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Additional sources of CP violation in the MSSM may affect B-meson mixings and decays, even in
scenarios with minimal flavor violation (MFV). We formulate the maximally CP-violating and minimally
flavor-violating (MCPMFV) variant of the MSSM, which has 19 parameters, including 6 phases that
violate CP. We then develop a manifestly flavor-covariant effective Lagrangian formalism for calculating
Higgs-mediated flavor-changing-neutral-current (FCNC) observables in the MSSM at large tanf, and
analyze within the MCPMFYV framework FCNC and other processes involving B mesons. We include a
new class of dominant subleading contributions due to nondecoupling effects of the third-generation
quarks. We present illustrative numerical results that include effects of the CP-odd MCPMFV parameters
on Higgs and sparticle masses, the B and B, mass differences, and on the decays B, — u" u ™, B, — 7,
and b — svy. We use these results to derive illustrative constraints on the MCPMFV parameters imposed
by DO, CDF, Belle, and BABAR measurements of B mesons, demonstrating how a potentially observable

contribution to the CP asymmetry in the b — sy decay may arise in the MSSM with MCPMFV.
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I. INTRODUCTION

Models incorporating supersymmetry (SUSY), such as
the minimal supersymmetric standard model (MSSM),
contain many possible sources of flavor and CP violation.
In particular, the soft SUSY-breaking sector in general
introduces many new sources of flavor and CP violation,
giving rise to effects that may exceed the experimental
limits by several orders of magnitude. The unitarity of the
Cabibbo-Kobayashi-Maskawa (CKM) quark mixing ma-
trix suppresses flavor-changing-neutral currents (FCNC)
and CP violation somewhat, thanks to the Glashow-
lliopoulos-Maiani (GIM) mechanism [1], to the extent
that the soft SUSY-breaking scalar masses are universal.
One possible solution to the flavor and CP problems is to
ensure that the soft SUSY-breaking sector is fully protected
by the GIM mechanism. This can be achieved within the
so-called framework of minimal flavor violation (MFV),
where all flavor and CP effects are mediated by the super-
potential interactions corresponding to the ordinary
Yukawa couplings of the Higgs bosons to quarks and
leptons. In this framework, FCNC and CP-violating ob-
servables depend only on the fermion masses and their
mixings, and hence the CKM mixing matrix V [2]. In such
a scenario, all FCNC and CP-violation observables would
vanish in the MSSM if V were equal to the unit matrix 1.

A minimal realization of MFV in the MSSM is obtained
by assuming that all soft SUSY-breaking bilinear masses
for the scalar particles, such as squarks, sleptons, and
Higgs bosons, are equal to a common value m, at the gauge
coupling unification point M gyt, where Mgyt might be the
threshold for some underlying grand unified theory (GUT)
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based, e.g., on SU(5) or SO(10). Likewise, the soft masses
of the fermionic SUSY partners of the gauge fields, the
gauginos, might also be equal to a common value m, /, at
Mgyt and, in the same spirit, all soft trilinear Yukawa
couplings of the Higgs bosons to squarks and sleptons
could be real and equal to a universal parameter A times
the corresponding Higgs-fermion-antifermion couplings.
The Higgs supermultiplet mixing parameter wx and the
corresponding soft SUSY-breaking term Bu introduce
two additional mass scales in the theory. However, mini-
mization conditions on the Higgs potential can be used to
eliminate these two last mass scales in favor of the elec-
troweak scale M, and tanB = v, /v,, where v, are the
vacuum expectation values (VEVs) of the two Higgs dou-
blets H, ; in the MSSM.

It is well known that a minimal expansion of the above
MFV framework is to allow the soft SUSY-breaking mass
parameters m, /, and A to be complex with CP-odd phases,
thereby introducing two additional sources of CP violation
in the theory. In this case, all FCNC observables, whether
CP conserving or not, still depend on the CKM mixing
matrix V in such a way that they vanish if V is assumed to
be diagonal, i.e., equal to the unit matrix. However, the two
new phases introduce the possibility of CP violation in
flavor-conserving processes even if V is real, and in general
CP violation in FCNC processes may differ from CKM
predictions.

Here we go one step further, and ask the following
question. What is the maximal number of additional
CP-violating parameters and extra flavor-singlet mass
scales that could be present in the MSSM, for which the
above notion of MFV remains still valid, i.e., all FCNC
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effects vanish in the limit of a diagonal V? We call this
scenario the maximally CP-violating MSSM with minimal
flavor violation, or in short, the MSSM with MCPMFV. As
we will see in Sec. II, there are a total of 19 parameters in
the MSSM with MCPMFYV, including 6 CP-violating
phases and 13 real mass parameters. The purposes of this
paper are to formulate the MSSM with MCPMFYV, calcu-
late the most relevant B-meson observables, and explore
the experimental constraints on the MCPMFV theoretical
parameters, exploiting a manifestly flavor-covariant effec-
tive Lagrangian formalism for calculating Higgs-mediated
FCNC observables at large tan3 that we develop here.

At large values of tanf, e.g. tanf = 40, one-loop
threshold effects on Higgs-boson interactions to down-
type quarks get enhanced [3-5], and so play an important
role in FCNC processes, such as the K°-K” mass differ-
ence, B,-B, and B;-B, mlxlngs and the decays B — X;v,
B— Kl+l_ Byg— ptu” [6-15], and B — 7v [16,17].
We present in this paper a manifestly flavor-covariant
effective Lagrangian formalism for calculating FCNC pro-
cesses that follows the lines of the effective Lagrangian
approach given in [12]. In addition, we include here the
dominant subleading contributions to the one-loop Higgs-
mediated FCNC interactions due to nondecoupling large
Yukawa-coupling effects of the third-generation quarks.
Based on this improved formalism, we compute FCNC
observables in constrained versions of the MSSM, where
MFV has been imposed on the soft SUSY-breaking mass
parameters as a boundary condition at the scale Mgyr. We
present numerical results for B-meson observables in one
example of the MCPMFV framework, from which illus-
trative constraints on the basic theoretical parameters are
derived, after incorporating the recent experimental results
from DO and CDF [18].

The paper is organized as follows: in Sec. II, after briefly
reviewing the MFV framework, we derive the maximal
number of flavour-singlet mass parameters that can be
present in the MSSM with MCPMFV at the GUT scale.
All relevant one-loop renormalization group equations
(RGEsS) are given in Appendix A. In Sec. III, we present
an effective Lagrangian formalism for Higgs-mediated
FCNC interactions that respects flavor covariance. We
also discuss the dominant subleading effects at large
tanB, due to the large Yukawa couplings of the third
generation. Useful relations which result from Ward iden-
tities (WIs) that involve the Z and W-boson interactions to
quarks are derived in Appendix B. Section IV summarizes
all relevant analytic results pertinent to FCNC B-meson
observables. In Sec. V we exhibit numerical estimates and
predictions for various FCNC processes, including the
B,-B, and B,;-B, mixings, and the decays By, — utu™,
B — Xy, and B — 7v. We also illustrate the combined
constraints on the theoretical parameters imposed by data
from DO, CDF, Belle, and BABAR in one sample
MCPMFV model. We summarize our conclusions in
Sec. VL.
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II. MAXIMAL CP AND MINIMAL FLAVOR
VIOLATION

In this section we derive the maximal number of
CP-violating and real flavor-singlet mass parameters that
can be present in the CP-violating MSSM and satisfy the
property of MFV as described in the introduction.

The superpotential defining the flavor structure of the
MSSM may be written as

WMSSM = UchMQI:Iu + Dchdﬁdé + Echeﬁdi

+ nH,H,, 2.1)
where A .4 are the two Higgs chiral superfields, and O.L,
U€, D€, and EC are the left- and right-handed superfields
related to up- and down-type quarks and charged leptons.
The Yukawa couplings h,, ;, are 3 X 3 complex matrices
describing the charged-lepton and quark masses and their
mixings. The superpotential (2.1) contains one mass pa-
rameter, the u parameter that mixes the Higgs supermul-
tiplets, which has to be of the electroweak order for a
natural realization of the Higgs mechanism.

In an unconstrained version of the MSSM, there is a
large number of different mass parameters present in the
soft SUSY-breaking Lagrangian

— Lo = YUMBB+M,W'W' + M33°%" + H.c.)
+0'M,0 + LTM;L + UM} U + DYM},D
+ EYM3E + M} HIH, + M} HIH,
+ (BuH,H, +H.c.)
+(Uta,QH, + Dta,H,0 + Eta, H,L + H.c.).
(2.2)

Here M| ;5 are the soft SUSY-breaking masses associated
with the U(1)y, SU(2),, and SU(3), gauginos, respectively.
In addition, M%{ and Bu are the soft masses related to the
nggs doublets H ¢ and their bilinear mixing. Finally,
MQ rpur are the 3 X3 soft mass-squared matrices of
squarks and sleptons, and a,, ;. are the corresponding 3 X
3 soft Yukawa mass matrices.' Hence, in addition to the
term, the unconstrained CP-violating MSSM contains 109
real mass parameters.

One frequently considers the constrained MSSM
(CMSSM), which has a common gaugino mass m/, a
common soft SUSY-breaking scalar mass m, and a com-
mon soft trilinear Yukawa coupling A for all squarks and
sleptons at the GUT scale. The number of independent

1Alternatlvely, the soft Yukawa mass matrices a, ;, may be
defined by the relation: (a, 4,.);; = (h, 4.);;(A, de),j, where the
parameters (A, ;.);; are generlcally of order Mgygy in gravity-
mediated SUSY-breaking models. In our paper, both definitions
for the soft SUSY-breaking Yukawa couplings will be used,
where convenient.

