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1. Introduction

To reveal the structure of the light scalar mesons a,(980) and
f,(980), we studied the recent rare radiative decays ¢p=>nn'y
and ¢—=>n¥7% assuming that these decays proceed through the
Intermediate a,y and fyy states, respectively.

Fitting the experimental data of the =" and n%z° invariant
mass spectrum?), we have found that the processes ¢—>a,y and
¢—=>fyy are dominated by the K*K- loop interaction rather than
the point like ¢a, (fy)y interaction, both for the non-derivative
and derivative SPP coupling.

1) SND Collaboration data: Phys. Lett. B 479, 53(2000)
CMD-2 Collaboration data: Phys. Lett. B 462, 371(1999); 462, 380(1999)
KLEO Collaboration data: Phys. Lett. B 536, 209(2002); 537, 21(2002)
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We also studied the decays a, — =, KK, K; — K=

f — mr, KK and analyzed the SPP coupling strengths
of g,,%x and g .5 considering the effects of mixing
between low mass scalar octet 9999 states containing
a,(980) and ,(980) and high mass scalar octet qq

states and glueball.

Comparing the strengths of 9, xx and g, , % and the
result g, .%/9, xx = 2, we predict that the mixing are
rather large and non-derivative SPP coupling is favored.
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2. Analysis of the $->7ny and ¢=> 0n0y
decays

= Invariant mass distribution of the branching ratio
for ¢—>a,(980)y=>nny decay

dBR(¢p — a,y — ' 11Y)

dm

Com? 1 (¢ — a,v; m)I'(a, — 7'n; m) e

T I‘¢ D (m2)

2
., ()

¢’{Pr Eq‘;)
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[(ay — m'n;m) s the decay width on the virtual
mass of Intermediate a, state

Goer J(M* = (m, +m,)*)(m* —(m, —m,))

T(a, — 7'n;m) =

8Tm, 2m
1 for non-derivative coupling
X m2 —m 2 m 2
( ; 1-)*  for derivative coupling

1 for non-derivative coupling

M % 0 = X
(a,(q) = 7 (q,) + 1(q2)) = Gopmy q,+q, for derivative coupling
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I'(¢p — a,7y; m) isthe decay width on the virtual
a, state mass m

T(¢ = ayys m) = < 6, (m)
M(d(pre,) = ay(a) +V(kse,)) = eg,,,, (m)(p ke, €, —prek-e,)

For the ¢a,y coupling, we consider the point like
Interaction and K*K- loop interaction

,H'r'Jﬂ
¢ \+ ¢
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Goagy (M) = Ghors ™ + oy (M),

2 2
2m, —m

KK loop (m) — g¢KEga0KE
2

g¢a0"/ 27‘(‘2 sz{ I(CL, b) 9

[ ] term corresponds to the derivative coupling

T L R

m,
where a=——, b=—
my my
2 <

1 1 1 1
—[sin_l(—) y T > — \/4w—1[sin_1(—)], x> —
2z 4 2z 4
f(:z:):<1 2 .’ g(@) =1, . )
—logn—+—i7r y T < — —1—4dz|log—— —iw|, z < -
4 n_ _ 4 2 n_ 4
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Invariant mass distributions are parametrised by only two
parameters G, and G,

o+ P e L
dBR(¢ — a,y — ©'nry) c 1 2 _ ( m, —m )
dm ! 1[2m,* —m?] m,” —m,’
|G2 +g = 2 I(a'abo)l2 ¢
o M m,'T’ (m* —(m, + m,)*)(m* —(m, —m,)")
m (m’ —m,) +m,/ T \(m,’ —(m, +m,))(m, —(m, —m,))
2
G, = Wr(ﬁb — ayy :m,)(a, & 7'n:m,)
b a
o 9wl ki m’
_ ointlike PKK Y a KK _ a
GZ - ggva /( 27_‘_2sz )7 bO - mK2

