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CP violation in B— ¢Kg decay at large tang
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We consider the chargino contribution @P violation in B— ¢Kg decay in the minimal supersymmetric
standard model at large t#h It is shown that the Wilson coefficier@gg of the chromomagnetic penguin
operator can be significantly enhanced by the chargino-mediated diagrams while satisfying other direct or
indirect experimental constraints. The enhanCgg allows a large deviation in th€ P asymmetry from the
standard model prediction, especially it can explain the apparent anomaly reported by BaBar and Belle.
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The measurement & P asymmetries aB factories is a  differs from the SM prediction of E(3) by 2.70. The Belle
powerful probe of new physic8\P). In the standard model Collaboration has also reported the dir€® asymmetry
(SM), the origin of CP violation is the phas&ky in the
3X 3 Cabibbo-Kobayashi-Maskaw@&KM) matrix of quark C 4k =0.56+0.43, (5)
mixing. In general, there can be many new source€ Bf
violation in new physics models beyond the SM.

The time-depender@ P asymmetry in neutré decays to
CP eigenstateB— fp gives information on the two classes
of CP violation C; and S; [1]:

which is consistent with zero as predicted in the SM.
Contrary to theB—J/¢yKg decay whereA/A=1 to a

good approximation even in the presence of NP, the loop-

induced proces8— ¢Ks generally allows large deviation

=Y _ from 1 in phase and modulus &/A. There are already
I'B(t)—f I'B(t)—f
Acp(t)= (_( )= fep) =T B Tcp) many works which explain the apparent deviatidpin vari-
FB(t)—fcp)+T'(B(t)—fcp) ous NP model$6—10.
— —C, cogAmgt)+S; sin(Amgt), (1) The  measured sin®s from B—75'Kg, B

—(KTK7)Kg [5] and sinz from B— # "7~ [11] are con-
sistent with the SM although the errors are large. We note

where Amg is the mass difference of thB system and ) > _ )
B y that, howeverB— ¢Kg is unique in that it does not have the

B(B)(t) is the state at timé which wasB(B) att=0. The 0 jevel amplitude in the SM unlike most otf@rdecays.

CP asymmetrie<C; andS; are determined by Therefore, it is not unlikely that the NP manifests itself only
— in the B— ¢Kg decay[12].
N Eefzi(ﬁwd)ﬁ @) The minimal supersymmetri¢SUSY) standard model
cP A’ (MSSM) has many newCP violating phases besides the
CKM phase of the SM. WitlCP violating phases of order
whereB(6y) is the contribution of SMNP) to the phase in one the electric dipole moment&DMs) easily exceed the
the B-B mixing andA(A) is the decay amplitude fdB(B) experimental upper bounds by several orders of magnitude.
—fep. In addition, the general structure of sfermion mass matrices
The time-depender®P asymmetry inB—J/¢K decay in the generation space leads unacceptable flavor changing
measured at BaB42] and Belle[3] shows the existence of neutral currentsFCNC) by gluino mediation. These SUSY

CP violation in theB-meson system, and the current world CP and SUSY FCNC problems strongly constrain the
averagg 1] MSSM parameters.

In the MSSM it has been shown that Eg) can be acco-
sin 2834k .= Sy 4= 0.734+0.054 ©) modated if there exist new flavor structures in the up- or
¥Ks WKs . >
down-type squark mass matrici&10,13. In this paper we

is fully consistent with the CKM picture of P violation in will _Sh_OW _that the chargino contributi_on can generate large
the SM. In the SM, theCP asymmetry inB— ¢Kg also deviation inSy, at large tans, even if CKM is the only

measures the same anglebecauseC P violation in the de- source Qf flavor mixing. . .
cay amplitude is suppressed by the Cabibbo angle Specifically, we adopt a decoupling scenario where the

(=0.22): Syx.=S +O0?) masses of the first two generation scalar fermions are very
8l DKsT Pk ' heavy[ = (10 TeV)], so that the SUSY FCNC and SUSY

_ Recently, BaBarf4] and Belle[S] have announced the ¢p jronlems are solved without a naturalness probledi.

