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Analysis of enhanced £ effects in minimal flavor violation GUT scenarios
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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 By — u™ u~ and its correlations with other observables like BR(b — s7), BR(b — sI*17), AMp
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(B, — u* ™) 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(B; — u"u ™) =~ 1077, we analyze the predicted
MSSM spectrum and flavor violating decay modes of supersymmetric particles which are found to be

small.
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L. 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].
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Several interesting flavor-changing processes can take
place for large values of tan/3 at a rate much larger than the
corresponding expectations from the SM. A particularly
interesting process in this scenario is the decay B; —
u*u~ which has been shown to receive enhancements
of even 3 orders of magnitude with respect to the standard
model expectations for large tan/3 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 Mgyt
in terms of m, m, s, A, tanB, and sgn(u) 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 B, — u* u~ 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
Mpanek t0 Mgyt 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 B, — B, mixing
[31,32], muon anomalous magnetic moment [33], b —
siT1™ [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(B; — u" ™) from the DO and CDF collaborations
[38]. In this framework, we study the neutral Higgs effects
in the decay B, — u" u~ and the B, 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 tanf enhanced
observables like the b — sy 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 MFV at the
GUT scale within the CMSSM. In these two scenarios they
also analyze By — u* u™, A(My ), b — s, kaon physics,
and neutral Higgs boson physics. We have found agree-
ment with respect to their results on By — u* u™, A(Mp ),
b — sy which are also covered in this paper. In addition
we consider these observables in an extended model and
include also b — sI71~, 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
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neutral currents (FCNC) and study their phenomenological
effects in the B, — u* u~ decay and the B, mass differ-
ence which are enhanced by additional tanf factors. In
Sec. III we analyze the correlations of these Higgs-
mediated processes with other tan3 enhanced observables
like the b — sy decay, the muon anomalous magnetic
moment, and the b — sI* [~ decay. In Sec. IV we describe
the procedure used in our numerical analysis and present
our results for the B, — u* ™ 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 B, — u" u~ is found with a branching ratio close
to the present bounds. Finally, in Sec. VI we present our
conclusions.

I1. HIGGS-MEDIATED FCNC’S

The MSSM is classically a type II two-Higgs doublet
model. This means that one of the Higgs fields, H,,, couples
only to the up quarks while the other, H,, couples only to
the down quarks. In this way, dangerous tree-level Higgs-
mediated FCNC’s are avoided. However, the presence of
the p term in the superpotential breaks the symmetry
protecting this structure. Therefore quantum corrections
modify this type II structure and generate couplings of
H} to up quarks and of H, :[ 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 tang.
However, in the following we summarize the main features
of Higgs-mediated FCNCs, relevant for our analysis, in the
limit of large tanB. 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, H,, to the down
quarks through a stop-chargino loop. There are also similar
couplings mediated by gluino loops and the corresponding
H,; couplings to up quarks. The effective Yukawa
Lagrangian at one-loop is

\
| H,
\
A
g Ay, A
bR / \ S
[ |
b ~ 7 _ v
Yb hd u hu Vi

FIG. 1 (color online). Flavor-changing coupling of the up
Higgs boson, H,, to the down-type quarks.
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Ly = —dyYidg Hy + dy (AY?);;dg H,
+MLY MRH +ML(AY)MRHd, (1)

where Yfi and Y} include also the one-loop corrections to
the H,; down quark and H, 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 tanB limit,
the contributions to the down quark mass matrix are

d

“au(rioy g+ @ )
vV -

= T;dLi(Yﬁéi j+anB(AY9);)dp +He, (2)
where we can see the appearance of a tanB 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]:

L£a = + (AY?), dg, + He.

i g
Lo=—dp [— 4 385, + (AYY), 8 )dy 0
5 L"(vd(l + Ejtanﬂ) ( Jijx > R;
+ H.c,, 3)
with  § = (H° 1% A°, G°), x5 = (cosa, —sina, ising,

—icosf), and x5 = (sina, cosa, —icosfB, —isinf3). Here,
m denotes the running quark mass that can be extracted by
experiments, the parameter €; accounts for the tanf en-
hanced corrections to the down quark eigenvalues [10,39]
and it is given by

€, =€ + |K3;*yiey,

2 2
2 mg, Mg,
€ = 2a;, H , ,
0 *3mmyg 2( mZ’ m? (4)
_ Al msz m%k
€y =——H(—.—)
lom=p “\p” pn

where the loop function is defined in Appendix D. Using
the fact that' H,(1,1) = —1/2 and taking the limit mg =
= m; =~ —A,, we obtain € = sign(u) - 0.012 and &; =~
sign(u) - 0.015. Finally (AY9),; is given by

(AY9),; = ya,(€08;; + v K3Kzj€y), &)

with y, 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

"We have that H,(x, x) goes from —0.18 for x = 4 to —1.7 for
x=0.1.
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_ my,
Lo=—d (. A
§° L’(vd(l + €;tanp3)
+Ly e(x — x3tanpB) |dg S°
v,(1 + & tanpB)? Ao &b g R

+ H.c,, (6)

with A§j = 0 and A§ = K3;K5;. 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 tanf8 enhanced off-diagonal couplings propor-
tional to x5 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.”

A. The decay B, — p "~

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

BR(B,— utu)<1.0Xx1077 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 tanS-enhanced neutral
Higgs terms to this decay which contribute mainly through
two effective operators:

2G o
H o = f g Ktme[csmb(bRsL)uz)
+ CPmb(bRSL)(IYSZ)]- (8)

The dominant contributions to the Wilson coefficients Cg
and Cp in the large tanS3 limit are

_myim} Agan’ BHy(m3, [ u?, mi [ u?)

ST aM?, (1 + e tanB)(1 + & tanp)
sin( — B)cosa  cos(a — B) sina
X |: M2 B M2 :|’ (9)
H° h°
Co o _mym; Ajan’ BHy(mi /P mi /pP) [ 1
P 4M2, u(l + etanB)(1 + & tanB) | M>

For large tanf3 we can neglect the Mi(, contribution and,
taking Mo = M,, we find that® Cg = Cp. Therefore, the
leading contribution to the bgps; — u*u~ amplitude is
given by

2Other papers study the large tanf effects in 7 decays [40—
42], flavor-changing decays of the Higgs bosons [43,44] and
colhder processes [45—47].

