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Resummed effective Lagrangian for Higgs-mediated flavor-changing neutral current interactions
in the CP-violating MSSM
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We derive the general resummed effective Lagrangian for Higgs-mediated flavor-changing neutral-current
~FCNC! interactions in the minimal supersymmetric standard model, without resorting to particular assump-
tions that rely on the squark mass or the quark-Yukawa structure of the theory. In our derivation we also
include the possibility of explicitCP violation through the Cabibbo-Kobayashi-Maskawa mixing matrix and
soft supersymmetry-breaking mass terms. The advantages of our resummed FCNC effective Lagrangian are
explicitly demonstrated within the context of phenomenologically motivated scenarios. We obtain new testable
predictions in the large tanb regime of the theory forCP-conserving andCP-violating observables related to
the K- and B-meson systems, such asDMK,B , eK , e8/e, B(Bd,s→,1,2) and their associated leptonicCP
asymmetries. Finally, based on our resummed FCNC effective Lagrangian, we can identify configurations in
the soft supersymmetry-breaking parameter space, for which a kind of a Glashow-Iliopoulos-Maiani-
cancellation mechanism becomes operative and hence all Higgs-mediated, tanb-enhanced effects onK- and
B-meson FCNC observables vanish.
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I. INTRODUCTION

The appearance of too large flavor-changing neut
current ~FCNC! interactions of Higgs bosons to fermion
matter is a generic feature of SU(2)L3U(1)Y theories with
two and more Higgs doublets. Unless there is a symmetr
forbid these Higgs-mediated FCNC interactions to occur
the bare Lagrangian of the model@1#, their unsuppressed
existence will inevitably lead to predictions for rare pr
cesses in the kaon andB-meson systems that violate expe
mental limits by several orders of magnitude@1,2#. In the
minimal realization of softly broken supersymmetry~SUSY!,
the minimal supersymmetric standard model~MSSM!, the
holomorphicity of the superpotential prevents the occurre
of Higgs-boson FCNCs by coupling the one Higgs-doub
superfieldĤ1 to the down-quark sector, and the other oneĤ2
to the up-quark sector. However, the above holomorp
property of the superpotential is violated by finite radiati
~threshold! corrections due to soft SUSY-breaking intera
tions @3,4#. As a consequence, Higgs-mediated FCNCs re
pear at the one-loop level, but are naturally suppressed
low and intermediate values of tanb5^Ĥ2&/^Ĥ1&, i.e. for
tanb&20. For larger values of tanb, e.g., tanb*30, the
FCNCs partially overcome the loop suppression fac
1/(16p2) and become phenomenologically relevant@5,6#, es-
pecially for theK- andB-meson systems.

Recently, the topic of Higgs-boson FCNCs in the larg
tanb limit of the MSSM has received much attentio
@5–16#. Several approaches have been devised to implem
the nonholomorphic finite radiative corrections into the ph
nomenological analysis of FCNC processes, such asK0K̄0

andB0B̄0 mixings,B→Xsg andBs→,1,2. In most cases
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however, the suggested approaches to threshold radiativ
fects involve certain explicit or implicit assumptions per
nent to the squark-mass and the quark-Yukawa structure
the theory, such as the dominance of the top quark in
FCNC transition amplitudes. We term the latter assumpt
the t-quark dominance hypothesis. On the other hand, so
of the approaches neglect higher-order terms in the res
mation of threshold corrections tod-quark Yukawa cou-
plings, which become important in the large-tanb regime of
the theory.

In this paper we derive the effective Lagrangian that pro
erly takes into account the resummation of higher-or
threshold effects on Higgs-boson FCNC interactions to do
quarks. To accomplish this in Sec. II, we avoid the impo
tion of particular assumptions on the structure of the s
squark masses and the quark-Yukawa couplings of
theory. Moreover, we do not rely on specific kinematic a
proximations to the transition amplitudes, such as the afo
mentionedt-quark dominance hypothesis in the FCNC m
trix elements. In our derivation of the effective Lagrangia
we also consider the possibility ofCP violation through two
sources:~i! the Cabibbo-Kobayashi-Maskawa~CKM! mix-
ing matrix @17# and~ii ! the soft SUSY-violating mass terms
As we explicitly demonstrate in Sec. III, our resumm
FCNC effective Lagrangian gives rise to new testable pred
tions forCP-conserving as well asCP-violating observables
related to theK- andB-meson systems. In the same sectio
we qualitatively discuss the implications of tanb-enhanced
Higgs-mediated interactions for the directCP-violation pa-
rametere8/e in the kaon system. Section IV is devoted to o
numerical analysis of a number ofK- andB-meson observ-
ables, such asDMK , eK , DMBd,s

, B(Bd,s→,1,2) and their
©2003 The American Physical Society12-1
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A. DEDES AND A. PILAFTSIS PHYSICAL REVIEW D67, 015012 ~2003!
associated leptonicCP asymmetries. In particular, based o
our resummed FCNC effective Lagrangian, we are able
identify configurations in the soft SUSY-breaking parame
space, for which a kind of a Glashow-Iliopoulos-Maian
mechanism cancellation~GIM! @18# becomes operative in
the Higgs–d-quark sector. As a result, all Higgs-mediate
tanb-enhanced effects onK- and B-meson FCNC observ
ables vanish. Finally, Sec. V summarizes our conclusion

II. RESUMMED FCNC EFFECTIVE LAGRANGIAN

In this section, we derive the general form for the effe
tive Lagrangian of Higgs-mediated FCNC interactions in
CP-violating MSSM. For this purpose, we also consisten
resum the tanb-enhanced radiative effects on thed-quark
Yukawa couplings@7#. First, we analyze a simple soft SUSY
breaking model based on the assumption of minimal fla
violation @6,10,13,14#, where the CKM matrix is the only
source of flavor andCP violations. We find that even within
this minimal framework, the usually neglectedc-quark con-
tribution to Higgs-mediated FCNC interactions may be co
petitive to thet-quark one in certain regions of the parame
space. After having gained some insight from the above c
siderations, we then extend our resummed effective Lagra
ian approach to more general cases that include a nonun
sal or hierarchical squark sector as well asCP violation
originating from the CKM matrix and the soft SUSY
breaking parameters.

Before discussing the most general case, let us first c
sider the following simple form for the effective Yukaw
Lagrangian governing the Higgs-mediated FCNC inter
tions in the quark sector@5,6#:

2LY5d̄R
0hd@F1

0* 1F2
0* ~Êg1Êuhu

†hu!#dL
0

1F2
0ūR

0huuL
01H.c., ~2.1!

whereF1,2
0 are the electrically neutral dynamical degrees

freedom of the two Higgs doublets1 and the superscript ‘‘0’’
on thed- andu-type quarks denotes fields in the interacti
basis. In Eq.~2.1!, hd and hu are 333-dimensional down-
and up-quark Yukawa matrices, and@4–6#

Êg51
2as

3p
mg̃

* m* I ~md̃L

2 ,md̃R

2 ,umg̃u2!, ~2.2!

Êu51
1

16p2
m* AU* I ~mũL

2 ,mũR

2 ,umu2! ~2.3!

are finite nonholomorphic radiative effects induced by
diagrams shown in Fig. 1. In the above, the loop integ
I (x,y,z) is given by

I ~x,y,z!5
xy ln~x/y!1yz ln~y/z!1xz ln~z/x!

~x2y!~y2z!~x2z!
, ~2.4!

1Throughout the paper, we follow the notation and theCP-phase
conventions of@19#.
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with I (x,x,x)51/(2x). To keep things simple in the begin
ning, we assume that in Eqs.~2.2! and~2.3!, the bilinear soft
SUSY-breaking masses of the squarks,mũL,R

2 , md̃L,R

2 , and the

trilinear soft Yukawa couplingsAU5Au,d are flavor-diagonal
and universal at the soft SUSY-breaking scaleMSUSY. We
also neglect the left-right mixing termsũL-ũR and d̃L-d̃R in
the squark mass matrices. The consequences of relaxing
above assumptions will be discussed later on.

From Eq. ~2.1!, we can easily write down the effectiv
Lagrangian relevant to the effectived- and u-type quark
masses:

2Lmass5
v1

A2
d̄R

0hd@11tanb~Êg1Êuhu
†hu!#dL

0

1
v2

A2
ūR

0huuL
01H.c. ~2.5!

Our next step is to redefine the quark fields as follows:

uL
05UL

QuL , dL
05UL

QVdL , uR
05UR

uuR , dR
05UR

ddR ,
~2.6!

whereUL
Q , UR

u , UR
d andV are 3-by-3 unitary matrices tha

relate the weak to mass eigenstates of quarks. Evidently,V is
by construction the physical CKM matrix. Substituting E
~2.6! into Eq. ~2.5! yields

2Lmass5
v1

A2
d̄RUR

d †hdUL
Q@11tanb~Êg1Êuuĥuu2!#VdL

1
v2

A2
ūRĥuuL1H.c.