115011-2



B-MESON OBSERVABLES IN THE MAXIMALLY CP- ...

mass scales is greatly reduced since, even allowing for
maximal CP violation, the free parameters are just m, ,,
M, mg, A, and B u, where all but m are complex variables.
The phase arg 4 may be removed by means of a global
Peccei-Quinn (PQ) symmetry under which H, and H,; have
the same charges. Imposing the two CP-even tadpole
conditions on the Higgs potential, one may replace pu =
|| and Re(Bu) by the Z-boson mass M, and the ratio
tan = v, /v, of the VEVs of the Higgs doublets H,, 4, in
the phase convention where v, , are real and positive.
Linked to this, there is one extra CP-odd tadpole condition
which can be used to eliminate Im(Bu) in favor of main-
taining the same phase convention for the VEVs, order by
order in perturbation theory [19]. Thus, a convenient set of
input mass parameters of the constrained CP-violating
MSSM is

tang (mz),

mo(Mgur),

my »(Mgur),

A(Mgur), 23)

where the relative sign of w can always be absorbed into
the phase definition of the complex parameters m;, /, and A.
Thus, in addition to tanf, this CP-violating CMSSM has
just 5 real mass parameters, two more than in its
CP-conserving counterpart, namely, the CP-odd parame-
ters: Imm,; /, and Im A.

How can the general notion of MFV be extended to this
constrained CP-violating MSSM? In such a constrained
model, the physical FCNC observables remain indepen-
dent of details of the Yukawa texture chosen at the GUT
scale. They depend only on the CKM mixing matrix V, the
fermion masses, tanS3, and the 5 real mass parameters
mentioned above. If the CKM matrix V were equal to the
unit matrix 1, the FCNC observables would vanish, but
flavor-conserving, CP-violating effects would still be
present, associated with Imm, /, and Im A. Moreover, these
parameters also contribute to CP-violating FCNC observ-
ables in the presence of nontrivial CKM mixing. Most
noticeably, Imm,,, and ImA cannot generically mimic
the effects of the usual CKM phase 6.

We now consider how the above notion of MFV can be
further extended within the more general CP-violating
MSSM. To address this question, we first notice that under
the unitary flavor rotations of the quark and lepton super-
fields,

0'=0U,0, L['=UL  0°=u,0¢ o
D¢ =UpDS, £ =ULES, '

the complete MSSM Lagrangian of the theory remains
invariant provided the model parameters are redefined as
follows:
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hu,d - Uzr/,Dhu,dUQ’
h, — Ulh,U,,

o2 t o2
M6 Lune— UprupeMoruneUoLune (2.5)

Qg UTU,Dau,dUQ>
a, — U:ganL.

The remaining mass scales, u, M3, M%,“d, and Bu, do
not transform under the unitary flavor rotations (2.4). In
fact, it is apparent that the one-loop RGEs presented in
Appendix A are invariant under the redefinitions in (2.5),
provided the unitary flavor matrices Uy ; ¢ p  are taken to
be independent of the RG scale. The effective Lagrangian
formalism we describe in Sec. III respects manifestly the
property of flavor covariance under the unitary transforma-
tions (2.4).

It is apparent from (2.5) that the maximal set of flavor-
singlet mass scales includes:

2 12 — 2
M 53, MHW’ My LupEe = MQ,L,U,D,EIS’

Au,d,e = Au,d,e 13’

(2.6)

where the mass parameters wx and B u can be eliminated by
virtue of a global PQ symmetry and by the CP-even and
CP-odd minimization conditions on the Higgs potential.
The scenario (2.6) has a total of 19 mass parameters that
respect the general MFV property, 6 of which are CP odd,
namely ImM, ,; and ImA,, ;..

We term this scenario the maximally CP-violating and
minimally flavor-violating (MCPMFV) variant of the
MSSM, or in short, the MSSM with MCPMFYV.

It is worth noting that, in addition to the flavor-singlet
mass scales mentioned above, there may exist flavor non-
singlet mass scales in the MSSM. For example, one could
impose an unconventional boundary condition on the left-
handed squark mass matrix M2, such that

M2(My) = M315 + i} (hih,) + m3(hih,)

+m(hihy)(hih,) + ..., (2.7)

where My could be Mgyt or some other scale. Evidently,
there are in principle a considerable number of extra mass
parameters 722 that could also be present in MZQ(MX),
beyond the flavor-singlet mass scale MZQ In fact, these
additional flavor nonsinglet mass parameters 72 can be

as many as 9 (including M 2Q), as determined by the dimen-
sionality of the 3 X 3 Hermitian matrix MZQ(M v). The
generalized boundary condition (2.7) on MZQ(MX) is in
agreement with the notion of MFV for solving the flavor

problem by suppressing the GIM-breaking effects, pro-

vided the hierarchy m2 < MZQ is assumed. In particular,

if these flavor-nonsinglet mass parameters 722 are induced

by RG running, they may be generically much smaller than
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M. In this case, the 7z; will not all be independent of each
other, e.g., in our MCPMFV scenario, the RG-induced
flavor-nonsinglet scales 722 would be functionals of the
19 flavor-singlet mass parameters stated in (2.6). In gen-
eral, a nonsinglet mass parameter could either be intro-
duced by hand or induced by RG running of a theory
beyond the MSSM with more flavor-singlet mass scales
[20]. However, since introducing /i3 < M% by hand has

no strong theoretical motivation, we focus our attention

PHYSICAL REVIEW D 76, 115011 (2007)

where the superscript ““0” indicates weak-eigenstate fields.
In (3.1), the first term denotes the tree-level contribution
and Ah, is a 3 X 3 matrix which is a Coleman-Weinberg-
type [22] effective functional of the background Higgs
doublets @, ,. We note that the one-loop effective func-
tional Ah,[®,, ®,] has the same gauge and flavor trans-
formation properties as hd(I)Ir. Its analytic and flavor-
covariant form may be calculated via

here on the flavor-singlet MSSM framework embodied by (Ah,), = d"k P M; 1
the MCPMFV. @ij Qm)il t k- IME\k*1,, — M2 5,0}
Before calculating FCNC observables in the MSSM 1
with MCPMFYV, we first develop in the next section an + PL< T )~ i
effective Lagrangian approach to the computation of Klg — McP, — M(Pg/ A,
Higgs-mediated effects, which play an important role in 1
our analysis X PL(hd)il<72 = 2) ()
: k 112 -M Q,UI
III. EFFECTIVE LAGRANGIAN FORMALISM +p L( 1 )
. . . Iélg - MCPL - ME‘PR I:Ide,I:IdE
Here we present a manifestly flavor-covariant effective
Lagrangian formalism. This formalism enables one to X P, (h,); 1 32
.. L\™dJil\ 7> 2 |- .. P ( . )
show the flavor-basis independence of FCNC observables k1, — M 0,0

in general soft SUSY-breaking scenarios of the MSSM. It
will also be used in Sec. IV to calculate FCNC processes in
the MSSM with MCPMFV.

To make contact between our notation and that used
elsewhere in the literature [21], we redefine the Higgs
doublets H, ; as H, = ®, and H, = iT,®], where 7, is
the usual antisymmetric Pauli matrix. We start our discus-
sion by considering the effective Lagrangian that describes
the tanB-enhanced supersymmetric contributions to the
down-type quark self-energies as shown in Fig. 1. The
effective Lagrangian can be written in gauge-symmetric
and flavor-covariant form as follows:

— L& [®), D,] = d%(h, D] + Ah (D), D,]);;0% + He,

where n =4 — 2€ is the usual number of analytically
continued dimensions in dimensional regularization
(DR), 1y stands for the N X N-dimensional unit matrix,
and P =31[1 —(+)ys] are the standard chirality-
projection  operators. The 88X 8 and 12X
12-dimensional matrices M and M? describe the squark
and chargino-neutralino mass spectrum in the background
of nonvanishing Higgs doublets @ ,.

It proves convenient to express the 8 X 8-dimensional
chargino-neutralino mass matrix M in the Weyl basis
(B, W'*3 H,, H,), where H, ; are SU(2), doublets: H, =
(A, KT and H, = (A% h;)". In this weak basis, the
Higgs-field-dependent chargino-neutralino mass matrix

@3.1) M [P, D,] reads:
|
M, 0 —ﬁg’d);r ﬁg’CI)IT(iTZ)
0 M1 Ledlr, —Ledl(ir)r,
MC[(I)]; (I)z] == _L /q)* L 2T(3D* \/i 0 2 \/Z (.1 )2 y (33)
ﬁg 2 \/ing' 2 2 ML
_f(”'z)g'q)l ﬁgT,'T(sz)q% —uity) 0,
Lol Lo, Q;
v ~ [ e
Qf«' e \\D"’ Ukj‘«' e \(\21 ,,’/ N
Qi g dir Qi [, M, dir QjL Wi B iﬁu Hy dir
(a) (b) ()

FIG. 1.
with H“ = CD2 and Hd = iTz(I)T.
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where g and g’ are the SU(2), and U(1)y gauge couplings, respectively. Correspondingly, in the presence of nonvanishing
Higgs doublets @ ,, the 12 X 12-dimensional squark mass matrix M*[®,, ®,] is given by

) (1\:’12)@@ (1\:’[2)@0 (1\:’12)@5
M2[®), ®,] = (Mz)mg (Mz)am (Mz)mﬁ , (3.4)
(MZ)D”rQ (Mz)Dwg (MZ)D~15 ij
with
(VP) g5, = (M), 1, + (h1h,), @, ®F + (hih,), (@I D1, — D,0) — 16,8*(®, @] — B,0)
+8,,(18* — %8'2)((I)Irq)1 - (I);fcl)z)lz,
(Mz)gjgi = (M2)£T0i = —(a,);®liry + (h,);u Plir,,
(M), = (V)L o = (a0)y @] — (hy)u @], (3.5)
(MP)gtg, = (VMIE);; + (h,hl); @D, + 15,8(@{ D) — D] Dy),
(1\7[2)[);15/_ = (M%))ij + (hdh:;)ijq)-lr(bl B %51']‘8/2((1)?‘1)1 B q);rq)z),
(M5, = MDE = (b b)) @Tiny®,,
where 0;; is the usual Kronecker 'symbol. . ud = 0%, 4o = UngL:
The form of the derived effective Lagrangian depends, 0 . 0 4 (3.7
to some extent, on the choice of renormalization scheme. up = Ugug, dp = Ugdg,

As usual, one may adopt the MS or DR schemes of
renormalization. In general, the different schemes affect
the holomorphic part of the Lagrangian at the one-loop
level. Thanks to the nonrenormalization theorems of
SUSY, the Yukawa couplings h, ; are not renormalized,
and the wave functions of ®;,, Q;;, u;z, and d; remove
the ultraviolet (UV) divergences of the one-loop correc-
tions to the Yukawa couplings c;',-RKI)IerL and it;pg®, Q.
The leftover UV-finite terms are not tanf enhanced and
can be absorbed into the definition of h, 4, up to higher-
order scheme-dependent corrections. Although the latter
could be consistently included in our gauge-symmetric and
flavor-covariant formalism, we ignore these small UV-
finite holomorphic terms as they are higher-order effects
beyond the one-loop approximation of our interest.

