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Abstract. Ground and first radially excited scalar isoscalar meson states and a scalar glueball are described
in a nonlocal U(3) x U(3) quark model. The glueball is introduced into the effective meson Lagrangian
by means of the dilaton model on the base of the scale invariance of the meson Lagrangian. The scale
invariance breaking by current quark masses and gluon anomalies is taken into account. The glueball
anomalies turn out to be important for the description of the glueball-quarkonia mixing. The masses of
five scalar isoscalar meson states and their strong decay widths are calculated. The state fo(1500) is shown

to be composed mostly of the scalar glueball.

PACS. 12.39.Ki Relativistic quark model — 12.39.Mk Glueball and nonstandard multiquark/gluon states
— 13.25.-k Hadronic decays of mesons — 14.40.-n Mesons

1 Introduction

In our recent papers [1-3], it was shown that the exper-
imentally observed scalar meson states lying in the mass
interval from 0.4 to 1.7 GeV [4] can be interpreted as
two nonets of scalar quarkonia: the ground state nonet
(with masses below 1 GeV) and the nonet of their first
radial excitations (heavier than 1 GeV). Meanwhile, it is
established from experiment that another scalar isoscalar
meson state exists in this mass interval [4]. It is used to
be associated with the scalar glueball. The most prob-
able candidates for the glueball are the states f,(1500)
and fo(1710) [5-7]. In [1-3], we came to the conclusion
that fo(1710) is rather a quarkonium, while f;(1500) is
a glueball. This is in agreement with the results given
in [5]. However, to make the final decision, one should in-
troduce the glueball into the effective meson Lagrangian.
Our present paper is devoted to the solution of this prob-
lem.

A nonlocal version of the U(3) x U(3) chiral quark
model with the local 't Hooft interaction [1-3] was used
to describe the meson nonets mentioned above. The non-
locality was introduced there by means of form factors in
quark currents. This allowed us to describe the nonet of
first radial excitations [3,8,9]. The form factors were cho-
sen so that they allow to satisfy the low-energy theorems
in the chiral limit and keep gap equations in a form derived
from the standard Nambu—Jona-Lasinio (NJL) model. In
the momentum space, these form factors are expressed
through first-degree polynomials depending on the mo-
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mentum squared and have a Lorentz-covariant form. The
masses and decays of the ground and radially excited
nonets of scalar, pseudoscalar, and vector mesons were
described in the framework of this model [1-3]. However,
we did not consider the glueball. Here we suggest an ex-
tended version of the nonlocal U(3) x U(3) quark model
that gives a description of the scalar glueball as well as
the ground and radially excited scalar quarkonia nonets.

A common method of introducing the glueball into the
effective meson Lagrangian is to take advantage of the
dilaton model. The dilaton model was used by many au-
thors [6,10,11] for this purpose. These models are based
on the approximate scale invariance of the effective me-
son Lagrangian, which is in accordance with the QCD
Lagrangian scale invariance if the current quark masses
are equal to zero. As in QCD, in the effective meson La-
grangian, the terms with current quark masses also break
scale invariance. Moreover, the scale invariance is broken
by terms induced by gluon anomalies, which is also in
accordance with QCD. All the terms that break scale in-
variance turn out to be important for the description of
the quarkonia-glueball mixing and, as a consequence, have
a noticeable effect on the strong decay modes of scalar
mesons.

In papers [12-14], we constructed a model describ-
ing only the ground scalar isoscalar meson states and a
glueball. It was shown that the state fp(1500) is rather
the scalar glueball than f(1710). We described its de-
cays in satisfactory agreement with available experimental
data. We also found that the terms connected with gluon
anomalies determine most of quarkonia-glueball mixing.
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Here we extend our model to describe both the ground
and radially excited scalar isoscalar quarkonia as well as
the scalar glueball state. Thereby, we obtain the complete
description of 19 scalar meson states within the mass in-
terval from 0.4 to 1.7 GeV. Our approach and results no-
ticeably differ from those given in [6,15]. Moreover, for the
first time, we succeeded in describing the nature of all 19
scalar meson states.

Insofar as we cannot expect that the chiral symmetry
can determine the properties of so heavy particles well
enough, we claim here only qualitative agreement of our
results with experiment. Only isoscalar states are consid-
ered. Concerning the isovector and strange mesons, the
introduction of the scalar glueball changes little the re-
sults obtained for them in [1-3].

The structure of our paper is the following. In Sect. 2,
a nonlocal chiral quark model of the NJL type with the
local six-quark ’t Hooft interaction is bosonized to con-
struct an effective meson Lagrangian. In Sect. 3, the me-
son Lagrangian is extended by introducing a scalar glue-
ball as a dilaton on the base of scale invariance. The gap
equations, the divergence of the dilatation current and
quadratic terms of the effective meson Lagrangian are
derived in Sect. 4. There, we also diagonalize quadratic
terms. Numerical estimates of the model parameters are
given in Sect. 5. In Sect. 6, the widths for the main modes
of strong decays of scalar isoscalar mesons are calculated.
The discussion over the obtained results is given in Sect. 7.
A detailed description of how to calculate the quark loop
contribution to the width of strong decays of scalar mesons
is given Appendix A.

2 U(3) x U(3) Lagrangian for quarkonia

We start from an effective U(3) x U(3) quark Lagrangian
of the following form (see [1-3]):

L= Lfree + LNJL + LtH7 (1)
Lfree = Q(Zé - mO)Qa (2)

N 9
>N GE) + G, (3)
1=1 a=1

Lig = —K {det[q(1 + 75)q] + det[g(1 —5)q]},  (4)

where Lgee is the free quark Lagrangian with ¢ and ¢
being u, d, or s quark fields; m® is a current quark mass
matrix with diagonal elements: mQ, m3, m{ (m% ~ m9).
The term Lyj;, contains nonlocal four-quark vertices of
the NJL type which have the current-to-current form. The

quark currents are defined in accordance with [1-3,8,9]:

| Q

Ly =

JSpyi(@) = /d4$1d4$2§($1)F§(p),¢($;5E1,$2)CI(9€2)7 (5)

where the subscript S is for scalar and P for the pseu-
doscalar currents. The term Ly is the six-quark 't Hooft
interaction which is supposed to be local, so no form factor
is introduced in Liy.
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Currents (5) are nonlocal due to the nonlocal quark
vertex functions Fél(P),r This way of introducing nonlocal-
ity allows to consider radially excited meson states, which
is impossible in the standard NJL model. In general, the
number of radial excitations IV is infinite, but we restrict
ourselves to N = 2, leaving only the ground and first
radially excited states, because extending this model by
involving more heavier particles is not valid for this class
of models.

