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We analyze a minimal supersymmetric standard model (MSSM) taking a minimal flavor violation
structure at the GUT scale. We evaluate the parameters at the electroweak scale taking into account the
full flavor structure in the evolution of the renormalization group equations. We concentrate mainly on the
decay Bs ! ���� and its correlations with other observables like BR�b! s��, BR�b! sl�l��, �MBs
and the anomalous magnetic moment of the muon. We restrict our analysis to the regions in parameter
space consistent with the dark matter constraints. We find that the BR�Bs ! ����� can exceed the
current experimental limit in the regions of parameter space which are allowed by all other constraints
thus providing an additional bound on supersymmetric parameters. This holds even in the constrained
MSSM. Assuming a hypothetical measurement of BR�Bs ! ����� ’ 10�7, we analyze the predicted
MSSM spectrum and flavor violating decay modes of supersymmetric particles which are found to be
small.
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I. INTRODUCTION

The minimal supersymmetric standard model (MSSM)
is the simplest supersymmetric (SUSY) structure that in-
cludes the SM gauge group and matter content. However,
this definition does not unambiguously fix a single super-
symmetric model. As is well known, SUSY cannot be an
exact symmetry of nature and must be broken. Therefore,
to specify completely the model, it is necessary to fix the
soft-breaking terms: this amounts to 124 parameters at the
electroweak scale. Although these parameters would be
fixed in the presence of a truly fundamental theory, from
the point of view of the effective theory they are only
constrained by low energy experimental data. In fact, our
freedom in this enormous parameter space is already se-
verely limited by phenomenological constraints. The ac-
cumulating concordance between the SM expectations and
the vast range of experimental results in FCNC and CP
violation point toward a low energy new physics which is,
at least approximately, flavor blind [1]. In this spirit, the so-
called minimal flavor violating (MFV) MSSM is a MSSM
where the only nontrivial flavor structures present are the
usual Yukawa couplings while all sfermion masses and
trilinear couplings are completely family universal [2].
Notice that realistic flavor models have been constructed
where the deviations from this minimal flavor structure are
rather small [3].

Several interesting flavor-changing processes can take
place for large values of tan� at a rate much larger than the
corresponding expectations from the SM. A particularly
interesting process in this scenario is the decay Bs !
���� which has been shown to receive enhancements
of even 3 orders of magnitude with respect to the standard
model expectations for large tan� and small pseudoscalar
Higgs masses [4,5]. This process has been carefully ana-
lyzed in previous studies. In fact, two different points of
view have been taken in these analyses. On the one hand,
several groups examined this decay in the framework of an
effective MFV MSSM model defined at the electroweak
scale where masses and mixing angles are uncorrelated [6–
12]. In these works, large enhancement factors are rela-
tively easy to find because several correlations with other
observables are lost. On the other hand, various other
works repeated this analysis in a MFV MSSM defined at
the GUT scale in terms of a reduced number of parameters
[5,13–22]. Most of these analyses take place in the frame-
work of a constrained MSSM (CMSSM) defined at MGUT

in terms of m0, m1=2, A0, tan�, and sgn��� and neglecting
flavor mixing in the RGE evolution. In principle it is
possible to consider different family-universal masses for
different representations under the gauge group. However,
to our knowledge, in the literature so far only the masses of
the Higgs multiplets are allowed to be different from a
common sfermion mass [23–25] with the only exception
being Ref. [26]. In any of these GUT scenarios, several
relations between the sfermion masses, gaugino masses,
Higgs masses, and mixing angles are obtained and
although large enhancements of the Bs ! ���� branch-
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ing ratio are still allowed, they are clearly more difficult to
obtain.

In this work we analyze this decay in the framework of a
completely generic MFV MSSM defined at the GUT scale.
In this general MFV scenario, the soft masses and trilinear
terms for different representations under the SM gauge
group are different, although family universal. This sce-
nario can be realized in different ways—as RGE-induced
splittings between different multiplets in the running from
MPlanck to MGUT in SU�5� or flipped SU�5� models [27] or
in models of direct unification at the Planck scale [28].
Another difference with respect to previous analysis is the
fact that, for the first time, we use the full two-loop
renormalization group equations (RGE) [29] with the com-
plete flavor structure of the different flavor matrices to
determine the Yukawa couplings and soft SUSY breaking
parameters at the electroweak scale. Furthermore, we take
into account all the relevant constraints in our analysis
including the dark matter relic abundance [30] together
with the updated results on processes like Bs � �Bs mixing
[31,32], muon anomalous magnetic moment [33], b!
sl�l� [34,35], and the LEP and Tevatron constraints
from searches of SUSY particles [36]. All the analysis is
done with updated values of the input parameters and, in
particular, we use the last value of the top quark mass [37].
Finally, we take into account the latest constraints on the
BR�Bs ! ����� from the D0 and CDF collaborations
[38]. In this framework, we study the neutral Higgs effects
in the decay Bs ! ���� and the Bs mass difference,
comparing the results of the CMSSM with our generic
MFV scenario. We take special care in checking the com-
patibility of these processes with other tan� enhanced
observables like the b! s� decay or the muon anomalous
magnetic moment.

For completeness, we want to note that in Ref. [12] a
related study was performed with a slightly different defi-
nition of MFV which is defined at the electroweak scale.
They also consider a nonminimal flavor violating scenario
where the off-diagonality in the neutral gaugino vertices at
the electroweak scale is still proportional to the Cabibbo-
Kobayashi-Maskawa quark-mixing matrix (CKM). This
additional term can be generated for instance due to RGE
effects and is closely related to our definition of MFVat the
GUT scale within the CMSSM. In these two scenarios they
also analyze Bs ! ����, ��MBs�, b! s�, kaon physics,
and neutral Higgs boson physics. We have found agree-
ment with respect to their results on Bs ! ����, ��MBs�,
b! s� which are also covered in this paper. In addition
we consider these observables in an extended model and
include also b! sl�l�, the dark matter constraint, and
also discuss predictions for future collider experiments,
e.g. the Large Hadron Collider (LHC), yielding comple-
mentary results to the ones of Ref. [12].

The structure of the paper is as follows: We start with a
discussion of the origin of Higgs-mediated flavor-changing

neutral currents (FCNC) and study their phenomenological
effects in the Bs ! ���� decay and the Bs mass differ-
ence which are enhanced by additional tan� factors. In
Sec. III we analyze the correlations of these Higgs-
mediated processes with other tan� enhanced observables
like the b! s� decay, the muon anomalous magnetic
moment, and the b! sl�l� decay. In Sec. IV we describe
the procedure used in our numerical analysis and present
our results for the Bs ! ���� decay in the various sce-
narios. Furthermore, we discuss the various correlations
with other observables. Section V is devoted to the dis-
cussion of the expected collider phenomenology if the
decay Bs ! ���� is found with a branching ratio close
to the present bounds. Finally, in Sec. VI we present our
conclusions.

II. HIGGS-MEDIATED FCNC’S

The MSSM is classically a type II two-Higgs doublet
model. This means that one of the Higgs fields,Hu, couples
only to the up quarks while the other, Hd, couples only to
the down quarks. In this way, dangerous tree-level Higgs-
mediated FCNC’s are avoided. However, the presence of
the � term in the superpotential breaks the symmetry
protecting this structure. Therefore quantum corrections
modify this type II structure and generate couplings of
Hyd to up quarks and of Hyu to down quarks, hence reintro-
ducing Higgs-mediated FCNC’s. We use in our numerical
analysis the full expressions for the one-loop vertex and
self-energy corrections as given in Ref. [10] (see also [39]).
All our numerical results are valid for any value of tan�.
However, in the following we summarize the main features
of Higgs-mediated FCNCs, relevant for our analysis, in the
limit of large tan�. A more detailed discussion can be
found in Ref. [10]. In Fig. 1 we present an example of
FCNC coupling of the up-type Higgs, Hu, to the down
quarks through a stop-chargino loop. There are also similar
couplings mediated by gluino loops and the corresponding
Hd couplings to up quarks. The effective Yukawa
Lagrangian at one-loop is

Hu

bR sL

A tyt

yb µ yth̃−
d h̃ −

u

t̃L t̃R

FIG. 1 (color online). Flavor-changing coupling of the up
Higgs boson, Hu, to the down-type quarks.
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 L Yuk � � �dLiY
d
ijdRjHd � �dLi��Y

d�ijdRjH
�
u

� �uLiY
u
ijuRjHu � �uLi��Y

u�ijuRjH
�
d; (1)

where Ydij and Yuij include also the one-loop corrections to
the Hd down quark and Hu up quark couplings [10]. After
spontaneous breaking of the electroweak symmetry, this
Lagrangian gives rise to new contributions to the quark
mass matrices. Working in the basis where the tree-level
down quark Yukawa couplings are diagonal and neglecting
the subdominant loop corrections in the large tan� limit,
the contributions to the down quark mass matrix are

 L d
mass � � �dLi

�
Ydii�ij

vd���
2
p � ��Yd�ij

vu���
2
p

�
dRj � H:c:

�
vd���

2
p �dLi�Y

d
ii�ij � tan���Yd�ij�dRj � H:c:; (2)

where we can see the appearance of a tan� enhanced
correction to the down quark mass due to the presence of
the wrong type Higgs vacuum expectation value. In the
same basis, we obtain for the neutral Higgs couplings to the
down quarks [10]:
 

LS0 � � �dLi

� �mdj

vd�1� ~�j tan��
xSd�ij � ��Y

d�ijxSu

�
dRjS

0

� H:c:; (3)

with S0 � �H0; h0; A0; G0�, xSd � �cos�;� sin�; i sin�;
�i cos��, and xSu � �sin�; cos�;�i cos�;�i sin��. Here,
�mj denotes the running quark mass that can be extracted by

experiments, the parameter ~�j accounts for the tan� en-
hanced corrections to the down quark eigenvalues [10,39]
and it is given by

 

~� j � �0 � jK3jj
2y2
t �Y;

�0 � �2�s
�

3�m~g
H2

�m2
dL

m2
~g

;
m2
dR

m2
~g

�
;

�Y �
At

16�2�
H2

�m2
tL

�2 ;
m2
tR

�2

�
;

(4)

where the loop function is defined in Appendix D. Using
the fact that1 H2�1; 1� � �1=2 and taking the limit m~g ’

� ’ m~ta ’ �At, we obtain �0 ’ sign��� � 0:012 and ~�3 ’

sign��� � 0:015. Finally ��Yd�ij is given by

 ��Yd�ij � ydj��0�ij � y2
t K�3iK3j�Y�; (5)

with ydj being the eigenvalues of the tree-level Yukawa
matrix.

