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Chargino contributions to the CP asymmetry in B\fKS decay
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We perform a model independent analysis of the chargino contributions to theCP asymmetry in theB
→fKS process. We use the mass insertion approximation method generalized by including the possibility of a
light right stop. We find that the dominant effect is given by the contributions of the mass insertions (dLL

u )32

and (dRL
u )32 to the Wilson coefficient of the chromomagnetic operator. By considering both these contributions

simultaneously, theCP asymmetry in theB→fKS process is significantly reduced, and negative values, which
are within the 1s experimental range and satisfy theb→sg constraints, can be obtained.
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The measurement ofCP asymmetries in nonleptonicB
decays plays a crucial role in testing theCP violation mecha-
nism of the standard model~SM! and it is a powerful probe
of new physics~NP! beyond the SM. TheCP asymmetries
are usually described by the time dependent ratesaf CP

(t),
for B0 and B̄0 to a CP eigenstatef CP :

af CP
~ t !5

G„B̄0~ t !→ f CP…2G„B0~ t !→ f CP…

G„B̄0~ t !→ f CP…1G„B0~ t !→ f CP…
,

5Cf CP
cosDMBd

t1Sf CP
sinDMBd

t ~1!

whereCf CP
andSf CP

represent the coefficients of direct an

indirect CP violations respectively, andDMBd
is the B0

eigenstate mass difference.
The time dependentCP asymmetryaJ/cKS

(t) in the B

meson decayB→J/cKS has been recently measured by t
BaBar and Belle Collaborations, with an average ofSJ/cKS

5sin 2b50.73460.034 @1,2#, showing the first evidence o
CP violation in the B meson system in perfect agreeme
with the standard model predictions. This is expected, si
the SM contribution is at the tree level.

For the decayB→fKS , where the same weak phase
measured, the situation is qualitatively different. The S
contribution is at the one-loop level, and one can exp
crucial contributions from NP. The branching ratio forB
→fKS has recently been measured by both BaBar and B
@3# with an average for the branching ratio of BR(B
→FKS)5(8.422.1

12.5)31026, which is slightly different from
the SM prediction. However, the SM evaluation of BR(B
→FKS) is greatly affected by theoretical uncertainties in t
evaluation of hadronic matrix elements, while they alm
cancel out in the ratio of rates in the time dependentCP
asymmetry.

Recently, the BaBar and Belle Collaborations@4,2# have
also measured the time dependentCP asymmetry in theB
→fKS process, reporting an average value ofSfKS

520.3960.41. In the SM,SfKS
is expected to give the

same value of sin 2b as extracted fromSJ/cKS
, up to terms of
0556-2821/2003/68~9!/095004~8!/$20.00 68 0950
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orderO(l2), wherel is the Cabibbo mixing. Thus, a com
parison of the experimental results forSJ/cKS

and SfKS
re-

veals a 2.7s deviation from the SM prediction. If this dis
crepancy is confirmed with a better accuracy, it will be
clean signal of NP.

Due to the additional sources of flavor andCP violation
beyond those of the Cabibbo-Kobayashi-Maskawa~CKM!
mixing matrix, supersymmetric~SUSY! models are natura
candidates for explaining the difference between theCP
asymmetriesSfKS

andSJ/cKS
. Recently, the gluino contribu

tions toSfKS
have been analyzed in Refs.@5,6#. It was shown

that gluino exchange can explain the experimental results
SfKS

without conflicting with the experimental constrain

from SJ/cKS
and the branching ratio BR~b→sg!.

The main purpose of this article is to show that t
chargino contributions toSfKS

can also be significant an
can account for these recent measurements. We perfor
model independent analysis by using the well known meth
of the mass insertion approximation@7#, generalized by in-
cluding the possibility of a light right top squark~right stop!
in the otherwise almost degenerate squark spectrum. In
analysis, we take into account all the operators that cont
ute to the effective Hamiltonian forDB51 transitions,
Heff

DB51 , and provide analytical results for the correspondi
leading Wilson coefficients.

