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Exclusive semileptonic rare decaysB\„K,K* … l¿lÀ in supersymmetric theories
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The invariant mass spectrum, forward-backward asymmetry, and lepton polarizations of the exclusive pro-
cessesB→K(K* ) l 1l 2,l 5m,t are analyzed in a supersymmetric context. Special attention is paid to the
effects of neutral Higgs bosons~NHB’s!. Our analysis shows that the branching ratio of the processB
→Km1m2 can be quite largely modified by the effects of neutral Higgs bosons and the forward-backward
asymmetry would not vanish. For the processB→K* m1m2, the lepton transverse polarization is quite sen-
sitive to the effects of NHB’s, while the invariant mass spectrum, forward-backward asymmetry, and lepton
longitudinal polarization are not. For bothB→Kt1t2 and B→K* t1t2, the effects of NHB’s are quite
significant. The partial decay widths of these processes are also analyzed, and our analysis manifests that, even
taking into account the theoretical uncertainties in calculating weak form factors, the effects of NHB’s could
make supersymmetry show up.

PACS number~s!: 13.20.He, 12.60.Jv, 13.25.Hw
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I. INTRODUCTION

The inclusive rare processesb→Xsl
1l 2,l 5e, m, t

have been intensively studied in the literature@1–12#. As one
kind of the flavor changing neutral current processes, t
are sensitive to the fine structure of the standard model
to possible new physics as well, and are expected to s
light on the existence of new physics before the possible n
particles are produced at colliders.

It is well known that the invariant mass spectrum
forward-backward asymmetries~FBA’s!, and lepton polar-
izations are important observables to probe new phys
while the first two observables are mostly analyzed. Ab
lepton polarizations, it is known that, due to the smallness
the mass of it, electron polarizations are very difficult
measure experimentally. So only the lepton polarizations
the muon and tau are considered in the literature@10,12–14#.
The longitudinal polarization of tau inB→Xst

1t2 has been
calculated in the standard model~SM! and several new phys
ics scenarios@10#. For B→Xsl

1l 2 ( l 5m,t), the polariza-
tion of the lepton in the SM is analyzed in@12# and it is
pointed out that, for them channel, the only significant com
ponent is the longitudinal polarization (PL), while all three
components are sizable in thet channel. The analysis ha
been extended to supersymmetric models~SUSY! and aCP
softly broken two-Higgs-doublet model in Refs.@13# and
@14#, respectively. Reference@5# also gives a general mode
independent analysis of the lepton polarization asymmet
in the processB→Xst

1t2 and it is found that the contribu
tion from CLRLR1CLRRL is much larger than other scala
type interactions.

*Email address: yanqs@itp.ac.cn; qsyan@mail.tsinghua.edu.
†Email address: csh@itp.ac.cn
‡Email address: liaow@itp.ac.cn
§Email address: huald@itp.ac.cn
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Compared with the inclusive processesB→Xsl
1l 2,l

5e, m, t, the theoretical study of the exclusive process
B→K(K* ) l 1l 2 is relatively hard. For inclusive semilep
tonic decays of B, the decay rates can be calculated in he
quark effective theory~HQET! @15#. However, for exclusive
semileptonic decays ofB, to make theoretical predictions
additional knowledge of decay form factors is needed, wh
is related with the calculation of hadronic transition mat
elements. Hadronic transition matrix elements depend on
nonperturbative properties of QCD, and can only be relia
calculated by using a nonperturbative method. The form f
tors forB decay intoK (* ) have been computed with differen
methods such as quark models@16#, Shifman-Vainshtain-
Zakharov~SVZ! QCD sum rules@17#, light cone sum rules
~LCSR’s! @18–22#. Compared to the lattice approach whic
mainly deal with the form factors at small recoil, the QC
sum rules on the light cone can complementarily prov
information on the form factors at smaller values ofŝ. And
they are consistent with perturbative QCD and the he
quark limit. In this work, we will use the weak decay form
factors calculated by using the technique of the light co
QCD sum rules and given in@23#.

A upper limit on the branching ratio ofB0→K0* m1m2

has been recently given by CLEO@24#:

BR~Bo→K0* m1m2!,4.031026, ~1.1!

and they will be precisely measured atB factories. These
exclusive processes are quite worthy of intensive study
have attracted much attention@23,25–36#. In Ref. @23#, by
using improved theoretical calculations of the decay fo
factors in the light cone QCD sum rule approach, dilept
invariant mass spectra and the FBA’s of these exclusive
cays are analyzed in the standard model and a numbe
popular variants of the supersymmetric models. However
the author claimed, the effects of neutral Higgs exchan
are neglected. For exclusive processes, as pointed ou
©2000 The American Physical Society23-1
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@36#, the polarization asymmetries ofm and t for B
→K* m1m2 and B→K* t1t2 are also accessible at theB
factories under construction. In Ref.@34#, the lepton polar-
izations andCP-violating effects inB→K* t1t2 are ana-
lyzed in SM and two-Higgs-doublet models.

As pointed in Refs.@3,4#, in two-Higgs-doublet models
~2HDM! and SUSY models, the neutral Higgs boson co
contribute largely to the inclusive processesB→Xsl

1l 2,l
5 m, t and greatly modify the branching ratio and FBA
the large tanb case. The effects of the neutral Higgs bos
in the 2HDM to polarizations oft in B→Kt1t2 are ana-
lyzed in @35#, and it was found that polarizations of th
charged final lepton are very sensitive to the tanb.