Let us define the quark vertex functions in the momen-
tum space:

a d‘P d*k i
Fpy,ilws o, 2) = /WW eXP§((P+k)($—x1)

PR x2>> Few (KP). (6)

where P is the total momentum of a meson and k is the
relative momentum of quarks inside the meson. As was
mentioned in the introduction, here we follow papers [1-
3,8,9], where the functions Fgp, ;(k|P) are chosen in the

momentum space as follows:

ES(k|P) = 1o fi' (K1), Fp,(K|P) = ivs7a fi' (K1), (7)

and the form factors f#, (i =1,2) are

filkr) =1, f3(k1) = ca(l+ dalk1]). (8)

The form factors depend on the transverse relative mo-
mentum of the quarks:

P-k
In the rest frame of a meson, the vector &, equals (0, k),
thereby the form factors can be considered as functions
of 3-dimensional momentum. Further calculations will be
carried out in this particular frame. The matrices 7, are
related to the Gell-Mann )\, matrices as follows:
Ta=MXa (a=1,..

J7), T8 = (V2o + Xs)/V3,

T9 = (—)\0 + \/5)\8)/\/3 (10)
Here A\g = /2/3 1, with 1 being the unit matrix.

The first form factor is equal to unity. This corresponds
to the standard NJL model which we obtain in the case
N = 1. Let us note that, with the introduction of form
factors for radially excited states, new parameters ¢, and
d, appear in the model. This requires additional data to
fix them. The internal (slope) parameter is fixed theoreti-
cally (see eq. (57) in Sect. 4), while the external parameter
Cq 1s determined from the mass spectrum of pseudoscalar
mesons.

It is convenient to use an equivalent form of Lagrangian
(1) containing only four-quark vertices whose interaction
constants take account of the 't Hooft interaction. Using
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the method described in [13] and [16-18], we obtain

9

L =q(id — Q+%Z{ b]SlJSl+G(bJP1JP1
i i a,b=1
+5 Z [j§,2j§,2 +j1%,2j1%,2] ) (11)
a=1
where
G\ =cd =cY) = a £ akm I (my),
G =6 =cP =c) = g+ akm I (my),
G = G Fakm I my), G =a,
G = clY = 2avVaRm I (my),
G =0 (a#b; ab=1,...,7),
P =-cP=cPH=cH=0 (a=1,....7), (12)

and m° is a diagonal matrix composed of modified current
quark masses:

—0 _
m, =m

(13)

— 32Kmumsffl(mu)11/1(ms)’
0 (14)

mo = md — 32Km>I{ (my)?,

introduced here to avoid double counting of the 't Hooft
interaction in gap equations (see [13,18]). Here m, and
ms are constituent quark masses, and I{(m,) stands for
a regularized integral over the momentum space. It is con-
venient to define all integrals that will appear further in
the paper via the functional J:

. N. k
) / a <maf .

where f is a product of form factors, and N, = 3 is the
number of colors. Since the integral is divergent for some
values of [ and n, it is regularized by a 3-dimensional cutoff
A. Thus the integrals I{'(m,) (a =u,s) can be defined as
follows: I{*(my) = J[1], and I{*(mg) = Jg4 [1].

After bosonization of Lagrangian (11) we obtain

)0(A% — K2)
k) (m2 — k2)n”

Tinlf] = (15)

L(z,¢) = La(a,¢) — iTr m{z’é -7

2 9
+3 0 Tabai(Ga +ivs\/§¢a,¢)ff}, (16)
i=1 a=1
where
_ 1 & -1
La(a,¢) = 5 Z 9a,10a,1 (G(_)) , 95,10p,1
a,b=1 @
9
A 1
5 > Gartan (G(H) 9b,100,1
a,b=1
12
BTel 293,2(‘73,2 + ¢¢2z,2)~ (17)
a=1
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As follows from our further calculations of quark loop dia-
grams, the vacuum expectation values (VEV) of the fields
0g,1 and 091 are not equal to zero, while (7,1), = 0,
(a=1,...,7). Therefore, it is necessary to introduce new
fields o4, with zero VEV (0g:), = (09,i), = 0, using the
following relations:

98,1081 — m?l = 08,1081 — My,
—0
_ m m.
99,109,1 + 7% = g9,109,1 + 7% (18)

This is connected with the existence of tadpole diagrams
for the ground meson states, VEV taken from (18) give
gap equations connecting current and constituent quark
masses (see (55) and (56) in Sect. 4). This is a consequence
of spontaneous breaking of chiral symmetry (SBCS). As a
result (see, e.g., [13,16]), we obtain

L(o,¢) = La (0, ¢)
) 2 9
—i Trln {ia—m+z D Tadai(0ait i'VS\/qua,i)fz’a} =
i=1 a=1
= Lkin(av d)) + Lg (07 d)) + Lloop (07 ¢) (19)
The term Lg (o, ¢) is
BEs -1
(U ¢) Z (ga 10a, l_ﬂa"i_ﬂ' ) <G(_))ab
a,b:l
X (gb,106,1 — o+ fl)
9
**Zgal@u( ) 96,1961
a,b=1 ab
1 o 2 /2 2
__G Z ga,? (Ua,2 + ¢a,2)' (20)
a=1

Here we introduced, for convenience, the constants p, and

i defined as follows: p, = 0,(a = 1,...,7), ug = my,
Mo = 7mS/\/§ and ﬁg - 0,(@ = 13"'77)3 lag = mg?

iy = ] /V/2.
The term Ly, (0, ¢) contains the kinetic terms and, in
the momentum space, has the following form:

p2? 2 9 . .
Lkin(aa ¢) = 7 Z Z(O’a,i[‘s)ijo-a,j + ¢a,iFP7ij¢a,j>a

i,j=1la
(21)
where

Fél(P),n = Fg(P),QQ =1

FSa(P),12 = Fél(P),m = ’Y(SI(P)a (22)

T3olf5] (

VT3 T5 155 15

Ti 5] (

NZRZAR

55 1£5]

TSI, 18]

a=1,2,38),

7§ = a=4,56,7), (23)

(a=9),
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B =VZ. (24)
The term Lioop(o, qS) is a sum of one-loop (see fig. 1)
quark contributions!, from which the kinetic term was
subtracted:

Lioop(0,6) = Li3) (o) + L2 (0, 9)

+LY (0,0) + Lin (0, 6), (25)

where the buperscrlpt in brackets stands for the degree of
fields. Thus, L100p

the field o; L?

