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Reexamining radiative decays of 1ÀÀ quarkonium into h8 and h

J. P. Ma*
Institute of Theoretical Physics, Academia Sinica, P.O. Box 2735, Beijing 100080, China
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Recently CLEO has studied the radiative decay ofY into h8 and an upper limit for the decay has been
determined. Confronted with this upper limit, most theoretical predictions for the decay fail. After briefly
reviewing these predictions we reexamine the decay by separating the nonperturbative effect related to the
quarkonium and that related toh8 or h, in which the latter is parametrized by distribution amplitudes of gluons
in h8. With this factorization approach we obtain theoretical predictions which are in agreement with experi-
ment. Uncertainties in our predictions are discussed. The largest possible uncertainties are from the relativistic
corrections forJ/c and the value of the charm quark mass. We argue that the effect of these uncertainties can
be reduced by using quarkonium masses instead of using quark masses. An example of the reduction is shown
with an attempt to explain the violation of the famous 14% rule in radiative decays of charmonia.
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The gluon content ofh and h8 has been studied exten
sively in the literature. For example, recent works on
subject can be found in@1,2#. Radiative decays of 122

quarkonium intoh(h8) provide an ideal place to study th
subject, because the decays are mediated by gluons and
is no complication of interactions between light hadrons. R
cently, CLEO has studied the decayY→g1h8 and an upper
limit has been determined@3#:

Br~Y→g1h8!,1.631025 ~1!

at 90% C.L. With this result most theoretical predictions d
liver a branching ratio which is too large.

The radiative decay has been studied in different
proaches. In@4# both the quarkonium andh(h8) are taken to
be nonrelativistic two-body systems; wave functions
these bound systems are introduced. The obtained branc
ratio in this approach with a recent compilation ofas is (5
210)31025 @4,3# and is significantly larger than the upp
limit. In @5# possible mixing betweenh(h8) and hb is as-
sumed to be responsible for the decay; the branching rat
obtained as 631025, which is also larger than the uppe
limit. In this approach it is possible to obtain Br(Y→g
1h8)'(1;3)31025 close to the upper bound@6#.

The corresponding decay ofJ/c has been studied by satu
rating a suitable sum rule withJ/c resonance and it has bee
shown that the decay is controlled by theUA(1) anomaly
@7#. The result of this study can be rewritten in the form:

G~J/c→g1h8!5
211pa3

523312S 12
mh8

2

4mc
2D 3

3
1

mc
4 U^0u

3as

4p
Gmn

a G̃a,mnuh8&U2

G21~J/c→e1e2!, ~2!

where Ga,mn is the field strength tensor of the gluon an
G̃a,mn5 1

2 «mnabG ab
a . In the above result we have neglect

the binding energy ofJ/c and takenMJ/c52mc , wheremc
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is the pole mass ofc quark. If one can generalize the ap
proach for theY decays, one can obtain the ratio

Rh85
Br~Y→g1h8!

Br~J/c→g1h8!

5FG~J/c→e1e2!

G~Y→e1e2!

G~J/c→X!

G~Y→X! Gmc
4

mb
4

S 12
mh8

2

4mb
2D 3

S 12
mh8

2

4mc
2D 3 . ~3!

Using the experimental results for the widths in the brack
we obtain

Rh8'6.6
mc

4

mb
4

S 12
mh8

2

4mb
2D 3

S 12
mh8

2

4mc
2D 3 . ~4!

The branching ratio ofJ/c has been measured and its val
is (4.3160.3)31023. We take the quark masses asmb
5MY/2'5 GeV and mc5MJ/c/2'1.5 GeV and obtain
Br(Y→g1h8)'3.131024, which is too large for the uppe
limit. However, the generalization of Eq.~2! to Y may not be
correct. In the spirit of the approach the emitted gluo
which are converted intoh8, are soft, while inY decay the
gluons are definitely hard. Becausemb is large, large pertur-
bative and nonperturbative corrections are expected in
generalization of Eq.~2! for J/c to the case withY; also the
scale dependence of the perturbative correction can be
nificant. Hence an accurate result cannot be made foY
without these corrections. Employing multipole expansi
for the soft gluons one is also able to predict the decay
J/c @8#.