After diagonalizing the full one-loop down quark mass
matrix, the couplings to the neutral Higgs bosons are given
by

 

LS0 � � �dLi

� �mdj

vd�1� ~�j tan��
�xSd � ~�jxSu��ij

�
�mdj

vd�1� ~�j tan��2
y2
t �

ij
0 �Y�x

S
u � x

S
d tan��

�
dRjS

0

� H:c:; (6)

with �ii0 � 0 and �ij0 � K�3iK3j. Hence, from this equation
we can see that we do have Higgs-mediated FCNC’s after
the diagonalization of the one-loop mass matrix and in
particular tan� enhanced off-diagonal couplings propor-
tional to xSd which come from the rotation diagonalizing the
one-loop Yukawa couplings. In the following we study the
phenomenological consequences of these FCNC Higgs
couplings in the down quark sector.2

A. The decay Bs ! ����

The present experimental bound on this decay from the
CDF and D0 [38,48] collaborations is

 BR �Bs ! �����< 1:0� 10�7 95%C:L: (7)

This process is specially sensitive to the presence of
Higgs-mediated FCNC’s. Using the Lagrangian given in
Eq. (6) we obtain the dominant tan�-enhanced neutral
Higgs terms to this decay which contribute mainly through
two effective operators:

 H eff � �
2GF���

2
p

�

2�sin2	W
K�tbKts	CS �mb� �bRsL���ll�

� CP �mb� �bRsL���l�5l�
: (8)

The dominant contributions to the Wilson coefficients CS
and CP in the large tan� limit are

 CS ’
m� �m2

t

4M2
W

Attan3�H2�m2
tL=�

2; m2
tR=�

2�

��1� �0 tan���1� ~�3 tan��

�

�
sin��� �� cos�

M2
H0

�
cos��� �� sin�

M2
h0

�
;

CP ’ �
m� �m2

t

4M2
W

Attan3�H2�m2
tL=�

2; m2
tR=�

2�

��1� �0 tan���1� ~�3 tan��

�
1

M2
A

�
:

(9)

For large tan� we can neglect the M2
h0 contribution and,

taking MH0 ’ MA, we find that3 CS ’ CP. Therefore, the
leading contribution to the bRsL ! ���� amplitude is
given by

1We have that H2�x; x� goes from �0:18 for x � 4 to �1:7 for
x � 0:1.

2Other papers study the large tan� effects in 
 decays [40–
42], flavor-changing decays of the Higgs bosons [43,44] and
collider processes [45–47].

3However, a difference between these masses is possible for
light pseudoscalar Higgs and can give rise to sizable effects
[41,42,49]. In our numerical calculation, we use the full ex-
pression and we have found that for MA * 250 GeV, CS ’ CP is
a very good approximation.
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 A �bRsL ! �����

/ �m2
t

�mbm�K�tbKts
�1� �0 tan���1� ~�3 tan��

At
�

�
tan3�

M2
A

H2�m2
tL=�

2; m2
tR=�

2�: (10)

Using this formula, we obtain an estimate of the branching
ratio in the large tan� region as
 

BR�Bs ! ����� � 2:2� 10�6

� 
Bs
1:5 ps

�� FBs
230 MeV

�
2

�

�
�mt

175 GeV

�
4
�

tan�
50

�
6
�

350 GeV

MA

�
4

�
A2
t

�2

�H2�m2
tL=�

2; m2
tR=�

2��2

�1� �0 tan��2�1� ~�3 tan��2
;

(11)

and we see that the branching ratio for this decay scales
like tan6�=m4

A. As we will show below, given the new
experimental bounds from CDF and D0, this process is
already able to probe a sizable part of the large tan�
parameter space.

B. B0
d;s mass differences

The CDF and D0 collaborations [32] have recently
presented the first experimental results on Bs mass differ-
ence:

 �MBs � �17:33�0:42
�0:21�stat� � 0:07�syst�� ps�1; (12)

while the Bd mass difference is

 �MBd � �0:500�0:42
�0:21�stat� � 0:07�syst�� ps�1: (13)

The basic formula for the Bq mass difference is [10]

 �MBq �
G2
FM

2
W

6�
MBq�BF

2
Bq
B̂Bq jKtqj

2jFqttj; (14)

with
 

Fqtt �
�
S0�m2

t =M2
W� �

1

4r
CVLL

new ���
�
�

1

4r
CVRR

1 ���

� �PLR1 CLR1 ��� � �PLR2 CLR2 ��� � �PSLL
1 	CSLL

1 ���

� CSRR
1 ���
 � �PSLL

2 	CSLL
2 ��� � CSRR

2 ���
: (15)

The different Wilson coefficients are defined in [10] and
r � 0:985 describes the O��s� radiative corrections to
S0�m

2
t =M

2
W� in the SM.

As shown in Refs. [10,50], the same flavor-changing
Higgs couplings generating the leading contribution to
the decay Bs ! ���� at large tan� induce a Higgs-
mediated double-penguin contribution to Bs;d � �Bs;d mix-
ing. In the large tan� regime, the dominant contributions to
the Bs;d mass differences are given by the usual SM box
and by the double-penguin contribution

 �MBq / jKtqj
2

�
S0�m

2
t =M

2
W� �

���
2
p
GF

�2M2
W

�
�mb �mqm

4
t

�1� �0 tan��2�1� ~�3 tan��2
A2
t tan4�

�2m2
A

��H2�m2
tL=�

2; m2
tR=�

2��2
�
; (16)

with q � s, d, and S0�x� defined in the appendices. From
this expression we can see that the double-penguin contri-
bution is suppressed by an additional factor of GF with
respect to the SM contribution due to the fact that it is a
two-loop contribution. However, it has a strong depen-
dence on tan� which can lead to a huge enhancement
compensating this loop suppression. Moreover, these
double-penguin contributions have always opposite sign
with respect to the standard model box contribution and
thus reduce the mass difference for large tan�. This effect
is specially important in the case of �MBs yielding an
additional constraint in the large tan� regime. Notice
that in the case of �MBd , the double-penguin contribution
is the same as in �MBs with an additional suppression of
md=ms. Given that this contribution competes with the
same SM function S0�xt�, it is clear that this process will
not be relevant to constrain the SUSY contributions.

III. CORRELATIONS WITH OTHER PROCESSES

Given the strong dependence of Bs ! ���� onmA and
tan�, we can expect that other processes, especially tan�
dependent processes, receive large SUSY contributions if
BR�Bs ! ����� is at the 10�7 level. A typical example is
the decay B! Xs� whose measured BR agrees very well
with the SM prediction. In turn this provides a stringent
constraint to SUSY contributions and given that the char-
gino amplitude is proportional to tan� this holds, in par-
ticular, for the large tan� regime. The decay B! Xs‘�‘�

is closely related and the combination of both processes
has been recently shown to eliminate the possibility of
changing the sign of the dipole Wilson coefficient C7 in
MFV scenarios [51,52]. Another important constraint is
provided by the muon anomalous magnetic moment a�
which is also tan� dependent and constitutes a very im-
portant constraint specially for �< 0.

A. B! Xs�

The standard model contributions to the decay B! Xs�
are known at next-to-leading order (NLO) [53,54] and the
excellent agreement with the experimental results con-
strain strongly any extension of the SM. Charged Higgs
contributions in two-Higgs doublet models are also known
at NLO [53,55,56]. In the MSSM a complete NLO calcu-
lation is still missing but the most important contributions
have been calculated in Refs. [57–60]. The MSSM con-
tributes to this process mostly through the dipole operators
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Hb!s�
Dipole � �

4GF���
2
p Keff

tb K
eff�
ts

�
C7��� �

e �mb

16�2
�sL��
bRF�


� C8��� �
gs �mb

16�2
�sL�Ta����
bR�G

a�

�
: (17)

The experimental world average from the CLEO [61],
Belle [62,63], and BABAR [64,65] collaborations is given
by [66]

 BR �B! Xs��E�>1:6 GeV

� �3:55� 0:240:09
�0:10 � 0:03� � 10�4: (18)

This has to be compared with the standard model predic-
tion [67]
 

BR	 �B! Xs�
 �
�
3:61

�0:24

�0:40

��������mc=mb

�0:02CKM

� 0:24param � 0:14scale

�
� 10�4: (19)

In the numerical analysis we utilize the formula presented
in Ref. [67] in which the branching ratio is explicit given in
terms of arbitrary complex C7 and C8.

The two Wilson coefficients, C7��� and C8���, receive
contributions from W-boson, charged Higgs, and chargino
diagrams. It is very interesting to discuss the relative signs
of these three contributions. Charged Higgs and W-boson
diagrams have the same sign and interfere always con-
structively. In contrast, the chargino contribution can have
either sign depending on the sign of the� parameter. In the
large tan� region the relative sign of the chargino mediated
diagram is given by �sign�At��. In the scenarios studied
in this paper sign�At� � �sign�M1=2� as can be seen in
Table IVof [26]. For this reason,�> 0 implies destructive
interference while �< 0 implies constructive interference
of the chargino and W-boson contributions.

Given that the SM contribution essentially saturates the
experimental bound, �< 0 scenarios are tightly con-
strained and the sum of charged Higgs and chargino con-
tributions is restricted to be a small correction. However,
for positive � the chargino contribution has opposite sign
with respect to the W-boson and charged Higgs ones. In
this case, a cancellation between sizable charged Higgs and
chargino contributions allows one to keep the total Wilson
coefficient within a small margin from the SM expectation.
In principle it is possible for the chargino to cancel both the
charged Higgs and W-boson contributions and generate a
total Wilson coefficient of equal modulus and opposite sign
to the usual SM contribution. This is consistent with ex-
perimental data because the BR�B! Xs�� depends essen-
tially on jCeff

7 ��b�j
2 and therefore is not sensitive to the

sign of these coefficients. However, as we will see later,
combining this process with the decay B! Xs‘

�‘�, it is
possible to constrain the sign of the C7 Wilson coefficient
[51,52] and exclude this possibility in the generic MFV
scenarios studied.

