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Exclusive Bs\fµ¿µÀ process in a constituent quark model
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We consider the exclusiveBs→fm1m2 process in the standard model using a constituent quark loop model
approach together with a simple parametrization of the quark dynamics. The model allows us to compute the
decay form factors and therefore can give predictions for the decay rates, the invariant mass spectra, and the
asymmetries. This process is suppressed in the standard model but can be enhanced if new physics beyond the
standard model is present, such as flavor-violating supersymmetric models. Therefore, it constitutes an inter-
esting precision test of the standard model for forthcoming experiments.
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I. INTRODUCTION

We discuss theBs→fm1m2 exclusive process using
constituent quark-meson model~CQM! @1# based on quark-
meson interactions. Quark-meson interaction vertices ca
obtained by partial bosonization of a Nambu–Jona-Lasin
type four-quark interaction vertices for heavy and lig
quarks@2#. In this model the transition amplitudes are eva
ated by computing diagrams in which heavy and light m
sons are attached to quark loops. Moreover, the light ch
symmetry restrictions and the heavy quark spin-flavor sy
metry dictated by the heavy quark effective theory~HQET!
are both implemented.

Flavor changing neutral current~FCNC! processes, such
asBs→fm1m2, where theb quark is transformed into ans
quark by a neutral current, are absent in the standard m
~SM! at the tree level. This makes the effective strengths
such processes small. In addition, these transitions are
pendent on the weak mixing angles of the Cabibb
Kobayashi-Maskawa~CKM! matrix and can be also sup
pressed due to their proportionality to small CKM elemen
If the quark masses in the FCNC loop diagrams are clos
each other, the Glashow-Iliopoulos-Maiani mechanism is
fective and this implies that FCNC charm decay transitio
are very suppressed. On the other hand, FCNCb flavored
decays should be observable at the CERN Large Had
Collider. These decays, known as rareB decays, are ex-
tremely interesting for the study of new physics. Indeed, a
observed enhancement of their branching ratio could be
trace of some no-SM mechanism. In addition to the sens
ity of rare B decays to new physics, their study is very im
portant in the context of the SM for a comparative determ
nation of the CKM matrix elementsVtb ,Vtd , and Vts @3#:
these quantities can be measured directly in top quark
cays.

Here we study, in the CQM approach, the exclusive p
cessBs→fm1m2. Our aim is to provide an independe
determination of this process in a different context with
spect to that of QCD sum rules, where it has been stud
first @4#. Exclusive semileptonic decays are in general m
complicated than inclusive modes on theoretical grou
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since they require the determination of form factors. On
other hand they are very promising on the experimental s
being accessible to a large number of ongoing and fut
experiments. The method we apply can be used for the
culation of other processes such asBs→K* l 1l 2 or Bu,d

→K* l 1l 2, andBd,s→h l 1l 2 following the same technique
described in this paper.

The CQM model has turned out to be particularly suita
for the study of heavy meson decays. Its Lagrangian
scribes the vertices~heavy meson!-~heavy quark!-~light
quark! @1#, and transition amplitudes are computable v
simple constituent quark loop diagrams in which mesons
pear as external legs. In the case of the process at hand
interfering diagrams contribute to the transition amplitud
see Figs. 1 and 2. They correspond to the two physic
distinct alternatives in which the FCNC effective vertex
either attached directly to the quark loop or via an interm
diate heavy meson state~the matrix elements factorize int
an hadronic and leptonic part!. We will compute the two
contributions to the process and discuss their relative wei

II. EFFECTIVE HAMILTONIAN AND FORM FACTORS

At the quark level, the rare semileptonic decayb
→sl1l 2 can be described in terms of the effective Ham
tonian obtained by integrating out the top quark andW6

bosons:

FIG. 1. Direct diagram withV,A,T currents changingb→s.
The momentum carried by the heavy quark ismQv1 l 1k wherek,
the residual momentumk.LQCD, is due to the interaction of the
heavy quark with the light degrees of freedom.
©2001 The American Physical Society12-1
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Heff524
GF

A2
Vts* Vtb(

i 51

10

Ci~m!Oi~m!. ~1!

We will use the Wilson coefficients calculated in the nai
dimensional regularization scheme@5# ~see Table I!. The nu-
merical values used in the calculations are given in Table
The Hamiltonian Eq.~1! leads to the following free quark
decay amplitude@4#:

M~b→sl1l 2!5
GFa

A2p
Vts* VtbFC9

eff

2
~ s̄gm~12g5!b!~ l̄ gml !

1
C10

2
~ s̄gm~12g5!b!~ l̄ gmg5l !

2
mb

q2
C7

eff~ s̄ismnqn~11g5!b!~ l̄ gml !G ,

~2!

whereCi(m5mb) are the Wilson coefficients which act a
effective coupling constants in the four-Fermi formulation
the interactions. HereC7

eff5C72C5/32C6. Short-distance
Wilson coefficients are redefined in such a way to incor
rate certain long-distance effects from the matrix element
four-quark operatorsOi with 1< i<6. C9

eff , the Wilson co-

efficient ofO95e2/16p2( s̄gmLb)( l̄ gml ), is defined in terms
of these matrix elements in the Appendix. In order to co
pute the^f l 1l 2uM(b→sl1l 2)uBs&, we need the following
form factor parametrization for theV2A terms:

^f~e,p!us̄gm~12g5!buB̄s~pB!&

5
2V~q2!

mB1mf
emnabe* npB

apb2 i em* ~mB1mf!A1~q2!

