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Abstract. In the SUSY SO(10) GUT context, we study the exclusive processes B → K(∗)l+l−(l = µ, τ).
Using the Wilson coefficients of the relevant operators including the new operators Q

(′)
1,2 which are induced

by neutral Higgs boson (NHB) penguins, we evaluate some possible observables associated with these
processes like the invariant mass spectrum (IMS), lepton pair forward–backward asymmetry (FBA), lepton
polarization asymmetries etc. In this model the contributions from Wilson coefficients C′

Q1,2 , among new
contributions, are dominant. Our results show that the NHB effects are sensitive to the FBA, dL/dŝ, and
dT/dŝ of B → K(∗)τ+τ− decay, which are expected to be measured in B factories, the deviation of dT/dŝ
in B → Kµ+µ− can reach 0.1 from SM, which could be seen in B factories, and the average of the normal
polarization dN/dŝ can reach several percent for B → Kµ+µ− and it is 0.05 or so for B → Kτ+τ−, which
could be measured in the future super B factories and provide useful information to probe new physics
and discriminate different models.

1 Introduction

The rich flavor changing neutral current processes B →
K(∗)l+l− have been the sharper focus since these decays
are potential testing grounds for the SMat loop level and are
hoped to probe the new physics beyond the SM. Recently
exclusivemeasurements have been done byBelle andBaBar
and the following results for the branching ratios of the
B → K�+�− and B → K∗�+�− (l = e, µ) decays have
been announced [1, 2]:

Br(B → K�+�−)

=


(
4.8+1.0

−0.9 ± 0.3 ± 0.1
)× 10−7 [Belle] ,(

0.65+0.14
−0.13 ± 0.04

)× 10−6 [BaBar] ,
(1)

Br(B → K∗�+�−)

=


(
11.5+2.6

−2.4 ± 0.8 ± 0.2
)× 10−7 [Belle] ,(

0.88+0.33
−0.29

)× 10−6 [BaBar] ,

which imply

Br(B → Kl+l−)world−ave = (0.54 ± 0.09) × 10−6,

Br(B → K∗l+l−)world−ave = (1.04 ± 0.22) × 10−6,
(2)

a e-mail: liwj@itp.ac.cn
b e-mail: dyb@itp.ac.cn
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In addition, the FBA for B → K∗l+l− have firstly been
observed at the Belle collider [1].

The B → K(∗)l+l− decays, induced by the b → sl+l−
transition at quark level, are experimentally easier to mea-
sure than the inclusive processes B → Xsl

+l−. From the
theoretical point of view there are large uncertainties, which
come mostly from the decay form factors, to make predic-
tions for the exclusive processes. At present, knowledge of
the form factors lacks a precise non-perturbative solution.
A number of papers are dedicated to calculating the form
factors with various appropriate methods [3–6]. Among
them, the QCD sum rule approach on the light-cone (LC-
SRs), which deals with form factors at small values of ŝ,
the momentum transfer to leptons, is complementary to
the lattice approach and has consistence with perturbative
QCD and the heavy quark limit. In this paper, we will use
the form factors calculated by the LCSRs [14].

The measurement of the invariant mass spectrum, for-
ward–backward asymmetry, and lepton polarizations are
efficient tools to establish the new physics. There are a
great deal of studies for the processes B → K(∗)l+l− in the
theory. A model independent analysis has been carried out
in [7,8] and a lot of papers perform the investigation inmany
new physics scenarios [9–18], and some works [19–21] are
dedicated to double lepton polarization. It has been pointed
out [12, 13, 16] that in the some types of the two-Higgs-
double model and SUSY models the neutral Higgs bosons
have sizable contributions to these decays (for l = µ, τ)
at large tanβ. In [14], Ali et al. calculate these quantities
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in five scenarios of supersymmetric models assuming no
additional phase. Kruger’s studies [15] are focused on the
CP violation of B̄ → Kl+l− in the model with additional
CP phases and an extended operator basis. In [13] only
the Higgs penguins with chargino-stop propagated in the
loop are considered.

The rapid progress in neutrino experiments [22] re-
quires new physics to provide a theoretical explanation.
Motivated by neutrino observations, a number of SUSY
SO(10) models have been proposed [23–26] and some phe-
nomenological consequences of the models have been dis-
cussed [23,27–30]. In SUSY SO(10) GUT models, there is a
complexflavor non-diagonal down-type squarkmassmatrix
element of second and third generations of order one in the
RR sector (i.e., δdRR

23 non-zero with δdRR
23 ≡ (M2

d̃RR
)23/m2

q̃,
where (M2

d̃RR
)ij is the flavor non-diagonal squared right-

handed down squark mass matrix element and mq̃ is the
average right-handed down-type squark mass) at the GUT
scale [25] which can induce large flavor off-diagonal cou-
plings such as the coupling of gluino to the quark and squark
which belong to different generations. These couplings are
in general complex and may contribute to the process of
flavor changing neutral currents (FCNC). To be specific,
we use the SUSY SO(10) model described in [25]. The de-
tails and a simple description of this model can be found
in [25, 30]. In this paper, we investigate exclusive decay
B → K(∗)l+l−(l = µ, τ) in the context of SUSY SO(10)
GUT. It is well known that the effects of the counter-
parts of the usual chromo-magnetic and electro-magnetic
dipole moment operators as well as semileptonic opera-
tors with opposite chirality are suppressed by ms/mb and
consequently negligible in SM. However, in SUSY SO(10)
GUTs their effects can be significant, since δdRR

23 can be as
large as 0.5 [25]. Furthermore, δdRR

23 can induce new oper-
ators, the counterparts of the usual scalar operators (Q1,2,
for their definitions, see below) in SUSY models, due to
NHB penguins with gluino-down-type squark propagated
in the loop. We include the contributions of these counter-
part operators and find that indeed they are dominant in
the SUSY SO(10), using the MIA with double insertions
to calculate Wilson coefficients of operators. The aim of
our paper is make an analysis of the SUSY contributions,
in particular, the contributions of neutral Higgs bosons, to
the exclusive decay B → K(∗)l+l−(l = µ, τ) in the context
of SUSY SO(10) GUT.