*However, 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 M, = 250 GeV, Cg = Cp is
a very good approximation.
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A (s, = pu7)

. n_12 rhhmMK:‘me
"(1 + egtanB)(1 + & tanB)
tan’ B

A
M

X —— Hz(mzL/M mtR/MZ) (10)

A

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

T Fp, 2

BR(B, = p'u7) = 22107 [1 5 ps}[230 MeV}
m, tan376[ 350 GeV 4
“lmse] 50 L)

A2 (Hy(m [ u?, mi [ pu?))?
n? (1 + € tanB)*(1 + & tanB)?’

(1D

and we see that the branching ratio for this decay scales
like tan®B/m%. As we will show below, given the new
experimental bounds from CDF and DO, this process is
already able to probe a sizable part of the large tanf8
parameter space.

B. B! mass differences

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

AMpg = (17.337333(stat) = 0.07(syst) ps~!,  (12)
while the B, mass difference is
AMp, = (0.500*937(stat) = 0.07(syst)) ps~'.  (13)

The basic formula for the B, mass difference is [10]

AMB = G2 MB UBFB BB |K |2|Ff1,, (14)
with
Fi = [so<m IM3) + —cxek&m)} OV ()

+ PLRCLR(y,) + PLECER (1) + PfLL[c§LL(M)

+ G ()] + PGS (w) + SRR ()] (15)

The different Wilson coefficients are defined in [10] and
r = 0.985 describes the O(a,) radiative corrections to
So(m?/M3,) in the SM.

As shown in Refs. [10,50], the same flavor-changing
Higgs couplings generating the leading contribution to
the decay B, — u™u~ at large tanB induce a Higgs-
mediated double-penguin contribution to B, ; — B, 4, mix-
ing. In the large tan 8 regime, the dominant contributions to
the B, mass differences are given by the usual SM box
and by the double-penguin contribution
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V2Gg

2M2

AMy, = |K,, |2[s0( m2/M3,) -

Atan* B
(1 + eotanB)*(1 + &tanB)* u’mj

X (Hy(m2, | 12, m%R/;ﬁ))Z}

myin, my

(16)

with ¢ = s, d, and Sy(x) defined in the appendices. From
this expression we can see that the double-penguin contri-
bution is suppressed by an additional factor of G 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 tanf 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 tanS. This effect
is specially important in the case of AMy yielding an
additional constraint in the large tanB regime. Notice
that in the case of AMj , the double-penguin contribution
is the same as in AMp_with an additional suppression of
my/my. Given that this contribution competes with the
same SM function Sy(x,), 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 B, — u™* u~ on my, and
tan3, we can expect that other processes, especially tanf
dependent processes, receive large SUSY contributions if
BR(B, — u" u~)isatthe 1077 level. A typical example is
the decay B — X,y 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 tang this holds, in par-
ticular, for the large tang regime. The decay B — X €1 €~
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 C; in
MFV scenarios [51,52]. Another important constraint is
provided by the muon anomalous magnetic moment a,
which is also tan8 dependent and constitutes a very im-
portant constraint specially for u < 0.

A.B— X,y

The standard model contributions to the decay B — X,y
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. [S7-60]. The MSSM con-
tributes to this process mostly through the dipole operators
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4G

b—. *

Hpool = ﬁF KK [C7(,u) —L5,0,,bgF"

+ Cy() - sLaTaBO'#,,bRBG“W} (17)

16 167
The experimental world average from the CLEO [61],
Belle [62,63], and BABAR [64,65] collaborations is given
by [66]

BR (B — X;Y)E,>1.6Gev

= (3.55 £ 0.24%%, = 0.03) X 107*. (18)
0.10

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

+0.24

me/my

BR[B — X,y] = (3.61

0.2 ram * 0.14m]e> X 1074 (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 C; and Cg.

The two Wilson coefficients, C;(u) and Cg(u), 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 w parameter. In the
large tan G region the relative sign of the chargino mediated
diagram is given by —sign(A,u). In the scenarios studied
in this paper sign(4,) = —sign(M,/,) as can be seen in
Table IV of [26]. For this reason, w > 0 implies destructive
interference while p < 0 implies constructive interference
of the chargino and W-boson contributions.

Given that the SM contribution essentially saturates the
experimental bound, w <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 w 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 — X,v) depends essen-
tially on |C$(u,)]?* and therefore is not sensitive to the
sign of these coefficients. However, as we will see later,
combining this process with the decay B — X £ €, it is
possible to constrain the sign of the C; Wilson coefficient
[51,52] and exclude this possibility in the generic MFV
scenarios studied.
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The complete expressions for the leading-order contri-
butions to the C; and Cg 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 Cy coefficient as Cg behaves in a similar way,

2

C7 (mw) = am 2 fl(mt/mW) (20)
. (1 m?
' m) = g3 itz 7 ) + ol )
) <1 _ (ey + &) tanB
1 + étanf

€y€eytan’ B
Rl (1 + &tanp)(1 + € tan,[%))} D

6 Kefchff*
Joeff greff eff* 2
— Ki, Kig ™ m.

- 2
Chmy) =5 S5

X
I
X {_ 5 G(a ,a)I*G(a,a)lfl (m%a /mér)
1
my, 1 G(a’,a)I*H(a,a)I
my 2cosB(1 + & tanpB)
X fa(mg [m3 )}, (22)

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

2 2
e./ — Ab H m/;L m/;R
Y 1672 2 20 2 )
T QL P2
y 2 @3)

- —2(1& Lt L m;R

€0 3my Hz(mz- " mg )
The main tanfB effects are then present in the charged
Higgs couplings and in the chargino couplings to right-
handed down squarks. KaqG(“”‘)I represents the coupling
of the chargino I and the squark & to the left-handed down
quark g; and mq/(ﬁmw COS,B)KaqH(a’k)i the coupling of
the chargino i and of the squark k to the right-handed down

quark ¢g. These couplings, in terms of the standard mixing
matrices defined in the appendices are [70]

G(a,k)l — <1"ka VE — Mg
oL i

_ ka
Uplyi.

