K molecule for the
£0(980) resonance.
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