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Supersymmetry effects on the exclusive semileptonic decaysB\pt¿tÀ and B\rt¿tÀ
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Semileptonic decays ofB mesons are known to be very sensitive to any new physics effects. Amongst
various possibilities the transition at the quark levelb→d,1,2 is more suited thanb→s,1,2 for the purpose
of studying CP violation. Here in this work we will discuss the effects of supersymmetry on the various
experimentally measurable quantities such as the decay rate, forward backward asymmetry, various polariza-
tion asymmetries, andCP violation asymmetries in the exclusive channelsB→p,1,2 andB→r,1,2. We
will focus mainly on the neutral Higgs boson effects on these measurements, with a view to eliciting infor-
mation about possibleCP violating as well as non-Hermitian terms in the effective Hamiltonian.
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I. INTRODUCTION

The rareB meson decays induced by the flavor chang
neutral currentb→s(d) transition offer a deeper probe fo
the weak interaction sector of the standard model~SM! as
they go through second order in weak interactions. Th
decays can give information regarding fundamental par
eters such as the Cabibbo-Kobayashi-Maskawa~CKM! fac-
tors, leptonic decay constants, etc. These decays can al
very useful in testing the various new physics scenarios s
as the two Higgs doublet@1,2# and the minimal supersym
metric standard model~MSSM! @3–7#. Among the weak de-
cays ofB mesons the leptonic and semileptonic decays
very useful because of their relative cleanness. Betw
these two, the exclusive decays lately have received spe
attention @8,9#. For semileptonic and leptonic decays su
as B→Xs,d,1,2, B→K(K* ),1,2, B→p,1,2, B
→r,1,2, etc., the basic quark level process isb
→s(d),1,2 @10#. The basic quark level processb
→s(d),1,2 occurs through the intermediatet, c, or u
quark. These processes can be described in terms of a
fective Hamiltonian which contains information about sh
and long distance effects. For the quark level procesb
→s,1,2 the various contributions due to intermediatet, c,
and u quarks enter into the matrix elements with facto
VtbVts* , VcbVcs* , and VubVus* . Off these three factors th
third one is extremely small as compared to the first two. T
unitarity relationship of the CKM matrix becomes~approxi-
mately! VtbVts* 1VcbVcs* '0, so that the second factor can b
written effectively as the negative of the first one. The~ef-
fective! Hamiltonian for theb→s,1,2 transition thus in-
volves essentially only one independent CKM factorVtbVts* ,
and hence the processb→s,1,2 is not sensitive to CKM
phases within the SM@11#.

For the transitionb→d,1,2 the CKM factors involved,
VtbVtd* , VcbVcd* , andVubVud* , are comparable in magnitud
and so the cross sections for processes having the quark
processb→d,1,2 can have significant interference term
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between them, and this could open up the possibility of
serving the complex CKM factors from the interferen
terms. In the semileptonic decays~having a lepton pair in the
final state! one can discuss several other kinematical va
ables associated with final state leptons, such as lepton
forward-backward~FB! asymmetry and various polarizatio
asymmetries. Supersymmetry~SUSY! effects on the FB
asymmetries in various exclusive decay modes of theB me-
son, such asB→(p,K),1,2 @8#, B→(p,r),1,2 @8,9#,
andB→,1,2g @12#, have been extensively studied. Som
time back, as pointed out by one of us@13# for the inclusive
decay modeB→Xd,1,2 and by Krüger and Sehgal@14# for
the exclusive modeB→(p,r),1,2, along with CP viola-
tion from partial width asymmetry, one can look forCP vio-
lation in FB asymmetry also. We will explore this possibili
also.

Along with FB asymmetry associated with final state le
tons one can also discuss the three polarization asymme
~longitudinal, normal, and transverse! associated with the fi-
nal state leptons in various semileptonic decays. The imp
tance of polarization asymmetries associated with final s
leptons in various inclusive and exclusive semileptonic
cay modes has been extensively discussed in many w
@5,12,15,16#. In this communication, we study the three po
sible polarization asymmetries with the idea of exploringCP
asymmetries as well as thenon-Hermiticityof the effective
Hamiltonian1 through their measurement.

The paper is organized as follows. In Sec. II we pres
the general formalism, where we write the general effect
Hamiltonian and present our definitions of the FB asymm
try and polarization asymmetries. Section III is devoted
the decay modeB→p,1,2 where we discuss all the ki
namatical variables associated with this decay mode. In S
IV we will discuss the decay modeB→r,1,2. Finally, we
will conclude with results and discussion in Sec. V.

II. GENERAL FORMALISM

The QCD corrected effective Hamiltonian for the dec
b→d,1,2 in the general SUSY model can be written as@4#

1Which arises out of the quark loops.
©2002 The American Physical Society15-1
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Heff5
4GFa

&p
VtbVtd* F(

i 51

10

CiOi1(
i 51

10

CQi
Qi

2lu$C1@O1
u2O1#1C2@O2

u2O2#%G , ~2.1!

where we have used the unitarity of the CKM matr
VtbVtd* 1VubVud* '2VcbVcd* , andlu5VubVud* /VtbVtd* . Here
O1 and O2 are the current current operators,O3 ,...,O6 are
called QCD penguin operators, andO9 andO10 are semilep-
tonic electroweak penguin operators@10#. The new operators
Qi ( i 51,...,10) arises due to NHB~neutral Higgs boson!
exchange diagrams@2,4#. In addition to the short distanc
corrections included in the Wilson coefficients, there a
some long distance effects also, associated with realcc̄ reso-
nances in the intermediate states. This is taken into acc
by using the prescription given in@17#, namely, by using the
Breit-Wigner form of the resonances that add toC9

eff :

C9
res5

23p

a2 kv (
V5J/c,c8,...