This paper is organized as follows. In Sect. 2, we present
the effective Hamiltonian and hadronic matrix elements of
relevant operators in terms of form factors. In Sect. 3, the
expressions of the observables are given. In Sect. 4, we give
the sparticle mass spectrum using the revised ISAJET. We
make a numerical analysis and draw conclusions in Sect. 5.

2 Effective Hamiltonian and form factors

In the SUSY SO(10) GUT, after integrating the heavy
degree of freedom from the full theory, the general effective

Hamiltonian for b → sl+l− can be written as follows:

Heff = − 4GF√
2
VtbV

∗
ts (3)

×
[

2∑
i=1

Ci(µ)Oi(µ)

+
10∑
i=3

(Ci(µ)Oi(µ) + C ′
i(µ)O′

i(µ))

+
8∑
i=1

(Ci(µ)Qi(µ) + C ′
i(µ)Q′

i(µ))

]
,

whereOi(µ)(i = 1, . . . , 10) are dimension-six operators and
Ci(µ) are the corresponding Wilson coefficients at the scale
µ [31]. The additional operatorsQi(i = 1, . . . , 8) come from
the neutral Higgs exchange diagrams and their definitions
are given by [16,32]

Q1 =
e2

16π2 (s̄αLb
α
R)(l̄l),

Q2 =
e2

16π2 (s̄αLb
α
R)(l̄γ5l),

Q3(4) =
g2

16π2 (s̄αLb
α
R)

(∑
q

q̄βL(R)q
β
R(L)

)
,

Q5(6) =
g2

16π2 (s̄αLb
β
R)

(∑
q

q̄βL(R)q
α
R(L)

)
,

Q7 =
g2

16π2 (s̄αLσ
µνbαR)

(∑
q

q̄βLσµνq
β
R

)
,

Q8 =
g2

16π2 (s̄αLσ
µνbβR)

(∑
q

q̄βLσµνq
α
R

)
, (4)

and the corresponding Wilson coefficients can be found
in [33]. The primed operators, the counterpart of the un-
primed operators, are obtained by replacing the chiralities
in the corresponding unprimed operators with the opposite
ones. The explicit expressions of the operators governing
B → K(∗)l+l− are given by

O7 =
e

16π2mb(s̄σµνPRb)Fµν ,

O′
7 =

e

16π2mb(s̄σµνPLb)Fµν ,

O9 =
e2

16π2 (s̄γµPLb)(l̄γµl),

O′
9 =

e2

16π2 (s̄γµPRb)(l̄γµl),

O10 =
e2

16π2 (s̄γµPLb)(l̄γµγ5l),

O′
10 =

e2

16π2 (s̄γµPRb)(l̄γµγ5l),
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Q1 =
e2

16π2 (s̄PRb)(l̄l),

Q′
1 =

e2

16π2 (s̄PLb)(l̄l),

Q2 =
e2

16π2 (s̄PRb)(l̄γ5l),

Q′
2 =

e2

16π2 (s̄PLb)(l̄γ5l), (5)

where PL,R = (1∓γ5)/2. From the above Hamiltonian, we
get the decay amplitude of b → sl+l−:

M(b → sl+l−) = −GFα√
2π
VtbV

∗
ts

×
{
Ceff

9 [sγµLb]
[
lγµl

]
+ C10 [sγµLb]

[
lγµγ5l

]
−2m̂bC

eff
7

[
siσµν

q̂ν

ŝ
Rb

] [
lγµl

]
+ CQ1 [sRb]

[
ll
]

+CQ2 [sRb]
[
lγ5l
]
+ (Ci(mb) ↔ C ′

i(mb))
}
, (6)

where s = q2, ŝ = s
m2

B
, q = pB − pK(∗) is the momen-

tum transfer. The Wilson coefficient Ceff
9 (µ) and Ceff

7 are
defined by

Ceff
9 (µ, ŝ) = C9(µ) + Y (µ, ŝ) (7)

+
3π
α2 C(µ)ΣVi=ψ(1s)...ψ(6s)ki

Γ (Vi → l+l−)mVi

m2
Vi

− ŝm2
B − imViΓVi

,

where Ceff
9 (µ) contains the long-distance effects associated

with real c̄c in the intermediate states B → KJ/ψ(ψ′) →
Kl+l−, which can be expressed as the last term in (7),
as well as the short distance contributions. The function
Y (µ, ŝ) comes from the one-loop contributions of the four-
quark operators and its explicit expression can be found
in [34]. The C

′eff
9 (µ) and C

′eff
7 can be obtained by replacing

the unprimed Wilson coefficients with the corresponding
primed ones in the above formula.