Experimental data
M. N. Achasov et al.[SND Collaboration]: Phys. Lett. B479, 53(2000)
R. R. R. Akhmetshin et al.[CMD-2 Collaboration|: Phys. Lett. B462, 371, 380(1999)
A. Aloisio et al.[KLEO Collaboration]: Phys. Lett. B536, 209(2002); Phys. Lett. B537,
21(2002)
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q(GeV)

¢ — 7’1y decay invariant mass distribution. Circles are SND collab. data, and filled circles and
filled squares are KLEO collab. data. Solid line shows the best fitted curve for the non-derivative

SPP coupling and dashed line shows that for the derivative SPP coupling.
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8 L

(o))
: ‘ :

N

dBR (¢p—7°7%y) /dg (GeV1)

o
: : :

¢ — m'm’~ decay invariant mass distribution. Circles are SND collab. data, and filled
circles are KLEO collab. data. Solid line shows the best fitted curve for the non-derivative

SPP coupling and dashed line shows that for the derivative SPP coupling.

October 9, 2007 HADRONO7 12



G, =41x10"GeV', G, = —0.16, BR(¢p — w'1py) = 7.03 x107°
for non-derivative coupling
G, =3.9%x10'GeV™', G, = 0.08, BR(¢p — ©'nry) = 7.12x107°
for derivative coupling
cf. BR™ (¢ — w'ny) = (8.3 £0.5)x107°,
|I(a,b,)=0.902 for m_ = 0.985 GeV
G, =71x10'GeV", G, = 0.001, BR(¢p — w’w’~) =1.06 x10~*
for non-derivative coupling
G, =6.9%x10°GeV™', G, =0.055, BR(¢p — w'mw’~) =1.08 x10~*
for derivative coupling
cf. BR(¢p — w’n’v) = (1.09 4 0.06) x 10~*,
| I(a, b,)|=0.783 for m, = 0.980 GeV
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For the ¢ — a,v, ® — f,~ decays, point like diagram contribution
(G, contribution) are assumed to be negligible, then the following results
are obtained from the decay widthes of ¢ — a,vy, @ — f,~ decays,
2.18 &2 0.12 GeV, for non-derivative couplng

Jox& = 9.04 £ 0.50 GeV™', for derivative couplng

1.89 £+ 0.75 GeV, for non-derivative couplng

gaoﬂ'n -

5.79 4+ 2.32 GeV~', for derivative couplng

4.72 4+ 0.82 GeV, for non-derivative couplng

Ipkic = 20.0 £ 0.50 GeV ', for derivative couplng

1.12 4 0.69 GeV, for non-derivative couplng
toen 2.43 +-1.50 GeV ™', for derivative couplng

~ 2.2| suggests that the a, and f, scalar mesons are

9 fHLEK / gaOKf(

not the pure gqqq states. This is explained in next section.
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3. Mixing between Low and High Mass
Scalar Mesons

Low mass scslar nonet: S ~ e“c‘lchdebefﬁeﬁf

_ 1 —
0 — — — _ _
a, ,a, ,a, < dssu, — (dsds —susu),suds

V2
K, ,K,".K,",K, < dsud, suud, udsu,udsu
1 — __
£,(980) ~ fys < 7 (dsds + susu)

£,(600) ~ f,y < udud
High mass scalalr + glueball:
S'ab ~ qaqb G ~ gg
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Mixing between 9999 mesons and q¢q

mesons
Lint — )‘01[ao+a '0_+ a, a '0++ aooa '00

+ K"K+ KK+ KUK P+ KUK
+ V2 un v fusf w2 ys ']

-

2497 D aq

-k
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Mixing between I =1 @gqgqq mesons < gq mesons

2
mao (980) >‘01
9 b
>‘01 mao (1450)

a,(980) = cosO_a,(980) — sin O _a,(1450)

a,(1450) = sin 0 _a,(980) + cos 6_a,(1450)

M, 140 = 1.474 £ 0.019GeV, m®, 4, = 0.9848 £ 0.0012GeV

2 2 2 2
My (1a50) = May(980) \/(ma0(1450) — M, (980) )2

g, = — A
01
a 2 2

_1 €
0 = tan ' —2
A
01

m; 0 (1450) \/m 1450)+€a’ m o8y 2 (980) \/m (980) — Ea
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Mixing between I =1/2 ¢gqqq mesons < qq mesons