MVBr~V→,1,2!G total
V

~s2MV
2 !1 iG total

V MV
,

~2.2!

thus we are taking the final leptons to bet so only five
resonances of thecc̄ will contribute. The phenomenologica
factor kv is taken to be 2.3 for numerical calculations@16#.
In this work we use the Wolfenstein parametrization@18# of
the CKM matrix with four real parametersl, A, r, and h,
whereh is the measure ofCP violation. In terms of these
parameters we can writelu as

lu5
p~12r!2h2

~12r!21h2 2 i
h

~12r!21h2 1O~l2!. ~2.3!

From the relevant part of the above effective Hamilton
Eq. ~2.1! we can write the QCD corrected matrix element

M5
GFa

&p
VtbVtd* H 22C7

eff mb

q2 ~ d̄ismnqnPRb!~ ,̄gm, !

1C9
eff~ d̄gmPLb!~ ,̄gm, !1C10~ d̄gmPLb!~ ,̄gmg5, !

1CQ1
~ d̄PRb!~ ,̄, !1CQ2

~ d̄PRb!~ ,̄g5, !J , ~2.4!

whereq is the momentum transfer andPL,R5(17g5)/2; we
have neglected the mass of thed quark. The Wilson coeffi-
cientsC7

eff andC10 are given in many works@4,7,19# and the
other Wilson coefficientsCQ1

and CQ2
are given in@3,4#.

The definition ofC9
eff is given in @9,13,20#.

The decay rate~for any general three-body decay proce
B→P,1,2) can be evaluated by doing phase space inte
tion. On doing phase space integration we get

dG~B→P,1,2!

dŝdx
5

mB

29p3 l1/2~1,ŝ,m̂p
2!A12

4m̂,
2

ŝ
uMu2,

~2.5!
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whereŝ5s/mB
2, m̂,5m, /mB , andm̂p5mp /mB are dimen-

sionless quantities. l(a,b,c)5a21b21c222ab22ac
22bc. s is the c.m. energy of the,1,2 system,mP is the
mass of the particle labeledP, andz5cosu whereu is the
angle between,2 and theB three-momenta in the c.m. fram
of ,1,2. uMu2 is the matrix element squared of the proce
under consideration.

From the above expression one can get the decay rate
FB asymmetry@17#. The decay rate is simply the integratio
of Eq. ~2.5! over the anglez. The definition of the FB asym-
metry is @17#

AFB5
*0

1dzdG/dŝdz2*21
0 dzdG/dŝdz

*0
1dzdG/dŝdz1*21

0 dzdG/dŝdz
. ~2.6!

To define the polarization asymmetries we define the
thogonal unit vectorsS in the rest frame of,2 for the polar-
ization of the lepton,2 @5,16# in the longitudinal direction
(L), the normal direction (N), and the transverse directio
(T):

SL
m[~0,eL!5S 0,

p2

up2u D ,

SN
m[~0,eN!5S 0,

q3p2

uq3p2
D ,

ST
m[~0,eT!5~0,eN3eL!, ~2.7!

wherep2 and q are the three-momenta of the,2 and the
particleP in the center-of-mass frame of the,2,1 system.
Now, on boosting all three vectors given in Eq.~2.7!, only
the longitudinal vector will be boosted, and two~normal and
transverse! will remain the same. The longitudinal vecto
after the boost becomes

SL
m5S up2u

m,
,

E2p2

m,up2u D . ~2.8!

Now we can calculate the polarization asymmetries by us
the spin projectors for,2 as 1/2(11g5S” ). The lepton polar-
ization asymmetries are defined as

Px~ ŝ![
dG~Sx!/dŝ2dG~2Sx!/dŝ

dG~Sx!/dŝ1dG~2Sx!/dŝ
~2.9!

with x5L,T,N, respectively, for longitudinal, transvers
and normal polarization asymmetry.

Now ready with the terminology and definitions we w
move to the calculations of the various measurable quant
that we mentioned before.

III. B\pø¿øÀ DECAY MODE

In this section we calculate the branching ratio, FB asy
metry, and polarization asymmetries associated with the
clusive decay modeB→p,1,2. Using the definition of the
form factors@Eqs.~B1!–~B3!# we can write down the matrix
5-2
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element for theB̄→p transition2 as3

MB̄→p5
GFa

&p
VtbVtd* $A~pB!m~ ,̄gm, !

1B~pB!m~ ,̄gmg5, !1C~ ,̄g5, !1D~ ,̄, !%

~3.1!

with

A5C9
effF1~q2!22C7

effF̃T~q2!, ~3.2!

B5C10F1~q2!, ~3.3!

C5m,C10H 2F1~q2!1
~mB

22mp
2 !

q2

3@F0~q2!2F1~q2!#J 1
~mB

22mp
2 !

2mb

3F0~q2!CQ2
, ~3.4!

D5
~mB

22mp
2 !

2mb
F0~q2!CQ1

. ~3.5!

From the above expression of the matrix element@Eq. ~3.1!#
we can get the analytical expression of the decay rate a

dG~B̄→p,1,2!

dŝ
5

GF
2mB

5a2

3329p5 uVtbVtd* u2l1/2~1,ŝ,m̂p
2 !

