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New analysis of the KLOE data on the¢— 5=’y decay
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In this paper we present an analysis of the recent high-statistical KLOE data gn-thgr®y decay. This
decay mainly goes through tlagy intermediate state. The results obtained differ from those of previous fits:

the data prefer a highy mass and a quite largg, coupling to thek K.
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. INTRODUCTION Br(¢p— ym°79)=(8.51+0.51+-0.57) X 10 ° in 7%
The lightest scalar mesomg(980) andf,(980), discov- —vyy [18],
ered more than 30 years ago, became a hard problem for the
naive quark-antiquarkgqg) model from the outset. On the Br(¢p— ym°79)=(7.96+0.60=0.40 X 10 ° in 7
one hand the almost exact degeneracy of the masses of the D
isovectoray(980) and isoscalafy(980) states seemingly re- —m 7w [18],

vealed a structure similar to the structure of the veptand
® mesons, and on_the other hand the strong coupling of Br(¢— ym0m%)=(10.9+0.3+0.5x 1075 [19]
fo(980) with theKK channel pointed unambiguously to a

considerable part of the strange quark p=drin the wave ; o ;
. ; . in agreement with the Novosibirsk ddth5—17 but with a
function of f(980). It was noted late in the 1970s that in the_considerably smaller error.

MIT bag model there are light four-quark scalar states and it In this work we present a new analysis of the recent

was suggested thai (980) andf,(980) might be these KLOE data on thep— 7%y decay[18,20. In contradis-

states[1]. From that time theay(980) andfy(980) reso- . .. 1 1 h f )
nances came to be the beloved children of light quark spectlnCtlon to[18], we (1) treat thea, massm,, as a free pa

troscopy(see, for example, Reff2—4)) rameter of the fit(2) fit the phases of the interference be-

) 1 . 0 H 0_0 0
Ten years later it was proposed in Ri] to study radia- Ween ¢—agy—nmy (signa) and ¢—p m —pmy
tive ¢ decaysd—agy— nn’y and ¢—foy— m°ny to (backgroundreactions, and3) use new more precise experi-
solve the puzzle of the lightest scalar mesons. Over the neff€ntal values of the input parameters.

0,0 0 :
ten years before the experiments of 1998, this question was All formulas for the ¢—(agy+p~m") — nm"y reaction
examined from different points of viepg—10. taking the background into account are shown in Sec. Il and

Now these decays have been studied not only}he Appendix. The results of the four different fits are pre-
theoreticall} but also experimentally. The first measure- Sentéd in Sec. lll. A brief summary is given in Sec. IV.
ments were reported by the SN3-16 and CMD-2[17]

Collaborations, which obtain the following branching ratios: Il. THE FORMALISM OF THE ~ ¢p—agy— 7’y
AND ¢— p°m°— p#®y REACTIONS

Br(¢— yn°n)=(8.8+1.4-0.9 x10 ° [15],
($=ymm)=( ) [15] In Ref. [11] it was shown that the proces¢—agy

—nmw’y dominates in¢— 7’y decay (see also[5,7],

Br(¢— yn°n%)=(12.21-0.98+0.61) x 10> [16], where it was predicted in the four-quark modeThis was
confirmed in[18,20. Nevertheless, the main background
Br(¢— ym°7)=(9.0£2.4+1.0)X 105 processp— p°— ny should be taken into account also

(see[11,19).
The amplitude of the background procegép)— m°p°

Br(¢— ym°n®)=(9.2-0.8+0.6)x10"° [17]. — y(q) 70(ky) n(ky) is [11]
More recently, the KLOE Collaboration has measured 9uprpy
[18,19] MB:m(ﬁaklMpvéﬁ(p_kl)queaﬂuveﬁﬁwE'
(1)

*Electronic address: achasov@math.nsc.ru . _

TElectronic address: kiselev@math.nsc.ru According to the one-loop mechanism of the dechy

1of the theoretical work appearing after the first experiments, note—~ K"K~ — yay,, suggested in Ref5], the amplitude of the
[11,12, where mass spectra are considered. signal ¢— yag— y7°# has the form
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gaOK+K’gaown
Da, (M)

_ ($9)(ep)

(69~ —pa)

Ma=g(m)

wherem?= (k;+k,)?, ¢, ande, are the polarization vec-
tors of the¢$ meson and photon, and the functigfim) is

given in the Appendix.
The mass spectrum is

dr'(¢—ym®p,m) dla (M) dry,.(m) dlj(m)
= + +
dm dm dm dm

©)

where the mass spectrum for the signal is

.2

1
Apacdm,X) = 3 > [Mgl?

1
- 4.4 2002272 A 22 52 4
= 24(m,ym,TJer m;,mzms —2m, mzm,—2m;m:m

2 2=
+4m,7mw b

_ 224 2 2~4 276 4.4
2m m¢mp+2m,’m¢mp 2m¢mp+mnm¢+m¢mp

and
2 2 2 2
=2 o, (m?+m?—mZ)(mj—m?) - (m(b—mz)xIO
7 2m? m m
V(m?—=(m,—m_)?)(m*~(m,+m,)?)
Pry= 7 om 7 : (7)