Now we start our analysis of the SUSY contributions
the time dependentCP asymmetry inB→fKS decay. In the
following we will adopt the parametrization of the SM an
SUSY amplitudes as in Ref.@5#, namely,

S ASUSY

ASM D
fKS

[Rf eiuf eid12, ~2!

where uf is the SUSYCP violating phase, andd12 is the
strong ~CP conserving! phase. In this case, the mixingCP
asymmetrySfKS

takes the following form:
©2003 The American Physical Society04-1
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SfKS
5

sin 2b12Rfcosd12sin~uf12b!1Rf
2 sin~2uf12b!

112Rfcosd12cosuf1Rf
2

.

ive

-
e

so

SY
n
ia

tw

s

n

in

r-

-

s

o
no

n-
u-

-
des

cal

rs

for

ass
The most general amplitude for theB→fKS process can be
written as

Ā~fK !52
GF

A2
(
i 51

12

@Ci~m!1C̃i~m!#^fK̄0uQi~m!uB̄0&,

~3!

where Qi are the operators that contribute to the effect
Hamiltonian forDB51 transitions andCi(m) are the corre-
sponding Wilson coefficients at the energy scalem. The ma-
trix elements^fK̄0uQi uB̄0& are calculated in the naive fac
torization approximation@8#, and their expressions can b
found in Ref. @5#. In this notation,Qi 51 –10 represent the
four-fermion operators, andQ11 and Q12 the magnetic and
chromomagnetic dipole operators, respectively. The Wil
coefficientsC̃i are associated with the operatorsQ̃i , which
are obtained fromQi by exchangingg5→2g5 in their chiral
structure; see Ref.@5# for their definition. In the SM,C̃i are
chirally suppressed with respect toCi by terms proportional
to the light quark masses. However, in nonminimal SU
extensions of the SM they can receive sizable contributio
for instance, from the gluino mediated penguin and box d
grams. On the other hand, the chargino contributions toC̃i
are always suppressed by Yukawa couplings of the first
generations@9#. Thus, we can safely neglectC̃i contributions
in our analysis.

The Wilson coefficientsCi(m) at a lower scalem
.O(mb) can be extrapolated from the corresponding one
high scaleCi(mW) asCi(m)5( j Û i j (m,mW)Cj (mW), where
Û i j (m,mW) is the QCD evolution matrix andmW.mW .
Since the operatorQ12 is of order as , we include in our
analysis the leading order~LO! corrections only for the ef-
fective Wilson coefficientC12(m), while for the remaining
Ci 51 –10(m) we use the matrixÛ i j (m,mW) at next-to-leading
order ~NLO! in QCD and QED@10#.

The chargino contributions toCi(mW), corresponding to
the effective Hamiltonian forDB51 transitions, have bee
calculated exactly~at one-loop! in Refs.@11# and @12#. Here
we provide the results for these contributions, evaluated
the first order in the mass insertion approximation. By us
the notation of Ref.@12# we obtain

Fx5jLLRF
LL1Yt~jRLRF

RL1jLRRF
LR!1Yt

2jRRRF
RR, ~4!

where jAB are given by jLL5(a,bKa2
! Kb3(dLL

u )ba , jRR

5K32
! K33(dRR

u )33, jRL5(aKa2
! K33(dRL

u )3a , and jLR

5(aK32
! Ka3(dLR

u )a3. For the definition of the mass inse
tions (dAB

u ) i j , see Ref.@7#. The same notation as in Ref.@12#
has been used to relate the quantitiesF to the Wilson coef-
ficients Ci 51 –10(mW), while for the magnetic and chromo
magnetic contributions we haveC11(mW)5Mg and
09500
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C12(mW)5Mg. Here,Yt is the Yukawa coupling of the top
quark andF refers to the photon penguins (D), Z penguins
(C), gluon penguins (E), boxes with external down quark
(B(d)) and up quarks (B(u)), magnetic penguins (Mg), and
chromomagnetic (Mg) penguin diagrams. There are als
contributions from box diagrams mediated by both glui
and chargino exchanges, which affect onlyCi 51,2(mW), but
their effect is negligible@12# and we will not include them in
our analysis.

The detailed expressions forRF , including contributions
from chargino-gluino box diagrams, are given in the Appe
dix. Here we will just concentrate on the dominant contrib
tions, which turn out to be due to the chromomagnetic (Mg)
penguin andZ penguin~C! diagrams. In fact, for light SUSY
particles (&1 TeV), the contribution from the chromomag
netic penguin is one order and two orders of magnitu
larger than the corresponding ones from theZ penguin and
other diagrams, respectively. However, in our numeri
analysis we take into account all the contributions.

