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We study the implications of minimal flavor violating low energy supersymmetry scenarios for the
search of new physics in the B and Higgs sectors at the Tevatron collider and the LHC. We show that the
already stringent Tevatron bound on the decay rate B; — u™ u~ sets strong constraints on the possibility
of generating large corrections to the mass difference AM; of the B, eigenstates. We also show that the
B, — u* u~ bound together with the constraint on the branching ratio of the rare decay b — sy has
strong implications for the search of light, nonstandard Higgs bosons at hadron colliders. In doing this, we
demonstrate that the former expressions derived for the analysis of the double penguin contributions in the
Kaon sector need to be corrected by additional terms for a realistic analysis of these effects. We also study
a specific nonminimal flavor violating scenario, where there are flavor changing gluino-squark-quark
interactions, governed by the Cabibbo-Kobayashi-Maskawa (CKM) matrix elements, and show that the B
and Higgs physics constraints are similar to the ones in the minimal flavor violating case. Finally we show
that, in scenarios like electroweak baryogenesis which have light stops and charginos, there may be
enhanced effects on the B and K mixing parameters, without any significant effect on the rate of B, —
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I. INTRODUCTION

The standard model (SM) provides an accurate descrip-
tion of all the results from high energy physics experi-
ments, in particular, precision electroweak measurements
and flavor physics observables. These experiments put
strong constraints on extensions of the SM that have tree-
level flavor changing neutral current effects or large cus-
todial symmetry breaking effects. For renormalizable,
weakly interacting theories, where the new exotic particles
acquire large gauge invariant masses so that they decouple
from the low energy effective theory, these constraints can
be avoided. Low energy supersymmetry [1,2] is a particu-
larly attractive example of this kind of theory. The minimal
supersymmetric extension of the standard model or MSSM
(with gauge invariant SUSY breaking masses of the order
of 1 TeV) predicts an extended Higgs sector with a light
SM-like Higgs boson of mass lower than 135 GeV [3-13]
that agrees well with precision electroweak measurements.

However the structure of supersymmetry breaking pa-
rameters is not well defined. If there are no tree-level flavor
changing transitions in any gauge or supergauge interac-
tion, then the deviations from SM predictions are naturally
small. Such small deviations can be achieved if the quark
and squark mass matrices are block diagonalizable in the
same basis. For instance, this happens when the squark and
slepton supersymmetry breaking masses are flavor inde-
pendent. For these kinds of models, all flavor violating
effects are induced at the loop-level and are governed by
the CKM matrix elements, as in the SM. Many studies have
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concentrated on the properties of these minimal flavor
violating scenarios (see, for example, Refs. [14-23]).

In this article we shall analyze their flavor violating
effects in two quite generic cases. In the first case, we
consider a low energy effective theory in which the quark
and squark mass matrices are aligned in flavor space and
can be simultaneously diagonalized in blocks, as described
in the next section. We will remain agnostic about how this
effective low energy theory is UV completed. However,
since the Yukawa-induced radiative corrections to the soft
supersymmetry breaking parameters tend to destroy the
alignment of the squark and quark mass matrices, this
situation may be only naturally realized in models of low
energy supersymmetry breaking, where these radiative
corrections are small. We call this low energy scenario
minimal flavor violation.

In order to study the possible effect of Yukawa depen-
dent radiative corrections we study a second case, in which
we assume a departure from the alignment condition by the
presence of flavor violating effects proportional to the
CKM matrix elements. These effects are induced by cor-
rections to the left-handed down squark mass matrices
proportional to the product of the up-quark Yukawa matrix
and its Hermitian conjugate (or, in general, powers of this
product). We furthermore assume that the right-handed
down squark masses are flavor independent. As we will
discuss in more detail in the next section, these conditions
at low energies are achieved, for instance, by Yukawa
dependent radiative corrections, if one starts from flavor
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independent squark masses at a high energy scale at mod-
erate values of tanf. One characteristics of this second
scenario is that there are flavor violating down-squark-
gluino vertices at tree-level. Since all flavor violating
effects are governed by the CKM matrix elements, this
scenario would also enter within the general definition of
minimal flavor violating models given in Ref. [21]. How-
ever, due to the presence of flavor violating couplings at
tree level, we will denote it as nonminimal flavor violation
in order distinguish it from the first scenario of flavor
alignment at the weak scale, in which such tree-level
effects are absent. As we will show, the phenomenological
predictions in this scenario are similar to those of the flavor
alignment case, unless the left-handed squarks and the
gluino are very light.

Apart from the structure of supersymmetry breaking
parameters, the phases associated with them are also im-
portant. In minimal flavor violating schemes there are at
least two phases that cannot be absorbed by redefining the
low energy fields. For real values of the u parameter, these
phases can be associated with a universal phase for the
gaugino masses and the trilinear mass parameter. In gen-
eral, however, one can choose independent phases for the
different gaugino masses and trilinear mass parameters.
CP-violating phases beyond the CKM one are required,
for instance, in models of electroweak baryogenesis [24—
29]. In this scenario, there could be significant effects on
AM,, BR(B;, — u*u~) and e because of the presence
of a light stop and extra phases in the chargino, neutralino
and gluino sectors. We shall comment on the effects of
these new CP violating phases below.

In this paper we attempt to develop a systematic method
of treating the extra sources of flavor violation in the
minimal and nonminimal flavor violating models de-
scribed above. We show that the usual approach of calcu-
lating tanB enhanced flavor changing neutral currents
(FCNC) effects in the Kaon sector does not agree with
the exact results one finds in the limit of flavor independent
masses. Thus, we develop a perturbative approach that
leads to agreement with the exact result in this limit.

We shall emphasize the implications of the present
bounds on BR (B, — u* ™) for future measurements
at the Tevatron collider, both in Higgs as well as in
B-physics. In particular, we shall show that the present
bound on BR (B, — ™ u~) leads to strong constraints on
possible corrections to both AM, and the Kaon mixing
parameters in minimal flavor violating schemes. Moreover,
we shall show that this bound, together with the constraint
implied by the measurement of BR (b — sy) leads to
limits on the possibility detecting light, nonstandard
Higgs bosons in the MSSM at the Tevatron collider.
Throughout the paper we always take real values of uA,,
and therefore the Higgs sector is approximately
CP-invariant [30,31], and will be treated as such.

This article is organized as follows. In Sec. II, we define
our theoretical setup, giving the basic expressions neces-
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sary for the analysis of the flavor violating effects at large
values of tanf3. In particular, we show how the first order
perturbative expressions in the CKM matrix elements are
inappropriate to define the corrections in the Kaon sector
where higher order effects need to be considered. In
Sec. III we show the implications of the constraint on
BR(B, — u*u~) for the mixing parameters of the
Kaon and B sectors in the large tan8 regime. In Sec. IV,
we explain the implications for Higgs searches at the
Tevatron. We reserve Sec. V for our conclusions and
some technical details for the appendices.

II. THEORETICAL SETUP

A. The resummed effective Lagrangian and the spar-
ticle spectrum

The importance of large tan8 FCNC effects in super-
symmetry has been known for sometime. The finite pieces
of the one-loop self energy diagrams lead to an effective
Lagrangian for the quark-Higgs sector, valid at energy
scales lower than the heavy squark masses, which has the
generic form [15-20,32,33]

— Lo = dyYa[PY + D;0(& + eyYiv,la?
+ dYa% Y, ud + he (1)

Vg ¢ . era
— Lo = —d0¥4[1 + tanB(&y + ey Y1 Y,)]d0

V2

+ % a%¥,u? + h.c. )
in an arbitrary basis. The &, and éy matrices correspond to
radiative contributions [34] coming from the loops shown
in Fig. 1. Their exact dependence on the supersymmetric
mass parameters is given in the appendix.

The flavor structure of the loop correction factors are
independent of their momentum integrations. Therefore, in
an arbitrary basis, the flavor dependence of the loop cor-
rection parameters are the same as that of the mass matri-
ces and Yukawa couplings. Thus, the loop correction
factors have the following flavor structure

Y aéy M;ﬁ?de (3)

FIG. 1. SUSY radiative corrections to the self-energies of the
d-quarks in the mass insertion approximation.
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¢ e VY o VN2V N2

YdeYYuYu & YdMﬁL YuMﬁR Yu (4)
where M2 matrices are the nondiagonal inverse squark
mass squared matrices. Thus the sparticle spectrum is
intimately connected to the e parameters which in turn
affect the FCNC’s. We look at two possible choices that

connect the quark mass eigenstate basis to that of the
squarks.

1. Minimal flavor violation

This scenario is similar to that discussed in Refs. [15—
17,19], where one assumes an alignment of the quark and
squark mass matrices in flavor space. Therefore, in the low
energy effective theory, the diagonalization of the quark
mass matrices leads to squark mass matrices that are block
diagonal. Using the following transformation matrices

d) = URVyd,,

ug = Ugub .

0 — qJu
up = Ugug,

to rotate the original quark supermultiplets into a basis
where the tree-level Yukawa couplings are diagonal, we get

Yd = U(:{T?dUSVOs
-2 — ydftyp-2y7d -
M;2 = USM ;204

Y, = UR' Y, U2
M;2 = ViURTMZ U2 Vy;
M;2 = URi Mz 20
& * UPV,M;2M 2V U

-2 _ 1 —2 .
M;2 = UM 20,
& = UVye,ViUuRT,
&y = UMM2URT; & = U2, U2 (0)

where the unhatted mass and Yukawa matrices are diago-
nal and Vj, is the tree-level CKM matrix. Under this trans-
formation the effective mass Lagrangian becomes

~ Loass = ;—g&m[l + tanB(ey + VieylYo[2Vy)ld,

+ % .Y u, + he. 7)

V2

12 _ €y
(1 + e tanPB)|1 + € tanB?
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where the €, and ey terms, defined in Eq. (6) [see also the
appendix, Egs. (A46) and (A47)], are diagonal. Therefore
the quark mass matrices receive off-diagonal terms pro-
portional to ey at the 1-loop level and so need to be
rediagonalized perturbatively. This procedure has been
performed in Refs. [17,19]. However, the calculation of
the (2, 1) and (1, 2) components of the neutral-Higgs-
quark-quark coupling are affected by additional correc-
tions not included in Refs. [17,19]. In the appendix we
calculate the corrected couplings which we present here.

