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ABSTRACT

We derive the general resummed effective Lagrangian for Higgs-mediated flavour-changing neutral-
current (FCNC) interactions in the Minimal Supersymmetric Standard Model (MSSM), without
resorting to particular assumptions that rely on the squark-mass or the quark-Yukawa structure
of the theory. In our derivation we also include the possibility of explicit CP 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 tan 8 regime of the theory for CP-conserving and CP-violating observables related to
the K- and B-meson systems, such as AMg p, €k, € /e, B(Bgs — £7£7) and their associated
leptonic CP 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, tan -enhanced effects on K- and B-meson FCNC observables vanish.



1 Introduction

The appearance of too large flavour-changing neutral-current (FCNC) interactions of Higgs
bosons to fermionic matter is a generic feature of SU(2),xU(1)y theories with two and
more Higgs doublets. Unless there is a symmetry to forbid these Higgs-mediated FCNC
interactions to occur in the bare Lagrangian of the model [1], their unsuppressed existence
will inevitably lead to predictions for rare processes in the kaon and B-meson systems
that violate experimental 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 occurrence of Higgs-
boson FCNCs by coupling the one Higgs-doublet superfield, f-\Il, to the down-quark sector,
and the other one, ]?[2, to the up-quark sector. However, the above holomorphic property of
the superpotential is violated by finite radiative (threshold) corrections due to soft SUSY-
breaking interactions [3,4]. As a consequence, Higgs-mediated FCNCs reappear at the
one-loop level, but are naturally suppressed for low and intermediate values of tan g =
(f[ﬁ/(f[ﬁ, i.e. for tan 8 < 20. For larger values of tan 3, e.g. tan 5 2 30, the FCNCs
partially overcome the loop suppression factor 1/(167?) and become phenomenologically

relevant [5,6], especially for the K- and B-meson systems.

Recently, the topic of Higgs-boson FCNCs in the large-tan S limit of the MSSM has
received much attention [5-16]. Several approaches have been devised to implement the
non-holomorphic finite radiative corrections into the phenomenological analysis of FCNC
processes, such as K°K° and B°B° mixings, B — X,y and B, — (*/~. In most cases,
however, the suggested approaches to threshold radiative effects involve certain explicit or
implicit assumptions pertinent to the squark-mass and the quark-Yukawa structures of the
theory, such as the dominance of the top quark in the FCNC transition amplitudes. We
term the latter assumption the ¢t-quark dominance hypothesis. On the other hand, some
of the approaches neglect higher-order terms in the resummation of threshold corrections
to d-quark Yukawa couplings, which become important in the large-tan 5 regime of the

theory.

In this paper we derive the effective Lagrangian that properly takes into account the
resummation of higher-order threshold effects on Higgs-boson FCNC interactions to down
quarks. To accomplish this in Section 2, we avoid the imposition of particular assump-
tions on the structure of the soft squark masses and the quark-Yukawa couplings of the
theory. Moreover, we do not rely on specific kinematic approximations to the transition

amplitudes, such as the aforementioned ¢t-quark dominance hypothesis in the FCNC matrix



elements. In our derivation of the effective Lagrangian, we also consider the possibility of
CP violation through two sources: (i) the Cabibbo-Kobayashi-Maskawa (CKM) mixing
matrix [17] and (ii) the soft SUSY-violating mass terms. As we explicitly demonstrate
in Section 3, our resummed FCNC effective Lagrangian gives rise to new testable predic-
tions for CP-conserving as well as CP-violating observables related to the K- and B-meson
systems. In the same section, we qualitatively discuss the implications of tan S-enhanced
Higgs-mediated interactions for the direct CP-violation parameter €' /¢ in the kaon system.
Section 4 is devoted to our numerical analysis of a number of K- and B-meson observables,
such as AMg, ex, AMp, , B(Bas — ('(7) and their associated leptonic CP asymme-
tries. In particular, based on our resummed FCNC effective Lagrangian, we are able to
identify configurations in the soft SUSY-breaking parameter space, for which a kind of a
Glashow-Iliopoulos—Maiani-cancellation mechanism (GIM) [18] becomes operative in the
Higgs—d-quark sector. As a result, all Higgs-mediated, tan S-enhanced effects on K- and

B-meson FCNC observables vanish. Finally, Section 5 summarizes our conclusions.