5d̄RM̂ddL1ūRM̂uuL1H.c., ~2.7!

where M̂d and M̂u are the physicald- and u-quark mass
matrices, respectively. Consistency of Eq.~2.7! implies

M̂u5
v2

A2
ĥu , ~2.8!

UR
d †hdUL

Q5
A2

v1
M̂dV

†R̂21, ~2.9!

FIG. 1. Nonholomorphic radiative effects on thed-quark

Yukawa couplings induced by~a! gluinosg̃ and~b! charged Higgsi-

nos h̃1,2
2 .
2-2
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RESUMMED EFFECTIVE LAGRANGIAN FOR HIGGS- . . . PHYSICAL REVIEW D 67, 015012 ~2003!
with

R̂511Êgtanb1Êutanbuĥuu2. ~2.10!

Notice that Eq.~2.9! plays the role of a redefining~renormal-
ization! condition for thed-quark Yukawa couplings, in the
process of resumming higher-order radiative corrections.
serve also that the matrixR̂ cannot be zero, as this woul
result in masslessd quarks.

With the help of Eqs.~2.6! and~2.9!, we can now express
our original Yukawa Lagrangian~2.1! in terms of the mass
eigenstatesdL,R anduL,R in a resummed form:

2LY5
A2

v1
d̄RM̂dV

†R̂21@F1
0* 1F2

0* ~Êg1Êuuĥuu2!#VdL

1F2
0ūRĥuuL1H.c.

5
A2

v2
~ tanbF1

0* 2F2
0* !d̄RM̂dV

†R̂21VdL

1
A2

v2
F2

0* d̄RM̂ddL1F2
0ūRĥuuL1H.c. ~2.11!

In deriving the last equality in Eq.~2.11!, we have employed
the relationR̂21(Êg1Êuuĥuu2)5(12R̂21)/tanb.

It is very illuminating to see how the FCNC part of E
~2.11! compares with the literature, e.g. with that obtained
Ref. @6#. To this end, let us first assume that11ÊgtanbÞ0
and decomposeR̂21 as follows:

R̂215
1

11Êg tanb
1xFC, ~2.12!

wherexFC is the diagonal matrix

xFC52
Êuuĥuu2tanb

~11Êgtanb!R̂
. ~2.13!

Making use of the above linear decomposition ofR̂21 and
the unitarity of the CKM matrix in Eq.~2.11!, the FCNC part
of our resummed effective Lagrangian reads

2LFCNC5
A2

v2
~ tanbF1

0* 2F2
0* !d̄iRmdi

~Vti* xFC
(t)Vt j

1Vci* xFC
(c)Vc j1Vui* xFC

(u)Vu j!djL , ~2.14!

wherexFC
(u,c,t) are the diagonal entries ofxFC and summation

over i , j 5d,s,b is understood. The term proportional toxFC
(t)

gives the top quark contribution, which is the result of@6#
and subsequent articles@10,13,14#. However, we should re
mark here that the frequently used top-quark dominance
proximation cannot be justified from considerations ba
only on minimal flavor-violation models@6,10,13,14#. In
fact, the other terms in Eq.~2.14! and especially the one
proportional toxFC

(c) due to the charm-quark contribution b

come rather important in the limit11Êgtanb→0. In this
01501
b-

p-
d

limit, the singularity inxFC
(t) is canceled against the singular

ties of xFC
(c) andxFC

(u) as a result of the unitarity ofV. In this

context, we should note that the limit11Êgtanb→0 is not
attainable before the theory itself reaches a nonperturba
regime. Requiring that alld-quark Yukawa couplings are per
turbative, we can estimate the lower bound,u11Êgtanbu
*2.531022, for tanb550.2 Although u11Êgtanbu must
not vanish in perturbation theory, it can be sufficiently clo
to zero, so that thec-quark contribution becomes competitiv
with the t-quark one.

So far, we have assumed that the radiatively-induced
tricesÊg andÊu in the effective Yukawa Lagrangian~2.1! are
proportional to the unity matrix. However, this assumption
flavor universality is rather specific. It gets generally inva
dated by the mixing of the squark generations, the soft
linear Yukawa couplings and renormalization-group~RG!
running of the soft SUSY-breaking parameters from the u
fication to the low-energy scale. In this respect, the minim
flavor-violation hypothesis, although better motivate
should also be viewed as a particular way from minima
departing from universality.

Nevertheless, given that threshold radiative effects on
up sector are negligible, especially for large values of tanb,
it is straightforward to derive the general resummed form
the Higgs-mediated FCNC effective Lagrangian. Start
from general nondiagonal matricesẼg and Ẽu in ~2.1! and
following steps very analogous to those from Eq.~2.1! to Eq.
~2.11!, we arrive at the same form as in Eq.~2.11! for the
resummed FCNC effective Lagrangian, but withÊg , Êu and
R̂ replaced by

Eg5UL
Q†ẼgUL

Q , Eu5UL
Q†ẼuUL

Q , ~2.15!

R511tanb~Eg1Euuĥuu21••• !, ~2.16!

where the ellipses in Eq.~2.16! denote additional~generi-
cally subdominant! threshold effects@20#. Notice that the
unitary matrixUL

Q in Eq. ~2.15!, which is only constrained by

the relationuĥuu25UL
Q†hu

†huUL
Q , introduces additional non

trivial model dependence in the matricesEg, Eu and R. In
other words, the presence ofUL

Q reflects the fact that the 3
33-dimensional matriceshu

†hu , mũL

2 andmd̃L

2 cannot be di-

agonalized simultaneously, without generating FCNC c
plings in other interactions in the MSSM Lagrangian, e.g.,
the W̃3-uL-ũL and W̃2-uL-d̃L couplings. Moreover, even in
minimal flavor-violating scenarios, the (333)-dimensional
matrix R may generally contain additional radiative effec

2To obtain this lower limit, we simply take the trace of the squa

of Eq. ~2.9! and demand that Truĥdu2,3, or equivalently

Tr@(R̂21)†VuM̂du2V†R̂21#,3v1
2/2. The latter implies thatu1

1Êgtanbu*(mstanb)/(A3mt)5531024tanb. Finally, it is

amusing to notice that ifImÊg50 andReÊg,0, a perturbative

upper bound on tanb, tanb&1/uÊgu, may be derived beyond the
tree level.
2-3
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A. DEDES AND A. PILAFTSIS PHYSICAL REVIEW D67, 015012 ~2003!
proportional toUL
Q†hd

†hdUL
Q induced by RG running of the

squark masses from the unification to the soft SUS
breaking scaleMSUSY. These contributions can be re
summed individually by taking appropriately the Hermitia
square of the modified Eq.~2.9! and solving for
UL

Q†hd
†hdUL

Q . This last step may involve the use of iterativ
or other numerical methods.

In the general case of a nonuniversal squark sector,
resummed FCNC couplings of the Higgs bosons to dow
type quarks can always be parametrized in terms of a w
defined set of parameters at the electroweak scale. In
weak basis, in whichUL

Q51, the set of input parameter
consists of:~i! the soft squark mass matricesmũL,R

2 , md̃L,R

2

and soft Yukawa-coupling matricesAu,d ; ~ii ! the u- and
d-quark masses;~iii ! the CKM mixing matrixV.

In our last step in deriving the resummed FCNC effect
Lagrangian, we express the Higgs fieldsF1,2

0 in terms of
their mass eigenstatesH1,2,3 and the neutral would-be Gold
stone bosonG0 in the presence ofCP violation @21#. Fol-
lowing the conventions of@19#, we relate the weak to mas
eigenstates through the linear transformations:

F1
05

1

A2
@O1iHi1 i ~cosbG02sinb O3iHi !#,

~2.17!

F2
05

1

A2
@O2iHi1 i ~sinbG01cosbO3iHi !#,

where Oi j is a 3-by-3 orthogonal matrix that accounts f
CP-violating Higgs-mixing effects@22#. If we substitute the
weak Higgs fieldsF1,2

0 by virtue of Eq. ~2.17! into Eq.
~2.11!, we obtain the general resummed effective Lagrang
for the diagonal as well as off-diagonal Higgs interactions
d quarks,

LHi d̄d852
gw

2MW
(
i 51

3

Hid̄~M̂dgHi d̄d8
L

PL1gHi d̄d8
R M̂d8PR!d8,

~2.18!

wherePL(R)5@12(1)g5#/2 and

gHi d̄d8
L

5V†R21V
O1i

cosb
1~12V†R21V!

O2i

sinb

2 i S 12
1

cos2b
V†R21VD O3i

tanb
,

gHi d̄d8
R

5~gHi d̄d8
L

!†. ~2.19!

The 333-dimensional matrixR in Eq. ~2.19!, which resums
all tanb-enhanced finite radiative effects, is given by E
~2.16!. Equation~2.18!, along with Eq.~2.19!, constitutes the
major result of the present paper, which will be extensiv
used in our phenomenological discussions in Sec. III.