3A12
4m̂,

2

ŝ
Sp ~3.6!

with

Sp5l~1,ŝ,m̂p
2 !S 11

2m̂,
2

ŝ D uAu2

1Fl~1,ŝ,m̂p
2 !S 11

2m̂,
2

ŝ D 124m̂,
2G uBu216

ŝ

mB
2 uCu2

16
ŝ

mB
2 S 12

4m̂,
2

ŝ D uDu2

112
m̂,

mB
~11 ŝ2m̂p

2 !Re~C* B!. ~3.7!

The expression for the FB asymmetry is

AFB~B̄→p,1,2!526m̂,l1/2~1,ŝ,m̂p
2 !

3A12
4m̂,

2

ŝ

Re~AD* !

~mBSp!
. ~3.8!

2B̄ actually isB1.
3In writting this we have used,q”,50, ,̄q”g5,52m,,g5,.
09401
As we can see from the above expression, the FB asymm
is proportional to the new interactions, i.e., the NHB cont
butions. This is a point that has also been noted in so
earlier work@8#.

We divide this section into two subsections. In the fi
one we discuss theCP violation in B→p,1,2 and in the
next subsection we discuss the polarization asymmetries
sociated with the final state leptons.

A. CP violation

First we define theCP-violating partial width asymmetry
betweenB and B̄ decay. This is defined as

ACP~ ŝ!5
dG/dŝ2dḠ/dŝ

dG/dŝ1dḠ/dŝ
~3.9!

where

dG

dŝ
5

dG~B̄→p,1,2!

dŝ
,

dḠ

dŝ
5

dG~B→p̄,1,2!

dŝ
.

~3.10!

In going fromG to Ḡ the only change we have to make is
the expression forC9

eff . We defineC9
eff as

Ca
eff5j11luj2 ~3.11!

where j1 , j2 , and lu are all complex. In going fromB̄
→p,1,2 to B→p̄,1,2, C9

eff becomes

C9
eff5j11lu* j2 . ~3.12!

With this change one can get the expression fordḠ/dŝ as

dG~B→p̄,1,2!

dŝ
5

GF
2mB

5a2

3329p5 uVtbVtd* u2l1/2~1,ŝ,m̂p
2 !

3A12
4m̂,

2

ŝ
$Sp14 ImluDp%

~3.13!

with

Dp5H Im~j1* j2!uF1~s!u2

22C7
eff Im j2FT~s!F1~s!

mb

~mB1mp!J
3l~1,ŝ,m̂p

2 !S 11
2m̂,

2

ŝ D . ~3.14!

Using Eqs.~3.6!, ~3.13!, and ~3.14! we can get theCP-
violating partial width asymmetry as

ACP~ ŝ!5
22 ImluDp

Sp12 ImluDp
. ~3.15!
5-3
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As argued in earlier work@13#, by measuring the FB
asymmetries ofB and B̄ one can observe theCP-violating
phase of the CKM matrix. We will here estimate how mu
the predictions of the SM would change in SUSY.

In the discussion ofCP violation by measuring FB asym
metry, it is important to fix the sign convention. The signs
the FB asymmetry forB and B̄ decays are different. In fact
under strictCP conservation

AFB~B̄!52AFB~B!. ~3.16!

So underCP conservation the FB asymmetries ofB and B̄
are exactly opposite.4 So any change in Eq.~3.15! will be a
measure ofCP violation. We define theCP-violating param-
eter of FB asymmetry as

dFB5AFB~B̄→p,1,2!1AFB~B→p̄,1,2!. ~3.17!

We can get the expression fordFB from the expression for
FB asymmetry@Eq. ~3.8!# as

dFB5
12m̂,l1/2~1,ŝ,m̂p

2 !A124m̂,
2/ ŝ

mBSp~Sp14 ImluDp!

3Im lu@SpF1~s!Im j21Dp@2C7
effF̃T~s!1F1~s!

1Im j2 Im lu2F1~s!Rej12F1~s!Rej2 Relu##.

~3.18!

B. Polarization asymmetries

We can also get the expression for the polarization as
metries in theB̄→p,1,2 transition using the formalism
given in Sec. II. The expressions for the various polarizat
asymmetries of,2 are

PL50, ~3.19!

PT50, ~3.20!

PN5
pDl1/2~1,ŝ,m̂p

2 !Aŝ24m̂,
2

Sp

3 dIm j11Im lu Rej21Im j2 Relue. ~3.21!

4We can understand this negative sign because underCP conju-

gation not only doesb↔b̄ occur but there is a transformation i
leptons also and,1↔,2. Since the two leptons are emitted back
back in the c.m. frame of dileptons, the FB asymmetry defined

terms of the negatively charged lepton,2 ~for both B and B̄)
changes sign underCP conjugation.
09401
f
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IV. B\rø¿øÀ DECAY MODE

In this section we will calculate the possible measurab
associated with the inclusive decay modeB→r,1,2. Using
the definition of the form factors for theB→r transition
given by Eqs.~C1!, ~C2!, ~C3!, we can write down the ma
trix element as

MB̄→r5@ i emnaben* pB
bqbA1em* B1~e* •q!~pB!mC#~ ,̄gm!

1@ i emnaben* pB
aqbD1em* E1~e* •q!~pB!mF#

3~ ,̄gm, !1G~e* •q!~ ,̄ , !1H~e* •q!~ ,̄g5 , !

~4.1!

where

A54
C7

eff

s
mbT1~s!1C9

eff V~s!

~mB1mr!
, ~4.2!

B522
C7

eff

s
mb~mB

22mr
2!T2~s!

2
1

2
~mB1mr!A1~s!C9

eff , ~4.3!