2

K", (800) 01

9 bl
Ay m=

K", (1430)

K" (800) = cos8, K, (800) —sin 6, K, (1430)

K’ (1430) = sin6, K ,(800) + cos 6, K ,(1430)

— 2 —
M a0 = 1.414 4 0.006GeV, m K (300) = 0.841 4= 0.030GeV
m? —m m? —m’
UK (1430) K", (800) K", (1430) K", (800) \2 A
€x — 9 T ( 9 ) — M1
_1 €
0, = tan ' X
Ao
_ [ _ [ —
K (1450) \/ Ky (1430) T €k K°,(800) \/ K'y(800) K
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Intra mixing among I =0 ¢gq mesons + gg(glueball)

‘mi 42\ V2N, V20
V2 m’, + 2\, A,

\/EAG Aq Ace }

\
2 2 2 2 a2
My = M s0)? m'g = 2m K", (1430) M (1450)
g
7 - -
qq /% qq
‘/ g ) AG’ AG'G’

(a) (b)
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Intra mixing among I = 0 gqgq mesons
m’yy + A, ﬁAO |
V22, M’ ys + 2 )

(

\

2 2 2
p m ——— m = m
K", (800) a, (980)° NS

2 . 2
m yy = 2m o (950)

A

0

27 .
wia /S S/, aqdd
AP N A
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I =0 qqqq < qq + gg overall (intra+inter) mixing

M g0 = 0.80 £ 0.40GeV, m, o, = 0.980 £ 0.010GeV, m, .7, = 1.350 & 0.150GeV,

M 1500 = 1.507 £ 0.005GeV, m, o) = 1.718 == 0.006GeV,

£,(600)

=
=

m’ oy + V2, V2)\, 0 0
V22, miy 42\, Ay, V22, 0
V22, Ay, m’y. +2), V2N V2),

0 V2), V2, mi, + 2\ A,
0 0 V2, A, Acc

£,(600) NN neons  Breon  Breons e

j';(980) Rf0(980)NN RfO(QSO)NS RfO(QSO)N' Rf0(980)5‘ Rfo(980)G

HQA3T0)| = [Rypsopny  Brasmns Brasmn Brasms By pse

£,(1500) R, soovy Bpasopns  Brasoon  Bpasns By asone

£,(1710) Rf0(1710)NN Rf[,(1700)NS Rf0(1710)N' Rf0(1710)S' Rf0(1710)G
October 9, 2007 HADRONO7
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Ao1(GeV?) 6.(°) Bx (%) Xo(GeV?) | A (GeV?) Aa(GeV?) Aag(GeV?)
Ry, 980NN Ry os0vs | Bposoyn: | Byyeos0)s Ry, (980)G

0.20 9.7+ 0.5 9.0+0.5 |0.018 £0.009(0.275 + 0.007| 0.04 +0.04 |(1.152 & 0.008)2
—0.023 £ 0.014[—0.972 + 0.002|0.065 =+ 0.0060.226 £ 0.004|—0.010 + 0.010

0.25 12.3 £ 0.6 11.4+ 0.6 |0.032 +0.010{0.264 £ 0.008| 0.05 4 0.05 |(1.512 £ 0.007)?
—0.027 £ 0.026{—0.954 + 0.003|0.086 + 0.008|0.284 + 0.005|—0.016 + 0.016

0.30 15.0 £ 0.8 13.84+0.8 [0.050 + 0.009|0.252 + 0.009| 0.04 +0.04 [(1.512 & 0.008)2
—0.046 + 0.024|—0.932 + 0.004|0.110 =+ 0.009|0.341 + 0.006|—0.016 + 0.016

0.35 17.8 + 1.0 16.4+1.0 [0.072 4+ 0.012]0.233 £ 0.008| 0.05+0.05 [(1.511 & 0.008)?
—0.065 4 0025 |—0.902 + 0.007{0.140 + 0.012/0.401 £ 0.007|—0.024 + 0.024