The complete expressions for the leading-order contri-
butions to the C7 and C8 contributions that are used in our
numerical evaluation are well known and can be found in
Refs. [68,69]. For the following discussion, it is enough to
examine the C7 coefficient as C8 behaves in a similar way,

 CW7 �mW� �
m2
t

4m2
W

f1�m
2
t =m

2
W�; (20)

 

CH
�

7 �mW� �
1

6

�
1

2

m2
t

m2
H�

1

tan2�
f1�m2

t =m2
H�� � f2�m2

t =m2
H��

�

�
1�
��00 � ~�3� tan�

1� ~�3 tan�

� y2
by

2
t

�Y�
0
Y tan2�

�1� ~�3 tan���1� �0 tan��

��
; (21)

 

C~�
7 �mW� �

1

3

X
�;�0

X2

i�I

X6

a�1

Keff
�bK

eff�
�0s

Keff
tb K

eff�
ts

m2
W

m2
~��I

�

�
�

1

2
G��

0;a�I�G�a;��If1�m
2
~ua
=m2

~��I
�

�
m~�I

mW

1���
2
p

cos��1� ~�3 tan��
G��

0;a�I�H�a;��I

� f2�m2
~ua
=m2

~��I
�

�
; (22)

where, for simplicity we have only included in this equa-
tion the leading contributions in the limit of unbroken
SU�2� �U�1� symmetry [10]. In the numerical analysis
we use the complete expressions with full flavor depen-
dence. The parameters �00 and �0Y are given by

 �0Y �
Ab

16�2�
H2

�m2
~bL

�2 ;
m2

~bR

�2

�
;

�00 �
�2�s�
3�m~g

H2

�m2
~sL

m2
~g

;
m2

~tR

m2
~g

�
:

(23)

The main tan� effects are then present in the charged
Higgs couplings and in the chargino couplings to right-
handed down squarks. K�qG��;k�I represents the coupling
of the chargino I and the squark k to the left-handed down
quark q; and mq=�

���
2
p
mW cos��K�qH��;k�i the coupling of

the chargino i and of the squark k to the right-handed down
quark q. These couplings, in terms of the standard mixing
matrices defined in the appendices are [70]

 G��;k�I �
�

�k�ULV
�
I1 �

m����
2
p
mW sin�

�k�URV
�
I2

�

H��;k�I � �UI2�k�UL:

(24)

The explicit expressions for the loop functions can be
found in the appendices.
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In the large tan� regime, it is interesting to expand the
C~�

7 coefficient assuming the smallness of the off-diagonal
entries with respect to the corresponding diagonal elements
both in the stop and chargino (more precisely in M~�M

y
~�)

mass matrices. In this approximation we obtain

 C~�
7 �mW� ’

��Atm2
t

6m2
Wsin2�

tan�
1� ~�3 tan�

m2
W

m2
~��2

�
f2�m2

~tL
=m~��2

� � f2�m2
~tR
=m~��2

�

m2
~tL
�m2

~tR

’
�Atm2

t

6m2
Wsin2�

tan�
1� ~�3 tan�

5m2
W

12m4
~t

; (25)

where in the second line we replaced the combination of
loop functions by its value in the limit in which stop left,
stop right, and chargino have the same ‘‘average’’ SUSY
mass, m2

~t . In this limit the SUSY contribution to the
amplitude is

 A �bR ! sL�� /
4GF���

2
p Keff

tb K
eff�
ts �mb

5�Atm2
t tan�

72m4
~t �1� ~�3 tan��

:

(26)

If we compare now this amplitude with the corresponding
amplitude of the Bs ! ���� decay, Eq. (10), we see that,
although both of them are enhanced by powers of tan�,
these two amplitudes behave differently: A�bRsL !
l�l�� scales as tan3�=m2

A while the b! s� amplitude
scales as tan�=m2

~t (assuming �, At, and m~t of the same
order). Taking into account this difference we can analyze
if it is possible to obtain a large contribution for Bs !
���� while at the same time satisfy the stringent bounds
on the b! s� decay. Obviously, the answer to this ques-
tion depends on the sign of �.

In the B! Xs� decay with �< 0, chargino contribu-
tions toC7 andC8 have the same sign as charged Higgs and
W-boson contributions. If we require a sizable neutral
Higgs contribution to Bs ! ����, we need a light pseu-
doscalar Higgs, which implies also a light charged Higgs,
and large tan�. A light charged Higgs enhances CH

�

7 while
large tan� enhances C~�

7 . As both contributions compete to
fill the narrow space left over by the SM contribution in the
B! Xs� amplitude, these two requirements are clearly
incompatible. The only possible solution is to increase the
squark masses (in particular the stop mass) to suppress the
chargino contribution to C7 while keeping mA as low and
tan� as large as possible. In this case we are essentially in a
two-Higgs doublet model without SUSY and from the
existing constraints on the charged Higgs mass
[53,55,56] we infer that the pseudoscalar must be equally
heavy. Moreover, the constraints from the muon anoma-
lous magnetic moment, that are analyzed below, make the
�< 0 situation even more difficult. Therefore, it is not

possible to reach very large values of BR�Bs ! �����, as
we will see in the numerical analysis of the next section.

The case �> 0 is much more interesting phenomeno-
logically. A large BR�Bs ! ����� still requires a light
charged Higgs and large tan�; however, the chargino con-
tributions interfere now destructively with the charged
Higgs and W-boson ones and thus these two conditions
are fully compatible because jC~�

7 � C
H�
7 j & 0:1CSM

7 . As
we will see in the next section, this cancellation must be
quite precise and this constraint remains very strong. In the
flavor-blind models defined at the GUT scale, in particular,
in the CMSSM, it is not always easy to obtain the required
values of mA, m~t, and tan� to achieve this cancellation.
The extent to which this cancellation can be realized will
be addressed in the next section where we perform a full
analysis of the parameter space.

B. B! Xs‘
�‘�

The effective Hamiltonian that describes b! s‘‘ tran-
sitions in the standard model is

 Heff � �
4GF���

2
p K�tbK

�
ts

�X10

i�1

Ci���Oi���

�
X6

i�3

CiQ���OiQ��� � CbOb���
�
; (27)

where we adopt the same definitions as in Ref. [52]. The
operatorsOiQ andOb are required only for the inclusion of
electroweak corrections. In particular, the most relevant
Wilson coefficients are C2��b� (that does not receive siz-
able new physics contributions), C7��b�, C8��b�, C9��b�,
and C10��b�. The explicit definitions of O7 and O8 are
given in Eq. (17) and the semileptonic operators read

 O9 �
�em

4�
� �sL��bL�� �‘��‘�;

O10 �
�em

4�
��sL��bL�� �‘���5‘�:

(28)

The branching ratio BR�B! Xs‘‘� is known at next-to-
next-to-leading order in QCD and at NLO in QED (only
terms enhanced by large logarithms—i.e. logmW=mb and
logmb=m‘—are included).

Intermediate c �c resonances produce peaks in the dilep-
ton invariant mass (4m2

‘ < s < m2
B) spectrum and disrupt

quark-hadron duality. For this reason one has to consider
the low- and high-s regions separately. The very low-s
region (s < 1 GeV2) is dominated by the quasireal photon
emission and contains the same amount of information we
already extract from b! s�. In the high-s region (s >
14:3 GeV2) the integrated branching ratio is quite small;
moreover, the 1=mb expansion breaks down and reliable
predictions for the spectrum suffer large uncertainties. The
low-s region (1 GeV2 < s< 6 GeV2) is dominated by the
Wilson coefficients C9 and C10, has sizable integrated
branching ratio, and is very sensitive to the C7 � C9 inter-
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ference. In the following, we utilize the latter to put constraints on the Wilson coefficients C7;8;9;10.
We calculate the integrated branching ratio in the low-s region following Ref. [52]:

 BR ‘‘ � 	2:2306� 0:0005I�R10� � 0:0005I�R10R�8� � 0:0906I�R7� � 0:0223I�R7R�8� � 0:0050I�R7R�9�

� 0:0086I�R8� � 0:0258I�R8R�9� � 0:0615I�R9� � 0:5389R�R10� � 0:1140R�R7� � 0:0154R�R7R�10�

� 0:0687R�R7R
�
8� � 0:8414R�R7R

�
9� � 0:0036R�R8� � 0:0019R�R8R

�
10� � 0:0980R�R8R

�
9�

� 2:6260R�R9� � 0:1074R�R9R�10� � 10:6042jR10j
2 � 0:2837jR7j

2 � 0:0039jR8j
2 � 1:4645jR9j

2
 � 10�7;

(29)

where Ri � Ctot
i ��0�=C

SM
i ��0� are the next-to-leading or-

der Wilson coefficients [i.e. they do not include O��s�
corrections] at the high scale normalized to their SM
values. When dealing with the dipole operators we utilize
the standard definition of the scheme-independent effective
coefficients [52]. In the numerical analysis we set to zero
supersymmetric contributions to the NLO matching
conditions.

The standard model and supersymmetric contributions
to the leading order matching conditions of the semilep-
tonic operators are [52] (we do not give explicit formulas
for the gluino, neutralino, and neutral Higgses contribu-
tions because their effects are negligible compared to the
charged Higgs and chargino ones):

 CW9 �
1

s2
W

Y�xt� �W�xt� �
4

9
�

4

9
log
�2

0

m2
t
; (30)

 CW10 � �
1

s2
W

Y�xt�; (31)

 

CH
�

9 �
4s2

W � 1

8s2
W

xt
tan2�

f5�m2
t =m2

H��

�
1

18

1

tan2�
f6�m2

t =m2
H��; (32)

 CH
�

10 �
1

8s2
W

xt
tan2�

f5�m
2
t =m

2
H��; (33)

 C~��

9 �
X
�;�0

X6

A;B�1

X2

I;J�1

Keff
�bK

eff�
�0s

Keff
tb K

eff�
ts

G��
0;A�I�G�B;��J

�
1� 4s2

W

s2
W

�
c2�m

2
~��I
; m2

~uA
; m2

~uA
���UL�yUL�AB�IJ

�
m~�Im~�J

2
c0�m2

~uA
; m2

~��I
; m2

~��J
��ABU�I1UJ1 � c2�m2

~uA
; m2

~��I
; m2

~��J
��ABV�I1VJ1

�
�

2

9

m2
W

m2
~uA

f7�m2
~��I
=m2

~uA
��AB�IJ

�
2

s2
W

m2
Wd2�m2

~��I
; m2

~��J
; m2

~uA
; m2

~
1
��ABV�I1VJ1

�
; (34)

 C~��

10 � �
1

2s2
W

X
�;�0

X6

A;B�1

X2

I;J�1

Keff
�bK

eff�
�0s

Keff
tb K

eff�
ts

G��
0;A�I�G�B;��J

�
c2�m2

~��I
; m2

~uA
; m2

~uA
���UL�yUL�AB�IJ

�
m~�Im~�J

2
c0�m

2
~uA
; m2

~��I
; m2

~��J
��ABU

�
I1UJ1 � 	2m

2
Wd2�m

2
~��I
; m2

~��J
; m2

~uA
; m2

~
1
� � c2�m

2
~uA
; m2

~��I
; m2

~��J
�
�ABV

�
I1VJ1

�
:

(35)