In this paper, we will investigate the exclusive decayB
→K(K* ) l 1l 2,l 5m, t in SUSY models. We shall evaluat
branching ratios and FBA’s with an emphasis on the effe
of the neutral Higgs boson and analyze lepton polarizati
in the minimal supersymmetric standard model~MSSM!.
According to the analysis of@29#, different sources of the
vector current could manifest themselves in different regi
of phase space, for the very lowŝ the photonic penguin
diagram dominates, while theZ penguin diagram andW box
diagram becomes important towards highŝ. In order to
search the regions ofŝ where neutral Higgs bosons cou
greatly contribute, we analyze the partial decay widths
these two processes. Beside that they are accessible
factories, our motivation also is based on the fact that to
inclusive processesB→Xsl

1l 2,l 5m, t, neutral Higgs bo-
son could make quite a large contribution at certain la
tanb regions of parameter space in SUSY models, since
of supersymmetric contributions is proportional to tan3b @4#.
Such regions considerably exist in supergravity~SUGRA!
andM-theory inspired models@37#. We also analyze the ef
fects of neutral Higgs boson to the position of the zero va
of the FBA. Our results show that the branching ratio of t
processB→Km1m2 can be quite largely modified by th
effects of neutral Higgs bosons~NHBS! and the FBA would
not vanish. The FBA forB→Kl 1l 2( l 5m, t) vanishes if
the contributions of NHB’s vanish. The contributions
NHB’s can be large enough to be observed only in SU
and/or 2HDM with large tanb, and a nonzero FBA forB
→Kl 1l 2 would signal the existance of new physics. For t
processB→K* m1m2, the lepton transverse polarization
quite sensitive to the effects of NHBs, while the invaria
mass spectrum, FBA, and lepton longitudinal polarizat
are not. For bothB→Kt1t2 andB→K* t1t2, the effects
of NHB’s are quite significant. Our analysis manifests th
even taking into account the theoretical uncertainties in
culating weak form factors, the effects of NHB’s could brin
SUSY to light. In brief, our analysis manifests that the
fects of NHB’s are quite remarkable in some regions of
rameter space of SUSY, even for the processB→Km1m2.

The paper is organized as follows. In Sec. II, the effect
Hamiltonian is presented and the form factors given by us
light cone sum rule method are briefly discussed. Basic
mulas of observables are introduced in Sec. III. Section IV
devoted to the numerical analysis. In Sec. V we present
cussions and conclusions.
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II. EFFECTIVE HAMILTONIAN AND FORM FACTORS

By integrating out the degrees of heavy freedom from
full theory, MSSM, at the electroweak~EW! scale, we can
get the effective Hamiltonian describing the rare semile
tonic decayb→sl1l 2:

Heff52
4GF

A2
VtbVts* S (

i 51

10

Ci~m!Oi~m!

1(
i 51

10

CQi
~m!Qi~m!D , ~2.1!

where the first ten operators and Wilson coefficients at E
scale can be found in@8,38#,1 and the last ten operators an
Wilson coefficients which represent the contributions of ne
tral Higgs boson can be found in@4#.

With the renormalization-group equations to resum
QCD corrections, Wilson coefficients at energy scalem
5mb are evaluated. Theoretical uncertainties related
renormalization scale can be substantially reduced when
next-leading-logarithm corrections are included@39#.

The above Hamiltonian leads to the following free qua
decay amplitude:

M~b→sl1l 2!

52
GFa

A2p
Vts* Vtb H C9

eff@ s̄gmLb# @ l̄ gml #

1C10@ s̄gmLb# @ l̄ gmg5l #22m̂bC7
effF s̄ismn

q̂n

ŝ
RbG

3@ l̄ gml #1CQ1@ s̄Rb# @ l̄ l #1CQ2@ s̄Rb# @ l̄ g5l #J ,

~2.2!

whereC9
e f f is defined as@40,41#

C9
eff~m,ŝ!5C9~m!1Y~m,ŝ!1

3p

a2
C~m! (

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

3k i

G~Vi→ l 1l 2! mVi

mVi

22 ŝ mB
22 imVi

GVi

~2.3!

where ŝ5s/mb
2 , s5q2, C(m)5(3 C11C213 C31C4

13 C51C6), and

1In our previous papers, e.g.,@3,4#, we follow the convention of
Ref. @1# for the indices of operators as well as Wilson coefficien
In this paper, we use more popular conventions~see, e.g.,@39#!.
That is,O8→O9 andO9→O10.
3-2
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Y~m,ŝ!5g~m̂c ,ŝ!C~m!2
1

2
g~1,ŝ!~4 C314 C413 C51C6!2

1

2
g~0,ŝ!~C313 C4!2

2

9
~3 C31C413 C51C6!,

~2.4!

where the functiong(m̂c ,ŝ) comes from one-loop contributions of four-quark operators and is defined by

g~z,ŝ!52
4

9
ln z21

8

27
1

16

9

z2

ŝ
25

2

9
A12

4z2

ŝ
S 21

4z2

ŝ
D F lnS 11A124z2/ ŝ

12A124z2/ ŝ
D 2 ipG , 4z2, ŝ

4

9
A4z2

ŝ
21S 21

4z2

ŝ
D arctanS 1

A4z2/ ŝ21
D , 4z2. ŝ.

~2.5!
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The last terms in Eq.~2.3! are nonperturbative effects from
( c̄c) resonance contributions, while the phenomenolog
factorsk i can be fixed from the processes@23# B→K (* )Vi
→K (* )l 1l 2 and as given in the Table I.

Exclusive decaysB→(K,K* ) l 1l 2 are described in term
of matrix elements of the quark operators in Eq.~2.2! over
meson states, which can be parametrized in terms of f
factors.

For the processB→Kl 1l 2, the nonvanishing matrix ele
ments are (q5pB2p)

^K~p!us̄gmbuB~pB!&5 f 1~s!H ~pB1p!m2
mB

22mK
2

s
qmJ

1
mB

22mK
2

s
f 0~s! qm , ~2.6!

and

^K~p!us̄smnqn~11g5!buB~pB!&

5^K~p!us̄smnqnbuB~pB!&

5 i $~pB1p!ms2qm~mB
22mK

2 !%
f T~s!

mB1mK
. ~2.7!