Finally, let us summarize the most important properties
the resummed effective Lagrangian~2.18!:
01501
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~i! The FCNC interactions in Eq.~2.18! are described by
tan2b-enhanced terms that are proportional toO1i and O3i

and toV†R21V in Eq. ~2.19!. These tan2b-enhanced FCNC
terms properly take into account resummation,3 nonuniver-
sality in the squark sector andCP-violating effects.

~ii ! The resummation matrixR controls the strength of the
Higgs-mediated FCNC effects. For instance, ifR is propor-
tional to unity, then a kind of a GIM-cancellation mechanis
@18# becomes operative and the Higgs-boson contribution
all FCNC observables vanish identically in this case. F
thermore, as well as the top quark, the other two ligh
up-type quarks can give significant contributions to FCN
transition amplitudes, which are naturally included in E
~2.18! through the resummation matrixR.

~iii ! In the CP-invariant limit of the theory, the effective
couplingsgHi d̄d8

L,R are either pure real or pure imaginary num

bers. Moreover, in the limitV→1, the effective Lagrangian
~2.18! of the diagonal Higgs couplings to down quarks is
excellent agreement with the one presented in@19,23#.

~iv! If MH1;MH2,3
@MH1

, one can show thatO11

'cosb, O21'sinb and O31'0. In this case, theH1 cou-
pling to d quarks becomes SM like and soH1-mediated
FCNC effects are getting suppressed. Instead, the FC
couplings of the heavyH2,3 bosons tod-type quarks retain
their tanb-enhanced strength in the above kinematic regi

~v! The one-loop resummed effective Lagrangian~2.18!
captures the major bulk of the one-loop radiative effects@24#
for large values of tanb, e.g. for tanb*40, and for a soft
SUSY-breaking scaleMSUSY much higher than the elec
troweak scale@7#. In addition, Eq.~2.18! is only valid in the
limit in which the four-momentum of thed quarks and Higgs
bosons in the external legs is much smaller thanMSUSY.
This last condition is automatically satisfied in our compu
tions of low-energy FCNC observables.

In the next section, we will study in detail the phenom
enological consequences of the tanb-enhanced FCNC ef-
fects mediated by Higgs bosons on rare processes andCP
asymmetries related to theK- andB-meson systems.

III. APPLICATIONS TO K- AND B-MESON SYSTEMS

We shall now analyze the impact of our resummed eff
tive Lagrangian~2.18! for Higgs-mediated FCNC interac
tions on representativeK- and B-meson observables. Fo
comprehensive reviews onK- andB-meson physics, we refe
the reader to@25–27#.

3In addition to the nonholomorphic contributions we have be
considering here, there are in general holomorphic radiative eff
on theF1

0 coupling tod quarks which have an analogous matr

structure, i.e.«g1«uuĥuu2. These additional holomorphic terms a
generally small, typically of order 1022, and only slightly modify
the form of the matrix R in Eq. ~2.19! to: R511(11«g

1«uuĥuu2)21(Eg1Euuĥuu2)tanb. Obviously, such a modification is
beyond the one-loop order of our resummation. Therefore, th
additional small holomorphic terms can be safely neglected.
2-4
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A. DM K , eK and e8Õe

Our starting point is the effective Hamiltonian for th
DS52 interactions,

Heff
DS525

GF
2

16p2
MW

2 (
i

Ci~m!Qi~m!, ~3.1!

where GF51.1663931025 GeV22 is the Fermi constant
andCi(m) are the scale-dependent Wilson coefficients as
ciated to theDS52 quark-dependent operatorsQi . Note
that the CKM matrix elements in Eq.~3.1! have been ab-
sorbed into the Wilson coefficients. TheDS52 operatorsQi
may be summarized as follows:

Q1
VLL 5~ s̄gmPLd!~ s̄gmPLd!,

Q1
VRR5~ s̄gmPRd!~ s̄gmPRd!,

Q1
LR5~ s̄gmPLd!~ s̄gmPRd!,

Q2
LR5~ s̄PLd!~ s̄PRd!,

~3.2!

Q1
SLL5~ s̄PLd!~ s̄PLd!,

Q1
SRR5~ s̄PRd!~ s̄PRd!,

Q2
SLL5~ s̄smnPLd!~ s̄smnPLd!,

Q2
SRR5~ s̄smnPRd!~ s̄smnPRd!,

with smn5 1
2 @gm ,gn#. Here, much of our discussion and n

tation follows Ref.@28#.
It now proves convenient to decompose both theK0-K̄0

mass differenceDMK and the knownCP-violating mixing
parametereK into a SM and a SUSY contribution:

DMK5MKL
2MKS

5DMK
SM1DMK

SUSY,

~3.3!

eK5eK
SM1eK

SUSY.

To a good approximation, one has

DMK
SM, SUSY52Re^K̄0uHeff

DS52uK0&SM, SUSY, ~3.4!

eK
SM, SUSY5

exp~ ip/4!

A2DMK

Im^K̄0uHeff
DS52uK0&SM, SUSY. ~3.5!
01501
o-

The SUSY contribution to the matrix elemen

^K̄0uHeff
DS52uK0&SUSY may be written down as@28,29#

^K̄0uHeff
DS52uK0&SUSY

5
GF

2

12p2
MW

2 mKFK
2 h2B̂K@ P̄1

VLL ~C1
VLL 1C1

VRR!

1 P̄1
LRC1

LR1 P̄2
LRC2

LR1 P̄1
SLL~C1

SLL1C1
SRR!

1 P̄2
SLL~C2

SLL1C2
SRR!#, ~3.6!

where mK5498 MeV, FK5160 MeV and theP̄’s are the
next-to-leading order~NLO! QCD factors that include the
relevant hadronic matrix elements@28–32#. At the scalem
52 GeV, they are given by@28#

P̄1
VLL 50.25, P̄1

LR5218.6, P̄2
LR530.6,

~3.7!
P̄1

SLL529.3, P̄2
SLL5216.6.

On obtaining Eq.~3.7!, we have used the numerical value
h250.57 andB̂K50.8560.15.

From studies in theCP-conserving MSSM with minimal
flavor violation @10,14,29#, it is known that for large values
of tanb*40, the dominant contribution to

^K̄0uHeff
DS52uK0&SUSY comes from Higgs-mediated two-loo

double penguin~DP! diagrams proportional toC2
LR . Within

the framework of our large-tanb-resummed FCNC effective
Lagrangian~2.18! that includesCP violation, the Wilson
coefficients due to DP graphs are found to be

C1
SLL (DP)52

16p2ms
2

A2GFMW
2 (

i 51

3 gHi s̄d
L

gHi s̄d
L

MHi

2
,

C1
SRR (DP)52

16p2md
2

A2GFMW
2 (

i 51

3 gHi s̄d
R

gHi s̄d
R

MHi

2
, ~3.8!

C2
LR (DP)52

32p2msmd

A2GFMW
2 (

i 51

3 gHi s̄d
L

gHi s̄d
R

MHi

2
,

where the tan2b-enhanced couplingsgHi s̄d
L,R may be evaluated

from Eq. ~2.19!. Note that the DP Wilson coefficients in Eq
~3.8! exhibit a tan4b dependence and, although being tw
loop suppressed, they become very significant for large
ues of tanb*40.

In addition to the aforementioned DP contributions due
Higgs-boson exchange graphs, there exist relevant one-
contributions to^K̄0uHeff

DS52uK0&SUSY at large tanb: ~i! the
t-H6 box contribution toC2

LR of the two-Higgs-doublet-
model ~2HDM! type, and ~ii ! the one-loop chargino-top
squark box diagram contributing toC1

SLL . The first contribu-
tion ~i! becomes significant, up to 10%, only in the kinema
2-5
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region MH6'mt . In this case, to a good approximatio
C1

SLL may be given by@10,29#

C2
LR (2HDM)'2

2msmd

MW
2 ~Vts* Vtd!2tan2b. ~3.9!

Note that the light-quark masses contained in Eqs.~3.8! and
~3.9! are running and are evaluated at the top-quark m
scale, i.e.ms(mt).61 MeV, md(mt).4 MeV. The second
contribution~ii ! becomes non-negligible only for small va
ues of them parameter@10,29#, i.e. for umu&200 GeV.

In view of the above discussion, the kinematic parame
range of interest to us is

MSUSY,m@mt , tanb*40, ~3.10!

including the caseMH6'mt , for which the Higgs-mediated
DP effects can dominate theK0-K̄0 transition amplitude.
Thus, taking also into account the subdominant 2HDM c
tribution ~3.9!, formula ~3.6! simplifies to

^K̄0uHeff
DS52uK0&SUSY

54.6310211 GeVS FK

160 MeVD
2S h2

0.57D S B̂K

0.85
D

3@30.6~C2
LR (DP)1C2

LR (2HDM)!29.3~C1
SLL (DP)

1C1
SRR (DP)!#. ~3.11!

Observe that the Wilson coefficientsC1 and C2 contribute
with opposite signs tô K̄0uHeff

DS52uK0&SUSY. Based on Eq.
~3.11!, we will give numerical estimates ofDMK andeK in
Sec. IV.

