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The %’ which is anSU(3)¢ singlet state can contain a pure gluon component, gluonium. We examine this
possibility by analyzing all available experimental data. It is pointed out thaf tlgtuonic component may be
as large as 26%. We also show that the amplitudelfgr— 7’y decay obtains a notable contribution from
gluonium.
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[. INTRODUCTION where 6, is the ideal mixing angle which satisfieg,
=tan %(1/\/2). The two physical states and ' are con-
The CLEO Collaboration reported an unexpectedly largesidered as mixtures of these states with pseudoscalar mixing
branching ratio forB— »'Xs [1]. One of the suggested angled,
mechanismq2-13] to explain this problem considers the
procesb—sg, g— 7’g [2-7]. This mechanism is based on

the anomalous coupling @fg— »" which accounts for the cosf. —sing
large branching ratio ford/¢— 5’y decay. It should be ( 77>:< P p)(%). )
noted that the gluonic component ef has been studied 7' sing, cosb, |\ 7
extensively in the literaturgl4—21]. We shall determine the
gluonic component oy’ considering all known experimen-
tal data. Combining Egs(1) and(2), we rewrite
It is believed thatyp’ consists of theSU(3)g singlet and
octetqq states which we denote as and 7g, respectively,
and is dominated by the singlet state. TBE(3)g singlet _ uu+dd
state, differing from the octet state, can be composed of pure 7 cosa, —Sina, T
gluon states. Therefore, we examine another singlet state in = 2 ()
7' made only of gluons, which we call gluonium. 7' sina,  cosa, ss

The remainder of the paper is organized as follows. In
Sec. Il, we describe our notation and introduce the gluonic
component. The formalism for studying the radiative light
meson decays is presented in Sec. lll. The recent discussio
on the definition of the decay constants fgrand »’ [22—
24] are taken into account. We then proceed to obtain th

pseudoscalar mixing angi, and the possible gluonic con- 7—7' system can be understood in terms of the anomaly.

A . L o
tent of 7" in Sec. IV. The investigation of the radiativéi | ot s take the derivative of the singlet axial vector current
decay is performed in Sec. V. A summary and conclusions

are given in Sec. VI.

with @,= 6,— 6,+ /2 which represents the discrepancy of
t¥e mixing angle from the ideal one. Note that #heand w
in the vector meson system mix almost ideally, thatag,
€ 0. This characteristic deviation from the ideal mixing in

5,5 =2imayed - 2, B (4)
Il. NOTATION pl7=2imaysd— 54— GapG,
SU(3)gxU(1) symmetry introduces the pseudoscalar

octet stateng and singlet statey; as ~
&8 g o where Gz is a gluonic field strength anG*? is its dual.

The term proportional t&GG is coming from the triangle
_ anomaly[25]. It affects neither the octet axial vector nor the
uu+dd vector current. Equatiori4) implies that the pseudoscalar

7g sing, —cosé, — = ) —
= 2 (1) singlet state can be composed not onlygaf but also of
cosd sing — gluons. Treating the gluon composite equivalent to the quark
n ! ! SS composite, they’ which is mostlySU(3)g singlet may con-
tain the pure gluon state, gluonium. Therefore, we recon-
struct n— n’ system by including gluonium. Then E@) is
*Email address: kou@eken.phys.nagoya-u.ac.jp extended to a 83 matrix with three mixing angles
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cosf,cosy+sinf,cos¢ siny
C0S6,Sin y+sin ,cos¢

AN
I

i —singysing

wherei is a “glueball-like state” which we refrain from
discussing here. Since the massyois about the mass ofg

which is obtained from Gell-Mann—Okubo mass formula, we
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—sin#,cosy+cosd,cosep siny singsiny 7g
Sin #,siny+cos#,cos¢ cosy  sing cosy 7 ,
—cosfysing CoS¢ gluonium

f,=(216+5) MeV, f,=(195=3) MeV,

f4=(237+4) MeV. (13)

assume that) does not contain the extra singlet state gluo-

nium. Settingy=0, we obtain

7 cos6, —sing, 0
n' | =| sin#,cos¢  cosf,cos¢ sing
i —sinfysing —cosé,sing  cose
78
X il 5
gluonium

It is convenient to write they; and 7' states a$14]

uu+dd _
lm=X, 2 +Y,[s9 (6)
, uu+dd — _
|7 )=X,, T +Y,s9)+Z, [gluonium. (7)
Xony» Yu(yy, @andZ,, are normalized as

X2+Y2=1, ®)

X2, +Y2, +272,=1, 9)
7 n n

and relate to the mixing angles

Y

X,=Co0say, = —Sinag, (10

z

X, =cos¢ sina,, ”

Y, =C0S¢ CoSay,, »=Ssin¢.

