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On the h8 gluonic admixture
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The h8 which is anSU(3)F singlet state can contain a pure gluon component, gluonium. We examine this
possibility by analyzing all available experimental data. It is pointed out that theh8 gluonic component may be
as large as 26%. We also show that the amplitude forJ/c→h8g decay obtains a notable contribution from
gluonium.
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I. INTRODUCTION

The CLEO Collaboration reported an unexpectedly la
branching ratio forB→h8Xs @1#. One of the suggeste
mechanisms@2–13# to explain this problem considers th
processb→sg, g→h8g @2–7#. This mechanism is based o
the anomalous coupling ofgg→h8 which accounts for the
large branching ratio forJ/c→h8g decay. It should be
noted that the gluonic component ofh8 has been studied
extensively in the literature@14–21#. We shall determine the
gluonic component ofh8 considering all known experimen
tal data.

It is believed thath8 consists of theSU(3)F singlet and
octetqq̄ states which we denote ash1 andh8, respectively,
and is dominated by the singlet state. TheSU(3)F singlet
state, differing from the octet state, can be composed of p
gluon states. Therefore, we examine another singlet sta
h8 made only of gluons, which we call gluonium.

The remainder of the paper is organized as follows.
Sec. II, we describe our notation and introduce the gluo
component. The formalism for studying the radiative lig
meson decays is presented in Sec. III. The recent discuss
on the definition of the decay constants forh and h8 @22–
24# are taken into account. We then proceed to obtain
pseudoscalar mixing angleup and the possible gluonic con
tent of h8 in Sec. IV. The investigation of the radiativeJ/c
decay is performed in Sec. V. A summary and conclusi
are given in Sec. VI.

II. NOTATION

SU(3)F3U(1) symmetry introduces the pseudosca
octet stateh8 and singlet stateh1 as

S h8

h1

D 5S sinu I 2cosu I

cosu I sinu I

D S uū1dd̄

A2

ss̄
D , ~1!
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where u I is the ideal mixing angle which satisfiesu I

5tan21(1/A2). The two physical statesh and h8 are con-
sidered as mixtures of these states with pseudoscalar mi
angleup

S h

h8
D 5S cosup 2sinup

sinup cosup
D S h8

h1
D . ~2!

Combining Eqs.~1! and ~2!, we rewrite

S h

h8
D 5S cosap 2sinap

sinap cosap

D S uū1dd̄

A2

ss̄
D ~3!

with ap5up2u I1p/2 which represents the discrepancy
the mixing angle from the ideal one. Note that thef andv
in the vector meson system mix almost ideally, that is,av
.0. This characteristic deviation from the ideal mixing
h2h8 system can be understood in terms of the anom
Let us take the derivative of the singlet axial vector curre

]m j m552imqg5q̄2
3as

4p
GabG̃ab, ~4!

whereGab is a gluonic field strength andG̃ab is its dual.
The term proportional toGG̃ is coming from the triangle
anomaly@25#. It affects neither the octet axial vector nor th
vector current. Equation~4! implies that the pseudoscala
singlet state can be composed not only ofqq̄ but also of
gluons. Treating the gluon composite equivalent to the qu
composite, theh8 which is mostlySU(3)F singlet may con-
tain the pure gluon state, gluonium. Therefore, we rec
structh2h8 system by including gluonium. Then Eq.~2! is
extended to a 333 matrix with three mixing angles
©2001 The American Physical Society27-1
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S h

h8

i
D 5S cosupcosg1sinupcosf sing 2sinupcosg1cosupcosf sing sinf sing

cosupsing1sinupcosf sinupsing1cosupcosf cosg sinf cosg

2sinupsinf 2cosupsinf cosf
D S h8

h1

gluonium
D ,
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where i is a ‘‘glueball-like state’’ which we refrain from
discussing here. Since the mass ofh is about the mass ofh8
which is obtained from Gell-Mann–Okubo mass formula,
assume thath does not contain the extra singlet state glu
nium. Settingg50, we obtain

S h

h8

i
D 5S cosup 2sinup 0

sinupcosf cosupcosf sinf

2sinupsinf 2cosupsinf cosf
D

3S h8

h1

gluonium
D . ~5!

It is convenient to write theh andh8 states as@14#

uh&5XhUuū1dd̄

A2
L 1Yhuss̄& ~6!

uh8&5Xh8Uuū1dd̄

A2
L 1Yh8uss̄&1Zh8ugluonium&. ~7!

Xh(h8) , Yh(h8) , andZh8 are normalized as

Xh
21Yh

251, ~8!