From Eq.~4!, it is clear that theLR andRRcontributions
are suppressed by orderl2 or l3. Since we will work in
O(l) order, we can neglect them and simplifyFx as

Fx5jLLRF
LL1YtjRLRF

RL ~5!

with jLL5(dLL
u )321l(dLL

u )31 andjRL5(dRL
u )321l(dRL

u )31.
The functionsRF

LL andRF
RL depend on the SUSY paramete

through the chargino masses (mx i
), squark masses (m̃), and

the entries of the chargino mass matrix. For instance,
magnetic~chromomagnetic! dipole penguinsRMg(g)

LL,RL , respec-
tively, we have

RMg,g
LL

5(
i

uVi1u2xWiPMg,g
LL

~xi !

2Yb(
i

Vi1Ui2xWi

mx i

mb
PMg,g

LR ~xi !,

RMg,g
RL

52(
i

Vi1Vi2
! xWiPMg,g

LL ~xi !, ~6!

whereYb is the Yukawa coupling of the bottom quark,xWi

5mW
2 /mx i

2 , xi5mx i

2 /m̃2, and x̄i5m̃2/mx i

2 . The loop func-

tions PMg,g

LL(LR) are given by

PMg

LL(LR)~x!52x
d

dx S xF1(3)~x!1
2

3
xF2(4)~x! D ,

PMg

LL(LR)52x
d

dx
@xF2(4)~x!#, ~7!

where the functionsFi(x) can be found in Ref.@11#. Finally,
U andV are the matrices that diagonalize the chargino m
4-2
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matrix, defined asU* M x̃1V215diag(mx̃
1
1,mx̃

2
1), where we

adopted the notation of Ref.@12# for the chargino mass ma
trix M x̃1.

Notice that the dependence on the Yukawa coupling of
bottom quarkYb in Eq. ~6! leads to enhancingC12 at large
tanb. Here, we also considered the case in which the m
of the right stop (mt̃ R

) is less than other squarks. In this ca
the functional form of Eq.~4! remains unchanged, while onl
the expressions forRF

RL should be modified by replacing th
functions insidePMg,g

LL,RL as

2xi

d

dxi
xiFa~xi !→

1

~xt21!
@xitFa~xit !2xiFa~xi !#, ~8!

with index a51 –4, where xit5mx i

2 /mt̃ R

2
51/x̄it and xt

5mt̃ R

2 /m̃2.

We present our numerical results in Figs. 1–3, where

FIG. 1. SfKS
as a function of arg@(dLL

u )32# for tanb55,40 and
d1250 with the contribution of one mass insertionu(dLL

u )32u.
Darker points satisfy the constraints from BR(b→sg), while
lighter points do not.
09500
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CP asymmetrySFKS
is plotted versus the SUSYCP violating

phase. In this analysis we work at fixed values of tanb and

scan over all the relevant SUSY parameters:m̃, the weak
gaugino massM2, them term, andmt̃ R

, and require that they

satisfy the present experimental lower mass bounds, nam

the lightest charginomx.90 GeV, heavy squarksm̃
.300 GeV, and light right stopmt̃ R

.150 GeV. In addition,

we scan over the real and imaginary parts of the correspo

ing mass insertions, by requiring that theb→sg and B-B̄
mixing constraints are satisfied. In our calculation we use
formula for the branching ratio~BR! b→sg at the NLO in
QCD, as provided in Ref.@13#. Indeed, the BR ofb→sg can
easily be parametrized in terms of the SUSY contributions
the Wilson coefficientsC11(mW) andC12(mW) given in Eq.
~4! ~see Ref.@13#!.

In Figs. 1 and 2 we show the effects of one mass inser
per time, (dLL

u )32 and (dRL
u )32, evaluated at tanb55 and

tanb540. uf in Eq. ~2! can be identified with the corre
sponding arg@(dAB

u ) i j #. In these plots, the darker points a
allowed by all experimental constraints, while the light
points correspond to the points disallowed by BR(b→sg)
constraints at 95% C.L. In order to get the maximum eff
for the negative values ofCP asymmetry, we fixed the stron
phased12 to be zero. We have not shown the contributions
the other mass insertions since they are subleading, b
suppressed by terms of orderl.

