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We analyze supersymmetric contributions toBs mixing and their impact on mixing-inducedCP asymme-
tries, using the mass insertion approximation. We discuss in particular the correlation of supersymmetry
~SUSY! effects in theCP asymmetries ofBs→J/cf andBd→fKS and find that the mass insertions dominant
in Bs mixing andBd→fKS are (d23

d )LL,RR and (d23
d )LR,RL , respectively. We show that models with dominant

(d23
d )LR,RL can accommodate a negative value ofSfKS

, in agreement with the Belle measurement of that
observable, but yield aBs mixing phase too small to be observed. On the other hand, models with dominant
(d23

d )LL,RR predict sizable SUSY contributions to bothDMs and the mixing phase, but do not allow the
asymmetry inBd→fKS to become negative, except for small values of the average down squark mass, which,
in turn, entail a value ofDMs too large to be observed at the Fermilab Tevatron and CERN LHC. We conclude
that the observation ofBs mixing at hadron machines, together with the confirmation of a negative value of
SfKS

, disfavors models with a single dominant mass insertion.
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I. INTRODUCTION

The impressive performance of theB factory experiments
BaBar and Belle provides the basis for scrutinizing tests
the standard model~SM! picture of flavor structure andCP
violation in the quark sector, and opens the possibility
probing virtual effects from new physics at low energies.
the supersymmetric extension of the SM, a new source
flavor violation arises from the fact that, in general, the
tation that translates flavor eigenstates into mass eigens
will not be the same for quark and squark fields, which i
plies the appearance of a new squark mixing matrix or,
ternatively, that of off-diagonal squark mass terms in a ba
where the quarks are mass eigenstates and both quark
squark fields have undergone the same rotation—the
called super Cabibbo-Kobayashi-Maskawa~CKM! basis. A
convenient tool for studying the impact of this new source
flavor violation is the mass-insertion approximation~MIA !,
which was first introduced in@1# and since then has bee
widely used as a largely model-independent tool for ana
ing and constraining supersymmetry~SUSY! effects in B
physics. In the super-CKM basis the couplings of fermio
and their SUSY partners to neutral gauginos are flav
diagonal and flavor-violating SUSY effects are encoded
the nondiagonal entries of the sfermion mass matrix. T
sfermion propagators are expanded in a series ind
5D2/m̃q̃

2 , whereD2 are the off-diagonal entries andm̃q̃ is

the average sfermion mass. We assumeD2!m̃q̃
2 , so that the

first term in the expansion is sufficient, and also that
0556-2821/2004/69~11!/115011~10!/$22.50 69 1150
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diagonal sfermion masses are nearly degenerate.
Flavor-changing box and penguin processes as obse

at theB factories are very sensitive to flavor-violating effec
beyond the SM, and the constraints on or measuremen
nondiagonal squark masses will help to discriminate am
various soft SUSY breaking mechanisms. In summer 20
the BaBar and Belle Collaborations reported the first m
surements of the mixing-inducedCP asymmetrySfKS

in

Bd→fKS , which at the quark level isb→sss̄ and thus a
pure penguin process, which is expected to exhibit, in
SM, the same mixing-inducedCP asymmetry as observed i
Bd→J/cKS @2#. The experimental results, however, updat
in summer 2003, paint a slightly different picture:

SJ/cKS
50.73660.049 ~BaBar and Belle)@3,4# ~1!

SfKS
5

2002

20.3960.41 @5,6#

5
2003H 20.9660.5020.11

10.09, Belle @7#,

10.4560.4360.07, BaBar @8#.
~2!

Although the experimental situation inBd→fKS is not yet
conclusive, the deviation ofSfKS

from SJ/cKS
may constitute

a first potential glimpse at physics beyond the SM, and i
both worthwile and timely to pursue any interpretion of the
results in terms of new physics and to analyze their imp
on future measurements to be performed at theB factories or
at the Fermilab Tevatron and the CERN Large Hadron C
lider ~LHC!; see e.g.@9–12#.
©2004 The American Physical Society11-1
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In the framework of the MIA, the measurement ofSJ/cKS
,

which is in agreement with the SM expectation, indica
that (d13

d )AB , A,B5L,R, is small@13#, whereas the result fo
SfKS

indicates a relatively large (d23
d )AB . Furthermore, by

including the constraints on (d23
d )AB from b→sg, it was

found @9# that, for average squark masses of order 500 G
only models with dominant (d23

d )LR,RL can accommodate
negative value ofSfKS

.

d23
d insertions also determine the size of SUSY contrib

tions to Bs mixing and, as a consequence, the mixin
inducedCP asymmetries in tree-level dominated decays l
e.g.Bs→J/cf, which is one of the benchmark channels
be studied at hadron machines. Within the SM, theBs mixing
phase is very small, and consequentlySJ/cf is expected to be
of O(1022). In SUSY, on the other hand, the third-to-seco
generation (b→s) box diagram may carry a sizableCP vio-
lating phase, which is described in terms of the same m
insertion (d23

d )AB governing theCP asymmetrySfKS
. It is

therefore both important and instructive to analyze allb→s
transitions in the same framework, paying particular att
tion to the correlations between observables. This is the s
ject of this paper.