Xh8
2

1Yh8
2

1Zh8
2

51, ~9!

and relate to the mixing angles

Xh5cosap , Yh52sinap , ~10!

Xh85cosf sinap , Yh85cosf cosap , Zh85sinf.
~11!

III. DECAY RATES

We calculate the decay rates by using the vector me
dominance model~VDM ! and theSU(3)F quark model~see,
for example, Refs.@26–28#!. In this method, the decay rate
are expressed in terms of the masses and the decay con
of light mesons. The decay constants for vector mes
which are defined by

mVf Vem5^0u j V
muV~p,l!& ~12!

are well determined by their decays intoe1e2 @29# as
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f r5~21665! MeV, f v5~19563! MeV,

f f5~23764! MeV. ~13!

On the other hand, the decay constants forh andh8 are not
well defined because of the anomaly. Recently, there
been considerable progress on the parametrization of the
cay constants ofh2h8 system @22–24#. Following Ref.
@24#, we utilize the decay constants defined by

i f xpm5K 0Uugmg5ū1dgmg5d̄Uuū1dd̄

A2
L , ~14!

i f ypm5^0usgmg5s̄uss̄&, ~15!

which are considered as the decay constants for theSU(3)F
singlet states at nonanomaly limit. Since the st
u(uū1dd̄)/A2& in Eq. ~14! is equivalent top0 but an isospin
singlet, we can approximately have the following relation
assuming that the isospin breaking effect is not large:

f x5 f p .

WhenSU(3)F symmetry is exactf y in Eq. ~15! is equal to
f x . However, the mass difference between theu and d
quarks and thes quark is notable. The Gell-Mann–Okub
mass formula gives a quantitative estimate of thes quark
mass breaking effect. Similarly, this breaking effect for o
decay constants can be included through

f y5A2 f K
2 2 f p

2 .

The known values forf p5131 MeV andf K5160 MeV lead
to

f x5131 MeV, f y51.413131 MeV. ~16!

It is shown in Ref.@24# that the approximate values in Eq
~16! are justified phenomenologically and also satisfy t
result of chiral perturbation theory in Ref.@22#.

Using these decay constants, the radiative decay rate
the light mesons can be written in terms ofXh(h8) , Yh(h8)
andZh8 in the VDM as follows:

G~v→hg!5
a

24S mv
2 2mh

2

mv
D 3S mv

f vp2D 2S Xh

4 f x
D 2

, ~17!

G~f→hg!5
a

24S mf
2 2mh

2

mf
D 3S mf

f fp2D 2S 22
Yh

4 f y
D 2

,

~18!
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G~h→gg!5
a2

288p3
mh

3 S 5Xh

f x
1

A2Yh

f y
D 2

, ~19!

G~h8→vg!5
a

8 S mh8
2

2mv
2

mh8
D 3S mv

f vp2D 2S Xh8
4 f x

D 2

,

~20!

G~h8→rg!5
a

8 S mh8
2

2mr
2

mh8
D 3S mr

f rp2D 2S 3Xh8
4 f x

D 2

,

~21!

G~f→h8g!5
a

24
S mf

2 2mh8
2

mf
D 3S mf

f fp2D 2S 22
Yh8
4 f y

D 2

,

~22!

G~h8→gg!5
a2

288p3
mh8

3 S 5Xh8
f x

1
A2Yh8

f y
D 2

,

~23!

where the OZI suppressed process occurring fromf-v mix-
ing violation is ignored. In fact this breaking effect is e
pected to be very small; for example, in the case of thef
→p0g decay, sinaV is estimated to be less than 0.02.

It is known that the VDM works quite well in describin
the decay modes~see, for example, Refs.@30–32#!. This is
supported by performing the computation of the decay ra
v→p0g and p0→gg which do not depend onXh(h8) ,
Yh(h8) , andZh8 :

G~v→p0g!5
a

24
S mv

2 2mp0
2

mv
D 3S mv

f vp2D 2S 3

4 f p0
D 2

50.72 MeV, ~24!

G~p0→gg!5
a2

288p3
mp0

3 S 3

f p0
D 2

50.0077 KeV,

~25!

which are rather consistent with the experimental data@29#

G~v→p0g!5~0.7260.043! MeV,

G~p0→gg!5~0.007760.00055! KeV,

respectively. Here we usedf p05131 MeV. In the case of the
r0→p0g decay, the model calculation givesG(r0→p0g)
50.06 MeV which is small compared to the experimen
value G(r0→p0g)5(0.1060.026) MeV. We note, how-
ever, thatr0→p0g decay rate still has a large error. It wi
be discussed in detail as more data are available. We ex
that the theoretical uncertainty occurring from the VDM
less than 15%. This number is within the range of the er
estimated in Ref.@33# according to a QCD-based method.
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IV. RESULTS