A scan of the CMSSM and MFV parameter space results in
tiny deviations of the Wilson coefficients C9 and C10 from
their SM values: jCSUSY

9 =CSM
9 j< 0:3=1:65 and

jCSUSY
10 =CSM

10 j< 0:8=4:45.
This decay has been observed by Belle [34] and BABAR

[35]. In the low-s region the experimental results read as
 

BR�B! Xs‘
�‘�� � �1:493� 0:504�0:411

�0:321� � 10�6

�Belle�; (36)

 

BR�B! Xs‘�‘�� � �1:8� 0:7� 0:5� � 10�6

�BABAR�: (37)

This leads to a world average

 BR �B! Xs‘
�‘��WA � �1:60� 0:51� � 10�6: (38)

That is in perfect agreement with the SM prediction, that
reads
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BR�B! Xs‘
�‘��SM � 	1:58� 0:07scale � 0:06mt

� 0:025mc
� 0:015mb

� 0:023�s�MZ�
� 0:015CKM

� 0:025BRsl

 � 10�6

� �1:58� 0:10� � 10�6: (39)

In order to assess the impact of this measurement on the
supersymmetric parameter space, we perform a model-
independent analysis. As a first step we extract the allowed
ranges for the Wilson coefficients C7 and C8 from the
measured B! Xs� branching fraction. This gives two
thin stripes in the C7 � C8 plane that correspond to the
C7 < 0 and C7 > 0 scenarios. We further restrict C8 to be
within a factor of 10 around the SM value. As a second
step, we consider the two strips separately, vary C7 and C8

in the allowed range, and plot the resulting constraint in the
C9 � C10 plane. The whole analysis is performed at the
90% C.L. and theory errors are included. Our results are
summarized in Fig. 2. The most striking feature of these
plots is that, in the C7 > 0 scenario, the SM point is
excluded and contributions in MFV supersymmetric sce-
narios are not large enough to bring theory and experiment
into agreement; thus we conclude that in such models the
sign of C7 has to be SM-like (i.e. negative). For a similar
discussion, see also [51].

C. Muon anomalous magnetic moment

In SUSY theories, a�� receives contributions via vertex
diagrams with ~�0 � ~� and ~�� � ~
 loops [71]. The char-
gino diagram strongly dominates in almost all the parame-
ter space. For simplicity, we will present here only the
dominant part of the chargino contribution (the complete
expressions that we use in the numerical simulation can be
found in Ref. [71]):

 �a~� ~

�� ’ �

g2
2

8�2

m2
�

m2
~


X2

i�1

m~�i Re�Ui2Vi1����
2
p
MW cos�

f3

�m2
~�i

m2
~


�
; (40)

where the loop function f3 is given in the appendices. In
fact, if we expand this function in the small off-diagonal
elements of the chargino matrix, we obtain for the domi-
nant tan� enhanced contribution

 �a~� ~

�� ’

g2
2

32�2

m2
�

m2
~


Re���M2 tan�

m2
~


; (41)

where we have chosen the convention M2 > 0 as we do in
the rest of the paper. The most relevant feature of Eqs. (40)
and (41) is that the sign of �a~� ~


�� is fixed by

sign	Re�U12V11�
 � �sign	Re���
. The experimental re-
sult for this observable is at present [72],

 aexp
� � 11 659 208 �6� � 10�10; (42)

while the theoretical expectations within the SM are [73],

 aSM
� �e�e�� � 11 659 181 �8� � 10�10;

aSM
� �
� � 11 659 196 �7� � 10�10:

(43)

Comparison with the experimental results implies that
these results strongly favor the �> 0 region in a MFV
scenario. This is especially true for the theoretical predic-
tion based on e�e� annihilation that is smaller than the
experimental result by 2:7�. In the case of the prediction
based on 
 decay, the difference is reduced to 1:4� [72] but
it still requires a positive correction and disfavors strongly
a sizable negative contribution. Therefore, this has impor-
tant consequences in all our observables. As we saw in the
previous section, �> 0 is precisely the phenomenologi-
cally interesting region for the combination of the Bs !
���� and B! Xs� decays. On the other hand the a�
measurement makes it even more difficult to find interest-
ing effects in Bs ! ���� for �< 0. In the numerical

-6 -4 -2 0 2
R9

-2.5

-2

-1.5

-1

-0.5

0

0.5

R10

C7 0

-8 -6 -4 -2 0
R9

-2.5

-2

-1.5

-1

-0.5

0

0.5

R10

C7 0

FIG. 2 (color online). Impact of the BR�B! Xs‘‘� measurement on the R9 � R10 plane. The black disk is the region accessible in
an MFV model, i.e. it includes the possible SUSY contributions both in the CMSSM as in the generic MFV scenario that we analyze
here.
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analysis, presented in the next section, we use a conserva-
tive a� bound at 3� with the e�e� based estimate of the
SM contribution, and we still find that with �< 0 we can
only find BR�Bs ! ����� at the level of 10�8 with a very
heavy SUSY spectrum. In the �> 0 region, the conserva-
tive 3� bound allows for a vanishing supersymmetric
contribution.

IV. NUMERICAL RESULTS

As said in the introduction, in this work we concentrate
on a version of the MSSM with MFV soft-breaking terms
at the GUT scale. This means that the only nontrivial flavor
structures in the model are the usual SM Yukawa cou-
plings; all soft-breaking masses are family universal and
the trilinear couplings are proportional to the correspond-
ing Yukawa matrices. The RGE evolution between the
GUT and electroweak scales introduces small nonuniversal
entries in the soft-breaking terms.

In this framework we analyze two different versions of
the MSSM: the CMSSM and the most general MFV
MSSM. The full spectrum of the CMSSM is determined
(assuming vanishing SUSY phases) by five parameters:
M1=2, m0, A0, tan�, and sign���. Therefore, the SUSY
parameters at the electroweak scale, including couplings,
masses, and mixing angles, show several interesting corre-
lations. Furthermore, these five parameters are strongly
constrained by the experimental bounds on masses and
different FCNC processes. In this restricted framework it
is very interesting to investigate how large BR�Bs !
����� / tan6�=m4

A can be, while remaining in agree-
ment with all the other experimental constraints.

We can ask the same question in a more general flavor-
blind MSSM, where we allow for different, but generation-
diagonal, parameters for the fields with different gauge
quantum numbers. Here the number of parameters is 13:
M1=2, m ~Q;0, m~uR;0, m~dR;0

, m ~L;0, m~eR;0, mHd;0, mHu;0, Au;0,
Ad;0, Ae;0, tan�, and sign���, where 0 in the subscripts
indicates that these parameters are defined at MGUT. The
precise definition of MGUT and the numerical evaluation of
the parameters at the electroweak scale will be described
below. Clearly, in this model we have more freedom than in
the CMSSM, implying milder correlations between the
masses of different particles; thus, we can expect larger
rates for the Higgs-mediated processes consistent with
other FCNC constraints.

In the numerical analysis presented below we define our
model, CMSSM or most general MFV, in terms of the GUT
scale parameters listed above. We scan the values of these
parameters in the following ranges: M1=2 � 1 TeV,mi;0 �

2 TeV (i � Q, uR, dR, L, eR, Hu, Hd), A2
u;0 � 3�m2

~Q;0
�

m2
~uR;0
�m2

Hu;0
�, A2

d;0 � 3�m2
~Q;0
�m2

~dR;0
�m2

Hd;0
�, A2

e;0 �

3�m2
~L;0
�m2

~eR;0
�m2

Hd;0
�; j�j is calculated from the re-

quirement of correct electroweak symmetry breaking.

The bound on the Ai;0 parameters is set to avoid charge
and/or color breaking minima.

At the low scale, we impose the following constraints on
each point:

(i) Lower bound on the light and pseudoscalar Higgs
masses [74];

(ii) the LEP constraints on the lightest chargino and
sfermion masses [36];

(iii) the LEP and Tevatron constrains on squarks and
gluino masses [36];

(iv) agreement with the experimental data on low en-
ergy processes like BR�B! Xs��, �a�, BR�Bs !
�����, BR�B! Xs‘�‘��, �MBs [31–
35,38,48,61–65];

(v) correct dark matter relic abundance from stable
neutralinos [30].4

We consider MSSM with conserved R parity and thus, the
lightest neutralino (that coincides with the lightest super-
symmetric particle) provides an excellent dark matter can-
didate. In fact, the recent precise determination of the cold
dark matter density of the Universe is a very strong con-
straint on the SUSY parameter space. In most of the
parameter space of the MSSM the neutralino abundance
generates a too large density of cold dark matter. Only
certain regions of the parameter space, in which neutrali-
nos are efficiently annihilated, are in agreement with the
experimental results.

The most precise results on the cold dark matter density
come from the WMAP experiment [30]:

 �CDMh2 � 0:1047�0:007
�0:013 at 68%C:L: (44)

This constraint selects very narrow strips in the MSSM
parameter space [75]. On the other hand it has been shown
[76] that these allowed regions are extremely sensitive to
small differences in the computation of SUSY masses. This
is especially true in the large tan� region that we analyze in
this paper, where differences in the stability of radiative
symmetry breaking or in the Higgs masses are due to the
different approximations used in the RGE programs. In
view of all this, we prefer to take a conservative attitude
with respect to the dark matter constraint and, allowing the
possibility of other cold dark matter candidates, impose
only the loose 99% C.L. upper bound,

 �CDMh
2 � 0:13: (45)

In this section we analyze the different parameters
(masses, mixing matrices, . . .) that enter the Bs ! ����

amplitude and the impact of the various constraints that we
have discussed above. We start with the analysis of this
process in the CMSSM and then generalize it to the most
general MFV model at the GUT scale.

4This constraint assumes a standard thermal history of the
Universe and can be evaded easily in nonstandard cosmological
models.
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A. Calculation of the parameters at the electroweak
scale

In the numerical calculations, we use the following
procedure. The masses and mixing angles at the electro-
weak scale are calculated in an iterative way: First the
gauge and Yukawa couplings are calculated from the input
values given in Table I at the electroweak scale taking into
account the shift from the MS to the DR scheme as well as
the effect of the SUSY thresholds. In case of the SUSY
thresholds the complete flavor structure of the sfermions is
taken into account in the calculation. Afterward these
couplings are evolved to the GUT scale which is defined
by the requirement g1 � g2 where g1 �

��������
5=3

p
g0 is the

properly normalized U�1� coupling and g2 is the SUL�2�
coupling. We do not require at MGUT that g3 is equal to
g1 � g2 but assume that this differences is accounted for
by unknown thresholds due to very heavy particles with
masses of the order MGUT. At MGUT the SUSY breaking
boundary conditions are set. At this scale the trilinear
couplings are obtained multiplying the A parameters with
the Yukawa matrices taking into account the complete
flavor structure. Also in the RGE evolution, the complete
flavor structure is taken into account and we evolve the
parameters at the two-loop order [29]. This clearly induces
off-diagonal elements in the sfermion mass parameters.
The calculation of the SUSY masses is carried out in the
DR scheme and the formulas for the one-loop masses are
generalizations of the ones given in Ref. [77] taking into
account the complete flavor structure and will be presented
elsewhere [78]. In the case of the � parameter and the
masses of the neutral Higgs bosons the two-loop correc-
tions as given in Refs. [79–84] are added. Note that in the
one-loop contributions we use the full flavor structure,
while for the two-loop part we use the approximation
that only the sfermions of the third generation contribute.
The obtained spectrum is then used to recalculate the
thresholds to gauge and Yukawa couplings restarting the
complete procedure. This is repeated until the relative

difference of all couplings and masses between subsequent
iterations is at most 10�5.

