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Exclusive B˜p l 1l 2 and B˜r l 1l 2 decays in the two Higgs doublet model

T. M. Aliev* and M. Savcı†

Physics Department, Middle East Technical University, 06531 Ankara, Turkey
~Received 7 December 1998; published 25 May 1999!

We investigate the exclusiveB→p l 1l 2 andB→r l 1l 2 decays in the framework of the general two Higgs
doublet model~model III!, in which an extra phase angle in the charged-Higgs fermion coupling, i.e., a new
source forCP violation, exists. TheCP violation for both decays is calculated and it is observed that the
CP-violating asymmetry in model III differs significantly from the one predicted by the standard model and
model II which is a special case of model III. Furthermore, it is shown that the zero value of forward backward
asymmetryAFB is shifted when compared with the standard model value, which can also serve as an efficiency
tool for establishing new physics.@S0556-2821~99!02611-9#

PACS number~s!: 13.20.He, 12.60.Fr
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I. INTRODUCTION

RareB meson decays, induced by flavor-changing neu
current ~FCNC! b→s(d) transitions, is one of the mos
promising research areas in particle physics. The theore
interest inB meson decays lies in their role as a poten
precision testing ground for the standard model~SM! at loop
level. Experimentally, these decays will provide quantitat
information about the Cabibbo-Kobayashi-Maskawa~CKM!
elementsVtd , Vts , andVtb . In addition, these rare decay
have the potential for establishing new physics beyond
SM, such as the two Higgs doublet model~2HDM! and the
minimal supersymmetric extension of the SM~MSSM! @1#.

Firstly, the most reliable quantitative test of FCNC pr
cesses inB decays is expected to be measured in inclus
channels. In particular, the decaysB→Xs,dl 1l 2 are impor-
tant probes of the effective Hamiltonian governing t
FCNC transitionb→s(d) l 1l 2. The hope thatB→Xsl

1l 2

decay will be measurable in experiments in the near fut
encourage extensive investigation of this process in the
2HDM, and MSSM @2–15#. The matrix element of theb
→sl1l 2 contains terms describing the virtual effects i
duced byt t̄ , cc̄, and uū loops which are proportional to
VtbVts* , VbcVcs* , andVbuVsu* , respectively. Using unitarity o
the CKM matrix and neglectingVbuVsu* in comparison to
VtbVts* andVbcVcs* , it is obvious that the matrix element fo
the b→sl1l 2 involves only one independent CKM facto
VtbVts* so thatCP violation in this channel is strongly sup
pressed in the SM.

The situation is totally different for theb→dl1l 2 decay,
since all three CKM factorsVtbVtd* , VcbVcd* , and VubVud* ,
are all of the same order~in SM! and therefore can induc
considerableCP-violating difference between the deca
rates of the reactionsb→dl1l 2 and b̄→d̄l 1l 2.

It should be noted here that in the presence of a m
stronger decayb→sl1l 2, the detection of theb→dl1l 2

decay seems to be more problematic. For this reason
search ofCP violation, the corresponding exclusive dec
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channelsB→p l 1l 2 andB→r l 1l 2 are more preferable. In
general, the inclusive decays are rather difficult to measur
comparison to the exclusive ones.CP-violating effects in
inclusive b→dl1l 2 and exclusiveB→p l 1l 2, B→r l 1l 2

channels were studied within the framework of the SM
@15,16#.

The aim of the present work is to derive quantitative p
dictions for theCP violation in the exclusiveB→p l 1l 2 and
B→r l 1l 2 decays, in context of the general two Higgs do
blet model, in which a new source forCP violation is
present~see below!. The 2HDM model is one of the simples
extensions of the SM, which contains two complex Hig
doublets, while the SM contains only one. In general,
2HDM the FCNC that appear at tree level are avoided
imposing anad hoc discrete symmetry@18#. One possible
approach to avoid these unwanted FCNC’s at tree level i
couple all fermions to only one of the above-mention
Higgs doublets~model I!. The other possibility is the cou
pling of the up and down quarks to the first and seco
Higgs doublets, with the vacuum expectation valuesv2 and
v1, respectively~model II!. Model II is more attractive, since
its Higgs sector coincides with the ones in the supersymm
ric model. In this model there exist five physical Higg
fields: neutral scalarsH0, h0, neutral pseudoscalarA, and
charged Higgs bosonsH6. The interaction vertex of fermi-
ons with Higgs fields depends on tanb5v2 /v1, which is the
free parameter of the model. The new experimental result
CLEO and ALEPH Collaborations@19,20# on the branching
ratio b→sg decay impose strict restrictions on the charg
Higgs boson mass and tanb. Recently, the lower bound on
these parameters were determined from the analysis of
b→sg decay, including next-to-leading-order~NLO! QCD
corrections @21,22#. Other indirect bound on the ratio
mH6 /tanb come from B→Dtn̄t decay, where mH6