By virtue of the form factors in [14], the hadronic matrix
elements in the B → Kl+l− decay can be expressed as

〈K(p)|sγµb|B(pb)〉 = f+(s)pµ + f−(s)qµ, (8)

〈K(p)|sσµνqν(1 + γ5)b|B(pb)〉

= i
{
pµs− qµ

(
m2
B −m2

K

)} fT(s)
mB +mK

. (9)

Using the equations of motion, we obtain

〈K(pK)|s̄b|B(pB)〉 =
m2
B −m2

K

ms −mb
f0(s) . (10)

For B → K∗l+l−, the form factors are defined as follows:

〈K∗(pK∗ , ε)|s̄γµ(1 ± γ5)b|B(pB)〉

= εµνρσε
∗νpρBp

σ
K∗

2V (s)
mB +mK∗

± iε∗µ(mB +mK∗)A1(s)

∓ipµ(ε∗pB)
A2(s)

mB +mK∗

∓iqµ(ε∗pB)
2mK∗

s
(A3(s) −A0(s)), (11)

〈K∗(pK∗ , ε)|sσµνqν(1 ± γ5)b|B(pB)〉
= iεµνρσε∗νp

ρ
Bp

σ
K∗2T1(s) ± ε∗µT2(s)(m2

B −m2
K∗)

∓(ε∗pB)pµ

(
T2(s) + T3(s)

s

m2
B −m2

K∗

)
±(ε∗pB)qµT3(s) (12)

and

〈K∗(pK∗ , ε)|s̄(1 ± γ5)b|B(pB)〉 = ∓i(ε∗pB)
2mK∗

mb +ms
A0(s)

(13)
by means of the equations of motion.

The form factors can be parameterized as

F (ŝ) = F (0) exp(c1ŝ+ c2ŝ
2 + c3ŝ

3)

where the related parameters are given in Table 4 of [14].

3 The formula for observables

From (3)–(13), we can write the decay matrix elements as

A = − GFα

2
√

2π
VtbV

∗
tsmB (14)

× [T 1
µ(lγµl) + T 2

µ(lγµγ5l) + S(ll)
]
,

where for B → Kl+l− decay

T 1
µ = A′(ŝ)p̂µ,

T 2
µ = C ′(ŝ)p̂µ +D′(ŝ)q̂µ,

S = S1(ŝ), (15)

and for B → K∗l+l− decay

T 1
µ = A(ŝ)εµραβε∗ρp̂αB p̂

β
K∗

−iB(ŝ)ε∗µ + iC(ŝ)(ε∗ · p̂B)p̂µ,

T 2
µ = E(ŝ)εµραβε∗ρp̂αB p̂

β
K∗ − iF (ŝ)ε∗µ

+iG(ŝ)(ε∗ · p̂B)p̂µ + iH(ŝ)(ε∗ · p̂B)q̂µ,

S = i2m̂K∗(ε∗ · p̂B)S2(ŝ), (16)

where p = pB + pK(∗) , q = pB − pK(∗) , m̂ = m
mB

, p̂ = p
mB

,
and the auxiliary functions are defined by

A′(ŝ) =
[
Ceff

9 (ŝ) + C
′eff
9 (ŝ)

]
f+(ŝ)

+
2m̂b

1 + m̂K
(Ceff

7 + C
′eff
7 )fT(ŝ), (17)
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C ′(ŝ) = (C10 + C ′
10)f+(ŝ), (18)

D′(ŝ) = (C10 + C ′
10)f−(ŝ)

− 1 − m̂2
K

2m̂l(m̂b − m̂s)
(CQ2 + C ′

Q2
)f0(ŝ), (19)

S1(ŝ) =
1 − m̂2

K

(m̂b − m̂s)
(CQ1 + C ′

Q1
)f0(ŝ), (20)

A(ŝ) =
2V (ŝ)

1 + m̂K∗

[
Ceff

9 (ŝ) + C
′eff
9 (ŝ)

]
+

4m̂b

ŝ
(Ceff

7 + C
′eff
7 )T1(ŝ), (21)

B(ŝ) = (1 + m̂K∗)
[
Ceff

9 (ŝ) − C
′eff
9 (ŝ)

]
A1(ŝ)

+
2m̂b

ŝ
(1 − m̂2

K∗)(Ceff
7 − C

′eff
7 )T2(ŝ), (22)

C(ŝ) =
A2(ŝ)

(1 + m̂K∗)

[
Ceff

9 (ŝ) − C
′eff
9 (ŝ)

]
+

2m̂b

1 − m̂2
K∗

(Ceff
7 − C

′eff
7 )

×
(
T3(ŝ) +

1 − m̂2
K∗

ŝ
T2(ŝ)

)
, (23)

E(ŝ) =
2V (ŝ)

1 + m̂K∗
(C10 + C ′

10), (24)

F (ŝ) = (1 + m̂K∗)(C10 − C ′
10)A1(ŝ), (25)

G(ŝ) =
1

1 + m̂K∗
(C10 − C ′

10)A2(ŝ), (26)

H(ŝ) =
2m̂K∗

ŝ
(C10 − C ′

10) (A3(ŝ) −A0(ŝ))

+
m̂K∗

m̂l(m̂b + m̂s)
(CQ2 − C ′

Q2
)A0(ŝ) (27)

S2(ŝ) =
1

(m̂b + m̂s)
A0(ŝ)(C ′

Q1
− CQ1) , (28)

where f−(s) = m2
B−m2

K

s (f0(s) − f+(s)), A3(s) =
mB+mK∗

2mK∗ A1(s)− mB−mK∗
2mK∗ A2(s). The above results reduce

to those in [13] if all C ′
i = 0, as expected. It is worth to

note that the final term in (14) vanishes if one does not
include the NHB contributions.