F@%V;*z)
(24)
H@bl —

The explicit expressions for the loop functions can be
found in the appendices.
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In the large tanp regime, it is interesting to expand the
C% 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 MM ;)
mass matrices. In this approximation we obtain

tanB  mj
6m2,sin>B 1 + & tanB m%

v fz(m,gL/m;(;) - fz(m,gR/m;(;)
2 _ 2
me mfR

. MAm; tanB  5m3,
 6mysin’B 1 + & tanp 12m}’

- — uwA.m?
C%Y(mW)= J22 tml‘

(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, mtg In this limit the SUSY contribution to the
amplitude is

AGE it vt -
A (bg = s.y) * T;ng‘Kiff' i

5uA,m? tan
" 72mA(1 + & tanB)’
(26)

If we compare now this amplitude with the corresponding
amplitude of the B, — u " u~ decay, Eq. (10), we see that,
although both of them are enhanced by powers of tang,
these two amplitudes behave differently: A (bgs; —
I*17) scales as tan®B/m3 while the b — sy amplitude
scales as tan,B/mtg (assuming u, A,, and m; of the same
order). Taking into account this difference we can analyze
if it is possible to obtain a large contribution for B; —
ut u~ while at the same time satisfy the stringent bounds
on the b — sy decay. Obviously, the answer to this ques-
tion depends on the sign of w.

In the B — X,y decay with u <0, chargino contribu-
tions to C; and Cg have the same sign as charged Higgs and
W-boson contributions. If we require a sizable neutral
Higgs contribution to By — " u~, we need a light pseu-
doscalar Higgs, which implies also a light charged Higgs,
and large tanB. A light charged Higgs enhances C¥ " while
large tan3 enhances C5. As both contributions compete to
fill the narrow space left over by the SM contribution in the
B — X,y 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 C; while keeping m, as low and
tan 3 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
p <0 situation even more difficult. Therefore, it is not
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possible to reach very large values of BR(B, — u* u ™), as
we will see in the numerical analysis of the next section.

The case w > 0 is much more interesting phenomeno-
logically. A large BR(B; — u* u™) still requires a light
charged Higgs and large tan3; 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 |C¥ + C¥"| < 0.1C5M. 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 my, m; and tanB 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— X, 0t

The effective Hamiltonian that describes b — s€€ tran-
sitions in the standard model is

H 4—GFK*K*(§C( )0,(10)
eff — v Bis \w)U
V2 &

6
+ l; Cio()O;o(p) + CbOb(;Uv)>’ (27)

where we adopt the same definitions as in Ref. [52]. The
operators O, and O,, are required only for the inclusion of
electroweak corrections. In particular, the most relevant
Wilson coefficients are C,(u;) (that does not receive siz-
able new physics contributions), C;(up), Cs(tp), Co(wp),
and Cj¢(u;). The explicit definitions of O; and Og are
given in Eq. (17) and the semileptonic operators read

aem - 0
Oy = e (LY ubr)(€y*0),
v (28)
aem = 0
Oy = A (SLVMbL)(€7M75€)-
T

The branching ratio BR(B — X £€) is known at next-to-
next-to-leading order in QCD and at NLO in QED (only
terms enhanced by large logarithms—i.e. logmy, /m;, and
logm,,/m,—are included).

Intermediate cc resonances produce peaks in the dilep-
ton invariant mass (4m? < s < m%) 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 GeV?) is dominated by the quasireal photon
emission and contains the same amount of information we
already extract from b — s7y. In the high-s region (s >
14.3 GeV?) the integrated branching ratio is quite small;
moreover, the 1/m, expansion breaks down and reliable
predictions for the spectrum suffer large uncertainties. The
low-s region (1 GeV? < s < 6 GeV?) is dominated by the
Wilson coefficients Cy and C,q, has sizable integrated
branching ratio, and is very sensitive to the C; — Cy inter-
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ference. In the following, we utilize the latter to put constraints on the Wilson coefficients C; g 19.
We calculate the integrated branching ratio in the low-s region following Ref. [52]:

BR ¢ = [2.2306 — 0.00051(R;) + 0.0005I(RoR%) + 0.09061(R;) + 0.0223I(R,R%) + 0.0050I(R;R;)
+0.0086I(Rg) + 0.0258 I(RgR:) — 0.06151(Ry) — 0.5389R (Ry) + 0.1140R (R;) + 0.0154R (R,R?,)

+0.0687R (R;R;) — 0.8414R (R RY)

— 0.0036R (Rg) + 0.0019R (RgR’,)

— 0.0980R (RgR%)

+ 2.6260R (Ro) — 0.1074R (RoR%,) + 10.6042|R o + 0.2837|R,|* + 0.0039|Rg|? + 1.4645|R,|?] X 1077,

(29)
where R; = C**(uq)/C?™(u) are the next-to-leading or- 4 4 u?
der Wilson coefficients [i.e. they do not include O(ay) Cy = 2 Y () + W(x,) + 9 9 log (30)
corrections] at the high scale normalized to their SM v
values. When dealing with the dipole operators we utilize W 1
the standard definition of the scheme-independent effective Cio=— 2 Y(x,), (3D
coefficients [52]. In the numerical analysis we set to zero W
supersymmetric contributions to the NLO matching e 453, — 1 x, 2/ 9
conditions Co = 82  t 2,3f5(m’ Jmiys)
: W
The standard model and supersymmetric contributions 11
to the leading order matching conditions of the semilep- + I t—zf o(m7/ m%.]:)y (32)
tonic operators are [52] (we do not give explicit formulas an”f3
for the gluino, neutralino, and neutral Higgses contribu- HE _ 1 Xt Fs(m? /m 33)
tions because their effects are negligible compared to the 10 SSW tan? ﬁ
charged Higgs and chargino ones):
. 6 2 KeffKeff* 1— 4S2
Cé( = % G@ NI (B, a)J|:2W (cz(mf?i, m%A, m%A)(FULFgJL)AB(SU
wa AB=1ILJ=1 K3, Kis Sw !
m; m; . 2 m?
+%Co("’lifx m;(ﬂ ~+)5ABU11U11 ¢ (m%A, mf;,:,m?(:)aABVi]VJl) ;Vf7 +/muA)5AB5IJ
7 9m
2 5 2 2
+ STdez(mY, Mz, m , m3 D04V Vi |, (34)
w
. 1 6 KeffKeff*
Cly = 55 L(”*G(a AIEGE a)J[Cz(m%ﬂ mg , m; )(FULFUL)ABBIJ
25 aa AB=11J= | Ko KR X

ms m;
+%c0(m m~+, ~+)5ABU}“1UH+[2mwd (m~+, )T,mz m3 ) — cy(mp, m~+, ~+)]5ABV11V11i|

