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The light scalar meson spectrum is studied using the improved ladder QCD witbl4ti¢ breaking
Kobayashi-Maskawa-'t Hooft interaction by solving the Schwinger-Dyson and Bethe-Salpeter equations. The
dynamically generated momentum-dependent quark mass is large enough in the low momentum region to give
rise to the spontaneous breaking of chiral symmetry. Due to the large dynamical quark mass, the scalar mesons
become thejq bound states. Since the parameters have been all fixed to reproduce the light pseudoscalar
meson masses and the decay constant, there is no free parameter in the calculation of the scalar mesons. We
obtainM =667 MeV, Ma,=942 MeV, ande0:1336 MeV. They are in good agreement with the observed
masses 0ér(600), ay(980), andfy(1370, respectively. We therefore conclude that these states are the members
of the light scalar meson nonet. The masS(éfis obtained between that ef, andfy and the corresponding
state is not observed experimentally. We also find that the strangeness contentrimés®n is about 5%.
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I. INTRODUCTION Lasinio (NJL) using the schematic model with the four-

About three decades ago, quantum chromodynamicermion interactior{1]. Since then, low-energy hadron prop-
(QCD) was conceived as the microscopic theory of the€rtiés have been widely studied using the NJL-type models
strong interactions. Since then, many aspects of QCD ha\(g]' On the other hand, the effects of the explicit breaking of
been studied and QCD has been established as the fund®€ chiral symmetry on the pion properties have been sys-
mental theory of the strong interactions. Because of the nontematlcglly S_tUdIEd using the effgzctlve Lagrangian composed
perturbative nature of the low-energy QCD, understandin _f the pion field. This approach is called the chiral perturba-
the low-lying hadron structures from the viewpoint of the tion theory(ChPT) [3]. The success of the ChPT approach
quark and gluon degree of freedom is one of the most chaSupports the importance of the DCSB in low-energy QCD.
lenging problems. When we start looking at the strange quark sector, we

The lightest excitation on the QCD vacuum is the pion,€ncounter another problem. If one assumes that the up,
which is considered to be a quark and an antiquark boun§oWn, and strange quark masses are small compared with the
state in the pseudoscalar channel. Its m{assut 140 Mey scale _of the_DCSB, the number of the NG bosons is equal to
is off-scale light compared with other hadrons such as théhe dimension of the coset spadd (3) X Ug(3)/Uy(3),
p-meson(m,~ 770 MeV), the spin-flip partner of the pion, namgly, nine. _The ninth hegwer pseudoscalar meson'’ is
and the nucleonmy~ 940 MeV), the three-quark bound @nd its mass is much heavier than the other octet pseudo-
state. This can be understood by recognizing that the chirgicalar mesons. Weinberg showed that the masg should
symmetry is spontaneously broken in the QCD vacuum an§€ ess tham3m, if Ua(1) symmetry were not explicitly
the pion is the Nambu-Goldston@G) boson associated Proken[4]. Thus theU,(1) symmetry must be broken. The
with the dynamical chiral symmetry breakitPCSB). The  key step to solve thibls(1) problem was to realize that there
DCSB is, therefore, among the most important aspects df an anomaly in th&J,(1) channel. Namely, thel,(1) sym-
low-energy hadron physics. It is believed to be responsiblgnetry in the classical theory, i.e., in the action, is broken by
for a large part of the constituent quark masses, which arguantum effects. In the following year, 't Hooft pointed out
introduced in the many constituent quark models. the relation between th&l,(1) anomaly and topological

