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Abstract

We analyse the CP asymmetry of the B — ¢Ks and B — n'Ks processes in general
supersymmetric models. We consider both gluino and chargino exchanges in a model
independent way by using the mass insertion approximation method. We adopt the QCD

factorization method for evaluating the corresponding hadronic matrix elements.

We

show that chromomagnetic type of operator may play an important role in accounting for
the deviation of the mixing CP asymmetry between B — ¢ K5 and B — J/1Ks processes
observed by Belle and BaBar experiments. We also show that due to the different parity
in the final states of these processes, their supersymmetric contributions from the R-
sector have an opposite sign, which naturally explain the large deviation between their

asymmetries.

I. INTRODUCTION

One of the most important tasks for B fac-
tory experiments would be to test the Kobayashi-
Maskawa (KM) ansatz for the flavor CP violation*.
The flavor CP violation has been studied quite a
while, however, it is still one of the least tested
aspect in the standard model (SM). Although it
is unlikely that the SM provides the complete de-
scription of CP violation in nature (e.g. Baryon
asymmetry in the universe), it is also very diffi-
cult to include any additional sources of CP vio-
lation beyond the phase in the CKM mixing ma-
trix. Stringent constraints on these phases are usu-
ally obtained from the experimental bounds on the
electric dipole moment (EDM) of the neutron, elec-
tron and mercury atom. Therefore, it remains a
challenge for any new physics beyond the SM to
give a new source of CP violation that may ex-
plain possible deviations from the SM results and
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also avoid overproduction of the EDMs. In su-
persymmetric theories, it has been emphasised !
that there are attractive scenarios where the EDM
problem is solved and genuine SUSY CP violating
effects are found.

Recently, BABAR and Belle collaborations an-
nounced a 2.7¢ deviation from sin 24 in the B —
¢Ks process®>3. In the SM, the decay process of
B — ¢K is dominated by the top quark interme-
diated penguin diagram, which do not include any
CP violating phase. Therefore, the CP asymmetry
of B — J/YKg and B — ¢Kg in SM are caused
only by the phase in B° — B mixing diagram and
we expect Sy yrs = Spks where Sy, represents
the mixing CP asymmetry. The B — n'Kg pro-
cess is induced by more diagrams since n' meson
contains not only s5 state but also u@ and dd states
with the pseudoscalar mixing angle 6,. Neverthe-
less, under an assumption that its tree diagram
contribution is very small, which is indeed the case,
one can expect Sprs = Sy ks> as well. Thus, the
series of new experimental data surprised us:

Gexp-

7 ke = 0.734 £0.054,

(1.1)
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Sgg. = —0.3940.41, (1.2)
Sor. =0.334+0.41 (1.3)

It was pointed out® that the discrepancy be-
tween Eq. (1.1) and Eq. (1.2) might be explained
by new physics contribution through the penguin
diagram to B — ¢Kg. However, in that case, a
simultaneous explanation for the discrepancy be-
tween Eq. (1.2) and Eq. (1.3) is also necessary. We
show our attempts to understand all the above ex-
perimental data within the Supersymmetric mod-
els.

II. THE MASS INSERTION
APPROXIMATION

As mentioned, the SUSY extension of the SM
may provide considerable effects to the CP viola-
tion observables since it contains new CP violat-
ing phases and also new flavour structures. Thus,
SUSY is a natural candidate to resolve the discrep-
ancy among the observed mixing CP asymmetries
in B-meson decays.

In the following, we will perform a model in-
dependent analysis by using the mass insertion
approximation®. We start with the minimal su-
persymmetric standard model (MSSM), where a
minimal number of super-fields is introduced and
R parity is conserved, with the following soft SUSY
breaking terms

Vs = My, ¢ ba
+ €ab (Az] )/z?