C54
C7

eff

s
mmH T2~s!1

s

~mB
22mr

2!
T3~ ŝ!J

1C9
eff A2~s!

mB1mr
, ~4.4!

D5C10

V~s!

mB1mr
, ~4.5!

E52
1

2
~mB1mr!A1~s!, ~4.6!

F5C10

A2~s!

mB1mr
, ~4.7!

G52CQ1

mrA0~s!

mb
, ~4.8!

H52CQ2

mrA0~s!

mb
2C10

m,A2~s!

mB1mr

1
2mrm,

s
@A3~s!2A0~s!#C10. ~4.9!

From the above expression for the matrix element we can
the expression for the partial decay rate:

dG~B̄→r,1,2!

dŝ
5

GF
2mB

5a2

33210p5 uVtbVtd* u2l1/2~1,ŝ,m̂r
2!

3A12
4m̂,

2

ŝ
Sr ~4.10!

with

n

5-4
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Sr5S 11
2m̂,

2

ŝ Dl~1,ŝ,m̂r
2!F4mB

2 ŝuAu21
2

mB
2m̂r

2 S 1112
m̂r

2ŝ

l~1,ŝ,m̂r
2!

D uBu2

1
mB

2

2m̂r
2 l~1,ŝ,m̂r

2!uCu21
2

m̂r
2 ~12m̂r

21 ŝ!Re~B* C!G14mB
2l~1,ŝ,m̂r

2!~ ŝ24m̂,
2!uDu2

1
2

mB
2

@2~2m̂,
21 ŝ!22~2m̂,

21 ŝ!~m̂r
21 ŝ!12m̂,

2~m̂r
4226m̂r

21 ŝ2!1 ŝ~m̂r
4110m̂r

2ŝ1 ŝ2!#

m̂r
2ŝ

uEu2

1
mB

2

2m̂r
2ŝ

l~1,ŝ,m̂r
2!$~2mm̂,

21 ŝ!@l~1,ŝ,m̂r
2!12ŝ12m̂r

2#22@2m̂,
2~m̂r

225ŝ!1 ŝ~m̂r
21 ŝ!#%uFu2

23
4m̂,

22 ŝ

m̂r
2 l~1,ŝ,m̂r

2!uGu213
ŝ

m̂r
2 l~1,ŝ,m̂r

2!uHu21
2l~1,ŝ,m̂r

2!

m̂r
2ŝ

@22m̂,
2~m̂r

225ŝ!1~2m̂,
21 ŝ!

2 ŝ~m̂r
21 ŝ!#Re~E* F !1

12m̂,

mBm̂r
2 l~1,ŝ,m̂r

2!Re~H* E!1
2mBm̂,

m̂r
2 l~1,ŝ,m̂r

2!~12m̂r
21 ŝ!Re~H* F !. ~4.11!

For theB→r transition we can find the FB asymmetry as

AFB~B̄→r,1,2!5H 212l1/2~1,ŝ,m̂r
2!A12

4m̂,
3

ŝ
ŝ@Re~A* D !1Re~A* E!#23

m̂,l1/2~1,ŝ,m̂r
2!

m̂r
2 A12

4m̂,
2

ŝ

3F2 Re~G* B!
~12m̂r

22 ŝ!

mB
1Re~G* C!mBl~1,ŝ,m̂r

2!G J /Sr . ~4.12!

We will discuss theCP violation in theB→r transition and the polarization asymmetries associated with the final
lepton in the next subsections.

A. CP violation

To find the CP-violating partial width asymmetry we require the expression for the partial width ofB→ r̄,1,2. The
expression for the partial decay rate forB→ r̄,1,2 is

dG~B→ r̄,1,2!

dŝ
5

GF
2mB

5a2

33210p5 uVtbVtd* u2l1/2~1,ŝ,m̂r
2!A12

4m̂,
2

ŝ
~Sr14 Imlu Dr! ~4.13!

with

Dr5F Im~j1* j2!H 4ŝ
uV~s!u2

11m̂r
2 1~11m̂r

2!S 6ŝ

l~1,ŝ,m̂r
2!

1
1

2m̂r
2D uA1~s!u21

l~1,ŝ,m̂r
2!

2m̂r
2~11mr!2 uA2~s!u2

2
12m̂r

22 ŝ

m̂r
2 A1~s!A2~s!J 12

C2
effm̂b

ŝ
Im~j2!H 8

T1~s!V~s!ŝ

11m̂r
12A1~s!T2~s!~11m̂r!2~12m̂r!

3S 6
ŝ

l~1,ŝ,m̂r
2!

1
1

2m̂r
2D 1A2~s!S T2~s!1

ŝ

12m̂r
2 T3~s! D l~1,ŝ,m̂r

2!

m̂r
2~11m̂r!

2~11m̂r!A1~s!S T2~s!1
ŝ

12m̂r
2 T3~s! D

3
12m̂r

22 ŝ

m̂r
2 1A2~s!T2~s!~12m̂r!

12m̂r
22 ŝ

m̂r
2 J G S 11

2m̂,
2

ŝ Dl~1,ŝ,m̂r
2!. ~4.14!

Plugging in the expressions for the differential decay rates ofB̄→r,1,2 andB→ r̄,1,2 given by Eqs.~4.10! and ~4.13!,
respectively, we can get the expression for the partial widthCP asymmetry;
094015-5
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ACP~ ŝ!5
22 Imlu Dr

Sr12 Imlu Dr
~4.15!

with Sr andDr as given in Eqs.~4.11! and ~4.14!.
Another measure ofCP violation could be the sum of the FB asymmetries ofB̄→r,1,2 and B→ r̄,1,2. One can

calculate this by use of Eq.~4.12! for B̄→r,1,2, and forB→ r̄,1,2 by making appropriate changes in the expression
C9

eff . The final expression is

dFB5AFB~B̄→r,1,2!1AFB~B→ r̄,1,2!