If the QCD Lagrangian has no explicit chiral-symmetry gluon configurations of QCD and showed that the interaction
breaking term, the mass of the NG boson associated with thef light quarks and instantons breaks tbg(1) symmetry
DCSB should be zero. In order to explain the observed mag®]. He also showed that such an interaction can be repre-
of the pion, one needs small explicit chiral-symmetry breaksented by a local I9; quark vertex, which is antisymmetric
ing terms, namely current quark mass terms. The NG bosouander flavor exchanges, in the dilute instanton gas approxi-
nature of the pion was first studied by Nambu and Jonamation.
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The effects of théJ,(1) anomaly on the low-energy QCD We have studied the effects of th (1) breaking inter-
have been extensively studied in theNL/expansion ap- action on the low-lying nonet scalar mesons using the ex-
proach[6]. In the Nc— < limit, the Ux(1) anomaly is turned tended NJL model, in which the three-flavor NJL model is
off and then they and ' mesons become the ideal mixing supplemented with the KMT determinant interactiftv].
states. The flavor component of thgis (uu+dd) with Why is the Up(1) expected to be important in the scalar
m, (Ne— )=m._ and the’ meson becomes a pussstate Mesons? It is because the KMT interaction selects out the
Wi?h m2 (N —>oz)~—~2m2—m2=(687 Me\)2 [7]. The higher- scalar sector as well as the pseudoscalar mesons and there-
order e{‘fecﬁs of the ]l; e>7<T ansion give risé o0 the flavor fore the OZI rule may be broken significantly also in the
mixing between they a(;ld F,’ mesong and push up the scalar mesonf28]. We have found that th&,(1) breaking
mass. They were discussned further in the context of th'nteraction gives rise to about 150 MeV mass difference be-
ChPT[8] and a reasonable description of the nonet pseudo-\’tveen thea and?O Tes?hls. we hgvebals? fgoljnd_r;hat tTe
scalar mesons was obtained. strangeness content in meson is abou 6. The cal-

The Ux(1) breaking 2; quark determinant interaction culated mass of thé=1/2 state(K,) was about 200 MeV

was introduced to the low-energy effective quark models Opeawer than that of the=1 state(a,).

QCD. The low-lying meson properties have been studied The physics of the light _scalar mesons seems to be di-
[9-13 using the three-flavor version of the NJL model with rectly related to the mechanism of the dynamical chiral sym-

the Kobayashi-Maskawa-'t HOOtKMT) determinant inter- MelY breakingDCSB). In the NJL model, the strong four-
action[5,14). The radiative decays of themeson have been duark interaction gives rise to the DCSB and it leads the
studied in this approacfil5] and it was found that these Sm(]jpiﬁ m;ss re_Iat||on beliween;lhe _sc;:ar meso?_ rlt(’jra§)s
decay widths are reproduced when thg(1)-breaking inter- ~ &1¢ € dynamical quark magh,) in the mean-field ap-
action is much stronger than the previous stu@ed 3. It is proximation, i.e.mg=2Mg in the chiral limit. In the case of

further argued that th&)5(1)-breaking interaction gives rise Fhet |ntstantc:jn Ilqu|qtmodt(_aI, ﬂ_ﬁ] DCSF s caused by the
to the spin-spin forces, which are important for light baryonsIns anton-inguced Interaction. The scaiar meson masses are

[16-19 rather sensitive to the instanton—anti-instanton interaction.

. . : The results in the fully interacting instanton ensemble are
The dynamics of instantons in the multi-instanton vacuum ~0.58 GeV andn, ~2.05 GeV[19].

has been studied by many authors, either in the models or iW"m contrast with the instanton liquid model, the study of
the lattice QCD approach, and the widely accepted picture i ) . ’
Q bp y pec e e QCD Schwinger-DysorfSD) equation for the quark

that the QCD vacuum consists of small instantons of a siz _ : L
about 1/3 fm with a density of 1 instantger anti-instanton ~ Propagator in the improved ladder approximat(¢inA) has
per fnf* [19]. In the instanton liquid model, the instanton _shown that the spontaneous brealgng of the chlral symmetry
plays a crucial role in understanding not only thig(1) IS €Xplained by simply extrapolating the running coupling
anomaly but also the spontaneous breaking of chiral symmec-onStant from the perturbative high-energy region to the low-

itself energy region29]. Then, the Bethe-SalpetéBS) equation
tryl'lx’tz((a:ehtly the low-lying scalar mesor¥§,=0", attracted a for the J"°=0"" qq channel has been solved in the ILA and