From the above discussions one may conclude that
predictions based on QCD-inspired models or on sum r
are not compatible with the upper limit, or significant mod
fications are needed. It should also be noted that phenom
logical models can have compatible predictions. In an
tended vector-dominance model one indeed finds
©2002 The American Physical Society06-1
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BRIEF REPORTS PHYSICAL REVIEW D 65 097506
branching ratio from 5.331027 to 2.531026 @9#, but this
model has no direct relation to QCD as the fundamen
theory of strong interaction.

Decays of quarkonia were intensively studied in t
1980s. Now that our understanding of QCD has been gre
improved, a restudy of these decays is necessary to exp
new experimental results like the upper bound in Eq.~1!. On
the other hand, there is a large data sample with 53107 J/c
events collected by the Beijing Spectrometer BES Colla
ration @10#; a data sample with several billionsJ/c events is
planned to be collected with the proposed BES III at Beiji
Electron-Positron Collider~BEPC II! and with CLEO-C at a
modified Cornell Electron Storage Ring~CESR! @10,11#.

Furthermore, about 4 fb21 bb̄ resonance data are planned
be taken at CLEO III in the year prior to conversion to lo
energy operation~CLEO-C! @11#. These data samples o
quarkonia will allow us to study the decays, which have be
observed before, with more accuracy, and also those de
which have not been observed. Therefore, experimental
tivities will bring more information about these decays a
may also lead to new discoveries, e.g., discovery of glueb
In this Brief Report we present an approach based on Q
factorization to explain the experimental result from CLE
@3#. This approach was used for the radiative decay into
tensor mesonf 2 @12#.

We consider the heavy quark limit, i.e.,mc→`, mb→`.
In the limit, a quarkonium system, takingY as an example

can be taken as a bound state ofb and b̄ quark which move
with a small velocityv; hence an expansion inv can be
employed and nonrelativistic QCD~NRQCD! can be used to
describe the nonperturbative effect related toY @13#. The
decay can be regarded as follows: the quarkonium will
annihilated into a real photon and gluons and the gluons
be subsequently converted into the mesonh8. Also in the
limit, the mesonh8 has a large momentum; this enables
expansion in twist to characterize the gluonic conversion i
h8 the conversion is then described by a set of distribut
amplitudes of gluons. The large momentum ofh8 requires
that the gluons should be hard, hence the emission of
gluons can be handled by perturbative theory. The ab
discussion implies that we may factorize the decay amplit
into three parts: the first part consists of matrix elements
NRQCD representing the nonperturbative effect related toY,
the second part consists of some distribution amplitud
which are for the gluonic conversion intoh8, and the third
part consists of some coefficients, which can be calcula
with perturbative theory for thebb̄ pair annihilated into glu-
ons and a real photon. In this Brief Report we show that
contribution of twist-2 operators are suppressed bymh8

2 .
This indicates that a complete QCD analysis should incl
contributions from twist-4 operators. However, without su
a complete analysis one still can make some predictions
the branching ratio given in Eq.~1!.

We consider the decay ofY: Y→g(q)1h8(k), where
the momenta are given in the brackets. We take a light-c
coordinate system, in which the momentumk of h8 is km

5(k1,k2,0,0). We consider the contribution from emissio
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of two gluons, and assume a factorization can be perform
Then theS-matrix can be written as

^gh8uSuY&52 i 1
2 eQbgs

2«r* *d4xd4yd4zd4x1d4y1

3eiq•z^h8uGm
a ~x!Gn

b~y!u0&

3^0ub̄ j~x1!bi~y1!uY&

3M ji
mnr,ab~x,y,x1 ,y1 ,z!, ~5!