As we can see from the results in Figs. 1 and 2, there is
chance with only one mass insertion to achieve large ne
tive values for theCP asymmetry, especially in the case
(dLL

u )32 ~see Fig. 1!. The main reason for (dLL
u )32 is due to

the b→sg constraints1 which are particularly sensitive to
tanb, while this is not the case for (dRL

u )32. Moreover, as
can be seen by comparing the scatter plots with tanb55 and
tanb540 in Figs. 1 and 2, the allowed regions are not ve
sensitive to tanb.

In Fig. 3 we show another example, where we take sim
taneously both the mass insertions (dLL

u )32 and (dRL
u )32 per

time, but assuming that theirCP violating phase is the same
As can be seen from Fig. 3 there are points, allowed bb
→sg constraints, which can fit well inside the 1s experi-
mental region. In this case also the allowed regions are
very sensitive to tanb.

In order to understand the behavior of these results,
look at the numerical parametrization of the ratios of amp
tudes in terms of the relevant mass insertions. The main c
tribution to the SUSY amplitude is provided by the chrom
magnetic dipole operator. For example, withM2
5200 GeV, m5300 GeV, mq̃5400 GeV, mt̃ R

5150 GeV,

1In Ref. @14# chargino contributions to theCP asymmetry
in B→FKS decay were analyzed in the limit of large tanb and
in the exact case. We disagree with the results of that work reg
ing the effects ofb→sg constraints, which in our case strong
reduce the allowed chargino contributions in the region of la
tanb.
4-3
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and tanb530, we findRC
RL.20.033,RMg

LL .20.068, while
for all the othersRF

AB.O(1023), and the amplitude ratio
RA[ASUSY/ASM is given by

RA.0.37~dLL
u !3111.64~dLL

u !3220.05~dRL
u !3120.21~dRL

u !32.

If we switch off the chromomagnetic dipole operator, t
coefficients of the mass insertionsdLL

u are significantly re-
duced, while the coefficients ofdRL

u are slightly changed, and
RA takes the form

RA.20.003~dLL
u !3120.014~dLL

u !32

20.045~dRL
u !3120.2~dRL

u !32.

The chromomagnetic contributions fromRMg
LL are enhanced

by tanb, due to the term proportional toYb . For instance,
for tanb;10, the value of RMg

LL is reduced to RMg
LL

.20.023, while RC
RL is slightly increased to RC

RL

.20.033, and the amplitude ratio becomes

RA.0.12~dLL
u !3110.54~dLL

u !3220.05~dRL
u !3120.21~dRL

u !32.

Furthermore, with heavy SUSY particles (mq̃;1 TeV), the
Z penguin diagram would provide the dominant contrib

FIG. 2. As in Fig. 1, but for the mass insertion (dRL
u )32.
09500
-

tions to Fx , sinceRC
RL tends to a constant value of orde

20.05. This effect clearly shows the phenomenon of non
coupling of the chargino contribution to theZ penguin@15#.

We stress that the contribution of (dLL
u )32 to the chromo-

magnetic dipole operator, which leads to the dominant c
tribution toSfKS

, is strongly constrained byb→sg @which is

particularly sensitive toC11(mW)]. This is due to the fact tha
(dLL

u )32 gives almost the same contribution to bothC11(mW)
and C12(mW), as can be seen from Eq.~6!. This is not the
case for gluino exchanges, since there the contribution
the chromomagnetic dipole operator are enhanced by c
factors with respect to the magnetic dipole ones, allow
large contributions toC12 while respecting theb→sg con-
straints@16#. Regarding the effects of (dRL

u )31 and (dLL
u )31,

their contributions toSfKS
are quite small since they ar

mostly constrained byDMB and sin 2b @9#.
For the above set of input parameters, theb→sg limits

imposeu(dLL
u )32u,0.58. Thus, the maximum individual mas

insertion contributions are given byuALL32
SUSY/ASMu,0.31 and

uARL32
SUSY/ASMu,0.21. This shows that after imposing theb

→sg constraints the contribution from (dLL
u )32 is of the same

order as the contribution from (dRL
u )32. However, each of

them leads toRf;0.4 at most, so even if sinuf;21, one

FIG. 3. As in Fig. 1, but for arg@(dLL
u )32#5arg@(dRL

u )32# and
with the contribution of two mass insertionsu(dRL

u )32u andu(dLL
u )32u.
4-4
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can reduceSfKS
from the SM prediction sin 2b to 0.2 and it

is not possible with one mass insertion contribution to re
negativeCP asymmetry. Nevertheless, by considering t
contributions from both (dLL

u )32 and (dRL
u )32 simultaneously,

Rf can become larger and values of the order ofSfKS

.20.2 can be achieved.
It is worth mentioning that we have also considered

BR of B0→fK0 decay and ensured that the SUSY effects
not violate the experimental limits observed by BaBar a
Belle @3#.