Our paper is organized as follows. In Sec. II, we recall
master formulas determiningBs mixing and theCP asymme-
try in Bs→J/cf and discuss the SM expectations for theBs
mixing parameters and the experimental reach forBs mixing
at hadron colliders. In Sec. III, we discuss the domin
SUSY contributions toBs mixing in the framework of the
mass insertion approximation. In Sec. IV, we present num
cal results and discuss the correlation between the constr
from b→sg andSfKS

, obtained previously in Ref.@9#, and

Bs mixing. Section V contains a summary and conclusion

II. Bs MIXING AND THE MIXING-INDUCED CP
ASYMMETRY IN Bs\JÕcf

A. Master formulas and new physics effects

Let us begin by recalling1 the master formulas forBs
mixing and the resulting mixing-induced asymmetry inBs
→J/cf. As for Bd , the mixing anglesp andq between the
flavor and mass eigenstates in theBs system can be ex
pressed in terms of theBs

0-B̄s
0 transition matrix elementM12:

q

p
5AM12*

M12
, ~3!

where we have usedDGs!DMs andDGs!Gs
tot . The result-

ing mass and width differences between mass eigenstate
given by

DMs522M12, DGs52G12coszB , ~4!

1Here we use the conventionuBs&15puBs
0&1quB̄s

0& and uBs&2

5puBs
0&2quB̄s

0& where we defineCPuP&51uP& and DMs5M2

2M1 andDGs5G12G2.
11501
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where zB[arg(G12/M12). G12 can be computed from dia
grams with two insertions of theDB51 Hamiltonian and is
dominated by the tree contribution. SUSY effects are v
small, so to very good accuracy one can set

G125G12
SM. ~5!

In the SM, M12 is dominated by top quark exchange; th
mixing phase in the Wolfenstein parametrization and its s
are given by2

argM12
SM52 arg~VtbVts* !522l2h5O~1022!. ~6!

In SUSY, there are new contributions toM12 induced by e.g.
gluino and chargino box diagrams, which potentially carry
large phase and which we parametrize as

A M12

M12
SM

[r se
ibs, ~7!

which entails

DMs5r s
2DMs

SM, DGs.DGs
SMcos 2bs , ~8!

assumingbs@argM12
SM. The above result implies that new

physics contributions will always lead to a decrease ofDGs ,
as was first discussed in Ref.@14#.

Let us now discuss the effect of SUSY on the mixin
induced CP asymmetry in the tree-dominated decayBs
→J/cf, which is expected to be very small in the SM an
hence highly susceptible to large or even moderate newCP
violating phases. Although the final stateJ/cf is not aCP
eigenstate, but a superposition ofCP odd and even state
which can be disentangled by an angular analysis of th
decay products@15,16#, the advantage of that channel ov
the similar processBs→J/ch(8) is the comparatively clean
although still challenging reconstruction of thef via f
→K1K2, whereas theh(8) is even more elusive. Once th
CP waves have been identified, the analysis ofBs→J/cf
proceeds largely along the same lines as that ofBd
→J/cKS , except for the fact that, in contrast toBd mixing,
the width differenceDGs cannot be neglected and entails
slight modification of the formula for the asymmetry. With
out a separation of the final stateCP waves, the mixing
asymmetry still depends on hadronic parameters descri
the polarization amplitudesA0,i ,' characteristic for the fina
state (A0,i for CP even andA' for CP odd!. One finds,
assuming no directCP violation,

SJ/cf sinDMst5
G~B̄s

0→J/cf!2G~Bs
0→J/cf!

G~B̄s
0→J/cf!1G~Bs

0→J/cf!

2Note that we can write argM12
SM in a different phase convention

but its size is always the same.
1-2
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5

D ImFq

p
r̄oddG1ImFq

p
r̄evenG

DFodd~ t !1Feven~ t !
sinDMst

~9!

where

Fodd,even~ t !5coshS DGs

2
t D1ReFq

p
r̄odd,evenGsinhS DGs

2
t D
~10!

andD encodes the polarization amplitudes:

D[
uA'u2

uAiu21uA0u2
. ~11!

D, as a hadronic quantity, comes with a certain theoret
uncertainty. Reference@17#, for instance, quotesD'0.3
60.2.