By analogy, the gauge- and flavor-covariant effective
Lagrangian for the up-type quark self-energies may be
written down as follows:

— L8[ Dy, D,] = ily(h, DI (—iTy)
+ Ah, [P, q)z])ijQ?L + H.c., (3.6)

where Ah,[®,, ,] may be calculated from Feynman
diagrams analogous to Fig. 1. As opposed to the down-
type quark self-energy case, these radiative corrections are
not enhanced for large values of tan3 and so are ignored in
our numerical analysis in Sec. V.

The weak quark chiral states, uf , and dY , are related
to their respective mass eigenstates, u;  and d; g, through
the unitary transformations:

where UZ, U%? are 3 X 3 unitary matrices and V is the
CKM mixing matrix. All these unitary matrices are deter-
mined by the simple mass renormalization conditions:

<£gff[q)1’ D, ]) = —czRMddL + H.c.,

. (3.8)
(LU Py, P,]) = —iagM,u; + He,

where (...) denotes the value when the Higgs doublets @ ,
acquire their VEVs, and I\A/[u,d are the physical diagonal
mass matrices for the up- and down-type quarks. Imposing
the conditions (3.8) yields [12]

2.
Udth, U8 = £MdVTR;',
vy
(3.9)
2.
UyTh, U2 = iMuR;I,
L]
where
2
R, =1+ iug*athd[@l, d, U2,
U1 (3.10)

2
R,=1+ £Uf*(h;lAhM[cbl, d,]YUL.
L)

In (3.10) and in the following, the symbol 1 without a
subscript will always denote the 3 X 3 unit matrix. We
observe that the unitary matrices Ug, U%? can all be set
to 1 by virtue of the flavor transformations given in (2.4).
The Yukawa couplings h,, ; are determined by the physical
mass conditions (3.9). It is important to remark here [12]
that these conditions form a coupled system of nonlinear
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equations with respect to h,, 4, since the Yukawa couplings
also enter the right sides of (3.9) through the expressions
R,, in (3.10). In addition, one should notice that the
physical CKM mixing matrix V remains unitary through-
out our effective Lagrangian approach. As we will see
below and more explicitly in Appendix B, the unitarity
of V throughout the renormalization process is a crucial
property for maintaining the gauge symmetries through the
Ward identities (WIs) in our effective Lagrangian
formalism.

We now consider the effective FCNC Lagrangian related
to Higgs interactions to down-type quarks. From (3.1), we
find that

- h . a
— Lo = dRT%[¢1(1 +AJ) —ia)(1+ AY)

+ $r AP — ia, ALVd,
+dgh i A1+ AY) + ¢y AY Juy + He,
(3.11)
where the individual components of the Higgs doublets

®, , are given by

b1,
D, = ' . . 12
b2 (f(vm + 1o tiay) (3.12)

Moreover, the 3 X 3 matrices Af”, AZ”, and Affz are
given by
) )
AP =2 A,), A =i2 Ay,
“ f<6¢1,2 d> g ’f<6a1,2 ”’>
b 0
A= <—+A >, (313)
¢ 601, ¢

where we have used the short-hand notation, A, =
h;'Ah,[®,, ®,], and suppressed the vanishing isodoublet
components on the LHS’s of (3.13). In the CP-violating
MSSM, the weak-state Higgs fields ¢ 5, a5, and ¢, are
related to the neutral CP-mixed mass eigenstates H ;3
[21,23], the charged-Higgs boson H™, and the would-be
Goldstone bosons G° and G, associated with the Z and
W™ bosons, through:

¢ = 0y;H,,
a, = CﬁGO - SBOSiHi’
¢y =cgG™ —sgH™,

¢2 = OyH,,

a, = sﬁG0 + cp05;H;,

b, =s5G +cgH™,
(3.14)

where sg = sinf3, cg = cosf and O is an orthogonal 3 X 3
Higgs-boson-mixing matrix.

One may now exploit the properties of gauge and flavor
covariance of the effective functional A ;[®;, ®,] to obtain
useful relations in the large-tanB limit. Specifically,
A, [D,, D,] should have the form:

PHYSICAL REVIEW D 76, 115011 (2007)

A D, D,]=DIf, + DlF,, (3.15)

where fl,z((biubl, CI);LCDZ, @I@z, CI);(ID,) are calculable
3 X 3-dimensional functionals which transform as hZhd
or h:[hu under the flavor rotations (2.4). Given the form
(3.15), it is then not difficult to show that in the
infinite- tanB limit (v; — 0),

lim iﬁ<i Ad> = \/2<Ad>,
v;—0 6612

Uy

7 (3.16)
/8 V2
timay 24) = 0

Very similar relations may be derived for the up-type quark
sector, but in the limit of vanishing tanS. As we show in
Appendix B, Ward identities (WIs) involving the W~ and
Z-boson couplings to quarks give rise to the following
exact relations:

ag' = wa(sosa,) = i,

A = <%Ad> = ?<Ad>,

(3.17)

where v = /v + v3 is the VEV of the Higgs boson in the

SM. Relations very analogous to those stated in (3.17) hold
true for the up-type sector as well, i.e. AG = AG" =
—+/2(A,)/v, where the extra minus sign comes from the
opposite isospin of the up-type quarks with respect to the
down-type quarks.

For our phenomenological analysis in Sec. IV, we may
conveniently express the general flavor-changing (FC) ef-
fective Lagrangian for the interactions of the neutral and
charged-Higgs fields to the up- and down-type quarks u, d
in the following form:

g - A A
Lpc = — M[Hid(MngigdPL + gzigldePR)d

+ GYdMiysd + H;ia(M, gk ., Pr
+ gf,iuul\A/[uPR)u — GO, iysu]
g PN ~
- oMy, (H d(MngLi—guPL + gIRrJMMuPR)M
+ G dM,Vtp, — VIM, Pp)u + H.e.],

(3.18)

where the Higgs couplings in the flavor basis Ug =U} =
U4 = 1 are given by
L — Oli

- 1 025 - 2
B =, VIR;'1+AJ)V + gV’fRdlAj’ v

1
+ i03,»tﬂVTR;1<1 + A - [—A32>V, (3.19)
B

R  _— (oL \t
8haa — ®pad)" (3.20)
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gl = 2R AP + LRI04 A
i SB SIB
+i0515' RN (1 — A + 1A%, (3.21)
g8 o = @5 )t (3.22)

gl . = —1,VIR;'A+ A7) + VIR;'AT, (323)

gk o = —15' Vi1 — (AFHHR, DT

du
— VIAPHT R, (3.24)

and 75 =tanB. We note that the Higgs-boson vertex-

ayn

correction matrices for the up-type quarks, Af 2OAV,

and AZ)”, are defined as in (3.13).

The above general form of the effective Lagrangian Ly
extends the one derived in [12] in several aspects. First, it
consistently includes all higher-order terms of the form
(tgmpypm/Miygy)™=", which can become important in sce-
narios with large bottom-squark mixing [5]. Second, it
does not suffer from the limitation that the soft SUSY-
breaking scale should be much higher than the electroweak
scale M. Specifically, SM electroweak corrections may be
included in the Coleman-Weinberg-type effective func-
tionals A, ,[®;, P,], provided the theory is quantized in
nonlinear gauges [24] that preserve the Higgs-boson low-
energy theorem (HLET) [25]. Finally, the effective
Lagrangian Lgc implements properly all the gauge sym-
metries through the WIs as discussed in Appendix B.

The general FC effective Lagrangian (3.18) takes on the
form presented in [12] in the single-Higgs-insertion ap-
proximation. In this case, the tanf-enhanced threshold

corrections A7, Aj’z, Aff, and (A,) are interrelated as
follows:

2 a 2 3
Pap=ay=af=al =@y,

(3.25)
vy
where (A ;) is given in the MSSM with MCPMFV by
2 203 Lo .~
20 ) = 1 w07 8, )
125 o
hIhu - 2 2 2
and I(x, y, z) is the one-loop function:
xyIn(x + yzIn(y/z) + xzIn(z/x
1oy, 0) =2 (x/y) + yzIn(y/z) (/x) (3.27)

(x =y -2 -2

The ellipses in (3.26) denote the small contributions com-
ing from the Feynman diagram in Fig. 1(c), which has the

PHYSICAL REVIEW D 76, 115011 (2007)

same flavor structure as the gluino-mediated graph in
Fig. 1(a), i.e., this contribution is flavor-singlet in the
single-Higgs-insertion approximation. We remark, finally,
that in writing down (3.26) we have not considered the RG-
running effects on the squark mass matrices between Mgyt
and Mgygy. These effects are important, and are taken into
account in our numerical analysis in Sec. V.