3.1 The dilepton invarient mass spectra
and differential FBA

The kinematic variables ŝ, û are defined by

ŝ = q̂2 = (p̂+ + p̂−)2,

û = (p̂B − p̂−)2 − (p̂B − p̂+)2. (29)

Here we choose the center of mass frame of the dileptons
as the frame of reference, in which the leptons move back to

back, and the momentum of the B meson makes an angle
θ with that of l+. û can be written in terms of θ:

û = −û(ŝ) · cos θ ≡ −û(ŝ)z, z = cos θ,

û(ŝ) =

√
λ

(
1 − 4

m̂2
l

ŝ

)
, D =

√
1 − 4

m̂2
l

ŝ
,

λ = 1 + m̂4
K(∗) + ŝ2 − 2ŝ− 2m̂2

K(∗)(1 + ŝ). (30)

The phase space is defined in terms of ŝ and z:

(2m̂l)2 ≤ ŝ ≤ (1 − m̂K(∗))2,−1 ≤ z ≤ 1. (31)

Keeping the lepton mass and integrating over û in the
kinematic region, we can get the dilepton invariant mass
spectra (IMS):

dΓK(K∗)

dŝ
=
G2

Fα
2m5

B

210π5 |VtbV ∗
ts|2û(ŝ)DK(K∗), (32)

DK = (|A′|2 + |C ′|2)
(
λ− û(ŝ)2

3

)
+|S1|2(ŝ− 4m̂2

l ) + |C ′|24m̂2
l (2 + 2m̂2

K − ŝ)

+Re(C ′D′†)8m̂2
l (1 − m̂2

K) + |D′|24m̂2
l ŝ, (33)

DK∗
=

|A|2
3
ŝλ

(
1 + 2

m̂2
l

ŝ

)
+

|E|2
3

ŝû(ŝ)2

+|S2|2(ŝ− 4m̂2
l )λ

+
1

4m̂2
K∗

[
|B|2

(
λ− û(ŝ)2

3
+ 8m̂2

K∗(ŝ+ 2m̂2
l )
)

+ |F |2
(
λ− û(ŝ)2

3
+ 8m̂2

K∗(ŝ− 4m̂2
l )
)]

+
λ

4m̂2
K∗

[
|C|2

(
λ− û(ŝ)2

3

)
+ |G|2

(
λ− û(ŝ)2

3
+ 4m̂2

l (2 + 2m̂2
K∗ − ŝ)

)]
− 1

2m̂2
K∗

[
Re(BC†)(1 − m̂2

K∗ − ŝ)
(
λ− û(ŝ)2

3

)
+Re(FG†)

×
(

(1 − m̂2
K∗ − ŝ)

(
λ− û(ŝ)2

3

)
+ 4m̂2

l λ

)]
−2

m̂2
l

m̂2
K∗

λ
[
Re(FH†) − Re(GH†)(1 − m̂2

K∗)
]

+|H|2 m̂2
l

m̂2
K∗

ŝλ. (34)

The differential FBA is defined by

AFB(ŝ) =
− ∫ û(ŝ)

0 dz d2Γ
dŝdû +

∫ 0
−û(ŝ) dû d2Γ

dŝdû∫ û(ŝ)
0 dz d2Γ

dŝdû +
∫ 0

−û(ŝ) dû d2Γ
dŝdû

. (35)
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According to the definition, it is straightforward to obtain
the expressions of FBA in the exclusive decays:
(1) B → Kl+l−

dAKFB
dŝ

DK = −2m̂lû(ŝ)Re(S1A
′†), (36)

(2) B → K∗l+l−

dAK
∗

FB

dŝ
DK∗

= û(ŝ)
{
ŝ
[
Re(BE†) + Re(AF †)

]
(37)

+
m̂l

m̂K∗

[
Re(S2B

†)(1 − ŝ− m̂2
K∗) − Re(S2C

†)λ
]}

.

As seen from the (32), (33), (34), (36) and (37), the
functions D′(ŝ), S1(ŝ), H(ŝ), and S2(ŝ), which come from
the contribution of NHBs, enter the IMS and FBA. Hence,
the effects of NHBs will manifest themselves in the nu-
merical results of these formula. In particular, (36) shows
that the FBA in B → Kl+l− vanishes if there is no NHB
contributions and from (37) it follows that the NHB con-
tributions change the position of the zero-point of the FBA
in B → K∗l+l−. As pointed out in [20], in an untagged
sample, the FB asymmetry for unpolarized leptons van-
ishes. Once the flavor of the decaying b-quark is tagged,
one can measure the unpolarized FB asymmetry which is
an important observable to discriminate new physics from
the SM, as we noted above.

3.2 The lepton polarization

In this subsection, we will present the analytical expressions
of lepton polarization. We define the three orthogonal unit
vectors in the center mass frame of dilepton as

êL = p+,

êN =
pK × p+

|pK × p+| ,

êT = êN × êL , (38)

which are related to the spin of lepton by a Lorentz boost.
Then, the decay width of the B → K(∗)l+l− decay for any
spin direction n̂ of the lepton, where n̂ is a unit vector in
the dilepton center mass frame, can be written as

dΓ (n̂)
dŝ

=
1
2

(
dΓ
dŝ

)
0
[1 + (PLêL + PNêN + PTêT) · n̂] ,(39)

where the subscript “0” denotes the unpolarized decay
width, PL and PT are the longitudinal and transverse po-
larization asymmetries in the decay plane respectively, and
PN is the normal polarization asymmetry in the direction
perpendicular to the decay plane.