A scan of the CMSSM and MFV parameter space results in
tiny deviations of the Wilson coefficients Cg and C; from
their  SM  values: |C3YSY/C3M| < 0.3/1.65 and
|CSVSY/CSM| < 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 — X, £7€7) = (1.493 = 0.504734}1) x 107°
(Belle), (36)

(35)

[
BR(B— X ¢t¢") = (1.8 0.7 £ 0.5) X 107°

(BABAR). (37)
This leads to a world average

BR (B — X, ("€ )wa = (1.60 = 0.51) X 1076, (38)

That is in perfect agreement with the SM prediction, that
reads
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BR(B — X, {*{ )gy = [1.58 £ 0.07,y. = 0.06,,
+0.025,, *+0.015,,
+0.023, ) = 0.0150km
*0.025p5 ] X 107¢
= (1.58 £0.10) X 10~°. (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 C; and Cg from the
measured B — X,y branching fraction. This gives two
thin stripes in the C; — Cg plane that correspond to the
C; <0 and C; > 0 scenarios. We further restrict Cg to be
within a factor of 10 around the SM value. As a second
step, we consider the two strips separately, vary C; and Cg
in the allowed range, and plot the resulting constraint in the
Cy — Cyg 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 C; >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 C; 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 ¥° — & 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]):

C7<0

FIG. 2 (color online).

Impact of the BR(B — X,€¢€) measurement on the Ry

PHYSICAL REVIEW D 74, 075003 (2006)

2 .2 2
5P g m Re(U,ZV,l)
dayl =~ 2 —f3< ) (40)
87 mj; & V2My, cosB

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

sat? = g} mj, Re(u)M, tanB

k327 ml m? '

(41)

where we have chosen the convention M, > 0 as we do in
the rest of the paper. The most relevant feature of Eqgs. (40)
and (41) is that the sign of &a'? ut is fixed by

sign[Re(U, V)] = —sign[Re(w)]. The experimental re-
sult for this observable is at present [72],

ap® = 11659208 (6) X 10717, (42)
while the theoretical expectations within the SM are [73],
e”)=11659181(8) x 10710,
aiM(’T) = 11659196 (7) X 10710,

aiM(eJr

(43)

Comparison with the experimental results implies that
these results strongly favor the w > 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 7 decay, the difference is reduced to 1.40 [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, p > 0 is precisely the phenomenologi-
cally interesting region for the combination of the B, —
utu” and B — X,y decays. On the other hand the a,
measurement makes it even more difficult to find interest-
ing effects in By — u*u~ for w <O0. In the numerical

C7>0

>R9

— Ry, 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 3o with the e*e” based estimate of the
SM contribution, and we still find that with u <0 we can
only find BR(B; — u™ u ™) at the level of 10~8 with a very
heavy SUSY spectrum. In the w > 0 region, the conserva-
tive 30 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:
M, ), my, Ay, tanB, and sign(u). 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(B; —
wtuT) o tan®B/m? 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:
M, MG os Miig,00 Mg, 0o ME0> Mep,00 MEL05 MH,L0 A0,
Ay, Ao, tanB, and sign(u), where O in the subscripts
indicates that these parameters are defined at Mgyt. The
precise definition of Mgyt 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: M, = 1 TeV,m;( =
2TeV (i = Q. ug, dg, L, eg, H,, Hy), Aj g =3(my +
m%k‘o + m%_lwo), Aio = 3(m%y0 + m?ik,o + m%id,o)’ Ag,o =
3(m3 )+ m3 o+ mpy o) |ul is calculated from the re-
quirement of correct electroweak symmetry breaking.

PHYSICAL REVIEW D 74, 075003 (2006)

The bound on the A;, 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];

(i) 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 — X;v), 8a,,, BR(B; —
uwruT), BRB—-XLT€T), AMg [31-
35,38,48,61-65]; '

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

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]:

Qcpuh? = 0.10475307  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 3 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,

Qepyh? = 0.13. (45)

In this section we analyze the different parameters
(masses, mixing matrices, ...) that enter the B, — u* u~
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.

“This 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 g, = g, where g, = /5/3g’ is the
properly normalized U(1) coupling and g, is the SU;(2)
coupling. We do not require at Mgyt that g3 is equal to
g1 = g, but assume that this differences is accounted for
by unknown thresholds due to very heavy particles with
masses of the order Mgyr. At Mgyt 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 w 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

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

m, 5.110 1074 mbee 172.9
m, 0.1057 my,(my,) 4.25
m, 1.777 my 91.1876
m,(Q) 3-1073 Gr 1.1664 - 1073
mq(Q) 7-1073 1/a 137.036
m(Q) 0.12 Aai 0.02769
m.(m,) 1.2 aMS(my) 0.1172

s1p = 0.224, 503 = 4.13- 1072, 53 = 3.63 - 1073, § = 1.13

PHYSICAL REVIEW D 74, 075003 (2006)

difference of all couplings and masses between subsequent
iterations is at most 107>,

The calculation of the Yukawas, in particular Y, 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*, ¥, )}9, g, h°, H°, A® in case of B
physics observables and the contributions due to y;", /\7? in
case of a,. More precisely, in case of By — utu™ we
combine the formulas of [10,85,86]. However, we use only
the lowest order contributions to Cy, Cp, C§, Cp, Cg, and
C', because the complete one-loop QCD corrections to
these Wilson coefficients are not available in the literature.
In the case of AM B, We have used the formulas of

Refs. [10,87]. In the case of b — sy 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 f 3:3};{ % that has a
large impact in the B, mass difference. In the calculation of

the B; mass difference we compare below the results
obtained fixing this parameter to the value in Table II and

the results varying f BAB;;{_ 2 within the one-sigma range
fs.B? = (0.295 + 0.036) GeV [90].