13

IIl. DECAY RATES

We calculate the decay rates by using the vector mesothe light mesons can be written in terms Xh,y, Y

dominance modeglVDM) and theSU(3) quark modelsee,
for example, Refs[26-28). In this method, the decay rates

are expressed in terms of the masses and the decay constants
of light mesons. The decay constants for vector mesons

which are defined by
myfyve’=(0[j{[V(p.\)) (12

are well determined by their decays irede™ [29] as

On the other hand, the decay constantssjand ' are not

well defined because of the anomaly. Recently, there has
been considerable progress on the parametrization of the de-
cay constants ofp— 7’ system[22-24. Following Ref.

[24], we utilize the decay constants defined by

_ uu+dd
uy*ysu+dy*ysd —\/E : (14

(15

ifxpM=<O

ifyp,=(0[sy*yss9),

which are considered as the decay constants foSIHE) e
singlet states at nonanomaly limit. Since the state
|(uu+dd)/V2) in Eq.(14) is equivalent tor° but an isospin
singlet, we can approximately have the following relation by
assuming that the isospin breaking effect is not large:

When SU(3)s symmetry is exact, in Eq. (15 is equal to
f,. However, the mass difference between theand d
quarks and thes quark is notable. The Gell-Mann—Okubo
mass formula gives a quantitative estimate of shgquark
mass breaking effect. Similarly, this breaking effect for our
decay constants can be included through

f,=\2f2—f2.

The known values fof ;=131 MeV andf =160 MeV lead
to
fy=131 MeV, f,=1.41x131 MeV. (16)
It is shown in Ref[24] that the approximate values in Eq.
(16) are justified phenomenologically and also satisfy the
result of chiral perturbation theory in R¢R2].
Using these decay constants, the radiative decay rates of

7(n'")
andZ,, in the VDM as follows:
a(m2—m2\3 m_ \% x.\2
_ w 7 w T
rlomm 5 S | ] (72
2 2\3 2 2
o (Mmy—m, my Y,
F(¢—>777)—24( My >(f¢772 ( 24fy :
(18)
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a? <5x NAY% )2
[(p—yy)=——m’| —2+ A 19
(7—vy) vl by 7, (19

a mzl_mi : m 2 X, 2
e " (i)

8 mﬂr f’lT 4fX

(20)
2 2\ 3 2
r(nrﬁpy)zz(m”,_mp) mP (3X7]’)2

8 m,”r fp7T2 4'fX '

(21
2_ . 2\3 2 2

a [ M m_, m Y,

1“((75%77’7):@( ¢ ’7) ¢2) (—2%) :
My, f¢7T y
(22

a? (5x N2y ,)2

T r_, — m3’ i + 7 ’
(7" =) 2ee3 M| T, T,
(23

where the OZI suppressed process occurring fgpm mix-

ing violation is ignored. In fact this breaking effect is ex-
pected to be very small; for example, in the case of ¢he

— 7%y decay, siny, is estimated to be less than 0.02.
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Y
1
\ 6=-11°
0.8 -
0.6 7~ i i
0.4 The experimental data [29]
T Brw—om)=(65£10)x10*
0.2 I T(p—77) = (046 £ 0.04)KeV
I Br(¢ = 77) = (1.26 £ 0.06) x 10~2

FIG. 1. The experimental bounds far— 7y (1), n— vy (),
and ¢— 7y (lll) obtained by inputing the PDG average. The con-
dition for X, andY,, in Eq. (8) is shown as a circumference. We use
—17°<6,<—11° as a preferable region in the following sections.

IV. RESULTS
A. Results for X, and Y,, (determination of 6,)

First, we analyzev— 5y, n— yvy, and ¢— 7y decays.
Substituting the left-hand side of Eq4.7)—(19) for the ex-
perimental data, we obtain the constraintXpandY, and
consequentlyg, via Eq.(10). The result obtained by input-

It is known that the VDM works quite well in describing 1ing the average in Ref29] is shown in Fig. 1. The circum-

the decay modeésee, for example, Ref§30-32). This is

ference denotes the constraint %y andY,, in Eqg. (8). As

supported by performing the computation of the decay rate¥e estimated in the previous section, the theoretical error of

w— 7%y and 7°— vy which do not depend orX
Y andZ,,:

n(n')
n(n')

» » a(mi—mio)3 m, \?[ 3 |°
.
CTTY Tl m, fom?) \4f o

=0.72 MeV, (24)

2

(70— yy)=

2
3
p— mio(f—) =0.0077 KeV,
w0

(25)
which are rather consistent with the experimental ag

I'(w—7°y)=(0.72£0.043 MeV,

I'(w%— yy)=(0.0077:0.00055 KeV,

respectively. Here we usddo=131 MeV. In the case of the

p°— %y decay, the model calculation givéy p°— 7°y)

15% is included.