2 Resummed FCNC effective Lagrangian

In this section, we derive the general form for the effective Lagrangian of Higgs-mediated
FCNC interactions in the CP-violating MSSM. For this purpose, we also consistently resum
the tan S-enhanced radiative effects on the d-quark Yukawa couplings [7]. First, we analyze
a simple soft SUSY-breaking model based on the assumption of minimal flavour violation [6,
10,13,14], where the CKM matrix is the only source of flavour and CP violations. We find
that even within this minimal framework, the usually neglected c-quark contribution to
Higgs-mediated FCNC interactions may be competitive to the t-quark one in certain regions
of the parameter space. After having gained some insight from the above considerations,
we then extend our resummed effective Lagrangian approach to more general cases that
include a non-universal or hierarchical squark sector as well as CP violation originating
from the CKM matrix and the soft SUSY-breaking parameters.

Before discussing the most general case, let us first consider the following simple form
for the effective Yukawa Lagrangian governing the Higgs-mediated FCNC interactions in

the quark sector [5, 6]:
Ly = d%hd[@?* + Y (Eg v Euthu)]dg + ®a%hyu! + He, (2.1)

where @?’2 are the electrically neutral dynamical degrees of freedom of the two Higgs
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Figure 1: Non-holomorphic radiative effects on the d-quark Yukawa couplings induced by

(a) gluinos g and (b) charged Higgsinos EfQ

doublets! and the superscript ‘0’ on the d- and u-type quarks denotes fields in the interaction
basis. In (2.1), hgq and h, are 3 x 3-dimensional down- and up-quark Yukawa matrices,
and [4-6]

200,

Eg =1 3 mgli* [(mgLamz"Ra |m§|2) ) (22)
- 1 Ak

are finite non-holomorphic radiative effects induced by the diagrams shown in Fig. 1. In

the above, the loop integral I(x,y, z) is given by

zyln(z/y) + yzln(y/2) + xzIn(z/x)
-0 -2 @7

with I(z,z,z) = 1/(2z). To keep things simple in the beginning, we assume that in (2.2)

and (2.3), the bilinear soft SUSY-breaking masses of the squarks, m2 . m2% , and the

uL,R’ dr.r

I(z,y,2) = (2.4)

Y

trilinear soft Yukawa couplings Ay = A, 4 are flavour-diagonal and universal at the soft
SUSY-breaking scale Msysy. We also neglect the left-right mixing terms % -tur and JL—JR
in the squark mass matrices. The consequences of relaxing the above assumptions will be

discussed later on.

From (2.1), we can easily write down the effective Lagrangian relevant to the effective
d- and u-type quark masses:

_Emass -
V2

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

J(I){hd[l + tanﬁ(f}g + Euhihu)]d% + %ﬂ%huu% + H.c. (2.5)

W o= Uuy, A = ULV, Wb = UBup, d% = UG dpg, (2.6)

!Throughout the paper, we follow the notation and the CP-phase conventions of [19].
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where Z/{I(?, UR, Us and V are 3-by-3 unitary matrices that relate the weak to mass eigen-
states of quarks. Evidently, V is by construction the physical CKM matrix. Substitut-
ing (2.6) into (2.5) yields

~Lonass = —= AU U [1 + tan 5 By + Bufhf?) | Vi + Zaphyu, + He.

V2 V2
= C{RMddL + aRMuuL + H.C., (27)

where My and M, are the physical d- and u-quark mass matrices, respectively. Consistency
of (2.7) implies

>

~

U2
M, = —h,, 2.8
NG (2.8)

2 ~

Ushau® = £MdVTR*1, (2.9)

U1

with

R = 1+ Egtan + E,tan§|hy|*. (2.10)

Notice that (2.9) plays the role of a re-defining (renormalization) condition for the d-quark
Yukawa couplings, in the process of resumming higher-order radiative corrections. Observe

also that the matrix R cannot be zero, as this would result in massless d quarks.

With the help of (2.6) and (2.9), we can now express our original Yukawa Lagrangian

(2.1) in terms of the mass eigenstates dj, g and uy, g in a resummed form:

2 _ . R N ~ A ~
Ly = UidRMdVTRl[@?* + 00 (Bg + Bulhu?) |[Vdy + @faphyu, + He.
1
2 = ~ A~ 2 - ~
_ U_‘C (tanm?* . @g*) dr Ma VIRV d, + U—\C@g* dp My dy
+ ®) ughyu;, + H.c. (2.11)

In deriving the last equality in (2.11), we have employed the relation: R~ (Egz+Egy|hy|?) =
(1—R 1)/ tanp.