Defining the down-quark neutral Higgs interaction
Lagrangian to be
— L = dh(x3,)"d}, s + hec, ®)

we find that the neutral Higgs flavor changing coupling,
with I # J, takes the form

n_’ld,/yzzrﬂ(x5 B xﬁ tanﬁ) Y331 9)

(XISeL)H = 7 eff Yeff
vy(1 + € tanB)(1 + €3 tanB)

where we have ignored the small effects proportional to the
first and second generation Yukawa couplings to find €; =
€} + 83,€yy?, x5 and x3 are the Higgs scalar components
on the neutral ®Y* and @Y fields [see the appendix,
Eq. (A26)] and

M =¢, (10)

_ ey(l + €5tanPB) — ey(e; — €;)tanB

— eyy?tanB(1 + €, tanB)(1 + €, tanB) + €

_ leylPyitan®g
1 + estangB|? ||

Here V4 is the CKM matrix obtained after diagonaliza-
tion of the one-loop mass matrix in Eq. (7). The relation
between this matrix and V|, is given in the appendix.
Observe that in the limit of universal squark soft SUSY
breaking masses the €, diagonal matrix is proportional to
the identity and, in spite of their complicated form, all the
'’ become equal to €y. The difference between the above

IRE 11
1 + € tanB (D
2! = €y
(1 + eytanPB)|1 + € tanB|?
X [(1 + €} tanB)|1 + €3 tanB?
— eyy7tanB(1 + € tanB)(1 + €, tanB)
— €y} tanB(1 + €, tanB)?] (12)
|
{(1 + ey tanB)|1 + e tanB* — eyy? tanB(1 + €; tanB)(1 + €, tanB)
| — & eytanf (€y)yitan’
1+ etanB (1 + e;tanB)(1 + € tanpB)
(13)

[
expressions and those obtained before in the literature will
be discussed in more detail below.

2. Nonminimal flavor violation using the CKM matrix

As explained in the introduction, we shall discuss a
second scenario in which all flavor violating effects are
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proportional to CKM matrix elements, and there are tree-
level down-squark-gluino flavor violating vertices in the
low energy effective theory. This scenario is similar to that
discussed in Ref. [20]. For the present discussion, let us
assume that we perform the diagonalization procedure in a
single step under the transformation

d) = ULV gd;,
d% = Ul dp

u% = UguL,

14
u% = URug, (14)
where instead of V, the tree-level CKM matrix we have
V. the effective CKM matrix. This transformation leads
to a diagonal quark mass matrix and a mass Lagrangian of
the form

v, - A
— L s = ngRUz*YdU%[l + tanB(ey + €y| Yyl Vegrdy

Uy

+—iazY,u; +he, 15
\/E R *u“L ( )

under the assumption that the matrices
€=U UY &y =URTe,UR (16)

are diagonal [20]. The condition that USJr éYUg is diagonal
is the same as Eq. (6) in minimal flavor violation (MFV).
Thus we again need the u-squark mass matrix to be block
diagonal in the u-quark eigenbasis. Therefore there are no
flavor changing effects in the neutral up supergauge
currents.

However the assumption that USTéOUS is diagonal
differs from Eq. (6) in MFV. From the flavor structure of
€o in Eq. (3), we see that this can only be naturally fulfilled
if

-2 _ pQtxr-217Q —2 _ N2y
M2 = UIMGUR, and M2 = USTMZ2US
(17)
are diagonal and [MgRZ, YdVIff] = 0. The obvious way of

satisfying this commutation relation is to require the right-

handed d-squark mass matrix to be flavor independent or

M?i o I. Observe that this analysis was not performed in
R

Ref. [20] and hence the above conditions were not required
in that work. As stressed in the introduction, the above
flavor structure of mass matrices may be achieved by
Yukawa-induced radiative corrections to universal, flavor
independent squark masses at high energy scales, at mod-
erate values of tanf. Assuming the squark masses are
flavor independent at high energies, the only one-loop
corrections that violate flavor are induced by the up and
down Yukawa matrices because the gauge interactions are
flavor blind. These corrections are given by [22]

I
AMY =~ —[(m} + M3, (0) + 4DV,

+ 2m3 + M3, (0) + AV Y,] log( ) (18)

MSUSY
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where Q denote the left-handed squarks, m is the common
squark mass at the scale M at which supersymmetry break-
ing is transmitted to the observable sector, M},M(O) and A,

are the Higgs soft supersymmetry breaking masses and
squark-Higgs trilinear mass parameters at that scale, and
Mgy is the characteristic low energy squark mass scale.

Similarly, the right-handed up and down squark mass
matrices receive one-loop Yukawa-induced corrections
proportional to

AMZ — - % (@2 + M3, (0) + A2)Y, V] 1og(MZSY>,
(19)

and

AME = - %(mg + M3 (0) + ADY, Y] 1og<MSUSY>,
(20)

respectively.

Therefore, while the Yukawa-induced radiative correc-
tions to the right-handed squark mass matrices maintain
the alignment of these matrices with their corresponding
Yukawa matrices, the corrections to the left-handed squark
masses induced a misalignment between the quark and
squark mass matrices governed by CKM matrix elements.
Since the dominant effects are governed by the third gen-
eration Yukawa eigenvalues, the down-quark Yukawa ef-
fects may be neglected at small or moderate values of tan
where the bottom Yukawa coupling is much smaller than
the top quark one. In this case, one arrives at the properties
of the squark mass matrices specified in the nonminimal
flavor violating scenario defined above.

In general, even at larger values of tang, the only flavor
violating squark-gluino vertices will be in the left-handed
couplings (and the Higgs-squark-squark vertices) and they
will be governed by CKM matrix elements. The only
difference between the large tanf case with respect to
the nonminimal flavor violating model defined above is
that the masses of the right-handed down squarks will no
longer be flavor independent at low energies and therefore
the €, matrix will not be aligned with the €y one. However,
the flavor properties of the large tan8 scenario are quite
similar the nonminimal flavor violating scenario specified
above and therefore this scenario will allow us to study the
possible effects of the Yukawa-induced radiative correc-
tions to the squark mass matrices, in particular, the ones
associated with the flavor violating down-squark-gluino
couplings at tree level.

Following the argument in Ref. [20] we can rewrite the
effective Lagrangian in terms of the mass eigenstates as

V2
vu

2 -
+ £¢2*dRmddL + q)gl’_tRYuuL + h.c.
v

u

— Lo = — (DY — DY tanﬁ)é_lRIﬁdVJffRﬂVefde

2D
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where V. is the effective CKM matrix, Y, is the diagonal
up Yukawa matrix, mq is the diagonal down-quark running
mass matrix, and

R =1+ ¢ytanB + ey|Y,|? tang. (22)

Therefore, neglecting1 v, and y. as compared to y,, and
defining

€ = €) + eyy?8’ (23)
for all J, we find
1
R—l JI — 571 24
( ) 1+ €;tanB 24

If we assume a generational mass splitting so that the
first two generations are equally massive and heavier than
the third generation we find €} = €} = €. In this case the
flavor changing effects are not solely dependent on €y, but
they also depend on the difference between the loop factors

(3 — €):

”hd,(53 - 6())(x5 - xi tanf3) V33 (25)

(XISeL)H = eff Y eff
Ud(l + € tanﬁ)(l + €3 tanB)

The reason we call this scenario nonminimal flavor
violation is that the diagonalization procedure induces
flavor changing effects in the gluino-quark-squark cou-
plings which lead to additional contributions to flavor
changing processes. Indeed, the assumption that €, and
€y in Eq. (16) are diagonal leads to the appearance of CKM
elements in the down quark-squark-gluino coupling, as it is
clear from Egs. (14) and (17). Because the left-handed
squarks are not diagonalized by the same rotation as the
left-handed quarks, the effective gluino Lagrangian be-
comes

L= —2g [, §°T i, — g T iig]
+2g,[d, g°T*Vd, — dgg*Tdg). (26)

The appearance of the CKM matrix in the gluino couplings
induces flavor changing box diagrams that can in principle
produce large effects.

3. The uniform squark mass limit

The two flavor changing scenarios discussed above co-
incide for the case of uniform squark masses. Since, in this
limit, the transformation performed in Sec. II A 2 requires
no approximations or assumptions the expression for the
FCNC’s are exact. However, the perturbative approach in
Sec. ITA1 provides expressions for the FCNCs that are
only valid up to a certain order in the off-diagonal CKM
matrix elements. For the perturbative approach in

"This approximation breaks down in the limit 1 + €,tanB8 —
0, the singularity in [X%;] proportional to y, cancels against
those coming from y, and y, as discussed in Ref. [20].
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Sec. IT A1 to be valid we need the two expression for the
FCNC'’s to be equal to at least quadratic order in the off-
diagonal CKM matrix elements. However, as discussed
above, comparing the results of Ref. [19,20] this is clearly
not true for the (2, 1) and (1, 2) components of the down
quark-Higgs couplings Xp;.

In the uniform squark limit, the flavor violating coupling
given in Eq. (25) has the form

ﬁld, eYy%(xli - xi tanf3) V33l (27)

(XISeL)” = eff Y eff
v, (1 + e3tanB)(1 + €y tan)

which does not agree with the results in Ref. [19], where
they find the corrected coupling to be

(X3 )21 = ’hdJEYytz |1 + €5 tanB|?
RL 5 >
vg |1+ € tanB*(1 + €y tanB)
X ng{f* nglfs(x“u9 - xf, tanf3). (28)

To understand this difference between the results of
Refs. [19,20] we need to look at the approximations
made in Ref. [19]. Diagonalizing the tree-level quark
mass matrices in Eq. (7) leads to uncorrected diagonal
masses mgq and a CKM matrix V,. However the large
tanB enhanced radiative corrections lead to off-diagonal
terms in the mass matrix, which have the form

(mg + Amg)’" = m, (1 + €;tanB)8’" + eyy? tanBA}")
(29)

where A} = V37*V3l for J # 1 and e; is defined in
Eq. (23). We have also neglected contributions to the
diagonal elements of the form |V3’|*> for J # 3 as they
are subdominant. Hence, to go to the physical quark basis
we need to further diagonalize this effective mass matrix
by unitary matrices Dy, g so that

e~ 0D (mg + Amg)Dy ) = iy 8 (30)

where 6; = arg(l + €;tanB). The approach taken in
Ref. [19] is to perturbatively expand the diagonalization
matrices Dy, and Dy so that

D, =1+AD, (31)

where the unitarity of Dy g to linear order in A leads to
conditions (ADy, g)t = —ADy g, so that when J # [ in
Eq. (30) we have the condition

e (= (ADg)mg + Amyg + my(AD))" =0, (33)

where the 1, includes higher order terms and higher orders
in A have been neglected. Using Eq. (33) and its dagger
along with the hierarchy in quark masses gives us
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_ eyytanB i
(AD )J[ _ 1+Ejtan,3)l0 J>1 (34)
- G <
1+¢; tanB 70
and
_ My, ceyy*tanf ev2ansy i0,—0) rJI
(AD )J[ _ rh_[,;(l-)%l—ei,tanﬁ lieftanﬂ)el( ’ 1)/\0 J>1
R g, fepy?tanB | €y2tanBy i9,—0,) 1\ JI
m_dj(lie,tanﬁ liejtanﬁ)el( ! I)AO J<I
(35)