In Fig. 1, we have plotted the average of several experi-
ments for each process taken by Particle Data Groligdh
however, we claim that some inconsistent data are included
when averaged. Therefore, we compute averages by exclud-
ing those data and give constraints 8p below. Our final
results obtain slight differences from those shown in Fig. 1
due to this change of inputs.

A result for »— yvy decay in 19741 (p— y7y)=(0.32
+0.046) KeV, is inconsistent with all other experiments so
that we exclude this result and take the average again. Con-
sequently, the central value B{ — yvy) gets an increase of
5%, which leads the bound Il in Fig. 1 to shift to the right by
about 0.03. After the shift, the bound Il intersects the circle
betweeny,= —44° and—41° and we obtain the result from
the »— yy decay as,=—14°~—11°. Similarly, a result
for w— 7y in 1977, which is Br(w— ny)=(3.0"%3
X104, is small compared to other data and in fact, it has a
70% error. Exclusion of this value leads to a 6% increase of
the center value and about a 0.04 shift to the right of the
bound | in Fig. 1. As a result, the bound | intersects the circle
at §,=—17°~—8°. Finally, the experiment in 1983 ap

=0.06 MeV which is small compared to the experimental— 77y reports a branching ratio B#(— #+y)=(0.88+0.20)

value I'(p°— 7°y) = (0.10+0.026) MeV. We note, how-

X 102 which is smaller than any other value. We exclude

ever, thatp’— 7%y decay rate still has a large error. It will this result and obtain a 0.01 upward shift of the bound Il in
be discussed in detail as more data are available. We expe€tg. 1. Then the result ford, from ¢— 75y is —20°
that the theoretical uncertainty occurring from the VDM is ~—17°. We here summarize the constraints @ —14°

less than 15%. This number is within the range of the error~—11° from n— yv,
estimated in Ref[33] according to a QCD-based method.

—-17°~—-8° fromw— 7y and
—20°~—17° from ¢— ny. Unfortunately, we do not ob-
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Yo &=-17° 0p=-11°

R= 6% gluoni
0.8 g e ;mmTJm B ? A new experimental data [34]
= o gluonium \ 1
R=26% gluonium E Br( —n'y) = (8212 £11) x 10
0.6 I~ v (a) (b)
__________ A N
The experimental data [29] FIG. 3. Coupling ofy and " to two gluons through quark and

e e antiquark triangle loofta) and through gluonic admixturé).

I Br(n = py) = (30£0.13) x 107!

I Br(¢—n'y)=(12137) x 10~*

the dashed bound in Fig. 2 is obtained. The new data show
IV D' —+yr) = (0.0 £ 0.01G)MaV. that the observation of the maximum gluonic admixture de-
0oz 04 JNT o8 1 X scribed above is still allowed. A more stringent constraint is

expected once the data from thefactory at DAPNE come
FIG. 2. The experimental bounds fgf —wy (1), "' —py (1), out.

é—n'v (lll), andn’— yy (IV). The dashed line shows the bound

for ¢p— 5’y from new experimental da{@4]. Taking the value of

0, to be —11°, we observe the maximum 26% of the gluonic V. J/y DECAYS
component iny’.

Now we analyze the radiativd/ ¢ decays inton and »’
serve any region where all three constraints overlap. Wand see the influence of the allowed amount of gluonic ad-
would not like to conclude so far that this is a serious prob-mixture in Sec. IV B on the amplitudes. The ratio of the two
lem since the experimental errors are still large for theselecay rateRRy,, can be written a$24,35-37
processes. We expect that experimental improvements will
solve this problem in the near future.

