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Effective Lagrangian for s̄bg and s̄bg vertices in the minimal supergravity model
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Complete expressions of thes̄bg and s̄bg vertices are derived in the framework of supersymmetry with
minimal flavor violation. As examples, the branching ratios of charmlessB decays@B→K1X ~no charm!# and
exclusive processesBs→gg are calculated with the minimal supergravity assumptions.
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I. INTRODUCTION

The rareB decays serve as a good test for new phys
beyond the standard model~SM! since they are not seriousl
affected by the uncertainties due to long distance effects.
forthcoming B factories will make more precise measur
ments on the rareB-decay processes and those measurem
should set more strict constraints on the new physics bey
SM. The main purpose of investigatingB decays, especially
the rare decay modes, is to search for traces of new phy
and determine its parameter space. In all the extension
the SM, supersymmetry is considered as one of the m
plausible candidates. In the general supersymmetric ex
sion of the SM, new sources of flavor violation may appe
in those soft breaking terms@1#. Applying the mass insertion
method, the influence of those nonuniversal soft break
terms on various flavor changing neutral current~FCNC!
processes is discussed in the literatures@2#. However, too
many free parameters which exist in the supersymm
model with nonuniversal soft breaking terms decrease
model prediction ability. Thus for a practical calculatio
whose results can be compared with the data, one nee
reduce the number of the free parameters in some way,
by enforcing some physical conditions and assuming rea
able symmetries. A realization of this idea is the minim
supergravity~MSUGRA!, which is fully specified by only
five parameters@3#. In this work, we perform a strict analysi
on thes̄bg ( s̄bg) effective Lagrangian in the minimal flavo
violation supersymmetry up to the leading order. The n
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leading order~NLO! supersymmetric SUSY QCD correc
tions to those processes have been evaluated in our an
work @4#.

The most general form of the superpotential which do
not violate gauge invariance and the conservation laws
SM is

W5me i j Ĥ i
1Ĥ j

21e i j hl
I Ĥ i

1L̂ j
I R̂I2hd

I ~Ĥ1
1Q̂2

I 2Ĥ2
1VIJQ̂1

J!D̂I

2hu
I ~Ĥ1

2V* JIQ̂2
J2Ĥ2

2Q̂1
I !ÛI . ~1!

HereĤ1,Ĥ2 are Higgs superfields;Q̂I and L̂ I are quark and
lepton superfields in doublets of the weak SU~2! group,
whereI 51,2,3 are the indices of generations; the rest sup
fields ÛI , D̂I and R̂I are quark superfields of theu- and
d-types and charged leptons in singlets of the weak SU~2!
respectively. Indicesi,j are contracted for the SU~2! group,
andhl ,hu,d are the Yukawa couplings. In order to break t
supersymmetry, the soft breaking terms are introduced a

Lso f t52mH1
2 Hi

1* Hi
12mH2

2 Hi
2* Hi

22mLI
2 L̃ i

I* L̃ i
I2mRI

2 R̃I* R̃I

2mQI
2 Q̃i

I* Q̃i
I2mUI

2 ŨI* ŨI2mDI
2 D̃I* D̃I

1~m1lBl11m2lA
i lA

i 1m3lG
a lG

a 1H.c.!

1@Bme i j Hi
1H j

21e i j Al
Ihl

IHi
1L̃ j

I R̃I

2Ad
I hd

I ~H1
1Q̃2

I 2H2
1VIJQ̃1

J!D̃I

2Au
I hu

I ~H1
2V* JIQ̃2

J2H2
2Q̃1

I !ŨI1H.c.#, ~2!
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wheremH1
2 , mH2

2 , mLI
2 , mRI

2 , mQI
2 , mUI

2 andmDI
2 are the param-

eters in unit of mass squared,m3 ,m2 ,m1 denote the masse
of lG

a (a51,2, . . . ,8), lA
i ( i 51,2,3) andlB , which are

the SU(3)3SU(2)3U(1) gauginos.B is a free paramete
in unit of mass.Al

I , Au
I , Ad

I (I 51,2,3) are the soft breakin
he
sl

n
il
he

y,
yp

05500
parameters that result in mass splitting between lepto
quarks and their supersymmetric partners. Taking into
count of the soft breaking terms Eq.~2!, we can study the
phenomenology within the minimal supersymmetric exte
sion of the standard model~MSSM!. The resultant mass ma
trix of the up-type scalar quarks is written as
mŨI
2

5S mQI
2

1muI
2

1S 1

2
2

2

3
sin2uWD cos 2bmZ

2 2muI~Au
I 1m cotb!

2muI~Au
I 1m cotb! mUI

2
1muI

2
1

2

3
sin2uW cos 2bmZ

2
D , ~3!

and the corresponding mass matrix of the down-type scalar quarks is

mD̃I
2

5S mQI
2

1mdI
2

1S 1

2
1

1

3
sin2uWD cos 2bmZ

2 2mdI~Ad
I 1m tanb!

