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CP violation in B\fKS decay at large tanb
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~Received 5 February 2003; published 23 May 2003!

We consider the chargino contribution toCP violation in B→fKS decay in the minimal supersymmetric
standard model at large tanb. It is shown that the Wilson coefficientC8g of the chromomagnetic penguin
operator can be significantly enhanced by the chargino-mediated diagrams while satisfying other direct or
indirect experimental constraints. The enhancedC8g allows a large deviation in theCP asymmetry from the
standard model prediction, especially it can explain the apparent anomaly reported by BaBar and Belle.
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The measurement ofCP asymmetries atB factories is a
powerful probe of new physics~NP!. In the standard mode
~SM!, the origin of CP violation is the phasedCKM in the
333 Cabibbo-Kobayashi-Maskawa~CKM! matrix of quark
mixing. In general, there can be many new sources ofCP
violation in new physics models beyond the SM.

The time-dependentCP asymmetry in neutralB decays to
CP eigenstatesB→ f CP gives information on the two classe
of CP violation Cf andSf @1#:

ACP~ t !5
G„B̄~ t !→ f CP…2G„B~ t !→ f CP…

G„B̄~ t !→ f CP…1G„B~ t !→ f CP…

52Cf cos~DmBt !1Sf sin~DmBt !, ~1!

where DmB is the mass difference of theB system and
B(B̄)(t) is the state at timet which wasB(B̄) at t50. The
CP asymmetriesCf andSf are determined by

lCP[e22i (b1ud)
Ā

A
, ~2!

whereb(ud) is the contribution of SM~NP! to the phase in
the B-B̄ mixing andĀ(A) is the decay amplitude forB̄(B)
→ f CP .

The time-dependentCP asymmetry inB→J/cK decay
measured at BaBar@2# and Belle@3# shows the existence o
CP violation in theB-meson system, and the current wor
average@1#

sin 2bJ/cKS
[SJ/cKS

50.73460.054 ~3!

is fully consistent with the CKM picture ofCP violation in
the SM. In the SM, theCP asymmetry inB→fKS also
measures the same angleb becauseCP violation in the de-
cay amplitude is suppressed by the Cabibbo anglel
('0.22): SfKS

5SJ/cKS
1O(l2).

Recently, BaBar@4# and Belle @5# have announced th
first measurement of time-dependentCP asymmetries inB
→fKS . The weighted average of the mixing-inducedCP
asymmetry,

sin 2bfKS
[SfKS

520.3960.41, ~4!
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differs from the SM prediction of Eq.~3! by 2.7s. The Belle
Collaboration has also reported the directCP asymmetry

CfK50.5660.43, ~5!

which is consistent with zero as predicted in the SM.
Contrary to theB→J/cKS decay whereĀ/A51 to a

good approximation even in the presence of NP, the lo
induced processB→fKS generally allows large deviation
from 1 in phase and modulus ofĀ/A. There are already
many works which explain the apparent deviation~4! in vari-
ous NP models@6–10#.

The measured sin 2b’s from B→h8KS , B
→(K1K2)KS @5# and sin2a from B→p1p2 @11# are con-
sistent with the SM although the errors are large. We n
that, however,B→fKS is unique in that it does not have th
tree-level amplitude in the SM unlike most otherB decays.
Therefore, it is not unlikely that the NP manifests itself on
in the B→fKS decay@12#.

The minimal supersymmetric~SUSY! standard model
~MSSM! has many newCP violating phases besides th
CKM phase of the SM. WithCP violating phases of orde
one the electric dipole moments~EDMs! easily exceed the
experimental upper bounds by several orders of magnitu
In addition, the general structure of sfermion mass matri
in the generation space leads unacceptable flavor chan
neutral currents~FCNC! by gluino mediation. These SUSY
CP and SUSY FCNC problems strongly constrain t
MSSM parameters.

In the MSSM it has been shown that Eq.~4! can be acco-
modated if there exist new flavor structures in the up-
down-type squark mass matrices@6,10,13#. In this paper we
will show that the chargino contribution can generate la
deviation in SfK at large tanb, even if CKM is the only
source of flavor mixing.