Note that there is a misprint in E¢6) of Ref.[11], which
describesAy, .M, x): the seventh term in the brackets

+2mim? should be replaced by m?m?, as above in Eq.
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lag(M) 2 m?I'(¢— yag, M (ag—7°7,m)
|Day(M)[?

dm T
gaoK+K*gann‘2
Da(m |
4

The mass spectrum for the background proagss=°p
— vy is [11]

_2[g(m)|?p,, (MG —m?)
3(4m)3m},

drback(m) _ (mgﬁ_mz)pﬂ'n
dm  1287%m}

fl dXApacdm.x), (5
-1

where

2

44 5224 A4 52 27a
;MM +2m™m —2m*m; m +m,m; — 2m“mzm,

4 424 256 26 256, 78 422 22 2 2 2 2 2 2
m,+m:m +2m*m —2m;m;—2m;m + m;—2m, mzmg—2mm;m;mg+ 2mgmzmime

2

9gpn9ony (6)

4“‘4) =
D,(m,)

2
Ain(mx) = sReX, MM

2,72 L 2\2
mi(m;—my)

2_ 2
mi—m

1 ~
=§((m2—m§,)mi+

ei 5g(m)gaOKJrK*gao'n"/]ng)pﬂ'gpr]y
XR = .
D% (M,)D (M)
C)

Note that the phasé is not taken into account ipl1].
The inverse propagator of the scalar mes$dria, in our
case, is presented in Ref$5,7,21,22:

(6) of this paper. We emphasize that all evaluations in Ref.

[11] were done with the correct formula.

The term of the interference between the signal and the

background processes is written in the following way:

drint(m) (m(zﬁ_mz)pwrj 1
dm~ 128.°m3 J grnima. @

where

DR<m>=mé—m2+§ [Rel12°(m3) — 13" (m?)],
(10

where [ RITE(mZ) — I13°(m?) ] = Rellg(mZ) — I1g(m?)
takes into account the finite width corrections of the reso-
nance, which are the one-loop contributions to the self-
energy of theR resonance from the two-particle intermediate
ab states. For the pseudoscakab mesons,Hgb(mZ) are
expressed in the Appendix.
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-~ 6 TABLE I. Results of various fits. DF indicates degree of free-
; g

> dom.

)

+ 2

£ 4 KK ev?

~ . —— (Ge

o: s Fit m,, (MeV) 4z Gagyr!ag+k- O (deg) x*/DF
Y 1 1003% 08295 1.06°920 2729 24.2/20
&2 2 9952 0.65' 512 1.17°331 0 252/21
St

9 3 9942 0.62°51, 1217534 21+30 16.3/19
% 4 992t 0.55" 521 1.26"33° 0 16.9/20
0

2
g
T(p—ny)=—"(my—m?2)3, (13)

FIG. 1. The comparison of fit {the solid ling with the KLOE 96mm,

data (pointy. The circles correspond to thep— 5wy, 7
+ -0 H 0

— a7 a° data, the diamond and square to thhe- n7°y, 7 Il RESULTS

— 27y ones. The signal contribution and the interference term are
shown with the dashed and dotted lines. The cross points are omit- The KLOE data on thep— 7]7707 decay may be found in
ted in fitting. The squar€0.999 GeV is omitted in fits 3 and 4. Table 5 of Ref[20] (see also Fig. 1 in the given papefhe
data are separated into two samples: points 1—10 of this table
correspond to the sample op— npw’y, p—at7 #°
In our case we take into account the intermediate statesvents, while points 11-27 correspond to the sample of
ab=77°, KK, and»' 7°: —nmy, n—27y events. Note that as in Refgl8,20, we
do not fit first, tenth, and 27th points of this tableross
points in Fig. 2. We emphasize that the tenth.014 GeV
170, KK KOKO rr9'a° and 27th(1.019 GeV points are obvious artifacts because
HaO_Ha‘o +Hao +Hao +Hao ' (11) the mass spectrum behavior on the right slope of the reso-
nance has the fornfphoton energy? according to gauge
invariance.
Gagk+k-= —Jakoko- Note that thez'° contribution is of In the experiment the whole mass regiomm,(
small importance due to the high threshold. Even fitting with+m_0,m,) is divided into some number of bins. Experi-