While for B→K* l 1l 2, related transition-matrix element
are

^K* ~p!u~V2A!muB~pB!&

52 i em* ~mB1mK* !A1~s!

1 i ~pB1p!m~e* pB!
A2~s!

mB1mK*

1 iqm~e* pB!
2mK*

s
@A3~s!2A0~s!#

1emnrse* npB
r ps

2V~s!

mB1mK*
. ~2.8!

and
09402
l
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^K* us̄smnqn~11g5!buB~pB!&

5 i emnrse* npB
r ps 2T1~s!1T2~s!$em* ~mB

22mK*
2

!

2~e* pB! ~pB1p!m%1T3~s!~e* pB!

3H qm2
s

mB
22mK*

2 ~pB1p!mJ , ~2.9!

whereem is the polarization vector of the vector mesonK* .
By means of the equation of motion, one obtains seve
relations between form factors

A3~s!5
mB1mK*

2mK*
A1~s!2

mB2mK*

2mK*
A2~s!,

A0~0!5A3~0!,

^K* u]mAmuB&52mK* ~e* pB!A0~s!,

T1~0!5T2~0!. ~2.10!

All signs are defined in such a way as to render the fo
factors real and positive. The physical range inŝ extends
from ŝmin54m̂l

2 to ŝmax5(12m̂K,K* )2.
The calculation of the form factors given above is a re

task, and one has to rely on certain approximate meth
We use the results calculated by using the technique
LCSR’s and given in@23#. The form factors can be param
etrized as

F~ ŝ!5F~0!exp~c1ŝ1c2ŝ21c3ŝ3!. ~2.11!

TABLE I. Fudge factors inB→K (* )J/C,C8→K (* )l 1l 2 de-
cays calculated using the LCSR form factors.

k J/C C8

K 2.70 3.51
K* 1.65 2.36
3-3
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The parametrization formula works within 1% accuracy
s,15 GeV2 and can avoid the spurious singularities ats
5mB

2 . Related parameters are given in Table IV of@23#.

III. FORMULA OF OBSERVABLES

In this section we provide a formula for experimental o
servables, which include dilepton invariant mass spectr
FBA, and lepton polarizations.

From Eqs.~2.2!–~2.8!, it is straightforward to obtain the
matrix element ofB→K(K* ) l 1l 2 as follows:

M52
GFa

2A2p
Vts* VtbmB

3@T m
1 ~ l̄ gm l !1T m

2 ~ l̄ gm g5 l !1S~ l̄ l !#, ~3.1!

where forB→Kl 1l 2,

T m
1 5A8~ ŝ! p̂m , ~3.2!

T m
2 5C8~ ŝ! p̂m1D8~ ŝ! q̂m , ~3.3!

S5S1~ ŝ!, ~3.4!

and forB→K* l 1l 2,

T m
1 5A~ ŝ! emrabe* rp̂B

ap̂K*
b

2 iB~ ŝ! e* m1 iC~ ŝ! ~e* • p̂B! p̂m ,

~3.5!

T m
2 5E~ ŝ! emrabe* rp̂B

ap̂K*
b

2 iF ~ ŝ! e* m1 iG~ ŝ! ~e* • p̂B! p̂m

1 iH ~ ŝ! ~e* • p̂B!q̂m , ~3.6!

S5 i2m̂K* ~e* • p̂B!S2~ ŝ! ~3.7!

with p[pB1pK,K* . Note that, using the equation of motio
for lepton fields, the terms inq̂m in T m

1 vanish.
The auxiliary functions above are defined as

A8~ ŝ!5C9
eff~ ŝ! f 1~ ŝ!1

2m̂b

11m̂K

C7
efff T~ ŝ!, ~3.8!

C8~ ŝ!5C10 f 1~ ŝ!, ~3.9!

D8~ ŝ!5C10 f 2~ ŝ!2
12m̂K

2

2m̂l~m̂b2m̂s!
CQ2f 0~ ŝ!, ~3.10!

S1~ ŝ!5
12m̂K

2

~m̂b2m̂s!
CQ1f 0~ ŝ!, ~3.11!

A~ ŝ!5
2

11m̂K*
C9

eff~ ŝ!V~ ŝ!1
4m̂b

ŝ
C7

effT1~ ŝ!,

~3.12!
09402
r

-
,

B~ ŝ!5~11m̂K* !FC9
eff~ ŝ!A1~ ŝ!1

2m̂b

ŝ

3~12m̂K* !C7
effT2~ ŝ!G , ~3.13!

C~ ŝ!5
1

12m̂K*
2 F ~12m̂K* !C9

eff~ ŝ!A2~ ŝ!

12m̂bC7
effS T3~ ŝ!1

12m̂K*
2

ŝ
T2~ ŝ!D G ,

~3.14!

E~ ŝ!5
2

11m̂K*
C10V~ ŝ!, ~3.15!

F~ ŝ!5~11m̂K* !C10A1~ ŝ!, ~3.16!

G~ ŝ!5
1

11m̂K*
C10A2~ ŝ!, ~3.17!

H~ ŝ!5
C10

ŝ
@~11m̂K* !A1~ ŝ!2~12m̂K* !A2~ ŝ!

22m̂K* A0~ ŝ!#1
m̂K*

m̂l~m̂b1m̂s!
A0~ ŝ!CQ2 ,

~3.18!

S2~ ŝ!52
1

~m̂b1m̂s!
A0~ ŝ!CQ1 , ~3.19!

where

f 0~ ŝ!5
1

12m̂K
2 @ ŝf 2~ ŝ!1~12m̂K

2 ! f 1~ ŝ!#. ~3.20!

To get the auxiliary functions given above, we have used
equations of motion

qm~c̄1gmc2!5~m12m2!c̄1c2 , ~3.21!

qm~c̄1gmg5c2!52~m11m2!c̄1g5c2 .
~3.22!