Specifically, we adopt a decoupling scenario where
masses of the first two generation scalar fermions are v
heavy@*O(10 TeV)#, so that the SUSY FCNC and SUS
CP problems are solved without a naturalness problem@14#.
It is known that if this pattern of soft terms are generated
high energy scale~such as the Planck scale!, two-loop renor-
malization group~RG! evolution drives the scalar top quar
mass squared negative, breaking the color and charge@15#.
However, it was shown that the problem can be solved
©2003 The American Physical Society04-1
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introducing extra matters to make the sfermion masses
invariant at the two-loop level@16#. We can also simply as
sume this scenario as a phenomenological solution to SU
FCNC and SUSYCP problems, where the soft terms wit
little mixing between the first two generation squarks a
generated at low energy scale by some unknown mechan

We also assume the flavor-changing off-diagonal eleme
of scalar fermions are vanishing to guarantee the absenc
the gluino mediated FCNC. In this case the CKM matrix
the only source of flavor mixing, while there are newCP
violating parametersm,M2 in the chargino matrix

MC5S M2 A2mW sinb

A2mW cosb m
D ~6!

andAt in the scalar top mass-squared matrix

M t̃
2
5S mQ̃

2
1mt

21DL mt~At* 2m cotb!

mt~At2m* cotb! mt̃
2
1mt

21DR
D , ~7!

where DL5(1/222/3 sin2uW)cos 2bmZ
2 and DR

52/3 sin2uWcos 2bmZ
2 .

In this decoupling scenario, it has been shown that
light top squark and chargino contributions still allows lar
direct CP asymmetry in the radiativeB decay up to616%
@17#. It should be noted that the new contribution toB-B̄
mixing is very small and this model is naturally consiste
with Eq. ~3! @17#.

The decayB→fKS is described by theDB51 effective
Hamiltonian @18#. The chargino contribution to the Wilso
coefficients of magnetic penguin operators is given by

C7g~ x̃6!5(
I 51

2

(
k51

2 mW
2

mt̃ k

2 H ~x I
dL!A2* ~x I

dL!A3

3S I 1~xIk!1
2

3
J1~xIk! D1~x I

dL!A2* ~x I
dR!A3

3
mx̃

I
2

mb
S I 2~xIk!1

2

3
J2~xIk! D J ,

C8g~ x̃6!5(
I 51

2

(
k51

2 mW
2

mt̃ k

2 H ~x I
dL!k2* ~x I

dL!k3J1~xIk!

1~x I
dL!k2* ~x I

dR!k3

mx̃
I
2

mb
J2~xIk!J , ~8!

where xIk5mx̃
I
6

2
/mt̃ k

2 and I 1,2(x),J1,2(x) are the loop func-

tions @19#. (x I
dL(R))kq is the top-squark(k) –chargino

(I ) –down-quark(qL(R)) coupling:

~x I
dL!kq52VI1* St̃ kt̃ L

1VI2* St̃ kt̃ R

mt

A2mW sinb

,
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t

~x I
dR!kq5UI2St̃ kt̃ L

mq

A2mW cosb
, ~9!

whereU,V(S) diagonalize~s! the chargino~top squark! mass
matrix. In the analysis we have decoupled the charged Hi
contribution by assumingmH6*1 TeV to evade the very
stringent two-loop EDM constraints at large tanb and rela-
tively light Higgs pseudoscalar@24#. The effect ofH6 will
be mentioned below.

We note that theC7g(8g)
x6

has the enhancement facto
mx̃

I
6 /mb by the chirality flip inside the loop and can dom

nate the SM contribution. On the other hand the Wilson
efficients of QCD penguin operators,C3,•••,6, preserve the
chirality and do not have such enhancement factors. In a
tion, due to the super-Glashow-Iliopoulos-Maiani~GIM!
mechanism, the chargino contribution toC3, . . . ,6 are much
smaller than the SM values. The contribution to chiral

flipped operatorsC7g(8g)8x̃6
are suppressed byms /mb . We ne-

glect the contribution of electroweak penguin operat
which are also expected to be negligible in our scena
Therefore the large deviation inĀ/A should be generated
soley byC8g in this scenario.