first measurement of time-dependd€hP asymmetries irB

It is known that if this pattern of soft terms are generated at
— ¢Kg. The weighted average of the mixing-induc€dP P 9

high energy scalésuch as the Planck scaléwo-loop renor-
asymmetry, malization group(RG) evolution drives the scalar top quark
. . B mass squared negative, breaking the color and cHad/gle
sin 2,8(,,,(5: S</>Ks_ —0.39£041, 4) However, it was shown that the problem can be solved by
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introducing extra matters to make the sfermion masses RG m

invariant at the two-loop levdll6]. We can also simply as- X ®g=U12S 1 —=—————, 9

sume this scenario as a phenomenological solution to SUSY K \/fmw cosp

FCNC and SUSYCP problems, where the soft terms with

little mixing between the first two generation squarks arewhereU,V(S) diagonalizés) the chargingtop squark mass

generated at low energy scale by some unknown mechanismatrix. In the analysis we have decoupled the charged Higgs
We also assume the flavor-changing off-diagonal elementsontribution by assumingn,.=1 TeV to evade the very

of scalar fermions are vanishing to guarantee the absence sfringent two-loop EDM constraints at large farand rela-

the gluino mediated FCNC. In this case the CKM matrix istively light Higgs pseudoscald®4]. The effect ofH= will

the only source of flavor mixing, while there are n&WP  be mentioned below.

violating parameterg:,M in the chargino matrix We note that the(:;f(sg) has the enhancement factors
) n = /my, by the chirality flip inside the loop and can domi-
M, J2mysing X Lo .
) (6)  nate the SM contribution. On the other hand the Wilson co-
\/EmeOS,B M efficients of QCD penguin operator€;... 5, preserve the
chirality and do not have such enhancement factors. In addi-
andA, in the scalar top mass-squared matrix tion, due to the super-Glashow-lliopoulos-Maia(GIM)
mechanism, the chargino contribution @ ¢ are much
+mt2+ D, mt(Af—,ucotB)) smaller than the SM values. The contribution to chirality
. (D

MC:

2
Q
m(A—p* cot)  mi+mP+Dg

m

flipped operatorf:%’;(igg) are suppressed by /m,,. We ne-
glect the contribution of electroweak penguin operators
which are also expected to be negligible in our scenario.

Therefore the large deviation iA/A should be generated
goley byCgq in this scenario.
To calculate the hadronic matrix elements we use the

2

t

where D =(1/2—2/3siff)cosBme  and  Dg
=2/3 sirf6y cos Bma.
In this decoupling scenario, it has been shown that th
light top squark and chargino contributions still allows large o ; . .
. . L QCD factorization method in Ref18]. In this approach it
0,
direct CP asymmetry in the radiative decay up to= 16% has been demonstrated that the strong phases of QCD pen-

[17]. 1t should be noted that the new contributionBeB 4 ,in gperators cancel out in the SM]. Since the NP con-

mixing is very small and this model is naturally consistentyipution to Cs... ¢ are negligible in our scenario, the strong

W't?_tha@) [17]. K- is described by tha B 1 effect phase is small as in the SM. The required
e decayB - ¢Ks s described by ~ - Snecive C¥y (M) [Cay'(mp)~—0.147 for large deviation ofCP

Hamiltonian[18]. The chargino contribution to the Wilson : ) : .
coefficients of magnetic penguin operators is given by asymmetries can_be estimated from the approximate numeri-
cal expression foA [18,7:

- m3
Cr,(xH)=2 2 —!“[(x.“Lmz(x?L)Ag

=151 me Ax D VEVp(ag+al+as)
k p=u,c
2 d d ~— -4 0.21
x| 1100+ 530000 | + k0 Pas 3903 4. Cgg). (10
- - 2 In the above expression the largest errors which are about
[ +23 20% come from the decay constants and form factors. These
2(Xik) 2(X) | - . S
My 3 uncertainties are largely canceled in the asymmetries in Eq.

).