The parameterr̄ is defined as

r̄odd,even5
A~B̄s

0→J/cf!odd,even

A~Bs
0→J/cf!odd,even

~12!

and can be computed from theDB51 effective Hamiltonian,
yielding

r̄odd,even57
VcbVcs*

Vcb* Vcs

5jodd,even ~13!

with jeven511 andjodd521. Accordingly, we have

q

p
r̄odd,even.jodd,evene

22ibs. ~14!

B. Estimate of DM s
SM and DGs

SM

In order to estimateDMs
SM, one usually uses the rati

DMs
SM/DMd

SM, in which all short-distance effects cancel:

DMs
SM

DMd
SM

5
MBs

MBd

BBs
f Bs

2

BBd
f Bd

2

uVtsu2

uVtdu2
. ~15!

The remaining ratio of hadronic parameters has been ca
lated on the lattice yielding@18#

BBs
~mb! f Bs

2

BBd
~mb! f Bd

2
5~1.1560.0620.00

10.07!2,

where the asymmetric error is due to the effect of ch
logarithms in the quenched approximation. In many SU
models the dominant new contributions toBd mixing involve
transitions between the third and the first generations and
thus suppressed by the corresponding CKM matrix eleme
so that Bd mixing is saturated by the SM contributio
11501
al
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@11,13,19,20# and we can assumeDMd5DMd
SM. DMd is

measured from the time dependence ofBd mixing and is
rather precisely known@21#:

~DMd!expt5~0.48960.008!ps21.

As for uVtsu2/uVtdu2, one has to use a value that is not co
taminated by new physics. Stated differently, one need
measurement of the anglea SM or g SM from pure SM pro-
cesses. Various strategies for a clean determination of th
angles have been proposed~see Ref.@22#! and are expected
to yield stringent constraints in the near future. For the ti
being, however, one has to resort to a different method
exploit the very basic fact that a triangle is completely det
mined by three parameters, which in our case are the bas
length 1, the left side, which is determined byuVub /Vcbu,
and the angleb SM between the base and the right side. T
essential assumptions that enter here are~i! that the determi-
nation ofuVcbu anduVubu from semileptonic decays is free o
new physics, which is a model-independent assumption
these are tree processes, and~ii ! that b as measured from
Bd→J/cKS is actuallyb SM—which, as mentioned above, i
indeed the case in many SUSY models, but is a more mo
dependent statement than~i!. Using

sin 2b50.73660.049 @3,4#, ~16!

uVub /Vcbu50.09060.025 @21#, ~17!

one obtains an allowed region for the position of the apex
the unitarity triangle which is shown as the shaded area
Fig. 1~a!. The allowed values ofg SM are 45°,g SM

,100°. uVts /Vtdu can be read off the figure as a function
g SM from the right side of the triangle and translated into
allowed region forDMs

SM as shown in Fig. 1~b!, where we
also include the error fromBBs

f Bs

2 /(BBd
f Bd

2 ). As can be seen

from this figure, the current experimental boundDMs
.13 ps21 @21# does not yet exclude any value ofg SM be-
tween 45° and 100°.

Let us now turn toDGs
SM. A recent estimate including

next to leading order~NLO! QCD corrections and lattice
results for the hadronic parameters yields@23#

DGs
SM

Gs
tot

5~0.1260.06!. ~18!

At present, there is no experimental bound.

C. Observability of the Bs
0-Bs

0 oscillation

A convenient measure of the frequency of the oscillat
is the parameterxs , defined as

xs[
DMs

GBs

;

xs indicates the observability of the oscillation, which is go
erned by sin(xst/ts); it is evident that the experimental reso
lution of rapid oscillations withxs@1 is extremely difficult.
1-3
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FIG. 1. ~a! Allowed region~shaded area! for the apex of the SM unitarity triangle, using the constraints fromuVub /Vcbu and sin 2b. ~b!
DMs

SM as function ofg SM as determined from~a!.
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The current experimental lower bound isxs.19; recent
studies of the experimental reach of the BTeV@24# and the
LHC @25# experiments indicate thatxs can be measured up t
valuesxs'90 ~note that the corresponding parameter in
Bd system,xd , has been measured to be 0.73!. The perfor-
mance of ATLAS, CMS and LHCb in analyzingBs→J/cf
has also been studied, which allows the determination of
correlation between the new physics mixing phase sinbs
and the frequencyxs @25#. Although the sensitivity to sin 2bs
gets worse asxs increases, values of sin 2bs as small as
O(1022) are within experimental reach for moderatexs
,40.

Let us now discuss the correlation between 2bs andxs in
terms of contributions from beyond the SM. For later conv
nience, we parametrize the new physics contributions as

R[
M12

NP

M12
SM

, ~19!

which implies

2bs5arg@11R#, xs5
DMs

SM

Gs
u11Ru. ~20!