It is very illuminating to see how the FCNC part of (2.11) compares with the literature,
e.g. with that obtained in Ref. [6]. To this end, let us first assume that 1 + Eg tan 3 # 0

and decompose R~! as follows:

N 1

R - 1 L e, 212
1+ Bgtang  © (212)



where ypc is the diagonal matrix

E, [hy|? tan
oo = ——uftans - (2.13)
(1 + Egtan )R

Making use of the above linear decomposition of R ! and the unitarity of the CKM matrix

in (2.11), the FCNC part of our resummed effective Lagrangian reads

\/E * *\ 7 * * (€ * U
—Lrene = o (tanﬁ@? - (1)3 ) dir My, (Vtz‘Xg()Jth + VciX%éch + Vuz‘XE?(%Vuj>djLa
2
(2.14)

where ngc’t) are the diagonal entries of ypc and summation over ¢, 7 = d, s, b is understood.

The term proportional to Xg% gives the top quark contribution, which is the result of [6]
and subsequent articles [10,13,14]. However, we should remark here that the frequently-
used top-quark dominance approximation cannot be justified from considerations based
only on minimal flavour-violation models [6,10,13,14]. In fact, the other terms in (2.14)

and especially the one proportional to X%% due to the charm-quark contribution become

rather important in the limit 1 + Eg tan 5 — 0. In this limit, the singularity in Xg% is
canceled against the singularities of X%c()j and ng as a result of the unitarity of V. In this
context, we should note that the limit 1 + Eg tan 3 — 0 is not attainable before the theory
itself reaches a non-perturbative regime. Requiring that all d-quark Yukawa couplings are
perturbative, we can estimate the lower bound, |1 +Eg tan 8| 2 2.5 x 1072, for tan § = 50.2
Although |1 + Eg tan 3| must not vanish in perturbation theory, it can be sufficiently close

to zero, so that the c-quark contribution becomes competitive with the ¢-quark one.

So far, we have assumed that the radiatively-induced matrices Eg and B, in the effective
Yukawa Lagrangian (2.1) are proportional to the unity matrix. However, this assumption
of flavour universality is rather specific. It gets generally invalidated by the mixing of the
squark generations, the soft trilinear Yukawa couplings and renormalization-group (RG)
running of the soft SUSY-breaking parameters from the unification to the low-energy scale.
In this respect, the minimal-flavour-violation hypothesis, although better motivated, should

also be viewed as a particular way from minimally departing from universality.

Nevertheless, given that threshold radiative effects on the up sector are negligible, espe-

cially for large values of tan f3, it is straightforward to derive the general resummed form for

2To obtain this lower limit, we simply take the trace of the square of (2.9) and demand that
Tr|ha|? < 3, or equivalently Tr[(R 1)1V [Mq4[2?VIR 1] < 3v2/2. The latter implies that |1 + Egtan | 2
(mstanB)/(v3ms) = 5x 10 *tanB. Finally, it is amusing to notice that if ImEg = 0 and ReEg < 0,
a perturbative upper bound on tanf, tan 8 S 1/|Eg|, may be derived beyond the tree level.
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the Higgs-mediated FCNC effective Lagrangian. Starting from general non-diagonal ma-
trices Eg and E, in (2.1) and following steps very analogous to those from (2.1) to (2.11),
we arrive at the same form as in (2.11) for the resummed FCNC effective Lagrangian, but
with Eg, E, and R replaced by

E, = US'EUS, B, = US'BUS, (2.15)
R = 1+tanﬁ<Eg+Eu|ﬁu|2+...), (2.16)

where the ellipses in (2.16) denote additional (generically sub-dominant) threshold ef-
fects [20]. Notice that the unitary matrix 22 in (2.15), which is only constrained by
the relation |hy|? = u{?Tthuu,?, introduces additional non-trivial model dependence in
the matrices Eg, E,, and R. In other words, the presence of Z/{[(:) reflects the fact that the
3L cannot be diagonalized simultaneously,

without generating FCNC couplings in other interactions in the MSSM Lagrangian, e.g.

3 x 3-dimensional matrices hi h,, myz, and m

in the Wg—uL—ﬂL and W*—uL—JL couplings. Moreover, even in minimal flavour-violating
scenarios, the 3 x 3-dimensional matrix R may generally contain additional radiative ef-
fects proportional to uSTthdu[? induced by RG running of the squark masses from the
unification to the soft SUSY-breaking scale Msysy. These contributions can be resummed
individually by taking appropriately the hermitian square of the modified (2.9) and solving

for L[I?TthhdLlI?. This last step may involve the use of iterative or other numerical methods.