1 i ~e* •q!
~pB1p!m

mB1mf
A2~q2!1 i ~e* •q!

2mf

q2
qm

3@A3~q2!2A0~q2!#, ~3!

whereq5pB2p and

FIG. 2. Polar diagram from 12 and 11 intermediate states.
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A3~q2!5
mB1mf

2mf
A1~q2!2

mB2mf

2mf
A2~q2!, ~4!

with the condition

A3~0!5A0~0!. ~5!

The form factors needed for the magnetic term in Eq.~2! are
defined by

^f~e,p!us̄smnqn~11g5!buBs̄~pB!&

5 i emnabenpB
apb2T1~q2!1T2~q2!@em~mB

22mf
2 !

2~e•pB!~pB1p!m#1T3~q2!F ~e•pB!qm

2
q2

~mB
22mf

2 !
~pB1p!mG , ~6!

with

T1~0!5T2~0!. ~7!

These seven form factors can be calculated with the aid
constituent-quark-meson model in which the interactionsBs
2f2(V,A,T) current are modeled by effective constitue
quark loop diagrams. Thef is considered to have a photon
like interaction with the lights degrees of freedom describe
by

TABLE II. Values of the parameters used in the numerical c
culations.

mW 80.41 GeV
mZ 91.1867 GeV
sin2uW 0.2233
m ~IR cutoff! 0.51 GeV
L ~UV cutoff! 1.25 GeV
DH 0.6 GeV
ms ~constituent! 0.51 GeV
mf 1.02 GeV
f f 0.2491 GeV2

mc 1.25 GeV
mb 4.8 GeV
mt 173.8 GeV
m ~scale! mb

1/aem 129
as(mZ) 0.119
uVts* Vtbu 0.04022
uVts* Vtbu/uVcbu 1
TABLE I. Wilson coefficients used in the numerical calculations.C7
eff[C72C5/32C6.

C1 C2 C3 C4 C5 C6 C7
eff C9 C10

20.248 11.107 10.011 20.026 10.007 20.031 20.313 14.344 24.669
2-2
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EXCLUSIVE Bs→fm1m2 PROCESS IN A CONSTITUENT QUARK MODEL PHYSICAL REVIEW D 64 074012
L5 igfsss̄gmsfm, ~8!

wheregfss5gf/3, the factor of 3 coming from the charge o
the s quark. gf is extracted from the measured electron
width of the f via G(f→e1e2)5(4pa2)/3(1/gf

2 )mf .
This way of modeling the interaction derives from the vec
meson dominance~VMD !. Vector meson dominance can b
obtained from the effective four-quark theory of the Namb
Jona-Lasinio type for light quarks once electro-weak inter
tions are added. One can show@6# that the coupling of the
electromagnetic fieldAm with quarks is turned into a direc
coupling of photons and neutral vector mesons in the ef
tive theory, and this reproduces the VMD term. Equation~8!
nd

y
m
ar

n
r
e

e
ith

i
a

sis
e
W
nd

rm

07401
r

-
-

c-

can therefore be interpreted as a quark-quark–light-me
vertex of this kind.

As stated above, there are two kinds of contributions
the form factors depicted, respectively, in Figs. 1 and 2.
the first one the current is directly attached to the loop
quarks. In the second, there is an intermediate state betw
the current and theBsf system. This intermediate state is
12 or 11 heavy meson with ans valence quark. The Feyn
man rules for computing these diagrams have been discu
in @1# and the extension of the model to the strange qu
sector has been developed in@7#. Consider for example the
direct diagram in Fig. 1. The model allows us to extract t
direct contributions to the form factorsVD,A1

D , . . . ,T1
D , . . .

through the calculation of the loop integral
AZHmB

iNc

16p4E reg

d4l

TrF ~g• l 1m!~gfssg•e!~g•~ l 1p!1m!~V,A,T!
11g•v

2
g5G

~ l 22m2!~~ l 1p!22m2!~v• l 1DH!
, ~9!
whereV,A,T denote, respectively, vector, axial-vector, a
tensor (T5smn(11g5)) currents,l is the momentum run-
ning in the loop,p5mfv8 is the momentum of thef, m the
constituent quark mass of the strange quark~we havem
5510 MeV), v is the four velocity of the incoming heav
(02) meson; the heavy quark propagator and the heavy
son field expressions from heavy quark effective theory
taken into account. The constantDH is defined as themB

2mb difference~between the mass of the heavy meson a
the constituent heavy quark mass! and represents, togethe
with the cutoffs, the basic input parameter of the mod
Following @7#, here we assumeDH50.6 GeV. ZH is the
coupling constant of the heavy meson fieldH @using the
notations of HQET whereH represents the (02,12) heavy
meson multiplet# with the quark propagators. Integrals lik
Eq. ~9! are obviously divergent. We define the model w
the proper time regularization procedure which consists
exponentiating the light quark propagators in the Euclide
space, and introducing ultraviolet (L) and infrared (m) cut-
offs in the proper time variable. In our numerical analy
L51.25 GeV andm50.51 GeV. The results are quit
stable against 10–15% variations of the cutoff values.
again refer to@1,7# for a discussion on the determination a
the physical meaning of these parameters.