Putting these matrices back into Eq. (33) with (J,1) =
(2, 1) the dominant terms have the form

_ ﬁls eYy% tanB

e_mz(n_ldADL)zl - 1 + e, tanB

A3, (36)

which are comparable to the terms that were neglected in
Eq. (33) like
mseyyitan® B

e (Amg)(ADy )2 = ;

(37)

This is particularly true for values of €3 <0 and large
values of tanfB. Therefore the deviation between
Refs. [19,20] in the Kaon sector is due to a breakdown in
the perturbative series leading to first and second order
contributions being comparable. The expansion shown in
Ref. [19] works for the (1, 3), (2, 3), (3, 1) and (3, 2)
components as they expanded the mass matrices only to
first order. As mentioned above, an analysis of the second
order corrections, together with a derivation of Egs. (12)

and (13) is presented in the appendix.
J

a (1+ e,tanB)(1 + e3tanB) Ay

PHYSICAL REVIEW D 74, 015009 (2006)
4. Flavor changing in the charged Higgs coupling

The process of calculating the flavor changing couplings
for the charged goldstone modes is exactly the same as in
Ref. [19]. As the couplings of the goldstone has to match
those of the W-bosons at tree level, so as to form its
longitudinal mode, the flavor changing effects have to be

2
(PG = — o Vikmy,, (38)
2
(PR = %m Vet (39)

The charged Higgs has the effective Lagrangian [33]

2
.Eg: = £l/_£R|:COt,8n'lM - ﬂ taIlﬁAY,,{:|‘/efdel'17L
v

V2
V2 v
+ X253, VDI t — % cotBAY
v U Vesr L|: anfmy \/ECO,B d:|
X DrdpH* (40)

where

(AY ) =y, (e 8" + €,V V) (41)

(AY)" = —yq, (8" + eyyi V3" Vi (42)

are the generic form of corrections to the down(up)
Yukawas after neglecting the Yukawas of the first two
generations. The matrices €), and €}, are closely related to
€y and €y and their form is given in the appendix. Hence,
we find for/ =1,2,3

V2 1 + e;tanf €yy?tanfB
(PRI = ~ cot,BVSfIf<l - tan,[%(e()3 + 6/)/3’%[71 ¥ Qang 83 — T+ g a tanﬁD)’ (43)
forJ # 3
V2 1+ eitanB
(P;{Ijr)'ﬂ = Tmuj COt,BV!%(l - tan,B(E{)J + E/Yy127 m)) (44)
and finally for (J, 1) = (2, 1), (1, 2), (1, 1) and (2, 2)
2
(PHFYT = %mul cotBVIE(1 — tanBel (45)

which agrees with Ref. [19] if the phases are neglected. To find the left-right coupling we neglect the (AY,) as it is

suppressed by cot8 so that we have for I # 3

(PEg )

forJ # 3

V2 iy tan
PH)3 = b V/3 47
(Pig) v 1+ € tang “47)

_ \/_5 g tanB(l + estanf) . 1+ € tanB  €yy7 tanf 46)
v (1+ e tanB)(1 + €;tanB) eff(l +ejtanB 1+ € tanB)’
{
and for (J,1) =(3,3)and J # 3 # I
(P = L2 _MotanB 48)

v 1+ étang
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\/_ iy, tan Vi

PH+ JI —
(PLk) v 1+ ¢€tang

(49)

ITI. FLAVOR CHANGING PROCESSES IN THE
KAON AND B;-MESON SYSTEMS

A. AF = 2 processes

The effective Hamiltonian that contributes to AF = 2
processes in the Kaon and B; meson systems have the
generic form

G:M
AF=2 _ f
H off 162 E (50)

where C;(u) are the Wilson coefficients evaluated at the
scale u. The AF operators for a meson of the form (§/q")

are
J

2 2

G
MHAS ZMSUSY S
tlg2imsesy = 270
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OV = (q] v ,.qi )@l v*q})

O = (qr91)(GraL)

S = (qrOura1)(@Ro* 41,
(QRY;LQR)(C]RYMCIR)
O = (G1.9x)(q1 9%)-

SR = (G100 aR)(@1 0" 4k
QLR = (q1Yu91)(@rY*qk)

LR = (CIR‘IL)(‘ILQR)

VRR _
¢ (5D

So for the K — K system the quantities of interest to us
are €y and the eigenstate mass difference AM, which to a
good approximation have the form

AMy = 2Re((K°|HAS72|K"))
eiﬂ'/4 B (52)
m((K°|H3 2 K0)).

€x = 1
K 2AMy

The SUSY contribution to the matrix element for the
meson M may be written down as

mMFM”IzBM[PVLL(CVLL(MSUSY) + CVRR(usysy)) + PIEE(CTHE (msusy)

+ CY*R(ususy)) + PSEE(CSHE (msusy) + C3RR(usysy)) + PERCER (ususy) + PERCER (msusy)

For the Kaon system myg = 0.498 GeV, Fx = 0.16 GeV,
the values of the NLO QCD factors from Ref. [20] are

PYEL = (.25, PLR = —18.6, PLR = 30.6,
Pl =93, PSLL = 166

for which the values 7, = 0.57, By = 0.85 have been

used. The dominant contributions as shown in

Refs. [19,20] come from the double penguin diagrams

which on matching give contributions to the Wilson coef-
ficients

(54)

16772
CLR _ _ (XS )ZI(XS )21
2 G‘}%(folf)zM%V SZ1M2 RL LR
872 1
CSLL — (XS )21(XS )21
! Gz( tf)zM‘z’V SZ:I M2 RE RE (55)
8 2
CSRR = U Z R T

(V ff)zM‘z)V S=1 S

Additional subleading contributions at large tanf come
from the charged Higgs boson and chargino box-diagram
contributions to €g, and their form are given in the
Appendix A.4 of Ref. [19].

Similarly, for the B; eigenstate mass differences AM,,
using again Eq. (50) for AB = 2 processes, we get, ap-

(53)

[
proximately,

AM, = 2[(B,|H5F~?|B,)| (56)

Therefore, using Eq. (53), the mass difference in the B, —
B meson system can be found using mpz = 5.37 GeV,

= (0.230 GeV and the values of NLO QCD factors
from Ref. [19] being

PYLL = 0.254, PER = —0.71, PLR = 0.90,
Pl = —0.37, PSLL = —0.72 (57
for which the values mz = 0.55, B’BS = 1.3 have been
used. Again, the dominant contributions come from
double-penguin diagrams which have the same form as
Eq. (55) with the indices (2,1) — (3,2) and there are

subdominant contributions from the box diagrams with
charged Higgs bosons and stop-charginos.

B. AF = 1 processes contributing to B, — " u~

The effective Hamiltonian that contributes to AF = 1
processes in the B; meson system has the form

Gfaeem
V2ms?,

where the operators O are

AB=1 _—_
}[eff -

Vélf’thﬁfZC () O; () (58)
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0, = (Z;LV“SL)(Z_YMYSZ) o, = (ER'}/"LSR)(Z'YM'YSI)
O = my,(bgs)(1]) O's = my(bysp)(1)
Op = mb(ERSL)(l_’)’sl) 0= ms(ELSR)(l_’)’sl)- (59)

The operators O, and O’ can be dropped as ¢, and ¢/, are
proportional to the muon mass and so are small at large
tanS. Also the other primed operators are suppressed with
respect to the unprimed ones due to the hierarchy of quark
masses. So the dominant contributions at large tan3 come
from the penguin diagrams leading to the contributions

3

47 m,, tan3
XL Y20l
i, M3, 27/4G3/2V” sin3 ;Mz( w)

Csg =
(60)
47*m,, tanf 3

cp=1
P i, M2 27/4G3/2vt5f 121

(Xl )32 031

where O/ is the neutral Higgs diagonalization matrix and
related to x5 and x5 through Eq. (A26). Hence, in the large
tanB limit we find [19]

BRB,— u u)=232X 10_6M%A_(|CS|2 + |epl?)
(61)

IV. NUMERICAL RESULTS: MINIMAL FLAVOR
VIOLATION

In this section we will study some of the phenomeno-
logical implications of the scenarios of minimal flavor
violation. The quantities of interest in the following section
are AMg, €k, and, in particular, the observables in the B
sector, AM; and BR (B, — u* u~). The standard model
theoretical prediction of AM, has errors associated with
the quantities 71, Vi, and Fp /By that lead to large
theoretical uncertainties [35,36]. There is good agreement
between the central values for the SM prediction for AM;
obtained by the CKMfitter and UTFit groups. Their evalu-
ation of the uncertainties is somewhat different. The UTFit
group finds the 20 range [37]

16.7 ps~! = (AM,)S™ = 26.9 ps~! (62)

with central value 21.5 ps~!, which is consistent with the

CKMfitter groups’ 20 range [38]
149 ps! = (AM,)S™ = 31.4 ps™! (63)

and central value 21.7 ps~!. Additionally, the DO collabo-
ration has reported a signal consistent with values of AM
in the range

21 (ps) ™' > AM,; > 19 ps! (64)

at the 90% confidence level [39]. More recently, the CDF
collaboration has made a measurement of AM [40],

AM, = (17337357 = 0.07(syst)) ps~ L. (65)

PHYSICAL REVIEW D 74, 015009 (2006)
The experimental bound [41,42]

BRB,— utu)=1x10"7 (66)

puts strong restrictions on possible flavor violating effects
induced by the double penguin contributions in the large
tan S regime. The dominant contributions for large tanf to
AM, and BR (B, — u* u~) come from the same penguin
diagrams. The dominant contributions to € and €y come
from the gluino d-squark loop and the chargino u-squark
loop, respectively. Hence, for heavy squarks, the form of
these loop corrections can be written approximately as

|68|~ S|M3||M|Co(m my , |M5]) (67)

ley| =~ AN | Co(m3 , m, | ul?), (68)

162

where Cj, is the standard Passarino-Veltman function.

A. Phenomenological constraints on double penguin
contributions in the MFV scenario

1. The effect of BR(B, — u" u~) constraint on AM,

As has been shown in Ref. [19] the chargino box dia-
grams can be neglected if all the squark masses are greater
than about 0.5 TeV. We are now interested in setting an
upper bound on the FCNC effects induced by the double
penguin contributions. From the form of Egs. (67) and (68)
it is clear that the loop integrals are larger for smaller
values of the squark masses. The value of € is maximized
for large values of w and for values of M5 about twice the
overall squark mass value. The value of €, on the other
hand, is maximized for large values of A; and values of u
that are of order 2 times the overall squark mass value. At
the same time, large values of u and/or A, may induce the
presence of color breaking minima [43,44]. Hence, values
of M3 ~2m; ~ p maximize €y, while pushing € to large
values. For these values of the parameters, the loop cor-
rections are given by

() max| ~ 2.7 X 1072 (69)

[(€y)max] ~ 1 X 1072, (70)

where we have constrained the trilinear mass parameter
A; =3mg, so as not to create color breaking minima
[43,44]. Let us stress that the bounds on the parameters
coming from color breaking minima may be avoided by
assuming metastability of the electroweak symmetry
breaking vacuum. However, the somewhat extreme values
of the parameters given above induce additional anomalies
in the low energy spectrum. For instance, values of A, =
3.2mg, decrease the physical Higgs mass to values lower
than the current experimental bound on this quantity [3—
13]. It is also important to stress that for negative values of
uMs, the coupling X4/ may be enhanced by taking even
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larger values of |u|. Indeed, €y only falls off slowly for
larger |ul|, while €] increases linearly and therefore X7
grows with increasing w. We shall comment on the effect
of taking larger values of |u| below.