~a o~k

H2qL UR; + A q%sz}({J

i zy

+ ALYLHD & — BuHHS + H.c.)
1

A )

2
where 4, j are family indices, a, b are SU(2) indices,
and €, is the 2 x 2 fully antisymmetric tensor, with
€12 = 1. Moreover, ¢, denotes all the scalar fields
of the theory. Although in general the parameters
u, B, A% and m; can be complex, two of their
phases can be rotated away.

The mass insertion approximation is a technique
which is developed to include the soft SUSY break-
ing term without specifying the models in be-
hind. In this approximation, one adopts a basis
where the couplings of the fermion and sfermion
are flavour diagonal, leaving all the sources of
flavour violation inside the off-diagonal terms of
the sfermion mass matrix. These terms are de-
noted by (A% 5)¥, where A,B = (L,R) and q =
u, d. The sfermion propagator is then expanded as

33 +maWeW® +myBB), (2.1)
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(@405) =1 (1 -1 - Al )
i 5ab i (AAB)ab
~ 2.2
k2 —m2 (k2 —m?)?’ (2:2)

where 1 is the unit matrix and m is the average
squark mass. The SUSY contributions are param-
eterised in terms of the dimensionless parameters
(6%5)i; = (A%5)¥/m?  This method allows to
parametrise, in a model independent way, the main
sources of flavor violations in SUSY models.
Including the SUSY contribution, the effective
Hamiltonian H3P=! for these processes can be
expressed via the Operator Product Expansion

(OPE) as

HEGP= =1 f 2N 0 (C1QF + 0@

p=u,c
10

+ Z CiQi + Cry Q7 + CgyQsy) + h.c.}
=3

+{Qi—>Qi,Ci—>é'i} , (2.3)

where X\, = VpV5, with Vp the unitary CKM
matrix elements satisfying Ay + Ay + Ae = 0, and
C; = C;i(up) are the Wilson coefficients at low en-
ergy scale up ~ my.

As emphasised in”®, the leading contribution of
both gluino and chargino to AB = 1 processes
come from the chromomagnetic penguin operator

0,4(0,). The corresponding Wilson coefficient is
given by
QT 1
Cé’g_\[G [(5LL)23(3M3(35)+3M4(56))
mg 1
(5LR)23—(3M1( z)+3Mz(x))  (24)
and

Csy = [(0F1)3 + A(égL)31]R§lgL
+ [0k )50 + )\(67%)31]1/}1%%9

and Ré%gL

(2.5)

Here the functions RSLgL are given by

= Z [Vir|? zwi Pis.o (:)

—YbZVnUzwm XﬁPﬂLﬁg(x),
i
Rl = — ZViIVig zwi Pyt (), (2.6)
where z,; = m%v/mi, T = mii/ﬁﬁ, T; =
m?/m3,, and z;; = m3 /m3 . The loop func-
tions PSLgL(LR) (z) and also the functions M;(z),
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i = 1,3,4 can be found in Ref.?. Finally, U and
V' are the matrices that diagonalize chargino mass
matrix.

It is now clear that the part proportional to LR
mass insertions in C§, which is enhanced by a fac-
tor mg/my; would give a dominant contribution.
Also the part proportional to the LL mass inser-
tion in Oy is enhanced by m, /my and could also
give significant contribution.

III. CAN WE EXPLAIN THE
EXPERIMENTAL DATA OF Syx, IN SUSY?

Following the parametrisation of the SM and
SUSY amplitudes in Ref.”, Syx, can be written
as

sin 28+2R4 cos 012 sin(0¢+2ﬁ)+Ri sin(260,+203)
14+2R4 cos d12 cos 9¢+Ri

S¢KS

(3.1)

where Ry = |ASUSY/ASM|, 84 = arg(ASUSY/ASM),
and d1» is the strong phase.