To calculate the hadronic matrix elements we use
QCD factorization method in Ref.@18#. In this approach it
has been demonstrated that the strong phases of QCD
guin operators cancel out in the SM@7#. Since the NP con-
tribution to C3,•••,6 are negligible in our scenario, the stron
phase is small as in the SM. The require

C8g
x̃6

(mb) @C8g
SM(mb)'20.147# for large deviation ofCP

asymmetries can be estimated from the approximate num
cal expression forĀ @18,7#:

Ā} (
p5u,c

Vps* Vpb~a31a4
p1a5!

'23.931024~3.7e0.21i14.5C8g!. ~10!

In the above expression the largest errors which are ab
20% come from the decay constants and form factors. Th
uncertainties are largely canceled in the asymmetries in
~1!.

In Eq. ~10! and the following analysis, we did not includ
weak annihilation contributions which are power suppres
but may be numerically important. These contributions
not derived in QCD factorization on first principles, and a
ditional phenomenological parameter which can cont
strong phase should be introduced to estimate the diver
integral at end point. TheCP asymmetriesCfK , SfK can
be increased depending on the size and phase of the pa
eter. Therefore our analysis is conservative and the
analysis, including the annihilation contributions, will b
given in @12#.

In Fig. 1 we showSfK as a function of arg(C8g) for
uC8gu50.33,0.65, and 1.0. From this figure we can s
uC8gu'0.3320.65 with a large positive phase can accom
date the deviation within 1s.
4-2
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Since the chargino contributions toC7g and C8g have
similar structures, one can think that large deviation inC8g
may result in the large deviationC7g . Too large deviation in
C7g will violate the measurement ofB(B→Xsg), for which
we take 231024,B(B→Xsg),4.531024 @20#, because it
is already consistent with the SM prediction.

Due to the different loop functions, however, the two W
son coefficients are not strongly correlated, and it is poss
to have large deviation inC8g while keeping uC7gu con-
strained to satisfyB(B→Xsg). SincexR in Eq. ~9! is pro-
portional to tanb for large tanb, we need relatively large
tanb to have sizable effects.

The neutral Higgs bosonh0 which is lighter than theZ
boson at the tree level has large radiative corrections@21#
which can be approximated at large tanb as

mh0
2 'mZ

21
3

2p2

mt
4

v2
logS mt̃ 1

mt̃ 2

mt
2 D , ~11!

FIG. 1. SfK as a function of arg(C8g) for uC8gu50.33 ~short
dashed line!, 0.65 ~long dashed line!, and 1.0~solid line!.
09600
le

wherev'246 GeV. The CERNe1e2 collider LEP II sets
the lower limit on the SM-like Higgs boson mass:mh0

*114.3 (GeV) at 95% C.L.@22#. This limit gives very
strong constraint on the top squark masses.

At large tanb „;O(50)…, the SUSY QCD and SUSY
electroweak correction to the nonholomorphic couplin
Hu* DcQ become very important. This gives a large corre
tion on the down-type quark masses and some CKM ma
elements@23#

mb5
m̄b

11 ẽ3 tanb
, VJI5VJI

effF11 ẽ3 tanb

11e0 tanb
G ~12!

where ẽ3'e01eYyt
2 and (JI)5(13)(23)(31)(32).

m̄b , VJI
eff areb-quark mass and CKM elements measured

experiments, respectively. At one-loop andSU(2)L3U(1)Y
symmetric limit, thee0 andeY are given by

e05
2as

3p
ReS m*

mg̃
D j ~yb̃g̃ ,yQ̃g̃!,

eY5
1

16p2 ReS At

m D j ~yQ̃m ,yt̃m!, ~13!

where yb̃g̃5mb̃
2/umg̃u2, yQ̃g̃5mQ̃

2 /umg̃u2, yQ̃m

5mQ̃
2 /umu2, yt̃m5mt̃

2/umu2. The loop function is given by
j (x,y)5@ j (x)2 j (y)#/(x2y) with j (x)5x logx/(x21).
Note that these SUSY threshold corrections are not ea
decoupled even for very heavy superparticles. For degene
SUSY parameters,e0'0.013 andeY'0.003.