loop
on. For example,

(fig. 1(a)) contains the terms linear in

(fig. 1(b)), the quadratic ones, and so
Ll((i())p(0.7 ¢) = 8mu98,1[1/1(mu)0'8,1

—4V2mggo 1 I{ (M) o9 1,

L@ (

loop

_4290,1[1 (mu)(

7
+23 g1 (I (ma) + I{ (my)) (o5, + Zé7.1)

a=4
+ 495,1—’1/1(7”\1)(05,1 + Z¢§,1)
+ 493’11{1(ms)(03’1 + Z¢s2),1)

a 1 + qui,l)

3
+4 Zgg,zj{,lo[fza’fg](‘fgz + 2 5)

7
+ 23 g2 (TS 81+ T (5 £51) (02 5 + 02.0)

a=4

+ 49;2\71/,10[f§f§}(05,2 + ¢§,2)
+ 493,270/,11 [fgfg](ag,z + ¢£29,2)

2 3
2 a
-2 E |:mu§ 0a,ilij0a,;
a=1

ij=1
my +m
4 (T ) Zamrsljgaj

2 8 2 9
+ myosi L ;08,5 +mg J9,iFS,ijJ9aj:| - (27)

The total expressions for Ll(oc),p and Ll(oc))p are too lengthy,
therefore, we do not show them here. Instead, we will ex-
tract parts from them when they are needed (see, e.g.,
Appendix A).

The Yukawa coupling constants g, ; describing the in-
teraction of quarks and mesons appear as a result of renor-

malization of meson fields (see [1-3,8,9,19] for details):

! Here we keep only the terms of an order not higher than 4
(corresponding diagrams are shown in fig. 1).
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(@) (b) (©) (d)

Fig. 1. The set of diagrams contributing to the effective me-
son Lagrangian: (a) tadpoles, (b) quadratic terms, (c) triangle
diagrams, and (d) boxes.

gor =BT (a=1,2,3,8),

gor = BINLITY (a=4,5,6,7),

go1 = AT, (28)
oo = 4TS5 57" (a=1,2,3,8),

oo = BINS 1" (a=4,56,7),

Gy = AT £ (29)

For the pseudoscalar meson fields, 7-A;-transitions lead
to the factor Z, describing an additional renormalization
of pseudoscalar meson fields, with M4, being the mass of
the axial-vector meson (see [9,19]):

6my \
Z=(1--"2 ~ 1.46.
( th)

For the radially excited pseudoscalar states a similar
renormalization also takes place, but in this case the renor-
malization factor turns out to be approximately equal to
unit, so it is omitted in our calculations (see [9]).

(30)

3 Introducing the dilaton

According to the prescription described in [13,14], we
introduce the dilaton field into Lagrangian (19) as fol-
lows: the dimensional model parameters G, A, m,, and
K are replaced by the following rule: G — G(x¢/X)?,
A— A(X/Xc)a Mq — ma(X/Xc)a K — K(XC/X)Sv where x
is the dilaton field with VEV x.. We also define the field
X' as the difference ¥’ = x — x. that has zero VEV. Below
the effective meson Lagrangian is expanded in terms of y’
when calculating the mass terms and vertices describing
the interaction of mesons.

The current quark masses break scale invariance and,
therefore, should not be multiplied by the dilaton field.
The modified current quark masses 7. are also not mul-
tiplied by the dilaton field. Finally, we come to the La-
grangian

L(0,¢,X) = Liin(0,9) + La (0, ¢, X) + Lioop (0, ¢, X)

+‘C(X) + ALy ((77 b, X)' (31)

The term Ly;, remains unchanged, as it is already scale
invariant.
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Here the term Lg(o, ®,Y) is

LG(07¢7 ) =

1 2 9
B 5 <XC) a,%:jl

1
(ga 10a,1 — Ma + g ) (G( )>
Xec ab

<9b,10b,1 — M2>
Xe
Z 9a,1Pa,1 (G(+)) 9b,10b,1

7
2 (X(') a,b=1

1 X ’ . 2 2 2
el (;) ;gag(%g + #5.2)-

Expanding (32) in a power series of x, we can extract a
term that is of order x*. It can be absorbed by the term in
the pure dilaton potential (see (35) below) which has the
same degree of x. This does not bring essential changes,
because such terms are scale invariant and therefore do
not contribute to the divergence of the dilatation current.
This would lead only to a redefinition of the constants yq
and B of the potential (35).

The sum of one-loop quark diagrams is denoted as

X

(32)

z/loop:
1 X ° 2 X ?
Duan(5:603) = Li0,0) () 1,00 (L)
Xc Xe
lOOp(U ¢) lOop(U ¢) (33>
Here L(x) is the pure dilaton Lagrangian
P2
L) =5 x" = V() (34)
with the potential
X : X !
%4 =B+ In{ =] —1 35
) (Xo) l (Xo) ] (35)

that has a minimum at x = yxo, and the parameter B
represents the vacuum energy when there are no quarks.
The kinetic term is given in the momentum space, P being
the momentum of the dilaton.

Note that Lagrangian (19) implicitly contains the term
L, that is induced by gluon anomalies:

Lan(5a d)) = 7h¢¢g + haa(Q)v (36)
where ¢ and G ((00), # 0) are pseudoscalar and scalar
meson isosinglets, respectively; and hg, h, are constants;
o = \/2/3b81 — \/1/3¢9,1, G0 = \/2/3581 — \/1/359,1,
where ¢g 1 and 0g1 ((08,1), # 0) consist of u quarks; and
$9,1, o1 ((T9,1)y # 0), of s quarks. In our model, the
't Hooft interaction is responsible for the appearance of
these terms.
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When the procedure of the scale invariance restoration
is applied to Lagrangian (19), the term L,, also becomes
scale invariant. To avoid this, one should subtract this part
in the scale-invariant form and add it in a scale-breaking
(SB) form. This is achieved by including the term AL,y:

2
ALun(0,¢,X) = —Lan(5, 9) (i) + LB (0,0, x). (37)

Xe

Let us define the scale-breaking term LSE. The coefficients
he and hy in (36) can be determined by comparing them
with the terms in (20) that describe the singlet-octet mix-
ing?. We obtain

h z ()"
¢ = 2\/—98 ,199,1 ( )89 ) (38)
3 1
hy = =)
2\/598 1991 (G )89 (39)