526l1/2~1,ŝ,m̂r
2!A12

4m̂,
2

ŝ
Im lu

@ Im j2G122Dr$Re~C9
eff!G11~2C7

effm̂b / ŝ!G2%#

Sr~Sr14 ImluDr!
~4.16!

with G1 andG2 given by

G154ŝA1~s!V~s!C102
m̂,~12m̂r

22 ŝ!~11m̂r!

2m̂rm̂b
A0~s!A1~s!CQ1

1
m̂,l~1,ŝ,m̂r

2!

m̂rm̂b~11m̂r!
A0~s!A2~s!CQ1

, ~4.17!

G254ŝT2~s!V~s!~12m̂r!C1014ŝ~11m̂r!A1~s!T1C102
~12m̂r

22 ŝ!~12m̂r
2!m̂,

m̂rm̂b
A0~s!T2~s!CQ1

3
2l~1,ŝ,m̂r

2!m̂,

m̂rm̂b
A0~s!S T2~s!1

ŝ

12m̂r
2 T3~s! DCQ1

. ~4.18!

B. Polarization asymmetries

Finally, we calculate the three polarization asymmetries, namely, longitudinal, transverse, and normal, forB̄→r,1,2. The
longitudinal polarization asymmetry (PL) is

PL5H 24 Re~A* B!~12m̂r
22 ŝ!ŝS 211A12

4m̂,
2

ŝ
D 14mB

2l~1,ŝ,m̂r
2!ŝA12

4m̂,
2

ŝ
Re~A* D !

1
1

m̂r
2 S 31A12

4m̂,
2

ŝ
D $2 Re~B* E!@11m̂r

212m̂r
2ŝ1 ŝ222~m̂r

21 ŝ!#

1mB
2 Re~C* E!@123~m̂r

21 ŝ!2~m̂r
22 ŝ!~m̂r

21 ŝ!1~3m̂r
412m̂r

2ŝ13ŝ2!#%

1
1

m̂r
2 @Re~B* F !~12m̂r

22 ŝ!1Re~C* F !mB
2l~1,ŝ,m̂r

2!#F S 31A12
4m̂,

2

ŝ
D @11m̂r

2~m̂r
22 ŝ!22m̂r

2#

1S 327A12
4m̂,

2

ŝ
D ŝ~m̂r

22 ŝ!28ŝA12
4m̂,

2

ŝ
G J Y Sr . ~4.19!
The normal polarization asymmetry (PN) is

PN5l1/2~1,ŝ,m̂r
2!A~ ŝ24m̂,

2!p

3F2 Im~E* F !
11m̂r

22 ŝ

m̂r
2 12 Im~A* E1B* D !

1
1

4m̂r
2 $2~12m̂r

22 ŝ!Im~G* B!

1mB
2l~1,ŝ,m̂r

2!Im~G* C!%G . ~4.20!
09401
Finally, the transverse polarization asymmetry (PT) is

PT5l1/2~1,ŝ,m̂r
2!Aŝm̂,pF24 Re~A* B!

1
1

4m̂r
2ŝ

$2@2~12m̂r
22 ŝ!Re~B* E!

1mB
2l~1,ŝ,m̂r

2!Re~C* E!#%G . ~4.21!
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V. RESULTS AND DISCUSSION

We have performed a numerical analysis of all the kin
matical variables that we have evaluated in Secs. III and

For our numerical analysis we could use the minimal
persymmetric standard model, which is the simplest~and the
one having the least number of parameters! extension of the
SM. Actually, the MSSM itself has a fairly large number
parameters, which makes it difficult to do phenomenolo
with it. We therefore resort to models that reduce the la
parameter space of the MSSM to a manageable level.
models that exist include minimal supergravity~mSUGRA!,
no-scale, dilaton, etc., models. For our analysis we use
supergravity~SUGRA! models. The basic feature of all thes
models is that they assume some sort of unification of
parameters at some unifying scale. In the numerical anal
of SUGRA models the parameters we have chosen satisfy
radiative electroweak symmetry breaking condition.

In the mSUGRA model unification of all the scala
masses, all gaugino masses, and all coupling constan
assumed at grand unified theory~GUT! scale. So effectively
we are left with five parameters~beyond the SM parameters!
at the GUT scale. They arem ~unified mass of all the sca
lars!, M ~unified mass of all the gauginos!, A ~unified trilin-
ear coupling constants!, tanb ~the ratio of vacuum expecta
tion values of the two Higgs doublets!, and finally sgn(m).5

As emphasized in many works@3,5,6# the universality of the
scalar masses is not a necessary requirement and one
relax this. The only constraint for this relaxation isK0-K̄0

mixing. To suppress this mixing it is sufficient to give
unified scalar mass to all the squarks but the Higgs sector
be given a different unified mass. We explore a sort
SUGRA model also, which we will call the rSUGRA mode
In this model we will take the mass of the pseudosca
Higgs boson to be another parameter. For our MSSM par
eter space analysis we will take the 95% C.L. bound@21#

5Our sign convention form is such thatm enters the chargino mas
matrix with positive sign.