In addition to graphs involving SUSY particles, the two-
Higgs-doublet model (2HDM) sector of the MSSM may
also contribute significantly to the one-loop self-energy
graphs of the down quarks. This contribution is shown in
Fig. 2 and is formally enhanced at large tanf, since it is
proportional to h,. In the single-Higgs-insertion approxi-
mation, the 2HDM contribution is given by

V2 paiomy _ hih, B My, 6l
v, ¢ 16w My — My | M3y + |ul?
(3.28)

This contribution turns out to be subleading with respect to
the Feynman diagram 1(b) and exhibits a very similar
flavor structure. Beyond the single-Higgs-insertion ap-
proximation, the effective functional Ah2HPM[®, ®,] is
calculated as

nk
(AnZHPM), . = f—(zﬂ_)ni(hd)ilPL
x ( !
1o — M, P, — M} Py

) PL(h,);
Qi

1
N [— , (3.29)
<k214 - M%-I>¢‘l¢‘;r
where M, [®), @,] and ME[®;, ®,] are the 6 X 6- and
4 X 4-dimensional quark and Higgs-boson mass matrices
in the background of nonzero ® ;. The 6 X 6-dimensional
quark mass matrix is given by

_( Mpag,\ _ [ (h,);; @] (—iry)
Mq[q)l, b, = <(MZ)J,-Q,- ) = ( (lid)lzjq)}u )
(3.30)

The Higgs-boson background mass matrix MZ[®;, ®,]
receives appreciable radiative corrections beyond the tree
level [19,21,23,26]. At the tree level, the 4 X
4-dimensional matrix M%[®;, ®,] is given in the weak
basis (®,, ®,) by

Qi P P dir

FIG. 2. Two-Higgs-doublet model (2HDM) contribution to the
one-loop self-energy graphs for down-type quarks in the single-
Higgs-insertion approximation.
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(M%J)qﬁq)z
(M%{)q);fq;z ) (3.31)

2 M %J)qﬁcbl
MH[CI)lr ‘Dz] = ((M )qT

where

2 2
g tg
Mgy, = (M5, + uP + £ ola,

2 2 2
&g g
+E28 cpgcp2>12 +£ 0,01,

24 52
(M) 14, = <M2 +iul +E2E oo,
+

%qﬁ@l)lz +

2
%q)]q);r’ (3.32)

2
(M%f)qﬁrb (M3, )(qu, = <_BM + g?@;@l)h

+ % @, P

In the one-loop effective Lagrangian Lgc given in
(3.18), the couplings of the Goldstone bosons G° and G*
to quarks retain their tree-level form. This result is not
accidental, but a consequence of the Goldstone theorem,
which applies when the momenta of the external particles
are all set to zero. However, the tree-level form of the
Goldstone couplings gets modified when momentum-
dependent (derivative) terms are considered. To leading
order in a derivative expansion, one would have to consider
the effective Lagrangian

Lp=i0.[Zoh + AL (D] (PD) — (BD)T D))

+ B (@,(pd)t — (p2)®)]0, +
(3.33)

where the dots denote analogous terms for the right-handed
up- and down-type quarks up and dg. The first term de-
pending on Z is a functional of &, for the left-handed
quarks Q;. Such a term is not tanS enhanced and
renormalization-scheme dependent. As mentioned above,
these terms can be neglected to a good approximation. The
effective functionals A(é‘/)[(l)], ®,] and B(é‘/)[(I),, ®,] are
UV finite and include large Yukawa-coupling effects due to
h,? In particular, this is the case for the effective func-
tionals with i = j = 2. One typical graph of such a con-
tribution is displayed in Fig. 3. Because of gauge
invariance, analogous contributions will be present in the
one-loop Z- and W-boson couplings. All these effects are
not enhanced by tanf, and can be consistently neglected
without spoiling the gauge symmetries of the effective
Lagrangian Lpc.

>These effects have first been identified and studied in [27]
within the standard model.
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Qi

e e — - ———

FIG. 3. Dominant gauge- and flavor-invariant contribution
leading to a modification of the tree-level Goldstone-boson
couplings to quarks.

In the next two sections, we present analytic and nu-
merical results related to FCNC B-meson observables,
using the effective Lagrangian (3.18) and including the
2HDM contribution (3.29).

IV. FCNC B-MESON OBSERVABLES

In this section, our interest_ will be in FCNC B-meson
observables, such as the 32,3‘32,3 mass differences AMp

and the decays B,y — u"u~, B, — v, and B — X,y.

A.AMy,

Our discussion and conventions here follow closely [12].
In the approximation of equal B-meson lifetimes, the SM
and SUSY contributions to AMpg ,, may be written sepa-

rately, as follows:
AMp = 2B HAET2 B sm + (BIIHAET2|B)susyl,
4.1

where ¢ =d,s and H43F=? is the effective AB =2
Hamiltonian. Neglecting the subdominant SM contribu-
tion, the SUSY contributions to the AB = 2 transition
amplitudes are given by

230 MeV) \0.55
LR(DP LR(2HDM
X [0.88(CERPP) + CLREHDM))

—o 52(C?LL(DP) n CSRR(DP))]

_ él/zF 2
(BY|HSE=2BY)susy = 1711 PS_1< Ba P ) < L )

1/2
BY*Fy \2/ 7
By |Hei =218 2310 ps—! (2 5
(BYl eff IBY)susy = ps <265 MeV) (0.55
X [0.88(CLR(®P) 4 CLRCHDM))
- O.SZ(C?LL(DP) + C?RR(DP)):|’

4.2)

where DP stands for the Higgs-mediated double-penguin
effect. In addition, we have used the next-to-leading order
QCD factors determined in [28—32], along with their
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hadronic matrix elements at the scale u = 4.2 GeV:

PR = —0.58,
PSU = —0.52,

PLR = .88,

_ (4.3)
P = —1.1.

The Wilson coefficients occurring in (4.2) are given by

CSLLOP) _ 1677'2’”% Z gH bng bq
: V2G M3, ¢ ’
CSRR(DP) _ 1677'2’"2 Z gH bng bq
1 \/—GFMz , 4.4)
CLR(DP) 3277' mym, Z gH bq gH bq
2 \/—GFM ’

where the tan?B-enhanced couplings gH ;4 may be ob-
tained from (3.18). Hence, the DP Wilson coefficients in
(4.4) have a tan*8 dependence and, although two-loop
suppressed, they become significant for large values of
tanB = 40.

There are two relevant one-loop contributions to
(B°|HAB=2|BO)gugy at large tanf: (i) the +-H™ box con-
tribution to C5® of the 2HDM type, and (ii) the one-loop

chargino-stop box diagram contributing to C3'. To a good

LR(2HDM)

approximation, C, may be given by [32]

CLR(2HDM) ~ 2mbm

5 A — 4 (V},V,y) tan® B.

4.5)

In the kinematic region My+ = m,, the above contribution
can amount to as much as 10% of the DP effects mentioned
above. This estimate is obtained by noticing that the light-
quark masses in (4.4) and (4.5) are running and are eval-
uated at the top-quark mass scale, i.e., mg(m,) =~ 90 MeV,
my(m,) = 4 MeV [33]. The second contribution (ii) turns
out to be non-negligible only for small values of the
u-parameter [32], i.e., for |u| =< 200 GeV.

B. Bg’s —putp
The leptonic decays of neutral B mesons,
utu~, are enhanced at large values of tan8 [6-15].
Neglecting contributions proportional to the lighter quark
masses m, ;, the relevant effective Hamiltonian for AB =
1 FCNC transitions is given by

R0
Bd,s -

Hyf™' = _2\/§GFthqu(Cs(9s + CpOp + C10y),

(4.6)

where

PHYSICAL REVIEW D 76, 115011 (2007)

2

¢ = —
Os = 1672 my(gPRb) (),
2
¢ = —
Op = ——my(GPrb)(Lysp), 4.7)
167
2
010 = Tom 5 (@Y*PLD) (Y Y5 ).

Using the resummed FCNC effective Lagrangian (3.18),
the Wilson coefficients Cy and Cp in the region of large
values of tanf3 are given by

Cq = 2am, 1 & gz’iqbgff,.,z,b’
Aem VaVig &1 M3, ws)
Cp = i277'm# 1 gﬁliébglﬂﬂu,
Oem thvt*q = M12-1i

where Co = —4.221 denotes the leading SM contribution.
In addition, the reduced scalar and pseudoscalar Higgs
couplings to charged leptons gi‘,j’; . 10 (4.8) are given by

Oli gp
COSB’ Hipp

= —anB0;.  (4.9)

N
8Hin

Here we neglect the nonholomorphic vertex effects on the
leptonic sector since they are unobservably small.
Taking into consideration the aforementioned approxi-

mations, the branching ratio for B9 ds — utu~ is found to
be [8]
_ _ Ga? .
B(BG — p'n) =5 My 75 [V Vig
4m? 4ms,
X (|1 - —MZ“KI e )IF"I2
B, B,
+ |F} + Zm#FZP} (4.10)

where ¢ = d, s and T, is the total lifetime of the Bq7

meson. Moreover, the form factors Fé , , are given by

_iMZ Fp mp

Fi, = — ¢y,
S.p 2 Bq q mb + mq S.P
P 4.11)
A E B, >~ 10-

Although the Wilson coefficient C,, is subdominant for
tanfB = 40, its effect has been included in our numerical
estimates.

C.B,— v

There is an important tree-level charged-Higgs-boson
contribution to B, — 7v decay [16,17]. It is not helicity
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suppressed and interferes destructively with the SM con-
tribution [34]. The ratio of the branching ratio to the SM
value is given by

B(B~ — 77 D)

R =
Brv = BSM(B~ — 77 p)
Lt
L Ma=\2 |2
= 1+tanBM< B ) | , 4.12)
where gz,au = —tanBV' at tree level [cf. (3.23)], leading

to the negative interference with the SM contribution.

D.B— X,y

The relevant effective Hamiltonian for B — X,y is
given by

4G
b— F
Heff V= \/i

- C(p) Ohaay) + cg(ub)@g(ub)}, @.13)

Vil 3 Clun)O(u)

i=2,7,8

with

O, =5,y c ey,

PHYSICAL REVIEW D 76, 115011 (2007)

We closely follow the calculations of Refs. [35] for the
branching ratio B(B — X,vy) and the direct CP asymmetry

in the decay. For the running ¢ quark mass, we use

m (mE) to capture a part of NNLO corrections [36].

We refer to, for example, Appendix B of Ref. [37] for
the detailed expression of the branching ratio in terms of
the Wilson coefficients which we are gong to present
below.