In the general case of a non-universal squark sector, the resummed FCNC couplings
of the Higgs bosons to down-type quarks can always be parameterized in terms of a well-

defined set of parameters at the electroweak scale. In the weak basis, in which Z/{[(;Q =1,

2 2
LR’ mliL,R

soft Yukawa-coupling matrices A, 4; (ii) the u- and d-quark masses; (iii) the CKM mixing

the set of input parameters consists of: (i) the soft squark mass matrices m and

matrix V.

In our last step in deriving the resummed FCNC effective Lagrangian, we express the
Higgs fields @(1’72 in terms of their mass eigenstates H o 3 and the neutral would-be Goldstone
boson G in the presence of CP violation [21]. Following the conventions of [19], we relate

the weak to mass eigenstates through the linear transformations:

oY — % [OuHi + i(cosﬁ G° — sinf ogiHi)],
o = % [O%Hi + i(sinﬁ GO + cosf ogiHi)], (2.17)

where O;; is a 3-by-3 orthogonal matrix that accounts for CP-violating Higgs-mixing ef-
fects [22]. If we substitute the weak Higgs fields ®7, by virtue of (2.17) into (2.11), we
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obtain the general resummed effective Lagrangian for the diagonal as well as off-diagonal

Higgs interactions to d quarks,

3
Guw — [~ -
2 My Z Hid (Md gfligd, Pr, + gflﬂid, Md/PR) d, (2.18)

=1

ﬁHin' = -

where Pr,g) = [1 — (+) 75]/2 and

Lo = VIRT'V 2L (1 - VTR—lv) /N '(1 - VTR—lv) 3
St;dd cos 8 * sin 8 ' cos? 3 tan 5’
g = (&) (2.19)

The 3 x 3-dimensional matrix R in (2.19), which resums all tan S-enhanced finite radiative
effects, is given by (2.16). Equation (2.18), along with (2.19), constitutes the major result
of the present paper, which will be extensively used in our phenomenological discussions

in Section 3.

Finally, let us summarize the most important properties of the resummed effective

Lagrangian (2.18):

(i) The FCNC interactions in (2.18) are described by tan? 3-enhanced terms that are
proportional to Oy; and Os; and to VIR™!V in (2.19). These tan? S-enhanced FCNC

3

terms properly take into account resummation,” non-universality in the squark sector

and CP-violating effects.

(ii) The resummation matrix R controls the strength of the Higgs-mediated FCNC ef-
fects. For instance, if R is proportional to unity, then a kind of a GIM-cancellation
mechanism [18] becomes operative and the Higgs-boson contributions to all FCNC
observables vanish identically in this case. Furthermore, as well as the top quark, the
other two lighter up-type quarks can give significant contributions to FCNC tran-
sition amplitudes, which are naturally included in (2.18) through the resummation

matrix R.

3In addition to the non-holomorphic contributions we have been considering here, there are in general
holomorphic radiative effects on the ®) coupling to d quarks which have an analogous matrix structure,
ie eg + 5u|f1u|2. These additional holomorphic terms are generally small, typically of order 1072, and
only slightly modify the form of the matrix R to: R = 1 + (1 + &g + eulha[>) ' (Eg + Ey|hy|?) tan 5.
Obviously, such a modification does not alter the general form of the effective couplings in (2.19) and is
beyond the one-loop order of our resummation. Therefore, these additional small holomorphic terms can

be safely neglected.



(iii) In the CP-invariant limit of the theory, the effective couplings gé’g , are either pure
real or pure imaginary numbers. Moreover, in the limit V. — 1, the effective La-
grangian (2.18) of the diagonal Higgs-couplings to down quarks is in excellent agree-

ment with the one presented in [19].

(iv) If My+ ~ Mpy,, > My, , one can show that Oy, = cos 3, Oy ~ sin f and Oz =~ 0. In
this case, the Hi-coupling to d quarks becomes SM like and so H;-mediated FCNC
effects are getting suppressed. Instead, the FCNC couplings of the heavy Hj 3 bosons

to d-type quarks retain their tan S-enhanced strength in the above kinematic region.