BR(B, — u*pu~) = 4.64 X 10—6ng<

Similarly we find the dominant SUSY contribution to
AM; comes from the C5® coefficient. To understand why
the C5® term is dominant over the C{LL we consider the
case when there is no CP violation in the neutral Higgs
sector. In the basis (H° h°,A) we have x5 =
(sina, cosa, —icosPB) and x, = (cosa, —sina, isinf),
where « is the Higgs mixing angle. Putting these values
into Eq. (55) for the (3,2) component, we find [19],

sin(a — cos?(a — 1
( i B) n ( i B) +_2>
M2, M2, M

CER o mbﬁzstan4,8<

M2, Mio M3
(73)

CyLL o nﬁitan“B(

sin’(a — B) N cos’(@—pB) 1 )

From a cursory inspection of these two equation it is not
clear which term is dominant, at large tang, as Ci¥ is
suppressed by a factor of m,/m;, with respect to C3LE.
However, using the constraint equations that relate Mo, «
and 8 at tree-level in the MSSM [11] we find

4
2 2 _
M, = MZ<1 tan2B> (74)
cos’(a — B) _ M — M3, _ 4M?2 75)
M3, Mi(MG, — Mpy)  Mitan®

where only the lowest order terms in (M%/M3) have been
kept. Using these tree-level approximations we find that

C%R x T’I_’lbﬁ’lstanétﬂm (76)
A
4M3
3Ll o mbtanZﬁM—f. (77)
A

Thus at large tan8 and moderate or large M4, C5® clearly
dominates over C$L-.* The value of AM,, including the
corrections from new physics, may be represented as
(AM)SM|1 + £,|, where f, is the total SUSY contribution.
Because of C5® being dominant we find

*When the loop factors and phases are included the approxi-
mation for C5LL still holds up to a factor of order 1.

PHYSICAL REVIEW D 74, 015009 (2006)

In the region of large tanf the heavy CP-even and
CP-odd masses are approximately equal and the Higgs
mixing angle o ~ 1/ tan@, so that the dominant contribu-
tion to BR(B; — u™ u ™) is given by

(71)

47 m,, tanf )2 [(X4,)%?
M3 2GR V) MG

[
B 1672P2, 2 (
GiMSo(x)(Vg)* M3

fs = XﬁL)32(X2R)32~ (78)

In the limit of universal squark masses, for fixed values
of the supersymmetry breaking mass parameters, the ratio
between AM, and BR(B, — " u~) is proportional to
(M,/tanB)?. Furthermore, f, is negative [17-19].
Therefore, unless |f,| > 2, the double penguin contribu-
tions to AM, always interferes destructively with the SM
contribution, at large tan3. This result, showing the sup-
pression of AM, for enhanced BR(B; — u" u~), has
been known for some time and was first shown in
Refs. [17-19].

In Figs. 2 and 3 we show the correlation between AM,
and BR(B, — u*u~) for different squark spectra and
gaugino phases. In Fig. 2 the black curves show the corre-
lation between the double penguin contributions to AM,
and BR(B,— putu~) for uniform squark masses
~2 TeV. We have chosen the uniform squark masses to
be ~2 TeV so as to ensure that for My, = 1 TeV the
effective Lagrangian in Eqgs. (1) and (2) remains valid.
Had we chosen squark masses of the order of 1 TeV, then
the low-energy effective theory would break down for M,
close to 1 TeV, and a more detailed analysis of the €;’s
momentum dependence would be required for these large
values of M4. Each of the black curves have different
values of M,/ tanB. The contours represent the maximal
values of |AM|PP, for a given value of BR(B, — u™* u™),
and for a given range of values of M,. Because of the fact
that for fixed M,, the ratio of |AM,|’? to BR(B, —
u ) goes like 1/tan’B, in order to maximize |AM,|
for any given value of BR(B;, — u"u~) we need to
minimize the value of tanf. Inspection of the expressions
given above shows that this may be achieved by choosing
positive values of w, arg(M;) = arg(4,) = 7 and maximal
values of |ey| and |ey|. In order to define the contours we
have taken the values of the loop corrections given in
Eq. (70). The horizontal black and red ( gray) line corre-
sponds to an upper bound on the largest possible contribu-
tion to AM; from new physics using the 20 values
obtained by the UTFit and CKMfitter collaborations,
Egs. (62) and (63), respectively. In order to get a precise
evaluation of this bound, a complete fit to the flavor violat-
ing processes within the MSSM should be performed,
something that is beyond the scope of this paper.
However, since in this region of parameters the only rele-
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M,/Tan(B)= 10 GeV —
~ M,/Tan(B)=20 GeV -
10
'z =71 My/Tan(B)=30 GeV -~
Sl g
2. M,/Tan(B)=40 GeV -~
- 1 My/Tan(B)=50 GeV - - -
o 1 M,> 500 Gev o
E M,>1000GeV O
= M,>2000GeV @

BR(B— i) x 10 °

FIG. 2 (color online). Correlation between BR(B, — u™ u™)
and AM,. The squark masses are all uniform and have been set
to 2 TeV. The rest of the SUSY parameters have been chosen so
that |ey| and |ey| have their maximal values. The black lines
have fixed values of M,/tang, but varying gluino phase. The
contours represent AM, for different ranges of M, (M, = 500,
1000, 2000 GeV) for gluino mass and A, phases equal to 77, and
varying tanf values. The red (gray) vertical line is the experi-
mental bound on BR (B, — " u~). The horizontal black line
is the 20 upper bound on the double penguin contributions to
AM, from the UTFit group while red (gray) horizontal line is the
same bound from the CKMfitter group.

vant new flavor violating contributions are from the double
penguin diagrams, we can make an estimate of this bound
in the following way: From Eq. (62) or Eq. (63) we have a
2-0 range that goes from values consistent with the ex-
perimentally measured value up to values much larger than
the measured values. Therefore the negative double pen-
guin contribution can be as large as the difference between
the maximum allowed SM value and the smallest allowed
experimental value. This leads to an upper bound on the
magnitude of the double penguin contributions to AM; of
about ~10 ps~! for the UTFit limits in Eq. (62) or
~14.5 ps~! for the CKMfitter limits in Eq. (63). From
Fig. 2 it is clear that, for CP-odd Higgs masses below
1 TeV, this bound does not lead to any further constraint
beyond the one already obtained by the nonobservation of
the branching ratio of the decay B, — u™ u™.

It is possible to enhance the value of AM, beyond what
we have explored, by allowing values of [u| > 2m;. If, for
instance, we consider values of u = 3my, for the same

MA/Tan(ﬁ)= 10 GeV —
MA/Tan(ﬁ)= 20 GeV -
’ M,/Tan(B)=30 GeV -----
1 M/Tan(B)=40 GeV ---
M,/Tan(B)=50 GeV - - -
M,> 500 GeV O

M,> 1000 GeV [m]
M,> 2000 GeV =

BR(B—1tu~) x 10

FIG. 3 (color online). Same as Fig. 2, but for third generation
soft supersymmetry breaking squark masses equal to 0.5 TeV and
first and second generation squark masses equal to 5 TeV.
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value of BR(B, — " u~) we can enhance AM, by a
factor ~1.5. This suggests that the contours in Figs. 2 and 3
are not strict upper bounds, and can be further enhanced,
almost in a linear way, by pushing |u|/m; to larger values.
However, due to the extreme values of the mass parameters
selected in defining the contours, these are indicative of the
upper bound on the double penguin contributions to AM;
for a given value of BR(B;, — u* u~) for natural values
of the mass parameters.

In Fig. 3 we depart from the limit of universal squark
masses, by setting the third generation squark masses
~0.5 TeV while the first two generation squark masses
are 5 TeV, which leads to 6(3) having its maximal value, but
€} and €} being 100 times smaller. Hence, this splitting of
the squark masses spoils the linear correlation between
AM, and BR(B; — u" u~) due to the different para-
metric dependences of X3; and Xz for split masses. In
both Figs. 2 and 3 the vertical red (gray) line is the
experimental bound on BR(B; — u* ™) in Eq. (66).

Figures 2 and 3 suggest that large double penguin con-
tributions to |AM,| may not be obtained, for values of €
and ey close to their maximal values in Egs. (69) and (70),
without violating the BR(B; — ™ u~) bound. Because
of these bounds, for values of M, <1 TeV, the double
penguin corrections to AM, are restricted to be negative
and relatively small, so that [AM,|3USY < 4 X 1072 GeV,
or equivalently |[AM,|SUSY < 6 ps~!.