where M ji
mnr,ab(x,y,x1 ,y1 ,z) is a known function,i and j

stand for Dirac and color indices,a and b is the color of
gluon field,b(x) stands for the Dirac field ofb quark,«* is
the polarization vector of the photon, andQb is the charge
fraction of theb quark in unite. The above equation can b
generalized to emission of an arbitrary number of gluo
Using the fact thatb or b̄ quark moves with a small velocity
v, the matrix element with the Dirac fields can be expand
in v. We obtain

^0ub̄ j~x!bi~y!uY&52 1
6 ~P1g l P2! i j ^0ux†s lcuY&

3e2 ip•(x1y)1O~v2!, ~6!

where x†(c) is the NRQCD field forb̄(b) quark andP6

5(16g0)/2, pm5(mb,0,0,0), wheremb is the pole mass
of theb quark. In Eq.~6! we do not count the power ofv for
quark fields because this power is the same for every term
the expansion of Eq.~6!. With this in mind the leading orde
of the matrix element is thenO(v0); we will neglect the
contribution from higher orders and the momentum ofY is
then approximated by 2p. It should be noted that effects a
higher order ofv can be added with the expansion in Eq.~6!.

For the matrix element with gluon fields we observe th
the x dependence of the matrix element is controlled by d
ferent scales: thex2 dependence is controlled byk1, while
thex1 andxT dependence is controlled by the scaleLQCD or
k2, which are small in comparison withk1. Because of these
small scales we can expand the matrix element inx1 and in
xT . With this expansion we obtain the result for the Four
transformed matrix element:

E dx4e2 iq1•x^h8uGa,m~x!Gb,n~0!u0&

5
1

8
dab~2p!4d~q1

2!d2~q1T!
1

2k1x1~x121!

3emnFh8~x1!1•••, ~7!

emn5«mnabl anb , l m5~1,0,0,0!,

nm5~0,1,0,0!, q1
15x1k1,

Fh8~x1!5
1

2pk1E dx2e2 ix1k1x2
^h8~k!uGa,1m~x2!

3Ga,1n~0!u0&emn , ~8!

where«mnab is totally antisymmetric with«012351. Fh8(x1)
is the distribution amplitude characterizing the conversion
two gluons intoh8 and it is defined with twist-2 operators i
6-2
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BRIEF REPORTS PHYSICAL REVIEW D 65 097506
the light-cone gauge, where the two gluons carry the m
mentumx1k1 and (12x1)k1, respectively. In other gauges
gauge link should be supplied in Eq.~8! to maintain the
gauge invariance. It should be noted that there is no sim
relation betweenFh8(x1) and the gluonic matrix element i
Eq. ~2!. The ••• in Eq. ~7! stands for contributions from
higher twist. The next-to-leading twist is 4. With the abo
results we obtain theS-matrix element with the twist-2 con
tribution in the limit mh8→0:

^gh8uSuY&5
2 i

48
eQbgs

2~2p!4d4~2p2k2q!

3«r* ^0ux†s lcuY&elr
1

mb
4
mh8

2 E dx1

122x1

x1~12x1!2
Fh8~x1!

3S 11OS mh8
2

mb
2 D D . ~9!

It shows that the twist-2 contribution is suppressed bymh8
2 .

In the twist expansion the light hadron massmh8 should be
taken as a small scale asLQCD ; hence the contribution is
proportional toLQCD

2 . This implies that a complete analys
at the leading order should include not only this contribut
but also twist-4 contributions, in which one needs to consi
the contributions from emission of 2, 3 and 4 gluons. This
too complicated to be done here. However, without a co
plete analysis we can always write the result of a comp
analysis as

^gh8uSuY&5
2 i

48
eQbgs

2~2p!4d4~2p2k2q!