FIG. 1. Branching ratio forB̄→pt1t2. Other parameters ar
for mSUGRAm5200, M5450, A50, tanb535, sgn(m) is taken
to be positive. For rSUGRAmA5306. All masses are in GeV.
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231024,Br~B→Xsg!,4.531024,

which is in agreement with CLEO and ALPEH results. W
are primarily interested in finding the effects of NHBs and
it is emphasized in the literature that these effects beco
more profound when the final state leptons aret @22#. Thus
we will take the final state leptons to bet here.

Our results are summarized in Figs. 1–12, where
spikes in the distributions are because of the charm re
nances as given in Eq.~2.2!. For B→pt1t2, in Fig. 1 we
have plotted the variation of the branching ratio with t
scaled c.m. energy of the dileptons. As we can see from
graphs, the deviation from the respective SM values is fa
large for almost the whole region of invariant dilepton ma
The deviation is more profound for the rSUGRA model th
for the mSUGRA model. In Fig. 2 we have plotted the F
asymmetry for the transition. As has already been noted
earlier work@8#, in the SM the FB asymmetry vanishes. B
if we consider SUSY then one can have a finite value of
asymmetry. So any observation of FB asymmetry in this
cay mode (B→pt1t2) should be a clear signal of new
physics. In Fig. 3 we have given estimates of theCP-
violating partial width asymmetry. As expected from the r
sult of Eq.~3.15! the new Wilson coefficients do not contrib
ute to the numerator of the asymmetry but the denomina
~which essentially is the decay rate! gets contributions from
NHBs and hence the NHB effects actually lower the S
estimates of theCP-violating partial width asymmetry. The
reduction is greater for the rSUGRA model where all t
scalar masses are not unified; in this case one can take
Higgs boson mass as a parameter also.6 The new Wilson
coefficientsCQ1

and CQ2
crucially depend on the Higgs

6Here we have taken the Higgs pseudoscalar mass to be a pa
eter and all the rest of the Higgs boson masses can be evaluat
terms of this.

FIG. 2. FB asymmetry forB̄→pt1t2. Other parameters are
for mSUGRAm5200, M5450, A50, tanb535, sgn(m) is taken
to be positive. For rSUGRAmA5306. All masses are in GeV.
5-7
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S. R. CHOUDHURY AND N. GAUR PHYSICAL REVIEW D66, 094015 ~2002!
boson mass: if it is low their value is high. In the rSUGR
model one can have a lower Higgs boson mass and hen
high value of the new Wilson coefficients and a high par
decay rate, which effectively reduces theCP-violating partial
width asymmetry. But there exists another measure ofCP

violation, the sum of the FB asymmetries ofB̄→p,1,2 and
B→p̄,1,2. This is a type of measurement which can
done in an environment having equal numbers ofB and B̄
pairs, and as argued earlier@13# it does not require any tag
ging. The important point here is that FB asymmetry in t
decay is zero in the SM and hence the sum of the FB as
metries ofB̄→pt1t2 andB→p̄t1t2 is also zero. So the
parameterdFB @which we introduced in Eq.~3.17!# is zero.
But if we consider SUSY then this parameter can hav
finite value. In fact, as we have shown in Fig. 4dFB is
greater for the rSUGRA model than for the mSUGRA mod

FIG. 3. CP-violating asymmetry (ACP) in B̄→pt1t2 and B
→p̄t1t2. The Wolfenstein parameters we have chosen arer5
20.07, h50.34. Other parameters are for mSUGRAm5200, M
5450, A50, tanb535, sgn(m) is taken to be positive. Fo
rSUGRAmA5306. All masses are in GeV.

FIG. 4. CP-violating asymmetry (dCP) in B̄→pt1t2 and B
→p̄t1t2. The Wolfenstein parameters we have chosen arer5
20.07, h50.34. Other parameters are for mSUGRAm5200, M
5450, A50, tanb535, sgn~m! is taken to be positive. Fo
rSUGRAmA5306. All masses are in GeV.
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~which is contrary to the partial widthCP asymmetry!. So
this quantity could also turn out to be an important probe
new physics. In Fig. 5 we have plotted the normal polari
tion asymmetry of the final state lepton,2. As we can see
from the expression of Eq.~3.21! the value ofPN is zero in
the SM. So the observation of nonzeroPN could also be
interpreted as a signal of some new physics.7 Rest two po-
larization asymmetries the longitudinal (PL) and transverse
(PT) vanishes with or without NHBs.

In Fig. 6 we have plotted the branching ratio ofB̄
→rt1t2 with a scaled invariant mass of dileptons. As w
can see there is a fairly large deviation from the SM value
Fig. 7 we have plotted the variation of FB asymmetry withŝ;
again one can observe the variation of mSUGRA a
rSUGRA results from the SM values. Both the partial dec
rate and FB asymmetry increase as compared to the SM
ues in both mSUGRA and rSUGRA models. In Fig. 8 w
have plotted theCP-violating partial width asymmetry. As
we can see, here the predictions of the mSUGRA a
SUGRA models decrease as compared to the SM value.
reason is the same as explained for theB→pt1t2 transi-
tion. But again here if we look atCP violation through the
FB asymmetry~Fig. 9! we have the same effect as inB
→pt1t2; the SUGRA models have larger values than in t
SM. Here the SM values of FB asymmetry as well asdFB are
not zero, but still the SUGRA models give an enhancem
of more than one order of magnitude~i.e., about a factor of
10! for almost the whole region of the invariant dilepton
mass. In Figs. 10, 11, 12 we have plotted the longitudi
(PL), normal (PN), and transverse (PT) polarizations, re-
spectively. All three show variation from the SM values b
the general trend is that all these polarization asymmet

7PN is a T-odd observable because of the non-Hermiticity of t
effective Hamiltonian, associated with the realcc̄ intermediate
states, so it cannot be taken as a measure ofCP violation.