If these terms were to be made scale invariant, one should
insert (x/xc)? into them (see (37)). However, as the gluon
anomalies break scale invariance, we introduce the dilaton
field into these terms in a more complicated way. The

inverse matrix elements (G(*));b1 and (G(*));bl,

— A
(G(+)) 1: _4\/§muKII (mu)27 (40)
89
clay) - (6l)
1 A2m KT
(60), = R gy
a6l - (64))

are determined by two different interactions. The numer-
ators are fully defined by the 't Hooft interaction that
leads to anomalous terms (36) breaking scale invariance,
therefore, we do not introduce here dilaton fields. The de-
nominators are determined by the constant G describing
the standard NJL four-quark interaction, and the dilaton
field is inserted into it, according to the prescription given
above. Finally, we come to the following form of LSE:

() e

(&

2
L3B(o,¢,x)= [ hsds+he <00—F0X1+F3>

V2ml o ml

2my
V2 +

My
Fy= . B)= + . (43)
\/598,1 \/699,1 \/598,1 \/699,1
From it, we immediately obtain the term AL,y:
2
ALy = [h¢¢(2) —he (JO - FOl + FS)
Xe
2 2
x (l) 1- (l) . (44)
Xe Xe

2 The singlet-octet mixing is fully determined by the ’t Hooft
interaction.
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4 Equations

Let us now consider VEV of the divergence of the dilata-
tion current S* [10,13] calculated from the potential of
Lagrangian (31):

2

ov ov
A —
<8#S > ;;(O—aiao_ +¢a18¢az>
v

oy W e
o=0
=0

43( ;}) 2h, (Fo — F§)° =Y m (aq), - (45)

q=u,d,s

Here V =V (x) + V(0. ¢,%), and V (0, ¢, X) is the po-
tential part of Lagrangian L(o, ¢, x) (see (31)) that does
not contain the pure dilaton potential (35). In the ex-
pression given in (45), the following relation of the quark
condensates to integrals I{'(m,) and I{'(m) was used:

4quiA(mq) = <QQ>0 (q = uv d7 8)7 (46)
and that these integrals are connected with constants Gfl;)
through gap equations, as will be shown below (see (52)

and (53)). Comparing (45) with the QCD expression
(0uS") = Cg — Z mg (@) s (47)
q=u,d,s
where 1N, N
- f a )2
Ce = ( 24 12>< (Gl >o’ (48)

and N¢ is the number of flavours, <%(Gf‘w)2>0 and (qq),
are the gluon and quark condensates, with « being the
QCD constant of strong interaction, one can see that the
term Y mJ(gq) on the right-hand side of (47) is cancelled
by the corresponding contribution from current quark
masses on the right-hand side of (45). Equating the right-
hand sides of (45) and (47),

Ce — Z m2 (@q)o =
q=u,d,s
X * 2
4B (E) —2hy (Fo— F9)=Y_ m)(qq), (49)

q=u,d,s

we obtain the correspondence

cg4B< ) +Z

a,b=8
—2hy (Fy — FOO) )

W) (69 (o~ )

(50)

where 40 =0 (a =1,...7), u3 =m0, and pu§ = —mf/v/2.
This equation relates the gluon condensate, whose value
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is taken from other sources (see, e.g., [20]), to the
model parameter B. The next step is to investigate gap
equations.

As usual, gap equations follow from the requirement
that the terms linear in o and x’ should be absent in the
effective Lagrangian:

oL | oL | oL
0os119=§ 0091 |9=f  OX|9=f
X=Xc X=Xe X=Xe
6L 6L
- — 0. (51)
60’82 ¢ 8 (50’972 gzg
X Xe X=Xe

For the ground states of quarkonia (0,,1) and the dilaton
field x’, this leads to the following equations:

-1 _ =0 —1
_ 50 (=) _ Mu = My ()
(mu — ) (G )88 V2 (G )89
—8myu I (my) =0,  (52)
-1 -1
_q0 (=) —V2%Am. — m° (=)
(m, —m0) (6O) = Vam,—ml) (¢)
—8mgI{{(ms) =0,  (53)
3 4
AB <&> R <&>
X0 X0 X0
1 < -1
b m (69, w3
" a,b=8
2
- ;" (Fo— F9)* =0. (54)

Using (13) and (14), one can rewrite egs. (52) and (53) in
the well-known form [18]

0 32K mymeI{ (my) I (ms), (55)
ml = mg — 8Gm I (mg) — 32K (mu i (my))>%. (56)

= mu—SGmullA(mu) —

For the excited states (0, 2), we require that the corre-
sponding gap equations have the trivial solution, i.e., 042
do not acquire VEV. This is one of the possible particu-
lar solutions of egs. (51). An advantage of such a solution
is that in this case the quark condensates and constituent
quark masses remain unchanged after introducing radially
excited states. This solution surely exists if the tadpole di-
agram (fig. 1(a)) for the excited scalar is equal to zero (see
[3,8]). This leads to the condition

T8 = T =0

The calculation of the second variation of the effective
potential will ensure us that the solution that we have
chosen gives the minimum of the potential.

The integrals in (57) depend on A, m,, and mg. The
form factors in them depend on the external ¢, and slope
d, parameters. The external parameter factors out, and

(57)
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the only possibility to satisfy (57) is to chose appropri-
ate values of d,. Insofar as there are two different con-
ditions (57), we obtain two different magnitudes: d,, ds.
The difference appears from the difference between the
constituent masses of u and s quarks.

To determine the masses of quarkonia and of the glue-
ball, let us consider the part of Lagrangian (31) which is

quadratic in fields ¢ and x’ and which is denoted by L(?):

2 a
- 4mu)0—¢17i[’$,ijo—a7j

+H(P? — 4m})os i S ;08 5+(P? — 4m2)o9 I8 ;00,5

1 -1
_595,1 {(G( ))88 _811/1(77%)} ‘75,1

1
_5 ,1 {(G( )99 —8I1A(ms)] ‘73,1

1
—59 2 [1/G 8J1 0[f2f2ﬂ 0572
1
—59 2 [1/G &70 1[f2f2H
—1 M2X,2
—98,199,1 (G(f))sg 08,1091 — g2
9 0
+Z (G gpaonaX
a,b=8 Xe
4h<7(F0 - Fé))
T (09,1 - 0871\/5) X (58)
where
9 1
My = = (4cg + >0 (6O)) e - )
¢ a,b=8
9 1
3 40 (60 )
a,b=8
—4h, Fg +4hg(F8)2) (59)

is the glueball mass before taking account of mixing ef-
fects. Here the gap equations and eq. (50) are taken into
account.