|9a, =0/ =0 changes the results by less than 10% of theilmenters measure the average vayéi is the number of the
errors. We seljgaoﬂlwo|:|1.1:gaoK+K7| according to the bin) of dBr(¢— »7°y)/dm around eaclith bin3
four-quark model(see[5]), but this is almost the same as

the two-quark model predictionga,, -0l =[1.2gak+k-| _ 1 M .
(see[5]). Bi:mfm dBr(¢— nmy)/dm. (14
The inverse propagator of themeson has the following '
expression:
In this case one should define tlyé function as
92 ARG wth _exp)z
—mi—m2—im232TT| 1= ’T (Bi"—B;
D,(m)=mZ—m"—im 4877(1 m2) . (12 Xz:i i 02. , (15

where B®*P are the experimental results; are the experi-

The coupling constantg ,x+x-=4.376£0.074 andg,,, mental errors. and

=0.814+0.018 GeV'! are taken from the new most precise
measurement Ref23].2 Note that in Refs[11,18 the value 1 .
J4x+k-=4.59 was obtained using tf@4] data. The cou- gith:—f '+1dBr‘h(¢—> paOy)/dm,
pling constantg,,,,=0.56+0.05 GeV * is obtained from M= M Jm,
the data of Ref[25] with the help of the expression

wheredBr"(¢— n7°y)/dm is the theoretical curve.

2We consider the SND measurementggj k- as the most reli-
able one because afl decay modes were analyzed simultaneously 3We emphasize that all three omitted points correspond to mass
in this experiment. Note that using R¢R5]'s constant has almost bins that lie partially outside the permitted mass region,, (
no effect on the results. +m,0, m,). So these point§.e., mass binscannot be analyzed.
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TABLE Il. Results for the branching ratio, the signal contribution, &d

Fit Faomro (MeV) R 10°X Br(¢p— (agy+ pm°)— n7’y) 10°X Br(p—agy— nm’y)
1 15322 3.4+1.7 7.6-0.4 7.3-0.4
2 14811 4.3+1.7 7.6:0.4 7.1-0.4
3 149" 2 45+1.7 7.6:0.4 7.2:0.4
4 146'11 5.0=1.6 7.6:0.4 7.1-0.4

The free parameters of the fit areao,g§0K+K_/4Tr, the

phase § (we assume it is constant and the ratio
gao,?ﬁ/gaowK—. The results are shown in Tabléfit 1). The

quality of the fit is good. The phaskis consistent with zero,
so we make a fit with5=0 (fit 2 in Table ).

To check the correctness of treating the phése a con-
stant, we have done a fit with taken in the form&(m)
=bp,.(m) (the phase of the elastic background inr?®
scattering may have such behayjand found that the con-
stant b=2.8+3.2 GeV'! is also consistent with zero.
Changes of the other values are not important.

Since the discrepancy between the fits and the experimen-

tal point number 260.999 GeV in Table 5 of Ref[20] (the
square in Fig. Lis about three standard deviatiofi®., this
point may be an artifact alsowe make another fit without
this point(fit 3). The phase’ is again consistent with zero,
so we make a fit without itfit 4).

In Table Il we present the results for the total branchingtio

ratio  Br(¢— (agy+pm®)— n=’y), the signal contri-
bution Br(¢—agy— n7mCy), FaonﬂoEF(aOHnwo,mao)

=05, yeP pro(Ma )/ (167m, ), and the ratioR=gf20K+K_/
gioww- The last is obtained using the Rdfl9] value
ngK+K,/(47r)=2.79t0.12 GeVt. The branching ratio of

the background Bip— p7°— 7%y) accounts for (0.5
+0.1)x 10 °.

IV. CONCLUSION

Note that the obtained value of the raggomlgaOWW

does not contradict the first predictions based on the four-

quark model of the,: gao,m/gaOK+K7%O.85[5].5 But even
if gaom,/gaoK+K— deviates from 0.85, there is no problem,

because this variant of the four-quark model is rather rough

it is considered as a guide.

For all fits the obtained value & differs from the value
R=7.0+0.7 from [18]. So the conclusion that the con-
stant g§OK+K_/(47T) is small, obtained in [18,20

“Note that fitting without averaging the theoretical cufebang-
ing B{"—dBr"(¢— #7°y)/dM| - +my2l results in a worse
x? per degree of freedom28.8/20. The results in this case are

[g§0K+K,/(4w)=0.4i 0.04 Ge\f], is the result of the pa-
rameter restrictions, especially fiximgao at the Particle Data

Group 2000 value 984.8 MeV. Note that a high mass is

also needed to describe the— 7 7° experimentsee[27]).
There should be no confusion due to the lasgewidth.