' b the existence of the Nambu-Goldstone pion has been con-

lot of attention for two reasonf20]. (i) Experimental evi- . . - :
dence for ar (1=0) scalar meson of mass around 600 Mey I'Med[30.31. The numerical predictions of the pion decay

is overwhelming[21-24. Especially the decays of heavy constant,and the quark condensaigy) are rather good. It
mesons show clear peaks in ther invariant mass spectrum. has been also shown that the BS amplitude shows the correct
Including this rather light isoscalar state, the light scalar measymptotic behavior as predicted by the operator product ex-
sons show strange mass patterns, i@(600 —a,(980) pansion(OPE) in QCD[32].The masses anq decay constants
-K(?)-0(980), whereKj is not confirmed. This pattern for the lowest-lying scalar, vector, and aX|aI-v¢ctor mesons
cannot be explained as a naiyg nonet, because tHe=1 a, have been evaluated by calculating the two-point correlation
states are almost degenerate with the seder@ statef,,  functions for the composite operatoggM . The obtained
while the firstl =0 stateo is far below them(ii) The roles of values are in reasonable agreement with the observed ones
the scalar mesons in chiral symmetry have been stressed [83].

the context of high temperature and/or density hadronic mat- Then, the current quark mass term has been introduced in
ter [25]. It is believed that chiral symmetry is restored in the the studies of the BS amplitudes in the IIL34], and reason-
QCD ground state at high temperatuend/or baryon den- able values of the pion mass, the pion decay constant, and
sity). Above the critical temperatures170 MeV, the world  the quark condensate have been obtained. It has also been
is nearly chiral symmetric and we expect that hadrons belonghown that the pion mass square and the pion decay constant
to irreducible representations of chiral symmetry, if we ne-are almost proportional to the current quark mass up to the
glect small mixing due to finite quark mass. The pion is nostrange quark mass region. The effect of thg1) anomaly
longer a Nambu-Goldstone boson, and has a finite mass arsl further introduced in the ILA approach by the KMT inter-
should be degenerate with a scalar meson, i.e., sigma. Amction. The instanton size effects are taken into account by
other scenario was proposed recently. It is the vector manithe form factor of the interaction vertices. It guarantees the
festation where the rho meson becomes massless degeneratht asymptotic behavior of the solutions of the SD and BS
with a pion as the chiral partné26]. In order to make the equations. The properties of thgand »' mesons have been
situation clear, we consider that the light scalar mesons arstudied by solving the coupled channel BS equations and the
the key particles. reasonable values ofi,, m,, m,, f., and(qq)r with a rela-
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tively weak flavor mixing interactiotKMT interaction), for ~ cerned. Thus we expect that the results for the mesonic
which the chiral symmetry breaking is dominantly inducedbound state in the BS equation with the effective quark mass
by the soft-gluon exchange interactif8b]. function qualitatively agree among the models.

The purpose of this paper is to study the properties of the The paper is organized as follows. In Sec. Il we explain
light scalar meson nonet in the ILA of QCD with thé& (1) the Lagrangian we use in the present study and derive the SD
breaking Kobayashi-Maskawa-t HoofKMT) 6-quark fla- equation for the quark propagator and the BS equation for
vor determinant interaction. In this approach, the mechanisrthe scalar meson. Section IIl is devoted to the numerical
of the dynamical chiral symmetry breaking is different from results. Finally, a summary and concluding remarks are given
the NJL model and the instanton liquid model. It has beerin Sec. IV.
shown that the Wilsonian nonperturbative renormalization
group equation gives the identical effective fermion mass Il. FORMULATION
with that obtained by solving the Schwinger-Dyson equation In this section, we present the formulation of the im-
in the improved ladder approximati¢@6]. We hope that the proved ladder QCD with KMT interaction. The rainbow ap-
present study may shed light on the mechanism of the DCSBroximation is applied to the SD equation for the quark
in the low-energy QCD. It should be noted here that thepropagator and to the BS equation for the pseudoscalar and
parameters have all been fixed in the pseudoscalar mesagalar mesons. Since the derivations of the SD equation and
sector and therefore there is no free parameter in the presetite BS equation for the pseudoscalar mesons have been

study. given in Ref.[35], here we present only the results.
There have been many studies of the pion BS amplitude _ _ )
using the effective models of QCD and/or the approximation A. Improved ladder QCD with KMT interaction

