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Gauge invariance and form factors for the decayB\g l¿lÀ
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We analyze the form factors for theB→g l 1l 2 weak transition. We show that making use of the gauge
invariance of theB→g l 1l 2 amplitude, the structure of the form factors in the resonance region, and their
relations at large values of the photon energy results in efficient constraints on the behavior of the form factors.
Based on these constraints, we propose a simple parametrization of the form factors and apply it to the lepton
forward-backward~FB! asymmetry in theB→g l 1l 2 decay. We find that the behavior of the FB asymmetry as
a function of the photon energy, as well as the location of its zero, depend only weakly on theB→g form
factors, and thus constitutes a powerful tool for testing the standard model.
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I. INTRODUCTION

Recently, the decayB→g l 1l 2 has been the subject of
number of investigations@1–5#, where it has been pointe
out that this process may serve as an important probe o
standard model~SM! and possible extensions. Howeve
knowledge of the long-distance QCD effects, which are
herently nonperturbative, is important to extract quantitat
information on the underlying short-distance interactions

From the analyses of the decayB→K* l 1l 2 it is known
@6,7# that the uncertainties due to the hadronic form fact
are considerably reduced if one considers asymmetries
as the forward-backward~FB! asymmetry of the lepton. This
empirical observation later received an explanation wit
the large energy effective theory~LEET! @8#. According to
LEET, all the heavy-to-light meson transition form facto
are given at leading order in 1/MB and 1/E (E is the energy
of the light meson! in terms of a few universal form factors
and thanks to that the form factor effects largely drop
from the asymmetries.

As for the radiative dilepton decayB→g l 1l 2, one ex-
pects the same to be true. However, a surprisingly str
dependence of the FB asymmetry on the specific form fa
model can be found in the existing literature@1–3#, which
needs better understanding.

In this paper, we analyze the form factors for theB→g
transition induced by vector, axial-vector, tensor, a
pseudotensor currents.

We show that important relations between form factors
different currents arise as a consequence of the gauge in
ance of theB→g amplitude. We derive an exact relatio
between the form factors of tensor and pseudotensor curr
at q250, whereq2 is the dilepton invariant mass in th
decayB→g l 1l 2. We note that the form factors from a re
cent sum-rule calculation of Ref.@4# are inconsistent with
this exact relation.
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0556-2821/2003/67~3!/034002~8!/$20.00 67 0340
he

-
e

s
ch

n

t

g
or

d

f
ri-

nts

We investigate the behavior of the various form factors
large q2 and find interesting relations corresponding to t
resonance contributions to the form factors. We argue
these contributions signal substantial corrections to the Is
Wise relations valid to 1/mb accuracy at largeq2 @9#.

Combined with the relations among the form factors fro
LEET, the results obtained provide strong restrictions on
B→g form factors. We propose a simple model for the for
factors which is valid over the full range of the photon e
ergy, and which satisfies all known constraints. An import
remark is in order here: It has been shown recently tha
proper account of collinear and soft gluons leads to a diff
ent effective theory—the so-called soft-collinear effecti
theory ~SCET! @10# which supersedes the LEET. Importa
for our discussion is that interactions with collinear gluo
preserve therelations for the soft part of the heavy-to-ligh
form factors from LEET@11# @the differences appear in th
O(as) part#. Our analysis is therefore fully compatible wit
SCET.

As an application of our form factor model, we examin
the FB asymmetry in the decayBs→gm1m2. We find that
this asymmetry, and particularly its zero arising in the S
can be predicted with small theoretical uncertainties.

II. FORM FACTORS FOR THE B\g TRANSITION

We are concerned with the amplitudes of theB→g tran-
sition resulting from various quark currents. In our analys
we adopt the following conventions:

g55 ig0g1g2g3, smn5
i

2
@gm ,gn#, e0123521, ~1!

and accordingly

smng552
i

2
emnabsab. ~2!

A. Transition to a virtual photon

We start with the amplitude describing the transition
theBq(q5s,d) meson with momentump to a virtual photon
©2003 The American Physical Society02-1
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with momentumk. In this case, the form factors depend
two variables: that is, the photon virtualityk2 and the square
of the momentum transfer (p2k)2. As we shall see, gaug
invariance and the absence of singularities in the amplit
lead to several relations among the form factors atk250,
thereby reducing the number of independent form factors
the transition to areal photon.