The LO charged-Higgs contribution is given by

1 (gH 2,33 (gH )

23 (1)
Fi5()
3 V33 V;3 7,8

CO (M) =

+ (gH du)33 (gH du)

(2)
Fr5(),
V33 7, s\

(4.15)
22

where y = m?(My,)/M?,., the ratio of the top-quark run-
ning mass at the scale My, to the charged-Higgs-boson pole
mass. In the numerical analysis, we include the NLO
contribution. Note that gf__ = —r;'V' and gk . =
_[ﬁv‘r at tree level, see Egs. (3.23) and (3.24). The func-
tions F’ %’(2) can be found in Refs. [37,38].

The chargino contributions are

0, = fgn”zim PRV
@/7 166”!172 ERO- F/.LVbL’ (414)
@8 fgmg ELO' F'U“VbR;
@/8 fgmg ERO' FMVbL.
|
. 2 M 1 (VIR HEVE + (VIRZHE VL, (Cn(CRiMy )
Xy (msusy) = { () PF gy ) — 23T a ) Vo () lCRnMtw poy
' izzla 3 iy S CBV33V§3 \/imx,-’ s
2 . (MR, )33 e | 2Miy )
- = (CRla (Ul ) — —2—"=(Cr)n(Us)" | - Fia(xr )
3jzzl,z 8 Y V2sgMy 8 & m[Z/ e
(VIR D] (CORCREMw |7 12 7wy (Co)(Crin(MLR DY
n c\;l 33 (_ L\j_ rRlaMw ‘U,lj (U U, L)i2 2R 2 33>Fg,3§(x;in)}’ (4.16)
BY3 S ZmX: SpiM -

where x;;
mixing matrix U’

= m?/ m? We refer to [39] for the functions F’ S’% and to [40] for the chargino mixing matrices C; y and the stop

Finally, the gluino contributions to the Wilson coefficients C; g are given by

Cg(MSUSY)

9IGF|M3|2 Z 501

Cg(:“SUSY)

where )l = V33V23

[ Diafa(x;) + (G4 Z—Sﬁ(xi)}

4.17)

G Z S(G){(ODa] 31160 + 312050 | + (@2 363600 + 3fute ]|

V,, Vi and x; = |[M;]?/ m . The loop functions f/ 53 4(x;) may be found in Ref. [41]. The Wilson

coefficients for the primed operators O ¢ can be obtained by the exchange L < R and M5 — M;:
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8w

Cl7g (MSUSY) m
F 3

C (nsusy) =

In the above, Cg/)f , the down-type squark-gluino-quark
couplings GL g are defined through the interaction
Lagrangian (suppressing the color indices)

dgd \/_gs{d tag [(G )zaPL + (G )mPR]d

+ d [(G): Pr + (G, P13 d), (4.19)

where ¢ are the usual Gell-Mann matrices, i = 1,2,...,6
label the mass eigenstates of down-type squarks, and a =
1, 2, 3 the mass eigenstates of down-type quarks. The
couplings are given by the down-type squark mixing ma-
trix as

(Gi)ia = (UJT)iw (G )1a = _(U‘H)mﬂ-

The 6 X 6 unitary matrix Ud diagonalizes the down-type
squark mass matrix as

(4.20)

UTMEUY = diag(m?, m2, ..., m2), (4.21)
where d is the lightest and d6 the heaviest. In the super-
CKM basis, in Wthh the down squarks are aligned with the
down quarks and U2 = U% = U4 =1, the 6 X 6 down-

type squark mass matrix Mfz takes on the form

ViM;, vV ViM;:,
M2 = o LL 4.22
( M3,V Mi;, /) (4.22)
where the 3 X 3 submatrices are given by
oo oo D t (1 1,
MLL_MQ+7(hdhd)+C2,BMZ _§+§SW 1,
_ 1 1
M%R = —23211)1 - ﬁhz,&vz,
- 1 1 (4.23)
M5, = —ayv, — —=h,u’v,,
RL 5 aVi NG )
v? 1
M M2 1 (hdhj}) + CZ,BM%<_ gS%;)].,

with h,; = £MG,VJFR . As a byproduct of the chosen

super-CKM bas1s we observe the absence of flavor mixing
in Mfz, for all h,-dependent terms, when R, o« 1.

V. NUMERICAL EXAMPLES

For our numerical estimates of FCNC observables at
large tan3, we take the GUT scale to be the same as in
the usual CMSSM with MFV, and a dedicated program has
been developed to calculate the RG evolution from the
GUT scale to the low-energy SUSY scale in the

PHYSICAL REVIEW D 76, 115011 (2007)

zx(G,da[ Daf(e) + (G ) |

(4.18)

WZHG%)Q{(G D[ 31050 + 53600 |+ (@ [ 311050 + 50 ]|

[

MCPMFV framework of the MSSM. For the Higgs mass
spectrum and the mixing matrix O,; at the Mgygy scale,
the code CPsuperH [40] has been used. In the calculation
of the flavor-changing effective couplings, only the leading
contributions have been kept in the single-Higgs-insertion
approximation, neglecting the EW corrections and the
generically small flavor-off-diagonal elements of the
squark mass matrices.

In order to study the effects of CP-violating phases in
the MCPMFV framework, we consider a CP-violating
variant of a typical CMSSM scenario:

|M, 53] = 250 GeV,
M3y, = My, = W15 = Ve = it = 1} =
= (100 GeV)?,
Al =1A,] = |A,] = 100 GeV,

(5.1

at the GUT scale with tan8(Mgysy) = 10, which corre-
sponds to tanB(mPf*®) =10.2. As for the CP-violating

phases, we adopt the convention that ®,, = 0°, and we
vary the following three phases:
Q=D = Dy; O35 52)

GUT — _ __
Oy =Dy, =Dy =Dy,

where, for simplicity, common phases @, and ®SUT are

taken for the phases of M| ,(Mgyr) and A, 4.(Mgyr),
respectively. We note that the phases of the gaugino mass
parameters, ®,,3, and the u parameter, ® > @re un-
changed by the RG evolution, while the phases of the
elements of the matrix A, ;, could be significantly differ-
ent at low scales from the values given at the GUT scale.
This scenario becomes the SPS1a point [42] when @, ,; =
0° and ®SYT = 180°. We have found that Mgygy varies
between 530 GeV and 540 GeV, and Mgyr/10'® GeV
between 1.825 and 1.838 depending on the values of the
CP-violating phases.

We do not consider in this section the electric dipole
moment (EDM) constraints [43] on the MCPMFV parame-
ter space of the MSSM. A systematic implementation of
these constraints and their impact on the FCNC observ-
ables will be given in a forthcoming communication.

A. Phases and masses
We first consider the (3, 3) elements Ay =
(af)33/(hf)33 at MSUSY with f =u, d, e and f3 =1, b, T.
We find that the complex quantity Ay, can be written in
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terms of the complex A, and M; at the GUT scale as:

Ay, (Msysy) = szAf(MGUT) - C%[Mi(MGUT): (5.3)

where the real coefficients C?f and C% " are functions of the
Yukawa and gauge couplings. This expression is similar to
that found in Ref. [44]. In general, C‘? .¢ are much smaller
than C%j. Indeed, they are even smaller than C%,"z with

Cf“ < Czd. For A,, C% is not so much smaller than ijwl'z,
while CY* is negligible. This is because the strong coupling
amplifies the influence of Mj, while the large Yukawa
couplings suppress those of the A terms via renormaliza-
tion effects [44]. For the parameter set (5.1) with tanB =
10, we observe that the phases @4 (Mgysy) and
®,, (Mgysy) are largely determined by ®;, whereas the
phase @, (Msysy) is more affected by ®; , than by ®§UT.
This situation becomes different for larger values of tanf3,
i.e. we find that C% becomes significant and C?”’ decreases
when tanf increases.

1= cu o -
C (D_\ =180
e 05 /
efﬁ o /
ok '
£ B
“0sE
A \sT'T'\"\ c e
0 100 200 300
o
Q5]

PHYSICAL REVIEW D 76, 115011 (2007)

In Fig. 4 we show sin®, , sin®, , and sin®,_for the
parameter set (5.1) with tanB(Mgygy) = 10. In the left
frames, we observe that @, and @, can be fully gen-
erated from ®; and @, ,, respectively, even when A, ,; , at
the GUT scale are real, ®$UT = 180°. Whilst the depen-
dence of ¥, on @3 is negligible (solid line in the left-
lower frame), the dependences of &4, on @, can be
sizeable (dashed lines in the left-upper and left-middle
frames). In the right frames, the cases with ®; = 0°
(Py,,) and &y, = 0° (P, ) are considered, showing how
large the A-term phases may become at the Mgy scale for
real M5 and/or real M| and M,. When the gaugino masses
are all real, | sin®, | and | sin®, | turn out to be 0.06 and
0.12, respectively, whereas | sind ATI can be as large as 0.55.
Somewhat larger CP-violating phases are possible for @,
and ®,, when M, and M, are pure imaginary (see dashed
and dash-dotted lines in the right-upper and right-middle
frames of Fig. 4). Finally, there are no visible effects of ®;
on P, .