Let us emphasize that generally in supersymmetric m
els the lighter chargino is expected to be one of the ligh
sparticles. Thus, it can be expected to contribute significa
in the one-loop processes. Although the gluino contribut
to the studied asymmetry can be very large, on the o
hand the gluino in many models is one of the heaviest SU
partners and thus its contribution may be considerably
duced.

Finally, we would like to stress that our results are co
sistent with the QCD factorization~QCDF! method @17#
within a theoretical error. However, the computation
QCDF is not complete since at present the calculation
annihilation diagrams is missing, since these are higher o
in as . We have found that the chromomagnetic contrib
tions, from annihilation diagrams, play a crucial role
SUSY analysis, while they are small in the SM. Thus, th
is no consistent way at the moment to implement a QC
calculation for SUSY analysis. However, after this work w
completed, new significant theoretical results in QCDF
peared in@18#, where attempts at completing the calculati
of the relevant hard scattering in QCDF are provided. T
implication of this new calculation for our process will b
considered in a forthcoming paper.

To conclude, we have studied the chargino contributio
to the CP asymmetrySfKS

and showed that, although th

experimental limits onb→sg impose stringent constraint
on the parameter space, it is still possible to reduceSfKS

significantly, and negative values within the 1s experimental
range can be obtained.

D.C., E.G., and K.H. thank the Academy of Finlan
~project number 48787! for financial support. S.K. would
like to thank the Helsinki Institute of Physics for its kin
hospitality.

APPENDIX

Here we provide the analytical results for the expressi
RF and R̄F appearing in Eq.~4!, which are given by

RD
LL5 (

i 51,2
uVi1u2xWiPD~xi !,

RD
RL52 (

i 51,2
Vi2

! Vi1xWiPD~xi !,

RD
RR5 (

i 51,2
uVi2u2xWiPD~xi !,
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RD
LR5~RD

RL!!,

RE
LL5 (

i 51,2
uVi1u2xWiPE~xi !,

RE
RL52 (

i 51,2
Vi2

! Vi1xWiPE~xi !,

RE
RR5 (

i 51,2
uVi2u2xWiPE~xi !,

RE
LR5~RE

RL!!,

RC
LL5 (

i 51,2
uVi1u2PC

(0)~ x̄i !

1 (
i , j 51,2

FUi1Vi1U j 1
! Vj 1

! PC
(2)~xi ,xj !

1uVi1u2uVj 1u2S 1

8
2PC

(1)~xi ,xj ! D G ,
RC

RL52
1

2 (
i 51,2

Vi2
! Vi1PC

(0)~ x̄i !

2 (
i , j 51,2

Vj 2
! Vi1@Ui1U j 1

! PC
(2)~xi ,xj !

1Vi1
! Vj 1PC

(1)~xi ,xj !#,

RC
LR5~RC

RL!!,

RC
RR5 (

i , j 51,2
Vj 2

! Vi2@Ui1U j 1
! PC

(2)~xi ,xj !

1Vi1
! Vj 1PC

(1)~xi ,xj !#,

RBu
LL

52 (
i , j 51,2

Vi1Vj 1
! Ui1U j 1

! xW j

3Axi j PB
u~ x̄ j ,xi j !,

RBu
RL

522 (
i , j 51,2

Vi1Vj 2
! Ui1U j 1

! xW j

3Axi j PB
u~ x̄ j ,xi j !,

RBu
LR

5~RBu
RL

!!