>2.2 tanb GeV @23#, and from thet lepton decaysmH6

>1.5 tanb GeV @24#. The consequence of an analysis wit
out discrete symmetry has been investigated in a more g
eral model in 2HDM, namely, model III@25,26#. In this
model FCNC appears naturally at tree level. However,
FCNC’s involving the first two generations are highly su
pressed, as is observed in the low-energy experiments,
those involving the third generation is not as severely s
©1999 The American Physical Society05-1
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pressed as the first two generations, which are restricte
the existing experimental results.

In this work we assume that all tree level FCNC couplin
are negligible. It should be noted however that, even w
this assumption, the couplings of fermions to Higgs bos
may have a complex phaseeiu. In other words, in this mode
there exists a new source ofCP violation that is absent in the
SM, model I and model II. The effects of such an extra ph
in the b→sg decay were discussed in@27,28#. The con-
straints on the phase angleu in the productl ttlbb of Higgs-
fermion coupling~see below! imposed by the neutron elec
tric dipole moment,B02B̄0 mixing. r0 parameter andRb is
discussed in@28#.

The paper is organized as follows: In Sec. II we pres
the necessary theoretical framework. The branching ra
CP-violating effects in the partial widths and forward
backward asymmetry for the above-mentioned exclusive
cay channels are studied in Sec. III. Section IV is devoted
the numerical analysis and concluding remarks.

II. THEORETICAL FRAMEWORK

Before presenting the necessary theoretical backgro
let us go through the main essential points of the gen
Higgs doublet model~model III!. In this model, both Higgs
doublets can couple to up and down quarks. Without los
generality, we can work in a basis such that the first dou
generates all the fermion and gauge boson masses, w
vacuum expectation values are

^f1&5S 0

v

A2

D , ^f2&50.

In this basis the first doubletf1 is the same as in the SM
and all new Higgs bosons result from the second doubletf2,
which can be written in the following form:

f15
1

A2
S A2G1

v1x1
01 iG0

D , f25
1

A2
S A2H1

x2
01 iA0

D ,

whereG1 andG0 are the Goldstone bosons. The neutralx1
0

andx2
0 are not the physical mass eigenstate, but their lin

combinations give the neutralH0 andh0 Higgs bosons:

x1
05H0 cosa2h0 sina,

x2
05H0 sina1h0 cosa.

The general Yukawa Lagrangian can be written as

LY5h i j
UQ̄iLf̃1U jR1h i j

DQ̄iLf1DjR1j i j
UQ̄iLf̃2U jR

1j i j
DQ̄iLf2DjR1H.c., ~1!

where i, j are the generation indices,f̃5 is2f, h i j
U,D , and

j i j
U,D , in general, are the nondiagonal coupling matricesL
01400
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5(12g5)/2 andR5(11g5)/2 are the left- and right-hande
projection operators. In Eq.~1! all states are weak states th
can be transformed to the mass eigenstates by rotation. A
performing this rotation on the Yukawa Lagrangian, we g

LY52H1Ū@VCKMĵDR2 ĵU1
VCKML#D, ~2!

where U(D) represents the mass eigenstates
u, c, t(d, s, b) quarks. In the present analysis, we w
use a simple ansatz forĵU1,D @25#,

ĵU1,D5l i j

gAmimj

A2mW

. ~3!

Also it is assumed thatl i j is complex, i.e.,l i j 5ul i j ueiu, and
for simplicity we choosejU,D to be diagonal to suppress a
tree level FCNC couplings, and as a result,l i j ’s are also
diagonal, but remain complex. Note that the results
model I and model II can be obtained from model III by th
following substitutions:

l tt5cotb lbb52cotb for model I,

l tt5cotb lbb51tanb for model II, ~4!

andu50.
After this brief introduction about the general Higgs do

blet model, let us return our attention to theb→dl1l 2 de-
cay. The powerful framework into which the perturbativ
QCD corrections to the physical decay amplitude are inc
porated in a systematic way is the effective Hamiltoni
method. In this approach, the heavy degrees of freedom
the present case, i.e.,t quark, W6, H6, h0, H0 are inte-
grated out. The procedure is to match the full theory with
effective theory at high scalem5mW , and then calculate the
Wilson coefficients at lowerm;O(mb) using the renormal-
ization group equations. In our calculations we choose
higher scale asm5mW , since the charged Higgs boson
heavy enough (mH6>210 GeV see@21#! to neglect the evo-
lution from mH6 to mW .