In Fig. 2~a! we plot the correlation between 2bs andxs for
different values ofuRuP$0.3,0.5,0.8,1,3,5% varying the phase
argR between 0 and 2p. The value ofDMs

SM is chosen to
be 25 ps21. The figure shows that the current experimen
bound onxs has already excluded some phase region
0.5,uRu,1. In view of the limitation of the experimenta
resolution,xs,90, it is clear that new physics can be r
solved only if it is not too large, i.e.uRu,4. As for the
mixing phase, 2bs , small uRu!1 will result in small 2bs
that cannot be distinguished from the SM expectation, un
11501
e

e

-

l
r

ss

argR is very close to zero orp. For large SUSY contribu-
tions uRu.1, on the other hand, sin 2bs.1 is very possible.

Let us now discuss new physics effects onDGs . As dis-
cussed in@14,15#, DGs is always reduced by new physics du
to the factor cos 2bs in Eq. ~8!. In Fig. 2~b!, we plot
DGs /DGs

SM in terms of argR for different values ofuRu. As
can be seen from this figure,DGs can even become zero fo
large values ofuRu and argR56p/2.

Finally, let us discuss the effect ofDGs on the time-
dependent asymmetry Eq.~9!. In Fig. 3 we show the time-
dependent asymmetry ofBs→J/cf for the parameter se
DMs525 ps21, DGs

SM/Gs
tot50.12, D50.33, uRu51 and

argR5p/2. Note that the maximum of the sinDMst curve
slowly decreases witht, which is the effect of the denomina
tor of Eq. ~9!. Although this effect is rather small, it may b
used to determineDGs once experimental data become ava
able in a sufficiently large range oft.

III. SUSY CONTRIBUTIONS TO Bs MIXING

The mass difference in theBs system and the time
dependent asymmetrySJ/cf depend essentially onM12
which can be computed from the effectiveDB52 Hamil-
tonianHeff

DB52 . In supersymmetric theoriesHeff
DB52 is gener-

ated by the SM box diagrams withW exchange and box
diagrams mediated by charged Higgs boson, neutral
gluino and chargino exchange. The Higgs boson contri
tions are suppressed by the quark masses and can be
glected. The neutralino diagrams are also heavily suppre
compared to the gluino and chargino ones, due to the e
troweak neutral couplings to fermion and sfermions. Th
the B0-B̄0 transition matrix element is to good accura
given by
1-4
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FIG. 2. ~a! Correlation betweenxs and 2bs for uRuP$0.3,0.5,0.8,1,3,5% and argRP@0,2p#, whereR parametrizes the new physic
contributions toM12, Eqs.~19!,~20!. The numbers in the figure represent the values ofuRu and the circles and triangles indicate argR50 and
p, respectively. The value of argR increases in the direction of the arrow. The perpendicular line is the current experimental lower
of xs . ~b! New physics inDGs . The numbers in the figure represent the values ofuRu. uDGsu is always reduced by new physics and can ev
become zero.
is

iani
are

at
M125M12
SM1M12

g̃ 1M12
x̃1

, ~21!

where M12
SM, M12

g̃ and M12
x̃1

indicate the SM, gluino and
chargino contributions, respectively. The SM contribution
known at NLO accuracy in QCD@26# and is given by

M12
SM5S GF

4p D 2

~Vtb* Vts!
2S0~xt!h2B@as~m!#26/23

3F11
as~m!

4p
J5G S 2

4

3
mBs

f Bs

2 B1~m! D , ~22!

whereS0(xt) is given by

S0~xt!5
4xt211xt

21xt
3

4~12xt!
2

2
3xt

3ln xt

2~12xt!
3

~23!
11501
with xt5(mt /mW)2. Contributions from virtualu and c
quarks are suppressed by the Glashow-Iliopoulos-Ma
~GIM! mechanism. The short-distance QCD corrections
encoded inh2B and J5, with h2B50.551 andJ551.627
@26#.

Including gluino and chargino exchanges,Heff
DB52 takes

the form

Heff
DB525(

i 51

5

Ci~m!Qi~m!1(
i 51

3

C̃i~m!Q̃i~m!1H.c.,

~24!

whereCi(m), C̃i(m), Qi(m) and Q̃i(m) are the Wilson co-
efficients and effective operators, respectively, normalized
the scalem, with

Q15 s̄L
agmbL

as̄L
bgmbL

b ,
FIG. 3. The time-dependent asymmetry ofBs→J/cf according to Eq.~9!; parameters as given in the text.
1-5
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Q25 s̄R
abL

as̄R
bbL

b ,

Q35 s̄R
abL

bs̄R
bbL

a ,

Q45 s̄R
abL

as̄L
bbR

b ,

Q55 s̄R
abL

bs̄L
bbR

a . ~25!