RBu
RR

52 (
i , j 51,2

Vi2Vj 2
! Ui1U j 1

! xW j

3Axi j PB
u~ x̄ j ,xi j !,

RBd
LL

5 (
i , j 51,2

uVi1u2uVj 1u2xW jPB
d~ x̄ j ,xi j !,
4-5
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RBd
RL

52 (
i , j 51,2

Vi2
! Vi1uVj 1u2xW jPB

d~ x̄ j ,xi j !,

RBd
LR

5~RBd
RL

!!

RBd
RR

5 (
i , j 51,2

Vi2
! Vi1Vj 1

! Vj 2xW jPB
d~ x̄ j ,xi j !,

RMg,g
LL

5(
i

uVi1u2xWiPMg,g
LL

~xi !

2Yb(
i

Vi1Ui2xWi

mx i

mb
PMg,g

LR ~xi !,

RMg,g
LR

52(
i

Vi1
! Vi2xWiPMg,g

LL ~xi !

1Yb(
i

Vi2Ui2xWi

mx i

mb
PMg,g

LR ~xi !,

RMg,g
RL

52(
i

Vi1Vi2
! xWiPMg,g

LL ~xi !,
09500
RMg,g
RR

5(
i

uVi2u2xWiPMg,g

LL ~xi !, ~A1!

where xWi5mW
2 /mx i

2 , xi5mx i

2 /m̃2, x̄i5m̃2/mx i

2 , and xi j

5mx i

2 /mx j

2 . The expressions for the functionsPE,D,C ,

PB
(u,d) , PMg,g

LL , andPM (g,g)

LR , are given in the next subsection

There are other contributions coming from box diagram
where both charginos and gluinos are exchanged (Bg̃

u,c),
which cannot be expressed in the same form as Eq.~4!. We
provide below the results for these contributions, which
fect only the Wilson coefficientsC1,2

(u,c)(mW) as

C1
(u,c)~mW!5

as~mW!

16p
~142Bg̃

(u,c)
!,

C2
(u,c)~mW!511

as~mW!

48p
Bg̃

(u,c) , ~A2!

where
Bg̃
u
5F(

a
Ka2

! K13~dLL
u !1aGRg̃

LL
~u!1F(

a
K12

! Ka3~dLL
u !a1G @Rg̃

LL
~u!#!1F(

a
K1a

! K13~dLL
d !a2GRg̃

LL
~d!

1F(
a

K12
! K1a~dLL

d !3aG @Rg̃
LL

~d!#!1F(
a

K12
! K33~dRL

u !31GYtRg̃
RL , ~A3!

Bg̃
c
5F(

a
Ka2

! K23~dLL
u !2aGRg̃

LL
~u!1F(

a
K22

! Ka3~dLL
u !a2G @Rg̃

LL
~u!#!1F(

a
K2a

! K23~dLL
d !a2GRg̃

LL
~d!

1F(
a

K22
! K2a~dLL

d !3aG @Rg̃
LL

~d!#!1F(
a

K22
! K33~dRL

u !32GYtRg̃
RL , ~A4!

and the functionsRi are given by

Rg̃
LL

~u!54xWg̃ (
i 51,2

F uVi1u2PB
d~zi ,y!12Ui1Vi1S mx i

mg̃
D PB

u~zi ,y!G , ~A5!

Rg̃
LL

~d!54xWg̃ (
i 51,2

F uUi1u2PB
d~zi ,y!12Ui1

! Vi1
! S mx i

mg̃
D PB

u~zi ,y!G , ~A6!

Rg̃
RL

524xWg̃ (
i 51,2

FVi1Vi2
! PB

d~zi ,y!12Vi2
! Ui1

! S mx i

mg̃
D PB

u~zi ,y!G ~A7!

with xWg̃5mW
2 /mg̃

2 , zi5mx i

2 /mg̃
2 , andy5m̃2/mg̃

2 . In obtaining the above results in Eqs.~A3!, ~A4! we neglect terms of the

order of theO(Yb).
4-6



ic

CHARGINO CONTRIBUTIONS TO THECP ASYMMETRY . . . PHYSICAL REVIEW D 68, 095004 ~2003!
Loop functions

Here we provide the expressions for the loop functions of penguinPD,E,C , box PB
(u,d) , and magnetic and chromomagnet

penguin diagramsPMg,g

LL , andPMg,g

LR , respectively, which enter in Eqs.~A1!, and~A5!–~A7!:

PD~x!5
2x@222160x245x214x313x423~329x214x3!logx#

27~12x!5
,

PE~x!5
x~2116x218x2110x313x4212x3logx!