The BR (B, — u* ™) bound also constrains contribu-
tions to AM, and AMy to values within experimental
errors. For example, in Fig. 4, the SUSY contributions to
AMy in the Kaon system for uniform squarks masses are
below the experimental error of 6 X 107!8 GeV or
0.01 ns™!, even for large values of (M,/tang)>. These
results seem to be at variance with those obtained in
Ref. [20]. This is mainly due to the fact that the authors
of Ref. [20] represented results in regions of parameters

“~|71M,/Tan(B)= 10 GeV —
< {M,/Tan(B)=20 GeV -
M, /Tan(B)=30 GeV ----
M, /Tan(B)=40 GeV -~

E MA/Tan(B): 50GeV - -
M, > 500 GeV O
M,>1000GeV O
M, > 2000 GeV (]

0,001 0.01 0.1 1

BR(B— ) x 10 °

FIG. 4 (color online). Correlation between BR(B; — u* u™)
and AM. The squark masses are all uniform and have been set
to 2 TeV. The rest of the SUSY parameters have been chosen so
that |€y| and |ey| have their maximal values. The black lines
have fixed values of M,/tanB. The contours are the double
penguin contributions to AM for gluino mass and A, phases
equal to 7, but varying tanf. The left red (gray) vertical line is
the present experimental bound on BR (B, — ™ ™) while the
right blue (black) vertical line is the previous limit.
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M,/Tan(B)= 10 GeV —
M,/Tan(B)= 20 GeV

0.001 E M,/Tan(B)=30 GeV -----
E . | M,/Tan(B)=40 GeV ---
w_MQ 0.0001 > ‘ M,/Tan(B)= 50 GeV - - -
W ~ ] M,>500 Gev O

M,> 1000 GeV O

1e-05 1
M,> 2000 GeV ]

BR(B.— pu) x 10 ©

FIG. 5 (color online). Same as Fig. 4, but for €x. Only the
current bound on BR(B; — u*u~) is shown, by the vertical
red (gray) line and the horizontal blue (black) line is the
experimentally measured value of eg.

where the value of BR(B, — u* u~) is well above the
present limit. Observe that, to arrive at this conclusion, the
new limit on BR (B, — " u ") is essential. From Fig. 4
we can also see how the improvement in the limit on
BR(B; — u" u~) forces the double penguin contribu-
tions to |[AMg| from SUSY to be small. Finally, Fig. 5
shows similar results for ex. As happens in the case of
AMyp, the results for values of M, < 1 TeV are far below
the current experimental value of 2.282 X 1073,

However, within the minimal flavor violation scheme,
large contributions to AM, are possible for scenarios in
which the stops and charginos are light, so that the
chargino-stop box diagrams become larger. Furthermore,
the bound on BR (B, — u " ™) can be satisfied by going
to regions of large M, or low tanf as chargino-stop box
contributions are not very sensitive to tan3. This scenario
is similar to that discussed in Ref. [29] where low values of
tanB satisfy both the dark matter and baryogenesis con-
straints. In Fig. 6, we choose SUSY parameters

M, =200 GeV, M; = 1000 GeV,
Mp, = Msysy = 2000 GeV, M%,3 = —90% GeV?,
A; = —1000 GeVtanB = 10
and 100 GeV = 2M |, M,, n =< 500 GeV

that agree with dark matter and baryogenesis constraints
and produce a value of AM, that is enhanced with respect
to the SM value. For this kind of particle spectrum the
double penguin contributions to AM, are small compared
to that of chargino stop diagrams. Although the enhance-
ment of AM is small, a comparison of the SM prediction,
Egs. (62) and (63), and the experimentally measured value
leads to disfavor additional positive contributions of AM,,
larger than about 3.5 ps™!, where we have taken into
account the SM allowed range given by the CKMfitter
collaboration Eq. (63), at the 2-o level. Even stronger
constraints would be obtained if the UTfit values in
Eq. (63) for (AM,)™ were used. Therefore the smallest
values of w, smaller than 200 GeV, would be disfavored. A
global fit to all flavor dependent observables within this
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1.3 T T T T T T T
Arg() —ArgM,) =0 —
Arg(l) — Arg(M,) =r/2
Arg(L) —ArgMy) =t - ||

! ! ! ! ! ! !
100 150 200 250 300 350 400 450 500

Iul (GeV)

FIG. 6. Variation of SUSY contributions to AM, with input
parameters M, =200 GeV, M5 = 1000 GeV, Mp, =
Mgysy = 2000 GeV, 2M; =M, = p, My = —90* GeV?,
A, = —1000 GeV and tanB = 10. ‘

scenario would be necessary in order to determine the
precise lower bound on w, something that is beyond the
scope of this article. Also observe that for larger values of
tanB there may be relevant double penguin contributions
that could cancel the positive box-diagram contributions
and therefore the bound on u could be relaxed in this case.

Although this scenario leads to contributions to AMg
that are smaller than the present experimental errors on this
quantity, as can be seen in Fig. 7, it leads to interesting
corrections to €g, as shown in Fig. 8. The results in Fig. 8
were obtained for a value of the CKM phase 6 = 77/3 (the
best fit value within the SM). Experimentally we know that

lex| = (2.282 = 0.014) X 1073, (79)

and therefore the SUSY corrections are significant. For
lower values of the CKM phase, however, the SUSY con-
tributions to |ex| within this scenario can be smaller. The
experimental value of € is usually used to put a constraint

0.002 T T T T T T T

00015 £\ Arg(p) — ArgM,) =0 — | ]
00016 -\ Arg(n) — Arg(M, ) =m/2 | 1
D |Arg(p) —ArgMy) =t T | 4

0.001 -

0.0008

0.0006 -

0.0004

0.0002 L
100 150 200 250 300 350 400 450 500

Iul (GeV)

FIG. 7. Variation of SUSY contributions to AM with input
parameters M, = 200 GeV,  M; = 1000 GeV, Mp, =
Msusy = 2000 GeV, 2M; =M, = u, My, = —90° GeV?,
A, = —1000 GeV and tanf = 10.
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0.0011 T T T T T T T

0.001 Arg(w) — Arg(M,) =0 .

00009 - N Arg(W) — Arg(Mp) =m/2 " |4
> L N ]
g oo \ | Arg(W) — Arg(My) =Tt
2 0.0007 F N
E 0.0006 -

0.0005 -

0.0004 -

0.0003 -

0.0002 -

0.0001 1 1 1 1 1 1 1

100 150 200 250 300 350 400 450 500
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FIG. 8. Variation of SUSY contributions to €y with input
parameters M, = 200 GeV, M3 = 1000 GeV, Mp, =

Mgysy = 2000 GeV, 2M, =M, = pu,
A, = —1000 GeV and tang8 = 10.

M3} = —90? GeV?
3

onthe p — 7 plane.3 The SM contributions to e€x leads to
the constraint equation [45]

53 X 107* = BxAj[(1 — p)AZA* ;5 S(x)) + m3S(xk, x7)

— mxel (80)
where By =0.75=0.10, A~0.85, A =0.22, 5=
1327021, 5 = 057100, m% = 0.471003 and S(x,) and
S(x,, x;) are the Inami-Lim functions. Because the stops
are light the dominant contributions to €x come from the
chargino stop diagram. Under these approximations we

find the ey constraint equation in p — 7 plane is modified
to become

53X 1074 = BgA2H[(1 — p)(1 + OA2 A4S (xh)
+ 938O, x7) — mixcl (81)

where  hides all the SUSY dependences. The dominant
contribution to €x from SUSY comes from the Cy;;
Wilson coefficient. Thus we have approximately,

’ Py

TGSt 2 e M M) (B2

X2 X2

where mj, is the lightest stop mass, m,, is the lightest
chargino mass and D, is the Passarino-Veltmann function

_ y y
m“”&”‘@—mw—@@—nm49

22 Z
+@—m@—w@—nb4ﬁ
l,2

t
BT S

3 p and 7 are the usual corrected Wolfenstein parameters of the
CKM matrix.

PHYSICAL REVIEW D 74, 015009 (2006)

Taking the lightest stop mass to be 120 GeV and approx-
imating the lightest chargino mass by || we can estimate
{ ~ 0.4 for values of u ~ 100 GeV. However as |M,| =
|| there are also relevant contributions from the heavier
chargino. Including these contributions, we obtain ¢ ~
0.55. Including this value of { in the theoretical prediction
for ex will lead to a modification of the values of p and 7
extracted from the fit to the flavor observables. Although a
global fit to these quantities within the light stop scenario is
beyond the scope of this article, we notice that for { =
0.55, the new constraint equation, Eq. (81), is still consis-
tent with the limits coming from |V,,|/|V.,|, sin(28).
and AM, , and therefore this scenario is not ruled out by
these considerations.

2. The effect of BR(B, — u*t u~) constraint on Higgs
physics at the Tevatron and the LHC

As shown above, in the minimal flavor violating scheme,
all dominant FCNC effects at large tan3 are proportional
to ey, which is directly proportional to the product of the u
and A,, but inversely proportional to the square of the
squark masses. The FCNC effects are strongly enhanced
for large values of tanf and small values of the CP-odd
Higgs mass. The Tevatron collider is performing searches
for nonstandard Higgs bosons, which become efficient for
exactly the same conditions. Therefore, in minimal flavor
violating models, current bounds on the rate B, — u™ u~
impose strong constraints on the possibility of finding
nonstandard Higgs bosons at the Tevatron collider (for
related studies, see Refs. [46—48]). This is particularly
true for large values of the A, and u parameters, for which
€y is enhanced.

Low values of the CP-odd Higgs mass are also associ-
ated with low values of the charged Higgs mass. These
values of the charged Higgs mass induce large positive
corrections to the branching ratio BR(b — svy). Since the
measured value of BR(b — svy) agrees well with the SM
prediction, these large charged Higgs induced corrections
to the rare decay rate needs to be cancelled by similarly
large corrections induced by supersymmetric particles. In
minimal flavor violating schemes, these SUSY corrections
are associated with stop-chargino loops [14,49-54]. For
positive (negative) values of A,u, the corrections to the
amplitude of the decay b — sy have the same (opposite)
sign to the ones associated with the charged Higgs correc-
tions, and grow linearly with tanf. Therefore, agreement
of the theoretical predictions with the experimental values
of BR(b — s7) for small values of M, demands negative
values of A, u.

Additional constraints come from the CP-even Higgs
sector. For a given value of the overall squark masses, the
mass of the lightest CP-even Higgs boson in the large tan3
regime depends strongly on the parameter A,. In particular,
this mass is maximized for a value of X, =A; —
u/ tanB = 2.4Mgygy (Where Mgy is equal to the average
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stop mass) and minimized for values of X, =0 [3].
Because of the complicated dependence of the Higgs bo-
son properties on the supersymmetric mass parameters,
searches for Higgs bosons at the Tevatron and the LHC
are usually interpreted in terms of benchmark scenarios
[55]. For instance, the scenario with X,/Mgysy = 2.4 is
named the maximal mixing scenario, since it is associated
with the values of the stop mixing parameters that max-
imize the lightest CP-even Higgs mass. Similarly, X, = 0
defines the minimal mixing scenario. While for the maxi-
mal mixing scenario the constraints coming from FCNC
are particularly strong, no constraint from B, — u* ™~ are
expected to be obtained in the minimal mixing scenario.
In Fig. 9, we display the constraints in the M, — tanf
plane that are induced by the requirement of obtaining a
good agreement with the BR(b — s7) and the nonobser-
vation of B, — u* u~ at the Tevatron collider. The results
are presented for different values of X, and u parameters
and supersymmetry breaking squark masses equal to

X, =24 TeV

U d MSUSY =1TeV b

PHYSICAL REVIEW D 74, 015009 (2006)

1 TeV. The region of parameter space consistent with B, —
utu” for uw = —100 GeV and u = —200 GeV is below
the dotted and dashed lines, respectively. For each value of
A,, larger values of |u| imply consistency with larger
values of M, and smaller values of tanB. On the other
hand, the regions in the M, — tan plane that are consis-
tent with the observed values of

BR(b — sy)™® = 3.38103, X 10~ (84)

and the estimated theoretical uncertainty [56]
|BR(b — 5)*® — BR(b — sy)SM| < 1.3 X 107* (85)

are given by the colored bands. For larger values of |u| the
bands move to smaller values of M, or smaller values of
tanB. Actually, the approximate cancellation of the
charged Higgs and chargino stop contributions implies a
correlation between 1/M3 and A,utanB. We have also
plotted the projection of the CDF limit for nonstandard

(b)

70 [ MSUSY =1TeV E
X, =24 TeV

a*f
=
S wp
S
30
20t
10 L L L L L L L )
100 120 140 160 180 200 220 240 0% I % 160 150 200 20 240
M, (GeV) M, (GeV)
(©) (d)
80 T T T T T T T & T
w0 o 7
6ok
@ @ e e
= S ol e e
g =T
of i
X,=1TeV
20 E
M =1TeV
L L L L L L L 10 SUSY + . . . v
ml 00 120 140 160 180 200 220 240 100 120 140 160 180 200 20 240
M, (GeV) M, (GeV)
(e) ()
80 T T T T 80 T T
M =1Tev 0
oF  SUSY e 70 B
X, =05 TeV
60 [ 60
a a
= =
5 5 wf -
= = =1TeV
ol MSUSY |
X,=0.5TeV
20 20 E
100 120 140 160 180 200 220 240 100 120 140 160 180 200 220 240
M, (GeV) M, (GeV)

FIG. 9 (color online).