We now discuss the effects of CP-violating phases on
the masses of Higgs bosons, third-generation squarks, and

04
C @, =270 ®,=0"
02f-- T .
s F el -
S 0= o B T — i m e e o
= - 12
= IPUPETELEREES R
02 Tteel - -
s \ I
| | | | | | | | | | | | | |
044 100 200 300
o
®,GUT [°]
0.4 -
[ -7 7 o, = 0()
- N 3
2 02F N
S 1Y <
g F
17/] - -
0.2 .
.0_4:\ TR R RR RN \\\'T'Ff !
0 100 200 300
o
@, 6UT [°]
1=
E (blz = (IJ3 =0°
o 05
< .
LN A N
= o
£ 0sE
'1 ;\ Il Il | ‘ | | | | ‘ | | | | ‘ | |
0 200 300
o
(I)AGUT [ ]

FIG. 4 (color online). In the left frames, taking ®$UT = 180°, sin® 4, (upper), sin®, (middle), and sin®, (lower) are shown as
functions of @5 taking ®;, = 0° (solid lines) and ®,, taking ®; = 0° (dashed lines). In the right frames they are shown as functions
of ®FYT taking @3 = 0° or &, = 0°. For sin®, and sin®, , three cases are shown: ®;, = 270° (blue dash-dotted lines), 0° (black
solid lines), and 90° (red dashed lines). For sin®, , we set ®; = 0° as well. The parameters are taken as in Eq. (5.1) with

tanS(Msysy) = 10.
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heavy neutralinos and chargino. In the upper-left frame of
Fig. 5, we show the absolute values of A, , , as functions of
a common phase ®,, = &, = O, = D5 for two values of
®SUT: 0° (dashed lines) and 180° (solid lines). In this case,
one can show the absolute values squared depend only on
the difference ®SGUT — @

|Af|2 = af - Bf COS(‘DSUT - (I)M)’ (54)
using Eq. (5.3), with ¢, B > 0. From Fig. 5, we observe
that there is strong correlation between |A,, .| and the
particle mass spectrum. This correlation is due to the
phase-dependent terms Tr(afa,) and Tr(aj a,;) in
dM3}, y /di and dMp,, ,/di. The fact that |M3 | de-

creases (increases) when Tr(a:ﬁau) decreases (increases)
explains the CP-odd phase dependence of heavier Higgs-
boson masses, as can be seen from the upper-right frame of
Fig. 5. The same correlation is observed for the heavy
chargino and neutralinos in the lower-right frame of
Fig. 5, since a decreased (increased) value of IM%IHI leads
to smaller (larger) values of |w|. We find that the variations
in the masses of the lightest Higgs boson H; and the
lightest neutralino )}? amount to 2 GeV and 3 GeV, respec-
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FIG. 5 (color online).
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tively. The CP-odd phase dependences of M2, M?, and
M3, at the scale Mqysy can be understood similarly. Here
the (3, 3) components of the mass matrices decrease (in-
crease) when Tr(a:[ a,) increases (decreases). For the
chosen value of tanB(Mgysy) = 10, the (3, 3) component
of 1\71%] shows the largest effect, since dM%,/ dt contains
2Tr(aja,) compared to Tr(afa,) + Tr(aj}ad) in d1\7[%2/dt
and 2 Tr(al a,) in dM? /dt. Furthermore, we note that 7, ~
7x and b, ~ b, . From these observations, one can under-
stand the qualitative CP-odd phase dependence of the stop
and sbottom masses, as shown in the lower-left frame of
Fig. 5.

B. Effects on AMg and AMy,

In the upper-left frame of Fig. 6, we show the SUSY
contribution to AMjy_in units of ps~! as a function of
tanB(Mgygy) for three values of the common phase,
namely ®,, = 0° (solid line), 90° (dashed line),
and 180° (dash-dotted line). The horizontal line is for
the measured value: AMEXP =17.77 = 0.10(stat.) *+

0.07(syst.) ps~! [18]. We observe that the SUSY contribu-
tion can be larger than the current observed value for
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The absolute values of A, , , (upper-left) and the masses of the heavy Higgs bosons (upper-right), sbottoms and

stops (lower-left), and charginos and neutralinos (lower-right) as functions of a common phase ®,, = ®;, = &, = ;. The solid lines
are for ®GUT = 180° and the dashed lines for ®GUT = 0°. The parameters are listed in Eq. (5.1).
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®,, = 180° when tanp is large. Indeed, for ®,, = 180°
(90°), we find tanB < 44(48), whereas there is no restric-
tion on tanB for ®,, = 0°.

The SUSY contribution C‘?RR(DP) is suppressed by
m?/m? with respect to C?RR(D P [see Eq. (4.4)]. The
ICER(DP)I is comparable to ICfLL(DP)I, while the 2HDM
contribution, CER(ZHDM), becomes less important as tanf
increases. The dip of the coupling IC?LL(DP)I for &, =
180° (upper-right frame) at tanB =45 is due to the fact
that the three Higgs bosons become degenerate and cancel
other contributions. Beyond this point, My, ~ My, de-
creases rapidly while My, ~ 110 GeV remains nearly
unchanged.

In the upper-left frame of Fig. 7, we show the SUSY
contribution to AMg in units of ps~! as a function of
tan B(Mgysy), using the same line conventions as in Fig. 6.
The horizontal line is for the measured value: AMP" =
0.507 + 0.005 ps~! [45]. We observe that the SUSY con-
tribution is always smaller than the measured value,
although it does exhibit a strong dependence on the
CP-violating phase ®),. The dips at tanB =45 (®,, =
180°) and tanB = 49 (®,, = 90°) arise for the same rea-
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son as in the AMp_case. The dominant contribution comes

from CSLL(D P and CSRR(D P is suppressed by m2/m?. The

value of ICIZ‘R(DP)I is smaller than that of IC?LL(DP) |. Finally,

as before, the 2HDM contribution CIER(ZHDM) becomes less
significant for large values of tanf.

C. Effectson B, —» u ' u~

In the upper-left frame of Fig. 8, we show the branching
ratio B(B; — u* ™) as a function of tanB(Mgygy) using
the same line conventions as in Fig. 6 for three values of the
common phase ®,,: ®,, = 0° (solid line), 90° (dashed
line), and 180° (dash-dotted line). The two horizontal lines
in the upper-left frame are for the SM prediction and the
current upper limit at 90% C.L., namely 7.5 X 1078 [18].
We observe that the branching ratio changes substantially
as @, varies. Specifically, for ®,, = 180° (90° ) 0°, (we
find that the present upper limit on B(B; — u" u~) im-
poses the upper limit tanB < 34(38)42.

The phase dependence of the branching ratio comes
from that of the couplings Cg and Cp [see (4.8)],
which are shown in the upper-right and the lower-left
frames, respectively. We find that |Cg| = |Cp|, since
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The SUSY contribution to AMp_in units of ps~! (upper-left) and the relevant couplings in the other three

frames, as functions of tanB(Mgygy), for three values of the common phase: ®,, = 0° (solid lines), 90° (dashed lines), and 180°
(dash-dotted lines). We fix @GUT = 0° and the parameters are taken as in Eq. (5.1), except that here we choose M 1. = 200 GeV so as
to avoid a very light or tachyonic 7, state for large tanB. In the upper-left frame, we show the currently measured value as the

horizontal line.
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FIG. 7 (color online). The SUSY contribution to AMp, in units of ps~! (upper-left) and the relevant couplings in the other three
frames. The line conventions and the parameters are the same as in Fig. 6.

011 ~ 04 ~ 0 and My, ~ My, [cf. (4.8) and (4.9)]. We
note that, for ®,, = 180°, B(B, — u™ u~) can be smaller
than the SM prediction for tan8 =< 24. This is because the
Higgs-mediated contribution Cp cancels the SM one Cj,
as shown in the lower-right frame of Fig. §, in which the
factor my/(m;, + my) [cf. (4.11)] has been suppressed in
the label of the y-axis.

D. Effects on B, — 7v
The recent Belle and BABAR results for the branching
ratio B(B~ — 77 ) are [46,47]
B(B~ — 7~ p)Belle = (1.7910:38 (stat) T)-48(syst)) X 1074,
B(B~ — 77 p)BABAR — (1.2 + 0.4(stat) = 0.3(bkg syst)
+ 0.2(other syst)) X 1074, (5.5)

which lead to B(B~ — 7 »)EXP = (1.4 £ 0.43) X 107*.
Combining the Belle and BABAR results with the SM value
B(B~ — 7~ )™ = (1.41 *+ 0.33) X 10~* obtained by the
global fit without using B(B~ — 7~ #) as an input [48], we
have the following lo range for the ratio to the SM
prediction®:

3This range is different from that used in [49] due to the new
BABAR result [47].

REXP = 1.0 £ 0.38.

Bty (56)
In the upper-left frame of Fig. 9, we show possible values
of this ratio in the MSSM with MCPMFV, together with the
experimental range given in (5.6), as functions of tan for
three representative values of the common phase ®,, and
for ®GUT = 0. The three thin arrows at the bottom indicate
the positions where the ratio vanishes at the tree level
without including threshold corrections for ®,, = 180°,
90°, and 0° (from left to right). Beyond the minimum
point, the charged-Higgs-boson contribution dominates
over the SM one. It rapidly grows as tan*g8 initially and
then goes over to tan”3 due to the threshold corrections.
For each displayed value of ®,,, we find two regions of
tanB where the experimental value of B(B~ — 77 D) is
obtained. One region is at tanB < 25 (27) 29 for ®,, =
180° (90°) 0°, and corresponds to the case where the
charged-Higgs-boson contribution is a small “correction”
to the SM term. The second region is at tan3 ~ 41 (46) 48,
for ®,;, = 180° (90°) 0°, and corresponds to the case
where the charged-Higgs-boson contribution dominates
over the SM term. We note that the locations of these
second allowed regions would not be estimated correctly
if the threshold corrections were not included. These re-
gions are actually excluded by the B, — w™ u~ constraint
discussed previously.
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The tree-level vanishing points are also indicated in the
upper-right frame as intersections of the My+ and tanfB X
M g= lines. We observe that the resummed threshold effects
enhance the charged-Higgs-boson contribution when
®,, = 180° and suppress it when ®,, = 0°. As can be
seen from the lower-left frame of Fig. 9, for ®,, = 90°, the
tanB dependence of Rp,, becomes rather similar to the
tree-level one. However, as displayed in the lower-right
frame of Fig. 9, there is a nonvanishing contribution from
the imaginary part of the coupling (gIL; 313/ Vi3

E. Effects on B — X,y

The current experimental bound on B(B — X,vy) with a
photon energy cut of £, > E , = 1.6 GeV is [50]

B(B — X,y)BX? = (3.55 £ 0.24759% £ 0.03) X 1074,
(5.7)

Our estimate of the SM prediction based on the NLO
calculation is 3.35 X 10~%, which is about 1¢ larger than
the NNLO result, (3.15 + 0.23) X 107 [36]. In Fig. 10 we
show the branching ratio B(B — X,7y) and the direct CP
asymmetry AJL(B — X y) as functions of tanB. In the
upper-left frame, we include only the charged-Higgs con-

tribution, which increases the branching ratio. The larger
contribution in the high- tanf region is due to the decrease
of the charged-Higgs-boson mass. In the upper-right frame
of Fig. 10, we add the contribution from the chargino-
mediated loops. This contribution largely cancels the
charged-Higgs contribution, when ®,, < 90°. Instead, if
®,, is larger than ~90°, the chargino contribution inter-
feres constructively with the SM one, resulting in a rapid
increase of the branching ratio as tan83 grows. This behav-
ior can be understood from the fact that the dominant
contribution to C{ ¢ comes from the last term of
Eq. (4.16), which is proportional to ~e/®4/ cp, and the
branching ratio is proportional to its real part, namely
cos®, /cg. We recall that the phase @, at the low-energy
scale can largely be induced by nonvanishing ®,, even
when ®GUT vanishes (see the upper frames of Fig. 4). In the
lower-left frame of Fig. 10, we show the full result includ-
ing the contribution of the gluino-mediated loops, which is
nonvanishing in the presence of flavor mixing in the down-
type squark mass matrix. We find that it is numerically
negligible for the parameters chosen. In the same frame, as
well as in the upper-right one, we show the case of the
common phase ®,, = 60°, in which there is a nearly exact
cancellation between the chargino and charged-Higgs con-
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tributions, and all the tan3 region considered is compatible
with the current experimental bound. This observation is
also apparent in the left panel of Fig. 11. In the lower-right
frame of Fig. 10, we show the direct CP asymmetry for
several combinations of (P§UT, ®,,), finding that it can be
as large as ~ — 4%, when ®,, = 60°.