The operatorsQ̃1,2,3 are obtained fromQ1,2,3 by exchanging
L↔R.

In the MIA, the gluino contributions to the Wilson coe
ficients at the SUSY scaleMS are given by@27#

C1
g̃~MS!52

as
2

216mq̃
2 @24x f6~x!166f̃ 6~x!#~d23

d !LL
2 ,

~26!

C2
g̃~MS!52

as
2

216mq̃
2204x f6~x!~d23

d !RL
2 , ~27!

C3
g̃~MS!52

as
2

216mq̃
236x f6~x!~d23

d !RL
2 , ~28!

C4
g̃~MS!52

as
2

216mq̃
2 $@504x f6~x!272f̃ 6~x!#

3~d23
d !LL~d23

d !RR2132f̃ 6~x!

3~d23
d !LR~d23

d !RL%, ~29!

C5
g̃~MS!52

as
2

216mq̃
2 $@24x f6~x!1120f̃ 6~x!#

3~d23
d !LL~d23

d !RR2180f̃ 6~x!

3~d23
d !LR~d23

d !RL%, ~30!

wherex5mg̃
2/mq̃

2 andmq̃ is the average down squark mas

Explicit expressions forf 6(x) and f̃ 6(x) can be found in
@27#. The Wilson coefficientsC̃1,2,3 are obtained by inter-
changingL↔R in the mass insertions appearing inC1,2,3.
Note that the coefficient of the mass insertion (d23

d )LL(d23
d )RR

in C4
g̃ is much larger than the coefficients of the other m

insertions, which rendersDMBs
andSJ/cf very sensitive to

these insertions.
The chargino contributions to the relevant Wilson coe

cients, at leading order in the MIA, next-to-leading order
the Wolfenstein parameterl and including the effects of a
potentially light right top squark, are given by@19#
11501
.

s

-

C1
x̃1

~MS!5
a2

48mq̃
2 (

i , j
$uVi1u2uVj 1u2@~d32

u !LL
2

12l~d31
u !LL~d32

u !LL#L2~xi ,xj !

22YtuVi1u2Vj 1Vj 2* @~d32
u !LL~d32

u !RL

1l~d32
u !LL~d31

u !RL#R2~xi ,xj ,z!

1Yt
2Vi1Vi2* Vj 1Vj 2* @~d32

u !RL
2

12l~d32
u !RL~d31

u !RL#R̃2~xi ,xj ,z!%, ~31!

C3
x̃1

~MS!5
a2

12mq̃
2 (

i , j
Ui2U j 2Vj 1Vi1@~d32

u !LL
2

12l~d32
u !LL~d31

u !LL#L0~xi ,xj !, ~32!

where xi5mx
i
1

2
/mq̃

2 , z5mt̃ R

2 /mq̃
2 and the functions

R2(x,y,z), R̃2(x,y,z), L0(x,y) and L2(x,y) are given in
@19#. Ui , j and Vi , j are the unitary matrices that diagonaliz
the chargino mass matrix andYt is the top Yukawa coupling
~for more details, see@19#!. Note that, neglecting the effec
of the Yukawa couplings of the light quarks, the chargi
contributions toC4 andC5 are negligible and that chargino
do not contribute toC2(MS) and C̃2(MS) due to the color
structure of the diagrams; nonzero values at lower scales
however induced by QCD mixing effects.

To obtain the Wilson coefficients at the scalem;mb one
has to solve the corresponding renormalization group eq
tions, which to LO accuracy was done in Ref.@13#, with the
result

Cr~m!5(
i

(
s

~bi
(r ,s)1hci

(r ,s)!haiCs~MS!, ~33!

whereh5as(MS)/as(m). The coefficientsbi
(r ,s) , ci

(r ,s) and
ai are given in Ref.@13#.

In order to calculateM12, we also need the matrix ele
ments of the effective operatorsQi and Q̃i over Bs meson
states. As usual, the matrix elements are expressed in t
of the decay constantf Bs

, using the vacuum insertion ap
proximation; terms neglected in this approximation are
cluded in a bag factorBi which is expected to be of orde
one. One has

^Bs
0uQ1uBs

0&[2
1

3
mBs

f Bs

2 B1~m!, ~34!

^Bs
0uQ2uBs

0&[
5

24
S mBs

mb~m!1ms~m!
D 2

mBs
f Bs

2 B2~m!, ~35!

^Bs
0uQ3uBs

0&[2
1

24
S mBs

mb~m!1ms~m!
D 2

mBs
f Bs

2 B3~m!,

~36!
1-6
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FIG. 4. ai(mq̃ ,x) defined in
Eq. ~39! as a function of x
5(mg̃ /mq̃)2 for mq̃5500 GeV
~solid lines! and 300 GeV~dashed
lines!.
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^Bs
0uQ4uBs