The dashed (dotted) line is the BR(B; — u* u~) experimental bound in the M, — tan8 plane for u =

—200(—100) GeV and the yellow (light gray) and blue (dark gray) bands are the b — s7y allowed regions for u = —200 GeV and
—100 GeV, respectively, in the uniform squark limit with Mgysy = 1 TeV, |M3]| = 0.8 TeV, and 2M| = M, = 110 GeV. The red (
gray) line is the projected CDF limit on H — 77 for 1 fb~! luminosity. Larger luminosities would probe larger M, and smaller tan/3.
Also changing p from —200 GeV to —100 GeV does not affect the CDF limit significantly. Figures (a), (c) and (e) have different
values of X, = A, — u/tanB for arg(M;) = 0 while (b), (d) and (f) have a arg(M3) = .
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MSSM Higgs boson inclusive searches in the A, H — 77 channel for a total integrated luminosity of 1 fb~!. In order to
obtain this limit we have used the approximate relation given in Ref. [57]

o(gg, bb— A) X BR(A — 7777) ~ 0(gg, bb — A)gy

along with the Tevatron’s reach for scenario of maximal
mixing with u ~ —200 GeV and a luminosity of 1 fb™!
shown in Ref. [58].

The Tevatron collider is only sensitive to values of M,
smaller than about 300 GeV and values of tan3 larger than
about 40. For maximal mixing, Fig. 9(a) shows that the
constraints coming from flavor physics are sufficiently
strong so as to restrict the parameter space consistent
with the search for nonstandard Higgs bosons at the
Tevatron collider. On the other hand, for values of A, =~
1 TeV, Fig. 9(c) shows that one can obtain borderline
consistency with the constraints coming from the flavor
sector, but only for the smaller values of w and M, =
200 GeV. Finally, for values of A, = 500 GeV or smaller,
Fig. 9(e) shows that the bounds coming from BR(b — svy)
are sufficiently strong as to strongly restrict the parameter
space consistent with nonstandard Higgs boson searches at
the Tevatron collider.

The situation is ameliorated for positive values of uMs3,
keeping negative values of uA;. In Figs. 9(b), 9(d), and
9(f) we have changed the sign of the gluino mass (the same
results would be obtained by keeping the gluino mass fixed

but changing the sign of w and A,). Positive values of uM;
|

1_

3= wM tan B(cos0;Co(m3 m%, M3) + sin?6;Co(m3 mtgz, M32))

tan’
(1+ e;tanB)> +9’

(86)

[
diminish the €, contributions and hence make the bound

coming from BR (B, — u* u~) slightly less severe. The
bound coming from BR (b — svy) is also improved, with
the colored bands being slightly lower. Thus for X, <
1 TeV the region of M, ~ 200 GeV, small x and tan88 ~
50, that is not excluded by flavor physics, will be probed by
the Tevatron Higgs searches in the near future.

Finally, we consider the minimal mixing scenario, X, =
0. In this case, the constraints coming from the nonobser-
vation of B — u" u~ become very weak, even for large
values of |u|. As we will explain below, this opens up an
interesting possibility: The dominant charged Higgs con-
tribution to the b — sy amplitude at large tang is propor-
tional to the charged Higgs coupling to top and bottom
quarks given in Eq. (44). Setting, for simplicity, A, = 0
makes the €}, = 0 while

;o 2ag
68 = 3—77_ ,LLM3 (C0829;C0(m%[4, m?l, M%)
+ sinZB;CO(mgL, mtgz, M3)). (87)

Therefore, in this case, the charged Higgs contribution to
the BR (b — svy) becomes proportional to [51,52]

Apy &

, (88)

1 + e;tanf

where 6; is the stop mixing angle. From Eq. (88) we can
clearly see that for large positive values of M;u and tang,
the charged Higgs amplitude can be strongly reduced.
Furthermore when X, =~ 0 the chargino stop contribution
to b — sy is also small. Since, for these parameters, the
beyond the standard model contributions to the BR (b —
s7y) are small, the experimental limit in Eq. (84) puts only a
weak constraint on the allowed value of M,. Moreover, as
stressed above, for this parameter region B, — ut ™ also
provides no constraint because X, ~ 0 implies small values
of € Y-

Additionally, for the values of the parameters for which
a cancellation of the charged Higgs contribution to
BR(b — sv) occurs, the usual bound on tan8 that comes
from requiring that y, be perturbative up to the GUT scale
may be relaxed: The bottom Yukawa has the form

V2m, tanB

= v(l + e tanB) (89)

Vb

and as €5 tanf is real and positive, and of order one for the
cancellation to occur, the denominator suppresses the

{
Yukawa for large values of tanS. This leads to an enhance-

ment of the upper bound on tan8 coming from perturbative
consistency in the bottom quark sector.

In Fig. 10 we illustrate such a scenario for different
values of |u|. Because both the B, — u*u~ and b —
sy constraints allow essentially any value of M, =
100 GeV a large region of the M, — tan can be probed
by the heavy MSSM Higgs searches at the Tevatron.
Interestingly enough, the lightest Higgs boson mass is
also close to the experimental bound m;, =~ 115 GeV in
this region of parameters, and therefore it could be at the
reach of the Tevatron collider searches.

In conclusion, for minimal flavor violating schemes, the
discovery of a nonstandard Higgs signature at the Tevatron
collider would point to a definite region of parameter
space, with values of X, of order of the squark masses or
smaller. Larger values are strongly restricted by the present
Tevatron, CLEO and B-factory experimental constraints. It
is important to remark that, as the luminosity of the
Tevatron increases, the probability of measuring B, —
utu” increases, and so does the one of measuring a
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FIG. 10 (color online).
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(a)—(c) corresponds to u = 500-1500 GeV with the blue (dark gray) band showing b — s+ allowed regions

for these values of u in the uniform squark mass limit with a common value of the squark masses Mgysy = 1 TeV, M3 = 0.8 TeV,
2M, = M, = 110 GeV. The red (gray) line is the projected CDF limit on H — 7 for 1 fb~! luminosity. The dashed part of the
projected Tevatron reach is an extrapolation of the curve. (d) shows the effect of including the squark loop correction to P, vertex,
proportional to 68', on b — sy rate for u = 1 TeV. The dashed line corresponds to the case when corrections are not included while

the solid line corresponds to the case when they are included.

nonstandard Higgs boson signal. However, as it becomes
clear from the above discussion, an improvement of the
bound on B, — " u~ would put strong restrictions on the
possibility of measuring a nonstandard Higgs boson sig-
nature for moderate or large values of X;. Conversely, if a
Higgs boson signature were observed, with absence of
observation of B, — u™ u~, it would imply either small
values of X,, or a strong departure from minimal flavor
violating scenarios.

It is interesting to analyze the constraints that the non-
observation of B, — u* u~ at the LHC, for a total inte-
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FIG. 11 (color online).

grated luminosity of order of 10 fb~!, would put on the
MSSM parameter space. The projected Atlas bound on
BR(B; — pu* ™) in this case would be of order 5.5 X
107° [59], and therefore would imply strong constraints on
the M, — tan parameter space (The final Tevatron bound,
in case of nonobservation of B, — u*u~, assuming a
total integrated luminosity of order 8 fb™!, will be close
to 2 X 1073 [60] and therefore it will set similarly strong
bounds on the parameter space). In order to study the
possible implications for searches of nonstandard Higgs
bosons at the LHC, we have considered the projected reach

400 500 600 700

M, (GeV)

300 800

Comparison of the projected reach for nonstandard Higgs bosons at the LHC in the inclusive pp — & + X,

® — 717~ mode [red (gray) line] with the limits that would be obtained in case of nonobservation of the decay mode B, — u* u~ for
an integrated luminosity of 10 fb~! for u = —100 GeV (dotted line) and u = —300 GeV (dashed line). Blue (dark gray) and yellow
(light gray) areas correspond to the bounds coming from BR(b — s7y) for uw = —100 GeV and u = —300 GeV, respectively. The
upper edge of the u = —300 GeV area is denoted by the dot-dashed line. We show these results for a common value of the squark
masses Mgygy = 1 TeV and (a) X, = 2.4 TeV, (b) X, = 1 TeV, and positive (negative) values of uM; (uA,), and |[M;| =~ 0.8 TeV.
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of the CMS searches in the inclusive pp — ® + X, & —
7t 77 mode, at a luminosity of 30 fb~! [61].

From Fig. 11 we can see that even for the most restrictive
case of maximal mixing and negative values of uMs;, the
bound coming from the nonobservation of B, — u™ u~
would be consistent with the observation of a nonstandard
Higgs boson for small values of | x| = 100 GeV and some-
what large values of 350 = M, =< 500 GeV. These bounds
are strongly relaxed for smaller values of X,. For instance,
for X, = 1 TeV, observation of nonstandard Higgs bosons
would be still allowed for any value of M, provided |u| =
300 GeV.

V. NONMINIMAL FLAVOR VIOLATION

A. Gluino contributions to A M|

The results in the case of nonminimal flavor violation
discussed in section II A2 are quite similar to the case of
minimal flavor violation. As in the case of MFV for large
tanB, the dominant contribution to AM, comes from the
DP diagrams. However, in the nonminimal flavor violation
scenario introduced here, the effects of gluino boxes can
also be important and compete with the double penguin
contributions. The appearance of the gluino-box contribu-
tions is a direct consequence of the quark-squark-gluino
vertices not being diagonal in the flavor basis. In the case of
uniform squarks masses these contributions disappear due
to the CKM matrix being unitary.