The contributions of NHB’s have been incorporated in t
terms of S1( ŝ), D8( ŝ), H( ŝ), and S2( ŝ). It is remarkable
that the contributions of NHB’s inD8( ŝ) andH( ŝ) are pro-
portional to the inverse mass of the lepton, and for the c
3-4



s

tly
e

-
e
f
q

.
to

us-

tial
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l 5m, the effects of NHB’s can be manifested through the
terms.

A phenomenological effective Hamiltonian was recen
given in @30#. If we ignore tensor-type interactions in th
phenomenological Hamiltonian~it is shown that physical ob
servables are not sensitive to the presence of tensor-typ
teractions@6#!, it is easy to verify that the matrix element o
B→K (* )l 1l 2 can always be expressed as the form of E
~3.1! with the auxiliary functions defined as

A8~ ŝ!5wc1
f 1~ ŝ!2

wc9
1wc10

11m̂K

f T~ ŝ!, ~3.23!

C8~ ŝ!5wc2
f 1~ ŝ!, ~3.24!

D8~ ŝ!5wc2
f 2~ ŝ!2

12m̂K
2

2m̂l~m̂b2m̂s!
wc6

f 0~ ŝ!,

~3.25!

S1~ ŝ!5
12m̂K

2

~m̂b2m̂s!
wc5

f 0~ ŝ!, ~3.26!

A~ ŝ!5
2

11m̂K*
wc1

V~ ŝ!2
2

ŝ
~wc9

1wc10
!T1~ ŝ!,

~3.27!

B~ ŝ!52~11m̂K* !Fwc3
A1~ ŝ!

1
1

ŝ
~12m̂K* !~wc9

1wc10
!T2~ ŝ!G , ~3.28!

C~ ŝ!52
1

12m̂K*
2 F ~12m̂K* !wc3

~ ŝ!A2~ ŝ!

1~wc9
2wc10

!S ~11m̂K* !T3~ ŝ!

1
12m̂K*

2

ŝ
T2~ ŝ!D G , ~3.29!

E~ ŝ!5
2

11m̂K*
wc2

V~ ŝ!, ~3.30!

F~ ŝ!52~11m̂K* !wc4
A1~ ŝ!, ~3.31!

G~ ŝ!52
1

11m̂K*
wc4

A2~ ŝ!, ~3.32!
09402
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H~ ŝ!52
2m̂K*

ŝ
wc4

@A3~ ŝ!2A0~ ŝ!#

1
m̂K*

m̂l~m̂b1m̂s!
wc8

A0~ ŝ!, ~3.33!

S2~ ŝ!52
1

~m̂b1m̂s!
wc7

A0~ ŝ!, ~3.34!

where

wc1
5

1

4
~CLL1CLR1CRL1CRR!, ~3.35!

wc2
5

1

4
~2CLL1CLR2CRL1CRR!, ~3.36!

wc3
5

1

4
~2CLL2CLR1CRL1CRR!, ~3.37!

wc4
5

1

4
~CLL2CLR2CRL1CRR!, ~3.38!

wc5
5

1

4
~CLRLR1CRLLR1CLRRL1CRLRL!, ~3.39!

wc6
5

1

4
~CLRLR1CRLLR2CLRRL2CRLRL!, ~3.40!

wc7
5

1

4
~CLRLR2CRLLR1CLRRL2CRLRL!, ~3.41!

wc8
5

1

4
~CLRLR2CRLLR2CLRRL1CRLRL!, ~3.42!

wc9
5mbCBR , ~3.43!

wc10
5msCSL . ~3.44!

In the above equationsCLL ,CLR , etc., are defined in Ref
@6#. Therefore, our formula given below can also be used
make model-independent phenomenological analysis, if
ing Eqs.~3.23!–~3.34! instead of Eqs.~3.8!–~3.19!.

Keeping the lepton mass, we find the double differen
decay widthsGK andGK* for the decaysB→Kl 1l 2 andB
→K* l 1l 2, respectively, as
3-5
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d2GK

dŝdû
5

GF
2a2mB

5

211p5
uVts* Vtbu2$~ uA8u21uC8u2!~l2û2!1uS 1u2~ ŝ24m̂l

2!1Re~S1A8* !4m̂l û1uC8u24m̂l
2~212m̂K

2 2 ŝ!

1Re~C8D8* !8m̂l
2~12m̂K

2 !1uD8u24m̂l
2ŝ%, ~3.45!

d2GK*

dŝdû
5

GF
2 a2 mB

5

211p5
uVts* Vtbu2H uAu2

4
@ ŝ~l1û2!14m̂l

2l#1
uEu2

4
@ ŝ~l1û2!24m̂l

2l#1uS 2u2~ ŝ24m̂l
2!l

1
1

4m̂K*
2 @ uBu2

„l2û218m̂K*
2

~ ŝ12m̂l
2!…1uFu2

„l2û218m̂K*
2

~ ŝ24m̂l
2!…#22ŝû@Re~BE* !1Re~AF* !#

1
2m̂l û

m̂K*
@Re~S2B* !~ ŝ1m̂K*

2
21!1Re~S2C* !l#1

l

4m̂K*
2 @ uCu2~l2û2!1uGu2„l2û214m̂l

2~212m̂K*
2

2 ŝ!…#

2
1

2m̂K*
2 @Re~BC* !~12m̂K*

2
2 ŝ!~l2û2!1Re~FG* !„~12m̂K*

2
2 ŝ!~l2û2!14m̂l

2l…#22
m̂l

2

m̂K*
2 l@Re~FH* !

2Re~GH* !~12m̂K*
2

!#1uHu2
m̂l

2

m̂K*
2 ŝlJ . ~3.46!

Here the kinematic variables (ŝ,û) are defined as

ŝ5q̂25~ p̂11 p̂2!2, ~3.47!

û5~ p̂B2 p̂2!22~ p̂B2 p̂1!2 ~3.48!

which are bounded as

~2m̂l !
2< ŝ<~12m̂K,K* !2, ~3.49!