In the version of the 2HDM we consider in this work, th
charged Higgs boson exchange diagrams do not produce
operators and the operator basis is the same as the one
for the b→dl1l 2 decay in the SM. For this reason in th
model under consideration, the charged Higgs boson co
butions to leading order~LO! change only the value of the
Wilson coefficients atmW scale, i.e.,

C7
2HDM~mW!5C7

SM~mW!1C7
H6

~mW!,

C9
2HDM~mW!5C9

SM~mW!1C9
H6

~mW!,

C10
2HDM~mW!5C10

SM~mW!1C10
H6

~mW!.

The coefficientsCi
2HDM(mW) to the LO are given by
5-2
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C7
2HDM~mW!5x

~725x28x2!

24~x21!3
1

x2~3x22!

4~x21!4
ln x

1ul ttu2S y~725y28y2!

72~y21!3
1

y2~3y22!

12~y21!4
ln yD

1l ttlbbS y~325y!

12~y21!2
1

y~3y22!

6~y21!3
ln yD , ~5!

C9
2HDM~mW!52

1

sin2uW

B~mW!1
124 sin2uW

sin2uW

C~mW!

1
219x3125x2

36~x21!3

1
23x4130x3254x2132x28

18~x21!4
ln x1

4

9

1ul ttu2F124 sin2uW

sin2uW

xy

8 S 1

y21

2
1

~y21!2
ln yD 2yS 47y2279y138

108~y21!3

2
3y326y314

18~y21!4
ln yD G , ~6!

C10
2HDM~mW!5

1

sin2uW

@B~mW!2C~mW!#

1ul ttu2
1

sin2uW

xy

8 S 2
1

y21
1

1

~y21!2
ln yD ,

~7!

where

B~x!52
x

4~x21!
1

x

4~x21!2
ln x,

C~x!52
x

4 S x26

3~x21!
1

3x12

2~x21!2
ln xD ,

x5
mt

2

mW
2

,

y5
mH6

2

mW
2

, ~8!

and sin2uW50.23 is the Weinberg angle. It follows from
Eqs.~5!–~7! that among all the Wilson coefficients, onlyC7
involves the new phase angleu. We have neglected the neu
01400
tral Higgs boson exchange diagram contributions, since
Higgs-boson–fermion interaction is proportional to the le
ton mass.

The effective Hamiltonian for theb→dl1l 2 decay is
@29–32#

H524
GF

2A2
VtbVtd* S (

i 50

10

Ci~m!Oi~m!

1lu(
i 51

2

Ci~m!@Oi~m!2Oi
u~m!# D ,

where

lu5
VubVud*

VtbVtd*
,

and Ci are the Wilson coefficients. The explicit form of a
operatorsOi can be found in@29–32#.

The evolution of the Wilson coefficients from the high
scalem5mW down to the low-energy scalem5mb is de-
scribed by the renormalization group equation

m
d

dm
Ci

e f f(m)5Ci
e f f~m!gm

e f f~m!,

whereg is the anomalous dimension matrix. The coefficie
C7

e f f(m) at the scaleO(mb) in NLO is calculated in@21,22#:

C7
e f f~mb!5C7

0~mb!1
as~mb!

4p
C7

1,e f f~mb!,

whereC7
0(mb) is the LO term andC7

1,e f f(mb) describes the
NLO terms, whose explicit forms can be found in@21#. In
our case, the expressions for these coefficients can be
tained from the results of@21# by making the following re-
placements:

uYu2→ul ttu2 and XY*→ul ttlbbueiu.

In the SM, the QCD corrected Wilson coefficientC9(mb),
which enters into the decay amplitude up to the NLO h
been calculated in@29–32#. The Wilson coefficientC10 does
not receive any new corrections at all, i.e.,C10(mb)
[C10

2HDM(mW). As we have already noted, in the version
the 2HDM we consider in this work, there does not app
any new operator other than those that exist in the SM, th
fore it is enough to make the replacementC9

SM(mW)
→C9

2HDM(mW) in @29–32#, in order to calculateC9
2HDM at

mb scale. Hence, including the NLO QCD correction
C9(mb) can be written as

C9~m!5C9
2HDM~m!S 11

as~m!

p
v~ ŝ! D

1g~m̂c ,ŝ!@3C1~m!1C2~m!13C3~m!