3«r* ^0ux†s lcuY&elr
1

mb
4

gh8 , ~10!

where the parametergh8 has a dimension 3 in mass. Th
parameter is a sum of the twist-2 contribution in the seco
line of Eq.~9! and the twist-4 contributions which need to b
analyzed. The parameter characterizes the conversion of
ons intoh8 and it does not depend on properties ofY. The
origin of the factormb

45mb
2
•mb

2 is as follows: onemb
2 comes

from the perturbative part; anothermb
2 reflects the fact tha

the contribution of twist-2 operators is proportional tomh8
2

and contributions of twist-4 are proportional toLQCD
2 . It is

interesting to note that this power behavior is also obtai
in @14#; in contrast, it is also pointed out in@14# that this
behavior holds by takingmc andmb as light quark masses; i
the heavy quark limit this behavior does not hold.

The above result may also be generalized for the deca
J/c. One may question whether the twist expansion may
applicable for theJ/c decay or not, becausemc is not large
enough. The twist expansion means a collinear expansio
momenta of partons inh8; components of these momen
have the order ofO(k1),O„(k2),O(LQCD),O(LQCD)….
Hence the expansion parameters arek2/k1 5 mh8

2 /MJ/c
2

'0.1, LQCD/k1 '0.2, where we have takenLQCD
'400 MeV. These estimations show that the twist exp
09750
-

le

r
s
-

te

d

lu-

d

of
e

of

-

sion is also a good approximation for theJ/c decay. There
are also other possible large uncertainties, due to eff
from higher orders ofv and as . These can be eliminate
partly by building the ratioG„J/c(Y)→gh8…/G„J/c(Y)
→ light hadrons…. Theoretical prediction for this ratio will
have less uncertainties than the width, because correct
from higher orders ofv and as are canceled at a certai
level. Using experimental data for Br„J/c(Y)
→ light hadrons… we can predict the branching ratio. Wit
this consideration we rewrite the ratio defined in Eq.~3! as
Rh85 (Br(Y→ light hadrons)/Br(J/c→ light hadrons))r h8 ,
r h85 G(Y →gh8) / G(Y→ light hadrons) /G(J/c→gh8) / G
(J/c → light hadrons)' (Qb

2mc
6 / Qc

2mb
6) „as(mc) / as(mb)…,

where leading order results for the decay widths are used
r h8 . Using the experimental results for the branching rat
of decays into light hadrons, we obtainRh85Br(Y→g
1 h8) / Br (J / c →g1h8) '1.31(Qb

2mc
6 / Qc

2mb
6) „as(mc) /

as(mb)…. This is the result at the leading order ofL, where
L is LQCD or mh8 , and the dependence of the renormaliz
tion scale in gluonic distribution amplitudes is neglecte
The dependence may be extracted from the study in@15#. By
taking as(mc)'0.3 andas(mb)'0.18 we obtainRh8'3.9
31024. With the experimental value of Br(J/c→g1h8)
we obtain the branching ratio

Br~Y→g1h8!'1.731026. ~11!

This value is much smaller than the values obtained w
other approaches and it is in consistency with the upper lim
Similarly we also obtain

Br~Y→g1h!'3.331027. ~12!

It should be emphasized that our results obtained in
above equations are not based on any model; correction
these results can be systematically added in the framewor
QCD. The possibly largest uncertainties in our results
from relativistic corrections forJ/c decays and, from the
uncertainty of the value of the charm quark mass, each
them can be at the level of 50%. ForY the relativistic cor-
rection is expected to be small, because theb quark insideY
moves with a small velocity,v2'0.1, while for charmonia
the c quark inside a charmonium moves with a veloci
which is estimated to bev2'0.3 or larger. This large value
of v2 may lead to a large relativistic correction. Taking the
into account, our prediction in Eqs.~11! and ~12! can be
close to the experimental bound in Eq.~1!. However, these
largest uncertainties may be reduced by using had
masses, i.e., using 2mc5MJ/c . This possibility is based on
the result for relativistic correction in@16# and on the obser-
vation that the violation of the famous 14% rule may
reduced in this way. If one analyzes the correction at
next-to-leading order ofv for decays of 122 quarkonia, one
obtains that the correction is proportional to a NRQCD m
trix element defined in@13#. This matrix element represent
the relativistic correction. In@16# it is shown that this matrix
element is proportional to the binding energy, i.e., toMJ/c
22mc for J/c and toMc822mc for c8, respectively. If we
use 2mc5MJ/c for J/c decays and 2mc5Mc8 for c8 de-
6-3
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BRIEF REPORTS PHYSICAL REVIEW D 65 097506
cays, respectively, the relativistic correction disappears
mally, but it is actually included by using hadron mass
However, it should be noted that this should be regarded
phenomenological estimation; a detailed analysis and an
cise determination of quark masses is needed to study
correction in a consistent way.