schemes of QC)37,38. The main differences among these  The improved ladder QCD is based on the ladder approxi-
studies are the form of the gluon propagator used in the SBnation, which is improved by replacing the coupling con-
and BS equations. Of course, the behavior of the gluorstant by the running coupling constant. We employ the rain-
propagator in the asymptotic region is well established andbow approximation of the SD equation for the quark
there are no differences. However, the behavior in the infrapropagator and the ladder approximation of the BS equation
red region is not well known. The simple infrared cutoff is for the quark-antiquark bound states. Improvement is made
introduced in the ILA, while in the approach given [iag], by the use of the running coupling constant according to the
the specific form of the infrared gluon propagator is as-Higashijima-Miransky][29,30,33 method. The Higashijima-
sumed. Miransky formulation has been justified by the Wilsonian
Recently, attempts have been made to evaluate enhanaeen-perturbative renormalization groyRG) method. Lo-
ment of the gluon propagatgas well as the vertex factpr cal potential approximation in the NRG equation gives the
from quenched lattice QCD data of the quark propagatoSD equation for a single quark and the BS equation for
[39,40. They found that the gluon propagator is required tobound states. By employing the gauge coupling constant im-
have strong enhancement in the soft momentum region sproved perturbatively, the NRG equation leads to the im-
that chiral symmetry is dynamically broken. Although the proved ladder SD equation with the Higashijima-Miransky
enhancement patterns vary among the models and paramefpirescription[36].
zations, they tend to show similar behavior when the solution Under this approximation, the gluon exchange interaction
of the SD equation, i.e., the quark mass function, is conLgg becomes

1 _~'\2 _n'\2 ’ r\__ . ) , ,
toe=-2[ (B )(OSE) o P - L gy, e T
pp'aq’

where we use an abbreviatiofy,=[[d*p/(2m)*]. For the (1 1
gluon propagator, we employ the Landau gauge, %m forte<t

. k*kV\ -1 (t—tg)2

|D’”(k)=< f”——)— 2) Bt —ty+2 -2

’ SIS (= 1 e tr—ty fortost<te
and the Higashijima-Miransky-type running coupling con- 2B (1+tp)?
stantg? defined as follow§29,30,33: 1 3te—to+2 f
—=r 3 = ort<t,
9°(P2,02) = 6(PE — aDG(PE) + 602~ PAIG(AR)  (3) (280 (L+tp)

with (4)
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=1, ® For-Fos-pePeR @
Adep In Eq. (4), the infrared cutofftc is introduced. Abovég,
g?(p?) develops according to the one-loop solution of the
1 1IN - 2N; QCD renormalization-group equation, while belgywg?(pz)
0= (47T)2T- (6) is kept constant. These two regions are connected by a qua-

dratic polynomial so thagz(pé) becomes a smooth function.
Here, pz andge denote the Euclidean momenta defined by HereNc andN; are the number of colors and active flavors,
respectively. We usdl-=N;=3 in this study.
P=(Po,p) — Pe=(ipsP), (7 The KMT interactionLyyr is given by

1 4 _ _
Lwr =~ gGDGflfzfe’fgng% f e (PrP2tPat ezt Xy (py, py, P3, A1, 02, A3 X{[ g, (Po) 1 () [, (P2) 1, (2) ]
P1P2P3010203

X [, (P ¥, (0a) ] + 3L, (p) (A I, (P2) i, (0 Wl (o) s () T}, (9)

where f;,g,,... areflavor indices, ande denotes the antisymmetric tensor wigtfS=1 This interaction breaks the (1)
symmetry and also mixings of quark flavors. We introduce a weight function

W(py, ... Gg) = exg— k(pi+ - +3)] (10)

so that the KMT interaction is turned off at large momentum region. Then the asymptotic behavior of the ILA is kept consistent
with the perturbative QCD. The parameteris taken as«=0.7[GeV?]. This value corresponds to the form factor of the
instanton of the average sige~1/3fm] [35].