(v) The one-loop resummed effective Lagrangian (2.18) captures the major bulk of the
one-loop radiative effects [23] for large values of tan 3, e.g. for tan 5 2 40, and for a soft
SUSY-breaking scale Mgygy much higher than the electroweak scale [7]. In addition,
(2.18) is only valid in the limit in which the four-momentum of the d quarks and
Higgs bosons in the external legs is much smaller than Mgygy. This last condition is

automatically satisfied in our computations of low-energy FCNC observables.

In the next section, we will study in detail the phenomenological consequences of the
tan S-enhanced FCNC effects mediated by Higgs bosons on rare processes and CP asym-

metries related to the K- and B-meson systems.

3 Applications to K- and B-meson systems

We shall now analyze the impact of our resummed effective Lagrangian (2.18) for Higgs-
mediated FCNC interactions on representative K- and B-meson observables. For compre-

hensive reviews on K- and B-meson physics, we refer the reader to [24-26].

3.1 AMpg, ex and € /e

Our starting point is the effective Hamiltonian for the AS = 2 interactions,

_ G2
Hy*=? = 16;2 My, Z Ci(p) Qi(p) (3.1)

where G- = 1.16639 x 107> GeV~? is the Fermi constant, and C;(u) are the scale-dependent
Wilson coefficients associated to the AS = 2 quark-dependent operators ;. Note that the



CKM matrix elements in (3.1) have been absorbed into the Wilson coefficients. The AS = 2

operators (; may be summarized as follows:

Q" = (Prd) (57" Pud), QY™ = (57,Prd)(s9" Prd),

QP = (wuPed)(sv"Prd), Q5" = (5PLd)(5Prd),
UL = (5PLd)(5Pd), i = (5Prd)(5Pgd),
o = (5ouPrd) (50" Prd), Q3 = (50,,Prd)(50" Prd) (3.2)

with 0, = L[y, 7,]. Here, much of our discussion and notation follows Ref. [27].

It now proves convenient to decompose both the K%-K° mass difference AMy and the

known CP-violating mixing parameter e€x into a SM and a SUSY contribution:

AMg = Mg, — Mgy = AMM + AMRPY

ek = el Fer. (3.3)

To a good approximation, one has

AMPESUSY = 9 Re (KO HE =2 |K%au susy (3.4)
SM, SUSY eXP(W/‘l) N 0| 17AS=2 | -0
€ = — - QSm(K"|H K . 3.5
K 3 MM, (K"| Hag™ =" [K”)sm, susy (3.5)

The SUSY contribution to the matrix element (K°|H%°=?|K%)sysy may be written down
as [27,28]
2

_ B G R _
(K| H™ ™ [K)susy = 1575 MiymucFins Bi {PYLL (CYLL + CYRR)

+BIRCE 4 PYRCYR
+ P (of o) 4 (o5 4 ost) | (3.6)

where my = 498 MeV, Fx = 160 MeV and the P’s are the next-to-leading order (NLO)
QCD factors that include the relevant hadronic matrix elements [27-31]. At the scale y = 2
GeV, they are given by [27]

P/ =025, PMR=-186, PM*=306, P'=-93, P"=-166. (3.7)

On obtaining (3.7), we have used the numerical values: 7, = 0.57 and Bk = 0.85+ 0.15.
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From studies in the CP-conserving MSSM with minimal flavour violation [10,14,28], it is
known that for large values of tan 3 2 40, the dominant contribution to (K°|H3 =2 K%)sysy
comes from Higgs-mediated two-loop double penguin (DP) diagrams proportional to CY®.
Within the framework of our large-tan f-resummed FCNC effective Lagrangian (2.18) that
includes CP violation, the Wilson coefficients due to DP graphs are found to be

3 L L
CISLL(DP) B 167°m? nggdgﬂigd

V2GeM}, = Mg,

1672m2 o g ok .
OISRR(DP) _ d Zgszngd

ﬂGFMI%V i=1 M%IZ ,

3
CLROP) 32m%mymg Z ttsa 9155 (3.8)
’ \/§GFM5V i=1 M%Iz ,

where the tan? 3-enhanced couplings gé’i?d may be evaluated from (2.19). Note that the
DP Wilson coefficients in (3.8) exhibit a tan? 3-dependence and, although being two-loop

suppressed, they become very significant for large values of tan 5 2 40.