2mdI~Ad
I 1m tanb! mDI

2
1mdI

2
2

1

3
sin2uW cos 2bmZ

2
D , ~4!
five

e.,

n

was
with muI, mdI (I 51,2,3) being the masses of theI th genera-
tion quarks. One difference between the MSSM and SM
the Higgs sector. There are four charged scalars, two of t
are physical massive Higgs bosons and other are mas
Goldstones bosons in the SUSY extension. The mixing m
trix can be written as

ZH5S sinb 2cosb

cosb sinb D ~5!

with tanb5v2 /v1 andv1 ,v2 being the vacuum expectatio
values of the two Higgs scalars. Another matrix that we w
use in the later derivation is the chargino mixing matrix. T
SUSY partners of the charged Higgs boson andW6 combine
to give four Dirac fermions:x1

6 ,x2
6 . The two mixing ma-

tricesZ 6 appearing in the Lagrangian are defined as

~Z 2!TMcZ 15diag~m
x1

,m
x2

!, ~6!

whereMc is the mass matrix of charginos. In a similar wa
ZU,D diagonalize the mass matrices of the up- and down-t
squarks respectively:

Z
ŨI
† m

ŨI
2 Z

ŨI5diag~m
Ũ1

I
2 ,m

Ũ2
I

2 !,

Z
D̃I
† m

D̃I
2 Z

D̃I5diag~m
D̃1

I
2 ,m

D̃2
I

2 !. ~7!

In the framework of minimal supergravity~MSUGRA!, the
unification assumptions at the ground unified theory~GUT!
scale are expressed as@3#

Al
I5Ad

I 5Au
I 5A0 , ~8!

B5A021,
is
m

ess
a-

l

e

mH1
2

5mH2
2

5mLI
2

5mRI
2

5mQI
2

5mUI
2

5mDI
2

5m0
2 ,

m15m25m35m1/2.

Under these assumptions, the MSUGRA is specified by
parameters:

A0 ,m0 ,m1/2,tanb,sgn~m!,

and the flavor structure of the model is similar to SM, i.
flavors change only via the CKM matrix.

The supersymmetric contributions will modify the Wilso
coefficients of the effectives̄bg and s̄bg vertices. For the
W-boson propagator, we adopt the nonlinearRj gauge whose
gauge fixing term is@5#

L
gauge-f ixing

52
1

j
f †f ~9!

with f 5(]mW1m2 ieAmW1m2 i jm
W

f1) in our calcula-
tions. A thorough discussion about the gauge invariance
given by Deshpandeet al. @6,7#.

As in the case of SM@12#, the operator basis forb→sg in
the supersymmetry consists of

O15
1

~4p!2
s̄~ iD” !3v2b, ~10!

O25
1

~4p!2
s̄$ iD” ,gsG•s%v2b,
7-2
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O35
1

~4p!2
s̄iD m~ igsG

mn!gnv2b,

O45
1

~4p!2
s̄~ iD” !2~msv21mbv1!b,

O55
1

~4p!2
s̄gsG•s~msv21mbv1!b.

In these operators,Dm[]m2 igsGm and Gmn[Gmn
a Ta de-

notes the gluon field strength tensor withGmn
a 5]mGn

a

2]nGm
a 1gsf

abcGm
b Gn

c , andG•s[Gmnsmn.
For transitionb→sg, the operator basis is somewhat d

ferent from those in Eq.~10! and the changes are reflected
the following replacements:

O2→O65
1

~4p!2
s̄$ iD” ,eQdF•s%v2b, ~11!
05500
O3→O75
1

~4p!2
s̄iD m~ ieQdFmn!gnv2b,

O5→O85
1

~4p!2
s̄eQdF•s~msv21mbv1!b

with Fmn being the electromagnetic field strength tensor a
F•s[Fmnsmn.

II. THE EFFECTIVE LAGRANGIAN FOR s̄bg „ s̄bg…

At first, we present the analysis ofs̄b mixing. The self-
energy diagrams are drawn in Fig. 1. The unrenormalizeds̄b
self-energy is given as

FIG. 1. The one-loop self-energy diagrams forb→s in the
SUSY model with minimal flavor violation.
dix A.
alized

al
S5
ig2

2

32p2 (
i 5u,c,t

VibVis* H S A0~xi ,x
H
,x

Ũa
i ,x

xb
!1

p2

m
W

2
A1~xi ,x

H
,x

Ũa
i ,x

xb
!D p”v21S B0~xi ,x

H
,x

Ũa
i ,x

xb
!

1
p2

m
W

2
B1~xi ,x

H
,x

Ũa
i ,x

xb
!D ~msv21mbv1!1C0~xi ,x

H
,x

Ũa
i ,x

xb
!
mbms

m
W

2
p”v1J ~12!

with the symbolic definitionsxi5mi
2/m

W

2 , x
H
5m

H1
2 m

W

2 , x
Ũa

i 5m
Ũa

i
2 /m

W

2 , x
xb

5m
xb

2 /m
W

2 with i 5u,c,t. Those form factorsA0 ,

A1 , B0 , B1 andC0 are complicated functions of the parameters and their explicit expressions are collected in Appen
We renormalize thes̄b self-energy according to the well-known prescription, namely by demanding that the renorm

self-energyŜ vanish when one of the external legs is on its mass shell@8–10#. Obviously, this is a necessary physic
condition which must be satisfied. This is realized as

Ŝ5
ig2

2

32p2 (
i 5u,c,t

VibVis* H S A* 1A0~xi ,x
H
,x

Ũa
i ,x

xb
!1

p2

m
W

2
A1~xi ,x

H
,x

Ũa
i ,x

xb
!D p”v21S Bs* 1B0~xi ,x

H
,x

Ũa
i ,x

xb
!