~i! For theBq→g* transition induced by theaxial-vector
current, the gauge-invariant amplitude~with respect to the
photon! contains three form factors and can be written in
form1

^g* ~k!uq̄gmg5buB̄q~p!&

5 ie«* a~k!H S gma2
kakm

k2 D f 1pmS pa2
k•p

k2
kaD a1

1kmS pa2
k•p

k2
kaD a2J , ~3!

where we have explicitly written the gauge-invariant Loren
structures. In the above,«a denotes the polarization vector o
the photon,e5A4pa, and the form factors are defined a
cording to Ref.@12#. Since the amplitude is a regular fun
tion atk250, the requirement of gauge invariance results
the following constraints on the form factors atk250:

f 1~k•p!a250, a150. ~4!

~ii ! For the transition induced by thevector current, the
amplitude is parametrized in terms of a single form factorg;
namely,

^g* ~k!uq̄gmbuB̄q~p!&52eg«* a~k!emarsprks. ~5!

~iii ! For theBq→g* transition induced by thepseudoten-
sor current, the amplitude can be written in terms of thre
form factors:

^g* ~k!uq̄smng5buB̄q~p!&

5e«* a~k!H F S gan2
kakn

k2 D pm2S gam2
kakm

k2 D pnGg1

1~gankm2gamkn!g21S pa2
k•p

k2
kaD

3~kmpn2pnkm!g0J . ~6!

At k250, gauge invariance leads to the condition

1Notice that for theB-meson transition to a virtual photon th
amplitude of the axial-vector current contains a contact term, wh
is proportional to the charge of theB meson. The contact term i
thus present for thecharged B-meson transition, but is absent in th
case of aneutral Bmeson. For a detailed discussion of form facto
and contact terms in this amplitude, see Ref.@12#.
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g12~k•p!g050. ~7!

~iv! The amplitude for the transition induced by thetensor
currentcan be obtained from Eq.~6! by applying the identity
in Eq. ~2!, and is given by

^g* ~k!uq̄smnbuB̄q~p!&

5 ie«* a~k!H S emnarpr2
ka

k2
emnsrksprD g1

1emnasksg21S pa2
k•p

k2
kaD emnrsprksg0J . ~8!

B. Transition to a real photon

For the transition to a real photon, the matrix element
the vector current is given by Eq.~5! while the amplitude for
the axial-vector current, employing the relation in Eq.~4!,
reads

^g~k!uq̄gmg5buB̄q~p!&52 ie«* a~k!@gma~p•k!

2pakm#a2~k250!. ~9!

As for tensor and pseudotensor currents, their matrix e
ments have the form

^g~k!uq̄smng5buB̄q~p!&

5e«* a~k!$~gankm2gamkn!g21~@gan~p•k!2pakn#pm

2@gam~p•k!2pakm#pn!g0%,

^g~k!uq̄smnbuB̄q~p!&

5 ie«* a~k!$emnasksg21@paemnrsprks

2~p•k!emnrapr#g0%. ~10!

It should be noted that in the case of a real photon the gau
invariant amplitudes of the pseudotensor and tensor curr
contain two Lorentz structures and not only one as state
Ref. @13#. Multiplying Eq. ~10! by (p2k)n, we arrive at the
following set of amplitudes that describe theB→g transi-
tion:

^g~k!uq̄gmg5buB̄q~p!&

5 ie«* a~k!@gma~p•k!2pakm#
FA

MBq

,

^g~k!uq̄gmbuB̄q~p!&

5e«* a~k!emarsprks
FV

MBq

,

^g~k!uq̄smng5buB̄q~p!&~p2k!n

5e«* a~k!@gma~p•k!2pakm#FTA ,

h

2-2
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^g~k!uq̄smnbuB̄q~p!&~p2k!n

5 ie«* a~k!emarsprksFTV , ~11!

where the dimensionless form factorsFi are given in terms
of the form factorsg,a2 ,g0 ,g2 at k250:

FV52MBq
g, FA52MBq

a2 , ~12!

FTV52g22@p22~p•k!#g0 , FTA52g22~p•k!g0 .

~13!

For a real photon in the final state, the form factors d
pend on the square of the momentum transfer,q2[(p
2k)2. Equivalently, one may consider the form factors
functions of the photon energy in theB-meson rest frame,

E5
MB

2 S 12
q2

MB
2 D . ~14!