9~12x!5
,

PC
(0)~x!5

x~324x1x212logx!

8~12x!3
,

PC
(1)~x,y!5

1

8~x2y! Fx2~x212 logx!

~x21!2
2

y2~y212 logy!

~y21!2 G ,

PC
(2)~x,y!5

Axy

4~x2y! Fx~x212 logx!

~x21!2
2

y~y212 logy!

~y21!2 G ,

PB
u~x,y!5

2y2x~123x1y!

4~x21!2~x2y!2
2

x~x31y23xy1y2!logx

2~x21!3~x2y!3
1

xylogy

2~x2y!3~y21!
,

PB
d~x,y!52

x@3y2x~11x1y!#

4~x21!2~x2y!2
2

x@x31~x23!x2y1y2# logx

2~x21!3~x2y!3
1

xy2logy

2~x2y!3~y21!
,

PMg

LL ~x!52x
d

dx S xF1~x!1
2

3
xF2~x! D ,

PMg

LR~x!52x
d

dx S xF3~x!1
2

3
xF4~x! D ,

PMg

LL ~x!52x
d

dx
@xF2~x!#,

PMg

LR~x!52x
d

dx
@xF4~x!#, ~A8!
ha

e

m

l-
where the functionsFi(x) are provided in Ref.@11#.

Light right stop

Here we generalize the above formulas for the case
which the right stop is lighter than other squarks. Notice t
this will modify only the expressions forRF

RL andRF
RR, since

the light right stop does not affectRF
LL . In the case ofRF

RR,
the functional forms ofRF

RR remain unchanged, while th
arguments of the functions involved are changed asxi→xit

and x̄i→ x̄it . In the case ofRF
LR and RF

RL , the analytical
expressions for the loop functions of penguinPD,E,C , box
PB

(u,d) , and magnetic and chromomagnetic penguin diagra
09500
in
t

s

PMg,g

LL and PMg,g

LR , respectively, should be changed as fo

lows:

PD~xi ,xit !5
2

~xt21!
@xitDx~xit !2xiDx~xi !#,

PE~xi ,xit !5
2

~xt21!
@xitEx~xit !2xiEx~xi !#,

PC
(1,2)~xi ,xit ,xj ,xjt !5

2

~xt21!
@Cx

(1,2)~xjt ,xit !2Cx
(1,2)~xj ,xi !#,
4-7
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PC
(0)~ x̄i ,x̄it !5

4

~xt21!
@Cx

(1)~ x̄it ,x̄i !2Cx
(1)~ x̄i ,x̄i !#,

PB
(u)~ x̄ j ,x̄ j t ,xi j !5

1

2~xt21!
@Bx

(u)~ x̄ j t ,x̄ j ,xi j !

2Bx
(u)~ x̄ j ,x̄ j ,xi j !#,

PB
(d)~ x̄ j ,x̄ j t ,xi j !52

1

2~xt21!
@Bx

(d)~ x̄ j t ,x̄ j ,xi j !

2Bx
(d)~ x̄ j ,x̄ j ,xi j !#,

PMg

LL ~xi ,xit !5
1

~xt21! Fxit S F1~xit !1
2

3
F2~xit ! D

2xi S F1~xi !1
2

3
F2~xi ! D G ,
r

T.

M
v

09500
PMg

LR~xi ,xit !5
1

~xt21! Fxit S F3~xit !1
2

3
F4~xit ! D

2xi S F3~xi !1
2

3
F4~xi ! D G ,

PMg

LL ~xi ,xit !5
1

~xt21!
@xitF2~xit !2xiF2~xi !#,

PMg

LR~xi ,xit !5
1

~xt21!
@xitF4~xit !2xiF4~xi !#,

~A9!

where xi5mx i

2 /m̃2, x̄i5m̃2/mx i

2 , xit5mx i

2 /mt̃ R

2 , x̄it

5mt̃ R

2 /mx i

2 , xi j 5mx i

2 /mx j

2 , and xt5mt̃ R

2 /m̃2. The functions

Dx ,Cx ,Ex ,Cx
(1,2) ,Bx

(u,d) , and Fi are provided in Ref.@12#
and Ref.@11#.
od.
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