1
p2

m
W

2
B1~xi ,x

H
,x

Ũa
i ,x

xb
!D msv21S Bb* 1B0~xi ,x

H
,x

Ũa
i ,x

xb
!1

p2

m
W

2
B1~xi ,x

H
,x

Ũa
i ,x

xb
!D mbv1

1„C* 1C0~xi ,x
H
,x

Ũa
i ,x

xb
!…

mbms

m
W

2
p”v1J , ~13!

where

A* 52A0~xi ,x
H
,x

Ũa
i ,x

xb
!2

mb
21ms

2

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!1B1~xi ,x

H
,x

Ũa
i ,x

xb
!…,

Bb* 52B0~xi ,x
H
,x

Ũa
i ,x

xb
!2

ms
2

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!1B1~xi ,x

H
,x

Ũa
i ,x

xb
!…, ~14!
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Bs* 52B0~xi ,x
H
,x

Ũa
i ,x

xb
!2

mb
2

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!1B1~xi ,x

H
,x

Ũa
i ,x

xb
!…,

C* 52
mbms

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!12B1~xi ,x

H
,x

Ũa
i ,x

xb
!1C0~xi ,x

H
,x

Ũa
i ,x

xb
!….

After carrying out the renormalization procedure described above, the self-energy is written as

Ŝ5
ig2

2

32p2 (
i 5u,c,t

VibVis* H F p22mb
22ms

2

m
W

2
A1~xi ,x

H
,x

Ũa
i ,x

xb
!2

mb
21ms

2

m
W

2
B1~xi ,x

H
,x

Ũa
i ,x

xb
!Gp”v21F p2

m
W

2
B1~xi ,x

H
,x

Ũa
i ,x

xb
!

1
mb

2

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!1B1~xi ,x

H
,x

Ũa
i ,x

xb
!…Gmsv21F p2

m
W

2
B1~xi ,x

H
,x

Ũa
i ,x

xb
!1

ms
2

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!

1B1~xi ,x
H
,x

Ũa
i ,x

xb
!…Gmbv12

mbms

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!12B1~xi ,x

H
,x

Ũa
i ,x

xb
!…p”v1J . ~15!

This procedure is exactly the same as that adopted in the SM case@17#.
Next, let us calculate the unrenormalizeds̄bg vertexGr(p,q) corresponding to Fig. 2. Keeping terms up to orderp2,q2/m

W

2

@11,12,14–16#, we have

Gr
b→sg

5gsT
a

ig2
2

32p2 (
i 5u,c,t

VibVis* H A0~xi ,x
H
,x

Ũa
i ,x

xb
!grv21A1~xi ,x

H
,x

Ũa
i ,x

xb
!

p2gr1~p1q!2gr1p”grp”

m
W

2
v2

1F1~xi ,x
H
,x

Ũa
i ,x

xb
!

q2

m
W

2
grv21F2~xi ,x

H
,x

Ũa
i ,x

xb
!
p”grq”

m
W

2
v21F3~xi ,x

H
,x

Ũa
i ,x

xb
!
q”grp”

m
W

2
v2

1F4~xi ,x
H
,x

Ũa
i ,x

xb
!
q”grq”

m
W

2
v21B1~xi ,x

H
,x

Ũa
i ,x

xb
!

1

m
W

2
„~p”1q” !gr1grp” …~msv21mbv1!

1F5~xi ,x
H
,x

Ũa
i ,x

xb
!

1

m
W

2
@q” ,gr#~msv21mbv1!1C0~xi ,x

H
,x

Ũa
i ,x

xb
!
mbms

m
W

2
grv1J , ~16!

whereFi(xi ,x
H
,x

Ũa
i ,x

xb
) ( i 51, . . . , 5) arecollected in Appendix A. From Eq.~12! and Eq.~16!, it is easy to show thatGr

b→sg

obeys the Ward-Takahashi identity

qrGr
b→sg

~p,q!5gsT
a@S~p1q!2S~p!#. ~17!

According to the general principle of renormalization,s̄bg vertex does not exist in the fundamental Lagrangian, thus it d
not need to be renormalized. In other words, the divergence would be canceled as the physical conditions are ta
account. In the nonlinearRj gauge, as well as in the unitary gauge, the one-loop penguin diagram results in a divergen
other side, all the one-loop diagrams which contribute to theb→sg or b→sg processes must constitute a converg
subgroup. Thus obviously, the renormalizations of the penguin and flavor-changing self-energies are associated. In
Ward-Takahashi identity holds for the unrenormalized penguin, to renormalize thes̄bg vertex, we demand that the Ward

Takahashi identity be preserved for the renormalized vertexĜr
b→sg

@17#,

FIG. 2. The one-loop diagrams forb→sg in the SUSY model with minimal flavor violation.
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qrĜr
b→sg

~p,q!5gsT
a@Ŝ~p1q!2Ŝ~p!#. ~18!