1C4~m!13C5~m!1C6~m!#
5-3
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1lug~m̂c ,ŝ!2g~0,ŝ!] @3C1~m!1C2~m!#

2
1

2
g~0,ŝ!~C3~m!13C4~m!!

2
1

2
g~1,ŝ!~4C314C413C51C6!

2
1

2
g~0,ŝ!~C313C4!1

2

9
~3C31C413C51C6!,

~9!

wheremc5mc /mb , ŝ5p2/mb
2 , and

v~ ŝ!52
2

9
p22

4

3
Li 2~ ŝ!2

2

3
ln~ ŝ! ln~12 ŝ!

2
514ŝ

3~112ŝ!
ln~12 ŝ!2

2ŝ~11 ŝ!~122ŝ!

3~12 ŝ!2~112ŝ!
ln~ ŝ!

1
519ŝ26ŝ2

3~12 ŝ!~112ŝ!
~10!

represent theO(as) correction from the one gluon exchang
in the matrix element ofO9, while the functiong(m̂c ,ŝ)
arises from one loop contributions of the four-quark ope
tors O1–O6, whose form is

g~m̂c ,ŝ!52
8

9
ln~m̂i !1

8

27
1

4

9
yi2

2

9
~21yi !

1Au12yi uFQ~12yi !S ln
11Au12yi u

12Au12yi u
2 ip D

1Q~yi21!2 arctan
1

Ayi21
G , ~11!

whereyi54m̂i
2/ p̂2.

The Wilson coefficientsC9 receives also long distanc
contributions, which have their origin in the realuū, dd̄, and
cc̄ intermediate states, i.e.,r, v, andJ/c, c8, . . . . In the
case of theJ/c family, this is usually accomplished by in
troducing a Breit-Wigner distribution for the resonan
through the replacement~@4–7,33#!

g~m̂c ,ŝ!→g~m̂c ,ŝ!2
3p

aem
2

k

3 (
Vi5J/c i ,c8, . . .

mVi
G~Vi→ l 1l 2!

~p22mVi

2 !1 imVi
GVi

, ~12!

where the phenomenological parameterk52.3 is chosen in
order to reproduce correctly the experimental value of
branching ratio~see for example@16#!

B~B→J/cX→Xl1l 2!5B~B→J/cX!B~J/c→Xl1l 2!.
01400
-

e

In order to avoid the double counting, in this work, as
alternative to the functionsg(m̂u ,ŝ) and g(m̂c ,ŝ) that de-
scribe the effects ofuū andcc̄ loops, we have used a differ
ent procedure, in which these functions are expres
through the normalized vacuum polarizationPhad

g ( ŝ) that is
related to the experimentally measurable quantity

Rhad~ ŝ!5
s tot~e1e2→hadrons!

s~e1e2→m1m2!
, ~13!

via the dispersion relation~see@16,17# for more detail!. In
this way it is possible to include ther, v, J/c, c8, . . .
resonances into the differential cross section in an appr
mate way, consistent with the idea of global duality. In th
approach thev and J/c family resonances are well de
scribed through the Breit-Wigner form andr resonance is
introduced by

Rres
r 5

1

4 S 124
m̂p

2

ŝ
D 3/2

uFp~ ŝ!u2, ~14!

whereFp( ŝ) is the pion form factor that is represented by
modified Gounaris-Sakurai formula~see@34,35#!.

The effective short-distance Hamiltonian forb→dl1l 2

decay@29–32# leads to the QCD corrected matrix eleme
~when thed quark mass is neglected!

M5
GFa

2A2p
VtdVtb* S C9

e f fd̄gm~12g5!b l̄gml

1C10d̄gm~12g5!b l̄gmg5l

22C7

mb

p2
d̄ismnpn~11g5!b l̄gml D , ~15!

wherep2 is the invariant dilepton mass. In Eq.~12! all Wil-
son coefficients are evaluated at them5mb scale.

III. THE EXCLUSIVE B˜p l 1l 2 AND B˜r l 1l 2 DECAYS

In this section, we proceed to calculate the branching ra
and CP-violating asymmetry in theB→p l 1l 2 and B
→r l 1l 2 decays. It follows from the matrix element of th
b→dl1l 2 that in order to be able to calculate the matr
element of the exclusive decayB→Ml 1l 2, the matrix ele-
ments ^M ud̄gm(11g5)buB& and ^M ud̄ismnpn(11g5)buB&
(M5p or r) have to be calculated. These matrix eleme
can be parametrized in the following way:

^p~pp!ud̄gm~12g5!buB~pB!&

5 f 1~p2!~pB1pp!m1 f 2~p2!pm , ~16!