From this Lagrangian, after diagonalization, we obtain
the masses of five scalar isoscalar meson states: or, oy,
o111, o1v, and oy and a matrix of mixing coefficients b that
connects the nondiagonalized fields 0s 1,09 1,082,092, X’
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Table 1. Elements of the matrix b, describing mixing in
the scalar isoscalar sector. The singlet-octet and quarkonia-
glueball mixing effects are taken into account.

o1 on o orv ov |
08,1 0.973 0.137 0.393 0.548 0.048
og2 | —0.064 0.204 —0.978 —0.647 —0.047
091 | —0.225 0.876 0.160 0.011 0.628
09,2 0.025 0.146 0.136  —0.082 —1.09
X —0.266 0.095 —0.495 0.813 —0.116

with the phySiC&l ones or, 011, 0111, 01V, OV :

os1 bUS 101 bUS 1011 bUS,IUIII bUS,IUIV b0'8,1(7V o1

09?1 bog 101 bog 101 bog 1ot bag oy bog oy o1

08,2 |= bUs 201 bUs 2011 bUs,zOm bUS,ZUIV b08,20v 0111

09;2 bag 20 bag 2011 bog,zmu bag,zaw bog rov || OV
g

X bX o1 bX on bX'O’IH bX'O’IV bX'Uv v

(60)

The values of matrix elements are given in table 1.

5 Model parameters and numerical estimates

The basic parameters of our model are G, A, m,, and ms.
They are fixed by the pion weak decay constant F, =
93 MeV, the p meson decay constant g, ~ 6.14 describes
the decay of a p meson into 2 pions, and the masses of pion
and kaon [19,21,22]. To fix A and m,, the Goldberger-
Treiman relation guF,r\/E = m, and the equation g, =
V6gy, are used. The parameter G is determined by the
pion mass; and mg, by the kaon mass. Their values do not
change after the radially excited states [1-3,8,9] and the
dilaton fields are introduced [13,14]:

w = 280 MeV,
G = 3.2017 GeV 2.

ms = 417 MeV, A=1.03 GeV,

(61)

To have a correct description of  and 7', one should
fix the 't Hooft interaction constant by the masses of n and
7’. The lower bound for the lightest scalar meson mass is
also taken into account here. As a result, for the model
masses we obtain M, ~ 500 MeV, M,, ~ 870 MeV, and
for K

K =4.4GeV™°. (62)

After introducing the radially excited states into the
isoscalar sector, there appear four form factor parameters
cs,co and dy(= dg),ds(= do)3. The slope parameters dy,
and dg are fixed by the requirement that the tadpole dia-
grams related to the excited states must be equal to zero
(57). As a result, we obtain
ds = —1.72 GeV 2.

dy = —1.77 GeV ™2, (63)

3 To calculate the widths of the decays of scalars into pseu-
doscalars, one needs an additional slope parameter d,s and ex-
ternal parameters for the pion and kaon cr,ck, whose values
are given in Appendix A.
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Table 2. The model and experimental masses of scalar
isoscalar meson states.

Theor. ‘ Exp. [4] |
o1 | 400 | 408 [24], 387 [25]
o1 1070 980+£10
o111 1320 1200-1500
orv 1550 1500£10
ov 1670 171245

The external form factor parameters cg and cg are free
and are fixed by masses of radially excited pseudoscalar
mesons 7(1295) and 7(1440):

cs =145, co=1.59. (64)

Due to the chiral symmetry of Lagrangian (3), the same
values of the form factor parameters are used for the scalar
mesons.

After the dilaton is introduced, three new parameters
X0, Xe, and B appear. To fix the new parameters, one
should use egs. (50), (54), and the physical glueball mass.
As a result, we obtain for ¢ and B:

9
-1
Xo = xceXp{L il (G(’))ab (3 — i)
=8

+2h, (FO—F(?)Q}

/[ Zgju ~u)(c 7));:(,“})—/12)

a,b=8

+2h (Fy — Fg)ﬂ } (65)
1 9
= (6= - (6 o)
a,b=8
+2h, (Fy — F§)2) (%)4 (66)

We adjust the parameter x., so that the mass of the
scalar meson state ory would be close to 1500 MeV (x. =
0.219 GeV)“. For the constants xo and B we have: yo =
203 MeV, B = 0.007 GeV*. We found that, if the state
fo(1710) is supposed to be the glueball, the result turns
out to be in worse agreement with experiment. The masses
of scalar isoscalar mesons calculated in our model together
with their experimental values are given in table 2.

6 Strong decays of scalar isoscalar mesons

Once all parameters are fixed, we can estimate the de-
cay widths for the main modes of strong decays of

4 To reach closer agreement with experimental data in the
description of strong decays of o1y, we chose the model value

of My, = 1550 MeV (mass + half-width).
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Fig. 2. The set of diagrams describing the decay of a scalar
meson into a pair of pions. The vertices where a form factor
occurs are marked by f.

scalar isoscalar mesons: o, — ww, KK, nn, nn’, and 47
(20,021 — 47), where | = LIL I, IV, and V.

Note that, in the energy region under consideration
(up to 1.7 GeV), we work on the brim of the validity of
exploiting the chiral symmetry and scale invariance that
were used to construct our effective Lagrangian. Thus, our
results should be considered rather as qualitative.

Let us start with the decay of a scalar isoscalar meson
into a pair of pions. The corresponding amplitude has the
form
+ AP

o —TT)

- AM

o —TT (67)

Aal — T

where the first part comes from contact terms of La-
grangian (31) that describe the decay of the glueball
into pions These terms come from Lg(o,¢,x) and

(x/xe)? loop(a ¢) (see (32) and (33)). They turn into the
pion mass term if x = x.. Expanding around x = x. in
terms of x’ and choosing the term linear in x’, we ob-
tain, after the mixing effects are taken into account, the
following:

A M

o] —TT

(68)

X' o1

where M, is the pion mass, and bxfgl is a mixing coefficient

(see (60) and table 1). The second contribution A((fl)_)m
describes the decay of the quarkonium part of o; and is
determined by triangle quark loop diagrams (see figs. 1(c)
and 2). For details of their calculation, see Appendix A.
As a result, we obtain the following widths for decays of
scalar isoscalar mesons into two pions:

I, on ~ 600 MeV,
oy —nn R 36 MeV (20 MeV),
T ~ 680 MeV (480 MeV),

O] 7T

I ~ 100 MeV,

o1y —TT

r ~ 0.3 MeV,

oy —TT

(69)

To calculate decay widths, we used the model masses of
scalar mesons. For the state oy; hereafter we give in brack-
ets the values obtained for its experimental mass. Con-
cerning the state oryp, the values in brackets correspond
to calculations performed for the lowest experimental limit
for its mass (1200 MeV). Note that in the last two cases
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the widths are noticeably smaller than those derived for
the model masses.