It is noted that with this requirement, just as in the SM case@17#, the renormalization of thes̄bg vertex is realized when we

renormalize the self-energy by enforcing the physical conditionŜ50 as one of the external legs being on its mass sh
Moreover, indeed, the renormalization scheme of thes̄bg vertex pledges the current conservation for an on-shell transit

since the renormalized self-energiesŜ(p1q) and Ŝ(p) are zero as bothb ands are on mass shell@17#.
This renormalization scheme can be understood from another angle. The requirement that the Ward-Takahashi iden

and conditionŜ(on-shell)50 realize the renormalization of thes̄bg vertex and the scheme is equivalent to summing up
contributions of penguin and flavor-changing self-energies to the transitions̄bg at one-loop level. This procedure can b
generalized to two-loop calculations.

Applying Eq. ~18!, we have

Ĝr
b→sg

5gsT
a

ig2
2

32p2 (
i 5u,c,t

VibVis* H 2
mb

21ms
2

m
W

2
„A1~xi ,x

H
,x

Ũa
i ,x

xb
!1B1~xi ,x

H
,x

Ũa
i ,x

xb
!…grv2

1A1~xi ,x
H
,x

Ũa
i ,x

xb
!

p2gr1~p1q!2gr1p”grp”

m
W

2
v21F1~xi ,x

H
,x

Ũa
i ,x

xb
!

q2

m
W

2
grv21F2~xi ,x

H
,x

Ũa
i ,x

xb
!
p”grq”

m
W

2
v2

1F3~xi ,x
H
,x

Ũa
i ,x

xb
!
q”grp”

m
W

2
v21F4~xi ,x

H
,x

Ũa
i ,x

xb
!
q”grq”

m
W

2
v21B1~xi ,x

H
,x

Ũa
i ,x

xb
!

1

m
W

2
„~p”1q” !gr1grp” …

3~msv21mbv1!1F5~xi ,x
H
,x

Ũa
i ,x

xb
!

1

m
W

2
@q” ,gr#~msv21mbv1!2„A1~xi ,x

H
,x

Ũa
i ,x

xb
!

12B1~xi ,x
H
,x

Ũa
i ,x

xb
!…

mbms

m
W

2
grv1J . ~19!
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The terms of dimension-four which are related to t
s̄grv6b vertex cancel each other as long as we letb ands
quarks be on their mass shells@12#, so that we do not need t
consider them at all. We ignore all terms which vanish
mu,c

2 /m
W

2 →0, whereas in the coefficients keep the part wh

are proportional to ln(mu,c
2 /m

W

2 ) in the final effective vertex

for b→sg, we can recast Eq.~19! to a form with the operator
basis given in Eq.~10!:

Ĝr
b→sg

5
4GF

A2
H VtbVts* (

i 51

5

Ci~m
W

!Oi1S 4

3
VcbVcs* ln xc

1
4

3
VubVus* ln xuDO3J . ~20!

After matching between the effective theory and the f
theory @13#, we have the effective Lagrangian forb→sg at
the weak scale in the minimal flavor violating supersymm
try as

Lb→sg5
4GF

A2
VtbVts* (

i 51

5

Ci~m
W

!Oi , ~21!
05500
s
h

l

-

where the Wilson coefficientsCi(mW
) ( i 51, . . . , 5) can be

found in Appendix B.
For the vertexs̄bg, the Feynman diagrams are drawn

Fig. 3.
With all unrenormalized quantities the Ward-Takaha

identity for thes̄bg vertex is in form

qrGr
b→sg

~p,q!52
1

3
e@S~p1q!2S~p!#. ~22!

FIG. 3. The one-loop diagrams forb→sg in the SUSY model
with minimal flavor violation.
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To renormalize thes̄bg vertex, we demand that the Ward
Takahashi identity be preserved for the renormalized ve

Ĝr
b→sg

@17#,

qrĜr
b→sg

~p,q!52
1

3
e@Ŝ~p1q!2Ŝ~p!#. ~23!

The other steps are similar to those applied in the ca
lation for thes̄bg vertex. The result is written as

Lb→sg5
4GF

A2
VtbVts* $C1~m

W
!O11C4~m

W
!O41C6~m

W
!O6

1C7~m
W

!O71C8~m
W

!O8% ~24!

and those coefficient are also collected in Appendix B.

III. THE APPLICATION OF EFFECTIVE LAGRANGIAN

In this section, we apply the effective Lagrangian Eq.~21!
and Eq.~24! to calculating the rates of the rareB decays up
to the leading order~LO!. When the effective Lagrangian i
applying at the hadronic scale, we should evolve those W
son coefficients from the weak scale down to the hadro
scale. The running depends on the anomalous dimension
trix of concerned operators@21#. The coefficientsCi(mW

)

obtained at the weak scaleMW are regarded as the initia
conditions for the differential renormalization group equ
tions ~RGEs!. At present, the most strong constraint on s
persymmetry parameter space originates from the rareB pro-
cesses:B→Xsg. The experimental measurements of t
decay B→Xsg is BR(B→Xsg)52.3260.5760.3531024

@22#. The theoretical prediction of the branching ratio f
inclusiveB→Xsg is given as

Br~B→Xsg!5
G~B→Xsg!