^p~pp!ud̄ismnpn~11g5!buB~pB!&

5@~pB1pp!mp22pm~mB
22mp

2 !#
f T~p2!

mB1mp
, ~17!
5-4
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^r~pr ,«!ud̄gm~12g5!buB~pB!&

52emnls«* npr
lpB

s
2V~p2!

mB1mr
2 i«m* ~mB1mr!A1~p2!

1 i ~pB1pr!m~«* p!
A2~p2!

mB1mr
1 ipm~«* p!

2mr

p2
@A3~p2!

2A0~p2!#, ~18!

^r~pr ,«!ud̄ismnpn~11g5!buB~pB!&

54emnls«* npr
l psT1~p2!12i @«m* ~mB

22mr
2!

2~pB1pr!m~«* p!#T2~p2!

12i ~«* p!S pm2~pB1pr!m

p2

mB
22mr

2D T3~p2!.

~19!

In all of the matrix elements above,p5pB2pM (M5p or
r) and «* is the four-polarization vector of ther meson.
Using Eqs.~15!–~19!, we obtain for the matrix elements o
the B→p l 1l 2 andB→r l 1l 2 decays:

M B→p5
Ga

2A2p
VtbVtd* @~2Appm1Bpm! l̄ gml

1~2Cppm1Dpm! l̄ gmg5l #, ~20!

M B→r5
Ga

2A2p
VtbVtd* $ l̄ gml @2A1emnls«* npr

lpB
s

1 iB1«m* 2 iB2~«* p!~pB1pr!m

2 iB3~«* p!pm#

1 l̄ gmg5l @2C1emnlse* npr
lpB

s1 iD 1em*

2 iD 2~«* p!~pB1pr!m2 iD 3~«* p!pm#%,

~21!

where

A5C9
e f f f 12C7

2mbf T~p2!

mB1mp
, ~22!

B5C9
e f f~ f 11 f 2!1C7S 2mbf T

p2 D S mB
22mp

2 2p2

mB1mp
D ,

C5C10f
1,

D5C10~ f 11 f 2!,

A15C9
e f f V

mB1mr
14C7

mb

p2
T1 ,
01400
B15C9
e f f~mB1mr!A114C7

mb

p2
~mB

22mr
2!T2 ,

B25C9
e f f A2

mB1mr
14C7

mb

p2 S T21
p2

mB
22mr

2
T3D ,

B352C9
e f f 2mr

p2
~A32A0!14C7

mb

p2
T3 ,

C15C10

V

mB1mr
,

D15C10~mB1mr!A1 ,

D25C10

A2

mB1mr
,

D35C10

2mr

p2
~A32A0!.

Using Eqs.~20! and ~21! and performing summation ove
final lepton andr meson polarization~in the B→r l 1l 2

case!, we obtained the following results for the double d
ferential decay rates~the masses of the leptons, in our ca
electron or muon, are neglected!:

dGB→p

dp2dz
5

G2a2

211p5

uVtbVts* u2Al

mB
lmB

4~12z2!@~ uAu21uCu2!#,

~23!

dGB→r

dp2dz
5

G2a2uVtbVtd* u2Al

212p5mB

3S 2lmB
4@mB

2s~11z2!~ uA1u21uC1u2!#

1
1

2r
@mB

2~l~12z2!18rs!~ uB1u21uD1u2!

22lmB
4~12r 2s!~12z2!@Re~B1B2* !

TABLE I. B→p and B→r transition form factors in a three
parameter fit.

F(0) aF bF

A1
B→r 0.2660.04 0.29 20.415

A2
B→r 0.2260.03 0.93 20.092

VB→r 0.3460.05 1.37 0.315
T1

B→r 0.1560.02 1.41 0.361
T2

B→r 0.1560.02 0.28 20.500
T3

B→r 0.1060.02 1.06 20.076
f 1

B→p 0.3060.04 1.35 0.270
f T

B→p 20.3060.04 1.34 0.260
5-5
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FIG. 1. Invariant mass squared (p2) distribu-
tion of the branching ratio of the electron pair i
the B→pe1e2 decay. Line 1 corresponds to th
mass spectrum including the effects ofr, v, and
J/C resonances, whereas line 2 corresponds
the nonresonant invariant mass spectrum, in
SM. Analogously, lines 3 and 4 represent th
same distributions, respectively, in the model
at tanb51. In both models the Wolfenstein pa
rameters are chosen to be (r,h)5(0.3,0.34).

FIG. 2. The same as in Fig. 1, but for theB
→re1e2 decay.