Decays of scalar isoscalar mesons into kaons are de-
scribed by the amplitude

2
AU[->KK = A,(;ll)—J(K + Agl)—>KK7 (70)

where A((TllL K i originates from the same source as A((TILLW
and is determined by the kaon mass:
e 2Mj
o—KK — — bX'Uz’ (71)

c

while the other part A((fl)_, K k @gain comes from quark loop

diagrams (see Appendix A). The decay widths thereby
5
are

I, xx ~ 260 MeV(125 MeV),
I K ~ 28 MeV,
K ~ 250 MeV.

oryv—K

I

ov—K (72)
The state o7 cannot decay into kaons, as it is below the
threshold.

The amplitude describing decays of scalar isoscalar
mesons into nn has a more complicated form, because
it contains a contribution from AL,,. The singlet-octet
mixing between pseudoscalar isoscalar states should also
be taken into account here. Using the expression for the
fields ¢g 1 and ¢g 1 through the physical ones n and 7'

¢8,1 = b¢8,17777 + b¢8,177'77, +.o
$9,1 = boy 1nM +bog 1y + .,

where ... stand for the excited n and 1’ that we do not
need here and therefore omit them. The mixing coefficients
for the scalar pseudoscalar meson states were calculated in
[1-3]. In the current calculation their values changed little
because the parameter K has changed, thus (see table 6
in Appendix A), by, . = 0.777, bgy .y = —0.359, by, 1y =
0.546, by, ,»» = 0.701. Thus, we obtain for the amplitude

— 1 2 3
AO’L""W - Agann + Ag'll»nn + A((J'ann' (75>
Here the contact term AS,IZLW has the form
M2
Ag'lann = _—nbxlo'l . (76)
Xe

The second term A,(;zl)_wm comes from a quark loop cal-

culation (see Appendix A), and the third term A,(fl‘)_,m,
originates from AL,, (see (44)):

2h 2
AP = ﬁ (\/§b¢8,177 - b¢9,177) (77)

or—=nn
(&

5 The decay of o1 into kaons occurs almost at threshold,
therefore, we cannot give a reliable estimate for this process.
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As a result, we obtain the following decay widths:

r ~ 62 MeV (26 MeV),

agrr—nmn

I ~ 4 MeV,

av —nn

I ~ 23 MeV.

ov—=nmn

(78)

The state oy can also decay into nn’. The correspond-
ing amplitude is

4 A

oy—nn’"

2
Agimmy = A

B (79)
The contact term A

@ ar—=nmn
2 .
Aaz—mn’ comes from quark loop diagrams, as usual, and

the last term has the form

4h
o= T ﬁ (\/ibcf)s,m - b¢9,17l) (\/ib%,m’ - b¢9,177’> :
(80)

The decay width is approximately equal to 100 MeV.

The scalar meson states oryr, ory, and oy can decay
into four pions. This decay can occur via intermediate
scalar mesons. Similar calculations for f,(1500) were done
in our previous works [13,14]. Insofar as our calculations
are qualitative, we consider here, instead of the direct pro-
cesses that involve o1 resonances, simpler decays: into 207
and o727 as final states. Our investigation has shown that
the result thus obtained can be a good estimate for the
decay into 4.

Let us consider decays into 207. Its amplitude can be
divided into two parts:

, is absent here. The term

Aa'l—uno'l = A(l)

0] —0107 + S)’QZLO'IO'I' (81)
To calculate the first term A((,IZLUIUI, one should first take,
from the effective meson Lagrangian, the terms that con-
tain only scalar meson fields in the third degree before
taking account of mixing effects. The corresponding ver-
tices have the form
13 2 /2 ’_2

arX”” +asx"os 1 +azx'oz, +asx'og.,  (82)
where the coefficients a; are given in Appendix A (see
(A.20)-(A.23)). These vertices come from Lg, £(x), and
AL,, (see egs. (32), (35), and (44)). We neglected here
the terms with og ; fields which represent quarkonia made
of s quarks, because we are interested in decays into pions
that do not contain s quarks.

Up to this moment, the contribution At(;ll)—mm was con-
sidered. As to the term Af,%LaIUI in (81) connected with
quark loops, its calculation is given in Appendix A. As a
result, we obtain the following decay widths:

I ~ 40 MeV,

OI11—0101

I ~ 200 MeV,

oIV —0101

I ~ 1 MeV.

oy —010]

(83)

Four pions in the final state can be produced also
through the process with one oy resonance (0; — o127 —
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47). To estimate this process, we calculate the decay into
o2 as a final state. The amplitude again can be divided
into two parts:

1 2
AUL"Ulzﬂ' = A((7'l)—‘o'127'r + Ag'l)—)o'12ﬂ" (84>
The first term has the form
M?2 8m _
1 T u
A((fl)—m% = _—gbx’az bx’m + —bx’az jz/}o[fmfwfw]
Xe Xe
8my, -
+—"by101 T30 for fr Fx (85)

C

where f, are “physical” form factors defined in Appendix
A. The pure quark contribution is calculated as described
in Appendix A. The result is

Ag2,)~>01277 = _4\72/}0 [f_Ul f_al f_7rf_7r} .

The corresponding decay widths are negligibly small

(86)

I

oI —o2m

I

orv—0o2m

I

oy —o2m

~ 1 MeV,
~ 2 MeV,

~ 0.6 MeV. (87)

Comparing the obtained results with experimental
data (see table 3), one can see that the decays o7 — 77 and
o1 — 7 are in satisfactory agreement with experiment.
For the states o1, orv, and oy, we have reliable values
only for their total widths measured experimentally. Our
results allow us to obtain just the order of magnitude for
the decay widths, exceeding the experimental values by a
factor of 2.0-3.0.

Concerning partial decay modes, the state fo(1500) de-
cays mostly into 47 and 27. According to the experimental
data analysis given in [23], the ratio Iy, /I2, ~ 1.34. We
obtain I'y;/I5; =~ 2, which is in qualitative agreement
with [23]. The decays into 47 and 27 are suppressed for
the state fo(1710). Its main decay mode is into kaons. This
agrees with the analysis of experimental data given in [23]
and corroborates our assumption that f,(1500) is rather
a glueball.