FIG. 5. Normal polarization asymmetry (PN) in B̄→pt1t2.
The Wolfenstein parameters we have chosen arer520.07, h
50.34. Other parameters are for mSUGRAm5200, M5450, A
50, tanb535, sgn~m! is taken to be positive. For rSUGRAmA

5306. All masses are in GeV.
5-8
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FIG. 6. Branching ratio forB̄→rt1t2. Other parameters ar
for mSUGRAm5200, M5450, A50, tanb535, sgn~m! is taken
to be positive. For rSUGRAmA5306. All masses are in GeV.

FIG. 7. FB asymmetry forB̄→rt1t2. Other parameters are fo
mSUGRAm5200,M5450,A50, tanb535, sgn~m! is taken to be
positive. For rSUGRAmA5306. All masses are in GeV.

FIG. 8. CP-violating asymmetry (ACP) in B̄→rt1t2 and B
→ r̄t1t2. The Wolfenstein parameters we have chosen arer5
20.07, h50.34. Other parameters are for mSUGRAm5200, M
5450, A50, tanb535, sgn(m) is taken to be positive. Fo
rSUGRAmA5306. All masses are in GeV.
09401
tend to decrease in SUGRA models as compared to SM
ues for almost the whole region of invariant mass. For all
plots we have taken the variation of all the kinematical va
ables with the dileptonic invariant mass because the varia
with respect to the invariant mass has more information t
the result which we get after integrating over the invaria
mass, and also the variation of kinematical variables w
respect to the invariant mass is in principle accessible exp
mentally. In futureB factories~like the Tevatron and LHCB)
more than 1011 bb̄ pairs are expected to be produced@21#;
this is many orders more than the projected yield at
e1e2B factories, so these processes can be observed
some of the measurable quantities in these processes ca
estimated. These processes (B→p,1,2 and B→r,1,2)
are useful because they are relatively clean~both theoreti-

FIG. 9. CP-violating asymmetry (dCP) in B̄→rt1t2 and B
→ r̄t1t2. The Wolfenstein parameters we have chosen arer5
20.07, h50.34. Other parameters are for mSUGRAm5200, M
5450, A50, tanb535, sgn(m) is taken to be positive. For
rSUGRAmA5306. All masses are in GeV.

FIG. 10. Longitudinal polarization asymmetry (PL) in B̄
→rt1t2. The Wolfenstein parameters we have chosen arer5
20.07, h50.34. Other parameters are for mSUGRAm5200, M
5450, A50, tanb535, sgn(m) is taken to be positive. For
rSUGRAmA5306. All masses are in GeV.
5-9
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S. R. CHOUDHURY AND N. GAUR PHYSICAL REVIEW D66, 094015 ~2002!
cally and experimentally!. Also if there is no new source o
CP violation ~except the CKM phase! then dileptonic decays
B→p,1,2 and B→r,1,2 should be the first whereCP
violation can be observed. As we can see from Tables I
II, the kinematical variables ofB→rt1t2 look more prom-
ising because of their magnitude. But inB→pt1t2 there
are some distributions, like FB asymmetry,dFB , and PN ,
which vanish in the SM but have finite~although small! val-
ues with SUSY. This point has already been noted about
asymmetry in much other earlier work@8#. The same phe-
nomena occur fordFB andPN .

Finally, our conclusions regarding SUSY effects over
wide range of SUSY parameters can be summarized as
lows.

~1! Branching ratios. The branching ratios for bothB

FIG. 11. Normal polarization asymmetry (PN) in B̄→rt1t2.
The Wolfenstein parameters we have chosen arer520.07, h
50.34. Other parameters are for mSUGRAm5200, M5450, A
50, tanb535, sgn(m) is taken to be positive. For rSUGRAmA

5306. All masses are in GeV.

FIG. 12. Transverse polarization asymmetry (PT) in B̄
→rt1t2. The Wolfenstein parameters we have chosen arer5
20.07, h50.34. Other parameters are for mSUGRAm5200, M
5450, A50, tanb535, sgn(m) is taken to be positive. Fo
rSUGRAmA5306. All masses are in GeV.
09401
d

B

l-

→pt1t2 and B→rt1t2 show large deviations from the
corresponding SM values for almost the whole region of
invariant mass.

~2! FB asymmetry. The FB asymmetry forB→p,1,2

vanishes within the SM. A nonvanishing FB asymmetry f
B→p,1,2 clearly gives indications of some new physic
The FB asymmetry forB→r,1,2 shows significant in-
crease in the mSUGRA and rSUGRA models as compare
SM values.

~3! CP violating partial width asymmetry(ACP). The pre-
dictions of the mSUGRA and rSUGRA models are to redu
this asymmetry for bothB→pt1t2 and B→rt1t2 as
compared to SM values.

~4! CP violation from FB asymmetry(dFB). This observ-
able vanishes in the SM forB→pt1t2. A nonvanishing
value of this clearly indicates new physics effects. ForB
→rt1t2 the SM prediction is very low; both rSUGRA an
mSUGRA models can give enhancement of over one or
of magnitude for almost the whole region of the scaled dile
ton invariant mass.