B. B, — " p~ in the CMSSM

As we have seen in previous sections, tanf3 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 Mgy it is natural to ask what are the possible
values of these masses and couplings (my, tang, ...) that
can be reached consistently with all the phenomenological
bounds.

We will analyze this problem discussing separately the
case of u > 0 and p < 0. In fact sign(u) 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
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TABLE II.
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Numerical values for the B-physics parameters using the notation of Ref. [10]. The
lattice parameter has been taken from Ref. [89].

51/2
Mp TBs 7B stBB/S

7(B,) Pk PR PR pSLL

5.3696 GeV  1.461 ps 0.55

(294 = 33) MeV

1461 ps —0.71 09 —-037 —0.72

contributions to several low energy processes like b — sy
and the muon anomalous magnetic moment are determined
by the sign of the w parameter; therefore, the stringent
experimental constraints tend to favor the positive sign of
M especially in the large tan 8 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 € and &; parameters are also fixed by sign(u). 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 u and hence they give rise to a different phenome-
nology. In the u > 0 case, we have that both €, and €; are
positive; therefore, Eqs. (1)—(6) imply that the diagonal
Higgs couplings to the down quarks are smaller than the
naive expectation, /m,/v,. 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 tanf. This is mainly a
consequence of two difficulties: First, at large tan3, both

my; and mjy become negative around the electroweak
p

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 My, < M/, 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 tanB 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 u > 0. In fact, for
positive u, values of tanB up to about 60 are still reachable
in the CMSSM.

In the same way we must analyze the possible values of
M . 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 |u|. As already pointed
out, at large values of tang it is possible to reach smaller
values of M, due to the fact that M%,d gets negative which

also is the reason for the smaller value of |w|. This can be
seen in Fig. 3 where we show the possible values of M, in
the CMSSM as a function of tanfB for fixed values of
M, =300 GeV and M, = 500 GeV. As expected, we
see the different behavior of M, for positive or negative w
at large tan 8. For positive u the value of M is larger than
the corresponding value for negative p and the same value
of tanfB due to the smaller effect of the down quark

Yukawas on the RGE running of my,. 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 w > 0, we can still find values of M, as low as
150 GeV corresponding to tan3 = 50 consistently with all
constraints, see for instance Fig. 4.

Inserting M, = 150 GeV, tan8 = 60, and w > 0 in the
approximate formula given in Eq. (11) we obtain

BR(B, — u"u™)

A} (Hy(mi /p? mi /)
u? (1 + eytanB)?(1 + &tanB)?
(46)

=19Xx107*

Taking mg = u = m; and using H,(1, 1) = —1/2 we have
€ = 0.012 and &; =~ 0.015. Therefore, a BR(B, — u* u™)
between 1077 and 5 X 107 would be the maximal value
we can get in this model. In any case, we expect these
regions of large tanf to be strongly constrained by other
FCNC processes like b — sy and 6a,,. In Figs. 4 and 5 we
present the results for this branching ratio obtained using
the complete formulas and taking into account all the

700 |
600
500
400
300

200

10 20 30 40 50 60

FIG. 3 (color online). Values of M, as a function of tan in the
CMSSM. Full lines correspond to w < 0 and dashed lines to
f > 0. The SUSY parameters are fixed as m,/, = 300 GeV and
mqy = 500 GeV; the upper, central, and lower lines correspond to
Ay = (0, =500, 500) GeV.
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FIG. 4. Correlation between M, and BR(B;, — u* ™). All points satisfy the dark matter constraint. The gray points do not survive
constraints from B — X,y and a,,. Gray (orange) dots correspond to scenarios in which C(w,) > 0 although they do not satisfy the

BR(b — sI*17) constraint.

constraints. Although many points that give rise to a large
BR(B;, — utu~) are already excluded by the stringent
bounds from FCNC processes, cancellations between dif-
ferent contributions in b — s still allow a large BR(B; —
mpT).

In Fig. 6 we compare the chargino and charged Higgs
contributions to the Wilson coefficient C,;(My,) for the case
of a BR(B, — u™ u™) just below the current experimental
bound. With positive u, charged Higgs and chargino con-
tributions tend to compensate and we can find many points
in agreement with the B — X,y constraints. Moreover
M2, = M3 + M3, thus a small pseudoscalar mass implies
also a small charged Higgs mass. In fact, the experimen-
tally allowed values for C¥* range from ~ — 0.23 to ~ —
0.08 while the contribution from the W boson is about

4 1 <0, mSugra

-5

-6
BR(Bs—t0)
7

-8

-

10 20 30 40 50 60
tang

, <0, MFV

-5

-6
BR(Bs—uu) -
7

-8

— b P

10 20 30 40 50 60
tanp

—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 u, it is possible
to have a light pseudoscalar and large tan8 generating a
large BR(B; — u ) while at the same time keep the sum
of chargino and charged Higgs contributions to b — sy
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 — X, ¢~) because their contributions to

© >0, mSugra

-6
BR(Bs—/11)
7

10 20 30 40 50 60
tang

#>0, MFV

-6
BR(Bs—/1t)
7

-8

10 20 30 40 50 60
tang

FIG. 5. BR(B, — u* u™) as a function of tang in the CMSSM (upper plots) and MFV (lower plots). See the caption in Fig. 4.
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81078 < BR(Bs—) < 1077, mSugra

15
1 — gngFgg}?Higgs
05 . s ..'-1.":':.‘ . g
C7(ip) M
0 o'
—05 .",'-""“ *

35 40 45 50 55 60
tanp

FIG. 6 (color online). Charged Higgs and chargino contribu-
tions to the C; Wilson coefficient in CMSSM as function of tan3
corresponding to large BR(B; — pwu) and w > 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.

Cy and Cj, (that lie within the black ellipsis drawn in
Fig. 6) are too small.