For massless leptons, the kinematically accessible range

0<q2<MB
2 , 0<E<Emax5MB/2. ~15!

Then, rewriting Eq.~13! in the form

FTV5FTA2MB~MB22E!g0 , ~16!

we derive the followingexactrelation:

FTA~Emax!5FTV~Emax!. ~17!

We stress that the equality of the form factorsFTA andFTV is
valid only atE5Emax.

C. LEET and form factors at large E

Interesting relations between the form factors emerge
the limit where the initial hadron is heavy and the final ph
ton has a large energy@8#. In this case, the form factors ma
be expanded in inverse powers ofLQCD/MB and LQCD/E.
As a result, to leading-order accuracy, one finds

FV.FA.FTA.FTV.z'
g ~E,MB!, ~18!

where z'
g (E,MB) is the universal form factor for theBq

→g transition~cf. Ref. @8#!.2 We emphasize that this relatio
is violated by terms of order O(LQCD/MB) and
O(LQCD/E), as well as by radiative corrections ofO(as)
@14#.

2For a massive particle in the final state one has two unive
form factorsz'(E,MB) andz uu(E,MB). The latter does not contrib
ute in the case of a massless final vector particle. We also
the relationz

'

Bu→g(E,MB)5Qu /Qdz
'

Bd→g(E,MB), where Qu /Qd

522.
03400
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For large values ofE, the energy dependence of the un
versalB→g form factor can be obtained from perturbativ
QCD, the result being@13#

z'
g ~E,MB!} f BMB /E. ~19!

D. Heavy quark symmetry and form factors at large q2

As found by Isgur and Wise@9#, in the region of large
q2.MB

2 the form factors satisfy the relations

g2.22MBg, g0.
1

2MB
~2g1a2!, ~20!

which are valid at leading order inLQCD/mb .3 Combining
these expressions with Eqs.~12! and ~13!, we derive the
following result for the tensor-type form factors in the regio
of small E:

FTV.FV2
MB2E

2MB
~FV2FA!,

FTA.FV2
E

2MB
~FV2FA!. ~21!

It is obvious that these relations are compatible with those
Eq. ~18!, which emerge in the region whereE is large, and
hence are valid to leading order inLQCD/mb in the full range
of E. Yet the leading-orderLQCD/mb relations in Eq.~21!
may not be sufficient to understand the behavior of the fo
factorsFV,A andFTA,TV in the region whereq2.MB

2 .
To explain this point, it is useful to express the form fa

tors Fi in terms of the Wirbel-Stech-Bauer~WSB! form fac-
tors @15#. The advantage of the WSB form factors is th
each one has definite spin and parity, and hence cont
contributions of resonances with the corresponding quan
numbers. Explicitly, we have

FV52VB→g, FA5
MB

E
A1

B→g ,

FTV52T1
B→g , FTA5

MB

E
T2

B→g . ~22!

Notice that the relationFTV5FTA at q250 ~or E5MB/2) is
just the well-known relationT1(0)5T2(0). Then, making
use of the constraints in Eqs.~4! and ~7!, which are due to
electromagnetic gauge invariance, we obtain exact relat
between the WSB form factors that are relevant for the tr
sition into a real photon; namely,

al

te

3It should be noted that at largeq2 there are in general thre
independent relations between theB→V form factors. The third
relation, however, is automatically satisfied in the case of a pho
in the final state, due to the gauge-invariance constraints in Eqs~4!
and ~7!.
2-3
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T2
B→g5

2E

MB
T3

B→g , A1
B→g5

2E

MB
A2

B→g . ~23!

By virtue of these relations, we may rewrite Eq.~22! in the
form

FA52A2
B→g , FTA52T3

B→g , ~24!

which exhibits the absence of a singular behavior ofFA and
FTA .