We now turn our attention to the computation of the dire
CP-violation parametere8/e in the kaon system, induced b
CP-violating Higgs-mediated FCNC interactions. In the S
01501
ss

r

-

t

,

unlike theZ-penguin graphs, the Higgs-penguin contributi
to K→pp, which is proportional to the operator

QH5~ s̄PLd! (
q5u,d,s

~ q̄q!, ~3.12!

has a suppressed Wilson coefficient proportional tomq
2/MH

2 ,
where the SM Higgs-boson massMH is subject into the ex-
perimental bound:MH*114 GeV. One might even think o
the possibility that the operatorQH in Eq. ~3.12!, which has
enhanced Wilson coefficients forq5c,b, mixes with the
gluonic and electroweak penguin diagrams, as well as w
the other basis operators in Eq.~3.2!. However, as was al-
ready pointed out in@33#, this is not the case, and so th
SM-Higgs penguin effects remain negligible.

The situation changes drastically in the MSSM with e
plicit CP violation, since the Higgs-boson FCNC coupling
to down-type quarks are substantially enhanced
tan2b-dependent terms, for large values of tanb. Further-
more, besides the CKM phase, the presence of complex
SUSY-breaking masses with largeCP-violating phases may
further increase the Higgs-boson FCNC effects one8/e. In
fact, we note that softCP-odd phases could even be the on
source@3# to account for directCP violation.

To reliably estimate the new SUSY effect one8/e due
to Higgs-boson FCNC interactions, we normalize ea
individual contribution with respect to the domina
SM contribution arising from the operatorQ6

5(q5u,d,s( s̄PRq)(q̄PLd) @34,35#, with Wilson coefficient
y6, viz.

e8

e
5S e8

e D
6

~VSM1VSUSY1VSUSY
Higgs!. ~3.13!

In the MSSM with minimal flavor violation, the non-Higg
SUSY contributionVSUSY is small @36#. Sizable contribu-
tions may be obtained if one relaxes the assumptions of
versality andCP conservation in the squark sector@37,38#.

Here, we compute a novel contribution toe8/e, namely
the quantityVSUSY

Higgs in Eq. ~3.13!, which entirely originates
from Higgs-boson exchange diagrams in theCP-violating
MSSM. Based on our resummed FCNC effective Lagrang
~2.18!, we obtain in the zero strong-phase approximation
VSUSY
Higgs52(

i 51

3

(
q5u,d,s

msmq

MHi

2 F Im~gHi s̄d
L

!gHi q̄q
S

A2l5h
S ^p1p2u~ s̄PLd!~ q̄q!uK0&0

y6^p
1p2uQ6uK0&0

2
1

uvu
^p1p2u~ s̄PLd!~ q̄q!uK0&2

y6^p
1p2uQ6uK0&0

D
1

Re~gHi s̄d
L

!gHi q̄q
P

A2l5h
S ^p1p2u~ s̄PLd!~ q̄g5q!uK0&0

y6^p
1p2uQ6uK0&0

2
1

uvu
^p1p2u~ s̄PLd!~ q̄g5q!uK0&2

y6^p
1p2uQ6uK0&0

D G
12(

i 51

3

(
q5u,d,s

mdmq

MHi

2 F Im~gHi s̄d
R

!gHi q̄q
S

A2l5h
S ^p1p2u~ s̄PRd!~ q̄q!uK0&0

y6^p
1p2uQ6uK0&0

2
1

uvu
^p1p2u~ s̄PRd!~ q̄q!uK0&2

y6^p
1p2uQ6uK0&0

D
1

Re~gHi s̄d
R

!gHi q̄q
P

A2l5h
S ^p1p2u~ s̄PRd!~ q̄g5q!uK0&0

y6^p
1p2uQ6uK0&0

2
1

uvu
^p1p2u~ s̄PRd!~ q̄g5q!uK0&2

y6^p
1p2uQ6uK0&0

D G , ~3.14!
2-6
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where the subscripts 0, 2 adhered to the hadronic ma
elements denote the total isospinI of the final states, and
A2l5h is a CKM combination in the Wolfenstein paramet
zation, which has the valueA2l5h'1.331024 in the SM.
Furthermore, forLQCD5325 MeV andms5150 MeV, the
SM Wilson coefficienty6 and the matrix element ofQ6 take
on the values@35# y6520.089 and ^p1p2uQ6uK0&05
20.35 GeV3, respectively. Also, experimental analyses su
gest the valueuvu50.045, approximately yielding the SM
contributionVSM;1 to e8/e in Eq. ~3.13!. Finally, the pa-
rametersgHi d̄d

S,P and gHi ūu
S,P that occur in Eq.~3.14! are the

diagonal scalar and pseudoscalar couplings of theHi bosons
to u- andd-type quarks@19#, whose strengths are normalize
to the SM Higgs-boson coupling. These reducedHi cou-
plings are given by

gHi d̄d
S

5
1

2
~gHi d̄d

L
1gHi d̄d

R
!, gHi d̄d

P
5

i

2
~gHi d̄d

L
2gHi d̄d

R
!,

~3.15!

gHi ūu
S

5O2i /sinb, gHi ūu
P

52O3icotb, ~3.16!

where we have neglected the small radiative threshold eff
in the up sector.

On the experimental side, the latest world average re
for Re(e8/e) is @39#

ReS e8

e D5~1.6660.16!31023, ~3.17!

at the 1-s confidence level~C.L.!. In the light of the experi-
mental result~3.17! and the discussion given above, we m
conservatively require that

uVSUSY
Higgsu&1. ~3.18!

The biggest contribution in the sum over quarks in Eq.~3.14!
comes from thed quark and exhibits the qualitative scalin
behavior

VSUSY
Higgs.

2msmd

MH
2

tan3b

uvu
3O~1!. ~3.19!

For instance, for tanb550 andMH5200 GeV, Eq.~3.19!
givesVSUSY

Higgs.0.13O(1). Obviously, such a contribution is
in principle, non-negligible, but very sensitively depends
the actual values of the new hadronic matrix elements:

~QS,P
L,R! I5^p1p2u~ s̄PL,Rd!„q̄~1,g5!q…uK0& I , ~3.20!

with I 50,2. A detailed calculation of the hadronic matr
elements (QS,P

L,R) I in Eq. ~3.20! will be given elsewhere. In
Sec. IV, however, we will present numerical estimates
DMK and eK within the context of generic soft SUSY
breaking models.
01501
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B. DM Bq
, Bq\ø¿øÀ and associatedCP asymmetries

We start our discussion of a set of observables in
B-meson system by first analyzing theBq

0-B̄q
0 mass differ-

ence, DMBq
with q5s,d, in the CP-violating MSSM at

large tanb. In the applicable limit of equalB-meson life-
times,DMBq

may be written as the modulus of a sum of
SM and a SUSY term:

DMBq
52u^B̄q

0uHeff
DB52uBq

0&SM1^B̄q
0uHeff

DB52uBq
0&SUSYu,

~3.21!

where the effectiveDB52 HamiltonianHeff
DB52 may be ob-

tained from theDS52 one stated in Eq.~3.1!, after making
the obvious replacements:s→b and d→q, with q5d,s.
Proceeding as in Sec. III A, we arrive at analogous clo
expressions for the SUSY contributions to theDB52 tran-
sition amplitudes:

^B̄d
0uHeff

DB52uBd
0&SUSY51711 ps21S B̂Bd

1/2FBd

230 MeV
D 2

S hB

0.55D
3@0.88~C2

LR (DP)1C2
LR (2HDM)!

20.52~C1
SLL (DP)1C1

SRR (DP)!#,

~3.22!

^B̄s
0uHeff

DB52uBs
0&SUSY52310 ps21S B̂Bs

1/2FBs

265 MeV
D 2

S hB

0.55D
3@0.88~C2

LR (DP)1C2
LR (2HDM)!

20.52~C1
SLL (DP)1C1

SRR (DP)!#.

In deriving Eq.~3.22!, we have also substituted the valu
determined in@28–32# for the NLO-QCD factors, along with
their hadronic matrix elements at the scalem54.2 GeV:

P̄1
LR520.58, P̄2

LR50.88, P̄1
SLL520.52, P̄2

SLL521.1.
~3.23!

Moreover, the corresponding Wilson coefficients appear
in Eq. ~3.22! may be recovered from those in Eqs.~3.8! and
~3.9!, after performing the quark replacements mention
above.

Another observable, which is enhanced at large tanb, is
the pure leptonic decay ofB mesons @5,6,8–15#, B̄q

0

→,1,2, with ,5m, t. Neglecting contributions propor
tional to the lighter quark massesmd,s , the relevant effective
Hamiltonian for DB51 FCNC transitions, such asb
→q,1,2 with q5d,s, is given by

Heff
DB51522A2GFVtbVtq* ~CSOS1CPOP1C10O10!,

~3.24!
2-7
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where

OS5
e2

16p2
mb~ q̄PRb!~ ,̄, !,

OP5
e2

16p2
mb~ q̄PRb!~ ,̄g5, !, ~3.25!

O105
e2

16p2
~ q̄gmPLb!~ ,̄gmg5, !.