0&[2
1

4
S mBs

mb~m!1ms~m!
D 2

mBs
f Bs

2 B4~m!, ~37!

^Bs
0uQ5uBs

0&[2
1

12
S mBs

mb~m!1ms~m!
D 2

mBs
f Bs

2 B5~m!; ~38!

the matrix elements ofQ̃i are the same as forQi . The had-
ronic parametersf Bs

and Bi have been calculated on th

lattice, yielding3 B1(mb)50.86(2)(24
15), B2(mb)50.83(2)

3(4), B3(mb)51.03(4)(9), B4(mb)51.17(2)(27
15), and

B5(mb)51.94(3)(27
123) @28#; as we shall see in the next se

tion, we do not need a numerical value forf Bs
.

IV. NUMERICAL ANALYSIS AND DISCUSSION

Let us now proceed to the numerical analysis of the
pact of SUSY effects onDMBs

and sin 2bs, which is most
conveniently done by studying the ratioR, Eq. ~19!, of in-
trinsically supersymmetric to SM contributions toM12. We
start with the gluino contributions, which, as discussed in
previous section, depend on the average down squark m
and on the ratiox5(mg̃ /mq̃)2. In terms of the mass
insertion parametersd23

d , R can be written as

Rg̃[
M12

g̃

M12
SM

.a1~mq̃ ,x!@~d23
d !LL

2 1~d23
d !RR

2 #1a2~mq̃ ,x!

3@~d23
d !LR

2 1~d23
d !RL

2 #1a3~mq̃ ,x!@~d23
d !LR~d23

d !RL#

1a4~mq̃ ,x!@~d23
d !LL~d23

d !RR# ~39!

with x5mg̃
2/mq̃

2 . The coefficientsai(mq̃ ,x) depend implic-
itly on the Wilson coefficients and matrix elements defined
the previous section. Let us pause here for a moment
consider what range of values ford23

d we actually do expect

3The overall sign is different from the one in@28#, which is due to
the different sign choice of theCP transformation; we chose

CPuP0&51uP̄0&.
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Although our analysis is model independent, we may nev
theless get some guidance for what to expect by looking
various SUSY models. As an example, we give numeri
results obtained from three different kinds of SUSY mod
with mq̃;mg;500 GeV in the following. Let us start with
the minimal supergravity model. In this model, universal
at the grand unified theory scale is assumed and the run
to the MW scale leads only to small off diagonal entrie
(d23

d )LL.0.00910.001i and (d23
d )RR,LR,RL.0. On the other

hand, in the SUSY SO~10! model considered in Ref.@11#
where large low energy neutrino mixings originate from
large mixing in the charged leptons and right handed do
quarks~for different SUSY SO~10! models, see for example
@29,30#!, one gets the following mass insertions: (d23

d )RR

.0.510.5i and (d23
d )LL,LR,RL.0. The models with non-

universalA terms also have a chance to enhance theLR and
RL mass insertions. A specific example discussed in Ref.@31#
gives the relevant mass insertions as (d23

d )LR.0.002
10.005i and (d23

d )LL,RR,RL.0.
As can be seen from the above examples, a single m

insertion is dominant in many models. This implies that,
(d23

d )LL,RR @(d23
d )LR,LR# dominated models, only the term

proportional toa1(mq̃,x) @a2(mq̃,x)# contributes toR. We
would also like to mention that (d23

d )AB is already con-
strained byB(b→sg), which yields u(d23

d )LL,RRu,1 and
u(d23

d )LR,RLu,O(1022) @32#.
Numerical results for thex dependence ofai(mq̃ ,x) are

given in Fig. 4, for two representative values of the dow
squark mass,mq̃5$300,500% GeV. In order to obtain this
result, we have setMS5mq̃ and used the following inpu
parameters:

Vts50.0412, mt5~17465! GeV, as~MZ!50.119,

mb~mb!54.2 GeV, m5mb ,

ms~2 GeV!5~100620! MeV.