The double penguin contributions to BR(B; — u* ™)
in the nonminimal flavor scenario may be significantly
larger than in the case of MVF. For instance, assuming
that the third generation left-handed and right-handed
down squark masses are light implies that the vertices in
Eq. (25) are proportional to

1
Xip, o VSf’f*VSf’f((l - ;)eé + ey> (90)

where p = myg, , /mg,. Therefore when the squark mass
splitting is large these vertices can give large contributions
to AM, and BR(B, — u* u~). However, the linear cor-
relation between AM, and BR(B, — u*u~) is not
spoiled by the splitting of the squark masses as there is
no flavor dependence in the factor multiplying m,, V35V
in Eq. (25). Therefore the BR (B, — u* ™) bound is still
a severe constraint on large double penguin contributions
to AM, like in the MFV scenario.

An interesting case is one in which the gluino box
diagrams dominate over the double penguin contributions
to AM, for moderate values of p ~ 2 or 3. Similar to the
light-stop scenario for MFV there are situations in which
the gluino box diagram contributions are sizeable and the
other contributions are suppressed. The double penguin
contributions are suppressed for low values of tan3. On
the other hand, large values of wu and M, suppress the stop-
chargino box diagrams. Since the gluino box diagram

PHYSICAL REVIEW D 74, 015009 (2006)

effects are larger for small values of the left-handed squark
and gluino masses, we shall investigate the case in which
the third generation left-squark soft supersymmetry break-
ing parameters are about 100 GeV. To avoid the Tevatron
bound on sbottoms we also assume that the lightest neu-
tralino is within 20 GeV of the sbottom mass [62]. We can
achieve this mass difference by choosing an appropriate
value of M. For larger values of the soft SUSY breaking
sbottom mass parameter, of about ~200 GeV the gluino
box contribution becomes negligible.

Light left-handed squarks tend to lead to large values of
the T-parameter and hence are constrained by precision
electroweak data. These large contributions to the
T-parameter are induced by the large difference between
the left-handed sbottom and stop masses and are propor-
tional to the top quark mass. However, for some range of
values of the right-handed stop mass parameter, these large
contributions may be minimized. Indeed, for large values
of the right-handed stop mass parameter My and X, =
My, the lightest stop mass becomes mainly left-handed

and its mass is given by

X2
m%l ~ M20L + m%<1 - M—2’> + D} 1)
Ur

where D! is the small D-term contribution to the left-
handed stop mass. Observe that for X; = My , the top-
quark mass contribution is strongly suppressed and hence
the contribution to the 7T-parameter becomes small [63]. In
our analysis we have chosen the stop mass parameters so
that the relation X, = My is fulfilled.

In Fig. 13 we see that for gluino masses below 200 GeV,
the gluino-sbottom box contribution yields a value of AM
that is greater than the 1o bound coming from the SM.
Similarly, in Fig. 14 we that there are large negative con-
tributions to €x from the gluino box-diagrams for M; <
200 GeV. The total value AM, drops below that of the SM,
for M5 = 200 GeV, because of the interference between

b, SL b,
S b, SL
(@)
b, S, b,
Lo
S b, S
Lo
(©) ()

FIG. 12. Gluino box diagrams that make contributions to AM
for the Nonminimal flavor violation. Diagrams (b) and (d) are
possible because of the gluinos are Majorana and the lower
diagrams have a relative sign difference with respect to the upper
ones [65].
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FIG. 14. Variation of the gluino contributions to €x with the
gluino mass M5 for the same input parameters as in Fig. 13.

the diagrams in Fig. 12. For the region M; =< 200 GeV,
where AM; is large, the contributions to €y are also larger
but negative, which seems to predict a total value of ex
much smaller than the experimentally observed one.
Therefore, the gluino box contributions to AM,, in this
nonminimal flavor violating scenario with flavor changing
effects induced by the CKM matrix elements, are generally
small and are at most as large as those in the light stop
scenario discussed above. In addition this scenario is in
general highly contrived as the experimental constraints
from light gluino and sbottom searches [62] can be avoided
only by going to a small corner of the MSSM parameter
space.

VI. CONCLUSIONS

In this article, we have studied the constraints on the
parameter space of minimal flavor violating SUSY models
coming from the latest constraints on B, — u™ u~, AM,,
€x and BR(b — sv). First, we have shown that the analysis
of the double penguin contributions to observables in the

Kaon sector could not be done with the available formulae
in the literature. We derived a new formula that describes
well the Kaon sector contributions and show that the
present constraints on B, — u™ u~ eliminate the possibil-
ity of inducing relevant double penguin corrections in this
sector. Alternative contributions, coming from chargino
and stop loop corrections can produce large contributions
to €x, which, considering the present theoretical uncertain-
ties, are consistent with the bounds coming from other
flavor observables.

We have also verified that the double penguin contribu-
tions to AM, interfere destructively with the SM contribu-
tion and are strongly constrained by the nonobservation of
B, — w" " at the Tevatron collider. Analyzing the de-
pendence of AM on the supersymmetric loop corrections,
we obtained upper bounds on this quantity for any given
value of B, — u™ u~, for natural values of the supersym-
metric mass parameters. We have also shown that for
M, <1 TeV, under the current theoretical and experimen-
tal uncertainties, this bound is stronger than the bound on
the new physics contributions that is obtained from the
comparison of the SM predictions and the experimentally
measured values. Finally, if the theoretical errors on AM|
were reduced and the SM central value was to remain the
same then negative corrections to AM,, like that of the
double penguin contribution, would be necessary. However
such double penguin corrections to AM; of about a few
ps~’s can be obtained only if BR(B, — utu~) =3 X
1078 for M 4+ = 1 TeV, which is within the future sensi-
tivity of the Tevatron collider.

On the other hand, relevant, positive contributions to
AM, may be obtained for light stops and charginos. The
contributions may be as large as 25% of the SM values,
almost independently of the value of tan3. Contrary to the
double penguin contribution, the chargino-stop contribu-
tions are positive and they are more strongly constrained
than the negative double penguin ones. Small values of the
Higgsino mass, u <200 GeV tend to be disfavored for
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mass parameters consistent with the scenario of electro-
weak baryogenesis. We have also analyzed a scenario in
which there are flavor violating effects proportional to
CKM matrix elements in the left-handed down squark-
gluino vertices at tree-level. Although the box-diagrams
may lead to significant contributions to AM, for suffi-
ciently small gluino and down squark masses, this contri-
butions are constrained to be small once the bounds on €g
are taken into account.

We have also analyzed the complementarity of these
FCNC constraints with direct Tevatron searches for heavy
MSSM Higgs bosons. We have analyzed different scenar-
ios and showed that BR (b — sy) and BR(B;, — u*" u™)
puts strong constraints on the M, — tanf plane. This study
suggests that within minimal flavor violating scenarios, the
observation of nonstandard MSSM Higgs bosons at the
Tevatron collider would imply either moderate values of
|X,/Mgysyl =1 and small values of |u|, or very small
values of X, and large values of |u|. Interestingly enough,
for values X, = Mgygy, the lightest CP-even Higgs boson
mass is smaller than 120 GeV and therefore possibly at the
reach of Tevatron high luminosity searches.

Finally, we have analyzed the implications of nonobser-
vation of B, — u* ™ at the LHC, for a total integrated
luminosity of order of 10 fb~!, on searches for nonstan-
dard MSSM Higgs bosons at this collider. Even for the
most restrictive case of maximal mixing and negative
values of wMs, this situation would be consistent with
the observation of a nonstandard Higgs boson for small
values of |u| =~ 100 GeV and somewhat large values of
350 = M, = 500 GeV. For X, = 1 TeV, instead, obser-
vation would be still allowed for any value of M4, provided
|| = 300 GeV.
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APPENDIX

1. A corrected perturbative approach for calculating
FCNC

We would like to develop a perturbative approach to
calculating flavor changing vertices which in the limit of
uniform €&, should reproduce the exact result in Eq. (27).

PHYSICAL REVIEW D 74, 015009 (2006)

a. Basic setup and notation

As a starting point, we assume the form of the mass
matrix

Mg)’" =m, (1 + €,tanB)6’" + eyy? tanBA}). (A1)

As the off-diagonal elements are suppressed by CKM
factors with respect to the diagonal elements we expand
in terms of the CKM factors. Therefore first order terms are
proportional to VSJ for J # 3 and second terms are pro-
portional to V33 V3!, Strictly speaking we should probably
expand in the Wolfenstein parameter A and not in the CKM
elements, however as all we want is the leading behavior, it
is sufficient to expand in terms of the CKM elements. So
M, has both first and second order terms present and can
be expanded to be

Md = (Md)O + 6Md + 62Md. (A2)

where 8 symbolizes terms linear in V3’ for J # 3 and 62
symbolizes terms proportional to Vi3 V3! for J, I # 3, so
that

My)}! = my (1 + €, tanp) (A3)
mg,eyy; tanBVelt J #3 =1

(6Mg)! = 1 myeyy?anBVyl  J=3#1 (A4
0 otherwise

(52M, )1 = | ™, eyy7 tanBV Vel (1, 1) =(1,2),(2,1)
d 0 otherwise

(AS)

Now as we have second order terms explicitly in the
mass matrix we need to expand the diagonalization matri-
ces to second order. Additionally they have to be unitary to
second order and the mass eigenvalues need to be real,
which leads to the form

(DL)JI = (1 + 6DL + 52DL + %6DL5DL)JI (A6)

(DI )y = (1 - 8Dy, — 8°Dy, +16D,6Dy) (A7)

(DR)JI = (1 + 5DR + BZDR + %5DR5DR)JI€i0’ (AS)

(DY)’ = (1 — 8Dy — 6°Dg + 16D 6Dg)’ e~
(A9)

where BD{’R = —8Dy g and BZDLR = — 82D - Now
the requirement Dy, g diagonalize the mass matrix My for
diagonal elements gives us the condition

g, ~mg |l + € tanpl (A10)

0; =~ arg(l + €;tanR) (A1)
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where we have only kept the leading order behavior (i.e. 82
terms have been neglected).