We will discuss in the following whether the
SUSY contributions can make Sk negative. For
mg = mg = 500 GeV and adopting the QCD fac-
torization mechanism to evaluate the matrix ele-
ments, one obtains

R?CDFE ~ {-0.14 x e7* %1 (6¢ 5)as

— 127 x 71098 (5¢ )y} + {L < R}, (3.2)§

while in the case of chargino exchange with gaugino
mass Mz = 200 GeV, p = 300 GeV, and m;,
150 GeV, we obtain, for tan 8 = 40

QCDF —40.07
Rg

Iyt ~1.89xe
— 0.11 x 71017
+0.43 x e=¢0-07
— 0.02 x g 1017

—

0r1)32

—~~

0fr)32

—~~

0F1)31

Ofr)31-

—

(3.3)

From results in Eqgs.(3.2)—(3.3), it is clear that
the largest SUSY effect is provided by the gluino
and chargino contributions to the chromomagnetic
operator which are proportional to (6¢ )23 and
(0% )32 respectively. However, the b — sy con-
straints play a crucial role in this case. For the
above SUSY configurations, the b — sy decay set
the following constraints on gluino and chargino
contributions, respectively |(6¢ z)23] < 0.016 and
[(6%,)32] < 0.1. Implementing these bounds in
Eqs.(3.2)-(3.3), we see that gluino contribution
can achieve larger value for Ry than chargino one.
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FIG. 1. Ssx as a function of arg[(d% z)23] (up) and
rg[(67 1 )32] (down) with gluino and chargino contri-
utions respectively.

We present our numerical results for the gluino
and chargino contributions to CP asymmetry
Sekg in Fig. 1. We plot the CP asymmetry as
function of the phase of (6¢ )23 for gluino domi-
nated scienario and Arg[(0¥)sz2] for the chargino
dominanted model. We have scanned over the rela-
vant SUSY parameter space, assuming SM central
values as in table 1. Namely, the average squark
mass m, gluino mass mg. Moreover we require that
the SUSY spectra satisfy the present experimen-
tal lower mass bounds. In particular, mz; > 200
GeV, m > 300 GeV. In addition, we scan over
the real and imaginary part of the corresponding
mass insertions, by requiring that the branching
ratio (BR) of b — sy and the B® — B® mixing con-
straints are satisfied at 95% C.L.. Also we have
scanned over the full range of the QCD factoriza-
tion parameters p4 g and ¢4, We remind here
that these parameters are taken into account for
the (unknown) infrared contributions in the hard
scattering and annihilation diagrams respectively.

As can be seen from this figure, the gluino con-
tributions proportional to (6% )23 have chances to
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drive Sei toward the region of larger and nega-
tive values. While in the chargino dominated sce-
nario negative values of S; cannot be achieved.
The reason why extensive regions of negative val-
ues of Sy are excluded here, is only due to the
b — s7v constraints. Indeed, the inclusion of
(0%, )32 mass insertion can generate large and neg-
ative values of Sy, by means of chargino contribu-
tions to chromomagnetic operator (Js, which are
enhanced by terms of order m,=/m;. However,
contrary to the gluino scenario, chargino contribu-
tions to Cg, are not enhanced by colour factors.
Therefore, large enhancements of the Wilson coef-
ficient Cgq, leave unavoidablly to the breaking of
b — s7 constraints. As shown in Ref.®, by scanning
over two mass insertion but requiring a common
SUSY CP violating phase, a sort of fine tuning to
escape b — sy constraints is always possible, and
few points in the negative regions of Sy can be
approached.