FIG. 3. CP-violating partial width asymmetry
in the B→pe1e2 decay as a function ofp2 for
the values of the Wolfenstein parameters (r,h)
5(0.3,0.34), includingr, v, and J/C reso-
nances. Line 1 represents the SM. Lines 2 an
correspond to the model II case for the differe
choices of the charged Higgs boson massmH

6

5500 GeV, andmH
65250 GeV, respectively.
014005-6
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FIG. 4. The same as in Fig. 3, but for theB
→re1e2 decay.
m
s

1Re~D1D2* !##

1l2mB
6~12z2!

1

2r
~ uB2u21uD2u2!

18mB
4szAl@Re~B1C1* !1Re~A1D1* !# D , ~24!

wherez5cosu, u is the angle between the three-momentu
of the l 1 lepton and that of theB meson in the center of mas
frame of the lepton pair,l(1,r M ,s)511r M

2 1s222r M22s
22r Ms, r M5mM

2 /mB
2 , and s5p2/mB

2 (M5p or r). The

CP-violating asymmetry betweenB→Ml 1l 2 and B̄

→M̄ l 1l 2 decays is defined as

ACP~p2!5
dG/dp22dḠ/dp2

dG/dp2 1dḠ/dp2
. ~25!
01400
where

dG

dp2
5

dG~B̄→Ml 1l 2!

dp2
and

dḠ

dp2
5

dG~B→M̄ l 1l 2!

dp2
.

The differential decay widthsB→p l 1l 2 andB→r l 1l 2 can
easily be obtained from Eqs.~23! and ~24! by integrating
overz. Finally, we get the following results forCP-violating
asymmetry for theB→p l 1l 2 andB→r l 1l 2 decays

ACP
B→p~p2!

.2
2

~ uAu21uCu2!
H U f 1U2~ Im lu!~ Im j1* j2!

1 f 1 f T

2mb

mB1mp
@~ Im j1!h22~ Im lu!~ Im j2!h1

1~Relu!~ Im j2!h2#J , ~26!
ACP
B→r~p2!.

1

SrS 22~ Im lu!~ Im j1* j2!F16

3
lmB

6sU V

mB1mr
U2

1
2l2mB

6

3r U A2

mB1mr
U2

1
1

2r
mB

2 S 4

3
l116rsD ~mB1mr!UA1U22

4

3
lmB

4 ~12r 2s!

r
A1A2G

1@2~ Im j1!h222~ Im lu!~ Im j2!h112~Relu!~ Im j2!h2#

3H 64lmB
6mbs

3p2

T1V

mB1mr
1

8l2mB
6mb

3rp2

A2

mB1mr
S T21

p2

~mB
22mr

2!
T3D

1
2mB

2mb

rp2 S 4

3
l116rsDA1T2~mB1mr!~mB

22mr
2!

2
2

3
lmB

4~12r 2s!F ~mB1mr!
4mb

p2
A1S T21

p2

~mB
22mr

2!
T3D 1

4mb~mB2mr!

p2
A2T2G J D , ~27!
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where

Sr5
16

3
lmB

6s~ uAu21uCu2!1
2

3r
l2mB

6~ uB2u21uD2u2!

1
1

2r FmB
2 S 4

3
l116rsD ~ uB1u21uD1u2!

2
8

3
lmB

4~12r 2s!@~ReB1B2!1~ReD1D2!#G .
~28!

In deriving these expressions, we have used the follow
parametrizations:

C9
e f f[j11luj2 ,

C7
e f f[h11 ih2 , ~29!

and assumed that all form factors are positive~see below!.
Interference ofC9

e f f andC7
e f f terms gives a new contributio

to the CP-violating asymmetry. The results for theCP
asymmetry in model II can be obtained from Eqs.~26! and
~27! by substituting Eq.~3! ~i.e., h250).

At the end of this section, we present forward-backwa
asymmetryAFB , which involve different combinations o
the Wilson coefficients. The analysis ofAFB is very useful in
extracting precise information about the sign of the Wils
coefficients and the new physics. The forward-backw
asymmetry is defined as

AFB~p2!5

E
0

1

dz dG/dp2dz2E
21

0

dz dG/dp2dz

E
0

1

dz dG/dp2dz1E
21

0

dz dG/dp2dz

. ~30!