We now examine the analytic structure of the form fact
nearq25MB

2 , starting withV andT1, which have a pole a
q25MB*

2 . This pole is located very close to the upp
boundary of the physical region,q25MB

2 , sinceMB* 2MB

545 MeV;O(LQCD
2 /mb). Moreover, as shown in Refs

@12,16#, the residues of the form factorsV andT1 in the pole
at q25MB*

2 are equal in the heavy quark limitmb→`. As a
consequence,FV andFTV should be approximately equal an
rise steeply asq2→MB

2 .
As for the form factorsFA andFTA , they are expected to

have qualitatively different behavior nearq25MB
2 . Indeed,

the masses of the resonances that correspond toA2 and T3
@Eq. ~24!#, denoted byB** , are expected to be several hu
dred MeV higher thanMB , sinceMB** 2MB;O(LQCD).
Thus, singularities of the form factorsFA andFTA are much
farther from the physical region, compared to the form fa
tors FV and FTV . Consequently,FA and FTA are relatively
flat asq2→MB

2 .
It is now clear why the leading-orderLQCD/mb relations

~21! are not useful for understanding the behavior of
form factors nearq25MB

2 . As a matter of fact, at leading

order inLQCD/mb all thebq̄ resonances with different spin
have the same masses, so that all the form factorsFi have
poles atq25MB

2 ~i.e., atE50). This picture is fully consis-
tent with Eq. ~21!, but it is far from reality, since
O(LQCD/mb) corrections to the form factor relations in E
~21! become crucial in the region nearq25MB

2 . We expect,
then, the following relation between the form factors ne
q25MB

2 :

FA.FTA!FV.FTV , ~25!

in agreement with the resonance location.

E. The general picture of theB\g form factors

Combining the above information on the form factors, t
following picture of theB→g form factors emerges.

At E5Emax, the form factorsFTA and FTV are equal,
FTA(Emax)5FTV(Emax).

In the region whereE@LQCD, the form factors obey the
LEET relation, which is valid to O(LQCD/mb),
O(LQCD/E), andO(as) accuracy:

FV.FA.FTA.FTV} f BMB /E. ~26!

At large q2.MB
2 ~i.e., at smallE), the following relation

for the form factors should hold:
03400
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FA.FTA!FV.FTV . ~27!

We expect these relations to work with 10–15 % acc
racy.

Given these features, we now turn to the analysis of
isting predictions for theB→g form factors.

1. Form factors FA and FV

The form factorsFA andFV for theBd→g transition have
been calculated in Ref.@12# within the dispersion approac
of Ref. @17#.4 For large and intermediate values ofE, these
form factors can be well parametrized by a particula
simple formula:

F~E!5b
f BMB

D1E
, ~28!

with f B50.2 GeV, MB55.28 GeV, and bV2bA
5O(1/mb) in accord with LEET. In order to use this formul
for the form factors in the full range ofE, we should take
into account that the form factorsFV and FA have, respec-
tively, poles atq25MB*

2 andq25MB**
2 , so thatDV5MB*

2MB and DA5MB** 2MB . Although the masses of th
positive-parity states with higher spinsB** are not known,
we can use data onD mesons to estimate the mass differen
DA.0.3–0.4 GeV; here we takeDA50.3 GeV. The numeri-
cal parameters are listed in Table I.

The maximal difference between the form factors atE
50 is at the level of 50%. The difference betweenFA and
FV is around 10% forE>0.7 GeV, indicatingLQCD/mb
corrections to the LEET relation between the form factors
the level of 5–10 %.

2. Form factors FTA and FTV

There are several calculations of theB→g form factors
FTA and FTV available in the literature@4,5#. Let us check
whether the results for the form factors satisfy the constra
derived above.

~i! The light-cone sum rule calculation of Ref.@4# predicts
the form factorsFTV@FTA for large values ofE, including
Emax, which points to a very strong violation of the LEE

4The form factorsFA,V for theBu→g transition have been calcu
lated in Refs.@18,19# using light-cone sum rules. These resu
agree with the results from the dispersion approach@12#. It should
be noted that the form factorsFA,V for the Bu→g transition have
the opposite sign and are approximately twice as big as the co
sponding form factorsFA,V for the Bd→g transition; see the dis-
cussion in Ref.@12#.

TABLE I. Parameters of theBd→g form factors, as defined in
Eq. ~28!.

Parameter FV FTV FA FTA

b (GeV21) 0.28 0.30 0.26 0.33
D (GeV) 0.04 0.04 0.30 0.30
2-4
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relations. More importantly, theexact relation in Eq.~17!
between the form factors atEmax is also drastically violated
Thus, we conclude that the calculation of form factors p
formed in Ref.@4# cannot be trusted.