~5! Polarization asymmetries. For B→pt1t2 all three
polarization asymmetries~longitudinal, normal, and trans
verse! vanish in the SM. If we include NHB effects, althoug
the longitudinal and transverse polarizations still rem
zero, the normal polarization asymmetry becomes nonz
So observation of the normal polarization asymmetry c
still be regarded as evidence for new physics. ForB
→r,1,2 all three polarization asymmetries decrease, w
respect to their corresponding SM values, on switching
the NHB effects.

The observation of the decay modesB→p,1,2 and B
→r,1,2 can be expected to be a very useful tool in t

TABLE I. Integrated kinematical variables forB→pt1t2. The
parameters for mSUGRA and rSUGRA are the same as give
Figs. 1–5.

Variable SM mSUGRA rSUGRA

dG/dŝ 3 108 2.6 3.43 5.04
AFB 3 10 0 20.224 20.228
ACP 3 102 0.51 0.2 0.1
dFB 3 103 0 20.6 20.9
PN 3 102 0 0.96 0.99

TABLE II. Integrated kinematical variables forB→rt1t2. The
parameters for mSUGRA and rSUGRA are the same as give
Figs. 6–12.

Variable SM mSUGRA rSUGRA

dG/ds̄3108 3.9 4.4 5.0
AFB310 20.72 20.60 20.32
ACP310 0.13 0.09 0.04

dFB 0.0003 20.11 20.18
PL 0.109 0.0924 0.055

PN310 0.16 0.14 0.1
PT 0.17 0.14 0.07
5-10
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search for new physics effects, as well as for the meas
ment of theCP-violating parameters of the CKM matrix.
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APPENDIX A: INPUT PARAMETERS

mu5md510 MeV,

mb54.8 GeV, mc51.4 GeV, mt5176 GeV,

mB55.26 GeV, mp50.135 GeV,

mr50.768 GeV,

uVtbVtd* u50.011, a5
1

129
,

GF51.1731025 GeV22,

mt51.77 GeV, tB51.54310212 s,

Wolfenstein parametersr520.07, h50.34.

APPENDIX B: FORM FACTORS FOR B\p TRANSITION

We use the form factors given by Coleangeloet al. @23#:

^p~pp!ud̄gmPL,RbuB~pB!&

5
1

2 H ~2pB2q!mF1~q2!1
mB

22mp
2

q2

3qm@F0~q2!2F1~q2!#J , ~B1!

^p~pp!ud̄ismnqnPL,RbuB~pB!&

5
1

2
$~2pB2q!m2~mB

22mp
2 !qm%

FT~q2!

mB1mp
. ~B2!

To get the matrix element for the scalar current we multi
Eq. ~B1! by qm , giving

^p~pp!ud̄PRbuB~pB!&5
1

2mb
~mB

22mp
2 !F0~q2! ~B3!

where we have neglected the mass of thed quark.
The definitions of the form factorsF0 , F1 , andFT are8

(q2 is in units of GeV2!

8The threeF0 , F1 , andFT are not independent.FT can be related
to F0 andF1 by the equation of motion and the relationship tur
out to beFT5(mB1mp)mb(F02F1)/q2.
09401
e-

e-

F0~q2!5
F0~0!

12q2/72 ,

F1~q2!5
F1~0!

12q2/5.32 ,

FT~q2!5
FT~0!

~12q2/72!~12q2/5.32!
,

F̃T~q2!5
FT~q2!

~mB1mp!
mb ~B4!

with F0(0)50, F1(0)50.25, andFT(0)520.14.

APPENDIX C: FORM FACTORS FOR B\r TRANSITION

For theB→r transition we use the form factors given b
Coleangeloet al. @23#:

^r~pr!ud̄gmPLbuB̄~pB!&

5 i emnaben* pB
aqb

V~q2!

mB1mr
2

1

2 H em~mB1mr!A1~q2!

2~e* •q!~2pB2q!m

A2~q2!

mB1mr
2

2mr

q2 ~e* •q!

3@A3~q2!2A0~q2!#J , ~C1!

^r~pr!ud̄ismnqnPR,LbuB̄~pB!&

522i emnaben* pB
aqbT1~q2!6@em* ~mB

22mr
2!

2~e* •q!~2pB2q!m#T2~q2!6~e* •q!

3Fqm2
q2

mB
22mr

2 ~2pB2q!mGT3~q2! ~C2!

whereA3 can be written in terms ofA1 andA2 , i.e.,

A3~q2!5
mB1mr

2mr
A1~q2!2

mB2mr

2mr
A2~q2!. ~C3!

In the above equationse is the polarization vector ofr and
q5pB2pr is the momentum transfer.

To get the matrix element for the scalar~or pseudoscalar!
current we multiply both sides of Eq.~C1! by qm. On sim-
plifying we get

^r~pr!ud̄PRbuB~pB!&52
mr

mb
~e* •q!A0~q2!. ~C4!

The definition of the form factors is9 (q2 is in units of GeV2!

9Here alsoT3 can be related toA3 and A0 by the equation of
motion and the relationship isT35mBmb(A32A0)/q2.
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V~q2!5
V~0!

q2/52 ,

A1~q2!5A1~0!~120.023 q2!,

A2~q2!5A2~0!~110.034 q2!,

A0~q2!5
A3~0!

12q2/4.82 ,
s

. D

.

.

E.

09401
T1~q2!5
T1~0!

12q2/5.32 ,

T2~q2!5T2~0!~120.02 q2!,

T3~q2!5T3~0!~110.005 q2! ~C5!

with V(0)50.47, A1(0)50.37, A2(0)50.4, A0(0)50.3,
T1(0)50.19,T2(0)50.19, andT3(0)520.7.
ys.
n

se,
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