The lepton polarization asymmetry Pi can be obtained
by calculating

Pi(ŝ) =
dΓ (n̂ = êi)/dŝ− dΓ (n̂ = −êi)/dŝ
dΓ (n̂ = êi)/dŝ+ dΓ (n̂ = −êi)/dŝ . (40)

By a straightforward calculation, we get
(1) for B → Kl+l−

PKL DK =
4
3

D {λRe
(
A′C ′†)− 3m̂l(1 − m̂2

K)Re
(
C ′†S1

)
− 3m̂lŝRe

(
D′†S1

)}
, (41)

PKN DK =
π
√
ŝû (ŝ)
2

{
−Im

(
A′S†

1

)
+ 2m̂lIm

(
C ′D′†)} ,

(42)

PKT DK = − π
√
λ√
ŝ

×
{
m̂l

[(
1 − m̂2

K

)
Re
(
A′C ′†)+ ŝRe

(
A′D′†)]

+

(
ŝ− 4m̂2

l

)
2

Re
(
C ′S†

1

)}
, (43)

(2) for B → K∗l+l−

PK
∗

L DK∗
= D

{
2ŝλ
3

Re
(
AE†)+

(
λ+ 12m̂2

K∗ ŝ
)

3m̂2
K∗

Re
(
BF †)

−λ
(
1 − m̂2

K∗ − ŝ
)

3m̂2
K∗

Re
(
BG† + CF †)+

λ2

3m̂K∗
Re
(
CG†)

+
2m̂lλ

m̂K∗

[
Re
(
FS†

2

)
− ŝRe

(
HS†

2

)
− (1 − m̂2

K∗
)
Re
(
GS†

2

)]}
, (44)

PK
∗

N DK∗
=

−π
√
ŝû (ŝ)

4m̂K∗

{
m̂l

m̂K∗

[
Im
(
FG†) (1 + 3m̂2

K∗ − ŝ
)

+ Im
(
FH†) (1 − m̂2

K∗ − ŝ
)− Im

(
GH†)λ]

+2m̂K∗m̂l[Im
(
BE†)+ Im

(
AF †)]

− (1 − m̂2
K∗ − ŝ

)
Im
(
BS†

2

)
+ λIm

(
CS†

2

)}
, (45)

PK
∗

T DK∗
=

π
√
λm̂l

4
√
ŝ

{
4ŝRe

(
AB†)

+

(
1 − m̂2

K∗ − ŝ
)

m̂2
K∗

× [−Re
(
BF †)+

(
1 − m̂2

K∗
)
Re
(
BG†)+ ŝRe

(
BH†)]

+
λ

m̂2
K∗

[
Re
(
CF †)− (1 − m̂2

K∗
)
Re
(
CG†)− ŝRe

(
CH†)]

+

(
ŝ− 4m̂2

l

)
m̂K∗m̂l

×
[(

1 − m̂2
K∗ − ŝ

)
Re
(
FS†

2

)
− λRe

(
GS†

2

)]}
. (46)

One can see from (42) that PN = 0 for the decay B →
Kl+l− in the SM because C ′

10 = 0 in the approximation
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Fig. 1. The mass spectrum versus m0 for fixed M1/2 = 200 GeV, tan β = 40, δd
23RR = (0.04 − 0.03i), and sign(µ) = +1 without

the constraints from the low energy experiments imposed. a is for A0 = 0. b is for A0 = −1000

of ms/mb = 0, C(′)
Q1,2

= 0, and C10 is real in the SM. Thus,
a non-zero normal polarization asymmetry in B → Kl+l−
would signal the existence of new physics.

4 Mass spectra
and the permitted parameter space

To see the impact of the induced off-diagonal elements in
the mass matrix of the right-handed down-type squarks
on B rare decays and simplify the analysis, we assume
that at the GUT scale (MG) all sfermion mass matrices
except the right-handed down-type squark mass matrix
are flavor diagonal and all diagonal elements are approxi-
mately universal and equal to m2

0. The 23 matrix element
of right-handed down-type squark mass matrix is parame-

terized by δdRR
23 ≡ (M2

d̃RR
)23

m2
0

which can be treated as a free
parameter of order one. Furthermore, we have a universal
gaugino massM1/2, a universal trilinear coupling A0 and a
universal bilinear coupling B0 at MG. Taking into account
the radiative electro-weak (EW) symmetry breaking, fi-
nally we have five parameters (m0,M1/2, A0, δ

dRR
23 , tanβ)

plus the sign of µ as the initial conditions for solving the
renormalization group equations (RGEs).

We require the lightest neutralino to be the lightest su-
persymmetric particle (LSP) and use several experimental
limits to constrain the parameter space, including
(1) the width of the decay Z → χ0

1χ
0
1 is less than 4.3 MeV,

and branching ratios of Z → χ0
1χ

0
2 and Z → χ0

2χ
0
2 are less

than 1 × 10−5, where χ0
1 is the lightest neutralino and χ0

2
is the other neutralino;
(2) the mass of light neutral Higgs cannot be lower than
111 GeV as the present experments required;
(3) the mass of lighter chargino must be larger than 94 GeV
as given by the Particle Data Group [39];
(4) sneutrinos are larger than 94 GeV;

(5) seletrons are larger than 73 GeV;
(6) smuons larger than 94 GeV;
(7) staus larger than 81.9 GeV.

In thenumerical calculation,weuse the revised ISAJET.
We find that the parameter δdRR

23 does not receive any sig-
nificant correction and the diagonal entries of mass matri-
ces are significantly corrected, which is in agreement with
the results in [40]. We scan m0, M1/2 in the range (100,
800) GeV for given values of A0, tanβ and sign(µ) = +11,
with the constraints from the relevant low energy experi-
ments such asB → Xsγ,Bs → µ+µ−, etc. (for the detailed
discussions of constraints, see Sect. 5.2).