~ii ! The quark model calculation of Ref.@5# satisfies the
exact constraint in Eq.~17!, with values of the form factors
FTA5FTV50.115 atq250 ~or, equivalently,Emax5MB/2)
@20#. Taking into account the LEET relation~18!, this value
is in agreement with our results for the form factorsFA
50.09 andFV50.105 atq250. On the other hand, there a
several features of the predicted form factors that do
seem realistic. First, as can be seen from Fig. 1 of Ref.@5#,
the form factorsFTA andFTV differ considerably, withFTA
@FTV for the values ofE.0.5–1 GeV. This signals a ver
strong violation of the LEET condition, with corrections o
the order of several hundred percent. Let us recall that
form factors may indeed be very different in the regionq2

.MB
2 , since FTV contains a pole atq25MB*

2 while FTA

does not. But then one would expect the relationFTV
@FTA , opposite to the one obtained in Ref.@5#. Second, the
form factorsFTA and FTV of Ref. @5# vanish atq25MB

2 .
Taking into account that the form factorFTV contains a pole
at q25MB*

2 , it seems very unlikely that the form factorFTV

vanishes atq25MB
2 . Therefore, the predictions of Ref.@5#

for values ofq2>10 GeV2 cannot be considered very rel
able.

To sum up: There are no fully convincing results for t
form factorsFTA andFTV ; thus, for the analysis of the FB
asymmetry, we prefer to rely upon a simple model for t
B→g transition form factors which satisfies explicitly all th
constraints discussed above.

F. Model for the B\g form factors

We assume the ansatz in Eq.~28! to be valid for allBd,s
→g form factors with their own constants. Together with t
condition in Eq. ~16!, this leads to the following relation
between the parameters ofFTA andFTV :

bTV

DTV1MB/2
5

bTA

DTA1MB/2
, ~29!

such thatbTV2bTA5O(1/mb). Furthermore, according to
our arguments mentioned above, we set

DTV5DV , DTA5DA . ~30!

The remaining parameter to be fixed is the constantbTV , for
which we write

bTV5~11d!bV , ~31!

and choosed50.1 according to the result of Ref.@5#. This
completes our simple model for the form factors which a
consistent with the exact relations atEmax, LEET at largeE,
and heavy quark symmetry at smallE. Table I contains the
various numerical parameters for theBd→g form factors,
03400
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and Fig. 1 shows the form factors in our model as a funct
of the scaled photon energy,x[2E/MB .

For the Bs→g transition, we do not know the precis
values of the form factors, but we shall assume that
LEET-violating effects in theBs→g form factors have the
same structure as those in theBd→g transition. With this
assumption, the form factors as given in Table I are suffici
for the analysis of the FB asymmetry in theBs→g l 1l 2 de-
cay presented in the next section.

III. FORWARD-BACKWARD ASYMMETRY
IN B\g l¿lÀ

We now assess the implications of our form factor mo

for the FB asymmetry ofm2 in the decayB̄s→gm1m2.
Referring to Refs.@1,4,5,19#, the radiative dilepton decay
receives various contributions. The main contribution in t
case of light leptons comes from the so-called structu
dependent~SD! part, where the photon is emitted from th
external quark line. Contributions coming from photons
tached to charged internal lines are suppressed bymb

2/MW
2

@19#. The bremsstrahlung contribution due to emission of
photon from the external leptons is suppressed by the m
of the light leptonsl 5e,m and affects the photon energ
spectrum only in the lowE region @1,5#.

Neglecting the bremsstrahlung contributions, the deca
then governed by the effective Hamiltonian describing
b→sl1l 2 decay, together with the form factors parametr
ing the B→g transition, as discussed in the preceding s
tion. Using the effective Hamiltonian forb→sl1l 2 in the
SM @21#, the matrix element is (ms50)

FIG. 1. The predictedx dependence of theBd→g form factors
FV ~solid curve!, FA ~dashed curve!, FTA ~dotted curve!, andFTV

~dash-dotted curve! according to our model, as described in the te
(x[2E/MB).
2-5
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MSD5
GFa

A2p
VtbVts* F ~c9

eff l̄ gml 1c10l̄ g
mg5l !

3^g~k!us̄gmPLbuB̄s~p!&

2
2c7

effmb

q2
^g~k!us̄ismnqnPRbuB̄s~p!& l̄ gml G ,

~32!

where q5p2k and PL,R5(17g5)/2. Within the SM, the
Wilson coefficients, including next-to-leading-order corre
tions @21#, have numerical values (mt5166 GeV)

c7
eff520.330, c9

eff5c91Y~q2!,
~33!

c954.182, c10524.234,

where the functionY denotes contributions from the one
loop matrix elements of four-quark operators~see Ref.@21#
for details!, and has absorptive parts forq2.4mc

2 . In addi-

tion to the short-distance contributions, there are alsocc̄
resonant intermediate states such asJ/c,c8, etc., which we
will take into account by utilizinge1e2 annihilation data, as
described in Ref.@22#.