The famous 14% rule is derived simply by taking leadi
order results for decays. In our case we have

Br~c8→gh8!

Br~J/c→gh8!
5

Br~c8→e1e2!

Br~J/c→e1e2!
50.14760.023, ~13!

where the number is estimated with experimental results
leptonic decay widths. This result is theoretically expec
not only for radiative decays into any light hadron, but a
for hadronic decays; this is the so-called 14% rule. Howe
this rule is significantly violated; one of the violations is th
well known rp puzzle. A possible explanation and usef
references can be found in@17#. The experimental resul
made by BES@18# indicates that the rule is also violated
our case: Br(c8→gh8)/Br(J/c→gh8)50.03660.009.
This value is only fourth of the expected. It should be no
that corrections from higher orders ofas are canceled in the
ratios in Eq.~12!; the theoretical uncertainties come fro
effects of higher orders inv in Eq. ~6! and higher twists. In
the case of 122 quarkonia, the correction from the next-to
leading order ofv is the relativistic correction, whose effec
is expected to be significant for charmonia. As discus
before, this correction may be estimated by replacingmc
with the half of the mass of quarkonium, i.e., we use 2mc
5MJ/c for the J/c decays and 2mc5Mc8 for c8 decays.
With this replacement and with our result in Eq.~10!, the
ratio in Eq. ~13! is modified as Br(c8→gh8)/Br(J/c
→gh8)5(MJ/c

6 / Mc8
6 ) „Br(c8→e1e2) / Br(J / c→e1e2)…

50.051260.0080. This result shows that the relativistic co
rection is indeed significant. With the replacement the p
,

re
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dicted ratio is much closer to the experimental result th
that of the 14% rule and the two largest uncertainties
reduced in the prediction. However, this is a naive estim
tion; a detailed study is needed and is in progress@19#. With
this case we can expect that the two largest uncertainties
also reduced in our predictions in Eqs.~11! and~12! because
we have used 2mb5MY and 2mc5MJ/c .

It is also interesting to look at decays intorp. In this
decay one of the final hadrons is produced at the leve
twist-2 and another is at the level of twist-3@20#. With this
fact and with the replacement the rule is modified
Qrp5Br(c8→ rp) / Br(J/c→rp) 5 (MJ / c

8 / Mc8
8 ) „Br(c8

→e1e2)/Br(J/c→e1e2)…50.03660.006. With the modi-
fication the rule is changed significantly. The above res
also holds for decays intoK* K. Although the ratio is re-
duced, it is still in conflict with experimental results. In@21#
it is found thatQrp,0.006 andQK* 1K2,0.64. Recent data
from BES givesQrp,0.0022 andQK* 0K̄050.01960.007
@22#. However, the predictions are closer to experiment th
those in Eq.~13!. One should also keep in mind that the
decays are more complicated than radiative decays discu
before, because the final state consists of two light hadro

To summarize, we have presented a QCD-factorizat
approach for radiative decays of 122 quarkonium into
h(h8); the result is consistent with the experimental res
made by CLEO. On the other hand, most of the theoret
results are not compatible with the upper limit. A possib
explanation for the violation of the 14% in our case is give
With this explanation we show that the effect of relativis
corrections and that due to uncertainty of the quark mass
be reduced by using quarkonium masses and uncertainti
our predictions may be not as large as those usually
pected.
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