As an illustration, we present the mass spectra without
and with the constraints from the low energy experiments
in Figs. 1 and 2, respectively, where (a) and (b) are forA0 =
0,−1000 GeV respectively. One can see from Figs. 1 and 2
that the mass spectrum grows higher when A0 increases
and when the constraints from the low energy experiments
are imposed the masses of sparticles are larger than those
without the constraints, as expected.

5 Numerical analysis

In this section, we will discuss the numerical results and
make an analysis.

5.1 Parameters input

Now the parameters in our calculation are listed:

mb = 4.8 GeV, mc = 1.4 GeV, ms = 0.2 GeV,

1 In the case of sign(µ) = −1, the constraint from B → Xsγ
on the parameter space is too stringent; in particular, for large
tan β [32, 43,44].
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Fig. 2. The mass spectrum versus m0 for fixed M1/2 = 600 GeV, tan β = 40, δd
23RR = (0.04 − 0.03i), and sign(µ) = +1 with

the constraints from the low energy experiments imposed. a is for A0 = 0. b is for A0 = −1000

mµ = 0.1057 GeV, mτ = 1.7769 GeV,

MB = 5.28 GeV, MJ/ψ = 3.10 GeV,

Mψ′ = 3.69 GeV, MK∗ = 0.89 GeV,

MK = 0.49 GeV, ΓB = 4.22 × 10−13 GeV,

ΓJ/ψ = 8.70 × 10−5 GeV,

Γψ′ = 27.70 × 10−5 GeV,

Γ (J/ψ → l+l−) = 5.26 × 10−6 GeV,

Γ (ψ′ → l+l−) = 2.14 × 10−6 GeV. (47)

5.2 Constraints from experiments

In our calculation, we consider the constraints from B →
Xsγ, Bs → µ+µ−, ∆Ms, B → K(∗)l+l−, and τ → µγ.
The leading order Bs → Xsγ branching ratio normalized
to Br(B → Xceν̄) can be written as

Br(B → Xsγ) =
6αem

πf(z)

×
∣∣∣∣VtbV ∗

ts

Vcb

∣∣∣∣2 Br(B → Xceν̄)(|C7(mb)|2 + |C ′
7(mb)|2),

where
√
z = mpole

c /mpole
b , f(z) is the phase space function.

We take 2 × 10−4 < Br(B → Xsγ) < 4.5 × 10−4, consid-
ering the theoretical uncertainties. The quantities B →
Xsγ make a direct constraint on |C7(mb)|2 + |C ′

7(mb)|2.
The single insertion term δ

LR(RL)
23 in C ′

7(mb) are more
severely constrained than δ

LL(RR)
23 , due to the strong en-

hancement factor mg̃/mb associated with single δdLR(RL)
23

insertion term in C
(′)
7 (mb). Because the double insertion

term δ
dLL(RR)
23 δ

dLR(LR∗)
33 is also enhanced by mg̃/mb,

δ
dLL(RR)
23 is constrained to be order of 10−2 if the left–

right mixing of the scalar bottom quark δdLR(RL)
33 is large

(∼ 0.5). Nevertheless, in the large tanβ case the chargino
contribution can destructively interfere with the SM (plus
the charged Higgs) contribution so that the constraint can
be easily satisfied.

The branching ratio Br(B → µ+µ−) is given as [33]

Br(Bs → µ+µ−)

=
G2

Fα
2
em

64π3 m3
Bs
τBsf

2
Bs

|λt|2
√

1 − 4m̂2

×
[(

1 − 4m̂2) ∣∣CQ1(mb) − C ′
Q1

(mb)
∣∣2 (48)

+
∣∣CQ2(mb) − C ′

Q2
(mb) + 2m̂(C10(mb) − C ′

10(mb))
∣∣2],

where m̂ = mµ/mBs . With large C(′)
Q1,2

, Br(B → µ+µ−)
can have large enhancements [35]. The new D0 experimen-
tal upper bound of Br(Bs → µ+µ−) is 4.6×10−7 [36] at 90%
confidence level. It gives a stringent constraint on C

(′)
Q1,2

and consequently on the parameter space of the model.
At the same time we require that the predicted branching
ratios of B → Xsµ

+µ− and B → K(∗)µ+µ− falls within
1σ experimental bounds.

We also impose the current experimental lower bound
∆Ms > 14.4 ps−1 [37]. The δdLR(RL)

23 contribution to ∆Ms

is small because it is constrained to be order of 10−2 by
Br(B → Xsγ). The dominant contribution to ∆Ms comes
from δ

dLL(RR)
23 insertionwith both constructive anddestruc-

tive effects compared with the SM contribution, where the
too large destructive effect is ruled out, because the SM
prediction is only slightly above the present experiment
lower bound.

Furthermore, as analyzed in [40], there is the correlation
between flavor changing squark and slepton mass insertions
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in SUSY GUTs. This correlation leads to a bound on δdRR
23

from the rare decay τ → µγ. We update the analysis with
the latest BELLE upper bound of Br(τ → µγ)< 3.1 ×
10−7 [41] at 90% confidence level in the SUSY SO(10)
model.