A. Direct form factors

The CQM expressions for the contributions to the fo
factors, derived by thedirect diagram calculations withV
andA currents~see Fig. 1!, are the following:

VD~q2!52gfssA ZH

mBs

~V12mZ!~mBs
1mf!, ~10!
e-
e

d

l.

n
n

e

A1
D~q2!52gfssAZHmBs

1

mBs
1mf

@~m21mmfv!Z

2vmfV12mfV222V32V42V522vV6#,

~11!

A2
D~q2!5gfssA ZH

mBs

S mZ2V122
V6

mf
D ~mBs

1mf!

~12!

A0
D~q2!52

gfss

mf
AZHmBsFV1S mfv12m

q2

mBs

2
2

r 1

mBs
D

1mfV212V31V4S 122
q2

mBs

2 D 1V5

12V6S v2
r 1

mBs
mf

D 2ZS m22m
r 1

mBs

1mmfv D G , ~13!

where

v5
mBs

2 1mf
2 2q2

2mBs
mf

, ~14!

and

r 15
mBs

2 2q22mf
2

2
. ~15!
2-3
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The definitions of the functionsZ,V i are the following:

Z5
iNc

16p4E reg d4l

~ l 22m2!~~ l 1p!22m2!~v• l 1D11 i e!
,

~16!

Zm5V1vm1V2v8m, ~17!

Zmn5V3gmn1V4vmvn1V5v8mv8n1V6@vmv8n1v8mvn#,
~18!

whereZm and Zmn mean that in theZ integral we are con-
sideringl m and l ml n numerators.v is the four velocity of the
incoming meson, andv8 the four velocity of thef. In the
computations, v and v8 are related by v•v85(D1
2D2)/mf whereD1 is v•k, k being the residual momentum
of the heavy quark. The explicit expressions for the integr
Z, V i are algebraic combinations of someI i integrals which
are given in the Appendix. They are in general functions
the two parameters:D1 and D2. In the case of the direc
diagrams in Fig. 1,D25D12mfv, wherev has been writ-
ten in Eq.~14!.

B. Polar form factors

The polar contributions to the form factors come from
those CQM diagrams in which the weak current is coupled
Bs through an heavy meson intermediate state; see Fig
The form factor will then have a typical polar behavior:

FP~q2!5
FP~0!

1 2 q2/mP
2

, ~19!

wheremP is the mass of the intermediate virtual heavy m
son state. Pole masses are given in Table III. This behavi
certainly valid near the pole; we will assume that it is va
all over theq2 range that we want to explore, i.e., also f
small q2 values. We find

VP~0!52A2gVlF̂
mBs

1mf

mBs

3/2
, ~20!

A1
P~0!5

A2mBs
gVF̂1

mB
s** ~mBs

1mf!
~z22mvmf!, ~21!

TABLE III. Values of the mass poles for the polar form factor

Form factor Pole mass~GeV!

V 5.416
A1 5.75
A2 5.75
A0 5.75
T1 5.416
T2 5.416
T3 5.416
07401
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P~0!52A2gVmF̂1

AmBs
~mBs

1mf!

mB
s**

2 , ~22!

wherev5mBs
/(2mf), while gV5mf / f p @8#. By Bs** we

mean the 11 state of theSmultiplet (01,11) of HQET. The
mass ofBs** is taken by@9# to be mB

s** 55.76 GeV. At

present there is no experimental information about this st
As for A0

P(q2), we have to impose the condition Eq.~5!; a
choice is

A0
P~q2!5A3

P~0!1gVbF̂
1

mfA2mBs

q2

mBs

2 2q2
. ~23!

F̂ and F̂1 are the lepton decay constant of theH and S
HQET multiplets@8#:

^VACuq̄gmg5QuH&5 iAmHr mF̂ ~24!

^VACuq̄gmQuS&5 iAmSr mF̂1, ~25!

where we user 5v ~the heavy quark velocity! for H
502,S501 and r 5e ~the polarization vector of the heav
meson! for H512,S511. One finds

F̂52AZH~ I 11~DH1m!I 3~DH!!, ~26!

F̂152AZS~ I 11~DS2m!I 3~DS!!. ~27!

The numerical table connectingDH andDS values has been
discussed in@7#. We notice that

f Bs
5

F̂

AmBs

, ~28!

and numerically, we find

f Bs
5180214

117 MeV, ~29!

which is in reasonable agreement with the result from Q
sum rules@4# and from the lattice@10#, according to which
f Bs

.190 MeV. The theoretical error in the determination
f Bs

comes from varying theD15DH parameter in the range
of valuesDH50.5, 0.6, and 0.7 GeV.

The CQM explicit expressions for the strong consta
l,b,m,z, parametrizing the strong couplingsHHf and
HSf according to the interaction Lagrangians discussed
@8# are given by

l5
gfss

A2gV

ZH~2V11mZ!, ~30!

b5A2
gfss

gV
ZH@2mV11mfV212V31V41V52m2Z#.

~31!
2-4
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Here the functionsZ, V j are computed withD15D25DH ,
x5mf , v5mf /(2mBs

) where one takes the first 1/mQ cor-

rection tov50. Moreover,

m5
gfss

A2gV

AZHZSS 2V122
V6

mf
1mZD , ~32!

z5
A2gfss

gV
AZHZS~mfV212V31V41V52m2Z!,

~33!

where D15DH , D25DS , x5mf and v5(D12D2)/mf .
The suffixS indicates the (01,11) multiplet of HQET.