To illustrate the strong dependences of the branching
ratio and the CP asymmetry on the common phase ®,,, we
show them as functions of ®,, for four values of tanB in
Fig. 11. The region allowed experimentally at the 2-o level
is bounded by two horizontal lines in the left frame. In the
right frame, points within this region are denoted with open
squares. We observe that the branching ratio is quite in-
sensitive to tanfB around @, = 60°, whereas the CP
asymmetry can be as large as =5% for points within the
current 2-o0 bound on the branching ratio. For comparison,
we note that the experimental range currently allowed is
0.4 = 3.7% [50], implying that the new contribution in the
MSSM with MCPMFV could be comparable to the present
experimental error, and much larger than the SM contribu-
tion, which is expected to be below 1%. Finally, it is
important to remark that, in the absence of any cancellation
mechanism [43], EDM constraints severely restrict the soft

CP-odd phases in constrained models of low-scale SUSY,
such as the constrained MSSM. In a forthcoming paper,
however, we will demonstrate in detail, how these con-
straints can be considerably relaxed in the MSSM with
MCPMFV.

VI. CONCLUSIONS

In this paper we have formulated the maximally
CP-violating version of the MSSM with minimal flavor
violation, the MSSM with MCPMFV, showing that it has
19 parameters, including 6 additional CP-violating phases
beyond the CKM phase in the SM. As preparation for our
discussion of B-meson observables, we have developed a
manifestly flavor-covariant effective Lagrangian formal-
ism, including a new class of dominant subleading contri-
butions due to nondecoupling effects of the third-
generation quarks. We have presented analytical results
for a range of different B-meson observables, including
the B, and B, mass differences, and the decays B; —
utuw”, B, — tv,and b — sy. We have presented numeri-
cal results for these observables in one specific MCPMFV
scenario. This serves to demonstrate that the experimental
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constraints on B-meson mixings and their decays impose
constraints, e.g., on tanf, that depend strongly on the
CP-violating phases in the MCPMFV model, most notably
on the soft gluino-mass phase in the specific example
studied.

In summary, on the one hand, our paper introduces a new
class of MSSM models of potential phenomenological
interest and develops an appropriate formalism for analyz-
ing them, and on the other, it presents exploratory numeri-
cal studies of the constraints imposed by experimental
limits on B-meson observables. In view of the large num-
ber of the theoretical parameters in the MSSM with
MCPMFV, we leave for future work a more complete
exploration of its parameter space, including the correla-
tion with other experimental constraints, e.g. those im-
posed by limits on electric dipole moments.
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APPENDIX A: RENORMALIZATION GROUP
EQUATIONS

Here we list all relevant one-loop renormalization group
equations (RGEs) for the gauge and Yukawa couplings
[51], as well as for the soft SUSY-breaking mass parame-
ters of the general MSSM [52,53]. Defining the RG evo-
lution parameter ¢ = In(Q?/MZ;;), we may write down
the one-loop RGEs as follows*:

dgi 3 1 33
23 _ g3 =3 Al
dr 32772{5 &h & 83} @b
am 1 (33
% =162 {5 giM,, M, 38§M3}: (A2)
dh h 13 16
Ay _ M (100 4 2 4 3hln
dr 32772( 38 T T "
+hlh, + 3Tr(hlhu)>, (A3)
dh, _ hy 7, 6
- -3¢ ——¢*+3hin
it 322 < 15817782738 d
+hih, + 3Tr(h h,) + Tr(h} he)>, (A4)

4Our results are in agreement with [53].
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dh,  h, (_ 9

2 —3g3+3hih, +3Tr(h}h,)

322\ 5%

4 Tr(hlh6)>, (AS)
da, 1 [/26
i 3 |:<Eg%M1 +683M, + 8%M3>hu

13 16

- (15 2 4362+ ?g3)au + 4h,hla,

+ 5a,hih, + 6 Tr(hia,)h, + 3Tr(hih,)a,

+ 2h,hla, + auh}hd} (A6)

da, _ 1 (14,
—g’M, + 6g3M.
i 2a [(15gl LT o8
7
<1581 + 382
+ 5a,hih, + 6 Tr(hla,)h, + 3 Tr(hlh,)a,
+ 2h hia, +azhih, + 2Tr(hfa,)hy,

32
+ ?8%M3>hd

16
2 g§>ad +4h,hla,

+ Tr(h! he)ad} (A7)

da,
Ty 2[(6g M, + 6g3M,)h, — (3g? + 3g3)a,
+4h,hta, + 5a,hh, + 2Tr(hfa,)h,
+ Tr(hfh,)a, + 6 Tr(h}a,)h, + 3Tr(hih,)a,]
(A8)
dB 3 1
E = W(gg%M] + g2M2 + Tr(hTa ) + Tr(hTad)
1
3 Tr(h! ae)>, (A9)
du 3u 1
K (— 58— g + Trhfh,) + Tr(h1h,)
1
+3 Tr(hlhe)) (A10)

dM,%,u 3
dt 1677
+ Tr(h{M}h,) + M3 Tr(hfh,) + Tr(ala,)

( ’81|M1|2 — g3|M,|? + Tr(h, MZQh;r)

1 2
+Eg 2 Tr(YM )) (Al1)
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My, 3
dt 1672
+ Tr(hiM3h,) + M} Tr(h}h,)

1
(- gg%lMll2 — g3IM,|* + Tr(hdM h*)

1 . 1 N
+ Tr(aja,) + 3 Tr(h,M2h}) + 3 Tr(h{M2h,)

1 1
+ =M} Tr(hlh,) + 3 Tr(ala,)

3
1
- l—og? Tr(YM2)>, (A12)
Mo LT (L e+ 3@ + L
d 16772[ (15‘5’1 AL RS 3>
1 L 1. 8
+ zh;fhuMzQ + EMZQhZhu +hiM}h,
1 1.
+M} hih, +ala, + Ehjhdwg + §M2Qh§hd
+hiM3h, + M} hih, +ala,
1
1Ongr(YMz)lz} (A13)
dM% 1 3 2 2 2 2
= —(Zg2IM, 2 + 3g2IM,|2 )1
M = o] (38 + 3ga P,

1 1. N
+ EhIheMg + EM%hihe + h!M2h,

3
+ M%/dhjhe +alfa, — 1—Og% Tr(YM2)13}
(Al4)
dM3, 1 16 5, 16 ,
= (il + 5 g )t
di 16772[ (15g1| el 3') 3
+h,hiMZ + MZh,h{ + 2h,M3h]
2
+2M} bl + 22,80 - 2 g] Tr(YM2)13}
(A15)

L
=
o

__
dt 16772[ (

+hyhI M3, + M3h bl + 2h, ML h)

|M1|2+—g M, )

1
+2M3 hh} + 2aa) + - S8 Tr(YMZ)I;}
(A16)
dM; 1
dt 1672
+2h,M;h! +2M% h,hi + 2a,af

12 o
(— = @lIM,P1; + bhINE + Mzh,h]

~g} Tr(YM2)13>, (A17)
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where g; is the GUT-normalized gauge coupling, which is
related to the U(1)y gauge coupling g’ of the SM through

= /5/3¢’. In addition, the expression
Tr(YM?) = M} — M3 + Tr(Mj,
+ M} + M3)

— N — 2V},
(A18)

is the Fayet-Iliopoulos D-term contribution to the one-loop
RGEs. It can be shown that d Tr(YM?)/dt = Tr(YM?), i.e.,
the expression Tr(YM?) is multiplicatively renormalizable.
As usual, the GUT scale is determined by the boundary
condition: g;(Mgur) = §2(Mgur) = g3(Mgur). We note,
finally, that the one-loop RGEs listed above are invariant
under the unitary flavor transformations given in (2.5).

APPENDIX B: Z- AND W=-BOSON WARD
IDENTITIES

In the absence of gauge quantum corrections, the Z- and
W= boson couplings to quarks obey the following tree-
level WIs [54]:

CI” . ! 1
=T g pp—q)+T (¢, p.p— q)

Mz
i
MZCW
- (TgPR - 2Qfs%v)2ff’(p - q)]

[(T{'P, = 20p52)34(p)

(B1)

9" Wt ud
——il')/ “(q, p,

_ + 'l"G+ud D, _
M, p—q) ti (¢.p.p—q)

lgw

= [V /dzuu’(p)PL ud/PREdd’(p - 6])],

(B2)

where c,, = +/1 — 52 is the cosine of the weak mixing
angle and 7“9 = (=1 and Q,u =3(=13) are the
weak isospin and electric charge quantum numbers for
the u and d quarks. In (B1) and (B2), X,/ (p) are quark
self-energies describing the fermionic transition f' — f,
with f = u, d and f' = u’, d'. In addition, T%' (g, p, p —
q) and F/V,fﬁ“d(q, D, p — q) are vertex functions that de-
scribe the interaction of the Z and W* boson to quarks,
respectively. The momenta g* of the gauge bosons are
defined as flowing into the vertex, while the momentum
flow of the quarks follows the fermion arrow, where p*
always denotes the outgoing momentum.