7 Conclusion and discussion

In papers [1-3], we have shown for the first time that 18
scalar meson states with masses lying between 0.4 GeV
and 1.7 GeV can be considered as two nonets of scalar
quarkonia. However, in the mass interval under consider-
ation, there is an additional meson state which is used to
be associated with a scalar glueball. Two experimentally
observed scalars, fp(1500) and fo(1710), are argued to be
the most probable candidates for the glueball [5,6,15]. In
[1-3], we have shown that the state fp(1710) is rather a
quarkonium. This conclusion was based on the analysis
of strong decays of both f,(1500) and f,(1710), assuming
that one of them is a glueball, and the other is a quarko-
nium. The final decision should be made after introducing
the glueball into the effective meson Lagrangian.
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A chiral quark model for the description of the ground
state nonet only and the scalar glueball was suggested
in [12-14]. There, our assumption that f,(1500) is the
glueball was corroborated. In the present work, we ex-
tended the model [13,14] by introducing first radially ex-
cited states. As a result, we obtained the complete de-
scription of all 19 scalar mesons in the mass interval con-
cerned®.

The basic parameters of the model A, G, m,, and mg
did not change either after the introduction of the radi-
ally excited states nor after the introduction of the glue-
ball. However, the parameter K that describes the singlet-
octet mixing somewhat decreased, in comparison with the
value used in [1-3], because here, while fitting, we have
taken into account not only the masses of  and 1’ mesons
but also the lower experimental bound for the mass of o
(400 MeV). Let us emphasize that due to the chiral sym-
metry, the form factor parameters of scalar mesons are
not arbitrary, they coincide with those of pseudoscalar
mesons.

In our model, we considered five scalar isoscalar me-
son states oy, o, o, orv, and oy with masses 400,
1070, 1320, 1550, and 1670 MeV, respectively. We identify
them with physically observed meson states in the follow-
ing sequence: f((400-1200), f0(980), fo(1370), fo(1500),
fo(1710) (see table 2). Note that, after the glueball is in-
troduced into the effective meson Lagrangian, the mass of
o1 noticeably decreased as compared with the result from
[1-3]. This is a consequence of the noticeable mixing be-
tween the glueball and the ground and radially excited wu
(dd) quarkonia. The obtained mass and decay width of
o1 are in satisfactory agreement with recent experimen-
tal data [4,24,25]. On the other hand, the §s quarkonia
mix with the glueball at a small proportion (see table 1).
Therefore, after introducing the glueball (see [1-3]), the
masses of o;; and oy change less than the mass of or.
However, here we obtain better agreement with experi-
ment for the mass of oy than in [1-3].

The analysis of strong decay modes of the mesons
mentioned above, fulfilled in the framework of our in-
vestigation, corroborates our former conclusion that the
state fo(1710) is a quarkonium, while f;(1500) consists
mostly of the glueball. Indeed, according to our calcula-
tions, the state fo(1500) decays mostly into 47 and 27,
the decay into 47 being more probable. This is in agree-
ment with experiment [4,23]. Meanwhile, the decays of
fo(1710) into 47 and 27 are suppressed as compared with
those into kaons and 7 mesons (see [4,23]). On the other
hand, if the model parameters were fixed from the sup-
position that fy(1710) was the glueball, the main decay
mode of fy(1710) would be 47 (I'y, =150 MeV), the re-
maining partial widths would be too small: I, = 3MeV,
I'xk = 5MeV, I}, = 2MeV, I}, = 2MeV. For the
state fp(1500) in this case, the main decay would be into
kaons (I'kx = 250MeV), the other modes would give:

5 In the present work, only isoscalar mesons and the scalar
glueball were considered. As to the isovector and strange
mesons, they were studied in [1-3], and the introduction of
the glueball has had small effect on them.
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Table 3. The partial and total decay widths (in MeV) of scalar isoscalar meson states. (*) For the meson state oy, there is
a possible a decay into kaons, which we did not calculate here, because its mass is at the threshold. We show only the lowest
limit for its total decay width allowing for the decay into kaons that can increase the total decay width. The value is given
for the model mass 1070 MeV. Next, in brackets, we also give the decay width calculated for the experimental mass 980 MeV.
In the case of orir, two values are given for its model mass and (in brackets) for the lowest bound for its experimental mass
(1200 MeV).

f0(400-1200) | £0(980) \ fo(1370) | fo(1500) | fo(1710) |
T 600 36 (20) | 680 (480) 100 0.3
KK - — | 260 (125) 28 250
m - - 62 (26) 4 20
n’ - — - - 100
47 (207) - - 40 200 1
Lot 600 | > 40(> 20)(*) | 1040 (670) 330 370
e 600-1200 40-100 200-500 | 112410 | 133+14

I'iw = 10MeV, I3, = 34MeV, I'y; = 90MeV. This cru-
cially disagrees with experiment [23].

For o1y, we obtain that the state contains 67% of the
glueball, which is in agreement with [5].

Note that the decay of a scalar isoscalar meson into
four pions could go through a pair of p mesons. We tried
to give an estimate of the decay width for such a process in
[13,14]. However, in the present paper, we did not consider
this process for the following reasons: i) The interaction
of the p meson with the glueball is beyond the model we
considered here. ii) There are specific problems connected
with gauge invariance. A more thorough investigation is
necessary for an accurate solution of the problem.

Let us remind that our model is based on the U(3) x
U(3) chiral symmetry and scale invariance of an effective
meson Lagrangian. Both symmetries are very approximate
for the energies under consideration. Therefore, our re-
sults are rather qualitative. Nevertheless, we hope that
the model gives, on the whole, a correct description of
scalar meson properties.

We thank Drs. S.B. Gerasimov and A.E. Dorokhov for use-
ful discussions. The work is supported by RFBR Grant 00-02-
17190 and the Heisenberg-Landau program 2001.

Appendix A. Calculation of the quark loop
contribution into the strong decay amplitudes

In the calculation of the quark loop contributions to decay
amplitudes, we follow our papers [1-3], where the exter-
nal momentum dependence of decay amplitudes was taken
into account.