IV. WHAT HAPPENED TO THE B — n'Ks
PROCESS?

Although B — ¢Kg and B — n'Kg are very
similar processes, the parity of the final states can
deviate the result. In B — ¢Kg, the contribu-
tions from C; and C; to the decay amplitude are
identically the same (with the same sign), while in
B — n'Kg, they have sign difference. This can be
simply understood by noticing that

($Ks|Qi|B) = (0K s|Qi|B) .

which is due to the invariance of strong interactions
under parity transformations, and to the fact that
initial and final states have same parity. However,
in case of B — 1’ Kg transition, where the initial
and final states have opposite parity, we have

(n'Ks|Qi|B)ocpr = — (' Ks|Q;|B)gepr. (4.2)

As a result, the sign of the RR and RL in the
gluino contributions are different for B — ¢Kg
and B — n'Ks''. Using the same SUSY inputs
adopted in Egs. (3.3), (3.2). For gluino contribu-
tions we have

(4.1)

R?,ODFE ~ —0.07 x 6i0'24((5%L)23 — 64(6%1{)23

+0.07 x 024 (6% 2 )as + 64(0% ;)23 (4.3)

while for chargino exchanges we obtain

REPF| e ~0.95 (0%, )s2 — 0.025 x e 77010 (5% )3,
+0.21 (6% ,)31 — 0.006 x e 1019 (5%, )3,
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FIG. 2. S,k as a function of arg[(§7 z)23] (up) and
arg[(d7 1 )s2] (down) with gluino and chargino contribu-
tions respectively.

We show our results for gluino and chargino con-
tributions in Fig. 2, where we have just extended
the same analysis of B — ¢Kg. Same conventions
as in Fig. 1 for B — ¢K g have been adopted here.
As we can see from these results, there is a de-
pletion of the gluino contribution in S,., precisely
for the reasons explained above. Negative regions
are disfavoured, but a minimum of S, ~ 0 can be
achieved. Respect the chargino contributions, it is
clear that it can imply at most a deviation from
SM predictions of about +20 %.

V. ON THE BRANCHING RATIO OF
B — U,KS

In 1997, CLEO collaboration reported an unex-
pectedly large branching ratio!?

Bre*(B® —» K%') = (89715 £9) x 107% (5.1)
which is confirmed by Belle'® and BABAR*:

BELLE = (7977 +8) x 107°,

(5.2)
(45 ABAR = (76.9+3.5+4.4) x 107°

(5.3)
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Considering the theoretical prediction by the naive
factorisation approximation

Br(B — Kn') ~ 25 x 107°, (5.4)
the experimental data is about factor of three
large, thus, there have been various efforts to ex-
plain this puzzle. On one hand, new physics con-
tributions have been discussed'*. However, the en-
hancement by new physics contributions through
penguin diagrams ends up with large branching
ratios for all other penguin dominated processes.
Therefore, one needs a careful treatment to en-
hance only B — n'K process without changing
the predictions for the other processes. On the
other hand, since this kind of large branching ra-
tio is observed only in B — ' K process, the gluo-
nium contributors which only exist in this process
have been a very interesting candidate to solve the
puzzle!®16 though the amount of gluonium in 7’ is
not precisely known'”. In this section, we discuss
the effect of our including SUSY contributions to
the branching ratios for B - ¢K and B — n'K.

Inclusion of the SUSY contributions modify the
branching ratio as:

BypSM +SUSY _ BusM o [1 + 2 cosbsuysy R + R2]

where R = |ASUSY|/|ASM|. As we have shown,
to achieve a negative value of Sgx,, we need
Osusy ~ —m/2, which suppresses the leading SUSY
contribution. On the other hand, the phase for
B — n'K is different from the one for ¢Kg, as is
discussed in the previous section. In the following,
we will analyze the maximum effect one can obtain
from SUSY contribution to BR(B — n'Kg) with
taking into account the experimental limits on the
BR(B — d)Ks), S¢K5 and Sn’Ks-

10 15

BR(B —> ¢ Kg) x 10°
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FIG. 3. Correlations of Syx, versus BR(B — ¢Ks)
(left) and S,k  versus BR(B — n'Ks) (right), for
gluino contributions with one single mass insertion
(0% r)23-

In Fig.3 we plot the CP asymmetry versus the
branching ratio for B — ¢Kg and B — n'Kg.
We consider the dominant gluino contribution due
to (64 p)23 and scan over the other parameters as
before. One can see from this figure that, in the
region of large negative Sy the BR(B — Kg¢) is
likely to be close to the SM prediction, namely it
is of order (2 —5) x 107, Larger values for the BR
are also possible but correspond to Sk 2 —0.5.
In another word, if we consider the central value
of BR(B — Ks¢) as 8 x 1075, it is predicted that
Sek likely to lie in the range 0 < Sk S — 0.5.