C. Direct tensor form factors

Let us now turn to theTi form factors. The contributions
to Ti coming from the direct diagrams in Fig. 1 are label
by Ti

D . A calculation of the loop integral Eq.~9!, in which
we retain theT current of the electromagnetic penguin o
erator, allows us to extract theTi

D by comparison with
Eq.~6!. We obtain the following results:

T1
D~q2!52gfssAZHmBsFV11

V2mf

mBs

2Zm1
1

mBs

3S 2V31V41V51
2P

mBs
mf

V6D 2
m2Z

mBs
G , ~34!

T2
D~q2!52

2gfss

~mBs

2 2mf
2 !

AZHmBsFKV11
mfV2J

mBs

2KZm

1
J

mBs
S 2V31V41V51

2P

mBs
mf

V6D 2
m2ZJ

mBs
G ,

~35!

T3
D~q2!52gfssAZHmBsFV11

2V6

mBs

2 mf

~J1K2P!

2
mf

mBs

V22Zm1
m2Z

mBs

2
1

mBs

~2V31V41V5!G ,

~36!

where

J5
mBs

2 2mf
2 1q2

2
, ~37!

K5
mBs

2 2mf
2 2q2

2
, ~38!

P5
mBs

2 1mf
2 2q2

2
, ~39!
07401
and the following consistency condition is satisfied:

T1
D~q250!5T2

D~q250!. ~40!

D. Polar tensor form factors

The calculation of polar contributions to theTi form fac-
tors follows the computation in@8#. In the latter reference a
different parametrization of the tensor current matrix elem
is used~and also a different definition ofsmn from the one
adopted in this paper; namely thesmn is defined without an
overall i ):

^f~p,e!us̄smn~11g5!buB̄s~pB!&

5 i @~pBmen2pBnem2 i emnlspB
les!A~q2!

1~pmen2pnem2 i emnlsples!B~q2!1~e•pB!

3~pBmpn2pBnpm2 i emnlspB
lps!H~q2!#. ~41!

The relations between the form factorsA(q2),B(q2), and
H(q2) and our form factorsT1(q2),T2(q2), andT3(q2) are
given by

T1~q2!52
i

2
@A~q2!1B~q2!#, ~42!

T2~q2!52
i

2
@A~q2!1B~q2!#2

i

2
@A~q2!2B~q2!#

3
q2

mBs

2 2mf
2

, ~43!

T3~q2!5
i

2
@A~q2!2B~q2!#1

i

2
H~q2!~mBs

2 2mf
2 !.

~44!

Again, the conditionT1(0)5T2(0) is manifestly satisfied.
Now, the polar contributions from the 12 and 11 intermedi-
ate states have been computed in@8# with the following re-
sults; if the 12 state is taken into account:

A~q2!5
i2A2F̂lgVP

~mP
2 2q2!AmBs

, ~45!

B~q2!5
2 i2A2F̂lgVmBs

3/2

mP
2 2q2

, ~46!

H~q2!5
2 i2A2F̂lgV

~mP
2 2q2!AmBs

. ~47!

If instead we consider the 11 contribution:

A~q2!5
2 iA2mBs

F̂1gV~z22mmf!

~mP
2 2q2!

, ~48!
2-5
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B~q2!50, ~49!

H~q2!5
2 i2A2mBs

F̂1mgV

~mP
2 2q2!mBs

, ~50!

wheremP is the mass of the intermediate polar state. Let
consider the contribution due to the 12 state using the result
for A(q2) andB(q2) obtained in@8#. We find

T1
P~q250!52

F̂lgV

A2mBs

5T2
P~q250!, ~51!

neglecting a term (mBs

2 2mf
2 )/mB

s*
2. The contribution to

these form factors due to the 11 state is subleading, bein
O(1/mB). The form factorT3

P(0) has the same structure~51!
of T1,2

P (0) for the 12 contribution. The subleading contribu
tion from 11 is instead

T3
P~0!5SAmBs

2
~ F̂1gV~z22mmf!!

1

mP
2

1
~mBs

2 2mf
2 !

mP
2 A 2

mBs

~ F̂1gVm!D . ~52!

We do not include the subleading contributions in the n
merical analysis since they turn out to be very small corr
tions, certainly below the theoretical error induced by t
model itself~varying, e.g., the parameterDH in the range 0.5,
0.6, and 0.7 GeV).

E. Numerical results for the form factors

The form factors used in the branching ratio calculat
are obtained adding up polar and direct contributions:

F~q2!5FD~q2!1FP~q2!. ~53!

Theq2 dependence of the form factors is given in Figs. 3 a

FIG. 3. q2 dependence of the semileptonicBs→f form factors
V ~dash-dotted!, A1 ~large dashes!, A2 ~small dashes!, andA0 ~con-
tinuous line!.
07401
s

-
-

e

d

4. The dependence on the model parameterDH is less than
10%. Figure 3 is similar to that obtained for the decayB
→r ln @11# ~note however that Fig. 3 of@11# contains a mis-
print andA1 andA2 are interchanged!. As in theB→r decay
the V form factor results in the model from a large cancel
tion between the direct and polar term. Therefore the re
for the V form factor has a large incertitude.

In order to compare with results from other approach
we consider the following two parametrizations of the for
factors:

F~q2!5
F~0!

12aFS q2

mBs

2 D 1bFS q2

mBs

2 D 2 , ~54!

and

F~q2!5F~0!expF c1

q2

mBs

2
1c2S q2

mBs

2 D 2

1c3S q2

mBs

2 D 3G .

~55!