In addition to the aforementioned DP contributions due to Higgs-boson exchange
graphs, there exist relevant one-loop contributions to (K°|H%°=?| K% sysy at large tan 3:
(i) the t-H* box contribution to CI® of the two-Higgs-doublet-model (2HDM) type, and
(ii) the one-loop chargino-stop box diagram contributing to CP™. The first contribution (i)
becomes significant, up to 10%, only in the kinematic region My+ ~ m;. In this case, to a

good approximation, C7* may be given by [10, 28]

2mgm .
O;R@HDM) - M2 ‘ (‘/ts‘/t-d)Z tan2 6 ‘ (39)
w

Note that the light-quark masses contained in (3.8) and (3.9) are running and are evalu-
ated at the top-quark mass scale, i.e. ms(m;) ~ 61 MeV, my(m,;) ~ 4 MeV. The second
contribution (ii) becomes non-negligible only for small values of the p-parameter [10, 28],
i.e. for |u| < 200 GeV.

In view of the above discussion, the kinematic parameter range of interest to us is:
MSUSY: no=> my, tanﬁ 2 40, (310)
including the case My+ ~ m,, for which the Higgs-mediated DP effects can dominate

the K°-K° transition amplitude. Thus, taking also into account the sub-dominant 2HDM
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contribution (3.9), formula (3.6) simplifies to

- B B F 2/ om By
K| HAS=2 | K0 = 4.6 x 107 GeV ( s ) ( ) ( )
(K°| Heg™ ™" | K )susy X ““\1eonMev /) \057/\ 0385

X [30.6 (CZ)LR(DP) + CZLR(QHDM)) ~ 93 (CISLL(DP) + CERR(DP))] .(3.11)

Observe that the Wilson coefficients €| and C5 contribute with opposite signs to
(K| HE=? |K%gsyusy. Based on (3.11), we will give numerical estimates of AMy and

€x in Section 4.

We now turn our attention to the computation of the direct CP-violation parameter
€' /e in the kaon system, induced by CP-violating Higgs-mediated FCNC interactions. In
the SM, unlike the Z-penguin graphs, the Higgs-penguin contribution to K — mm, which
is proportional to the operator

Qu = (sPud) Y (q9), (3.12)

q=u,d,s
has a suppressed Wilson coefficient proportional to m?] /M%, where the SM Higgs-boson
mass My is subject into the experimental bound: Mg 2 114 GeV. One might even think
of the possibility that the operator Qp in (3.12), which has enhanced Wilson coefficients
for ¢ = ¢,b, mixes with the gluonic and electroweak penguins, as well as with the other
basis operators in (3.2). However, as was already pointed out in [32], this is not the case,

and so the SM-Higgs penguin effects remain negligible.

The situation changes drastically in the MSSM with explicit CP violation, since the
Higgs-boson FONC couplings to down-type quarks are substantially enhanced by tan? 3-
dependent terms, for large values of tan . Furthermore, besides the CKM phase, the
presence of complex soft SUSY-breaking masses with large CP-violating phases may further
increase the Higgs-boson FCNC effects on € /e. In fact, we note that soft CP-odd phases

could even be the only source [3] to account for direct CP violation.

To reliably estimate the new SUSY effect on €’/e due to Higgs-boson FCNC interactions,
we normalize each individual contribution with respect to the dominant SM contribution

arising from the operator Qg = Y (5Prq)(qPrd) [33,34], with Wilson coefficient yg,

q=u,d,s
Viz.
! /

€ € ioos

z — <€>6 <QSM + QSUSY + QIS-IUgSgY> . (313)
In the MSSM with minimal flavour violation, the non-Higgs SUSY contribution (lgysy
is small [35]. Sizable contributions may be obtained if one relaxes the assumptions of

universality and CP conservation in the squark sector [36, 37].
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Here, we compute a novel contribution to €’/e, namely the quantity Q?&gsgf( in (3.13),

which entirely originates from Higgs-boson exchange diagrams in the CP-violating MSSM.
Based on our resummed FCNC effective Lagrangian (2.18), we obtain in the zero strong-

phase approximation

H msm
Qségsgxs(—QE: > =

i=1 gq=u,d,s
[%m(géﬁd) 9.4 (<7T+7T|(3PLd)(‘J‘J)|KO>0 1 <W+W|(8PLd)(QQ)|K°>z>
A2Non Yo (7| Qs K)o |w| Yo (7| Qs K)o
Re(9h0) Ihiaa < (7 (5Pud) (@50) | K 1 (m | (5Pud) (@50)| K0 ) ]
A2\ Yo (7| Q6| K)o |wl Yo (7| Q6| K)o