Defining the angleu between the three-momentum ve
tors of m2 and the photon in the dilepton center-of-ma
system, and recalling the scaled energy variablex
[2E/MBs

in the Bs rest frame, we obtain the differentia

decay rate (m̂i[mi /MBs
)

dG~B̄s→gm1m2!

dxdcosu
5

GF
2a3MBs

5

211p4
uVtbVts* u2x3

3S 12
4m̂m

2

12x
D 1/2

@B0~x!1B1~x!cosu

1B2~x!cos2u#. ~34!

Here, we have summed over the spins of the particles in
final state, and have introduced the auxiliary functions

B05~12x14m̂m
2 !~F11F2!28m̂m

2 uc10u2~FV
21FA

2 !,

B158S 12
4m̂m

2

12x
D 1/2

Re$c10@c9
eff* ~12x!FVFA

1c7
effm̂b~FVFTA1FAFTV!#%,

B25~12x24m̂m
2 !~F11F2!, ~35!

with the form factors defined in Eq.~11!, and
03400
-

e

F15~ uc9
effu21uc10u2!FV

21
4uc7

effu2m̂b
2

~12x!2
FTV

2

1
4 Re~c7

effc9
eff* !m̂b

12x
FVFTV ,

F25~ uc9
effu21uc10u2!FA

21
4uc7

effu2m̂b
2

~12x!2
FTA

2

1
4 Re~c7

effc9
eff* !m̂b

12x
FAFTA . ~36!

Recall that the Wilson coefficientc9
eff @Eq. ~33!# depends onx

via q25MBs

2 (12x).

The term odd in cosu in Eq. ~34! produces a FB asym
metry, defined as5

AFB~x!5

E
0

1

d cosu
dG

dxdcosu
2E

21

0

d cosu
dG

dxdcosu

E
0

1

d cosu
dG

dxdcosu
1E

21

0

d cosu
dG

dxdcosu

,

~37!

5Note that the FB asymmetry is equivalent to the asymmetry
the l 1 and l 2 energy spectra discussed in Ref.@1#. Our results in
Eqs.~34! and ~38! agree with those given in that paper.

FIG. 2. SM prediction for the FB asymmetry ofm2 in the decay

B̄s→gm1m2 as a function ofx[2E/MBs
, using the form factors

given in Eq.~28! ~solid curve! and including the effects ofcc̄ reso-
nances. For comparison, we also show the distribution obtaine
utilizing the leading-order LEET form factor relation in Eq.~18!
~dashed curve!.
2-6
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which is given by

AFB~x!53S 12
4m̂m

2

12x
D 1/2

3
Re$c10@c9

eff* ~12x!FVFA1c7
effm̂b~FVFTA1FAFTV!#%

@~F11F2!~12x12m̂m
2 !26m̂m

2 uc10u2~FV
21FA

2 !#
.

~38!

Note that there are also nonfactorizable radiative correct
to the asymmetry which are not contained in the transit
form factors.6

We plot in Fig. 2 the FB asymmetry as a function of t
scaled photon energyx, by using our model for the form
factors, Eq.~28!, and the universal form factors, Eq.~18!. In
the latter case, omitting the nonfactorizable corrections
dependence on the form factors drops out completely, an
the asymmetry is fully determined by the Wilson coef
cients.

From Fig. 2 one infers an interesting feature ofAFB(x) in
the SM: namely, for a given photon energyx5x0, and far
from thecc̄ resonances, the FB asymmetry vanishes. As
be seen from Fig. 2, the 1/MB and 1/E corrections to the
form factors, which are taken into account by our form fac
model, Eq.~28!, shift the location of the zero by only a few
percent, and do not change the qualitative picture of
asymmetry forx*0.4. Using the numerical values of th
standard model Wilson coefficients given in Eq.~33!, to-
gether withmb54.4 GeV, we obtainx0.0.85–0.88 depend
ing on the form factors used. Notice again that the locat
of zero is further affected by nonfactorizable radiative c
rections@14#.