2û~ ŝ!<û<û~ ŝ!, ~3.50!

with m̂l5ml /mB and

û~ ŝ!5AlS 124
m̂l

2

ŝ
D , ~3.51!

l511m̂K,K*
4 1 ŝ222ŝ22m̂K,K*

2 ~11 ŝ!, ~3.52!

D5A12
4m̂l

2

s
. ~3.53!

Note that the variableû corresponds tou, the angle between the momentum of theB meson and the positively charged lepto
l 1 in the dilepton c.m. system~c.m.s.! frame, through the relationû52û( ŝ)cosu @42#.

Integrating overû in the kinematic region given in Eq.~3.50! we get the formula of dilepton invariant mass spectra~IMS!

dGK

dŝ
5

GF
2a2mB

5

210p5
uVts* Vtbu2û~ ŝ!DK ~3.54!

DK5~ uA8u21uC8u2!S l2
û~ ŝ!2

3
D 1uS 1u2~ ŝ24m̂l

2!

1uC8u24m̂l
2~212m̂K

2 2 ŝ!1Re~C8D88* !8m̂l
2~12m̂K

2 !1uD8u24m̂l
2ŝ, ~3.55!
094023-6
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dGK*

dŝ
5

GF
2 a2 mB

5

210p5
uVts* Vtbu2 û~ ŝ!DK* ~3.56!

DK* 5
uAu2

3
ŝlS 112

m̂l
2

ŝ
D 1uEu2ŝ

û~ ŝ!2

3
1uS 2u2~ ŝ24m̂l

2!l1
1

4m̂K*
2 F uBu2S l2

û~ ŝ!2

3
18m̂K*

2
~ ŝ12m̂l

2! D
1uFu2S l2

û~ ŝ!2

3
18m̂K*

2
~ ŝ24m̂l

2! D G1
l

4m̂K*
2 F uCu2S l2

û~ ŝ!2

3
D 1uGu2S l2

û~ ŝ!2

3

14m̂l
2~212m̂K*

2
2 ŝ! D G2

1

2m̂K*
2 FRe~BC* !S l2

û~ ŝ!2

3
D ~12m̂K*

2
2 ŝ!

1Re~FG* !XS l2
û~ ŝ!2

3
D ~12m̂K*

2
2 ŝ!14m̂l

2lCG22
m̂l

2

m̂K*
2 l@Re~FH* !2Re~GH* !~12m̂K*

2
!#

1
m̂l

2

m̂K*
2 ŝluHu2. ~3.57!
B
lso
e
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Both distributions agree with the ones obtained in@23,36#,
if CQ1,2 are set to zero.

The differential FBA is defined as

AFB~s!5

2E
0

u( ŝ)
dz

dG

dsdu
1E

2u( ŝ)

0

du
dG

dsdu

E
0

u( ŝ)
dz

dG

dsdu
1E

2u( ŝ)

0

du
dG

dsdu

.

For B→Kl 1l 2 decays it reads as follows:

dAFB
K

dŝ
DK522m̂l û~ ŝ!Re~S1A8* !. ~3.58!

For B→K* l 1l 2 decays it reads as follows:

dAFB
K*

dŝ
DK* 5û~ ŝ!H ŝ@Re~BE* !1Re~AF* !#

1
m̂l

m̂K*
@Re~S2B* !~12 ŝ2m̂K*

2
!

2Re~S2C* !l#J . ~3.59!

We can read from Eq.~3.58!, the FBA of the processB
→Kl 1l 2 does not vanish when the contributions of NH
are taken into account. With it, our analysis below a
shows that the contributions of NHB’s can even be acc
sible in B factories.
09402
s-

The lepton polarization can be defined as follows:

dG~nW !

ds
5

1

2 S dG

dsD
0

@11~PL eW L1PN eW N1PT eW T!•nW #,

~3.60!

where the subscript ‘‘0’’ corresponds to the unpolariz
width, andPL , PT , andPN , correspond to the longitudina
transverse, and normal components of the polarization v
tor, respectively.

TABLE II. Values of the input parameters used in our numeric
analysis.

mb 4.8 GeV
mc 1.4 GeV
ms 0.2 GeV
mm 0.11 GeV
mt 1.78 GeV
MB 5.28 GeV
MK 0.49 GeV
MK* 0.89 GeV
MJ/c(Mc8) 3.10~3.69! GeV
GB 4.22310213 GeV
GJ/c(Gc8) 8.70(27.70)31025 GeV
G(J/c→ l 1l 2) 5.2631026 GeV
G(c8→ l 1l 2) 2.1431026 GeV
GF 1.1731025 GeV22

a21 129

uVts* Vtbu 0.0385
3-7
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TABLE III. Wilson coefficients of the SM used in the numerical analysis.

C1 C2 C3 C4 C5 C6 C7
eff C9 C10 C

20.248 11.107 10.011 20.026 10.007 20.031 20.313 14.344 24.669 10.362
-

II.
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nge
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For the processB→Kl 2l 1, the PL
K , PT

K , and PN
K , are

derived, respectively, as

PL
KDK5

4

3
D$lRe~A8C8* !23m̂l~12m̂K

2 !Re~C8* S1!

23m̂l ŝRe~D8* S1!%, ~3.61!

PN
KDK5

pAŝû~ ŝ!

2
$2Im~A8S1* !12m̂l Im~C8D8* !%,

~3.62!

PT
KDK5

2pAl

Aŝ
H m̂l@~12m̂K

2 !Re~A8C8* !

1 ŝRe~A8D8* !#1
~ ŝ24m̂l

2!

2
Re~C8S1* !J .

~3.63!

DK is defined in Eq. ~3.55!. For the processB

→K* l 2l 1, the PL
K* , PT

K* , and PN
K* , are derived, respec

tively, as

PL
K* DK* 5DH 2ŝl

3
Re~AE* !1

~l112m̂K*
2

!