The calculation of the Yukawas, in particular Yd, is
important for the calculation of low energy observables.
In the calculation of the Yukawa couplings [see Eq. (1)] we
take into account the thresholds of supersymmetric parti-
cles as given in [10]. Because of the RGE running, off-
diagonal elements in the squark sector are induced which
remain nonzero when going to the super-CKM basis. For
this reason, not only the chargino contributions to the off-
diagonal terms but also gluino and neutralino contributions
are taken into account although the later ones are negli-
gible. The gluino contribution amounts typically to a 10%
correction of the chargino contribution, which is precisely
the order of magnitude one would expect for the two-loop
corrections.

For the calculation of the low energy observables, the
complete formulas are used, including all contributions
stemming from H�, ~��i , ~�0

j , ~g, h0, H0, A0 in case of B
physics observables and the contributions due to ~��i , ~�0

j in
case of a�. More precisely, in case of Bs ! ���� we
combine the formulas of [10,85,86]. However, we use only
the lowest order contributions to CS, CP, C0S, C0P, C10, and
C010 because the complete one-loop QCD corrections to
these Wilson coefficients are not available in the literature.
In the case of �MBq we have used the formulas of
Refs. [10,87]. In the case of b! s� we have used the
formulas given in [69] and we have added the leading SM
QCD corrections as described in [67]. For the SUSY con-
tributions to the anomalous magnetic moment of the muon
we have used the formulas given in [88]. The hadronic
parameters we use in all these calculations are collected in
Table II. In most of the cases we neglect the uncertainty in
these parameters with the exception of fBsB̂

1=2
Bs

that has a
large impact in the Bs mass difference. In the calculation of
the Bs mass difference we compare below the results
obtained fixing this parameter to the value in Table II and
the results varying fBsB̂

1=2
Bs

within the one-sigma range

fBsB̂
1=2
Bs
� �0:295� 0:036� GeV [90].

B. Bs ! ���� in the CMSSM

As we have seen in previous sections, tan� enhanced
Higgs FCNC at low energies are inversely proportional to
the pseudoscalar Higgs mass and are essentially generated
via a stop-chargino loop. In the context of a CMSSM
defined at MGUT it is natural to ask what are the possible
values of these masses and couplings �mA; tan�; . . .� that
can be reached consistently with all the phenomenological
bounds.

We will analyze this problem discussing separately the
case of �> 0 and �< 0. In fact sign��� is a key parame-
ter in the analysis of the phenomenology of the large tan�
limit for two main reasons. First, as well known and
explained in detail in Sec. III, the sign of the SUSY

TABLE I. Numerical values of the SM input. Masses are given
in GeV; for the leptons and the t quark the pole masses, for the
lighter quarks theMSmasses either at the mass scale itself, for c,
b or for u, d, s, at the scale Q � 2 GeV. sij are the sines of the
CKM mixing angle and � the CKM phase.

me 5:110 10�4 mpole
t 172.9

m� 0.1057 mb�mb� 4.25

m
 1.777 mZ 91.1876

mu�Q� 3 � 10�3 GF 1:1664 � 10�5

md�Q� 7 � 10�3 1=� 137.036
ms�Q� 0.12 ��5

had 0.02769
mc�mc� 1.2 �MSs �mZ� 0.1172

s12 � 0:224, s23 � 4:13 � 10�2, s13 � 3:63 � 10�3, � � 1:13
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contributions to several low energy processes like b! s�
and the muon anomalous magnetic moment are determined
by the sign of the � parameter; therefore, the stringent
experimental constraints tend to favor the positive sign of
� especially in the large tan� limit. In addition, as we have
seen in Sec. II, the sign of the chargino one-loop correc-
tions to the down quark Yukawa matrices and, in particular,
of the �0 and ~�j parameters are also fixed by sign���. This
implies that, in the basis of diagonal tree-level down
Yukawa matrices, these one-loop corrections tend to re-
duce or increase these diagonal entries depending on the
sign of � and hence they give rise to a different phenome-
nology. In the �> 0 case, we have that both �0 and ~�j are
positive; therefore, Eqs. (1)–(6) imply that the diagonal
Higgs couplings to the down quarks are smaller than the
naı̈ve expectation, �md=v1. As a consequence, for instance,
FCNC couplings are smaller and effects of down quark
Yukawa matrices in the RGE’s are reduced.

The requirement of correct electroweak symmetry
breaking sets an upper bound on tan�. This is mainly a
consequence of two difficulties: First, at large tan�, both
m2
Hu

and m2
Hd

become negative around the electroweak
scale and the pseudoscalar Higgs becomes tachyonic, as
can be seen in Fig. 3. Secondly, the bottom Yukawa be-
comes nonperturbative near the GUT scale. Furthermore,
in the region with M0 
 M1=2 there is the additional
problem of the lighter stau becoming tachyonic.
Therefore, the points of parameter space that succeed in
generating a correct electroweak symmetry breaking with
large tan� are strongly reduced. These problems are
clearly softened if the entries in the down quark Yukawa
matrices are small as it is the case with �> 0. In fact, for
positive�, values of tan� up to about 60 are still reachable
in the CMSSM.

In the same way we must analyze the possible values of
MA. The mass of the pseudoscalar Higgs is approximately
degenerate to the mass of the heavy scalar Higgs and both
of them are related to the value of j�j. As already pointed
out, at large values of tan� it is possible to reach smaller
values of MA due to the fact that M2

Hd
gets negative which

also is the reason for the smaller value of j�j. This can be
seen in Fig. 3 where we show the possible values of MA in
the CMSSM as a function of tan� for fixed values of
M1=2 � 300 GeV and M0 � 500 GeV. As expected, we
see the different behavior of MA for positive or negative �
at large tan�. For positive � the value of MA is larger than
the corresponding value for negative � and the same value
of tan� due to the smaller effect of the down quark

Yukawas on the RGE running of mHd
. In this plot, we do

not include the experimental constraints on the SUSY
parameter space from direct and indirect processes. In
fact, making a general scanning of all the SUSY parame-
ters, for �> 0, we can still find values of MA as low as
150 GeV corresponding to tan� � 50 consistently with all
constraints, see for instance Fig. 4.

Inserting MA � 150 GeV, tan� � 60, and �> 0 in the
approximate formula given in Eq. (11) we obtain

 BR �Bs ! �����

� 1:9� 10�4 A
2
t

�2

�H2�m2
tL=�

2; m2
tR=�

2��2

�1� �0 tan��2�1� ~�3 tan��2
:

(46)

Taking m~g ’ � ’ m~t and using H2�1; 1� ’ �1=2 we have
�0 ’ 0:012 and ~�3 ’ 0:015. Therefore, a BR�Bs ! �����
between 10�7 and 5� 10�6 would be the maximal value
we can get in this model. In any case, we expect these
regions of large tan� to be strongly constrained by other
FCNC processes like b! s� and �a�. In Figs. 4 and 5 we
present the results for this branching ratio obtained using
the complete formulas and taking into account all the
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FIG. 3 (color online). Values ofMA as a function of tan� in the
CMSSM. Full lines correspond to �< 0 and dashed lines to
�> 0. The SUSY parameters are fixed as m1=2 � 300 GeV and
m0 � 500 GeV; the upper, central, and lower lines correspond to
A0 � �0;�500; 500� GeV.

TABLE II. Numerical values for the B-physics parameters using the notation of Ref. [10]. The
lattice parameter has been taken from Ref. [89].

MBs 
Bs �B fBsB̂
1=2
Bs 
�Bs� �PLR1

�PLR2
�PSLL

1
�PSLL

2

5.3696 GeV 1.461 ps 0.55 �294� 33� MeV 1.461 ps �0:71 0.9 �0:37 �0:72
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constraints. Although many points that give rise to a large
BR�Bs ! ����� are already excluded by the stringent
bounds from FCNC processes, cancellations between dif-
ferent contributions in b! s� still allow a large BR�Bs !
�����.

In Fig. 6 we compare the chargino and charged Higgs
contributions to the Wilson coefficient C7�MW� for the case
of a BR�Bs ! ����� just below the current experimental
bound. With positive �, charged Higgs and chargino con-
tributions tend to compensate and we can find many points
in agreement with the B! Xs� constraints. Moreover
M2
H� ’ M

2
A �M

2
W , thus a small pseudoscalar mass implies

also a small charged Higgs mass. In fact, the experimen-
tally allowed values for Ctot

7 range from �� 0:23 to ��
0:08 while the contribution from the W boson is about

�0:17. This agrees with Fig. 6 where we can see that the
chargino and charged Higgs contributions must be strongly
correlated: in fact, their absolute value can be as large as
0.26 while their sum must range between �0:05 and
�0:10. Therefore we see that, with positive�, it is possible
to have a light pseudoscalar and large tan� generating a
large BR�Bs ! ��� while at the same time keep the sum
of chargino and charged Higgs contributions to b! s�
under control. Figure 6 also shows a couple of points for
which the chargino contribution is sufficiently large to
change the whole sign of the total Wilson coefficient at
the low scale and still remain in agreement with experi-
ments. From the discussion at the end of Sec. III B, it is
clear that such points are excluded by the present measure-
ment of BR�B! Xs‘

�‘�� because their contributions to

FIG. 5. BR�Bs ! ����� as a function of tan� in the CMSSM (upper plots) and MFV (lower plots). See the caption in Fig. 4.

FIG. 4. Correlation between MA and BR�Bs ! �����. All points satisfy the dark matter constraint. The gray points do not survive
constraints from B! Xs� and a�. Gray (orange) dots correspond to scenarios in which Ceff

7 ��b�> 0 although they do not satisfy the
BR�b! sl�l�� constraint.
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C9 and C10 (that lie within the black ellipsis drawn in
Fig. 6) are too small.