G~B→Xcen̄e!

5
uVtbVts* u2

uVcbu2
6aemuC6~mb!1C8~mb!u2

prS mc

mb
D

3X11
2as~mb!

3p
f S mc

2

mb
2D C,

whereaem is the QED fine structure constant and the pha
space factor r(mc /mb)5128(mc /mb)218(mc /mb)6

1(mc /mb)8224(mc /mb)4 ln(mc /mb). The last term in the
bracket is the one-loop corrections to the semileptonic de
with f (mc /mb)).2.4 @24#. When we calculate the branchin
ratios of other rare processes, theB→Xsg constraint must be
taken into account. In the two examples, we will discuss
branching ratios of the QCD induced charmlessB decay@B
→K1X (no charm)# and rare processBs→gg in the super-
symmetric model.
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A. CharmlessB decay

As an example, we first apply the effective Lagrangi
Eq. ~21! and Eq. ~24! to discuss the branching ratio o
charmlessB decay:B→K1X (no charm), which is due to
the loop-inducedbsg effective coupling. At the quark level
the processB→K1X (no charm) involve subprocessesb

→sg, b→sqq̄, b→sgg, and bq̄→sq̄ with q5u,d,s. In

principal, the decay modeb→suū(bū→sū) can be induced
by weak charged current at tree level. The contributions fr
tree level charged current are highly Cabibbo suppres
that has been first stated in Ref.@25#. In contrast, the penguin
diagram contributions, although originating from the on
loop level, are not Cabibbo suppressed as compared to
mainb decay modes. With the effective Lagrangian Eq.~21!,
we obtain the width of the inclusive charmlessb decay at the
quark level@26#:

G„b→s1X ~no charm!…

5G~b→suū!1G~b→sdd̄!

1G~b→sss̄!1G~b→sg!1G~b→sgg!

1G„bq̄ ~q5u, d, s!→sq̄…

5
G

F

2mb
5

144p3
uVtbVts* u2H 6as

p
uC2~mb!1C5~mb!u2

1
8

3
as

2S f
B

mb
D 2

uC3~mb!u21
as

2

16p2

3F35

6
uC3~mb!u2120 Re„C3~mb!*

3@C2~mb!1C5~mb!#…G J . ~25!

Assuming that the partons~quarks and gluons! fragment into
hadrons~with an odd number of strangeness! with unit prob-
ability and supposing the production rate ofL or other
strange baryonsS6,S0 is much smaller than that for me
sons, one can have@27#

G„b→s1X ~no charm!…5G„B→K1X ~no charm!….

Note that in above equation, we ignore the interference
fects that arise as the partons evolve into the same final s
hadrons via different modes. This assumption should not l
to big distinction for the inclusive rate@28#. In order to get
branching ratios, following the standard procedure we e
ploy the well-known measured or evaluated decay rates
reduce the uncertainties in numerical analysis
7-6
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Br„B→K1X ~no charm!…

5
G„b→s1X ~no charm!…

G~b→cen̄e!
Br~B→Xc1en̄e!

5

4

3
uVtbVts* u2$•••%

uVcbu2rS mc

mb
D30.88

30.12, ~26!

where the symbol$•••% denotes the contents in the pare
thesis of Eq.~25!, r(mc /mb) is the standard phase factor, th
numerical factor 0.88 is due to the QCD correction to theB
semileptonic decays@24# and 0.12 is the measured branchi
ratio of the B semileptonic decay@23#. Note that themb

5

dependence, which exists in the rate of a fermion transi
into three-fermion final states, disappears.

B. The branching ratio of Bs\gg

Now, let us turn to the calculation of the rare processBs
→gg in the supersymmetry theory. The investigation ofBs
→gg decay is interesting for the following reasons.

It is well known that the QCD corrections to the ra
decayb→sg are relatively large@29–32#. Therefore, we can
expect that the QCD corrections tob→sgg are also large.
The leading order~LO! QCD corrections to this decay rat
have been given in Refs.@33–36# and found to be large a
expected.

In the Bs→gg decay, the final photons can be in
CP-odd or aCP-even state@37–39#. Therefore we can study
CP violation effects in the process.

From the experimental point of view,Bs→gg decay can
be easily identified by putting a cut for the energy of the fin
photons, e.g., the energy of each photon is larger than
MeV. In this case, two hard photons will be easily detected
the experiment@40#.

The same as other rare processes, this decay rate is
sensitive to the physics beyond SM.

The effective Lagrangian relevant toBs→gg is

L
Bs→gg

5
4G

F

A2
VtbVts* (

i 51

6

Ci
c~m

W
!Q i

c1Eq. ~24!, ~27!
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where the current operators are defined as

Q 1
c5~ s̄agmv2ba!~ c̄bgmv2cb!,

Q 2
c5~ s̄agmv2bb!~ c̄bgmv2ca!,

Q 3
c5~ s̄agmv2ba! (

q5u,d,s,c,b
~ q̄bgmv2qb!,

Q 4
c5~ s̄agmv2bb! (

q5u,d,s,c,b
~ q̄bgmv2qa!,

Q 5
c5~ s̄agmv2ba! (

q5u,d,s,c,b
~ q̄bgmv1qb!,

Q 6
c5~ s̄agmv2bb! (

q5u,d,s,c,b
~ q̄bgmv1qa!.