The forward-backward asymmetry for theB→p l 1l 2 decay
is zero, both in SM and 2HDM, in the limitml→0. We can
explain this fact briefly as follows: The hadronic current f
B→p l 1l 2 decay is a pure vector and the lepton curren
also conserved whenml→0. The charge asymmetry~or
AFB) is nonzero if there existC-violating terms, but such
terms are clearly absent in theB→p l 1l 2. Using Eq.~24!,
the forward-backward asymmetry for theB→r l 1l 2 takes
the following form:

TABLE II. The values of the total branching ratios for theB
→pe1e2 andB→re1e2 decays in the SM and THDM, at thre
different sets of the Wolfenstein parameters~r,h! and for the
charged Higgs boson massmH

65250 GeV.

B(B→pe1e2) B(B→re1e2)

(r; h) SM THDM SM THDM
~10.3; 0.34! 3.2731028 4.1131028 5.9931028 8.4531028

~20.3; 0.34! 3.3131028 4.1531028 6.0031028 8.4631028

~20.07; 0.34! 3.3031028 4.1431028 6.0031028 8.4631028
01400
g

d

d

s

AFB
r 5

8mB
4sAl@~ReB1C1* !1~ReA1D1* !#

Sr
. ~31!

Finally, we examine theCP-violating difference between
AFB and ĀFB , i.e.,

dAFB5AFB2ĀFB ,

with ĀFB being the forward-backward asymmetry in the a
tiparticle channel, which can be obtained by the replacem

C9
e f f~lu!→C̄9

e f f~lu→lu* !,

whose explicit expressions can easily be obtained from
~31!, with the above-mentioned replacement ofC9

e f f .

IV. NUMERICAL ANALYSIS

Before presentation of our quantitative calculations a
graphics, we would like to note that we have considered t
different versions, namely model II and model III of th
2HDM, in our analysis. For the free parameterslbb andl tt
of model III, we have used the restrictions coming fromB

→Xsg decay, B0–B̄0 mixing, r parameter and neutro
electric-dipole moment@28#, that yields ulbbu550, ul ttu
<0.03.

The values of the main input parameters, which app
in the expressions for the branching ratios,AFB and
ACP are mb54.8 GeV,mc51.4 GeV,mt51.78 GeV,mB
55.28 GeV,mp50.14 GeV. ForB meson lifetime we take
t(B)51.56310212 s @36#. The values of the Wilson coeffi
cients areC1520.249, C251.108, C351.11231022, C4
522.56931022, C557.431023, C6523.14431022.
Throughout the course of the numerical analysis, we h
used the Wolfenstein parametrization of the CKM mat
elements, i.e.,

lu5
VubVud*

VtbVtd*
5

r~12r!2h21 ih

~12r!21h2
1O~l2!,

for which we have used the following three different sets
parameters,

~r,h!55
~0.3;0.34!

~20.07;0.34!

~20.3;0.34!.

Of course the explicit expressions for the form factors
needed in the present numerical analysis. In the current
erature these form factors have been calculated in the fra
work of the three point QCD sum rule@37#, relativistic quark
model @38#, and light cone QCD sum rules@39–41#. In fur-
ther numerical analysis, we have used the light cone Q
sum rule predictions on the form factors. It should be no
that the light cone QCD sum rule predictions on the fo
factors are reliable in the regionmb

22p2;O ~few GeV2). In
5-8
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FIG. 5. The dependence of the forward
backward asymmetryAFB on p2 in the B
→re1e2 decay. The Wolfenstein parameters a
chosen to be (r,h)5(20.07,0.2). See Fig. 1 for
the interpretation of lines 1 to 4.

FIG. 6. TheCP-violating partial width asym-

metry difference. dFB5AFB2ĀFB in the B
→re1e2 decay for (r,h)5(20.07,0.2). See
Fig. 1 for the interpretation of lines 1 to 4.

FIG. 7. The dependence of theCP-violating
asymmetry, integrated overp2, on the phase
angleu for the B→pe1e2 decay, in model III.
In this figure the straight line corresponds
model II. The Wolfenstein parameters and th
charged Higgs are chosen to be (r,h)
5(0.3,0.34) andmH

65250 GeV, respectively.

FIG. 8. The same as in Fig. 7, but for theB
→re1e2 decay.
014005-9
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order to extend to the full physical region, we have used b
fitted expressions by extrapolating the numerical results w
the condition that these approximate formulas reproduce
light cone QCD sum rule predictions to a good accuracy
the above-mentioned region. The form of form factors wh
satisfy this condition can be written in terms of three para
eters as@39,40#

F~p2!5
F~0!

12aFp2/mB
21bF~p2/mB

2 !2
,

where the values of parametersF(0), aF and bF for the
relevant decays,B→p andB→r, are listed in Table I~this
Table is taken from@39,40#.