In general, virtual strong and electroweak gauge correc-
tions to the Z- and W*-boson vertices usually distort these
identities, through terms that depend on the gauge-fixing
parameter, e.g., £. One possible framework in which these
identities can be enforced is the pinch technique [55],
leading to analytic results that are independent of ¢&.
Recently, this approach has been extended to super Yang-
Mills theories [56]. We ignore the gauge quantum correc-
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tions in our phenomenological analysis, since they are
rather small.

In the limit g# — 0, the WIs (B1) and (B2) simplify
considerably. Let us first consider the WI involving the Z
boson and its associate would-be Goldstone boson G°.
Since the vertex function I’ lZLff /(q, p, p — q) has no IR
singularities in the limit g* — 0, the WI (B1) takes on
the much simpler form

reH (0, p, p) =

(p)P, — PREff’(P)]-

(B3)

18w
z
MZCW

Decomposing the quark self-energies 2. ;/(p) with respect
to their spinorial structure,

2p(p) = ff/(Pz)lfPL + 3R (p?) pPg + Eff/(Pz)PL
+ 205 (pP)Pg. (B4)
We may rewrite (B3) as follows:
FGOff/(O p; P) Tf[szf(pz)PL f/f(Pz)]
(BS)

Considering the proper normalizations determined by the
relations given in (3.13), it is possible to make the follow-
ing identifications in the effective potential limit p# — O:

7@ =

P, T¢7'(0,0,0) = —

UL h (A U,

j (B6)
1 0
TU{thAg ulP,,
where the unitary matrices Uy 4 take care of the weak to the
mass basis transformations as given in (3.7), with U} =
U2 and U4 = U?V. Then, the simplified WI (B5) implies
that

Af = —?T&A,»,

§ (B7)

which is the relation assumed in Sec. III [cf. (3.17)].

We now turn our attention to the WI involving the W*
boson and the associated would-be Goldstone boson G™*.
In the effective potential limit g#, p* — 0, we obtain

iT6"1(0,0,0) = — flg [Vua20, )Py
W

d’zd/d(O)PR]-

Employing the definitions (3.13) and taking the weak-to-
mass basis rotations of the quark states into account, we
find the relations:

P, TG (0, 0,0)
P, TG 440, 0, 0)

(B8)

=U4h,AS UYP,,

dt G~ (BS)
= UR hdAd U';,PL

From the simplified WI (B8) and its Hermitian conjugate,
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we then derive that

J2

Af*=—7<Au>, A =-=(A,).  (B10)

V205
v
which is in agreement with (3.17) and the discussion given
below. We note that the unitarity of the radiatively cor-

rected CKM matrix V lies at the heart of deriving the
relations (B7) and (B10).

APPENDIX C: cPsuperH INTERFACE

To solve the RGEs given in Appendix A, we have
considered the following input parameters:
(i) The gauge couplings at the scale M:

5 glz(Mz).

(M)
al(MZ) =3 477_ s g z )

47

(M) =

az(My),

(CDH

where gM,) = e(M,)/sy  and
e(MZ)/CW with aem(MZ) = ez(MZ)/47T

pole

g'(My) =

The evolutions of a;, from M to m; ~ are deter-

mined by [57]

1) = a7 (M) 4 o In(M /™),

a; (mb) = _I(Mz)_—ln(Mz/ poley,
(C2)

On the other hand, a3(m) has been obtained by

solving the following equation iteratively [58]

m b
l(mpole) =aj I(MZ) _ boln< A;Z > _ b_(l)
ole
% In az(m°°)\ _ (byby — b}
013(Mz) b2

X [az(mP*) — as(M)] + O(a3),
(C3)
where by = —(11 — 2Np/3)/2@, b, = —(51 —
19NF/3)/47T2, and b, = —(2857 — 5033N;/9 +

325N%/27)/647 with N = 5.
(i) The masses of the quarks and the charged leptons at

the top-quark pole-mass scale m, . In particular,

the top-quark running mass at mpole is obtained

from: m,(mP) = mP /[1 + 4a3(mp°18)/377].

The CKM matrix V is assumed to be given at the

pole

same scale m; . Then, in general, the complex 3 X

1 .
3 Yukawa matrices at m}*° are given by
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2 .
by (mf*) = \/—M (),
' (C4)
hy(m™) = £I\Ald(m?‘”e)VT (m™)
v
in the flavor basis UQ = U% = U4 = 15. The di-

agonal quark and charged-lepton mass matrices are
given by

M, (m}*) = diaglm, (m}"), m(mp*), m, (™)}

M, (") = diaglm (mf), m (™), my (m}")],
M, (") = diaglm, (m}*), m,, (m}"), m, (m}*)]
(C5)

Given @ 53(mP®) and h, 4, (m"), the evolution

from mpole to the scale Mgygy has been obtained by
solving the SM RGEs. Here the SUSY scale Mgygy
has been determined by solving

(Co)

Q2|Q:MSUSY = max[m%(Qz)’ mi_(QZ)]

where m? =

2 —
b

iteratively, 0,

3
2
max(sz + m3, mp, + m3). For

, we have taken the (3 3) compo-

max(mZQ + m?, m% +
) and m?

[Mé,u,D,L,E(QZ)](&B)' (C7)

At the scale Mgygy, the Yukawa matrices match as

hM(M;USY)
hd,e(Mg—Usy)

= b, (Mysy)/ sinB(Msusy),

(C8)
=hg, (Ms_Usy)/ cosB(Msysy),

and, finally, the evolution from Mgygy to Mgyt have
been obtained by solving the MSSM RGEs.

(iii) The 19 flavor-singlet mass scales of the MSSM
with MCPMFYV, which are parametrized as follows:

|M1,2,3 |ei(bl'2’3’ |Au,d,e|eiq)Au'd'e’ (C9)
72 2
My upLe My, -

These are inputted at the GUT scale Mgy, which is
defined as the scale where the couplings g; and g,
meet. Any difference between g;z(Mgyr) and
g1(Mgyr) may be attributed to some unknown
threshold effect at the GUT scale.

By solving the RGEs from the GUT scale Mgy to the

SUSY scale Mgygy, we obtain:
(1) Three complex gaugino masses,
Msusy).
(i) Three 3 X 3 complex Yukawa-coupling matrices,

h, ;.(Q = Mgysy).

|Mi|eiq)"(Q =

PHYSICAL REVIEW D 76, 115011 (2007)

(iii) Three 3 X 3 complex a-term matrices, a, 4,(Q =

Msusy)-
(iv) The soft Higgs masses, M7 , (Q = Mgysy).

(v) The complex 3 X 3 sfermion mass matrices,

- -
MQ,U,D,L,E(Q = Msysy)-
The inputs for the code CPsuperH are:

tanB(mf""), M pozle, w(Msusy),
M 53(Msusy), M. 0.5y L B (Msusy), (C10)
A(Msusy), Ap(Msusy), A, (Msusy).
The ratio of the vacuum expectation values at mP*® is
related to that at Mqygy by [21]
— . pole
tanB(m?*) = Mtl) tanB(Mgysy) (C11)
& (mP*)
1 (my
with
_ 3|l l?
+(=)(,poley _ b() SUSY
£15 ) = 14+ =2 In g (C12)

The gaugino mass parameters are directly read from the
results of the RG running, the sfermion masses are given by

(C13)

and the A parameters, including their CP-violating phases,
by

[a;(Msysy)]is3)
[h(Msusy)lis3)

The p parameter and charged-Higgs-boson pole mass
MP* can be obtained from M3y (Msysy) and My (Msysy)

A(Mgysy) = 9.14)

H
by imposing the two CP-even tadpole conditions, T, =

Ty, = 0 [21]. The tadpoles can be cast into the form
_ =2 =2
Ty, (¢ = Vi) Rip) T Vo Rem,

+viplhigviy +3(4s + A)v3 ]+ vipXio),

(C15)
where
Xi = —s| 1 1 ”<’>—1 Cl16
10 = g2 Ry mb(t) n— ez S : (C16)
The quantities ,aiQ and A; are given by
By =M} — Il + uiS mf),
- (C17)

Xo=A+ Agl)(mfole) + )t§2)(m£)01e)y

where
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3 M2 M2~
M%“)(mf()le) T T 162 [Vl I*luel* In poleZ + 1’14, | In pofﬂ}
2 11;2 (C18)
p3 M (mb) = — 672 |:|h *A;* In poleZ + 11 Plul In P0162i|

The couplings A;, A" (mP*') and A'? (mP°'®) may be found in Ref. [21]. The squared absolute value | x| can be determined
from (T, /v, — Ty,/v,) = 0, which does not depend on Re i3, since

(M3, — My, 15) — (A jvi — Avdrg) + X, — (X) — 13X5)
(= 1) + X

|ul? = (C19)

with

2 M2
— 131h, 2 hlmpoleZ) (C20)

16 77.2 pole2 pole2 pole2

3 M M?
X, = <|hb|2|A,,|21n — 31,14, In ) Xp= - <|h Pln
We note that the phase of the u parameter, @, is not renormalized.
Once |u|? is found, Re m?, can be 0bta1ned from Ty, = 0or T, = 0. With Rem{, known, the charged-Higgs-boson

pole mass can be obtained by solving the following equation iteratively:

R 1 N

(MPe)2 = Remj, | 1 A2 = Re My (5 = M), (C21)
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For the explicit form of I1 -, we refer to Ref. [59]. We note that, for large tan3, Re m2,/s pCp=M§ — M}y — M7 at

the tree level. Finally, after imposing the CP-odd tadpole condition Im(Bu) = 0, we use Bu = Re iy, to calculate the
2HDM contribution (3.28), by noting H,H, = —®] 1 P,
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