B. Schwinger-Dyson equation

The SD equation in the momentum space is written as

iSeH@) —iSy @) =-Ck J %= 6% - pIID*(p-97,S(p) v, ~ Gp f kW(— o* - p? - kKAtrPI[S(p) JrPO[S:(K) ],
p p,

(12)
[

where tf°® means the trace of the Dirac and color compo- My = ZniMyr, My = ZniMg, (13)
nents andC:=(N2-1)/2N¢. Here, the flavor antisymmetri- a s
zation is assumed in the second term of the right-hand sidgyhere we take the renormalization condition as
This equation is shown diagrammatically in Fig. 1.

Generally, the quark propagator is parametrized as By(u?) L 14

50 i 12 e e
D= o o
4A(q) - B(g®) ,
. . . (953(,& ) _
In the Landau gauge, it can be shown that the solution satis- Tome =1. (15)
MsRr mg=0

fies A(-q2)=1. Then the SD equation becomes the integral
equation only of the mass functioB(g?). Our numerical
results of the mass function are shown in Fig. 2.

The quark masses are renormalized as

We define the quark condensate as follows:
ooy =- | wsien+ [ sl o
p p

@@@ where

fp =

i
—_— 17
FIG. 1. The Schwinger-Dyson equation. p-B(p? (7
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FIG. 2. qé dependences of the mass function of the ligiitquark,B,, and the strangefs) quark, B, for Gp=0 and 75 GeV o).

i = P

IMg

C. Bethe-Salpeter equation

Mg. 1
M0 R (18) To treat the scalar and pseudoscalar mesons as quark-

antiquark bound states, we use the homogeneous Bethe-
Salpeter equation. The BS equation in momentum space
The detail of the renormalization procedure is giveri34]. becomes

P2
SHa)x(a;P)S(go) = - iCk f 9°(— g% - k)iD#"(q - K) ¥,x"(k; P)y, - 2iGp f J w(— p? -7 - k- f)trm[i(p)]
k pJk

X {ystr PO ysxR(k; Pg)] + trPOLxR(k; P) 1}, (19)

4

where q.=q+(Pg/2), x(k;Pg) denotes the BS amplitude, d*q B
(ZW)Zanml(q; P)sznz(q; P)

and Pg is the momentum of the meson. Like the SD equa-

. . . . . If—ngAz —ngAz
tion, the Gy term is antisymmetrized in the flavor space. All +=Ruv TSRy

the momentum integrals are regularized by the cutqff, w9 et 1 5

which is chosen as\,=100[GeV]. Then the results are xXP ﬁ{anznl(q’f)SEmlmz(q-)}:_ZP . (21
insensitive toAyy. This equation is shown diagrammatically o . o .

in Fig. 3. where the indiceam,ny,... are combined indices in the

For the scalar meson, the BS amplitude can be paranfolor, flavor, and Dirac spaces. _
etrized in terms of four Dirac structures with appropriate. N the numerical computation, we solve the BS equation
flavor structures in the Euclidean momentum region. Then the physical solu-

tion, which corresponds to negati\@, is obtained by ex-
trapolation from theP§>O region. It can be done in the

R NV a a following way. First, we rewrite the Euclidean BS equation
X (kiP)=1c7| ¢s(kiP) + dp(k; PIK+ ¢hg(k; P)P in the form
+ ¢,$_(k;p)%(pk_ kp))_ (20) #a(Q;Pe) = jk Mag(de;ke; Pe)ds(k;Pe),  (22)
E

where ¢, and ¢ denote a set of amplitude. This equation
The normalization condition of the BS amplitude is given by.Sh.OUId not have a sqlutlon ﬁ%>0 becau_se, if there is one, .

it is a tachyon solution. Therefore, we instead solve an ei-
genvalue equation

)\(Pé)d’A(QE;PE):f Mag(de; Ke; Pe) dg(ke; Pe) (23)
ke

for a fixed PE> 0. Then we extrapolate the eigenvaludo
FIG. 3. The Bethe-Salpet¢BS) equation. P§<O as a function OPE and search for the on-shell point

055205-5



UMEKAWA et al. PHYSICAL REVIEW C 70, 055205(2004)

TABLE |. The values of the parameters and the obtained observable quantities.

mer(2[GeV]) [MeV] m2[GeV]) [MeV] Agcp[MeV]  t to Gp [GeV®] «k[GeV?]