0.40 20.8 & 1.2 19.14+ 1.2 |0.104 +0.012(0.213 £+ 0.009| 0.05 4 0.05 |(1.509 + 0.006)>
—0.094 + 0.021[—0.864 + 0.010|0.178 + 0.0140.461 + 0.007|—0.028 + 0.028

0.45 242+ 1.6 221415 [0.146 +0.014/0.178 + 0.007| 0.04 4+ 0.04 |(1.506 + 0.002)2
—0.116 £ 0.021[—0.813 + 0.011]0.226 + 0.015|0.523 + 0.006|—0.014 + 0.014

The values of transtion parameters, mixing angles and mixing parameters for various values of \,,.

October 9, 2007
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4. Coupling constant gspp and mixing between
gqqq and qq scalar mesons

SPP interaction
L, = Ac™c,, SM(0"PI[0,1P! + A'S"{[0"|F},[8, P} + A" G{[0"]P",[0,1P"}
:gaOKf( [8“ ]E? * a’_())[au ]K + gaO'KI? [8“ ]K? * a’0—;[811 ]K + gaowna’_ﬂ) * [au ]ﬁ[ap ]T,
+ gao'ﬂ'nai * [8N ]ﬁ[au ]77 + ...... + gK(’]‘Kﬂ-([au ]K?— * [8/1, ]ﬁK; + H'C')
— R 1 - -
+ gK;,KW([BM]KT * [8u]7TK0 '+ H-C-) + """ + gﬁ)(M)ﬂ'Tl' E‘ﬁ)(M)[au]ﬂ- ¢ [3“]71-

+ 9, ey (M)[0" K -[8, 1K + -
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9, (os0)KE = =/2(Acosf, — A'sinf,)

9., 1us0)KE =/2(Asin@, + A'cos9,)

9o, 080)my = 2(A cos B, sinb,, —J2A'sin @, cosf,)
9o, as0)eny = 2(Asin6, sin 6, ++/2A'cos 0, cosB,)
Ik sooyr = V2(Acos@, — A'sinb,)

= J2(Asin6, + A'cos6,)

gK; (1430) 7K

9. (Myrr = 2(_ARf0(M)NN + \/iA'RfO(M)N' + 24" Rfo(M)G)

95 ok = V(AR s + A Ry e +NV2ZA Ry )50 + 224" Ry

. 1 2
+ (ayns €08 Op sin 0, + EARfo(M)NN cos” 0,

October 9, 2007 HADRONO7
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We have analyzed the following processes

W.-M.Yao et al. (Particle Data Group), J. Phys. G. 33, 1(2006)

I'(K,(1430) — wK) = 270 & 43MeV

(980) — 7w + KK) = 70 4+ 30MeV

£,(1370) — 7w + KK + 1m) = 214 4+ 120MeV
(
(

r
['(f,(1500) — 7w + KK + 7 + nm') = 55 & 9MeV
I'(f,(1710) — 7w + KK + 1nm) = 137 £ 8MeV
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Ao1(GeV?) A A A" fp Lap(os0)san+ KK
GeV GeV GeV degree(®) 0.075 £ 0.025GeV
.30 2.3 1.2 —(.24 36.7 0.097
0.35 1.9 1.3 —0.24 50.2 0.081
0.40 1.7 1.3 —0.24 59.2 0.072
Fag{lllﬁﬂ}—? mrtn’ Crznaso—ek | Upy(o80)srrt ki Ffﬂ(mmp TR an{lﬁ[lﬂ]—:-_:::'_ﬁf;
0.265 + 0.013GeV [0.270 £+ 0.043GeV [0.070 £ 0.030GeV |0.214 + 0.120 GeV |0.055 £+ 0.009GeV
0.30 0.258 0.214 0.104 0.029 0.055
0.35 0.273 0.232 0.098 0.034 0.058
(.40 (0.263 0.233 0.098 0.040 0.054
Ffﬂ{].?lu]—:* TrAKR Gag(9s0) KK Jaq(980) 7y Gfa(980)K K 9fa(980) 7w
0.137 £ 0.008GeV| 2,18 £ 0.12GeV | 1.89 £ 0.75GeV | 4.72 £ 0.82GeV | 1.12 £ 0.69GeV
.30 (0.140 2.70 1.95 4.05 0.61
0.35 0.151 2.00 2.06 3.74 0.78
0.40 0.129 1.59 2.06 3.63 1.00