3m̂K*
2 Re~BF* !

2
l~12m̂K*

2
2 ŝ!

3m̂K*
2 Re~BG* 1CF* !

1
l2

3m̂K*
2 Re~CG* !1

2m̂ll

m̂K*
@Re~FS2* !

2 ŝRe~HS2* !2~12m̂K*
2

!Re~GS2* !#J ,

~3.64!

PN
K* DK* 5

2pAŝû~ ŝ!

4m̂K
H m̂l

m̂K*
@ Im~FG* !~113m̂K*

2
2s!

1Im~FH* !~12m̂K*
2

2s!2Im~GH* !l#

12m̂K* m̂l@ Im~BE* !1Im~AF* !#

2~12m̂K*
2

2 ŝ!Im~BS2* !1l Im~CS2* !J ,

~3.65!
09402
PT
K* DK* 5

pAlm̂l

4Aŝ
H 4ŝRe~AB* !

1
~12m̂K*

2
2 ŝ!

m̂K*
2 @2Re~BF* !

1~12m̂K*
2

!Re~BG* !1 ŝRe~BH* !#

1
l

m̂K*
2 @Re~CF* !2~12m̂K*

2
!Re~CG* !

2 ŝRe~CH* !#1
~ ŝ24m̂l

2!

m̂K* m̂l

3@~12m̂K*
2

2 ŝ!Re~FS2* !2lRe~GS2* !#J .

~3.66!

DK* is defined by Eq.~3.57!.

IV. NUMERICAL ANALYSIS

Parameters used in our analysis are listed in Table
Considering that the branching ratios ofB→Kl 1l 2 and B
→K* l 1l 2 are not very sensitive to the mass ofmb , we
neglect the difference between the pole mass and run
mass of theb quark.

The Wilson coefficients in the SM used in the numeric
analysis are given in Table III.C7

eff is defined as

C7
e f f5C72C5/32C6 . ~4.1!

TABLE IV. Wilson coefficients of the SUSY used in our nu
merical analysis.Ri meansCi /Ci

SM . SUSY I corresponds to the
regions where SUSY can destructively contribute and can cha
the sign ofC7, but the contributions of NHB’s are neglected. SUS
II corresponds to the regions where tanb is large and the masses o
superpartners are relatively small. SUSY III corresponds to the
gions where tanb is large but the masses of superpartners are r
tively large. In the last two cases the effects of NHB’s are taken i
account. The contributions of NHB’s are settled to be different
both the casel 5m and l 5t, sinceCQ1,2

are proportional to the
mass of lepton. The values in bracket are for the casel 5t.

SUSY models R7 R9 R10 CQ1
CQ2

SUSY I 21.2 1.1 0.8 0.0 0.0
SUSY II 21.2 1.1 0.8 6.5(16.5) 26.5(216.5)
SUSY III 1.2 1.1 0.8 1.2(4.5) 21.2(24.5)
3-8
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FIG. 1. The IMS~a!, FBA~b!, PL~c!, andPT~d! of the processB→Km1m2. The solid line, dashed line, dot line, and dashed-dot l
represent the SM, SUSY I, SUSY II, SUSY III respectively. Both the total~SD1LD! and the pure SD contributions are shown in order
compare.
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CQ1,2
come from exchanging NHB’s and are proportion

to tan3b in some regions of the parameter space in SU
models. According to the analysis in@4,37#, the necessary
conditions for the large contributions of NHB’s include:~i!
the ratio of vacuum expectation value, tanb, should be large,
~ii ! the mass values of the lighter chargino and the ligh
stop should not be too large~say less than 120 GeV!, ~iii !
mass splitting of charginos and stops should be large, wh
also indicate large mixing between stop sector and charg
sector. As the conditions are satisfied, the processB→Xsg
will impose a constraint onC7. It is well known that this
process puts a very stringent constraint on the possible
09402
l
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r
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physics and that SUSY can contribute destructively when
signature of the Higgs mass termm is minus. There exist
considerable regions of SUSY parameter space in wh
NHB’s can largely contribute to the processb→sl1l 2,
while the constraint ofb→sg is respected~i.e., the signature
of the Wilson coefficientC7 is changed from positive to
negative!. When the masses of the SUSY particle are re
tively heavy ~say, 450 GeV!, there are still significant re-
gions in the parameter space of SUSY models in wh
NHB’s could contribute largely. However, at these casesC7
does not change its sign, because contributions of cha
Higgs and charginos cancel with each other. We will see i
3-9
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FIG. 2. The IMS~a!, FBA~b!, PL~c!, andPT~d! of the processB→Kt1t2. The line conventions are the same as given in the legen
Fig. 1.
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hopeful to distinguish these two kinds of regions of SUS
parameter space by observingB→K (* )l 1l 2.

As pointed out in@3,4#, the contribution of NHB’s is pro-
portional to the lepton mass, therefore, forl 5e, contribu-
tions of NHB’s can be safely neglected, while for casel
5m and l 5t, the contributions of NHB’s can be conside
ably large. To investigate the effects of NHB’s in SUS
models, we take typical values ofC7,9,10 andCQ1,2

as given
in Table IV. The SUSY model without considering the e
fects of NHB’s~SUSY I in Table IV! is given as a referenc
frame so that the effects of NHB’s could be shown in hi
relief.

Numerical results are shown in Figs. 1–4. In Fig. 1~a!, the
IMS of B→Km1m2 is depicted. We see that at the highŝ
09402
regions, NHB’s greatly modify the spectrum, while at th

low ŝ region, the effects of NHB’s become weak. In Fi
1~b!, the FBA of theB→Km1m2 is presented. Figure 1~b!
shows that the average FBA inB→Km1m2 is 0.02. To
measure an asymmetryA of a decay with the branching rati
Br at the ns level, the required number of events isN
5n2/(BrA2). For B→Km1m2, the average FBA is 0.02 o
so, the required number of events is 1012 or so. Therefore, it
is hard to observe the derivation of FBA from the SM.
Figs. 1~c! and 1~d!, the longitudinal and transverse polariz
tions are given. The effect of NHB’s on the longitudin
polarization is weak but the effect on the transverse is
markable.