4.5 150 600 0.204 -6.89 75 0.7
)\(—Mé):l. We employ the quadratic function Qﬁ for the C. Solution of the BS equation for the scalar mesons
extrapolation. As mentioned above, since the parameters of this ap-
proach have been chosen using the observables of the pseu-
ll. NUMERICAL RESULTS doscalar mesons, the following numerical results of the sca-

lar mesons are parameter-free predictions.
Let us now start the discussion of the solutions of the BS
In the present approach, there are seven input parameteksjuation. Our numerical results for the scalar mesons are
the bare quark massy, for the up and down quarks, in summarized in Table Ill. The dependence of the mass spectra
which we assume isospin symmetrg,=my, the current on the strength of the KMT interaction is shown in Fig. 4.
quark massny for the strange quark, the scale parameter of First, the dependences of the masses @nda, on Gp
QCD running coupling constamtycp, the infrared cutoft, look qualitatively the same as the NJL results showf?irj.
the smoothness parametgy the strength parameter of the In the NJL calculation, the parameters are chosen so as to
KMT Gp, and the parameter of the weight function of the reproduce thévl. andf,_ at eachGp. In contrast, in the ILA
KMT k. We choose these parameters to reproduce the olapproach we chang8p independently. However, sindd .
servables of the pseudoscalar mesons and then we appndf,. depend weakly o6y, the results of ILA show similar

A. Parameters

them to the scalar mesons. behavior to those of NJL. We note that the masagpfrows
The quark massesy, Mg are chosen so that the renor- asGp, increases, while ther mass is almost constant.
malized masses at the momentum sqate2 [ GeV] become The o meson mass is predicted as about 6¥@V]. This

the myz=4.5[MeV] andmg=150[MeV], respectively. The rather smallo meson mass is interesting. In the case of the
x parameter is taken as=0.7[GeV 2], which corresponds NJL model, thec meson mass is determined to be close to
to the instanton of the average size 1f@]. The other pa- twice the dynamical quark mass. On the other hand, in the
rameters\qcp, tir, to, Gp are chosen as the pseudoscalar medLA approach the value of the mass function =0,
son massed! ;,M,,M,, and the pion decay constafj are q(qE 0) is about 616 MeV], which is comparable to the
fitted to the experimental values. The parameters that we ugaeson mass. Recently, Maris calculateddmeson mass in
are Agcp=600[MeV], t,=-6.89, t=0.204, and G, the SD and BS approach with the infrared enhanced gluon
=75[GeV®]. These parameters givd ,=136[MeV], M,  propagator[42] and the obtained mass is 6[MeV]. Al-
=515[MeV], M,,=982[MeV], and f,=95[MeV]. These though there are such differences, the properties of the physi-
are in agreement with experimental values in less than 6% ofal observables agree in these calculations.
deviation. Table | summarizes all the values of the param- Concerning thea, meson, we obtairM, =942[MeV].
eters. This result is comparable to the experimental value
Although Aqcp is somewhat larger than the standard984.8+1.4[MeV]. We obtain significant mass splitting be-
value Agcp=100-300[MeV], a largeAqcp is necessary in - tween theo anda,, about 279 MeV]. We conclude that the
the ILA to generate the desired dynamical chiral symmetryobservedsr—a, mass splitting can be explained as thg(1)
breaking(DxSB). It is known that by using the running cou- symmetry breaking effects. Recent study of the light flavor
pling constant obtained by the higher loop calculation, thescalar mesons in the instanton liquid model showed a similar
smallerAqcp gives rise to the correct size of the DCSB. On result[43].
the other hand, the Wilsonian nonperturbative renormaliza- The obtained mass df is 1336 MeV. We therefore iden-
tion group analysis has shown that the effects beyond th#fy this state withfy(1370 whose T-matrix pole position is

ladder approximation also redudeycp [41].
TABLE lll. The numerical results of the BS equation.