The results of the best fit analyses for non-derivative coupling case.
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Aot [GEVE) A A A" fp Loy 980)smnt K&
GeV ! GeV—! GeV—! degree(?) 0.075 + 0.025GeV
0.30 7.2 0.51 —0.33 36,7 (.124
0.35 6.0 (.54 —0.35 36.7 0.068
0.40 4.1 (.57 —0.36 36.7 0.054
aot1asy— 3z | Tas0ak | Troososmmiri | Ugorsro) mpn® [T 1500 ek
0.265 £ 0.013GeV[0.270 £ 0.043GeV |0.070 £ 0.030GeV [0.214 £ 0.120GeV | 0.055 £ 0.009GeV
0.30 0.279 0.267 0.036 0.099 0.053
0.35 0.279 0.266 0.028 0.090 0.055
0.40 0.279 0.266 0.025 0.082 0.059
antl'r'lm—}"j,,‘:‘;” Jag(980) K K Gap(980) 7y Afo(980) KK 9f0(980)m
0.137 + 0.008GeV|9.04 £ 0.50GeV ! [5.79 + 2.32GeV 1 |20.0 £+ 3.48GeV 1 |2.43 £+ 1.50GeV !
0.30 (.152 9.65 8.02 9.94 0.87
0.35 0.152 7.85 6.45 8.23 1.03
0.40 0.152 6.45 5.24 6.94 1.28

The results of the best fit analyses for derivative coupling.
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The values for 9o obtained when

980)7n ? gao(gso)KIZ” 9, (980)mn gf0(980)Kf{
Aoy = 0.30 ~ 0.35(GeV?) are nearest to the values obtained
in the analyses of ¢ — a,v/nw’y, ¢ — fiv/®'=’~.

The result of the non-derivative coupling is more reasonable
than the result of the derivative coupling.

Mixing angles and parameters for the mixing strengthe

Ay, = 0.30 ~ 0.35(GeV?)

are
6, =(15.0 ~ 17.8)°, 6, = (13.8 ~16.4)°

Iw fns I s fa
fo(600) [—0.98 «» —0.97 0.05 «» 0.07 0.20 ++ 0.23  —0.06 < —0.08 —=0.00 +» —0.01
fo(980) |—0.05 ¢ —0.07 —=0.93 <> —0.90 0.11 +> 0.14 0.34 < 0.40 ~ —0.02
fo(1370)| 0.13 < 0.16 —0.25 <> —0.29 0.48 <> 0.49 —0.83 <> —0.80 ~ ().02
fo(1500)|—0.02 <+ —0.03 —0.03 <> —0.05 —0.09 <> —0.10 —0.02 < —0.03 ~ (.99
fo(1710)|—0.16 <» —0.19 —0.25 <> —0.30 —0.85 > —0.82 —0.44 > —0.43 —0.10 ¢ —0.12
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‘ 4. Conclusions

1. Invariant mass distributin for ¢ — a,(980)y — 7'y, ¢ — £,(980)y — ©'xw’~,
suggests that the K"K~ loop diagram contributions are dominant.

2. Applying this picture to the decays ¢ — a,(980)y, ¢ — f,(980)~,
9, ki /gaOKf( ~ 2.2 is obtained.

3. In our model considering the mixing between ggqq scalr mesons and gq

scalar mesons + glueball, the SPP coupling constants g rxi? 9 tc.

aOKK €
at the mixing strength A, = 0.30 ~ 0.35GeV* are nearest to the values
9,k /g%Kf{ ~ 2.2.

4. In SPP interaction, non-derivative coupling is more reasonable than

the derivative one.

5. In the present analysis, f;(1500) meson is the most reasonable scalar

glueball candidate.

October 9, 2007 HADRONO7