~28!

Here,a,b denote the SU~3! color indices. At the weak scale
we have the initial values for those Wilson coefficients
current operators:

C1,3, . . . ,6
c ~m

W
!50,

C2
c~m

W
!51. ~29!

With the initial values of current and penguin operators at
weak scale, we can calculate their contributions at any s
as in the SM case@41#.

Using the effective Lagrangian Eq.~27!, the amplitude for
the decayBs→gg can be written as@33#

ABs→gg5A1FmnF mn1 iA 2FmnF̃mn, ~30!

where F̃mn5 1
2 emnabF ab. Here, A1 (A2) is CP-even

(CP-odd! part in a HQET inspired approach:
A15
aemG

F

A2p

f
Bs

m
Bs

VtbVts* H m
Bs

4 ~mb
e f f2ms

e f f!

3L̄s~m
Bs

2L̄s!~mb
e f f1ms

e f f!
C8

e f f~mb!2
4

9

m
Bs

2

mb
e f f1ms

e f f
„2mbJ~mb!1msJ~ms!…D~mb!J ,

A252
aemG

F

A2p
f

Bs
VtbVts* H m

Bs
~mb

e f f1ms
e f f!21L̄„m

Bs

2 2~mb
e f f1ms

e f f!2
…

3m
Bs

L̄s~m
Bs

2L̄s!
C8

e f f~mb!2 (
q5u,d,s,c,b

Qq
2I ~mq!Cq~mb!

1
„mbD~mb!1msD~ms!…D~mb!

9~mb
e f f1ms

e f f! J , ~31!
7-7
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whereQq5 2
3 for q5u,c andQq521/3 for q5d,s,b. The

unitarity of the Cabibbo-Kobayashi-Maskawa~CKM! matrix
( i 5u,c,tVibVis* 50 is used when we obtain the above equ
tion, and we have neglected the contribution ofVubVus* due

to VubVus* !VtbVts* . The parameterL̄s enters Eq. ~31!
through the bound state kinematics@33#. mb

e f f ,ms
e f f denote

the effective masses of the quarks in theBs meson,

~mb
e f f!25mb

223l2 ,

~ms
e f f!25~mb

e f f!22m
Bs

2 12m
Bs

L̄s , ~32!

where l2 originates from the matrix element of the hea
quark expansion@42#. The LO QCD corrected Wilson coef
ficientsCi

c ( i 51, . . . , 6)show up in combinations@33–35#:

Cu~mb!5Cd~mb!53„C3
c~mb!2C5

c~mb!…1C4
c~mb!

2C6
c~mb!, ~33!
he

o

lly

05500
-

Cc~mb!53„C1
c~mb!1C3

c~mb!2C5
c~mb!…1C2

c~mb!

1C4
c~mb!2C6

c~mb!,

Cs~mb!5Cb~mb!54„C3
c~mb!1C4

c~mb!…23C5
c~mb!

2C6
c~mb!,

D~mb!5C5
c~mb!13C6

c~mb!,

whereCi(m) ( i 51, . . . , 6) are thecoefficients of the cur-
rent operatorsQ i

c at scalem. The ‘‘effective’’ coefficient of
dipole operatorC8

e f f(m) contains renormalization schem
dependent contributions from current operatorsQ1, . . . ,6.
Here, we adopt the naive dimensional reduction~NDR!
scheme:C8

e f f(m)5C7(m)1C8(m)2 1
3 C5(m)2C6(m) @41#.

The functionsI (mq), J(mq) and D(mq) originate from the
irreducible diagrams with one internal light quark propag
ing, their expressions are written as
I ~mq!511
mq

2

m
Bs

2
D~mq!,

J~mq!512

m
Bs

2 24mq
2

4m
Bs

2
D~mq!,

D~mq!55 F lnS m
Bs

1Am
Bs

2 24mq
2

m
Bs

1Am
Bs

2 24mq
2D 2 ipG 2

for
m

Bs

2

4mq
2
>1,

2F 2tan21SAm
Bs

2 24mq
2

m
Bs

D 2pG 2

for
m

Bs

2

4mq
2
,1.

~34!
s,
as-
en-

the
nu-
A

ef-

s
A

e-
t-
Using the above expressions, the partial decay width is t
given as

G
B

s
→gg

5

m
B

s

3

16p
~ uA1u21uA2u2!. ~35!

IV. NUMERICAL RESULTS

In this section, we present our numerical analysis ab
the branching ratios of inclusive charmlessB decays@B
→K1X (no charm)# and exclusive processBs→gg in the
MSUGRA model. As aforementioned, the model is fu
specified by five parameters

m0 ,m1/2,A0 ,tanb,sgn~m!.
n

ut

Herem0 , m1/2, andA0 are the universal scalar quark mas
gaugino mass and trilinear scalar coupling. They are
sumed to arise through supersymmetry breaking in a hidd
sector at the GUT scalemGUT.231016 GeV. In our numeri-
cal calculation, to maintain consistency of the theory and
up-to-date experimental observation, when we obtain the
merical value of the Higgs boson mass in the MSUGR
model with the five parameters, we include all one-loop
fects in the Higgs potential@18#. Moreover we also employ
the two-loop RGEs@19# with one-loop threshold correction
@18,20# as the energy scale runs down from the MSUGR
scale to the lower weak scale.