The coefficientsaF , bF , c1 , c2 and c3 are given in Table
IV. Results can be compared with those obtained from Q
sum rules@4# ~see Table III and Fig. 4 of that paper!. In order
to allow an easier comparison we write theirF(0)SR in Table
IV. As already stated ourV form factor is affected by a large
incertitude. ConcerningA0 , A1, and A2, their value atq2

50 is different in the two models but their shape as a fu
tion of q2 is quite similar. The tensor form factors have
more pronounced polelike behavior in the QCD sum-r
calculation than in the present one.

III. RELATIONS BETWEEN THE FORM FACTORS

Relations between the form factors can be established
ing the equations of motion for the heavy quarks or tak
limits of the general expressions calculated in the preced
sections. They are useful to link different decay proces
and as a cross-check of the calculations.

FIG. 4. q2 dependence of the tensorBs→f form factorsT1

~continuous line!, T2 ~large dashes!, andT3 ~small dashes!.
2-6
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TABLE IV. Values of the parameters of Eqs.~54! and~55! for the B→f form factors in the constituen
quark model using the central valueDH50.6 GeV. VaryingDH by 6100 MeV gives a variation of 10% o
less in the values of the form factors.F(0)SR is the form factor value in zero from the QCD sum rules.

V A1 A2 A0 T1 T2 T3

F(0) 0.20 0.59 0.73 0.29 0.42 0.42 0.36
F(0)SR 0.43 0.30 0.26 0.38 0.35 0.35 0.25
aF 10.65 20.11 10.78 12.70 10.78 10.85 10.62
bF 10.96 10.49 20.52 12.30 10.07 112.9 20.88
c1 10.41 20.19 11.03 13.65 10.75 21.89 10.48
c2 10.73 10.01 20.85 22.15 10.34 18.41 11.43
c3 22.47 20.61 13.47 11.60 0 225.3 11.22
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A. Semileptonic and tensor currents

The equations of motion of the heavy quark implies

11v”
2

b5b, ~56!

and in theb rest frame one has

g0b5b, ~57!

which can be used to relate vector and tensor currents@12#

q̄as0i~11g5!Q52 i q̄ag i~12g5!Q. ~58!

Therefore the form factorsT1 , T2, andT3 of Eq. ~6! can be
related to those describing the weak semileptonic transi
B→f of Eq. ~3! or B→r, usingSU(3) symmetry.

Using Eq.~58!, the form factorsT1 , T2, andT3 are re-
lated to the form factorsV, A1, andA2 as follows:

T1~q2!5
1

2mBs

FmBs

2 2mf
2 1q2

mBs
1mf

V~q2!2~mBs
1mf!A1~q2!G ,

~59!

T2~q2!5
1

2mBs
~mBs

2 2mf
2 !

H V~q2!

mBs
1mf

@mBs

4 22mBs

2

3~mf
2 1q2!1~mf

2 2q2!2#2A1~q2!~mBs
1mf!

3~mBs

2 2mf
2 1q2!J , ~60!

T3~q2!5
1

2mBs
~mBs

1mf! H V~q2!~mBs

2 13mf
2 2q2!

1A1~q2!~mBs
1mf!22

A2~q2!

q2
~mBs

2 2mf
2 !

3~mBs

2 2mf
2 1q2!J . ~61!
07401
n

In a similar way the other equivalent parametrization
terms ofA, B, andH is related to the form factorsV, A1, and
A2:

A~q2!5 i H q22MB
22mK*

2

MB

V~q2!

MB1mK*
2

MB1mK*
MB

A1~q2!J ,

~62!

B~q2!5 i
2MB

MB1mK*
V~q2!, ~63!

H~q2!5
2i

MB
H V~q2!

MB1mK*
1

1

2q2

q21MB
22mK*

2

MB1mK*
A2~q2!J .

~64!

These relations are strictly valid only forq2'qmax
2 .

B. Final hadron large energy limit

We examine a particular large energy limit~LEET! for the
B→f semileptonic form factors; one of a heavy mass for
initial meson and a large energy for the final one. The
pressions of the form factors simplify in the limit and fo
B→Vln, they reduce only to two independent functio
@13#. The four momentum of the heavy meson is written
p5MHv in terms of the mass and the velocity of the hea
meson. The four momentum of the light vector meson
written asp85En, whereE5v•p8 is the energy of the light
meson andn is a four vector defined byv•n51,n250. The
relation betweenq2 andE is

q25MH
2 22MHE1mV

2 . ~65!

The large energy limit is defined as

LQCD,mV!MH ,E, ~66!

keepingv andn fixed andmV is, in our case, the mass of th
f. The relations between the form factors appearing in
LEET limit constitute a powerful theoretical cross-check
the formulas derived in the previous sections. Note tha
our model the polar diagram of Fig. 2 is sub-leading w
respect to the direct diagram of Fig. 1 in the LEET lim
therefore only the direct part of the form factors contribute
2-7
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the expression of the LEET form factors. In agreement w
the results obtained in@14# we find the following result:

A0~q2!5S 12
mV

2

MHED z uu~MH ,E!1
mV

MH
z'~MH ,E!,

~67!

A1~q2!5
2E

MH1mV
z'~MH ,E!, ~68!

A2~q2!5S 11
mV

MH
D Fz'~MH ,E!2

mV

E
z uu~MH ,E!G ,

~69!