In Figs. 2~a! and 2~b! the IMS and FBA ofB→Kt1t2
3-10
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FIG. 3. The IMS~a!, FBA~b!, PL~c!, andPT~d! of the processB→K* m1m2. The line conventions are the same as given in the leg
of Fig. 1.
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are presented, respectively. For SUSY II, the effects
NHB’s to IMS are quite manifest, and the average FBA c
reach 0.1. For SUSY III, the average FBA can reach 0
Therefore, in order to observe FBA, the required numbe
events should be 109 or so and 108, respectively, so that inB
factories, say LHCB, these two cases are accessible. In F
2~c! and 2~d!, the longitudinal and transverse polarizatio
are drawn, respectively. The effects of NHB’s are also v
obvious.

Figures 3 and 4 are devoted to the decayB→K* l 1l 2. In
Fig. 3, the IMS, FBA, and polarizations ofB→K* m1m2 are
given. We see that this process is not as sensitive to
effect of NHB asB→Km1m2. However, the contribution o
NHB’s will increase the part with positive FBA and will b
09402
f
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f

s.

y

he

helpful to determine the zero point of FBA. Figure 3~d! de-
picts the transverse polarization of theB→K* m1m2, and
the effect of NHB’s is quite obvious. The zero point of th
FBA can be slightly modified as shown in Fig 3~b! due to the
contributions of NHB’s.

In Fig. 4, the IMS, FBA, longitudinal, and transverse p
larizations of theB→K* t1t2 are depicted. The effect o
NHB’s does show in great relief. It is worth noting that IMS
FBA, and lepton polarizations forB→K* l 1l 2 in MSSM
without including the contributions of NHB’s are also sig
nificantly different from those in SM, while forB→Kl 1l 2

they have little difference from those in SM. Therefore, co
pared to the processB→Kl 1l 2, more precise measuremen
for B→K* l 1l 2 are needed in order to single out the cont
3-11
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FIG. 4. The IMS~a!, FBA~b!, PL~c!, andPT~d! of the processB→K* t1t2. The line conventions are the same as given in the legen
Fig. 1.
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butions of NHB’s.
Normal polarizations for both B→Kl 1l 2 and B

→K* l 1l 2 are small and can be neglected because
imaginary parts of Wilson coefficients are small in SUS
models withoutCP-violating phases which are implicitly as
sumed in the paper.

The behavior of IMS~a!, FBA ~b!, PL ~c!, and PT ~d!
shown Figs. 1–4 can be understood with the formula giv
in Sec. III. With Eqs.~3.55!, ~3.10!, and~3.11!, we see that
the contributions of NHB’s are contained in the terms ofS1

andD8. At the highŝ regions, it is these two terms which a
important. This explained the behavior of IMS given in~a! of
Figs. 1 and 2. Equation~3.58! shows that the FBA is propor
tional to the mass of the lepton. For the caseB→Km1m2,
09402
e

n

due to smallness of the massm, the FBA does not vanish bu
it is hard to measure. While for the caseB→Kt1t2, the
masst is quite large and observing FBA is relatively eas
For SUSY II, though the numerator of FBA is comparative
large, the large IMS suppresses the value of FBA; for SU
III, the numerator is relatively small, but the FBA’s do dem
onstrate the effects of NHB’s more manifestly, as shown
Fig. 2~b! due to the smallness of IMS. Equations~3.63! and
~3.64! show that for the casel 5m, the contributions of
NHB’s to PN ,PT are suppressed by the mass ofm. But for
the casel 5t, the contributions of NHB’s become quit
manifest both for SUSY II and SUSY III. The term withD8
in Eq. ~3.63! will change its sign when there exist relative
not too small contributions of NHB’s, the fact deduced fro
3-12
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TABLE V. Partial decay widths forB→Km1m2. LCSR means the approach light-cone QCD sum ru

SVZ means the SVZ QCD sum rule@17#. Character A means the region@ ŝ0 ,(m̂c2 d̂)2#, B @(m̂c

2 d̂)2,(m̂c1 d̂)2#, C @(m̂c1 d̂)2,(m̂c82 d̂)2#, D @(m̂c82 d̂)2,(m̂c81 d̂)2#, and E@(m̂c81 d̂)2,ŝmax
2 #. The unit

is GB31026, which is 4.22310219 GeV. d is selected to be 0.2 GeV.d̂ is normalized withMB

Model A B C D E tot~SD! tot~SD1LD!

SM LCSR 0.353 54.707 0.032 4.566 0.076 0.573 59.736
SVZ 0.215 22.918 0.015 1.593 0.026 0.299 24.767

SUSY I LCSR 0.425 54.723 0.037 4.576 0.086 0.675 59.847
SVZ 0.179 22.910 0.011 1.586 0.019 0.236 24.704

SUSY II LCSR 0.556 54.865 0.131 4.833 0.849 2.067 61.233
SVZ 0.348 23.009 0.068 1.726 0.321 1.002 25.473

SUSY III LCSR 0.429 54.727 0.040 4.584 0.109 0.717 59.889
SVZ 0.181 22.912 0.012 1.590 0.028 0.255 24.723
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Eq. ~3.10!, that explains why the sign ofPT is changed. The
difference between cases SUSY II and SUSY III is small,
reason is just the same as stated in the analysis of FBA

Since the terms incorporating the contributions of NHB
are proportional tol as shown in Eq.~3.57!, which ap-
proaches zero at highŝ regions; while at smallŝ regions, the
effects of NHB’s are dwarfed by the other contribution
Therefore, only whenCQi

are quite large could the effects o
NHB’s be manifest, as shown in Figs. 3~a! and 4~a!. Accord-
ing to Eq. ~3.59!, at high ŝ regions, the effects of NHB’s
would be suppressed byl and 12 ŝ2m̂K*

2 . The same sup-
pression mechanism exists forPL . This suppression mecha
nism explains the fact that the processesB→K* l 1l 2 are not
sensitive to the effects of NHB’s. However, when there ex
large contributions of NHB’s, the sign ofPT will be
changed, as indicated in both Figs. 3~d! and 4~d!.