Employing our resummed FCNC effective Lagrangi
~2.18!, it is not difficult to compute the Wilson coefficient
CS andCP in the region of large values of tanb:4

CS5
2pm,

aem

1

VtbVtq*
(
i 51

3 gHi q̄b
R

gHi ,̄,
S

MHi

2
, ~3.26!

CP5 i
2pm,

aem

1

VtbVtq*
(
i 51

3 gHi q̄b
R

gHi ,̄,
P

MHi

2
,

while C10524.221 is the leading SM contribution. In ana
ogy to Eq.~3.15!, the reduced scalar and pseudoscalar Hi
couplings to charged leptonsgHi ,̄,

S,P in Eq. ~3.26! are given by

gHi ,̄,
S

5
O1i

cosb
, gHi ,̄,

P
52tanbO3i , ~3.27!

where nonholomorphic vertex effects on the leptonic sec
have been omitted as being negligibly small.

With the approximations mentioned above, the branch
ratio for the B̄q

0 meson decay to,1,2 acquires the simple
form @9#

B~B̄q
0→,1,2!

5
GF

2aem
2

16p3
MBq

tBq
uVtbVtq* u2A12

4m,
2

MBq

2 F S 12
4m,

2

MBq

2 D
3uFS

qu21uFP
q 12m,FA

q u2G , ~3.28!

wheretBq
is the total lifetime of theBq meson and

4Our approach to Higgs-mediated FCNC effects presented
may be extended to consistently account for charged-lepton fl
violation in B-meson decays, such asBs,d→,1,82 @40#, where the
effective off-diagonal Higgs-lepton-lepton couplingsgHi ,̄,8

S,P can be

derived by following a methodology very analogous to the o
described in Sec. II.
01501
s

r

g

FS,P
q 52

i

2
MBq

2 FBq

mb

mb1mq
CS,P , FA

q52
i

2
FBq

C10.

~3.29!

In our numerical estimates, we ignore the contribution fro
C10, as being subdominant in the region of large tanb, i.e.
for tanb*40, where all Higgs-particle masses are well b
low the TeV scale. The SM predictions as well as the curr
experimental bounds pertinent toB(B̄d

0→,1,2) can be read
off from Table I in @41#.

In theCP-violating MSSM, an equally important class o
observables related toB(B̄d,s

0 →,1,2) @16# is the one prob-
ing possibleCP asymmetries that can take place in the sa
leptonicB-meson decays. The leptonicCP asymmetries may
shed even light on theCP nature of possible new-physic
effects, as the SM prediction for these observables turns
to be the dismally small order 1023 @42#. This SM result is a
consequence of the fact that theCP-violating phase in
B0-B̄0-mixing parameterq/p is opposite to the one enterin
the ratio of the amplitudes ĀL(R)(B̄d,s

0

→ l L(R)
1 l L(R)

2 )/AL(R)(Bd,s
0 → l L(R)

1 l L(R)
2 ), such that the net

CP-violating effect on the observable parameterlL(R)

5(q/p)(ĀL(R) /AL(R)) almost cancels out.
There are two possible time-dependentCP asymmetries

associated with leptonicB-meson decays that are physical
allowed:

A
CP

(Bq
0→ l L

1 l L
2)

5

E
0

`

dtG„Bq
0~ t !→ l L

1l L
2
…2E

0

`

dtG„B̄q
0~ t !→ l R

1l R
2
…

E
0

`

dtG„Bq
0~ t !→ l L

1l L
2
…1E

0

`

dtG„B̄q
0~ t !→ l R

1l R
2
…

~3.30!

andA
CP

(Bq
0→ l R

1 l R
2)

, L↔R. Under the assumption thatq/p is a
pure phase, one finds@42#

A
CP

(Bq
0→ l L

1 l L
2)

52
2xqImlq

~21xq
2!1xq

2ulqu2
,

~3.31!

A
CP

(Bq
0→ l R

1 l R
2)

52
2xqImlq

~21xq
2!ulqu21xq

2
,

wherexq5DMBq
/GBq

and

lq5
M12

q*

uM12
q u S VtbVtq*

Vtb* Vtq
D b lCS1CP12mlC10/~mbMBq

!

b lCS* 2CP* 22mlC10/~mbMBq
!
.

~3.32!

In Eq. ~3.32!, b l5(124ml
2/MBq

2 )1/2, M12
q is the dispersive

part of theBq
0-B̄q

0 matrix element, andCS,P are Wilson coef-
ficients given in Eq.~3.26!. The maximal value that the lep

re
or

e

2-8
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tonic CP asymmetries in Eq.~3.31! can reach isA CP
max

51/A21xq
2 and is obtained forImlq5ulqu2. From current

experimental data@43#, one may extract the valuesxd
50.76 and xs*19 at the 95% C.L., which leads t
A CP

max(Bs)'5% andA CP
max(Bd)'62%.

Within the framework of our resummed FCNC effectiv
Lagrangian, we also improve earlier calculations@42# of the
CP asymmetries by includingBq

0-B̄q
0 mixing effects through

M12
q* /uM12

q u in Eq. ~3.32!. According to our standard ap
proach of splitting the amplitude into a SM and a MSS
part, we obtain for the SM part

M12
q* (SM)5

GF
2MW

2

12p2
MBq

hBB̂Bq
FBq

2 ~VtqVtb* !2Stt ,

~3.33!

whereStt'2.38 is the value of the dominantmt-dependent
loop function for a top-pole massmt5175 GeV. The SUSY
contribution toM12

q* (SUSY)5^B̄d
0u Heff

DB52uBd
0&SUSY may be ob-

tained from Eq.~3.22!.
In the next section, we will present numerical estima

for the K- and B-meson FCNC observables, based on
analytic expressions derived above.

IV. NUMERICAL ESTIMATES

In this section, we shall numerically analyze the impact
the tan2b-enhanced FCNC interactions on a number ofK-
andB-meson observables which were discussed in deta
Secs. III A and III B, such asDMK , eK , DMBd

, DMBs
, Bd

→t1t2, Bs→m1m2 and their associated leptonicCP
asymmetries. For our illustrations, we consider two gene
low-energy soft SUSY-breaking scenarios,~A! and ~B!.

In scenario~A!, the squark masses are taken to be univ
sal andÊg andÊu are proportional to the unity matrix at th
soft SUSY-breaking scaleMSUSY. The CP-conserving ver-
sion of this scenario has frequently been discussed in
literature within the context of minimal flavor-violation mod
els, see e.g.@6#.

In scenario~B! we assume the existence of a mass h
archy between the first two generations of squarks and
third generation, namely the first two generations are deg
erate and can be much heavier than the third one. In addi
although not mandatory, we assume for simplicity that
model-dependent unitary matrixUL

Q in Eq. ~2.15! is such that
Eg and Eu become diagonal matrices in this scenar
Clearly, in the limit in which all squarks are degenerate, s
nario ~B! coincides with~A!.

In Fig. 2 we give a schematic representation of the
neric mass spectrum that will be assumed in our numer
analysis. More explicitly, we fix the charged Higgs-bos
MH1 to the value 200 GeV. Since the effect of the gaugin
Higgsino mixing@15,16# on the resummation matrixR can
be significantly reduced formW̃!m, we ignore this contri-
bution by considering the relatively low valuemW̃'2mt
!MSUSY in our numerical estimates, withmt5175 GeV. As
can be seen from Fig. 2, the third-generation soft squ
01501
s
e

f

in

ic
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e

r-
e

n-
n,
e
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-

-
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-
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massmt̃ , the m-parameter, the gluino massmg̃ and the tri-
linear soft Yukawa couplingAU are set, for simplicity rea-
sons, to the common soft SUSY-breaking scaleMSUSY,
which is typically taken to be 1 TeV.

The soft squark masses of the other two generations
assumed to be equal tomq̃ in our generic framework. To
account for a possible hierarchical difference between
mass scalesmt̃ andmq̃ , we introduce the so-called hierarch
factor r, such thatmq̃5rmt̃5rMSUSY. As has been men
tioned above, models of minimal flavor violation correspo
to scenario~A! with r51. As we will see in detail in Secs
IV A and IV B, the predictions for theK- and B-meson
FCNC observables crucially depend on the values of the
erarchy factorr. Equally important modifications in the pre
dictions are obtained for different values of the so
CP-violating phasesfg5arg(mg̃) and fAU

5arg(AU). In
addition, theK- and B-meson FCNC observables exhibit
nontrivial dependence on the CKM phasedCKM , which is
varied independently in our figures.

Although we primarily use tanb550 and MH1

50.2 TeV as inputs in our numerical analysis, approxim
predictions for other values of the input parameters may
obtained by rescaling the numerical estimates by a facto

xO5S tanb

50 D n

3S 0.2 TeV

MH1
D k

, ~4.1!

where the integersn andk depend on the FCNC observab
O under study. Such a rescaling proves to be fairly accu
for tanb*40 andMH1*150 GeV, which is the kinematic
region of our interest.