B. Solution of the SD equation
Mass(MeV)

The numerical solutions of the SD equation are shown in
Fig. 2. The values of the quark condensates and mass func- = 136 f>=95[MeV]

tion at P2=0 are given in Table II. n 515 mixing angle —20:0
n 982 mixing angle -26:2
TABLE Il. The values of the mass function ﬁlé:O and the K 517
quark condensates. o 667 mixing angle —68
942
Bq(0) B{O) ~(@a ?g 1336 mixing angle -83:9
0.616[GeV] 0.778[GeV] 0.259[GeV] Ko 1115
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FIG. 4. Dependence of the mass spectrum of the scalar and

. . . 2
pseudoscalar meson nonet on the strength of the KMT interaction. FIG. 5. Extrapolation of the eigenvaluewith respect tdPg for
o, ag, andfy mesons. The solid line shows the extrapolatiorrpf

the dotted line shows the extrapolationaf and the dashed line

(1200-1500-i(150-250 MeV. The calculated mass d§ shows the extrapolation df,

is about 400 MeV larger than that af. The mixing angle of
fois —83.9° and it means that this state is close to the flavor . . . -
ooctet state. In such a case, the effects of the KMT term on th _e“"a'“‘; function\(Pg) in Eq. (23) to negauvaPE until it

f, state are almost the same as thatagrand therefore the Nits AM(Pg)=1. The graphs of the extrapolation about the
origin of the mass difference betweénanday is considered ~Masses 08y, o, fo are shown in Fig. S.

to be mostly the symmetry breaking effects by the strange We therefore anticipate moderate ambiguity in the ex-
quark mass. tracted masses, especially when the mass is large.

The f,(980 state is observed between(600 and N_ext, we consider the mixing angle_s. We introduce the
f,(1370. From the present study, it seems unlikely thatMatix elementss’ andS’, which are defined by
f4(980 is a simpleqg-bound state. The literature has sug- a
ge_sted thaf,(980) may consist ofj?c? [44—47 or may be a = f d4x<0|a)\—q(x)|scalar meson state  (24)
KK molecular stat§48]. Those studies often indicate that the 2
a,(980 is also a four-quark state. It conflicts with our pic-
ture. Further study is necessary to make the situation clearer. — G
The dependences of the scalar meson spectrum on the =tri x (O;P)E : (25
strength ofU,(1) breaking interaction are understood as fol-

lows. WEenED:O, the o meson is an ideal mixing state gince theses values extract the particular flavor component
(1/V2)(uu+dd). As theGp becomes large, the approaches of ¢, which is the main component of the BS amplitude at
the flavor singlet staté1/y3)(ut+dd+ss. The o meson the origin, we employs® andS’ to determine the ratio of the
mass seems to become large because of the increase of et and the singlet components. Accordingly, we define the
strange component. On the other hand, the KMT interactiofiXing angles of the scalar mesons as

is attractive for the flavor singlet state, consequently ¢he

meson mass hardly changes. In the casegpfsince the tan o :_5 (26)
KMT interaction_does not induce the flavor mixingg is 7 s’

fixed on the(1/y2)(uu+dd) state. AsGp becomes large, the

8y mass increases by the repulsive KMT interaction.Gys fo

becomes large, thé, changes fromss to (2/y3)(uu+dd tané; = . (27
—-2s9. The decreasing of the strange component and the re- S

pulsive KMT interaction competes. At the smél}, they are

balanced and th&, mass increases at the larGg where the . . o
flavor of thef, is sufficiently mixed. As Gp increases, the mixing angle moves towards —90°,

There is a shortcoming in the present approach. The solYNere o becomes the purely flavor singlet sta(7\3)(uu
tion of the BS equation is obtained at the Euclidean momen#+dd+ss. The obtained angle &,=75[GeV°] is —68.0°
tum region. To obtain the physical mass and mixing angleand is slightly smaller than the result of the NJL model,
we have to extrapolate the solution from the spacelike to the-77.3°. This angle corresponds to about 5% mixing of the
timelike region. This is carried out by extrapolating the ei-strangeness componentdn

The results are summarized in Table Il and Fig. 6.
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0 y T y T y 1 g QCD with the Kobayashi-Maskawa-t HoOofKMT) U,(1)
1ok ] breaking interaction. We choose parameters to reproduce the
s : masses and decay constants of the pseudoscalar nonet me-
200 T ? § ] sons and apply those to the scalar nonet mesons.
i 0 : ] The ILA of QCD is an approximation that is consistent

: . with chiral symmetry and consists of the rainbow approxi-
401 ; - mation of the Schwinger-Dyson equation and the ladder ap-

[ i ] proximation of the Bethe-Salpeter equation. Using this ap-
proach, we analyze the scalar meson spectrum quantitatively.