5.3 The numerical results and conclusions

We will focus on the parameter space at large tanβ. The
reason for this is that in the large tanβ region of parameter
space the contributions of NHB exchange become very im-
portant for quark level semi-leptonic transitions b → sl+l−
when the final state lepton is either a muon or tau [32,44]. In
numerical calculations, we take tanβ = 40, sign(µ) = +1,
and A0 = 0,−1000 and get the sparticle mass spectrum
and mixing at the EW scale. Using the resulted Wilson
coefficients, we calculate the IMS, FBA and polarization
asymmetries of the processes B → K(∗)l+l− under the
constraints on δdRR

23 from all the relevant experiments as
discussed in Sect. 5.2, whose phase varies from 0 to 2π.

The Wilson coefficients C(′)
Q1

and C(′)
Q2

come from NHB
exchanging. Specially, we are interested in the case of
maximal enhancements of C(′)

Q1,2
. Through scanning the

parameter space under constraints, we find, for A0 = 0,
when m0 = 800 GeV, M1/2 = 400 GeV (for A0 = −1000,
M1/2 = 500 GeV), C(′)

Q1,2
to have maximal values. The ob-

tained C(′)
Q1,2

and other relevant Wilson coefficients in the
two cases and in SM are listed in Table 1. From Table 1,
we know
(i) the NHB contributions in the case of A0 = −1000 are
larger than those in the case of A0 = 0 except for C9;
(ii) the Wilson coefficients C ′

Q1,2
of primed operators are

dominant, which is due to the presence of δdRR
23 of order

one at the high scale in the SUSY SO(10) model, and their
imaginary parts are sizable, which contribute to the normal
polarization, a T violating observable.

The figures for the dependence of observable on ŝ with
and without long-distance contributions are presented in
Figs. 3–7) in the case of A0 = −1000, where the solid lines
denote all the contributions (W±, H±, chargino, gluino,
neutrilino propagated in the loop) including the NHB con-
tributions; the dot lines present the SM contribution plus
only the NHB contributions, and the dot-dashed lines are
for the SM contribution. We also calculated the depen-
dence of the observable on ŝ in the case of A0 = 0 and
give the results for A0 = 0 when the two cases have a
sizable difference.

The IMS of the process B → K(∗)l+l− is given in
Fig. 3, where the left two figures are for B → K(∗)µ+µ−
and the right ones for B → K(∗)τ+τ−. For the case of
B → Kµ+µ−, we can see that, at the low ŝ region, there is
some enhancement from NHB contributions. Compared to
the decayB → Kµ+µ−, the IMS ofB → K∗µ+µ− deviates
from the SM prediction sizably in the whole region of ŝ.
Nevertheless, the SUSY effects are small compared with
the SM for the decay B → K(∗)τ+τ−.

Figure 4 is for the FBA (dA/dŝ) of the decay B →
K(∗)l+l−, where the left two figures are for l = µ and the
right for l = τ , like that in Fig. 3. As it is known, the
FBA (dA/dŝ) of B → Kl+l− in the SM is zero. Since FBA
arises in the SUSY models only when NHB effects are taken
into account, it provides a good probe to test these effects.
Our numerical results show that the average of FBA in
B → Kµ+µ− can reach only 0.001 which is too small to be
observed. The average of FBA in B → Kτ+τ− can reach
−0.1 and 0.05 for the case of A0 = 0 and A0 = −1000,
respectively. (The reason why FBA in the two cases has
the opposite sign is that the sign of the function S1 in these
two cases is opposite.) So 1010–1011 Bd B̄d pairs per year,
which is in the designed range in the future superB factors
with 1010–1012 B hadrons per year [42], are needed in order
to observe the FBA with good accuracy. Our results show
that the SUSY effects show up at the low ŝ region for the
FBA of B → K∗µ+µ− and the deviation from SM is 0.05
or so. It is worth to note that there is a sizable change of the
position of the zero-point of the FBA in B → K∗µ+µ−
in the SUSY SO(10) model, as it can be seen in Fig. 5,
which could be tested in the future experiments with high
precision. For FBA in B → K∗τ+τ−, the deviation from
the SM is about several percent. The average of FBA of
B → K∗τ+τ− can reach 0.3 in the case of A0 = 0. To
observe the FBA in B → K∗τ+τ− decay at 1σ level, the
required number of events is 1.1×108. The number of BB̄
pairs that is expected to be produced atB factories is about
N 
 5 × 108. Therefore the FBA in B → K∗τ+τ− could
be observed at B factories. Hence, with the enhancement
of experimental precision and statistics, the measurements
of FBA would provide more data and effectively pin the
NP effects.

Now, we turn to discuss the lepton polarization. We
present the longitudinal, transverse and normal polariza-
tion in Figs. 5–7 for B → K(∗)l+l− decay. As it can be
seen in Figs. 5 and 6, the dL/dŝ of B → K(∗)µ+µ− is
not sensitive to the NHB effects, while for dT/dŝ of B →
K(K∗)µ+µ−, the deviation from SM can reach 0.1 (0.05).
As it is expected, the contribution from the τ+τ− chan-
nel is much larger than that from the µ+µ− one. For
B → K(∗)τ+τ−, the NHB contributions are manifest and
dominant, and both dL/dŝ and dT/dŝ are significantly
different from SM. And the dL/dŝ of B → Kτ+τ− can
even reach 0.6. Thus, the NHB effects are sensitive to
B → K(∗)τ+τ− and will be observable at B factories.