A third process, closely related to the Bs ! �� decay,
is the Bs � �Bs mass difference. As discussed in Sec. II,
both processes involve the same FCNC neutral Higgs
coupling, although they have a different MA and tan�
dependence. Note that in this case, the FCNC Higgs cou-
pling enters twice as a double-penguin contribution and
this implies that the change of sign��� does not affect the
relative sign of the SUSY contribution to �MBs with
respect to the SM one, that turns out to be always negative.
However, the size of the FCNC Higgs couplings is smaller
for �> 0 than for �< 0. Recently the D0 Collaboration
was able to set for the first time an upper limit on �MBs :
�MBs � �19� 2� ps�1 at 90% C.L. [31]. It is necessary to

stress that this error is absolutely non-Gaussian and that
there is a 5% probability that �MBs lies anywhere between
21 ps�1 and infinity. Shortly afterwards the CDF collabo-
ration improved this bound [32]: �MBs �

�17:33�0:42
�0:21�stat� � 0:07�syst�� ps�1. Unfortunately this

very precise experimental measure is not fully effective
in constraining the SUSY parameter space due to the large
uncertainty in the theoretical input parameters, mainly
f2
Bs
BBs [90]. In Fig. 7 we compare ReMs

12 with BR�Bs !
���. In fact, �MBs � jM

s
12j, but in our model, as in the

SM, the phase of Ms
12 is at the percent level and thus it is a

very good approximation to the total �MBs . Moreover,
plotting ReMs

12 allows us to control the change of sign of
this amplitude. In this plot we fix the hadronic parameters
to the values shown in Table II. As we can see in the second
plot of Fig. 7 corresponding to �> 0, in the CMSSM and
in the parameter space allowed by FCNC constrains it is
not possible to change significantly the value of �MBs in
the region with BR�Bs ! ����� � 10�6. Consequently
no change of sign of ReMs

12 is possible in the CMSSM with
�> 0. Given the present experimental bound on BR�Bs !
����� � 10�7, we conclude that double-penguin contri-
butions to �MBs cannot lower this mass difference below
17 ps�1. To compare this value with the experimental
measure by the CDF Collaboration we must take into
account the uncertainty in the hadronic parameters. In
Fig. 8 we present the range of values we can reach varying
the value of fBsB

1=2
Bs

in the interval [0.259, 0.331] GeV [90].
As we can see, after taking into account the theoretical
uncertainty, the �MBs constraint can never compete with
the bound on BR�Bs ! �����.

In the case of negative�, we have that both �0 and ~�j are
negative. Equations (1)–(6) imply that the diagonal Higgs
couplings to the down quarks are larger than the naı̈ve
expectation, �md=v1, and of the corresponding couplings

FIG. 6 (color online). Charged Higgs and chargino contribu-
tions to the C7 Wilson coefficient in CMSSM as function of tan�
corresponding to large BR�Bs ! ��� and �> 0. Dark gray
(red) points refer to chargino and black points to charged Higgs
contributions. Light gray points do not survive the FCNC con-
straints.

FIG. 7 (color online). Correlation between ReMs
12 and BR�Bs ! �����. See the caption in Fig. 4.
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for �>0. Hence, FCNC couplings are larger and the ef-
fects of down quark Yukawa matrices in the RGE’s is en-
hanced. This implies that the previously encountered prob-
lems with electroweak symmetry breaking occur now al-
ready at tan� ’ 45. Regarding the possible values of MA,
we see in Fig. 3 that, for negative �, MA tends to be much
smaller than in the�>0 case due to the effects of the large
down quark Yukawas on mHd

. Taking into account the
constraints from BR�B!Xs�� and a�, we can only find
allowed pointswith MA * 750 GeV and tan�’40.

Taking �< 0, x ’ y ’ 1, and m~g ’ � ’ m~t in Eq. (46),
we get �0 ’ �0:012 and ~�3 ’ �0:015; thus, in principle,
we obtain an extra enhancement from the denominator of
Eq. (46) instead of the suppression we get in the case of
�> 0. However, using the allowed masses (as obtained
above) we find that the maximum branching ratio we can
get is about ’ 10�7. In the numerical analysis, the maxi-
mum branching ratio we obtain is always below 10�8 as we
can see in Fig. 5, because we have never obtained simul-
taneously these extreme values for the masses and the
quantities �0, ~�j while being consistent with all the differ-
ent constraints. In particular the b! s� constraint requires
heavy squarks and Higgs bosons and �a� requires in
additions heavy sleptons. Therefore, the SUSY contribu-
tions to BR�Bs ! ��� remain small for negative � in the
CMSSM.

Regarding the Bs � �Bs mass difference, the double-
penguin contribution has an opposite sign to the SM con-
tribution, hence, reducing the predicted value of �MBs . As
we explained above, Higgs FCNC couplings are now larger
for �< 0 and we expect larger effects than for �> 0. In
fact we see in Fig. 7 that with negative � it is still possible
to change the sign of ReMs

12, although only very rarely.
However, once we impose the indirect constraints we see
that no change in �MBs from the SM expectations is

possible. This result seems to differ from the analogous
plots (Fig. 23) of Ref. [9]. In fact, both figures would
perfectly agree if the b! s� constraints are not imposed.
This is only due to the difference in the MSSM models
considered in both works. Buras et al. analyze a general
MSSM defined at the electroweak scale with the different
parameters unrelated and only constrained by low energy
experimental observables. In this framework they have the
freedom to assume a relative sign between At and �
independently of the sign of �. In our model, all the
parameters are defined at MGUT and the sign of Ai at the
electroweak scale is always negative due to the dominant
(negative) gaugino contribution in the RGE evolution.
Therefore our results would agree without the b! s�
and �a� constraints: taking into account these constraints,
large effects are not possible in this GUT inspired model.

Finally, we analyze the effect of dark matter constraints
on this process. Although the lightest neutralino of the
CMSSM is a good dark matter candidate, it is well known
that in most of the parameter space of this model a too large
dark matter density is generated. Only under certain spe-
cific conditions a correct value of �~�0h2 is generated after
annihilation of the excess neutralinos among themselves or
coannihilation with other light sparticles. The regions
where these conditions are possible follow:

(1) The bulk annihilation region, at low values of m1=2

and m0, where neutralinos annihilate in pairs at a
sufficient rate via t-channel slepton exchange.

(2) The stau coannihilation region, where neutralinos
coannihilate with staus, given that m~�0 ’ m~
.

(3) The focus point region, at large m0 where the value
of j�j is small and the neutralinos have a significant
Higgsino component enhancing the annihilation
into WW and ZZ pairs.

(4) The funnel region, which occurs at very large tan��
45–60 and the pseudoscalar massmA � 2m~�0 so that

FIG. 8 (color online). Correlation between ReMs
12 and BR�Bs ! ����� including theory errors. The points satisfy all the

constraints. The gray shaded area corresponds to theory uncertainties. The line is the experimental value of �MBs
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neutralinos annihilate into a fermion pair through a
pseudoscalar Higgs boson in the s channel.

Given that in this paper we are mainly interested in the
large tan� region, it is clear that we can expect the funnel
region to play a special role in our analysis. In Figs. 9 and
10 we plot the allowed points in the mA �m~�0 and m~
 �

m~�0 planes. Here we select points in the stau coannihilation
region (black points) for which the difference between m~

and m~�0 is less than 10%. Similarly we select the funnel
points when �MA � 2m~�0�=�A � 6. Taking into account

that �A / MAtan2��3m2
b �m

2

�, we have that at large

tan� the difference between neutralino and pseudoscalar
masses can be larger. In Fig. 9, we see that the funnel
region is wider at low pseudoscalar masses because low
pseudoscalar masses correspond to large tan�. In the same
way, Fig. 10 shows clearly all the coannihilation points
concentrated around theMA ’ 2m~�0 line. It is interesting to
notice that we have points where both the funnel and
coannihilation mechanisms are active (although we plot
them as coannihilation points, i.e. black points). In fact, in

FIG. 10 (color online). Correlation between M~
 and M~�0 . See the caption in Fig. 9.

FIG. 9 (color online). Correlation between MA and M~�0 . Black and light gray (orange) points corresponds to stau coannihilation and
funnel, respectively. In the MFV case, the dark matter constraint also can be fulfilled by a neutralino with a sizeable Higgsino
component [dark gray (red) points].
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these points the cross sections for ~�0~
�1 ! �
� and/or
~
�1 ~
�1 ! f �f constitute more than 10% of the total annihi-
lation of SUSY particles. This means that these points
correspond to the coannihilation region. Moreover the ratio
of ~�0 ~�0 ! b �b and ~�0 ~�0 ! 
�
� channels is proportional
to �mb=m
�

2 which means they are mediated by a Higgs
particle and hence they belong also to the funnel region.

In the CMSSM we scan values of m0 and M1=2 up to
1 TeV and thus we do not enter the focus point region. In
any case, points belonging to the focus point region have
very heavy sfermion and pseudoscalar Higgs masses and
therefore they have no effect on the processes we are
analyzing here. The bulk region is already very constrained
in the CMSSM scenario due to the bounds on the masses of
the lighter chargino and the light scalar Higgs boson and
pure bulk annihilation is nearly excluded.

In Fig. 11 we present for completeness the correlation
between MA and M~�0 imposing the full one-sigma bound
on the dark matter abundance from Eq. (44). In this case
the number of allowed points is reduced but the main
features of our analysis remain valid.

C. Bs ! ���� in the general MFV MSSM

In this section we analyze the effects of flavor-changing
Higgs couplings in a general MFV MSSM defined at the
GUT scale. In this model we assign different soft masses
and trilinear couplings to the different representations
under the SM gauge group and thus we have 13 indepen-
dent parameters. The main difference with the CMSSM
analyzed in the previous section concerns precisely the
Higgs soft masses that are not related with the squark or
slepton masses. In this way we can obtain lighter Higgs
masses while at the same time the sfermion masses are
heavy enough to satisfy the stringent FCNC constraints.

Again we distinguish the cases of �> 0 and �< 0.
Analogously to the CMSSM case, �> 0 implies that both
�0 and ��j are negative. Therefore Yukawa couplings are
reduced and their effects in FCNC and the RGE evolution
is smaller.

The values that can be obtained for mA and tan� in this
general MFV model are similar to the values obtained in
the CMSSM case, as can be seen in Fig. 12. Therefore, in
principle, similar values for the BR�Bs ! ����� are

possible in both models. However, as we will show here,
after taking into account the FCNC constraints, combina-
tions of �mA; tan�� that would be forbidden in the CMSSM
are now allowed in the MFV model. Thus it is easier to
obtain larger values for BR�Bs ! ����� consistently
with the FCNC constraints. This can be seen in Figs. 4
and 5 where for positive � we obtain similar values for
BR�Bs ! ����� as in the CMSSM case although the
dependence of BR�Bs ! ����� on MA and tan� is less
defined than in the CMSSM case. In these figures we find
larger values for the branching ratios with respect to the
CMSSM case with smaller values of MA or tan�.