It is convenient to take account of the mixing effects
before integration. To demonstrate how to do this, let us
first calculate the decay of the state oy into pions. As one
can see, eight” diagrams (fig. 2) contribute to this process.
The expression for the amplitude is as follows (see (8) for

7 Two of them are identical, which leads to the symmetry
factor of 2.

the definition of form factors):

AE:QILM = 8muy [98,1b0g 101 (9%,1Zb3r1m72/,‘0[1]
+291,191,2 \/Ebmwbmwj{}o [f2] + 9%,2b3r27r~72/}o (£2£3))
+98 2Dy 201 (971207, < T30 /2]
+291,101,2V Zbr, xbryn T30 £ 13]
+01 2b2un T2 2 F2 £2))
—Py - Py (g8,1bog 10y (9%,1Zb72rl7r«73/,10[1]
+291,191,2\/Zb7r17rb7r2m73/}0 [f2] + 9%,2&2#‘73/}0 (£213))
+98,2b05 501 (9%,1Zb3r17r~73/,10 [£3]
+2gl,1gl,2\/2b7717rb7727ﬂ73/}0[f28f21}

Jrgizb?rwjg}o[fzglef%}))}a (A1)

where

fr = cr(1+dyk?);  f3 = cs(1 +dyk?) (A.2)
and ¢; = ¢ = ¢ = ¢3 = 1.39. The coefficient ¢, is fixed
by the mass of the radially excited pion 7(1300). This is
described in [1-3,8,9]. The coeflicient cg is given in (64).
The product of the momenta of secondary particles can
be expressed through masses of mesons:

1
P Py= 5(M2 — M? - M3), (A.3)

where M is the mass of the decaying meson, and M7 and
My are the masses of secondary particles (M = M,,,
M; = Ms = M, in this case). Let us continue (A.1)

and calculate the sum before integration. The resulting
expression becomes short:

Agl)—»mr:8mu(~72/,10[f01f7rf7r]_Pl’P2u73/,10[]FJIJF7rf7T])a (A~4)

where f, are form factors for the physical meson states,
defined as follows:
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Table 4. Mixing coefficients for the ground and excited pion
states.

T i |
m | 0.997 0.511
mo | 0.007 —1.12

Table 5. Mixing coefficients for the ground and excited kaon
states.

K K |
Ki | 0.954  0.533
K> | 0102 —1.09

Table 6. Mixing coefficients for the ground and excited n and
n’ states. Here the singlet-octet mixing is taken into account.

7 ~ ~7

n n n n
¢s1 | 0.777 —0.359 0.668 0.276
¢s,2 | 0.102 —0.330 —1.03 —0.274
¢9,1 | 0.546 0.701 —0.010 —0.602
¢9,2 | 0.037 0.225 —0.333 0.994
.fcrl = gS,lbcfs,lUI + 98,2b08,201f§7 (A'5>
fTﬂ' :gl,lbﬂlw\/Z+gl,2b7r27rf21~ (AG)

The coefficients br, . appear because of the mixing be-
tween the ground and excited pion states. Their values
are bq,r ~ 0.997, by, = 0.007 (see table 4). Concerning
the decays into the other pairs of pseudoscalars, the calcu-
lation of the corresponding contribution is carried out in
the same manner. We will discriminate these form factors
by the superscripts u and s, respectively. Below we give
the physical form factors that were used in the calculation:

lerll = g&lbag,lal + 987208(1 + dqu)b(Tg,QO'l) (A 7
£5 = 99,160 100 + G9.2¢0(1 + dsk?)bog 0, (A.8
fﬂ' :gl,lbﬂlﬂ\/z+gl,267r(1+duk2)b7r27r7 (Ag

)
)
)
)
1)
)
)
14)

fr = 9a1br, kVZ + gancx (1 + dusk®br, i, (A10
Fo = gs1bog 1nVZ + gs2cs(1 + duk®)bgg 1, (AL
I = 98,1b¢8,177'\/2+ gs,20s(1 + duk?)bgg oy, (A12
72 = 99,1049 .0V Z + gopco(1 + dsk®)bg, .y, (A13
(A

F2r = 99,150 V'Z + goaco(1+ dk®)bgy oy -

To calculate these form factors, one needs, besides ¢, also
cx = ¢4 = 5 = ¢g = ¢y = 1.6 fixed by the mass of
K(1430), and dys = —1.75 GeV =2 (see [1-3,9]). The last
parameter is fixed by a condition similar to the ones that
determine the parameters d, and d:

Tl + dusk®] + TG4 [1 + dusk?®] = 0. (A.15)
The mixing coefficients for pseudoscalar mesons are given
in tables 4, 5, 6.
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Let us write the quark loop contribution to the ver-
tices of the effective meson Lagrangian in terms of phys-
ical meson states. Only the vertices describing the pro-
cesses, which we are interested in, are given below. For
[ =LILIIL IV, V, we have

A®)

o —TT

+AD oK K™+ K°KP)

oy(2nt 4 7970)

+AP),, omm + Agﬁnn,amn ; (A.16)
NG — ST TP~ P AT D,

AgzlLKK:8mU(Cuuj2,o[:;JFKJ?KH'Ousjl,l[EZJ?KJFKD
_8\/§ms(cssj0/}2[ E'lfoK] + Csujlfll[f;lfoK])
—P 'P2(8ms«72A1[JF;ZJFKJFK] - 8\/§mu~71/,12[f§lfoK])

Ag%Lnn 8muJ3 0[ ; J?ufu] - SﬁmsjoAz[ _3, JE;JFZ}
—p - P2(8muj3)0[ fu u] - 8\/—m5J0 5[ ;lﬁs,f;])
AgLnn 16mu~72/,10[ _;, f;ﬁ}] - 16\/§ms.7012[ _;l JF;JFZ/]
—bP 'P2(16mu«73/,10[ Eﬁ;lﬁ;'] - 16\/§ms~70/,13[ Elﬁs]f;,]),
(A.17)
where
2 ) — my
CVuu = T 5 Cvus = mb(mu mS) 5
My + M My (M + M)
CSS = Qms ) Csu = mU(mS - mu) . (A18)
My + Mg mg(my + msg)

Now we consider the decays of a scalar isoscalar meson
into a pair of oy. To calculate the quark loop contribution
to the corresponding decay amplitudes, one should follow
the method described above for the pseudoscalar mesons.
The quark loop contribution can be represented as a set
of diagrams that results in a sum of integrals which then
can be converted into a single integral over the physical
form factors for scalar isoscalar mesons. Thus, one obtains

A<(721)—>0101 ~ 8mu*72 0[ o (1;11 7;1] (Alg)

for [ =III, IV, V. In conclusion, we display the coefficients
ay, that determine contact terms (82):

9
1 (10 4
=——|5C+ > (3G,
ai XE |: 3 g + ( 3:“’(1( )ab Hb

a,b=8
70 (=) g0 -\ 0
+3ha (G )a It +6Ma (G ) (o — ub))
+ho (16FF — 18FyFy + 4(F(§))2)] : (A.20)

V2h,
V3x2

—1
ay =— (14F,—10F0) — —) 0, (A.21)

22981(
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4h, 1 )\
ag = 22— — (g8, (G)& =81 (mu)) +4m2), (A.22)
Xe  Xc ’
1
as = = (32 (1/G = 8T, 3 £3]) +4m3) (A.23)
c
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