In the peripheral production of the, (for example, in the

reaction p— 77°n) the mass spectrum is given by the

relation

dN,, o
dm

_2m? I'(ag— nm°,m)

~ (m =
P! D (m)[2

(16)

ko

The effective(visible) width of this distribution is much less
then the nominal widtﬂ“aomo. For example, for the fit 1
results(Table |) the effective width is~50 MeV (see Fig. 2

As noted in Ref[28], there is no problem with the rela-
n between the branching ratios af and f, production

in ¢ radiative decays. The early predictiofs| are based
on the one-loop mechanismp—K" 'K —agy— naly
and ¢—K'K™ —foy—mmy at m, =980 MeV, my
=975 MeV, andgao,ﬁw=gf0K+K7,6 which leads to Bré
—agy— nm’y)~Br(¢—fqy— mmy). But it is shown in
Ref.[7] that the relation between the branching ratiosagf
andf production in¢ radiative decays essentially depends
on theay-fy mass splitting. This strong mass dependence is

2.5
2
1.5
1
0.5
0

0.9 0.95 1 1.

m, Gev

05 1.1

FIG. 2. Plot of the functiorsper(m)(Ge\Fl), for fit 1 results.

consistent within errors with those obtained by averaging the theo-

retical curve.
Note that the predictiody ,/9ak+k-~0.93, made if1], was
corrected in26].

%We emphasize that isotopic invariance does not require
Yagk *k= =Gk TK
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the result of gauge invariance, tlighoton energy? law on am2 1+ p(m?)

the right slope of the resonance. Our present analysis con-  ,(m2)=/1- K+, )\(mZ):mp—,
firms this conclusion. Note that a noticeable deviation from m? 1—p(m?)

the naive four-quark model equalit;yaow,(f:gfoww is

not crucial. What is more important is the mechanism of e? 1

production of thea, and f, through the charged kaon loop, 1.9 137 (A2)

i.e., the four-quark transition. As is shown in Rgd], this

gives strong evidence in favor of the four-quark model of the

ao (fo). For m=2mg-,
Note that the constargfoK+K,/(47r) can also differ a lot

from those obtained ih19]. The point is that the extraction g(m=——g 1+ 1-p*(m?)
of this constant is very model dependent. For example, a fit 2(2m)? PRI p?(m3) — p?(m?)
taking into account the mixing of the resonances can de-
crease the value (gﬁoK+K_/(477) considerably. For instance,

by fitting the data of [16] without mixing, one has
Of k-1 (4m)=2.47'52] GeV? [16], while fitting and tak-
ing the mixing into account give@fzoK+K_/(477)=l.29 _Pz(m(zz))]([“'*'”\(mis)]z—[ﬂﬂ?\(mz)]z)}
+0.017 GeV [11]. Note also that ifi19] the phaseSg of the
background is taken frorfill], where it is obtained by si- (A3)
multaneous fitting of then 0.0 spectrum and the phagg of
the 7 scattering, taklng into account the mixing of the For II3°(m?) in the case of pseudoscalab mesons and
resonances. Ifl9] the mixing is not taken into account, so Ma=M, one has[3,9,21,22,3) the following! For m
the additional phase dealing with it is omitted. =m,,

We emphasize once more that the KLOE data completely

{p( m?)

2 H 2 2 H 1
XIN(M?)—im] = p(mE)[N(md) —im] - [ 1

confirm theK*K ™ -loop mechanism of the»—a,y decay, X géab m.m_ m,
. a 2y — — |n—
suggested in Ref5]. IE°(me) 67| o2 "m.
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APPENDIX T13%(m?) = 9Rap| MM My pas(M)|
167 2 m a
The forms ofgg(m) and g(m)=gg(m)/grx+k- €very- ™m
where over them region are in Refs[5] and[29], respec- 2
. 2 Jm? —m
tively. +—| pab(m)|arctan+—2 . (AB)
For m<2my+, W Jym?—m?®
e 1—p%(m?) Form<m._,
m 1+ ————
A= 2 9 K\ Y ey~ ()
L 1180(m2) = gRab m+m_| My
2|p(m?)|arctan——— — p(m?)A(m3) am?  Ma
[p(may|

—JmZ —m?|

m2+Jm? —m?|’

. ym? —m
1 aplM)in
Fimp(m3) ~[1-p2(md)]| Z[m+iN(m?)]? P =

, (A6)
1
( arctaR——— 1 ] ) (A1)
[p(m?)] "Note that in Ref[21] T13°(m?) differs by a real constant from
those determined in the other listed works in the casegt m,,

where but obviously this has no effect on E{.0).
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and The constantgr,, are related to the width
m2 m?
Pap(M)= l_ﬁ 1—F , Me=mgEmy,. g%ab
I'(R—ab,m)= ——— m). A8
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