+22 3 mqu (3.14)

i=1 q=u,d,s
" {%m(gﬁﬁd) Iitaq ((W*?TI(SPRd)(qq)IK% 1 <7T+7T|(8PRd)(qq)lK°>2>
A2 N5 ye (M| Qs K %)0 |w] ys (M= Qs K)o
Re(9,50) Giniaq < (mm|(5Prd) (@)K )0 1 (mt7|(5Pgrd)(q759) | K°)2 > }
A2 )5 Yo (M= |Qs| K)o |wl Ys (M7= |Qs| K)o ’

where the subscripts 0, 2 adhered to the hadronic matrix elements denote the total isospin
I of the final states, and A2\%n is a CKM combination in the Wolfenstein parameterization,
which has the value A2\ ~ 1.3 x 10~* in the SM. Furthermore, for Aqgcep = 325 MeV
and m, = 150 MeV, the SM Wilson coefficient 35 and the matrix element of Qs take
on the values [34]: ys = —0.089 and (777~ |Qs|K)y = —0.35 GeV?, respectively. Also,
experimental analyses suggest the value |w| = 0.045, approximately yielding the SM con-
tribution Qg ~ 1 to €'/e in (3.13). Finally, the parameters gz’zd and g}i’f;u that occur
in (3.14) are the diagonal scalar and pseudoscalar couplings of the H; bosons to u- and
d-type quarks [19], whose strengths are normalized to the SM Higgs-boson coupling. These

reduced H;-couplings are given by

S L R P i L R
Iu,da = %(gHin + gHin)7 9,40 = 2 (gHid_d - gHin)7 (3.15)
gls;lﬁu = OZ%/ Sinﬁa gII;au = _O3i cot B; (316)

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

On the experimental side, the latest world average result for Je(e'/e€) is [38]

/

3%(6—) = (1.66 £ 0.16) x 102, (3.17)
€
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at the 1-o confidence level (CL). In the light of the experimental result (3.17) and the

discussion given above, we may conservatively require that
i
Qgusy] = 1. (3.18)

The biggest contribution in the sum over quarks in (3.14) comes from the d-quark and

exhibits the qualitative scaling behaviour

3
QfiEss 2mgsmy tan® 3

~ 1). 1
SUSY Mg{ |w| X O( ) (3 9)

For instance, for tan = 50 and My = 200 GeV, (3.19) gives le{lijgsg\s( ~ 0.1 x O(1).
Obviously, such a contribution is, in principle, non-negligible, but very sensitively depends

on the actual values of the new hadronic matrix elements:
Qsr)r = (rrm | (8Pyrd) (4(1,%)q) [K°)r (3.20)

with I = 0,2. A detailed calculation of the hadronic matrix elements (Qg:g); in (3.20) will
be given elsewhere. In Section 4, however, we will present numerical estimates of AM

and ex within the context of generic soft SUSY-breaking models.

3.2 AMsp,, B, — ¢{*{" and associated CP asymmetries

We start our discussion of a set of observables in the B-meson system by first analyzing
the Bg—Bg mass difference, AMp_ with ¢ = s, d, in the CP-violating MSSM at large tan /3.
In the applicable limit of equal B-meson lifetimes, AMp, may be written as the modulus
of a sum of a SM and a SUSY term:

AMp, = 2[(BYHg"=* |Bhsu + (BY| Hy = |B))susy| (3.21)

where the effective AB = 2 Hamiltonian H4P=? may be obtained from the AS = 2
one stated in (3.1), after making the obvious replacements: s — b and d — ¢, with
q = d,s. Proceeding as in Section 3.1, we arrive at analogous closed expressions for the
SUSY contributions to the AB = 2 transition amplitudes:

51/2 2
<BO| HAB=2 |BU>SUSY — 1711 pSfl BBd FBd B
dl 7 eft d 230 MeV 0.55

X [0.88 (CZLR(DP) + CZ)LR@HDM)) _ 052 (OfLL (OP) OISRR(DP))] ,
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<BO| HAB:Z |BU> — 9310 psfl Bg/f FBs ? 1B
s el s /8USY 265 MeV 0.55

« [0:88 (CEROP) | RGN g 55 (EIOM) | 0P| (5 9)

In deriving (3.22), we have also substituted the values determined in [27-31] for the NLO-
QCD factors, along with their hadronic matrix elements at the scale y = 4.2 GeV:

PR = 058, P =08, P =05, P"™=_-11. (323

Moreover, the corresponding Wilson coefficients appearing in (3.22) may be recovered from

those in (3.8) and (3.9), after performing the quark replacements mentioned above.