The dN/dŝ of B → K(∗)l+l− decay are given in Fig. 7.
The average of dN/dŝ can reach several percent for B →
Kµ+µ− which could be observed in the future super B
factories, while it is the order of 10−3 for B → K∗µ+µ−
which cannot be observed even in the designed super B
factories. The average of dN/dŝ in B → Kτ+τ− is 0.05 or
so. For B → K∗τ+τ−, the deviation from SM is a few per-
cent. As noted above, the Wilson coefficient C10 is real and
C ′

10, C
(′)
Qi

= 0 (precisely speaking, they are negligibly small)
in the SM so that dN/dŝ = 0 inB → Kµ+µ− in the SM. It
is still true in the minimal supergravity model (mSUGRA)
and SUSY models with real universal boundary conditions
at the high scale [13]. In the SUSY SO(10) model we consid-
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Table 1. The Wilson coefficients for the two cases in the SUSY SO(10). The SM values
also are listed for comparison. The values in brackets are for l = τ

A0 CQ1 C′
Q1

SM 0 0

A0 = 0 0.074 + 0.000i (1.252 + 0.001i) −0.013 + 0.008i (−0.213 + 0.128i)

A0 = −1000 0.106 + 0.000i (1.775 + 0.002i) −0.247 + 0.242i (−4.148 + 4.074i)

A0 CQ2 C′
Q2

SM 0 0

A0 = 0 −0.075 + 0.000i (−1.267 − 0.001i) −0.013 + 0.008i (−0.216 + 0.129i)

A0 = −1000 −0.107 + 0.000i (−1.797 − 0.002i) −0.250 + 0.246i (−4.202 + 4.128i)

A0 Ceff
7 C

′eff
7 C9 C′

9 C10 C′
10

SM −0.313 0.000 +4.344 0.000 −4.669 0.000

A0 = 0 −0.225 − 0.000i −0.020 − 0.010i 4.277 + 0.000i −0.000 − 0.002i −4.717 − 0.000i −0.001 + 0.019i

A0 = −1000 −0.219 + 0.000i 0.039 − 0.038i 4.275 + 0.000i 0.011 + 0.072i −4.732 − 0.000i −0.075 − 0.670i

Fig. 3. The IMS of the process B → K(∗)l+l− for A0 = −1000. The solid line (black), dot line (green), and dashed-dot line
(blue) represent all the contributions included, the SM contributions plus only the NHB contributions, and the SM contributions,
respectively. Both the total (SD+LD) and the pure SD contributions are shown in order to compare. In the figure we write “s”
in stead of “ŝ” for simplicity



574 Wen-Jun Li et al.: Exclusive semileptonic rare decays B → K(∗)l+l− in a SUSY SO(10) GUT

Fig. 4. The FBA of the process B → K(∗)l+l− for A0 = −1000. The line conventions are the same as those in Fig. 3

Fig. 5. The dL/dŝ of the process B → K(∗)l+l− for A0 = −1000. The line conventions are the same as those in Fig. 3
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Fig. 6. The dT/dŝ of the process B → K(∗)l+l− for A0 = −1000. The line conventions are the same as those in Fig. 3

Fig. 7. The dN/dŝ of the process B → K(∗)l+l− for A0 = −1000. The line conventions are the same as those in Fig. 3
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ered, the complex flavor non-diagonal down-type squark
mass matrix element of second and third generations of
order one at the GUT scale induces the complex couplings
which lead to complex Wilson coefficients and consequently
the non-zero normal polarization of B → Kµ+µ−. There-
fore, the measurements of theCP violating (as usual,CPT
invariance is assumed in this paper) normal polarization in
B → Kl+l− could discriminate the SUSY SO(10) model
(and other SUSY models with flavor non-diagonal complex
couplings) from the SM and mSUGRA.

In summary, we have carried out a study of SUSY ef-
fects, in particular, the neutral Higgs bosons contributions
to the IMS, FBA and polarization, in the exclusive decay
B → K(∗)l+l− (l = µ, τ) in the SUSY SO(10) model, tak-
ing account of the constraints from existing experimental
data such as b → sγ, ∆Ms, Br(B → K(∗)µ+µ−), τ → µγ
as well as the upper bound of Br(Bs → µ+µ−). Our main
findings can be summarized as follows.
(1) The IMS of the process B → K(∗)µ+µ− can sizably
deviate from the SM.
(2) The FBA comes only from NHB contributions in B →
Kl+l− and its average for l = µ is non-zero but too small
to be ovserved. However for B → Kτ+τ−, it is the order
of 10%, which should be within the luminosity reach of
coming B factories. The SUSY effects show up at the low
ŝ region for the FBA of B → K∗µ+µ− and the deviation
from SM is 0.05 or so. Moreover, there is a sizable change of
the position of the zero-point of the FBA inB → K∗µ+µ−,
which can be used to discriminate the model from the SM.
(3) The average of dN/dŝ can reach several percent for
B → Kµ+µ− and it is 0.05 or so for B → Kτ+τ−, which
could be measured in the future super B factories and
provide a useful information to probe new physics and dis-
criminate different models.
(4) The longitudinal polarization, dL/dŝ, of B →
K(∗)µ+µ− is not sensitive to the NHB effects. However, for
the transverse polarization, dT/dŝ, of B → K(K∗)µ+µ−,
the deviation from SM can reach 0.1 (0.05) which could be
seen in B factories. For B → K(∗)τ+τ−, the NHB contri-
butions are manifest and dominant, and both dL/dŝ and
dT/dŝ are significantly different from SM. And the dL/dŝ
ofB → Kτ+τ− can even reach 0.6, which can be measured
in B factories.

Therefore, the experimental investigation of observ-
ables, in particular, FBA and the polarization components,
in the B → K(∗)l+l− decays in the present B factories and
future super B factories can be used to search for SUSY
effects, in particular, NHB effects, in SUSY grand unifica-
tion models.
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