V~q2!5S 11
mV

MH
D z'~MH ,E!. ~70!

The explicit expressions forz uu andz' are as follows@14#:

z uu~MH ,E!5
AMHZH mV

2

2E fV
F I 3S mV

2 D2I 3S 2
mV

2 D
14DHmV ZG; AMH

E
, ~71!

z'~MH ,E!5
AMHZHmV

2

2E fV
@ I 3~DH!1mV

2 Z#;
AMH

E
,

~72!

where terms proportional to the constituent light quark m
m have been neglected. Note that to obtain the correct res
for the f meson one has to replace
07401
h

s
lts

mV
2

f V
→gfss[

mf
2

f f

A6

3 cos~39.4°!
~73!

in order to take into account the constituent quark struct
of thef meson@15#. The angle 39.4° in Eq.~73! is thev –f
mixing. It is interesting to note that in LEET one can al
relate the form factorT1 , T2, and T3 to the semileptonic
ones and to thez' and z uu form factors of the LEET limit
@13#:

T1~q2!5z'~MH ,E!, ~74!

T2~q2!5S 12
q2

MH
2 2mV

2 D z'~MH ,E!, ~75!

T3~q2!5z'~MH ,E!2
mV

E S 12
mV

2

MH
2 D z uu~MH ,E!.

~76!

z' andz uu obtained in this way agree with those of Eqs.~71!
and ~72!.

IV. DECAY DISTRIBUTION AND ASYMMETRY

The dilepton invariant mass spectrum for the decayBs
→f l 1l 2 can be written in terms of the adimensional mas
q̂2[q2/mB

2 , m̂l[ml /mBs
andm̂f[mf /mBs

@16#:

s

dG

dq̂2
5

GF
2a2mBs

5

210p5
uVts* Vtbu2§3H uau2

3
q̂2hS 112

m̂l
2

q̂2 D 1ueu2q̂2
§2

3
1

1

4m̂f
2 F ubu2S h2

§2

3
18m̂f

2 ~ q̂212m̂l
2! D

1u f u2S h2
§2

3
18m̂f

2 ~ q̂224m̂l
2! D G1

h

4m̂f
2 F ucu2S h2

§2

3 D1ugu2S h2
§2

3
14m̂l

2~212m̂f
2 2q̂2! D G

2
1

2m̂f
2 FRe~bc* !S h2

§2

3 D ~12m̂f
2 2q̂2!1Re~ f g* !S S h2

§2

3 D ~12m̂f
2 2q̂2!14m̂l

2h D G
22

m̂l
2

m̂f
2

h@Re~ f h* !2Re~gh* !~12m̂f
2 !#1

m̂l
2

m̂f
2
q̂2huhu2J , ~77!
nd
where

h511
mf

4

mBs

4
1

q4

mBs

4
22

mf
2

mBs

2 S 11
q2

mBs

2 D 22
q2

mBs

2
~78!

and
§5AhS 124
ml

2

q2 D . ~79!

The functionsa to h contain the form factor dependence a
the Wilson coefficients~see the Appendix!. The invariant
muon mass distribution for the decayBs→fm1m2 is given
2-8
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in Fig. 5. Integrating the differential decay distribution E
~77! allows us to compute the branching fraction for theBs
→fm1m2 decay:

B~Bs→fm1m2!58.831025. ~80!

Note however that this number is model dependent not o
due to the form factors but also to the waycc̄ resonances are
taken into account@see formula~A38! in the Appendix#. For
a comparison we calculated the same branching fraction
cluding the effect of thecc̄ resonances:

B~Bs→fm1m2!nonresonant52.531026. ~81!

This amounts to using Eq.~A35! instead of Eq.~A38! for the
calculation. Finally in order to have a more realistic estim
of the branching ratio we use the complete expression
~A38! but exclude thecc̄ resonance regions 2.9–3.3 Ge
and 3.6–3.8 GeV from the integration as in@17#:

B~Bs→fm1m2!exp2 like51.931026. ~82!

The differential forward-backward asymmetry is given
@18#

FIG. 5. Dimuon invariant mass distribution of theBs

→fm1m2 decay. The vertical axis is in units of 1025 GeV22.

FIG. 6. Normalized forward-backward asymmetry of theBs

→fm1m2 decay. The two peaks at highq2 values are due to the
J/c andc(2S) resonances.
07401
ly

x-

e
q.

dAFB

dq̂2
52E

0

§(q̂2)
d§

d2G

d§dq̂2
1E

2§(q̂2)

0

d§
d2G

d§dq̂2
. ~83!

For Bs→f l 1l 2 decays we obtain

dAFB

dq̂2
5

GF
2a2mBs

5

210p5
uVts* Vtbu2q̂2§~ q̂2!2@Re~be* !1Re~a f* !#.

~84!

In Fig. 6 we plot the differential forward-backward asymm
try normalized to the differential decay rate

dĀFB

dq̂2
5

dAFB

dq̂2 Y dG

dq̂2
. ~85!

The position of the zeroq̂2
0 is given by

Re~C9
eff~ q̂2

0!!52
m̂b

q̂2
0

C7
effH T2~ q̂2

0!

A1~ q̂2
0!

~12m̂f!

1
T1~ q̂2

0!

V~ q̂2
0!

~11m̂f!J . ~86!