Respect to the correlation between S,k and
BR(B — Kgn'), it is remarkable that with just
one mass insertion S, g, is likely positive and
around 0.5 which is quite compitable with the
experimental results and in this case with large
I~ my, it is no longer needed to consider LR and
RL mass insertions semiltaneously to suppress R,
as explained in the previous section. Furthermore,
as can be seen from this figure, for S,/ kg, ~ 0.5 the
BR(B — 1'Kg) can be large as 80 x 1076, i.e, it
is enhanced by gluino contribution to more than 6
times the SM value and become compitable with
the experimental result mentioned above.
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FIG. 4. As in Fig. 3, but for gluino contributions
with two mass insertions (6% 5)23 and (6% )2s.

In Fig. 4, we present the correlation between
Sers and BR(B — ¢Kg) and also the correla-
tion between S, k., and BR(B — n'Kg). Here
we present the gluino contributions with two mass
insertions (6¢ )23 and (6% g)32. In this case, we
can easily see that the gluino contribution can
saturate simultaneously both S¢xs and BR(B —
¢Kg) within their experimental ranges. However,
for B — n'Kg, as expected the CP asymmetry
becomes larger and around the sin23 while its
branching ratio is diminished. Now it is of order
(20 — 40) x 1075 which is smaller than the experi-
mental measurments.

P

(3R 23 (3" 3

15

10 20

BR(B —> ¢ Kg) x 10°
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FIG. 5. As in Fig. 3, but for gluino and chargino
contributions with mass insertions (¢ ;)23 and (6%} )32
respectively.

The combination effects from gluino and
chargino on BR(B — ¢Kg) and BR(B — n'Ks)
are shown in Fig.5. We present the CP asymme-
try versus the branching ratio for each process. We
scan on the allowed range of the most relevant mass
insertions for these two contributions: (8¢ )23 and
(0%;)32. We also vary the other parameters as
in the previous figures. The message of this fig-
ure is that with both gluino and chargino we can
easily accommodate the experimental results for
the CP asymmetries and the branching ratios of
BR(B — ¢Kg) and BR(B — n'Kg). It is impor-
tant to stress that the striengent bound on (8% )s2
from the experimental limits on BR(B — X,7)
are relaxed when one consider both gluino and
chargino contributions, which comes with different
sign. Now some configuration with large tan 3 are
allowed and therefore chragino can contribute sig-
nificantly to the CP asymmetries Sgx, and Sy k.
It is also remarkable that in this scienario, the
value of the branching ratio BR(B — n'Kg) can
be of order 60 x 10~% which is compitable with the
central value of the experimental results.

VI. CONCLUSIONS

We studied the supersymmetric contributions to
the CP asymmetry of B — ¢Kg and B — n'Kg
in a model independent way. We found that the
observed large discrepancy between S;,uk, and
SsKrs can be explained within some SUSY mod-
els with large (61 r)23 or (0rr)23 mass insertions.
We showed that the SUSY contributions of (drg)23
and ((53[,)23 to B = ¢Kg and B — 1’ Ks have dif-
ferent signs. Therefore, the current observation,
Sers < Syks, favours the (6rp,rr )23 dominated
models. We also discussed the SUSY contributions
to the branching ratios. We showed that negative
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Sers and small SUSY effect to Br(B — ¢K) can
be simultaneously achieved. On the other hand,
we showed that SUSY contribution itself may not
solve the puzzle of the large branching ratio of
B — n'Ks.
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