A third process, closely related to the B, — wu decay,
is the B, — B, mass difference. As discussed in Sec. II,
both processes involve the same FCNC neutral Higgs
coupling, although they have a different M, and tanf
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(u) does not affect the
relative sign of the SUSY contribution to AMp with
respect to the SM one, that turns out to be always negative.
However, the size of the FCNC Higgs couplings is smaller
for u > 0 than for u < 0. Recently the DO Collaboration
was able to set for the first time an upper limit on AMp :
AMp = (19 +2) ps~ ! at 90% C.L. [31]. It is necessary to

© < 0, mSugra
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FIG. 7 (color online).
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stress that this error is absolutely non-Gaussian and that
there is a 5% probability that AM_lies anywhere between
21 ps~! and infinity. Shortly afterwards the CDF collabo-
ration  improved this bound  [32]: AM, =
(17337033 (stat) = 0.07(syst)) ps~!. 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
f%SBBS [90]. In Fig. 7 we compare ReM}, with BR(B; —
wp). In fact, AMg = |M3,|, but in our model, as in the
SM, the phase of M}, is at the percent level and thus it is a
very good approximation to the total AMpg . Moreover,
plotting ReM7, 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 w > 0, in the CMSSM and
in the parameter space allowed by FCNC constrains it is
not possible to change significantly the value of AMp in
the region with BR(B, — u* ™) = 107°. Consequently
no change of sign of ReM}, is possible in the CMSSM with
u > 0. Given the present experimental bound on BR(B; —
utu”) = 1077, we conclude that double-penguin contri-
butions to AMp_cannot lower this mass difference below
17 ps~!. 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 £ By/” in the interval [0.259, 0.331] GeV [90].
As we can see, after taking into account the theoretical
uncertainty, the AMp_constraint can never compete with
the bound on BR(B; — u* u™).

In the case of negative u, we have that both €, and €; are
negative. Equations (1)—(6) imply that the diagonal Higgs
couplings to the down quarks are larger than the naive
expectation, m,/v;, and of the corresponding couplings

u >0, mSugra

-4

-5

-6
BR(Bs—upu) ,

-8

o 5 10 15 20 25
Re(My2s)

, u> 0, MFV

-5

-6
BR(Bs—u) ,

-8

o 5 10 15 20 25
Re(Miz2s)

Correlation between ReM{, and BR(B; — u™* u™). See the caption in Fig. 4.
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Correlation between ReM;, and BR(B; — u*u~) including theory errors. The points satisfy all the

constraints. The gray shaded area corresponds to theory uncertainties. The line is the experimental value of AMB,

for u>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 tanf = 45. Regarding the possible values of M,
we see in Fig. 3 that, for negative u, M, tends to be much
smaller than in the u >0 case due to the effects of the large
down quark Yukawas on my,. Taking into account the
constraints from BR(B— X;y) and a,, we can only find
allowed pointswith M, =750 GeV and tan S =40.

Taking u <0, x =y =1, and mz =~ pu ~ m; in Eq. (46),
we get €y = —0.012 and €; =~ —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
m > 0. However, using the allowed masses (as obtained
above) we find that the maximum branching ratio we can
get is about =~ 107, In the numerical analysis, the maxi-
mum branching ratio we obtain is always below 10~ as we
can see in Fig. 5, because we have never obtained simul-
taneously these extreme values for the masses and the
quantities €,, €; while being consistent with all the differ-
ent constraints. In particular the » — 57 constraint requires
heavy squarks and Higgs bosons and &a, requires in
additions heavy sleptons. Therefore, the SUSY contribu-
tions to BR(B; — u ) remain small for negative w in the
CMSSM.

Regarding the B, — B, mass difference, the double-
penguin contribution has an opposite sign to the SM con-
tribution, hence, reducing the predicted value of AMj . As
we explained above, Higgs FCNC couplings are now larger
for u < 0 and we expect larger effects than for w > 0. In
fact we see in Fig. 7 that with negative u it is still possible
to change the sign of ReMj;,, although only very rarely.
However, once we impose the indirect constraints we see
that no change in AMy 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 — sy 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 A, and u
independently of the sign of w. In our model, all the
parameters are defined at Mgyt and the sign of A; 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 — sy
and da, 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 () 3o h? 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 m; /,
and mg, where neutralinos annihilate in pairs at a
sufficient rate via z-channel slepton exchange.

(2) The stau coannihilation region, where neutralinos
coannihilate with staus, given that m o = m;.

(3) The focus point region, at large m, where the value
of |u| 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 3 ~
45-60 and the pseudoscalar mass m, ~ 2mo so that
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Correlation between M, and M 3. 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].

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 my — my and m; —
mzo planes. Here we select points in the stau coannihilation
region (black points) for which the difference between m;
and my is less than 10%. Similarly we select the funnel

points when (M, — 2my)/I'y = 6. Taking into account
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FIG. 10 (color online).

that T'y o M tan? B(3m? + m?), we have that at large
tanS 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 tan3. In the same
way, Fig. 10 shows clearly all the coannihilation points
concentrated around the M, = 2m;y 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
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Correlation between M: and M. See the caption in Fig. 9.
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these points the cross sections for ¥°# — y7* and/or
## — ff 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 ¥°%° — bb and 3°%° — 7" 7~ channels is proportional
to (my/m,)? 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 my and M/, 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 My and M ;o 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. B, — pu* " 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 p <O.
Analogously to the CMSSM case, u > 0 implies that both
€ and €; 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 m, and tanf 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(B, — u™u™) are
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FIG. 11 (color online).
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FIG. 12 (color online). Values of m, as a function of tan8 in
the CMSSM. In this plot all sfermion masses are equal to
500 GeV and m,/, = 300 GeV and A, = 0. Full lines corre-
spond to u <0 and dashed lines to u > 0. Starting from the
uppermost line downward, the Higgs mass parameters are
my,, my, = {(300, 150), (300, 300), (150, 150), (150, 300)} GeV,
respectively.

possible in both models. However, as we will show here,
after taking into account the FCNC constraints, combina-
tions of (m,, tanB) that would be forbidden in the CMSSM
are now allowed in the MFV model. Thus it is easier to
obtain larger values for BR(B;, — u™ u~) consistently
with the FCNC constraints. This can be seen in Figs. 4
and 5 where for positive u we obtain similar values for
BR(B, — utu~) as in the CMSSM case although the
dependence of BR(B, — u" u~) on M, and tang 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 M4 or tanpg.