Note that in LEET the ratiosT1 /V and T2 /A1 are simple
functions of m̂f and q̂2 with no hadronic uncertainties, a
can be seen from formulas~67!–~76!. For a detailed study
including radiative corrections see@19#. Decays such asBs

→f l 1l 2 involve the Wilson coefficientsC7
eff , C9

eff , and
C10. In extensions of the SM they can assume rather dif
ent values from those expected in SM. In particular the
sition of the zero in the forward-backward asymmetry is
measure ofC7 /Re(C9) which, as shown above, depends
form factor ratios. This decreases the model dependenc
this number. Moreover the sign ofC7 can be opposite to the
SM one in beyond-SM scenarios. All these elements exp
the relevance of the experimental study of the forwa
backward asymmetry and the need for form factor compu
tions, despite their model-dependent nature.

V. CONCLUSIONS

The exclusive processBs→fm1m2 belongs to a set of
processes, like B→K* m1m2, and B→Km1m2, Bs
→hm1m2, which will be accurately studied atB factories.
In this paper we have examinedBs→fm1m2 in the frame-
work of a constituent quark meson model. Thef meson is
coupled using the VMD hypothesis. The model has ext
sively been tested in a number of exclusive processes@1#. It
provides results in good agreement with experimental d
and with those obtained using QCD sum rules. In order
have a better understanding and a check of the form fact
we have considered the LEET limit of theBs→fm1m2 de-
cay obtaining consistency amongV, A, and T direct form
factors. We have studied the decay distribution and
forward-backward asymmetry. As shown in@20#, CQM also
offers a versatile calculation framework to study more exo
processes involving higher spin meson states. This aspe
2-9
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the model will be very useful for the study of higher spinB
and Bs rare meson decays as soon as data on these s
become available.
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APPENDIX

1. Integrals

We list the explicit expressions for the integrals used
the text:

V15
I 3~2x/2!2I 3~x/2!1v@ I 3~D1!2I 3~D2!#

2x~12v2!

2
@D12vx/2#Z

12v2
, ~A1!

V25
2I 3~D1!1I 3~D2!2v@ I 3~2x/2!2I 3~x/2!#

2x~12v2!

2
@x/22D1v#Z

12v2
, ~A2!

V35
K1

2
1

2vK42K22K3

2~12v2!
, ~A3!

V45
2K1

2~12v2!
1

3K226vK41K3~2v211!

2~12v2!2
, ~A4!

V55
2K1

2~12v2!
1

3K326vK41K2~2v211!

2~12v2!2
, ~A5!

V65
K1v

2~12v2!
1

2K4~2v211!23v~K21K3!

2~12v2!2
, ~A6!

Z5
iNc

16p4E reg d4k

~k22m2!@~k1q!22m2#~v•k1D11 i e!

5
I 5~D1 ,x/2,v!2I 5~D2 ,2x/2,v!

2x
, ~A7!

wherex5mf , v, D1, andD2, are specified in the text an
Ki ’s are given by

K15m2Z2I 3~D2! ~A8!

K25D1
2Z2

I 3~x/2!2I 3~2x/2!

4x
@vx12D1#,

~A9!
07401
tes

,
d

K35
x2

4
Z1

I 3~D1!23I 3~D2!

4
1

v

4

3@D1I 3~D1!2D2I 3~D2!#, ~A10!

K45
xD1

2
Z1

D1@ I 3~D1!2I 3~D2!#

2x

1
I 3~x/2!2I 3~2x/2!

4
, ~A11!

expressed in terms of theI i integrals, regularized using th
Schwinger proper time regularization method:

I 15
iNc

16p4E reg d4k

~k22m2!
5

Ncm
2

16p2 GS 21,
m2

L2 ,
m2

m2D ,

~A12!

I 3~D!52
iNc

16p4E reg d4k

~k22m2!~v•k1D1 i e!

5
Nc

16p3/2E
1/L2

1/m2 ds

s3/2e2s(m22D2)~11erf~DAs!!

~A13!

I 5~D1 ,D2 ,v!

5
iNc

16p4E reg d4k

~k22m2!~v•k1D11 i e!~v8•k1D21 i e!

5E
0

1

dx
1

112x2~12v!12x~v21!

3F 6

16p3/2E1/L2

1/m2

dss e2s(m22s2)s21/2~11erf~sAs!!

1
6

16p2E1/L2

1/m2

ds e2s(m222s2)s21G . ~A14!

Here we have used the definitions

G~a,x0 ,x1!5E
x0

x1
dt e2tta21, ~A15!

erf~z!5
2

Ap
E

0

z

dx e2x2
, ~A16!

s~x,D1 ,D2 ,v!5
D1~12x!1D2x

A112~v21!x12~12v!x2
.

~A17!

2. Integrals in the LEET limit

We list the expressions for the integrals used to comp
the form factors in the LEET limit:
2-10
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V1
LEET52

1

2E
@ I 3~D1!1x2Z#, ~A18!

V2
LEET52

1

2E
@ I 3~x/2!2I 3~2x/2!12xD1Z# ~A19!

V3
LEET52

1

8E
@x~ I 3~x/2!2I 3~2x/2!!

12D1~ I 3~D1!12x2Z!# ~A20!

V4
LEET5

1

2E
D1I 3~D1!, ~A21!

V5
LEET5

x

4E
@ I 3~x/2!2I 3~2x/2!#, ~A22!

V6
LEET5

x

8E2
@x~ I 3~x/2!2I 3~2x/2!!12D1~ I 3~D1!