A. DM K and zeKz

The SM effects onDMK and ueKu were extensively dis-
cussed in the literature@44#, so we will not dwell upon this
issue here as well. Instead, we assume that the SM exp
well the experimental results for the above two observab
@43#:

DMK
exp5~3.49060.006!310212 MeV, ~4.2!

ueK
expu5~2.28260.017!31023. ~4.3!

Given the significant uncertainties in the calculation of ha
ronic matrix elements, however, our approach will be to co
strain the soft SUSY-breaking parameters by conservativ
requiring thatDMK

SUSY andueK
SUSYu do not exceed in size the

SM predictions.5

To start with, we display in Fig. 3 numerical values for th
Higgs-boson DP effects onDMK andueKu as functions of the
gluino phase argmg̃ , where the hierarchy factorr and the

5Both DMK andueKu place important constraints on ther-h plane
of the unitarity triangle. The so-derived limits can be used to c
strain new physics. In this case, a global fit of all the relevant FC
observables to the unitarity triangle might be more appropriate.
intend to address this issue in a future work.
2-9
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phasefAU
5arg(At,b) of the soft SUSY-breaking trilinea

Yukawa couplings assume the discrete values (r,fAU
)

5(1,0°),(10,0°),(1,90°),(10,90°),(1,180°),(10,180°). Ac-
cording to ourCP-phase conventions@19#, m is always taken
to be positive, while the CKM phasedCKM is chosen to its
maximal value 90°. The subdominant one-loop 2HDM co
tribution coming fromW6-H7 box graphs@cf. Eq.~3.9!# has
also been indicated by an arrow in Fig. 3. Predictions
MH1 and tanb values other than those shown in Fig. 2 m
be approximately obtained by multiplying the numerical e
timates by a factorxO5(tanb/50)43(0.2 TeV/MH1)2. We
observe in Fig. 3 that the resulting values forDMK

SUSY can
exceed the experimental error in Eq.~4.2! by one order of
magnitude, forr510 and ufAU

u,uf g̃u*90°. For the same

inputs,ueK
SUSYu takes on values comparable to the experim

tally measured one~4.3!. Here, we should stress the fact th
universal squark-mass scenarios corresponding tor51 can
still predict sizeable effects oneK . This nonzero result
should be contrasted with the one of the gluino-squark
contributions toDMK and ueKu @45# which do vanish in the
limit of strictly degenerate squarks due to a SUSY-GIM
cancellation mechanism.

In our case of Higgs-mediated FCNC observables, ho
ever, the situation is slightly different. As we have discuss
in Sec. II, the size of the FCNC effects is encoded in
flavor structure of the 3-by-3 resummation matrixR. Since
R is diagonal for the scenarios~A! and ~B! under consider-
ation, we can expand the tanb-enhanced FCNC term
(V†R21V)dd8 in Eq. ~2.18! as follows:

~V†R21V!dd85Vud* Ru
21Vud81Vcd* Rc

21Vcd81Vtd* Rt
21Vtd8 ,

~4.4!

where d and d8 collectively denote all down-type quarks
with dÞd8. For the parameters adopted in Fig. 2, the qu
tities Ru,c,t

21 can be simplified further to6

Ru
21'F11S as

3pr2
e2 if g̃1

uhuu2

32p2r2
e2 ifAUD tanbG21

,

Rc
21'F11S as

3pr2
e2 if g̃1

uhcu2

32p2r2
e2 ifAUD tanbG21

,

Rt
215F11S as

3p
e2 if g̃1

uhtu2

32p2
e2 ifAUD tanbG21

.

~4.5!

Then, from Eq.~4.5!, it is easy to see that the off-diagon
elements ofV†R21V increase iffAU

,f g̃56p and so the

effective couplingsgHi d̄d8
L,R , thereby giving rise to enhance

predictions. This is a very generic feature which is reflec

6For r*10, the first two equations in Eq.~4.5! may be better
approximated by replacingr→r/A2.
01501
-

r

-

-

x

-
d
e

-

d

in Fig. 3 and, as we will see in Sec. IV B, also holds true
our numerical estimates ofB-meson FCNC observables.

Neglecting the small Yukawa couplings of the first tw
generations and making use of the unitarity ofV, we find for
dÞd8

~V†R21V!dd8}Vtd* Vtd8F as

3p
e2 if g̃S 1

r2
21D

2
uhtu2

32p2
e2 ifAUG tanb. ~4.6!

If r51, the dominant FCNC effect originates from the se
ond term in the square brackets of Eq.~4.6!, provided u1
1(as/3p)e2 if g̃tanbu@531024tanb ~see also footnote 2!.
If r@1, then gluino corrections become dominant; they
larger by a factor (as/3p)/(1/32p2).3.6. However, be-
tween the low and highr regime, there is an intermediat
value of r, where (V†R21V)dd8 does exactly vanish ford
Þd8, and so the effective couplingsgHi d̄d8

L,R . In this case, one

hasRu
215Rc

215Rt
21 in Eq. ~4.5!, implying thatR is propor-

tional to the unity matrix. Then, it is (V†R21V)dd850, as a
result of a GIM-cancellation mechanism due to the unitar
of the CKM matrix. We call such a point in the paramet
spaceGIM operative point. Ther value, for which the GIM-

FIG. 2. Schematic representation of the SUSY mass spect
considered in our numerical analysis, wheremq̃ andmt̃ denote the
masses of the first two and third generations of squarks, res
tively. The hierarchy factorr, the phasef g̃ of the gluino mass, and
the phasesfAt,b

of the soft SUSY breaking trilinear couplings, wit
fAt

5fAb
5fAU

, are varied independently~see also discussion in
the text!.
2-10
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RESUMMED EFFECTIVE LAGRANGIAN FOR HIGGS- . . . PHYSICAL REVIEW D 67, 015012 ~2003!
FIG. 3. SUSY Higgs-DP contributions toeK andDMK given in
units of 10212 MeV and 1023, respectively, as functions of th
gluino phase arg(mg̃), for MSUSY51 TeV, MH150.2 TeV, tanb
550 anddCKM590°. As is shown above, the different curves a
obtained for selected values ofr andfAU

. The size of the 2HDM
effect alone oneK is indicated by an arrow.
01501
cancellation mechanism becomes fully operative, may ea
be determined from Eq.~4.6!, i.e.

rGIM
2 5S 11

3uhtu2

32pas
ei (f g̃2fAU

)D 21

. ~4.7!

For the MSSM parameter space under study, there is alw
a GIM-operative value for the hierarchy factorr, iff fAU

2f g̃50 or 6p. For fAU
2f g̃50, we have rGIM,1,

whereas it isrGIM.1, for fAU
2f g̃5p. In fact, the second

case is realized in Fig. 4 forrGIM'1.22, whereDMK
SUSY

and ueK
SUSYu vanish independently of the value of the CKM

phase. Here, we should emphasize the fact that the v
of rGIM does not depend on the FCNC observable un
consideration and is in excellent agreement with the o
determined by Eq.~4.7!. Because of the above flavo
universal property ofrGIM , one may even face the ver
unusual possibility of discovering SUSY at high-ener
colliders, without accompanying such a discovery with a
new-physics signal in low-energyK- and B-meson FCNC
observables.

It is now instructive to gauge the relative size of the d
ferent DP-induced Wilson coefficients in Eq.~3.8!. For sim-
plicity, let us taker51. Then, each individual DP-induce
y
FIG. 4. SUSY Higgs-DP contributions toeK andDMK given in units of 10212 MeV and 1023, respectively, as functions of the hierarch
factor r, for MSUSY51 TeV, MH150.2 TeV, tanb550, and argmg̃5180°, where the values ofdCKM andfAU

are varied discretely.
2-11
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FIG. 5. SM and SUSY Higgs-DP contributions toDMBd
and DMBs

as functions of the gluino phase arg(mg̃), for MSUSY51 TeV,
MH150.2 TeV, tanb550 anddCKM590°, where the hierarchy factorr and fAU

are varied independently as shown above. The S
contributions alone fordCKM590° are displayed by horizontal dashed lines.
al

le

r, we

Wilson coefficient in Eq.~3.8! may be approximately given
by

(
i 51

3

~gHi s̄d
L

!2'~xFC
(t) !2~Vts* Vtd!2(

i 51

3 O1i
2 2O3i

2 12iO1iO3i

MHi

2
,

(
i 51

3

~gHi s̄d
R

!2'~xFC
(t)* !2~Vts* Vtd!2(

i 51

3 O1i
2 2O3i

2 22iO1iO3i

MHi

2
,

(
i 51

3

~gHi s̄d
L

gHi s̄d
R

!'uxFC
(t)u2~Vts* Vtd!2(

i 51

3 O1i
2 1O3i

2

MHi

2
,

~4.8!

where xFC
(t) is the t-quark dependent entry of the diagon

matrix xFC defined in Eq. ~2.13!. For MH1*180 GeV,
CP-violation and Higgs-mixing effects start to decoup
from the lightestH1 sector @19#. Moreover, in the region
01501
tanb*40, theF2 component in theH2- andH3-boson mass
eigenstates is suppressed. As a consequence of the latte
obtain