~ 2 2 m\ZN In Eqg. (10) and the following analysis, we did not include
Cog(x)= > > — (X?L)f:z()(?L)mJl(Xm) weak annihilation contributions which are power suppressed
=1 k=1 but may be numerically important. These contributions are
not derived in QCD factorization on first principles, and ad-

dix , d my, ditional phenomenological parameter which can contain
00 k(X ke~ J2(%) | (8)  strong phase should be introduced to estimate the divergent

b integral at end point. Th€ P asymmetriesC x, Syk can

be increased depending on the size and phase of the param-
eter. Therefore our analysis is conservative and the full
tions [19]. (Xf”R))kq is the top-squark()—chargino analysis, including the annihilation contributions, will be
(1)—down-quark ) coupling: given in[12].

In Fig. 1 we showS,« as a function of ardlgg) for
|Cgq|=0.33,0.65, and 1.0. From this figure we can see
ST |Cgy|~0.33-0.65 with a large positive phase can accomo-

\/Emwsmﬁ date the deviation within &.

t

wherex|k=m;2(i/m;2k and |l Ax),J; Ax) are the loop func-
|

dp _ * - m;
(X| )kq_ -V ktL+V
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wherev~246 GeV. The CERNe"e™ collider LEP I sets
the lower limit on the SM-like Higgs boson massio
=114.3 (GeV) at 95% C.L[22]. This limit gives very
strong constraint on the top squark masses.

At large tanB (~0O(50)), the SUSY QCD and SUSY
electroweak correction to the nonholomorphic couplings
H? D°Q become very important. This gives a large correc-
tion on the down-type quark masses and some CKM matrix
elementq 23]

1+€3tanp
1+ egtang

My

my=——=—", of
1+ e3tanpB

n=Vy (12

FIG. 1. Sy as a function of_ argls,) for |C_8g|_=0.33 (short  \vhere e~ 60+6Yyt2 and  (1)=(13)(23)(31)(32).
dashed ling 0.65 (long dashed ling and 1.0(solid line). — off
my, V5, areb-quark mass and CKM elements measured at
Since the chargino contributions ©;, and Cg, have — experiments, respectively. At one-loop at(2),_ < U(1)y
similar structures, one can think that large deviatiorcCyy ~ Symmetric limit, thee, and ey are given by
may result in the large deviatidd;, . Too large deviation in

C,, will violate the measurement d&&(B— Xsy), for which =2aSR £ i(yiz yas)
we take 2< 10 *<B(B— X.y)<4.5x 10" * [20], because it ©T 37 o |V Ybe-Yag):
is already consistent with the SM prediction. ’
Due to the different loop functions, however, the two Wil- 1 Al
son coefficients are not strongly correlated, and it is possible €y= WREl( ;) J(You Yin), (13
to have large deviation irCg, while Iéeeping|C7y| con-
strained to satisfiB(B— Xsy). Sincex™ in Eq. (9) is pro-  \ynere yBa:mg/mmz, yéE;:m’ZQ”mBF’ Yo

ortional to tarB for large tanB, we need relatively large 2 2 LT
Fan,B t0 have srigable eﬁ%cts.ng y larg =mg/|ul? yi,=mi/|u|?. The loop function is given by
The neutral Higgs bosoh® which is lighter than thez 1Y) =[10) =iV 1/(x=y) ~with j(x)=xlogx/(x—1).
boson at the tree level has large radiative correcti@is Note that these SUSY threshold corrections are not easily
which can be approximated at large famas decoupled even for very heavy superparticles. For degenerate
SUSY parameterssy~0.013 andey~0.003.
3 m ;. My For the numerical analysis we fix the CKM matrix by
mZy~m32 “log| ——-2], (11)  using V&M =0.2196, |Ve|=4.12x1072, and |V<[|=3.6

* 27 ,2 2 -3 ;
v t X 10 ° [22], leaving only Sckm as a free parameter. For
) L (b) %
1 R
0.5 + -
~ [ I
m - -
Q o .
E I [
_0_5__ + -_
r + :
- -
_IllllllllllIIIIIIIIIIIIIIII-III|II]I||III|IIII|IIIIIIII
-1 -0.5 0.5 1 -1 -0.5 0.5

Re(C,) Re(C,)