Although we could not obtain a consistent resultey it _ '3/ y—ny)
is more convenient for the following analysis to have a pref- Iy T y—7'y)
erable region off,. Looking back on the summary of our
results above, botlpy— yy and w— 77y processes determine 1— m2/m§,¢ 3 V26X, —L(—Y,) ‘2
—14°~11° as an allowed region. On the other hand, = P 7 - :
—17° is allowed from bothw— 7y and ¢— 7y processes. 1=m:, /my, (V2EX, + 1Y) +9(Z,,

Consequently, we try to use 11°<6,<—17° as a prefer- (27)
able region in the following sections.

whereé, ¢, andg, aref_ /f,, f /f,, and the coupling of
two gluons to gluonium, respectively. Using the average of

Now we analyzen'—wy, n'—py, n'—vyy, and ¢  Ref.[29], we have
— 'y decays. Constraints oX,, Y,,, andZ,, can be

obtained by using Eq$20)—(23). The experimental bounds

[29,39 for these decays are shown in Fig. 2. As in the case R. — U'(Jlp—ny) 0204002 29
of 5, a 15% theoretical error is taken into account. As men- i TQly—n'yy

tioned in Sec. IV A, we use a constraint on the pseudoscalar

)r?zlxmg\j{zanglzez—_lz Sﬁpg_lllx'z Sm;:ze Wi have a relatllon The terms2¢X,) and {Y,) in Eq. (27) represent the
hrz'_+ n’+| 7 the result p T < representsy contributions from such intermediate processes as
g s g comporent._ o 601004 vngle oop—1f") and o5 (35 vinge
loop)— 7", respectivelysee Fig. &)], and the terny, Z,,

(1) The maximum gluonic admixture ip’ is obtained to be  from gg— (gluonium— 7’ [see Fig. &)]. We define the
6% for 6,=—17°, 17% for 6,= —14°, and 26% for ratio between the amplitudes for the process Figp) &nd

B. Result for X/, Y, , and Z,, (determination of Z,,)

7'

0,=—11°, where the percentage is computed by Fig. 3@ by r:
Z,
R=—FF—. (26) ,
Xy +Y oy +2Z, . 9,Z, 29
(2) If future experiments show an increase of 10% in the B (\/ngn,+gyn,)'

central values of they' —py or 17’.—>,yy.decay rate, the First, we examine the case of=0 which means that
existence of the gluonic content i’ will be excluded gluonium does not contribute t@/y— 7'y amplitude. In

for large| 6y _ o this case, the right-hand side of Eg7) depends on only one
(3) The CMD-2 Collaboration observed— 7"y in 1999.  parameter,, so using Eq(28), 6, can be determined. The
Using their new resulf34] result is shown in Fig. 4. We observe that iz, =0, the

0, angle is determined in a regiaf,= —13°*=1.0°. On the

Br(¢—n"y)= other hand, in the analysis of the glue content in Sec. IV B,

,F21, .
8.2 1 gt11x10°%,
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R/ vy
.25

\
AN

Experimental value

Result for g, Z,y =0
<

17 -14 -11_ -8 -5 -2 6

p

FIG. 4. The determination of,, puttingg;Z, =0 (no gluonic
admixture in%’). The result conflicts with the observation in Sec.
IV B wheng, #0.

Z,,=0 is allowed only wherd,, is in a narrow region around
—17° (see Fig. 2 This disagreement indicates thaf, =0
should be excluded.

Now let us examine the case gfZ,,#0 in Eq. (27).
Since we do not know the value @f which denotes the
coupling of two gluons to gluonium we fix thé, angle at
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R/ vy
025
0.2 Experimental value
Ua13 0 p=-17° with R= 6%
0 p=-14° with R=17%
0.1 0 p=-11° with R=26%
0.05
r

0.1 0.2 0.3 0.4 0.5

FIG. 5. The amplitude of the proceséy— »'y has a maxi-
mum 20% of contribution from gluonium im’ when we choose
0p=—17° with R=6%.

have observed that the maximum 26% of the gluonic com-
ponent iny’ is possible aB,= —11°. Further investigation
will be done once the data from BBNE have come out. We
have also studied the contributions of gluonium to the radia-
tive J/¢ decays. Combining the obtained result from the
analysis on the radiative light meson decays, we found that
the J/ ¢ decays also demand gluonium4. In a case when

—17°, —14°, and—11°, and examine each case. We set theV€ choosed,= —17° with 6% of gluonium in»’, we have

value ofZ,, at the maximum which is allowed in Sec. IV B.
Substituting the left hand side of E7) for the experimen-
tal data, we determine thevalue for each¢, angle. The
result is shown in Fig. 5. We observe thrateaches a maxi-
mum of 0.3 whend, is—17° with 6% of the glue content.
That is, the amplitude of the proceds/— 7'y has a maxi-
mum contribution of 20% from gluonium im’.

VI. CONCLUSION

We have examined the gluonic componentéfand the
contributions to the procesgy— 7’. By analyzing the latest

observed that the 20% of the amplitudeJéfy— n’ y comes
from gluonium.
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