How are the b — 57 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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Impact of the one-sigma dark matter bound on the correlation between M, and M ;0.
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masses with heavy sfermions. Apart from this difference,
the case of positive w is qualitatively similar to the
CMSSM. In Fig. 13 we present the values of the Wilson
coefficients C¥ and CY for u >0 and u < 0. For u >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(B; — u*u~)>5X10"% for comparatively
smaller values of tanf and that we do find several points
with Cé? > 1 that change the total sign of C5, although they
are always forbidden by the B — X, /*/~ constraint as
expected [51].

Regarding the B, — B, mass difference, we see in Fig. 7
that for u >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(Mj,) if we disregard the (B; —
u* ) constraint. Once we impose the new CDF and
DO constraint on BR(B, — u* u ™), no sizeable change
in AMy_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 u <O0.
Once more u < 0 implies that both €, and €; are negative.
From Figs. 4 and 5 we can see that, as opposed to the
CMSSM case, we can reach BR(B;, — u*u_)=10"°
with u <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 €, and €;. In fact for w > 0 the factor
1/((1 + eytanB)(1 + €;tanB)) can amount to a suppres-
sion by a factor 10 for tanB = 50 and €, = 0.012 while it
represents an enhancement factor of 20 for tan8 = 40 and
€p = —0.012. Therefore, for the same values of M, and
tan3 we can get an enhancement of 2 orders of magnitude
when changing from p > 0to u <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 C¥ and Cg( are negative as
expected and both of them are very small as required by
the b — s7 constraint summing up to, at most, 0.05. This is
possible only with a rather heavy spectrum although we
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FIG. 13 (color online).
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want to keep the Higgses as light as possible in order to
have a large BR(B, — u* u ). Similarly, even taking a
conservative a, bound at 30, 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 (B, — u* u 7). 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(B, — u* u~) COLLIDER
PHENOMENOLOGY

In the first part of this section we assume that a branch-
ing ratio for the decay B, — " u~ has been measured
between 8 X 1078 and 1077 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 B, — u* u~ requires a light pseudo-
scalar Higgs boson and large tanB as it scales as
tan®3/m’,. In the case of the CMSSM this indeed implies

BR(Bs->pt) > 5 x 1078, MFV (1 > 0)
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Charged Higgs and chargino contributions to the C; Wilson coefficient in MFV as a function of tanB. Dark

gray (red) points refer to chargino and black points to charged Higgs contributions. Gray (orange) points are points where C¥' changes
sign although they are not allowed by the BR(b — sI*1~) constraint. Gray points do not survive the FCNC constraints.
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up) < 8 X 1078; black points have 8 X 1078 <BR(B, — uu) <1077,

an upper bound of about 570 GeV and 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 — svy. Nevertheless, we find a lower bound of about 20
for tanB and an upper one of about 950 GeV for m 0. 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 where m .+ is shown versus m;, .

In the case of the MFV scenario the bound on m o is about

850 GeV. Note that the upper bound on my+ implies in
CMSSM (MFV) also an upper bound on m; 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(B; — u* ™) the heavier
neutral Higgs bosons can be detected via the decays into
the 7% 7~ final state with 30 fb~!; see [93] and references
therein. In the region with M,y < 350 GeV also the
utu~ final state can be used in case of an integrated
luminosity of 60 fb~!. Also the charged Higgs bosons
should be visible via its decay into 7v, [93]. In the case
of the general MFV scenarios the regions with tan8 < 25

8107 < BR(Bs—u) < 1077, mSugra
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and/or my, = 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 my+ < m, —
my, implying that the branching ratio t — b7+ v, will be
modified. Numerically we find that there are 3 (10) data
points (out of 40000 points) in the region with BR(B; —
uu >8-107%) [BR(B, — u*u~ <8-1078)] with a
maximal value of BR(z — b7t v,) of 12 (21)%.

We also have checked if the running from Mgyt down to
Mgwsg 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 1073 and below. There are a few points in the MFV
scenario where BRs of the order 1073 can be obtained e.g.
for by — X1 ¢ due to a kinematical suppression of b, —
Xyt and by — ¥9b. In these points b, is mainly a b, and
thus the coupling b, — X} — b is reduced due to the small
hypercharge of O, implying a reduction in the decay mode
b, — ,\7(1)19. However, it has to be expected that the SUSY
background of §;, — ¥ ¢ 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 7, — ¢ — ¥ coupling
is used which results from a one-loop integration of the
flavor violating RGEs for M 5,23 and A, »3 [108] resulting in
a mixing between ¢; and 7. The projection € of &; onto 7,
can be written as:
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FIG. 15 (color online). Correlation between M; and M- in a large B, — ppu scenario. Gray (orange) points have BR(B, —
up) < 8 X 1073; black points have 8 X 1078 < BR(B, — uu) < 1077.
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Here 6, is the mixing angle between left and right stops.
All the quantities should be taken at the Mgyt as this is a
one-step integration of the RGES. Because of the largeness
of m, it can happen that all two-body decays of 7; are
kinematically suppressed or even forbidden at tree-level
and that the main decay mode is 7, — ,\7?0. 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 7; 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
A, 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 10* in the partial width. In the case
Ap = 0 the difference can even be larger which is due to
the smallness of the exact coupling. The minimum of the
exact coupling around tanf8 = 10 is due to a cancellation
between the 7; — ¢; mixing and the 7z — ¢; which is not
obtained within the approximation because the 7z — &; is
zero in this case. We have used the approximation formula

>eEPR,?1 f, + He. (50)
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for the calculation of the decay 7} — ¢ ¥} getting a maxi-
mal branching ratio of 7 - 1073 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 7, — ¢ j/(l) 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 B, 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 B, — utu~ decay. This decay rate is enhanced by
additional powers of tan8 when mediated by neutral
Higgses. In both the generic MFV and even the CMSSM
scenario we indeed find that enhancements of the BR(B; —
ut ) of several orders of magnitude are still possible
consistently with all other constraints. This implies that the
present bound from the DO and CDF experiments already
can rule out a large part of large tan8 and small M4 regions
in the parameter space of these models.