We would like to emphasize that the absence of the z
in the SM forward-backward asymmetry in the regionx
>0.7 reported in@3# is due to using the form factors of Re
@4#, inconsistent with the rigorous constraints discussed
the present paper. In view of this, the various distributio
and asymmetries calculated in Refs.@2,3# with the form fac-
tors of Ref.@4# should be revised.

IV. CONCLUSIONS

We have analyzed the form factors that describe theB
→g transition, and investigated their implications for the F
asymmetry of the muon in the decayB̄s→gm1m2, within
the SM. Our results are as follows.

1. We have derived an exact relation for the form fact
FTA andFTV of the B→g transition induced by tensor an
pseudotensor currents at maximum photon energy:

FTA~Emax!5FTV~Emax!. ~39!

2. We have investigated the resonance structure of
form factors atq2.MB

2 and found that singularities ofFT

6In the case of theB→K* l 1l 2 decay these corrections were an
lyzed in @14#.
03400
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andFTV are located much closer to the edge of the phys
region~i.e., q25MB

2) than those of the form factorsFTA and
FA . Hence we expectFT and FTV to rise rapidly asq2

→MB
2 but FA and FTA to remain relatively flat, so that a

q2.MB
2 we have the relation

FA.FTA!FV.FTV . ~40!

This behavior indicates a strong violation of the Isgur-W
relations between the form factors at largeq2.

3. We have found a serious discrepancy between the j
mentioned constraints and existing calculations of the fo
factors FTA and FTV from QCD sum rules@4# and quark
models@5#. ~i! The form factors of Ref.@4# violate both the
exact constraint~39! and the relations expected from th
large energy effective theory~18!. ~ii ! The form factors of
Ref. @5# signal a very strong violation of the LEET relatio
@Eq. ~18!#. Moreover, the vanishing of the form factorsFTA

andFTV at q25MB
2 in @5# contradicts the resonance structu

of these form factors.
4. We would like to stress that there is an important re

tion between the universal form factors describing theBu
→g andBd→g transitions:

z
'

Bu→g
~E,MB!5Qu /Qdz

'

Bd→g
~E,MB!, ~41!

where Qu,d represent the charge ofu and d quarks. As a
consequence of this relation, the form factorsFA,V,TA,TV of
theBu→g transition have opposite sign, and their moduli a
approximately twice as big as the corresponding form fact
of the Bd→g transition.

Furthermore, it is worth emphasizing that this relation h
not been properly taken into account in Ref.@4# when using
theBu→g form factors of Ref.@19# for the description of the
Bd,s→g l 1l 2 decay.

5. By using the exact relation between the form facto
FTA and FTV at Emax, the resonance structure of the for
factors in the regionq2.MB

2 , and the LEET relationsFA

.FV.FTA.FTV valid for E@LQCD, we proposed a simple
parametrization for the form factors:

Fi~E!5b i

MBf B

D i1E
, i 5A,V,TA,TV. ~42!

The numerical parameters~Table I! have been fixed by uti-
lizing reliable data on the form factors at large and interm
diate values of the photon energy.

6. We have applied our form factor model to the F
asymmetry of the muon inB̄s→gm1m2 decay. Comparing
the distribution ofAFB based on these form factors with th
one obtained by using the leading-order LEET form fact
shows that the behavior of the FB asymmetry remains es
tially unchanged in the regionx52E/MBs

*0.4.
Our analysis confirms the result of Ref.@1# that the shape

of the FB asymmetry as well as the location of its zero
typical for the SM. We point out that the asymmetries a
distributions reported in a number of recent publicatio
2-7
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@2,3# should be revised as they are based on the form fac
of Ref. @4# which are inconsistent with the rigorous co
straints on the form factors.

According to the above results we conclude that the
asymmetry in theB→g l 1l 2 decay, particularly its zero aris
ing in the SM, can be predicted with small theoretical unc
tainties. This is similar to the decayB→K* l 1l 2, where a
full next-to-leading-order calculation~second reference in
@14#! shows that a measurement of the zero of the FB as
metry would allow a determination ofc7

eff/Re(c9
eff) at the

10% level.~This order of magnitude should also hold in th
case of theB→g l 1l 2 decay.!
.

n

ev

03400
rs

B

-

-

To sum up, the study of the decayBs→m1m2g at future
hadron collider experiments will provide complementary
formation on the structure of the underlying effective Ham
tonian describingb→sl1l 2 transitions.
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