(
i 51

3 O1i
2 2O3i

2

MHi

2
5~O11

2 2O31
2 !S 1

MH1

2
2

1

MH23

2 D
1OS MH2

2 2MH3

2

MH23

2 D , ~4.9!

(
i 51

3
O1iO3i

MHi

2
5O11O31S 1

MH1

2
2

1

MH23

2 D
1OS MH2

2 2MH3

2

MH23

2 D , ~4.10!

whereMH23

2 5 1
2 (MH2

2 1MH3

2 ) and the orthogonality of theO

matrix has been used. Since it isO11,O31!1 in the kine-
2-12
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FIG. 6. SM and SUSY Higgs-DP contributions toDMBd
and DMBs

versus the hierarchy factorr, for MSUSY51 TeV, MH1

50.2 TeV, tanb550, and argmg̃5180°, wheredCKM andfAU
obtain discrete values as shown above. Also shown are the SM effects

for different choices of the CKM phasedCKM ~horizontal dashed lines!.
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matic region of our interest, then on account of Eqs.~4.9!
and ~4.10! and for maximal CKM phasedCKM590°, the
dominant contribution toDMK

SUSY andeK
SUSY comes from the

last DP expression in Eq.~4.8!, namely from the Wilson
coefficientC2

LR(DP) in Eq. ~3.8!, despite the additional sup
pression factormd /ms'1/10 with respect toC1

SLL (DP) . If
dCKM50, DMK

SUSY still receives its largest contribution from
C2

LR (DP) , while ueK
SUSYu is dominated by the first DP expres

sion in Eq.~4.8!, i.e. fromC1
SLL (DP) ; the second DP expres

sion in Eq.~4.8! is very suppressed with respect to the fi
one by two powers of the ratiomd /ms . From Fig. 3, we also
see that in addition to the CKM phasedCKM , the soft SUSY-
breakingCP phases, such as arg(mg̃) and arg(AU), may also
give rise by themselves to enhancements ofuDMK

SUSYu and
ueK

SUSYu even up to one order of magnitude. Analogous
marks and observations also hold true for theB-meson
FCNC observables which are to be discussed in the n
section.

Finally, we should comment on the fact that the 2HD
contribution by itself due toC2

LR (2HDM) in Eq. ~3.9! can only
give rise to the undetectably small numerical valu
uDMK

2HDMu55310217 MeV and ueK
2HDMu5531026 ~indi-

cated by an arrow in Fig. 3!, for dCKM590°.
01501
t

-

xt

,

B. DM Bq
, Bq\ø¿øÀ and associated leptonicCP asymmetries

In this section, we will present numerical estimates fo
number ofB-meson FCNC observables, such as the m
differenceDMBq

, the branching ratio forBq→,1,2 and the

CP asymmetries associated with theB-meson leptonic de-
cays. The current experimental status of these observabl
as follows@43#:

DMBd
50.48960.008 ps21, ~4.11!

DMBs
.13.1 ps21, ~4.12!

B~Bs→m1m2!,2.031026 ~4.13!

and @46#

B~Bd→t1t2!,0.015. ~4.14!

Future experiments at an upgraded phase of the Teva
collider may reach higher sensitivity toB(Bs→m1m2) up to
the 1028 level @11,12,47#.

Let us start our discussion by numerically analyzing t
B-meson mass differencesDMBd

andDMBs
. As in the case

of theK-meson observables, we use the same input value
2-13
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FIG. 7. SUSY Higgs-penguin contributions toB(B̄s
0→m1m2) and B(B̄d

0→t1t2) versus the gluino phase arg(mg̃), for MSUSY

51 TeV, MH150.2 TeV, tanb550, anddCKM590°, wherer andfAU
are varied discretely.
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those shown in Fig. 2, i.e.MSUSY51 TeV, MH150.2 TeV
and tanb550. Then, Fig. 5 displays the combined, SM a
Higgs-DP, contributions toDMBd

andDMBs
as functions of

the gluino phase arg(mg̃), for dCKM590° and different
choices of hierarchy factorr and fAU

. Note that the SM

contributions alone fordCKM590° are displayed by horizon
tal dashed lines. Even though the SM predictions forDMBd,s

may adequately describe by themselves the experimental
ues in Eqs.~4.11! and ~4.12!, they cannot yet decisively ex
clude possible new-physics contributions due to the inhe
uncertainties in the calculation of hadronic matrix eleme
such as those induced by SUSY Higgs-mediated FCNC
teractions. In particular, we observe in Fig. 5 that SM a
Higgs-DP effects may add constructively or destructively
the mass differencesDMBd,s

. Similar features are found in
Fig. 6, where the SM and SUSY Higgs-DP contributions
DMBd

and DMBs
are plotted versus the hierarchy factorr,

for discrete values ofdCKM andfAU
. In our SM CKM-phase

convention@43#, unlike the CKM matrix elementVts , the
matrix elementVtd is very sensitive todCKM values. As a
result, the SM predictions forDMBd

strongly depend on the

selected value ofdCKM , as can be seen from Fig. 6.
01501
al-

nt
s
-

d

In Fig. 7, we exhibit numerical values for the branchin

ratios B(B̄s
0→m1m2) and B(B̄d

0→t1t2) as functions for
the gluino phase arg(mg̃), for MSUSY51 TeV, MH1

50.2 TeV, tanb550, anddCKM590°, wherer and fAU

are varied discretely. Since the branching ratios are driven
Higgs-penguin effects in the region of large tanb, predic-
tions for other inputs of tanb andMH1 may be easily esti-
mated by rescaling the numerical values by a factorxO
5(tanb/50)63(0.2 TeV/MH1)4, for tanb*40. Thus, con-

fronting the predictions forB(B̄s
0→m1m2) with experiment

data in Eq.~4.13!, combined bounds on the tanb-MH1 plane
may be obtained for a given set of soft SUSY-breaking
rameters. As we see in Fig. 7, these combined bounds
come even more restrictive for large gluino phases, argmg̃
*90°, in agreement with our discussions in Sec. IV A.

However, there is an additional factor that may crucia
affect our predictions for the branching ratios of the deca
B̄s

0→m1m2 and B̄d
0→t1t2, namely the hierarchy param

eterr. As we show in Fig. 8, even for the extreme choice
a gluino phase argmg̃5180°, B(B̄d

0→m1m2) and B(B̄s
0

→m1m2) can get very suppressed for a specific value or
in certain soft SUSY-breaking scenarios that can realiz
2-14
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FIG. 8. SUSY Higgs-penguin contributions toB(B̄s
0→m1m2) and B(B̄d

0→t1t2) as functions of the hierarchy factorr, for MSUSY

51 TeV, MH150.2 TeV, tanb550, and argmg̃5180°, wheredCKM andfAU
take discrete values.
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GIM-operative point in their parameter space. As we deta
in Sec. IV A, this phenomenon occurs for the universal va
of r5rGIM51.22, whenfAU

2f g̃56180°. As can be seen

in Fig. 8, the predicted values forB̄s
0→m1m2 and B̄d

0

→t1t2, wherefAU
50°, confirm the above observation.

As we have already mentioned, the observablesDMBs

andB(B̄s
0→m1m2) exhibit a different scaling behavior with

respect toMH1 and tanb, through the scaling factorxO in
Eq. ~4.1!. Once the above two kinematic parameters are fi
to some input values, the two observablesDMBs

andB(B̄s
0

→m1m2) are then rather correlated to each other, since t
dependences on them parameter andAU are very similar in
the minimal flavor-violating caser51 @14#. As one can see
from Figs. 5–8, our numerical analysis agrees well with
above result forr51. However, we also observe that th
correlation is practically lost forr.1, e.g. close to the GIM-
operative points, and/or by the inclusion ofCP-violating ef-
fects, asDMBs

and B(B̄s
0→m1m2) have different depen

dences on the softCP-odd phases.
Let us now investigate the size of theCP asymmetries in

the leptonicBd-meson decays in theCP-violating MSSM;
the corresponding CP asymmetries for theBs meson are ex-
perimentally constrained to be rather small, less than 5%@see
also discussion after Eq.~3.32!#. In Fig. 9, we display nu-

merical values for theCP asymmetriesA
CP

(Bd
0→mL

1mL
2)

and
01501
d
e

d

ir

e

A
CP

(Bd
0→mR

1mR
2)

as functions of the gluino phase arg(mg̃), for
MSUSY51 TeV, MH150.2 TeV, tanb550, and dCKM
590°. As usual, we independently vary the parameterr
and fAU

to take on the discrete valuesr51,10 andfAU

50°,90° and 180°. We find that if theBd
0-B̄d

0 mixing is
consistently taken into account, the typical size

A
CP

(Bd
0→mL

1mL
2)

and A
CP

(Bd
0→mR

1mR
2)

does not exceed 0.7% an

3%, respectively. IfBd
0-B̄d

0 mixing is not included, the CP
asymmetries can reach slightly higher values up to 1.2%
6%, respectively. The apparent reason for the smallnes
the CP asymmetries is due to the occurrence of an appr
mate cancellation in the sumCS1CP in Eq. ~3.32! at large
tanb, as the muon velocity isbm'1.