For the numerical analysis we fix the CKM matrix b
using uVus

effu50.2196, uVcb
effu54.1231022, and uVub

effu53.6
31023 @22#, leaving only dCKM as a free parameter. Fo
ints
FIG. 2. Distribution ofC8 values for tanb535 ~a! and tanb560 ~b! in the complex plane. See the text for other parameters. The po
with SfK,0 are marked with a1 symbol.
4-3
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example, fordCKM5p/3, we get DmBd
50.491 ps21 and

sin 2b50.729, which are close to the experimental cen
values@22#. The free SUSY parameters in our scenario
tanb, M2 , m, mQ̃ , mt̃ , andAt (mH651 TeV) ~alsomg̃ ,mb̃
are relevant for large tanb). In Fig. 2 we show the distribu
tion of C8g in the complex plane fordCKM5p/3, tanb
535(60), mH651 TeV, mQ̃50.5 TeV, mg̃51 TeV, and
mb̃R

50.5 TeV. We scanned the other parameters as follo

0,mt̃,1 TeV, 0,umu,1 TeV,

0,uAtu,2 TeV, 0,uM2u,1 TeV,

2p,arg~m!,arg~At!,arg~M2!,p. ~14!

We have fixed the phase on the gluino mass parameter
that arg(mg̃)1arg(m)5p to maximize the SUSY QCD cor
rection. When scanning, we imposed theB(B→Xsg) con-
straint and the direct search bounds on the~s!particle masses
@22#: mh0>114.3 GeV andmx̃

1
6,mt̃ 1

*100 GeV.

From Fig. 2 we can see that our scenario can easily
commodate the discrepancy~4!. As mentioned above, we
have chosen a large value for the charged Higgs boson m
mH651 TeV to safely suppress the Barr-Zee type two-lo
EDM constraints which are significant if tanb @24# is large
and the pseudo-scalar Higgs boson (A0) is relatively light.1

1The SUSY contribution to (g22)m is also small in this case@25#.

FIG. 3. Correlation betweenCfK andSfK for tanb560.
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We have checked that for the smallermH6 the larger devia-
tion in SfK is possible due to the cancellation in the real p
with the chargino contribution@12#. Therefore Fig. 2 is a
rather conservative result forSfK . We have checked that th
allowed range forSfK is not sensitive to the change indCKM

if we impose the constraint~3!.
CfK is correlated withSfK . In Fig. 3 the correlation is

shown for tanb560. We can see that it can also accomm
date Eq.~5! although it favors small negativeCfK , which
will be clarified by future experiments.

The directCP asymmetry inB→Xsg decay is also ex-
pected to be large whenSfK has a large deviation from th
SM expectations. We have checked that actually it can
very large but it is not correlated withSfK . It is becauseSfK
is determined by the complex phase onC8g while ACP(B
→Xsg) is mainly controlled by that onC7g @26#. Because
we have phases on three independent parametersm, At , and
M2, the phases ofC7g andC8g need not have strong corre
lations.

The B(B→fK) varies moderately over the paramet
space we considered and seldom exceeds 1531026, which
is acceptable compared with the experimental measurem
@4,5#. Also the mass differenceDms in the Bs-B̄s system is
close to the SM expectationDms;14.5 ps21 in most of the
region of parameter space we considered, which may dis
guish our scenario from other scenarios in Refs.@10,13#.

For large tanb in the MSSM, through the Higgs-mediate
FCNC theB(Bs→m1m2) can be enhanced by a few orde
of magnitude over the SM prediction@27#. Observation of
this leptonic decay mode, for example at Tevatron Run
would be a clear signal of NP. However, this is possible o
for relatively light A0. Since the large deviation in theSfK ,
although it needs newCP violating phase~s! of O(1), does
not necessarily require lightA0 as we have shown, these tw
decay modes can be complementary to each other in sea
ing for the MSSM at large tanb.

In our scenario the sole source of large deviation inSfK is
C8g . It can have simultaneous effects on other decays s
asB→ff, B→pp, B→Kp, etc. @12#.

In conclusion we have considered the chargino contri
tion to theCP asymmetriesSfK andCfK of B→fKS decay
in theCP violating MSSM scenario at large tanb. We have
shown that through the enhanced Wilson coefficientC8g of a
chromo-magnetic penguin operator by the large SU
threshold corrections@23#, there can be large deviations i
the CP asymmetries.
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