A. Results for Xh and Yh „determination of up…

First, we analyzev→hg, h→gg, andf→hg decays.
Substituting the left-hand side of Eqs.~17!–~19! for the ex-
perimental data, we obtain the constraint onXh andYh and
consequently,up via Eq. ~10!. The result obtained by input
ting the average in Ref.@29# is shown in Fig. 1. The circum-
ference denotes the constraint forXh andYh in Eq. ~8!. As
we estimated in the previous section, the theoretical erro
15% is included.

In Fig. 1, we have plotted the average of several exp
ments for each process taken by Particle Data Group in@29#,
however, we claim that some inconsistent data are inclu
when averaged. Therefore, we compute averages by exc
ing those data and give constraints onup below. Our final
results obtain slight differences from those shown in Fig
due to this change of inputs.

A result for h→gg decay in 1974,G(h→gg)5(0.32
60.046) KeV, is inconsistent with all other experiments
that we exclude this result and take the average again. C
sequently, the central value ofG(h→gg) gets an increase o
5%, which leads the bound II in Fig. 1 to shift to the right b
about 0.03. After the shift, the bound II intersects the cir
betweenap.244° and241° and we obtain the result from
the h→gg decay asup.214°;211°. Similarly, a result
for v→hg in 1977, which is Br(v→hg)5(3.021.8

12.5)
31024, is small compared to other data and in fact, it ha
70% error. Exclusion of this value leads to a 6% increase
the center value and about a 0.04 shift to the right of
bound I in Fig. 1. As a result, the bound I intersects the cir
at up.217°;28°. Finally, the experiment in 1983 off
→hg reports a branching ratio Br(f→hg)5(0.8860.20)
31022 which is smaller than any other value. We exclu
this result and obtain a 0.01 upward shift of the bound III
Fig. 1. Then the result forup from f→hg is 220°
;217°. We here summarize the constraints onup : 214°
;211° from h→gg, 217°;28° from v→hg and
220°;217° from f→hg. Unfortunately, we do not ob-

FIG. 1. The experimental bounds forv→hg ~I!, h→gg ~II !,
andf→hg ~III ! obtained by inputing the PDG average. The co
dition for Xh andYh in Eq. ~8! is shown as a circumference. We us
217°<up<211° as a preferable region in the following section
7-3
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serve any region where all three constraints overlap.
would not like to conclude so far that this is a serious pro
lem since the experimental errors are still large for th
processes. We expect that experimental improvements
solve this problem in the near future.

Although we could not obtain a consistent result onup , it
is more convenient for the following analysis to have a pr
erable region ofup . Looking back on the summary of ou
results above, bothh→gg andv→hg processes determin
214°;11° as an allowed region. On the other han
217° is allowed from bothv→hg andf→hg processes.
Consequently, we try to use211°<up<217° as a prefer-
able region in the following sections.

B. Result for Xh8 , Yh8 , and Zh8 „determination of Zh8…

Now we analyzeh8→vg, h8→rg, h8→gg, and f
→h8g decays. Constraints onXh8 , Yh8 , and Zh8 can be
obtained by using Eqs.~20!–~23!. The experimental bound
@29,38# for these decays are shown in Fig. 2. As in the c
of h, a 15% theoretical error is taken into account. As m
tioned in Sec. IV A, we use a constraint on the pseudosc
mixing angle217°<up<211°. Since we have a relatio
Xh8

2
1Yh8

2
1Zh8

2
51, the resultXh8

2
1Yh8

2
,1 representsh8

having a gluonic component.
We have the following observations.

~1! The maximum gluonic admixture inh8 is obtained to be
6% for up5217°, 17% for up5214°, and 26% for
up5211°, where the percentage is computed by

R5
Zh8

Xh81Yh81Zh8

. ~26!

~2! If future experiments show an increase of 10% in t
central values of theh8→rg or h8→gg decay rate, the
existence of the gluonic content inh8 will be excluded
for large uupu.

~3! The CMD-2 Collaboration observedf→h8g in 1999.
Using their new result@34#

Br~f→h8g!5S 8.2
12.1
21.961.1D31025,

FIG. 2. The experimental bounds forh8→vg ~I!, h8→rg ~II !,
f→h8g ~III !, andh8→gg ~IV !. The dashed line shows the boun
for f→h8g from new experimental data@34#. Taking the value of
up to be 211°, we observe the maximum 26% of the gluon
component inh8.
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the dashed bound in Fig. 2 is obtained. The new data s
that the observation of the maximum gluonic admixture d
scribed above is still allowed. A more stringent constrain
expected once the data from thef factory at DAFNE come
out.