For the SM parameters, we havemc51.4 GeV,mb54.8
GeV, mt5174 GeV,m

W
580.23 GeV,m

Z
591.12 GeV,m

Bs

55.369 GeV, ae(mW)5 1
128, as(mW)50.12 at the weak

scale@23#, together with the experimentally measured lif
time of Bs , t

B
51.61310212 s. The other parameters rela
s

7-8



EFFECTIVE LAGRANGIAN FORs̄bg AND s̄bg VERTICES . . . PHYSICAL REVIEW D 65 055007
FIG. 4. The branching ratio ofB→K1X ~no
charm! in MSUGRA versus ~a! m0(m1/2

5300 GeV) and~b! m1/2 (m05300 GeV!. The
other parameters are taken asA050, sin (m)
51 and tanb530 ~solid lines! or tanb510
~dash lines!.
e
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ing to the non-perturbative QCD are taken asf
B
50.2 GeV,

l250.12 GeV2, andL̄s50.57 GeV@36#. In our later calcu-
lations, we always setA050, sgn(m)51. Using the mea-
sured branching ratios

Br max
~B→Xsg!53.2431024,

Br min
~B→Xsg!51.4031024,

together with theoretical uncertainties and experimental
rors, we get a possible range foruC6(mb)1C8(mb)u as

0.1901<uC6~mb!1C8~mb!u<0.4155.

In the following analysis we restrict the coefficie
uC6(mb)1C8(mb)u within this region and study the branch
ing ratios of B→K1X (no charm) andBs→gg. We find
that the standard model prediction for the branching ra
are Br„B→K1X (no charm)…51.90131022, Br(Bs→gg)
53.5631027. Then with the aforementioned inputs of th
five SUSY parameters we evaluate the supersymmetric
tributions to the branching ratios of those processes.
05500
r-

s

n-

In Fig. 4, we plot the branching ratios of charmlessB
decay Br„B→K1X (no charm)… versus parameterm0
(m1/2), where other parameters are set asm1/25300 GeV
(m05300 GeV), tanb510 ~dash lines! or tanb530 ~solid
lines!. From Fig. 4, we find that the supersymmetric cont
butions make theBr„B→K1X (no charm)… deviate from
the SM predictions about 10% when those supersymm
particles have the weak scale masses; when the mass
those supersymmetry particles increases further, the
physics contributions mildly become immaterial.

The branching ratios ofBs→gg versus parameter
m0 (m1/2) are plotted in Fig. 5, with other parameters bei
set asm1/25300 GeV (m05300 GeV), tanb510 ~dash
lines! and tanb530 ~solid lines!. When those supesymmetr
particles have the weak scale masses, the supersymm
corrections enhance theBr(Bs→gg) by about 60% com-
pared to the SM prediction. Together with the increase of
masses of the supersymmetric particles, the prediction
Br(Bs→gg) turns back to the value determined by SM.

V. DISCUSSIONS

In this work, we discuss the contributions of the SUS
sector to the effective Lagrangian forb→sg and b→sg in
7-9
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FIG. 5. The branching ratio ofBs→gg in
MSUGRA versus~a! m0 (m1/25300 GeV) and
~b! m1/2 (m05300 GeV). The other parameter
are taken asA050, sin (m)51 and tanb530
~solid lines! or tanb510 ~dash lines!.
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the MSUGRA model. As many authors suggested, if
masses of the lightest SUSY particles are close to the e
troweak energy scale, the contribution from the SUSY sec
to the Wilson coefficients of the induced operators is com
rable with that from SM.

The strongest constraint on the SUSY model comes fr
the Higgs boson mass. The recent experimental data h
already excluded the range ofMH,108 GeV, whereH is
the lightest Higgs boson in the SUSY model. Anote
constraint which is closely related to our discussion is
measurement on the branching ratio of the inclusive proc
B→Xs1g.

Our numerical results indicate that within a reasona
MSUGRA parameter range, the SUSY contributions
branching ratios ofBR„B→K1X (no charm)… can enlarge
the SM prediction by about 10%. When applying the effe
tive bsg vertex, we employ the heavy quark effective theo
~HQET! to calculate the branching ratio ofB→Xs1g where
the leading order QCD corrections are included. Nume
cally, for the rare processBs→gg, the SUSY contributions
enhance the SM prediction by about 60%.

If the masses of the SUSY particles are larger, the SU
contributions to those processes would become weaker. T
05500
e
c-
r
-

m
ve

r
e
ss

e

-
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Y
en

as the SUSY particles are heavier and heavier, the contr
tion of the standard model to the rare processes beco
more and more important and finally the main contributi
uniquely is due to SM. This is indeed nothing new, but t
decoupling theorem of the SUSY sector demanded by
unitarity of theS-matrix.