How are the b! s� and a� constraints satisfied in this
case? The main difference between the CMSSM and the
MFV model is the fact that now different scalar masses are
independent and therefore it is possible to have light Higgs
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FIG. 12 (color online). Values of mA as a function of tan� in
the CMSSM. In this plot all sfermion masses are equal to
500 GeV and m1=2 � 300 GeV and A0 � 0. Full lines corre-
spond to �< 0 and dashed lines to �> 0. Starting from the
uppermost line downward, the Higgs mass parameters are
mH1

; mH2
� f�300; 150�; �300; 300�; �150; 150�; �150; 300�g GeV,

respectively.

FIG. 11 (color online). Impact of the one-sigma dark matter bound on the correlation between MA and M~�0 .
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masses with heavy sfermions. Apart from this difference,
the case of positive � is qualitatively similar to the
CMSSM. In Fig. 13 we present the values of the Wilson
coefficients CH7 and C~�

7 for �> 0 and �< 0. For �> 0
the situation is very similar to the situation we found in the
CMSSM. The only difference is that we can find points
with BR�Bs ! �����> 5� 10�8 for comparatively
smaller values of tan� and that we do find several points
with C~�

7 > 1 that change the total sign of C7, although they
are always forbidden by the B! Xsl�l� constraint as
expected [51].

Regarding the Bs � �Bs mass difference, we see in Fig. 7
that for �> 0, the MFV case is still very similar to the
CMSSM one. However we can see that now it is possible to
change the sign of Re�Ms

12� if we disregard the �Bs !
����� constraint. Once we impose the new CDF and
D0 constraint on BR�Bs ! �����, no sizeable change
in �MBs is possible and taking into account the theoretical
errors as done in Fig. 8 the allowed points always agree
with the recent experimental result from the CDF
collaboration.

In all these plots, the main difference between the
CMSSM and the MFV cases can be seen for �< 0.
Once more �< 0 implies that both �0 and �j are negative.
From Figs. 4 and 5 we can see that, as opposed to the
CMSSM case, we can reach BR�Bs ! ����� ’ 10�6

with �< 0 consistently with all the constraints and for
values of tan� as low as 40. This is due to the negative sign
of the parameters �0 and ~�3. In fact for �> 0 the factor
1=��1� �0 tan���1� ~�3 tan��� can amount to a suppres-
sion by a factor 10 for tan� � 50 and �0 � 0:012 while it
represents an enhancement factor of 20 for tan� � 40 and
�0 � �0:012. Therefore, for the same values of MA and
tan� we can get an enhancement of 2 orders of magnitude
when changing from �> 0 to �< 0.

The main question is how are the different indirect
constraints satisfied for these points. From Fig. 13, we
see that, in this case, both CH7 and C~�

7 are negative as
expected and both of them are very small as required by
the b! s� constraint summing up to, at most, 0.05. This is
possible only with a rather heavy spectrum although we

want to keep the Higgses as light as possible in order to
have a large BR�Bs ! �����. Similarly, even taking a
conservative a� bound at 3�, only a rather heavy SUSY
spectrum is allowed. However, in this model the Higgs
masses are independent from the rest of the SUSY spec-
trum and hence we can still find sizable Higgs contribu-
tions to the decay (Bs ! ����). In any case it is clear
from the density of point with large branching ratio that all
these points require a certain degree of fine-tuning to
satisfy these requirements.

Finally we discuss the dark matter constraints. From
Figs. 9 and 10 we can see the regions of parameter space
allowed by the dark matter constraints. The main differ-
ence between the CMSSM case and the general MFV
scenario is the appearance of a new set of allowed points
that correspond to neutralinos with a sizeable Higgsino
component. This also has been noted previously in models
where the Higgs-mass parameter has been decoupled from
the sfermion parameters [23–25]. Now the coupling of the
Z boson to a lightest supersymmetric particle pair is en-
hanced and the neutralinos annihilate through a Z boson in
the s channel. This situation is similar to the focus point
region in the CMSSM. However, in contrast to the focus
point situation, the sfermions and Higgs masses can be still
of the order of a few hundred GeVs. This leads to the
observed smear-out of the different regions in the MFV
scenario.

V. LARGE BR�Bs ! ����� COLLIDER
PHENOMENOLOGY

In the first part of this section we assume that a branch-
ing ratio for the decay Bs ! ���� has been measured
between 8� 10�8 and 10�7 and explore the consequences
for the phenomenology of high energy colliders [91]. In the
second part we will briefly comment on the occurrence of
flavor violating SUSY decays.

We have seen in the previous section, that such a large
branching ratio for Bs ! ���� requires a light pseudo-
scalar Higgs boson and large tan� as it scales as
tan6�=m4

A0 . In the case of the CMSSM this indeed implies

FIG. 13 (color online). Charged Higgs and chargino contributions to the C7 Wilson coefficient in MFV as a function of tan�. Dark
gray (red) points refer to chargino and black points to charged Higgs contributions. Gray (orange) points are points where Ctot

7 changes
sign although they are not allowed by the BR�b! sl�l�� constraint. Gray points do not survive the FCNC constraints.
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an upper bound of about 570 GeVand a low bound on tan�
of about 50 as can be seen in the left plot of Fig. 14 where
the black points are those satisfying all low energy bounds
while yielding the large branching ratio. In the right plot of
Fig. 14 we see that these bounds get considerably weaker
in the MFV case. The reason is that the tight correlations
between the various SUSY masses is broken up and it is
easier to satisfy the low energy constraints, in particular
b! s�. Nevertheless, we find a lower bound of about 20
for tan� and an upper one of about 950 GeV formA0 . In the
CMSSM upper bounds on the masses of other particles are
obtained, e.g. the chargino has to be lighter than 600 GeV
as can be seen from Fig. 15 wherem~��1

is shown versusm~t1 .
In the case of the MFV scenario the bound on m~��1

is about
850 GeV. Note that the upper bound on m~��1

implies in
CMSSM (MFV) also an upper bound on m~g of about
1.7 TeV (2.4 TeV). As a consequence the discovery of
SUSY [92] is guaranteed in both scenarios due to gluino
production. An important question is if the heavier Higgs
boson can be detected at LHC. In the CMSSM it turns out
that in the region with large BR�Bs ! ����� the heavier
neutral Higgs bosons can be detected via the decays into
the 
�
� final state with 30 fb�1; see [93] and references
therein. In the region with MA0 & 350 GeV also the
���� final state can be used in case of an integrated
luminosity of 60 fb�1. Also the charged Higgs bosons
should be visible via its decay into 


 [93]. In the case
of the general MFV scenarios the regions with tan� & 25

and/or mA0 * 800 GeV will most likely require larger
statistics for detecting the heavy Higgs bosons. In the
MFV scenario and to a much lesser extent in the
CMSSM scenario there are some points with mH� <mt �
mb implying that the branching ratio t! b
�

 will be
modified. Numerically we find that there are 3 (10) data
points (out of 40 000 points) in the region with BR�Bs !
���� > 8 � 10�8� [BR�Bs ! ���� < 8 � 10�8�] with a
maximal value of BR�t! b
�

� of 12 (21)%.

We also have checked if the running fromMGUT down to
MEWSB can induce any sizable flavor violating branching
ratio in the decays of SUSY particles. As expected, these
decay branching ratios are in general very small, of the
order 10�5 and below. There are a few points in the MFV
scenario where BRs of the order 10�3 can be obtained e.g.
for ~b1 ! ~��1 c due to a kinematical suppression of ~b1 !

~��1 t and ~b1 ! ~�0
2b. In these points ~b1 is mainly a ~bL and

thus the coupling ~b1 � ~�0
1 � b is reduced due to the small

hypercharge of ~QL implying a reduction in the decay mode
~b1 ! ~�0

1b. However, it has to be expected that the SUSY
background of ~sL ! ~��1 c will be too large to observe this
mode at LHC.

In the literature (for an incomplete list see [94–107])
often an approximate solution of the ~t1 � c� ~�0

1 coupling
is used which results from a one-loop integration of the
flavor violating RGEs forM2

Q;23 and Au;23 [108] resulting in
a mixing between ~cL and ~t1. The projection � of ~cL onto ~t1
can be written as:

FIG. 15 (color online). Correlation between M~t and M~�� in a large Bs ! �� scenario. Gray (orange) points have BR�Bs !
���< 8� 10�8; black points have 8� 10�8 < BR�Bs ! ���< 10�7.

FIG. 14 (color online). Correlation between tan� and MA in a large Bs ! �� scenario. Gray (orange) points have BR�Bs !
���< 8� 10�8; black points have 8� 10�8 < BR�Bs ! ���< 10�7.
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 � �
�L cos	t � �R sin	t

m2
~cL
�m2

~t1

; (47)

 

�L � �
g2

16�2 ln
�
M2
X

m2
W

�
V�tbKcbY

2
b�M

2
~Q;3
�M2

~dR;3

�M2
H1
� A2

b�; (48)

 �R �
g2

16�2 ln
�
M2
X

m2
W

�
V�tbKcbY

2
bmtAb; (49)

resulting in the ~t1 � c� ~�0
1 interaction

 L � �
���
2
p �

g0N11

6
�
gN12

2

�
� �cPR ~�1~t1 � H:c: (50)

Here 	t is the mixing angle between left and right stops.
All the quantities should be taken at the MGUT as this is a
one-step integration of the RGES. Because of the largeness
of mt it can happen that all two-body decays of ~t1 are
kinematically suppressed or even forbidden at tree-level
and that the main decay mode is ~t1 ! ~�0

1c. In the MFV
scenario we find indeed a couple of points where the tree-
level decays are suppressed. These are the points shown in
the lower left corner of Fig. 15. Depending on the coupling
strength it might be possible that ~t1 hadronizes before
decaying and therefore it is important to check the quality
of this approximation. In Fig. 16 we show the ratio of the
approximate coupling over the exact calculation using
numerical solutions of the RGEs. One sees that for nonzero
A0 the approximation gives roughly the order of magnitude
but can be by a factor 100 in certain cases. Note that this
corresponds to a factor 104 in the partial width. In the case
A0 � 0 the difference can even be larger which is due to
the smallness of the exact coupling. The minimum of the
exact coupling around tan� � 10 is due to a cancellation
between the ~tL � ~cL mixing and the ~tR � ~cL which is not
obtained within the approximation because the ~tR � ~cL is
zero in this case. We have used the approximation formula

for the calculation of the decay ~t1 ! c~�0
1 getting a maxi-

mal branching ratio of 7 � 10�3 which is about a factor of
200 larger than the exact calculation. From this we con-
clude that results obtained using this approximate formula
have to be taken with some care and that an observation of
the decay mode ~t1 ! c~�0

1 would be a clear indication of the
existence of nonminimal flavor violation structures.