The impact of the theoretical uncertainties ofmt andms on
ai is very small, and also the variation withm;mb does not
exceed a few percent. The main source of uncertainty
ai(mq̃ ,x) comes from theBi parameters: although the facto
1-7
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B1 cancels ina1, the otherai carry a ;20% uncertainty
from Bi /B1. Note thatRg̃ is independent off Bs

.
Let us continue with the discussion of the results depic

in Fig. 4. The solid and dashed lines refer tomq̃5500 GeV
and 300 GeV, respectively. We see that allai are monotoni-
cally decreasing functions inx and are by about a factor
larger for mq̃5300 GeV than formq̃5500 GeV. Note also
that a1(mq̃ ,x) becomes negative for large values ofx. It is
also evident thata4(mq̃ ,x) is largest, in agreement with th
remark in the previous section, so that the dominant con
bution toBs mixing through gluino exchange is expected
be due toLL and RR mass insertions. Althougha2,3(mq̃ ,x)
;O(10) are also large, the constraint fromB(b→sg) on the
helicity-flip mass insertions (d23

d )LR,RL renders their contri-
butions toBs mixing negligible.

As an explicit example for the relative size of theai , we
choosemq̃5500 GeV andx51, which yields

Rg̃~mq̃5500 GeV,x51!

.1.44@~d23
d !LL

2 1~d23
d !RR

2 #127.57@~d23
d !LR

2 1~d23
d !RL

2 #

244.76@~d23
d !LR~d23

d !RL#2175.79@~d23
d !LL~d23

d !RR#.

~40!

Using the constraints fromb→sg, u(d23
d )LR(RL)u,1022 and

u(d23
d )LL(RR))u,1, it is evident that helicity-flipping mass in

sertions contributeO(1023) to Rg̃ , whereas singleLL or RR
mass insertions can yieldO(1) contributions.

In Sec. II, we have already discussed the dependenc
DMs and sin 2bs on R; cf. Fig. 2~a!. The constraint fromb
→sg implies thatLR and RL mass insertions alone cann
generate a value of 2bs larger than;O(1023), which is too
small to be observed at the Tevatron or the LHC.LL andRR
mass insertions, on the other hand, can result in sizable—
measurable—values of theBs mixing phase: for instance
(d23

d )LL513eip/4 yields DMs /DMs
SM51.75 and sin 2bs

50.82, while for (d23
d )LL.(d23

d )RR50.13eip/10 one finds
DMs /DMs

SM51.12 and sin 2bs520.93. Note that for the
same mass insertion, i.e. (d23

d )LL513ep/4, the smaller
squark mass,mq̃5300 GeV, accompanied byx51 gives
about 3 times largeruRu, i.e. uRu.4, which is beyond the
experimental reach at the LHC, as discussed in Sec. II.

Let us now turn to the chargino contributions. Th
chargino mediated processes depend on five relevant S
low energy parameters:mq̃ , mt̃ R

, M2 , m and tanb. With

mt̃ R
5150 GeV, mq̃5200 GeV, M25m5300 GeV and

tanb55, we find

M12
x̃1

M12
SM

.1024~d31
u !LL~d32

u !LL1231024~d32
u !LL

2 19.8

31028~d32
u !LL~d31

u !RL1231027~d32
u !LL~d32

u !RL

12.431027~d31
u !RL~d32

u !RL15.431027~d32
u !RL ,

~41!
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which is obviously much smaller than the gluino contrib
tion. Even though the chargino contributions are very sen
tive to the value of tanb, an increase of tanb to 50 entails
an enhancement of only the first two terms in Eq.~41! from
1024 to 1022—still not large enough to distinguishDMs and
sin 2bs from the SM prediction.

Let us finally discuss the implication of the experimen
data of theCP asymmetry in theBd→fKs process,SfKs

. As

the underlying quark-level process is ab→s transition, it is
clear that this process is governed by the same mass in
tions, (d23

d )AB . Since a possible hint of new physics ma
already have been seen in this mode, it is very interestin
analyze the implications of the experimental data onSfKs

for

Bs mixing. Let us first recall the main result of the supersy
metric contributions toSfKS

previously obtained in Ref.@9#:
the mixingCP asymmetry is given by

SfKS
5

sin 2b12Rfcosdsin~uf12b!1Rf
2 sin~2uf12b!

112Rfcosd cosuf1Rf
2

,

~42!

whered is the difference of the strong phase between S
and SUSY, but assumed to bed50 in the following~see@10#
for a more detailed discussion!. Rf is the absolute value o
the ratio between SM and SUSY decay amplitudes anduf is
its phase, that is

Rfeiuf[S ASUSY

ASM D
fKS

. ~43!

For mg̃.mq̃5500 GeV, we obtain

Rfeiuf.0.23~dLL
d !23197.4~dLR

d !23197.4~dRL
d !23

10.23~dRR
d !23. ~44!