All off-diagonal terms automatically vanish at the zeroth
order and the first order contributions are the same as in
Ref. [19]

e "01(=(8Dg)(Mg)y + 6Mg + (Mg)y(6DL))”" =0,
(A12)
which give us the results
(M(];”)ode)H + (5M$)JI(M¢1H)0

Y/
(6Dy,) (Mg — 1M D), 2

(A13)

(M) (SMH)! + (Mg (MFT),
(M 7)ol2 = [(M, )2

(5DR)H = -

(Al4)

As My =0 for (J,I) = (1,2), (2,1) these first order
corrections are zero for these elements. To find the leading
order contributions to Dy, g for these components we need
to go to quadratic order in the expansion parameter.
Therefore the condition on the leading contributions to
Dy g for (J, 1) = (1,2), (2,1) are

e” 0 (=(82Dg)(Mg)y + A + (Mq)(8°Dy,))”" = 0

PHYSICAL REVIEW D 74, 015009 (2006)
= 3(6DR)P(8DR)* — (82Mg)! — (6Mg)(8Dy )™
— 3(8DL) (D) (My)5. (A17)

To arrive at Eq. (A17) we used Eq. (A12) and neglected
terms of order O(m,, /my). Using Eq. (Al5) leads to a

relation similar to the one in Eq. (A13) and (A14), except
that 5Md — A

_ (M)A + (AT,

521) JI —
(9°Dy) 1,70l — (M), 2

(A18)

(M)A + AT,
|(Md”)0|2 - |(Mdn)0|2

(8?Dg)’ = — (A19)

Substituting these equations into Egs. (A13) and (A14) and
neglecting all terms suppressed by the mass hierarchy we
find

(A15)
lelle N 13 31 31 33 i - fﬁit&if; o J=3#1
_ _ w2
AT = (8Dg)P((6Mg)* + (6DL)* (Mg)*) (D) = lffefltt‘;‘:f; Vi g #E3=1 (A20)
- %(‘O‘DR)J3'(5DR)3’I — (8°M,)'! 0 otherwise
— (8Mg)B(8Dy, ¥ — 16D )R (8Dy, ¥ (M)
(A16) and
|
7 2 2 L
(e t e VY T =31
a_ | P s 2 o .
00" = | it + ety s #3m @2
0 otherwise

Now to calculate the leading order corrections to the (J, I) = (2, 1), (1, 2) elements we substitute the independent and

linear order terms into Eq. (A18) and (A19) to find

(62Dy )?! = VSZ*V81<— €yy? tanf .

7 2
(6?Dg)* = VSZ*vgl%aez—eo[_( eniuang
m

s

ytanp /Pyt )
1+ etanB  (1+ e;tanB)(1 + estanB) 2|1 + €5 tanB|?
€;y? tanfB N ley|?ytan? 8 (€})*y}tan? B
l+etanf 1+e€tanB) |1+ e&tanBl* (1 + € tanB)(1 + € tanB)
(A23)

e%y‘,‘tanz,B
(1+ e;tanB)(1 + & tanﬂ)}

Using Egs. (A20)—(A23), we find the same corrections to the effective CKM matrix to leading order as in Refs. [15-17,19]
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3] 1+e3tanB _
Veff 1+e§1an,8 J=3#1
JI — J3 1+€ tanB _
Yo Vet 1+e§* wp 7 3=1 (A24)
%62 otherwise.

b. Flavor changing effective couplings of the neutral
Higgs bosons

Using the relations derived in the previous section, it is
relatively straightforward to calculate the coupling of the
neutral Higgs bosons to the quarks. The effective
Lagrangian in the initial basis has the form

Lo = —(dDrFPP(d]),S0 — (d)) FR(d)rS"  (A25)

where S° can be any of the three neutral scalars which has

mixing matrix elements x5 for the ®Y" Higgs and x; for the

®Y%* Higgs. So if 0" diagonalizes the neutral Higgs mass

matrix, we have

x5 =0 +isinB0O* x5 = 0% —icosBO*.

(A26)

Now if we rotate quarks into the physical basis the

Lagrangian has the form

Log = —(d))r(DLF{SDL)(d)),S° — (d)), (DEFISDy)

Therefore, assuming a mass matrix of the form given in
Eq. (A1), we obtain,

mg
—L((x5 + €,x5) 87T + €yy?xs ALD).

FdsJI=
(B! =

(A28)

which has a dependence up to second order on the CKM
J
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elements. Therefore, we obtain the following expansion in
terms of CKM elements

LS = () ¢ 0P 4 R (29

where
ny et
FaSy/ — "7 (S 4+ €,x5)87! A30
(FL)o v, (1 + €, tanB) b e o
g, e €yyiag « 3 g =
N i A
(8FL ) — md3el 3eyyix;, Vg] J — 3 # ] (A?’l)

v,(1+€3tanB) ’
0 otherwise

B 00 e 2yS
mg, e/ eyyixy

(S2FdS)T = {71,[,(1“, g Vo Ve LD =(1,2),21)
0

otherwise.
(A32)

Therefore the leading order contribution to the diagonal
terms of ddS° coupling is just Eq. (A30). Again the zeroth
term makes no contribution to the off-diagonal elements of
the ddS couplings. Hence, at linear order we have for J #
1

8(D;‘{F‘ESDL)JI = e‘igf(—(éDR)JI(F%S)(%I + (8F‘ES)JI

+ (F{S)g? (6D, )'") (A33)
which also disappears for (J, I) = (1, 2), (2, 1). So the only
contributions that are none zero at this order are when
either J/ = 3 or I = 3. Using Eq. (A20), (A21), (A24),

and (A31) and neglecting terms suppressed by the mass
hierarchy we find that

i€y yy 3 (.S _ .S _

S I tods - vy(l1+e3 tarf,B)y(lJregtanB) Veff Xu = Xq tanﬁ) J=3#1
(X ) = 5(D F&D ) = g, y?T73 " _ (A34)

RE REL L vd(1+e3t:r{,3)(l+e,tanﬂ) ngjt (.X‘Z - 'xg tanﬁ) J#F3=1

0 otherwise

where
1+ €t — €y(e; — €))t

73 — ey(l1 + ejtanpB) — €y(€; — €)) anB. (A35)

1 + € tanB

Finally to find the leading corrections to qqH coupling for (J, I) = (2, 1), (1, 2) we need to go to quadratic order in which

case we have

(X3 = 82(DRF{DL ), =

g y? T2 (xS — x5 tanB)

(X}EL)IZ — 32(D£F‘I{SDL)12 —

32%v731 A36
va(l + e anB)(1 + € tang) ©if *eff (A36)
mgyi T (xy — xﬁ tan3) 31%7,32 (A37)

where

v, (1 + € tanB)(1 + estanB) °ff "
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21 €y
(1 + e, tanB)|1 + € tanB|?

PHYSICAL REVIEW D 74, 015009 (2006)

[(1 + € tanB)|1 + e3tanB|> — eyy? tanB(1 + €} tanB)(1 + €, tan)

— epy?tanB(1 + €, tanB)?], (A38)
12 = ey 1 + el tanB)|1 + e5tanB|*> — eyy? tanB(1 + €} tanB)(1 + €, tan
(Bl enge | GBI+ e @bl = enfunB(l + &anp)(l + & anp)
£.2 €, — & eytanp (€y)*tan® By;
- t 1+ et 1+ et + : -
€y @npl + e tan)(1 + € tanf) + = [1 +etanB (1 + e tanB)(l + €, tanp)
2tan? B2
. leyl :Bytz_ ‘ (A39)
|1 + €5 tanB|
{
In th§: limit tha‘F €y’s are uniform then of leading ord?Jr 5 _ S cos O‘EU’D) St~ SinagU,D)
contributions will collapse to Eq 27) as egch .of r (U,D) 51" G UD) 51 cosa D)
elements go to €y. As the effective Lagrangian is real, 1 1
the LR couplings are related to RL, so that (A43)
X3 = (X3t (A40)  where ¢P (¢Y) is the phase of 2 (&) and
2V (2
2. Calculation of loop factors cot2al = — M (Ad4)
The assumption that the squark mass matrices are block 2V, |2lv,
diagonal in the tree-level CKM basis gives us
2y S/ Ly s Sl m2); — (m?
KM% ~(, (M({)JS B ﬁyd_,éu“;v,;? (A41) cot2a§] - (\/_Q)J# (A45)
Tiydj,ujvu5 (MD)J5 2yu,|/"’]|vu

(M%), 67 + m2873 513

1 ~ JI
~5Vu :u“Jvué
m’;}=< ° V2 )

%)’u,ﬁqvu(s“ (M%) ;87" + m2673 813
(A42)
where i, = ﬁ — A, and a; = p — ;:Td’ﬁ. Therefore the

diagonalization matrices have the simple form

Following the notation of Ref. [64] Z, and Z_ diagonalize
the chargino mass matrix and Zy and Z% diagonalize the
neutralino mass matrix. Additionally, if there is a splitting
in the mass spectrum so that the squarks of the first two
generation have uniform masses (i.e. mp = mp, =
mp, = mp, = my, = My, = My, = My, = Mgysy) we
find

5 1

2

1 [R7a . 4
G(J) - m( 3 ; MS'LL’ v“CO(|M3|2’ m%J’ sz.l+3) + ; le(PZ[{CZ(mleI’ sz/’ m%1+3) + QgCO(m%VI’ sz./’ m2D1+3))
2
~V2 Z me, ZUZH(Co(m¢,, Miysy, Miusy) + MgysyCo(my,, Miusy, M%USY») (A46)
=

1

B 167%v

€y
u =1

) 2 a2 2 _ AU 2 92 2
MSUSYCO(mC,’ Mgysy, Mgysy)) — 2227 ,u3qu0(mCl, my, muﬁ)}

2
82
Z mcl[—ﬁ?ZZ_lZlf(Cz(mZCl, m%,}, m%,ﬁ) + (M%,3 + m?)Co(mZCI, m%,}, m%,é) — Cz(m%], MéUSY, MgUSY)
t

(A47)

where C; are the Passarino- Veltman functions, m; are the physical squark masses, M; are the squark soft mass parameters

and

Py = Z3(8,Z) — ,Z%)

(A48)
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g le o g le 2g le g le
= S o, (S5~ o)+ I Y00 + i) + Z(S5 - 2 )08, + ()

3

- yzj (Z?\;)zﬁ’]vu'

3

(A49)

Similarly for the antiholomorphic corrections to the up Yukawas have the form

€

1 —

1 R2ra .
— <_ . SMyu*v,Co(|M;)%, m%jj, m%jm) + ; le(PlJCz(mlz\,l, szJ, m%jm) + QZCO(m,zVI, m%jj, m%jm))
2
- \/EZ me, ZUZ2(Co(mg,, Miysy, Miusy) + MgysyCo(my,, Miusy, M%USY») (AS0)
=1

1 2 82
= > mq[—ﬁ y_zzalzlj(cz(mzq, m, md) + (M, + m2)Com, mb, mb) — Cy(m, Miusy, Miysy)
u =1 b

2 2 a2 2 _ 220721 A 2 .2 2
MSUSYCU(mC,’ Mgysy, Msysy)) — Z2Z7 MBcho(mcl’ mp,, muﬁ)}

where

11

3 T3

2g AL . g1Z 4g zu g zZu
oY = — 28IV 5, ( 2y g22%> ~ ZIEN Z(MR), + m2) + Z“N’(% + gZZ%V’)((M%,)J 2,

(AS1)

Pl = ~Zi(51 2 — 2273 (a52)
3

(AS53)

+ yﬁj (Z?Vl)zlaJvu‘

The infinities present in C, in €y’s clearly cancel, however the infinities in €,’s need to be absorbed by counter terms in the
effective Lagrangian. So that the C, contributions to the €)’s in the above formulas are purely the finite pieces.
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