FIG. 2. Distribution ofCg values for tarB=35 (a) and tan3==60 (b) in the complex plane. See the text for other parameters. The points
with Sy <0 are marked with a- symbol.
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1 . We have checked that for the smaltar,+ the larger devia-
E ' ' tion in S, is possible due to the cancellation in the real part

08 with the chargino contribution12]. Therefore Fig. 2 is a
0.6 rather conservative result f@;, . We have checked that the
0.4 gllowgd range foSyy is npt sensitive to the change &izxu
if we impose the constrain®).
0.2 Cyk is correlated withS, . In Fig. 3 the correlation is
X shown for tarB=60. We can see that it can also accommo-
o™0 date Eq.(5) although it favors small negativ€ 4 , which

will be clarified by future experiments.
The directCP asymmetry inB— Xgy decay is also ex-
pected to be large wheB,« has a large deviation from the
SM expectations. We have checked that actually it can be
very large but it is not correlated witB,y . It is because «
is determined by the complex phase Ggy while Acp(B
. — Xsy) is mainly controlled by that or€;, [26]. Because
8 1 we have phases on three independent paramgtefs, and
M,, the phases o€;, andCgq need not have strong corre-
lations.
The B(B— ¢K) varies moderately over the parameter
1 space we considered and seldom exceeds 115 ®, which
example, fordcxw=m/3, we getAmg =0.491 ps™ and g 5cceptable compared with the experimental measurements
sin28=0.729, which are close to the experimental centra|[4’5]_ Also the mass differencamy in the BB, system is
values[22]. The free SUSY parameters in our scenario aregse to the SM expectatiohm,~14.5 ps * in most of the
tanB, Mz, p, mg, My, andA; (my==1 TeV) (@lsomg,M;  egion of parameter space we considered, which may distin-
are relevant _for large tgB). In Fig. 2 we show the distribu- guish our scenario from other scenarios in REL€,13.
tion of Cgq in the complex plane forscyy= /3, tang For large tamB in the MSSM, through the Higgs-mediated
=35(60), my==1 TeV, my=0.5TeV, mg=1 TeV, and  pcNC theB(B,—u* ") can be enhanced by a few orders
mp,=0.5 TeV. We scanned the other parameters as followssf magnitude over the SM predictidi27]. Observation of
this leptonic decay mode, for example at Tevatron Run II,
would be a clear signal of NP. However, this is possible only
for relatively light A°. Since the large deviation in thgy
although it needs neW€ P violating phasés) of O(1), does

(14) not necessarily require ligit® as we have shown, these two
decay modes can be complementary to each other in search-

We have fixed the phase on the gluino mass parameter suétg for the MSSM at large taf. o

that argfng) + arg(u) = 7 to maximize the SUSY QCD cor- In our scenario the sole source of large deviatioBjR is

rection. When scanning, we imposed tBéB— X.y) con- Cgg- It can have simultaneous effects on other decays such

straint and the direct search bounds on #)particle masses asB—¢¢, B—mm, B—Km, etc.[12]. _ _

[22]: my=114.3 GeV andm;=,n;, =100 GeV. In conclusion we have considered the chargino contribu-
1 1

From Fig. 2 we can see that our scenario can easily adion to theCP asymmetriesS, andC 4 of B— ¢Ks decay

commodate the discrepandy). As mentioned above, we in the CP violating MSSM scenario at large t#h We have

have chosen a large value for the charged Higgs boson magEown that through the enhanced Wilson coefficlegy of a
chromo-magnetic penguin operator by the large SUSY

my+==1 TeV to safely suppress the Barr-Zee type two-loop . I .
EDM constraints which are significant if tn[24] is large threshold correct|pn§23], there can be large deviations in
the CP asymmetries.

and the pseudo-scalar Higgs bos@f) is relatively light?

-0.4
-0.6
-0.8

__||||||||||||||||-|;|||||||||
11708 06 040240 02 0.
oK

FIG. 3. Correlation betwee€ ,«x andS, for tans=60.

0<m<1 TeV, 0<|u|<1 TeV,
0<|A|<2 TeV, 0<|M,|<1 TeV,

—m<arg u),arg A,),arg M,) <.
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