V. JÕc DECAYS

Now we analyze the radiativeJ/c decays intoh andh8
and see the influence of the allowed amount of gluonic
mixture in Sec. IV B on the amplitudes. The ratio of the tw
decay ratesRJ/c can be written as@24,35–37#

RJ/c5
G~J/c→hg!

G~J/c→h8g!

5S 12mh
2/mJ/c

2

12mh8
2 /mJ/c

2 D 3U A2jXh2z~2Yh!

~A2jXh81zYh8!1gr8Zh8
U2

,

~27!

wherej, z, andgr8 are f p / f x , f p / f y , and the coupling of
two gluons to gluonium, respectively. Using the average
Ref. @29#, we have

RJ/c5
G~J/c→hg!

G~J/c→h8g!
50.2060.02. ~28!

The termsA2jXh(8) and zYh(8) in Eq. ~27! represent the
contributions from such intermediate processes
gg→(uū,dd̄ triangle loop!→h (8) and gg→(ss̄ triangle
loop!→h (8), respectively@see Fig. 3~a!#, and the termgr8Zh8
from gg→~gluonium!→h8 @see Fig. 3~b!#. We define the
ratio between the amplitudes for the process Fig. 3~b! and
Fig. 3~a! by r:

r 5
gr8Zh8

~A2jXh81zYh8!
. ~29!

First, we examine the case ofr 50 which means that
gluonium does not contribute toJ/c→h8g amplitude. In
this case, the right-hand side of Eq.~27! depends on only one
parameterap , so using Eq.~28!, up can be determined. The
result is shown in Fig. 4. We observe that forgr8Zh850, the
up angle is determined in a regionup5213°61.0°. On the
other hand, in the analysis of the glue content in Sec. IV

FIG. 3. Coupling ofh andh8 to two gluons through quark and
antiquark triangle loop~a! and through gluonic admixture~b!.
7-4
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Zh850 is allowed only whenup is in a narrow region around
217° ~see Fig. 2!. This disagreement indicates thatZh850
should be excluded.

Now let us examine the case ofgr8Zh8Þ0 in Eq. ~27!.
Since we do not know the value ofgr8 which denotes the
coupling of two gluons to gluonium we fix theup angle at
217°, 214°, and211°, and examine each case. We set
value ofZh8 at the maximum which is allowed in Sec. IV B
Substituting the left hand side of Eq.~27! for the experimen-
tal data, we determine ther value for eachup angle. The
result is shown in Fig. 5. We observe thatr reaches a maxi-
mum of 0.3 whenup is217° with 6% of the glue content
That is, the amplitude of the processJ/c→h8g has a maxi-
mum contribution of 20% from gluonium inh8.

VI. CONCLUSION

We have examined the gluonic component ofh8 and the
contributions to the processgg→h8. By analyzing the lates
experimental data on the radiative light meson decays,

FIG. 4. The determination ofup , puttinggr8Zh850 ~no gluonic
admixture inh8). The result conflicts with the observation in Se
IV B when gr8Þ0.
er
ar
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have observed that the maximum 26% of the gluonic co
ponent inh8 is possible atup5211°. Further investigation
will be done once the data from DAFNE have come out. We
have also studied the contributions of gluonium to the rad
tive J/c decays. Combining the obtained result from t
analysis on the radiative light meson decays, we found
theJ/c decays also demand gluonium inh8. In a case when
we chooseup5217° with 6% of gluonium inh8, we have
observed that the 20% of the amplitude ofJ/c→h8g comes
from gluonium.
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mum 20% of contribution from gluonium inh8 when we choose
up5217° with R56%.
In-
.

. C

o,

h-
@1# CLEO Collaboration, T.E. Browderet al., Phys. Rev. Lett.81,
1786 ~1998!; J.G. Smith, talk presented at the Seventh Int
national Symposium On Heavy Flavor Physics, Santa Barb
1997, hep-ex/9803028.

@2# D. Atwood and A. Soni, Phys. Lett. B405, 150 ~1997!.
@3# M.R. Ahmady, E. Kou, and A. Sugamoto, Phys. Rev. D58,

014015~1998!.
@4# M.R. Ahmady and E. Kou, Phys. Rev. D59, 054014~1999!.
@5# A.S. Dighe, M. Gronau, and J.L. Rosner, Phys. Lett. B367,

357 ~1996!; 377, 325~E! ~1996!; A.S. Dighe, M. Gronau, and
J.L. Rosner, Phys. Rev. Lett.79, 4333~1997!.