14x2Z!#, ~A23!

where

D15DH , x5mf . ~A24!

3. Auxiliary functions

The auxiliary functions introduced in the formula for th
invariant mass spectrum for theBs→f l 1l 2 decay are de-
fined as

a~ q̂2!5
2

11m̂f

C9
eff~ q̂2!V~ q̂2!1

4~m̂b1m̂s!

q̂2
C7

effT1~ q̂2!,

~A25!

b~ q̂2!5~11m̂f!FC9
eff~ q̂2!A1~ q̂2!

1
2~m̂b2m̂s!

q̂2
~12m̂f!C7

effT2~ q̂2!G , ~A26!

c~ q̂2!5
1

12m̂f
2 F ~12m̂f!C9

eff~ q̂2!A2~ q̂2!12~m̂b2m̂s!

3C7
effS T3~ q̂2!1

12m̂f
2

q̂2
T2~ q̂2!D G , ~A27!

d~ q̂2!5
1

q̂2
@C9

eff~ q̂2!~~11m̂f!A1~ q̂2!2~12m̂f!A2~ q̂2!

22m̂fA0~ q̂2!!22~m̂b2m̂s!C7
effT3~ q̂2!#, ~A28!

e~ q̂2!5
2

11m̂f

C10V~ q̂2!, ~A29!
07401
f ~ q̂2!5~11m̂f!C10A1~ q̂2!, ~A30!

g~ q̂2!5
1

11m̂f

C10A2~ q̂2!, ~A31!

h~ q̂2!5
1

q̂2
C10@~11m̂f!A1~ q̂2!2~12m̂f!A2~ q̂2!

22m̂f A0~ q̂2!#. ~A32!

The Wilson coefficientsCi are those of@5# ~see Table I!. The
effective coefficientsCi

eff are defined as follows:

C7
eff[C72C5/32C6 ~A33!

C9
eff~ q̂2!5C91Y~ q̂2!, ~A34!

whereY(q̂2) is matrix elements of the four-quark operato
~for a detailed discussion on the perturbative and nonper
bative contributions see@16#!. A perturbative calculation
yields @21#

Ypert~ q̂2!5:~z,q̂2!~3C11C213C31C413C51C6!

2 1
2 :~1,q̂2!~4C314C413C51C6!2 1

2 :~0,q̂2!

3~C313C4!1 2
9 ~3C31C413C51C6!, ~A35!

wherez[mc /mb and

:~z,q̂2!52
8

9
ln

mb

m
2

8

9
ln z1

8

27
1

4

9
x2

2

9
~21x!

3u12xu1/25 S lnUA12x11

A12x21
U2 ip D , x,1

2 arctan
1

Ax21
, x.1,

~A36!

:~0,q̂2!52
8

9
ln

mb

m
1

8

27
2

4

9
ln q̂21

4

9
ip ~A37!

TABLE V. Masses, widths, and leptonic branching ratios of t

122 cc̄ resonances. ForJ/c andc(2S) the branching ratio is the
one tom1m2. For the other resonances isc(nS)→e1e2.

Mc(nS) ~GeV! Gc(nS) ~GeV! Br(c(nS)→ l l̄ )

J/c 3.097 8.731025 5.8831022

c(2S) 3.686 2.7731024 1.0331022

c(3S) 3.77 2.3631022 1.131025

c(4S) 4.04 5.231022 1.431025

c(5S) 4.16 7.831022 1.031025

c(6S) 4.42 4.331022 1.131025
2-11



e
-

re

an
re

is

er
are

te

A. DEANDREA AND A. D. POLOSA PHYSICAL REVIEW D64 074012
and x[4z2/q̂2. In order to incorporate the nonperturbativ
contributions toY we follow the phenomenological prescrip
tion of @18# where cc̄ resonance contributions from
J/c,c8, . . . parametrized in the form of a Breit-Wigner, a
added to the perturbative result

Y~ q̂2!5Ypert~ q̂2!1
3p

a2
~3C11C213C31C413C51C6!

3 (
Vi5c(1s), . . . ,c(6s)

k i

G~Vi→ l 1l 2!mVi

mVi

22q22 imVi
GVi

. ~A38!

The numerical values used for the masses, widths
branching fractions of the 122 charmonium resonances a
given in Table V~data from@22#!. The factorsk i correct for
the naive factorization approximation.k1 is calculated com-
paring the experimentalBs→J/c(1S)f branching fraction
nd

cl
-

s.

A.

F

an
e,

07401
d

to the one predicted by our calculation using theJ/c
→m1m2 experimental branching fraction:

B~Bs→fJ/c→fm1m2!

5B~Bs→fJ/c!expB~J/c→m1m2!exp. ~A39!

The q2 integration range for the calculated branching
(mJ/c2GJ/c)2,q2,(mJ/c1GJ/c)2, which is a 2GJ/c inter-
val around theJ/c resonance. The result is that ak151.36 is
needed to correct for the factorization result. By taking 4GJ/c
for the integration interval around theJ/c resonance only
changes the branching ratioB(Bs→J/cf) from 9 to 11
31024 which is within the experimental error. For the oth
k i values we again take 1.36 as no experimental values
known for the higher 122 charmonium resonances. No
that for the SU(3) related decayB→J/cK* the k factor is
estimated to be.2.3 @23# using inclusiveB→Xsl

1l 2 data.
However using exclusive data a smallerk.1.6 is obtained
@16#.
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