Firstly, we consider model II for numerical calculation
In Figs. 1 and 2 we present the dependence of the differe
decay widths of theB→pe1e2 and B→re1e2 on p2 for
(r,h)5(0.3;0.34) atmH65250 GeV and tanb51, with
and without long distance contributions, correspondingly.
Figs. 3 and 4 we plot the variation of theCP-violating asym-
metry ACP with respect top2, with the following set of pa-
rameters: (r,h)5(0.3;0.34) and tanb51. In both figures,
the solid line corresponds to the SM case, dash-dotted
dotted lines represent theCP-violating asymmetry at two
different values of the mass of charged Higgs bosonmH6

5250 GeV and 500 GeV, respectively. The total branch
ratios for theB→pe1e2 and B→re1e2 decays at three
different sets of Wolfenstein parameters and atmH6

5250 GeV are presented in Table II. From Figs. 1–4
see that, in model II the dependences of the branching r
andACP asymmetry onp2 are very similar to those predicte
by the SM, but their magnitudes are different in these m
els. These results are expected, since in model II, the cha
Higgs contributions change only the values of the Wils
coefficientsC7 , C9, andC10. In this version of the 2HDM
charged Higgs contributions give rise to constructive int
ference to the SM result. Therefore the branching ratio
creases andCP asymmetry decreases.

We presented in Table III, the numerical values of t
average values of theCP-violating asymmetrŷ ACP&, in the
region 1 GeV2,p2,(mJ/c20.02 GeV)2, using the same
values of the Wolfenstein parameters used in Figs. 3 an

The dependence of the forward-backward asymmetry
p2 AFB(B→re1e2) is plotted in Fig. 5 for SM and mode

TABLE III. The average values of theCP violating asymmetry
in the low invariant mass region 1 GeV2,p2,(mJ/c

20.02 GeV)2, for ~r,h!5~0.3,0.34! and tanb51.

^ACP& (B→p) ^ACP& (B→r)

mH65250 GeV 20.048 20.030
mH65500 GeV 20.054 20.031
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II, with the same set of parameters as in Fig. 1. It is obser
that the value ofp2 at whichAFB becomes zero is shifted in
model II. Therefore, in future experiments, the determinat
of the value ofp2 at whichAFB is zero can give unambigu
ous information about the presence of new physics. In Fig
we plot the resulting difference in the forward-backwa
asymmetry for the values of Wolfenstein parameters (r,h)
5(20.07;0.2), with and without the long distance effec
From these figures we observe thatdFAB for the B
→re1e2 decay is positive in the nonresonant region for
values ofp2, both in SM and model II.

Note that, the results we have presented for forwa
backward asymmetry and its difference are performed
(r,h)5(20.07;0.2). However, for sake of completenes
we have gone through the same analysis for two differ
sets of the Wolfenstein parameters, namely, (r,h)5
(20.3;0.34) and (r,h)5(20.07;0.34), as well as severa
different choices of tanb. The numerical results and the re
evant graphical presentations have demonstrated that n
markable differences have been observed among these
ferent choices. In Figs. 7 and 8 we present the dependenc
the CP asymmetryACP , integrated overp2, for the B
→pe1e2 and B→re1e2 decays on the phase angleu at
mH65250 GeV, ulbbu550 and ul ttu50.03, without the
long distance effects in model III as presented in Table
From both figures, especially fromB→re1e2 case, we ob-
serve that the averageCP asymmetry differs essentially
from the one predicted by model II. In the regionp/2,u
,3p/2, the change in̂ACP& is more than 2.5 times than tha
predicted by model II. This fact can be explained by t
charged Higgs and SM contributions interfering destru
tively in the above-mentioned region ofu. It should be
stressed that, depending on the value of the phase angu,
the charged Higgs contributions can interfere with the S
results, either constructively or destructively. This case
absolutely different in model II, where the above-mention
contributions interfere only constructively. The values of t
branching ratiosB→p l 1l 2 andB→r l 1l 2 decays at differ-
ent values of the phase angleu in model III are presented in
Table IV.

In conclusion, the exclusiveB→p l 1l 2 and B→r l 1l 2

decays are analyzed in the 2HDM and it is found that
CP-violating asymmetry in model III differs essentially from
the ones predicted by model II.

TABLE IV. The values of the total branching ratios for theB
→pe1e2 andB→re1e2 andB→re1e2 decays at different val-
ues of the phase angleu in model III.

u B(B→pe1e2) B(B→re1e2)

0 3.1231028 7.4131028

p/4 3.1631028 7.0831028

p/2 3.2631028 6.3431028
5-10
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