Having gained some insight from the above exercise,
may seek alternative ways to enhance the dimuon asym

tries A
CP

(Bd
0→mL,(R)

1 mL,(R)
2 )

. To this end, the first attempt woul

be to suppress the effect of theBd
0-B̄d

0 mixing by considering
smaller tanb values, e.g. tanb&10. In this intermediate re-
gion of tanb, the above cancellation in the sumCS1CP
does not occur due to nontrivialCP-violating Higgs-mixing

effects and so theCP asymmetriesA
CP

(Bd
0→mL,(R)

1 mL,(R)
2 )

can be
significantly increased. To get an idea of the magnitude
the CP asymmetries in this case, we consider the so-ca
CPX scenario introduced in@48# to maximizeCP-violating
2-15
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FIG. 9. Numerical values for theCP asymmetriesA
CP

(Bd
0→mL

1mL
2)

and A
CP

(Bd
0→mR

1mR
2)

as functions of the gluino phase arg(mg̃), for
MSUSY51 TeV, MH150.2 TeV, tanb550, anddCKM590°, wherer andfAU

are varied discretely. Also shown is the prediction for t

CP asymmetries without includingBd
0-B̄d

0 mixing.
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effects in the lightest Higgs sector of an effective MSSM.
the CPX scenario, them-parameter and the soft trilinea
Yukawa couplingAU are set by the relations:m54MSUSY
and AU52MSUSY. Thus, for MH150.15 TeV, MSUSY
51 TeV, tanb57, r510, fAU

545° andf g̃50°, we find

that CP-violating Higgs-penguin effects can give rise to t
CP asymmetries:

A
CP

(Bd
0→mL

1mL
2)

'29%, A
CP

(Bd
0→mR

1mR
2)

'237%
~4.15!

where B(Bd→m1m2)53.6310210, which is an order of
magnitude larger than the SM prediction@41#. Another vari-
ant of the CPX scenario of equally phenomenological imp
tance utilizes the parameters: tanb510, r510, fAU

545°

andf g̃590°, with MSUSY51 TeV. In this case, we obtain

A
CP

(Bd
0→mL

1mL
2)

'11%, A
CP

(Bd
0→mR

1mR
2)

'43% ~4.16!

and B(Bd→m1m2)54.131029, which is two orders of
magnitude above the SM prediction. The above scenario
pears to pass all the experimental constraints, including th
deduced from LEP2 analyses of direct Higgs searc
01501
r-

p-
se
s

@48,49#. Most interestingly, a possible observation of a no
zeroCP asymmetry in the leptonic dimuon channel will co
stitute the harbinger for new physics atB factories. At this
stage, it is important to comment on the fact that the num
cal values stated in Eqs.~4.15! and ~4.16! should be viewed
as crude estimates, since they are obtained entirely on
basis of our resummed FCNC effective Lagrangian~2.18! at
the intermediate tanb regime. However, in this region o
tanb, we expect additional one-loop effects to start getti
relevant, such as supersymmetricZ-penguin and box dia-
grams. Even though our initial estimates given above app
to yield rather encouraging results, a complete study of
leptonic B-meson branching ratios and the respectiveCP
asymmetries for all values of tanb would be preferable.

In the case oft-leptonCP asymmetries, the velocities o
the decayedt-leptonsbt is roughly 0.5, so one naturally get
an appreciably higher value for the expressionbtCS1CP
'0.5CP in Eq. ~3.32!. As a result, larger values for th
t-lepton CP asymmetries are expected. Indeed, in Fig.

we display numerical predictions forA
CP

(Bd
0→tL

1tL
2)

and

A
CP

(Bd
0→tR

1tR
2)

versus the gluino phase arg(mg̃), for the same
values of the input parameters as in Fig. 9. Then, theCP
2-16



RESUMMED EFFECTIVE LAGRANGIAN FOR HIGGS- . . . PHYSICAL REVIEW D 67, 015012 ~2003!
FIG. 10. Numerical estimates of theCP asymmetriesA
CP

(Bd
0→tL

1tL
2)

and A
CP

(Bd
0→tR

1tR
2)

versus the gluino phase arg(mg̃), for MSUSY

51 TeV, MH150.2 TeV, tanb550, anddCKM590°, wherer andfAU
take discrete values as shown above.
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asymmetriesA
CP

(Bd
0→tL

1tL
2)

andA
CP

(Bd
0→tR

1tR
2)

can be as high as
9% and 36%, respectively.

We conclude this section with some general remarks
addition to theK- and B-meson observables we have be
studying here, there is a large number of other FCNC obs
ables which have to be considered in a combined full-fled
analysis. For example, the decayB→Xsg @50,51# plays a
central role in such a global analysis, because it will ena
us to delineate more accurately theCP-conserving or
CP-violating soft SUSY-breaking parameter space favo
by low-energy FCNC observables. In this context, co
straints onCP-violating SUSY phases from the nonobserv
tion of electron and neutron electric dipole moments~EDMs!
should also be implemented. LargeCP gluino and top
squark phases, as the ones considered in our analysis, w
require either very heavy squarks with masses larger t
5–6 TeV or the existence of a cancellation mechan
among the different one-, two- and higher-loop EDM cont
butions @23,52,53#. Especially, it has been shown recen
@23# that if the first two generation of squarks are heav
than about 3 TeV, the required degree of cancellations d
not exceed the 10% level and hence largeCP-violating
gluino, gaugino and third-generation phases are still allow
for wide regions of the MSSM parameter space. Finally,
01501
n

v-
d
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d
-
-

uld
n

-

r
es

d

the present numerical analysis, we have concentrated on
narios that minimally depart from the minimal flavo
violation assumption through the presence of diagonal,
nonuniversal squark masses. In the most general case,
ever, the squark mass matrices and consequently the re
mation matrixR of the radiative threshold effects may not b
diagonal. Such low-energy realizations with off-diagonal s
squark-mass matrices can still be treated exactly within
context of our resummed FCNC effective Lagrangian~2.18!,
by appropriately considering nontrivial quark-squark CKM
like matrices, such as the 3-by-3 unitary matrixUL

Q in Eq.
~2.9!.

V. CONCLUSIONS

We have derived the general form for the effective L
grangian of Higgs-mediated FCNC interactions tod-type
quarks, where large-tanb radiative threshold effects hav
been resummed consistently@cf. Eqs.~2.18! and~2.19!#. Our
resummed FCNC effective Lagrangian is free from path
logical singularities, which mainly emanate from the to
quark dominance hypothesis frequently adopted in the lite
ture, and has been appropriately generalized to incl
effects of nonuniversality in the squark sector, as well
2-17
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A. DEDES AND A. PILAFTSIS PHYSICAL REVIEW D67, 015012 ~2003!
CP-violation effects originating from the CKM-mixing ma
trix and the complex soft SUSY-breaking masses. In parti
lar, our resummed effective Lagrangian can be applied
study Higgs-mediated FCNC effects in more general s
SUSY-breaking scenarios, beyond those that have alre
been discussed within the restricted framework of mod
with minimal flavor violation. Also, an approach to resum
ming radiative threshold effects, very analogous to the
developed in Sec. II, can straightforwardly be applied to s
saw SUSY models, so as to properly describe Hig
mediated lepton-flavor-violating interactions.

Within the context of generic soft SUSY-breaking sc
narios, we have analyzed a number ofK- andB-meson ob-
servables, such asDMK,B , eK , e8/e, B(Bs,d→,1,2) and
their associated leptonic asymmetries@54#, which are en-
hanced by Higgs-boson FCNC interactions for large val
of tanb. We have found that the predictions crucially depe
on the choice of softCP-violating phases in a given set o
soft SUSY-breaking parameters. For example, for cer
values of the gluino and top squark phases, the predict
can reach and even exceed the current experimental lim
whereas for other values of theCP-odd phases the FCNC
effects can be reduced by one or even two orders of ma
tude. Most remarkably, we have been able to identify c
figurations in the soft SUSY-breaking parameter space, s
as rGIM , where a kind of a GIM-cancellation mechanis
becomes fully operative@cf. Eq. ~4.7!# and, as a result of the
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latter, all Higgs-mediated, tanb-enhanced effects onK- and
B-meson FCNC observables are completely absent.

Based on our resummed effective Lagrangian, one m
now carry over the present analysis to a vast number of o
K- and B-meson observables. Evidently, further dedica
studies need be performed in this direction. We expect
obtained predictions to affect other low- and high-energy
servables, such as measurements of electron and ne
electric dipole moments and Higgs-boson searches, as
as studies on cosmological electroweak baryogenesis
dark matter. It would be very interesting to determine
which degree the emergingCP-violating MSSM framework
with CP-mixed Higgs bosons mediating tanb-enhanced in-
teractions to matter could be potentially responsible for
the present and futureCP-conserving or CP-violating
FCNC effects observed in nature.
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