@6# W-S. Hou and B. Tseng, Phys. Rev. Lett.80, 434 ~1998!.
@7# A.L. Kagan and A.A. Petrov, hep-ph/9707354.
@8# I. Halperin and A. Zhitnitsky, Phys. Rev. D56, 7247~1997!.
@9# A. Ali and C. Greub, Phys. Rev. D57, 2996~1998!.

@10# H-Y. Cheng and B. Tseng, Phys. Lett. B415, 263 ~1997!.
@11# A. Datta, X.G. He, and S. Pakvasa, Phys. Lett. B419, 369

~1998!.
@12# A. Dighe, M. Gronau, and J.L. Rosner, Phys. Rev. Lett.79,

4333 ~1997!.
-
a,

@13# N.G. Deshpande, B. Dutta, and S. Oh, Phys. Rev. D57, 5723
~1998!.

@14# J.L. Rosner, Phys. Rev. D27, 1101~1983!; in Proceedings of
the 1985 International Symposium on Lepton and Photon
teractions at High Energies, Kyoto 1985, edited by M
Konuma and K. Takahashi, p. 448.

@15# V.A. Novikov, M.A. Shifman, A.I. Vainshtein, and V.I. Za-
kharov, Phys. Lett.86B, 347 ~1979!.

@16# F.J. Gilman and R. Kauffman, Phys. Rev. D36, 2761~1987!.
@17# R. Akhoury and J.-M. Fre`re, Phys. Lett. B220, 258 ~1989!.
@18# P. Ball, J.-M. Fre`re, and M. Tytgat, Phys. Lett. B365, 367

~1996!.
@19# A. Bramon, R. Escribano, and M.D. Scadron, Eur. Phys. J

7, 271 ~1999!.
@20# M. Benayoun, L. DelBuono, S. Eidelman, V.N. Ivanchenk

and H.B. O’Connell, Phys. Rev. D59, 114027~1999!.
@21# M.R. Ahmady, V. Elias, and E. Kou, Phys. Rev. D57, 7034

~1998!; M.R. Ahmady and E. Kou, hep-ph/9903335.
@22# H. Leutwyler, Nucl. Phys. B~Proc. Suppl.! 64, 223 ~1998!; R.

Kaise and H. Leutwyler, ‘‘Proceedings of Workshop on Met
7-5



e,

v.

ki,

l.

E. KOU PHYSICAL REVIEW D 63 054027
ods of Nonperturbative Quantum Field Theory,’’ Adelaid
1998, hep-ph/9806336.

@23# T. Feldmann and P. Kroll, Eur. Phys. J. C5, 327 ~1998!.
@24# T. Feldmann, P. Kroll, and B. Stech, Phys. Rev. D58, 114006

~1998!; Phys. Lett. B449, 339 ~1999!.
@25# S.L. Adler, Phys. Rev.177, 2426 ~1969!; J.S. Bell and R.

Jackiw, Nuovo Cimento A60, 47 ~1969!.
@26# A. Bramon, E. Etim, and M. Greco, Phys. Lett.41B, 609

~1972!.
@27# G. Grunberg and F.M. Renard, Nuovo Cimento A33, 617

~1976!.
@28# J. O’Donnell, Rev. Mod. Phys.53, 673 ~1981!.
@29# Particle Data Group, C. Casoet al., Eur. Phys. J. C3, 1

~1998!.
@30# O. Kaymakcalan, S. Rajeev, and J. Schechter, Phys. Re

30, 594 ~1984!.
05402
D

@31# T. Fujiwara, T. Kugo, H. Terao, S. Uehara, and K. Yamawa
Prog. Theor. Phys.73, 926~1985!; M. Bando, T. Kugo, and K.
Yamawak, Phys. Rep.164, 217 ~1988!.

@32# A. Bramon, A. Grau, and G. Pancheri, Phys. Lett. B344, 240
~1995!.

@33# M.A. Shifman and M.I. Vysotsky, Z. Phys. C10, 131 ~1981!.
@34# CMD-2 Collaboration, R.R. Akhmetshinet al., Phys. Lett. B

473, 337 ~2000!.
@35# V.A. Novikov, M.A. Shifman, A.I. Vainshtein, and V.I. Za-

kharov, Nucl. Phys.B165, 55 ~1980!.
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