Considering the same constraint fromb→sg, we arrive at
the conclusion that theLR or RL mass insertion gives the
largest contribution toSfKs

while theLL or RRcontribution
is subdominant. In Ref.@9#, we found that it is very difficult
to get a negativeSfKS

from LL or RRmass insertion domi-

nated models without decreasingmq̃ .
The most interesting result we would like to emphas

here is thatBs mixing andSfKS
are dominated by differen

mass insertions:LL, RRandLR, RL, respectively. In Table I,
we present our results forDMBs

, sin 2bs andSfKs
for vari-

ous sets of the mass insertions withmq̃5mg̃
5$300 GeV,500 GeV%.4 As we mentioned above, theLL
and RR mass insertions may lower the value ofSfKs

and
make it comparable to experiment if the SUSY masses
light enough ~see the first and second rows formq̃5mg̃
5300 and 500 GeV!. In this case, however,DMs becomes

4In this table, the phases are chosen to be negative so thatSfKS

becomes less thanSJ/cKS
~see the more detailed discussion in@9#!.
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TABLE I. Numerical results forDMBs
, sin 2bs and SfKs

for some representative values of (d32
d )AB

(A,B5L,R) for mq̃5mg̃P$300,500% GeV.

mq̃5mg̃5500 GeV

Mass insertion sets Results
dLL(RR) dRR(LL) dLR(RL) dRL(LR) DMs(ps21) sin 2bs SfKS

13e2 ip/2 0 0 0 10.7 0 0.50
13e2 ip/4 0 0 0 43.5 20.82 0.59

0 0 0.013e2 ip/2 0 24.9 0 20.36
0 0 0.013e2 ip/4 0 25.0 22.831023 0.19

13e2 ip/2 13e2 ip/2 0 0 4.393103 0 0.25
0.13e2 ip/4 0.13e2 ip/4 0 0 50 0.87 0.70

mq̃5mg̃5300 GeV

Mass insertion sets Results
dLL(RR) dRR(LL) dLR(RL) dRL(LR) DMs(ps21) sin 2bs SfKS

13e2 ip/2 0 0 0 87.6 0 0.05
13e2 ip/4 0 0 0 115 20.98 0.37

0 0 0.013e2 ip/2 0 24.8 0 20.76
0 0 0.013e2 ip/4 0 25.0 28.331023 20.15

13e2 ip/2 13e2 ip/2 0 0 1.263104 0 20.52
0.13e2 ip/4 0.13e2 ip/4 0 0 128 0.98 0.65
-
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so large that it may not be resolved experimentally.5 On the
other hand, althoughLR or RL dominated models can ex
plain the experimental data ofSfKs

and also predictDMs

;DMs
SM, which is good news for the experimental side,

this case sin 2bs is too small to be observed~see the third and
fourth rows formq̃5mg̃5300 and 500 GeV!. Therefore, if
the Bs oscillations are resolved experimentally withxs,90
and an observable sin 2bs and also a negativeSfKs

is con-
firmed, the SUSY models with combined mass insertions
fects would be preferred to the ones with a single domin
mass insertion.An example of the former class of mode
could result in, for instance, the following mass insertio
(d32

d )AB :

u~d23
d !LLu.0.02,

u~d23
d !RRu.0.5,

u~d23
d !LRu.u~d32!RLu.0.005,

arg@~d23
d !LL#.arg@~d23

d !RR#.2
p

4
,

arg@~d23
d !LR#.arg@~d23

d !RL#.2
p

2
,

which lead to

5Note that ifxs.90, we cannot find the value ofDMs experimen-
tally; however, we can still find whether there is a new phys
effect or not.
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f-
t

s

DMs.40 ps21,

sin 2bs.0.86,

SfKS
.20.7.

Such nonuniversal soft SUSY breaking terms~LR andRL of
order 1023 and largeRR! are possible in models derive
from string theory, as discussed in, for instance, Ref.@31#.

V. CONCLUSIONS

We have studied supersymmetric contributions toBs mix-
ing and the mixing-inducedCP asymmetry ofBs→J/cf in
the mass insertion approximation, including constraints fr
other b→s processes, in particularb→sg and Bd→fKs .
The SM predictions for these quantities areSJ/cf.1022 and
DMs510–30 ps21, depending on the value ofg. We have
shown that in SUSY these predictions can change quite d
tically, which is mainly due to gluino exchange contrib
tions, whereas the chargino contributions to these proce
are negligible. We find that valuesSJ/cf.O(1) and DMs
510–104 ps21 are quite possible. We also find that unlik
their effects on theCP asymmetry ofBd→fKs , the mass
insertions (d23

d )LR(RL) do not provide significant contribu
tions to these processes, whereas (d23

d )LL(RR) imply a large
DMs and sin 2bs. We have argued that a clean measurem
of the Bs

0-B̄s
0 oscillation and a significant deviation ofSfKs

from SJ/cKs
would exclude SUSY models with a singl

dominant mass insertion, which predict either small osci
tion and negativeSfKs

or large oscillation andSfKs

.SJ/cKs
.

s
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