The partial decay widths~PDW’s! are listed in Tables
V–VIII. We see that at the highŝ region, for the processB
→Kl1l2, l 5m,t, the contributions of NHB’s do show up, a
expected. ForB→K* l 1l 2, the effects of NHB’s in the high
ŝ region is significant whenl 5t, while they are small forl
5m. It can be read out from these four tables that the res
are consistent with Figs. 1~a!, 2~a!, 3~a!, and 4~a!. In order to
estimate the theoretical uncertainty brought by the meth
calculating the weak form factors, we use the form fact
calculated with LCSR and SVZ QCD sum rules~SVZ!
method@17#. For B→Kl 1l 2, PDW’s calculated with form
09402
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factors obtained by the SVZ method are 50% of those by
LCSR approach, while forB→K* l 1l 2, PDW’s increase
100% or so. We see that at lowŝ regions the theoretica
uncertainty can reach from 100% to 200%. Another po
worthy of mention is that the contribution of resonanc
dominate the integerated decay width, as had been poi
out in @29#.

V. CONCLUSION

We have calculated invariant mass spectrum, FBA’s, a
lepton polarizations forB→Kl 1l 2 and B→K* l 1l 2 l
5m,t in SUSY theories. In particular, we have analyzed t
effects of NHB’s on these processes. It is shown that
effects of the NHB’s onB→Kt1t2 and B→K* t1t2 in
some regions of the parameter space of SUSY models
considerable and remarkable. The reason lies in the mas
the t, which can magnify the effects of NHB’s and can b
seen from the related formula. The numerical results im
that there still exist possiblities to observe the effects
NHB in B→Km1m2 andB→K* m1m2 through IMS, FBA,
and lepton polarizations of these processes, in particular
B→Km1m2 in the case of SUSY II. The partial width in th
high ŝ where short distance physics dominates can be
hanced by a factor of 12 compared to SM. Our analysis a
show that the theoretical uncertainties brought in calculat
the weak form factors are quite large. But the effects
NHB’s will not be washed out and can stand out
TABLE VI. Partial decay widths forB→K* m1m2. Other conventions can be found in Table V.

Model A B C D E tot~SD! tot~SD1LD!

SM LCSR 0.930 83.257 0.141 9.976 0.258 1.882 94.562
SVZ 2.943 111.278 0.147 7.504 0.137 3.639 122.008

SUSY I LCSR 1.627 83.402 0.198 10.085 0.330 2.915 95.64
SVZ 4.517 111.423 0.183 7.552 0.149 5.291 123.825

SUSY II LCSR 1.178 83.431 0.234 10.164 0.352 2.677 95.360
SVZ 2.801 111.292 0.156 7.525 0.145 3.522 121.918

SUSY III LCSR 1.631 83.407 0.201 10.092 0.334 2.938 95.664
SVZ 4.518 111.425 0.184 7.553 0.150 5.296 123.830
3-13
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some regions of the parameter space in MSSM. If only p
tial widths are measured, it is difficult to observe the effe
of NHB’s except for the decayB→Kt1t2. However, the
combined analysis of IBS, FBA, and lepton polarizations c
provide useful knowledge when looking for SUSY. Finall
we would like to point out that FBA forB→Kl 1l 2 vanishes
~or, more precisely, is negligibly small! in SM and it does
not vanish in 2HDM and SUSY models with large tanb due
to the contributions of NHB’s. However, only in SUSY mod
els and forl 5t is it large enough to be observed inB fac-
tories in the near future.

Note added in proof.Before this work was finished, we

TABLE VII. Partial decay widths ofB→Kt1t2. A’ means

@ ŝ0 ,(m̂c2 d̂)2#, B’ means @(m̂c81 d̂)2,ŝmax#. The unit is GB

31026, which is 4.22310219 GeV.

Model A’ B’ tot ~SD! tot~SD1LD!

SM LCSR 1.884 0.094 0.132 1.978
SVZ 0.659 0.036 0.054 0.695

SUSY I LCSR 1.884 0.086 0.131 1.970
SVZ 0.655 0.025 0.038 0.680

SUSY II LCSR 2.022 1.496 1.674 3.519
SVZ 0.726 0.552 0.637 1.278

SUSY III LCSR 1.874 0.094 0.129 1.968
SVZ 0.651 0.026 0.035 0.677
.
ier
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noticed in paper@43#, which points out that in 2HDM, the
missed box diagram can preserve the gauge invariance o
effective Hamiltonian and can contribute considerably. Ho
ever, in SUSY, the dominant contribution is from the SUS
self-energy diagram which is proportional to tan3b; there-
fore, although they are important to a certain concern,
merically the missed boxed diagram will not change our c
clusion about the contribution of NHB’s in SUSY.
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TABLE VIII. Partial decay widths ofB→K* t1t2. Other con-
ventions can be found in Table VII.

Model A’ B’ tot ~SD! tot~SD1LD!

SM LCSR 4.045 0.096 0.183 4.141
SVZ 3.029 0.048 0.102 3.076

SUSY I LCSR 4.088 0.173 0.327 4.261
SVZ 3.052 0.072 0.159 3.124

SUSY II LCSR 4.148 0.266 0.460 4.413
SVZ 3.054 0.084 0.167 3.138

SUSY III LCSR 4.078 0.168 0.312 4.246
SVZ 3.050 0.071 0.156 3.121
.
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