We have obtainedVl,=667 MeV, M, =942 MeV, and
M;,=1336 MeV. Considering the ambiguity due to the ex-
trapolation from the Euclid momentum, they are in good
agreement with the observed masses(@&00), a,(980), and
fo(1370, respectively. We therefore consider that these states
are the members of the light scalar meson nonet. This iden-
Gp [GeV™] tification is different from the conventional one. The key
ingredient is the instanton-induceddl,(1) breaking interac-
tion. It gives rise to the symmetry breaking and flavor mixing
effects on the scalar mesons as well as the pseudoscalar me-

D. Solution of the BS equation for the strange meson sons. . .

In this section, we discuss the strange scalar meﬁpn We havoe obta_mgd t.h? strangeness content !nrtmeson
Here we employ an approximation in order to avoid the tech-Of abogt 5%. Thisssmixing may be tested, for instance, by
nical difficulty coming from the ambiguity in defining the @nalyzing them o decays of heavy mesons carefully.
center-of-mass coordinate as this meson consists of a strange '€ obtained<, mass is 1115 MeV. The corresponding
quark and a nonstrange quark. Instead of treating the asynt!at€ is not observed. The obsertg1430 is heavier than
metric BS equation, we solve the symmetric BS equation foPur result ofM; and therefore we do not include;(1430
the quarks of masgm,+my)/2=77.25[MeV]. We applied in the light scalar nonet.

this approximation to the kaon and obtained the reasonable It should be noted that the scalar isoscalar state can be
kaon massm,=494-498 MeV. mixed with the scalar glueball state. Such an effect is not

The results are summarized in Table Ill and Fig. 4. Thetaken into account here. There is another important effect to

obtainedKy mass is 1115 MeV, which is about 173 MeV be discussed. The light scalar nonet can be generally coupled
larger than that o, and about 221 MeV smaller than that of t0 the intermediate states composed of two pseudoscalar me-
fo. If all the a, K5, andf,, states are assumed to be the flavorsons rather strongly. If the lighy*” states exist, this cou-
octetqq states, the simple quark model calculation predictsPling effect should be very important. The extension of the
the Gell-Mann-Okubo mass formula. Our results deviateBethe-Salpeter equation to thgg” system seems to be
from both the linear mass formula,(’M; —My*)=M* rather difficult. One way is to apply the bilocal bosonization

, Lo o 50 technique[49]. Another direction of further study is the ex-
—Mao, and the quadratic mass formulaLMfO—MK*):MK* :

0 0

Mixing angle [deg]

FIG. 6. Dependence of the mixing angle of heandf, meson
on the strength of the KMT interaction.

5 tension to the finite temperature and/or dengfg]. In the

_Mao' present study, the mass of thel/2 scalar meson is not
Unfortunately, the corresponding light1/2 scalar me- reproduced well. In order to make the structure of the light

son is not observed. The observed mass ofNE(d43() iS  scalar mesons clearer, an analysis of the experimental data

1412+6 MeV and larger than our result bf; . It therefore  using the framework including thels(1) breaking interac-

seems to be rather difficult to identifyg(1430 with our Kg tion is necessary.

state. We do not conside(rg(143() as a member of the light

scalar nonet states. We hope the reanalysis of the experimen-

tal data using the chiral effective model including the effects ACKNOWLEDGMENTS
of theU (1) breaking interaction will shed light on the prob-
lem of the missing state in the=1/2 scalar channel. This work is supported in part by the Grant-in-Aid for

Scientific ResearckB) 15340072 of the Ministry of Educa-
IV. SUMMARY AND CONCLUSIONS tion, Science, Sports and Culture of Japan, and by the Coop-
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