In this work, we adopt the nonlinearRj gauge.
The advantage is that the Ward-Takahashi iden
holds at the one-loop level no matter for the unrenorm
ized or renormalized quantities. This advantage wo
be more obvious as we go on doing the two-lo
calculations.

Our numerical results also show that as all SUSY partic
become very heavy, the values of all coefficients tend to t
determined by the SM sector which is consistent with
results obtained before@17#.
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APPENDIX A: THE EXPRESSIONS OF THE FORM FACTORS

The form factors in self-energy are given as

A0~xi ,x
H
,x

Ũa
i ,x

xb
!5S 11

xi

2 D FD1
1

2
1 ln xm1

xi

xi21
2

xi
2 ln xi

~xi21!2G1
xi

2 tan2 b
FD1

1

2
1 ln xm1

xi

xi2x
H

2
xi

2 ln xi

~xi2x
H
!2

1
~2x

H
xi2x

H

2 !ln x
H

~xi2x
H
!2 G1(

a, b
~A i

a,b
!2FD1

3

2
1 ln xm2

x
Ũa

i

x
Ũa

i 2x
xb

1

x
Ũa

i ~2x
xb

2x
Ũa

i !ln x
Ũa

i

~x
Ũa

i 2x
xb

!2
2

x
xb

2 ln x
xb

~x
Ũa

i 2x
xb

!2G ,

A1~xi ,x
H
,x

Ũa
i ,x

xb
!5S 11

xi

2 D F2xi
215xi21

3~xi21!3
2

2xi
2 lnx i

~xi21!4G1
xi

2 tan2 b
F 2xi

215xixH
2x

H

2

3~xi2x
H
!3

2
2xi

2x
H
~ ln xi2 ln x

H
!

~xi2x
H
!4 G

1(
a, b

~A i
a,b

!2F x
Ũa

i
2 25x

Ũa
i xxb

22x
xb

2

3~x
Ũa

i 2x
xb

!3
1

2x
Ũa

i xxb
~ ln x

Ũa
i 2 ln x

xb
!

~x
Ũa

i 2x
xb

!4 G ,

B0~xi ,x
H
,x

Ũa
i ,x

xb
!5

xi
2 ln xi

xi21
2

xi
2 ln xi2xixH

ln x
H

xi2x
H

12(
a, b

m
xb

A2m
W

cosb
~A 3

a,bB 3
a,b

!

3FD111 ln xm2

x
Ũa

i ln x
Ũa

i 2x
xb

ln x
xb

x
Ũa

i 2x
xb

G ,

B1~xi ,x
H
,x

Ũa
i ,x

xb
!52xiF xi11

2~xi21!2
2

xi ln xi

~xi21!3G1xiF xi1x
H

2~xi2x
H
!2

2
xixH

~ ln xi2 ln x
H
!

~xi2x
H
!3 G

1(
a, b

m
xb

A2m
W

cosb
~A 3

a,bB 3
a,b

!F x
Ũa

i 1x
xb

~x
Ũa

i 2x
xb

!2
2

2x
Ũa

i xxb
~ ln x

Ũa
i 2 ln x

xb
!

~x
Ũa

i 2x
xb

!3 G ,

C0~xi ,x
H
,x

Ũa
i ,x

xb
!5

1

2 FD1
1

2
1 ln xm1

xi

xi21
2

xi
2 ln xi

~xi21!2G1
tan2 b

2 FD1
1

2
1 ln xm1

xi

xi2x
H

2
xi

2 ln xi

~xi2x
H
!2

1
~2x

H
xi2x

H

2 !ln x
H

~xi2x
H
!2 G1(

a, b

~B 3
a,b

!2

2 cos2 b FD1
3

2
1 ln xm2

x
Ũa

i

x
Ũa

i 2x
xb

1

x
Ũa

i ~2x
xb

2x
Ũa

i !ln x
Ũa

i

~x
Ũa

i 2x
xb

!2
2

x
xb

2 ln x
xb

~x
Ũa

i 2x
xb

!2G . ~A1!

The expressions ofFi(xi ,x
H
,x

Ũa
i ,x

xb
) ( i 51, . . . , 5) arewritten as
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F1~xi ,x
H
,x

Ũa
i ,x

xb
!5S 11

xi

2 D F5xi
2222xi15

18~xi21!3
1

~3xi21!ln xi

3~xi21!4 G1
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tan2 b
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2222xixH
15x
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Ũa

i
2 2x

Ũa
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Ũa
i

2 28x
Ũa
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APPENDIX B: THE WILSON COEFFICIENTS OF THE PENGUIN-INDUCED OPERATORS

The Wilson coefficients for effectivebs̄g(g) vertices:
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Ũa

32 ln x
xb

!

3~x
xb

2x
Ũa

3!
4

1

11x
xb

2 27x
xb

x
Ũa
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Ũa

32 ln x
xb

!

~x
xb

2x
Ũa
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Ũa

32 ln x
xb

!

~x
xb

2x
Ũa
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and the mixing matricesZ
ŨiZ2,b

6 are given in Eqs.~6!,~7!. The first term in each of the above expressions is the
contributions@12# and the second terms is the charged Higgs contributions. The supersymmetric correction exists in t
term.

The Wilson coefficients for effectivebs̄g vertex are
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