In the CMSSM, large values (close to the current bound)
for the B, — u*u~ decay would necessarily imply a
value of tanfB =50, a light pseudoscalar, M, =
570 GeV, and positive sign of the w parameter. These
points of the parameter space can still satisfy the stringent
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FIG. 16 (color online). Left plot: approximate 7; — ¢ — )“(? coupling over the exact one as a function of tanB in the CMSSM. Right
plot: exact f; — ¢ — ! couplings a function of tanB in the CMSSM. In both plots, full lines correspond to 4 < 0 and dashed lines to
f > 0. The SUSY parameters are fixed as m, , = 300 GeV, m, = 500 GeV. Starting from the uppermost line downward, we have
Ao = (=500, 500, 0) GeV in the left plot and Aq = (0, 500, —500) GeV in the right plot.
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b — sy 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 — X,[*17)
eliminate all the points of the parameter space where a
large chargino contribution is able to reverse the sign of the
C; Wilson coefficient. Unfortunately, the new experimen-
tal results on the B, mass difference are not effective to
constrain the parameter space of the CMSSM once the
B, — u" u~ bounds are applied. This is due to the large
theoretical uncertainty in the calculation of the B; 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 X
108 <=BR(B,— u ) =1x10"7 would only re-
quire tanB = 20 and M, = 950 GeV. Moreover, it is still
possible to obtain these large branching ratios with nega-
tive values of the u parameter at the expense of some fine-
tuning to fulfil the b — sy constraint and satisfy the da,
bound at the 30 level. As in the CMSSM case, the lack of
more precise hadronic parameters in B, 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.

J

where

{®(,3) = cotB, Q(B) = sinB for T7 =1

O(B) = tanB, Q(B) = cosB for T} = —1’ (A2)

and Y, are the trilinear matrices equal at Mgyt to ¥, ;=
Y;A;. These matrices are diagonalized by the 6 X 6 unitary
matrices I';:

diag (M7, ..., M;) =T;-M:-TL (A3

The 6 X 3 left and right block components of the mixing

matrices are defined as

946 = (Fe3T9S), (A4)

2 — M%L + (T} — Qysin’@y) cos2Bmy + M7
f YAf %Q(ﬁ) - Mf,Uv*®(,3)
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Finally, we also have explored the phenomenology to be
expected at collider experiments as LHC if a 8 X 1078 =
BR(B, — u"u~) =1 X 1077 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 my+ the branching
ratio of the top quark into b7 v, will be modified from the
SM expectations due to charged Higgs mediation. We have
studied the flavor violating decay r — xJc 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 X 6 sfermion mass matrices are given by

V3, % 0(8) — M;n0(B) ) "

M%R + Qysin*6y cos2Bm3 + M7

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 X 2 stop system:

2 M; e M3
M? = (eiGDi]lLng M? " )’ (A5)
ILR IRR
where
?LL =mj, + (5 — 3sin*Oy)cos2Bmy + mi,  (A6)
MEZRR = m%,} + %sinzﬁw cos2mZ + m2, (A7)
MI?LR =m,|A, — wO(B), (A8B)

075003-20



ANALYSIS OF ENHANCED g EFFECTS IN ...
o; = arglA, — uO(B))

The eigenvalues are given by

(A9)

2 — 2 2 - 2 2 )2 2 )2
2mil»fz (MfLL + MfRR) + \/(MfLL MfRR) + 4(MfLR) ’
(A10)

with m% = mt% We parametrize the mixing matrix R’ so
that

(2)==(5)

(i/2) 7 , —(i/2¢7 ging- \/ f
_f e icosf; e isinf; \( tL
(—e(i/z)‘f’fsinﬁg e_(i/z)“’fcosG;)(fR » (AlD

where ¢; is given in Eq. (A9) and
2 M2 m

JSO, Singf:MZ()’
A (A12)
A2 = (M2 )+ (m2 — M2 ).

797

cosf; =

APPENDIX B: CHARGINO MASS MATRIX
The chargino mass matrix
Mﬁ; _ ( M, mW\/ZSinﬁ> (B1)

my~/2 cosB M
|

PHYSICAL REVIEW D 74, 075003 (2006)
can be diagonalized by the biunitary transformation

UjaMzﬁVZﬁ = m)~(/+ 5]/(’ (B2)

where U and V are unitary matrices such that my: are
J
positive and m < mys

APPENDIX C: NEUTRALINO MASS MATRIX

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

=0
where Mo <mgp for j < k. In the basis
¥, = {B, WO, B¢, H"}, (C2)

the complex symmetric neutralino mass matrix has the
form

M, 0 —mzcosBsinfy,  mzsinfB sinfy,
ur — 0 M, mycosBcosfy  —mysinB cosby (C3)
ap —mycosBsinfy  mycosBcosby 0 -
mysinBsinfy,  —myzsinB cosfy - 0
[
APPENDIX D: LOOP FUNCTIONS —32x* + 38x + 1522 — 18x
W(x) = 1 logx
In this appendix, we collect the different loop functions 18(x — 1)
in the text: —18x* 4+ 163x% — 259x% + 108x D7)
Hy(x. y) xlogx ylogy o) 36(x — 1)° ’
x) y = )
? (I=xx=y) 1=y . .
fsx) = + 5 logx, (D8)
S()_4x—11x2+x3_ 3x? | D) l—=x (1-x)
0% a1—x7 20 -xp B0
38x — 79x% + 47x%  4x — 6x% + 3x*
2 2 f6(x) = 3 4 Ing,
£100) —7+5x+8x* 2x—3x o D3) 6(1 — x) (1—-x)
X) = — X,
! 6(1—x°  (1-xf ¢ (D9)
3x —5x2  2x — 3x? 52— 101x + 43x> 6 — 9x + 2x°
= + logx, D4 = + g
PO=sa—gta—ploer ®Y AW 6(1 — x)° A= logv (DIO)
1 >
f3(x) = ————(x* — 4x + 3 + 21nx), (D5) m? log™t
Ty colmt, i ) = [ o TS
(my — m3)(my — m3)
—3x3 + 252 8x3 + 5x — Tx
Yx) =———1 +— D6 + — + - A D11
() = Sy logr = S 06 (m =+ m) +(my = my) | 1D
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3
co(m2, m3, m3) = s

4
1 m? log%
4

(? = ) = )

+ (my — my) + (m, = mg)} (D12)

PHYSICAL REVIEW D 74, 075003 (2006)

do(m3, m3, m3, m3)

41001
1 mj log#;
4

(o2 — ) — ) — )

+ (my < my) + (my < m3) + (m; < m4)}. (D13)
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