VI. CONCLUSIONS

We have analyzed flavor-changing processes in a mini-
mal flavor violating supersymmetric model at the GUT
scale. Two examples of this kind have been studied and
compared in more detail; the usual constrained MSSM and
a completely generic MFV model defined at the GUT
scale. In the analyses of these models we have used two-
loop renormalization group equations taking into account
for the first time the complete flavor structure in the run-
ning of the parameters. We have applied all the updated
constraints available at the moment including the last
measurement of the Bs mass difference by CDF and the
dark matter relic abundance from the third year results of
the WMAP experiment.

The main objective of our analysis has been the study of
the Bs ! ���� decay. This decay rate is enhanced by
additional powers of tan� when mediated by neutral
Higgses. In both the generic MFV and even the CMSSM
scenario we indeed find that enhancements of the BR�Bs !
����� of several orders of magnitude are still possible
consistently with all other constraints. This implies that the
present bound from the D0 and CDF experiments already
can rule out a large part of large tan� and smallMA regions
in the parameter space of these models.

In the CMSSM, large values (close to the current bound)
for the Bs ! ���� decay would necessarily imply a
value of tan� � 50, a light pseudoscalar, MA �
570 GeV, and positive sign of the � parameter. These
points of the parameter space can still satisfy the stringent
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FIG. 16 (color online). Left plot: approximate ~t1 � c� ~�0
1 coupling over the exact one as a function of tan� in the CMSSM. Right

plot: exact ~t1 � c� ~�0
1 couplings a function of tan� in the CMSSM. In both plots, full lines correspond to �< 0 and dashed lines to

�> 0. The SUSY parameters are fixed as m1=2 � 300 GeV, m0 � 500 GeV. Starting from the uppermost line downward, we have
A0 � ��500; 500; 0� GeV in the left plot and A0 � �0; 500;�500� GeV in the right plot.
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b! s� constraints due to the opposite sign of the chargino
and charged Higgs contributions. We have also checked
explicitly that the new constraint from BR�B! Xsl�l��
eliminate all the points of the parameter space where a
large chargino contribution is able to reverse the sign of the
C7 Wilson coefficient. Unfortunately, the new experimen-
tal results on the Bs mass difference are not effective to
constrain the parameter space of the CMSSM once the
Bs ! ���� bounds are applied. This is due to the large
theoretical uncertainty in the calculation of the Bs mass
difference. With respect to the dark matter constraints, we
have seen that the allowed points with sizeable flavor-
changing effects correspond to the funnel and coannihila-
tion regions.

In the generic MFV model, many of the well-defined
regions observed in the CMSSM scenario are smeared out
due to the fact that the Higgs masses are now independent
from the other soft-breaking parameters. Now, having 8�
10�8 � BR�Bs ! ����� � 1� 10�7 would only re-
quire tan� � 20 and MA � 950 GeV. Moreover, it is still
possible to obtain these large branching ratios with nega-
tive values of the � parameter at the expense of some fine-
tuning to fulfil the b! s� constraint and satisfy the �a�
bound at the 3� level. As in the CMSSM case, the lack of
more precise hadronic parameters in Bs decays prevents us
to use the precise experimental results to further constrain
the allowed parameter space. Furthermore we have seen
that in a generic MFV scenario at the GUT scale a new set
of points with a correct dark matter abundance appears,
corresponding to neutralinos with a large Higgsino com-
ponent. These points can still have relatively light Higgses
and sfermions compared to the focus point region of the
CMSSM, and therefore their contribution to FCNC pro-
cesses can be sizeable.

Finally, we also have explored the phenomenology to be
expected at collider experiments as LHC if a 8� 10�8 �
BR�Bs ! ����� � 1� 10�7 is measured. The main fea-
ture of this scenario is that the SUSY spectrum is relatively
light and SUSY should be discovered at LHC. The neutral
and charged Higgses in this scenario should also be visible
at the LHC. In some cases with light mH� the branching
ratio of the top quark into b
�

 will be modified from the
SM expectations due to charged Higgs mediation. We have
studied the flavor violating decay t! �0

1c and we have
found that large branching ratios are not found in contrast
with the results in the literature obtained using approxi-
mate formulas.
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APPENDIX A: SFERMION MASS MATRIX

The 6� 6 sfermion mass matrices are given by

 M2
~f
�

M2
~fL
� �T3

I �Qfsin2	W� cos2�m2
Z �M

2
f Y�Af

v��
2
p ���� �Mf�����

YAf
v��
2
p ���� �Mf�

����� M2
~fR
�Qfsin2	W cos2�m2

Z �M
2
f

 !
; (A1)

where

 

�
���� � cot�;���� � sin� for T3

I �
1
2

���� � tan�;���� � cos� for T3
I � �

1
2

; (A2)

and YAf are the trilinear matrices equal at MGUT to YAf �
YfAf. These matrices are diagonalized by the 6� 6 unitary
matrices �f:

 diag �M~f1
; . . . ;M~f6

� � �~f �M
2
~f
� �y~f : (A3)

The 6� 3 left and right block components of the mixing
matrices are defined as

 �6�6
~f
� ��6�3

~fL
�6�3

~fR
�: (A4)

In the flavor-blind scenario, the most important off-
diagonal entry in the above squared mass matrices is the
third generation LR mixing. Below we present the analytic
expressions of the 2� 2 stop system:

 M2
~t �

M2
~tLL

e�i’~tM2
~tLR

ei’~tM2
~tLR

M2
~tRR

 !
; (A5)

where

 M2
~tLL
� m2

Q3
� �12�

2
3sin2	W� cos2�m2

Z �m
2
t ; (A6)

 M2
~tRR
� m2

U3
� 2

3sin2	W cos2�m2
Z �m

2
t ; (A7)

 M2
~tLR
� mtjAt �������j; (A8)
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 ’~t � arg	At �������
: (A9)

The eigenvalues are given by

 2m2
~t1;~t2
� �M2

~tLL
�M2

~tRR
� �

�������������������������������������������������������
�M2

~tLL
�M2

~tRR
�2 � 4�M2

~tLR
�2

q
;

(A10)

with m2
~t1
� m2

~t2
. We parametrize the mixing matrix R~t so

that

 

~t1
~t2

� �
�R~t ~tL

~tR

� �

�
e�i=2�’~t cos	~t e��i=2�’~t sin	~t

�e�i=2�’~t sin	~t e��i=2�’~t cos	~t

 !
~tL
~tR

� �
; (A11)

where ’~t is given in Eq. (A9) and
 

cos	~t �
�M2

~tLR

�
� 0; sin	~t �

M2
~tLL
�m2

~t1

�
� 0;

�2 � �M2
~tLR
�2 � �m2

~t1
�M2

~tLL
�2:

(A12)

APPENDIX B: CHARGINO MASS MATRIX

The chargino mass matrix

 M ~��

�� �
M2 mW

���
2
p

sin�
mW

���
2
p

cos� �

 !
(B1)

can be diagonalized by the biunitary transformation

 U�j�M
~��

��V
�
k� � m~��j

�jk; (B2)

where U and V are unitary matrices such that m~��j
are

positive and m~��1
<m~��2

.

APPENDIX C: NEUTRALINO MASS MATRIX

We define N�j as the unitary matrix which makes the
complex symmetric neutralino mass matrix diagonal with
positive diagonal elements:

 N�jM
~�0

��N�k � m~�0
j
�jk; (C1)

where m~�0
j
< m~�0

k
for j < k. In the basis

  � � f ~B; ~W0; ~Ha; ~Hbg; (C2)

the complex symmetric neutralino mass matrix has the
form

 M ~�0

�� �

M1 0 �mZ cos� sin	W mZ sin� sin	W
0 M2 mZ cos� cos	W �mZ sin� cos	W

�mZ cos� sin	W mZ cos� cos	W 0 ��
mZ sin� sin	W �mZ sin� cos	W �� 0

0
BBB@

1
CCCA: (C3)

APPENDIX D: LOOP FUNCTIONS

In this appendix, we collect the different loop functions
in the text:

 H2�x; y� �
x logx

�1� x��x� y�
�

y logy
�1� y��y� x�

; (D1)

 S0�x� �
4x� 11x2 � x3

4�1� x�2
�

3x3

2�1� x�3
logx; (D2)

 f1�x� �
�7� 5x� 8x2

6�1� x�3
�

2x� 3x2

�1� x�4
logx; (D3)

 f2�x� �
3x� 5x2

2�1� x�2
�

2x� 3x2

�1� x�3
logx; (D4)

 f3�x� �
1

2�x� 1�3
�x2 � 4x� 3� 2 lnx�; (D5)

 Y�x� �
�3x3 � 2x2

2�x� 1�4
logx�

8x3 � 5x2 � 7x

12�x� 1�3
; (D6)

 W�x� �
�32x4 � 38x3 � 15x2 � 18x

18�x� 1�4
logx

�
�18x4 � 163x3 � 259x2 � 108x

36�x� 1�3
; (D7)

 f5�x� �
x

1� x
�

x

�1� x�2
logx; (D8)

 f6�x� �
38x� 79x2 � 47x3

6�1� x�3
�

4x� 6x2 � 3x4

�1� x�4
logx;

(D9)

 f7�x� �
52� 101x� 43x2

6�1� x�3
�

6� 9x� 2x3

�1� x�4
logx; (D10)

 

c0�m2
1; m

2
2; m

2
3� � �

� m2
1 log

m2
1

�2

�m2
1 �m

2
2��m

2
1 �m

2
3�

� �m1 $ m2� � �m1 $ m3�

�
; (D11)
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c2�m
2
1; m

2
2; m

2
3� �

3

8
�

1

4

� m2
1 log

m4
1

�2

�m2
1 �m

2
2��m

2
1 �m

2
3�

� �m1 $ m2� � �m1 $ m3�

�
; (D12)

 

d2�m
2
1; m

2
2; m

2
3; m

2
4�

� �
1

4

� m4
1 log

m4
1

�2

�m2
1 �m

2
2��m

2
1 �m

2
3��m

2
1 �m

2
4�

� �m1 $ m2� � �m1 $ m3� � �m1 $ m4�

�
: (D13)
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