Another observable, which is enhanced at large tan 3, is the pure leptonic decay of B
mesons [5,6,8-15], B‘q) — ¢, with ¢ = p, 7. Neglecting contributions proportional to the
lighter quark masses my s, the relevant effective Hamiltonian for AB = 1 FCNC transitions,

such as b — ¢/~ with ¢ = d, s, is given by

HEP™' = —2V2Gr ViV (Cs Os + CpOp + Cyg (’)10) : (3.24)
where

e? ~ _

OS = me (qPRb) (gf) s
e? _

Op = my (aPab) (Ps0).
et _

O = = (qY* Prb) (Cy,vsL) (3.25)

Employing our resummed FCNC effective Lagrangian (2.18), it is not difficult to compute
the Wilson coefficients C's and Cp in the region of large values of tan 5:*
27ng 1 i ggiqb gf[i[g

Cs = P
2 )
Gem VaViy &= Mp,

3 R P
O Z 27ng 1 gHiqb gHJl
P = ) )
Gem V;fb‘/t); M[{l

(3.26)

=1

4Qur approach to Higgs-mediated FCNC effects presented here may be extended to consistently account
for charged-lepton flavour violation in B-meson decays, such as B 4 — ¢7¢'~ [39], where the effective off-
diagonal Higgs-lepton-lepton couplings gi;?[, can be derived by following a methodology very analogous

to the one described in Section 2.
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while Cjg = —4.221 is the leading SM contribution. In analogy to (3.15), the reduced scalar

and pseudoscalar Higgs couplings to charged leptons g}i’z in (3.26) are given by

Oy
S = s B’ 9 = — tanfO0s; (3.27)

where non-holomorphic vertex effects on the leptonic sector have been omitted as being
negligibly small.
With the approximations mentioned above, the branching ratio for the Bg meson decay

to {70~ acquires the simple form [9]

B(B) —»("07) = (3.28)

G%a?, . 4m? 4m?
0 M, Wi 1= 3 | (1= 350 ) P20+ 16+ 2y
Bq Bq

where 75, is the total lifetime of the B, meson and

i
Fg‘,P I

In our numerical estimates, we ignore the contribution from C'g, as being subdominant in

my 1
M2 Fy —>2 F! = ——Fy Cy . 3.29
B, L'Bq My + Mg S,P A 5 B, Y10 ( )

the region of large tan (3, i.e. for tan 8 2 40, where all Higgs-particle masses are well below
the TeV scale. The SM predictions as well as the current experimental bounds pertinent
to B(BY — ¢T¢7) can be read off from Table 1 in [40].

In the CP-violating MSSM, an equally important class of observables related to
B(BJ, — £707) [16] is the one probing possible CP asymmetries that can take place in the
same leptonic B-meson decays. The leptonic CP asymmetries may shed even light on the
CP nature of possible new-physics effects, as the SM prediction for these observables turns
out to be dismally small of order 107 [41]. This SM result is a consequence of the fact that
the CP-violating phase in B°-B’-mixing parameter ¢/p is opposite to the one entering the
ratio of the amplitudes Apr)(Bg, — U} plom)/ALw)(Biy = 1m)l5r), such that the
net CP-violating effect on the observable parameter Arry = (¢/p)(Arr)/ALr)) almost

cancels out.

There are two possible time-dependent CP asymmetries associated with leptonic B-

meson decays that are physically allowed:

A(Bg—)ZZZZ) _ S dtT(BY(t) = 1f 1) — [ dtr(l?f}(t) — IhlR) (3.30)
cr JoodtT(BO(t) — U7l + [° dtT(BY(t) — UflR) ‘
+ —
and A(CI;E’JHZRZR), with L <> R. Under the assumption that ¢/p is a pure phase, one finds [41]
- 2z, SMmA Fig 2x4 SMA
AE%HZLZL) _ xe SMA, Ag;g»zRZR) _ T, ImA, L (3.31)

(2 4 22) + 22|\ (2 + 22) [N\ > + 2

q
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where z, = AMp, /T'p, and

Ay =

ML (Vib > B Cs + Cp + 2mCio/(myMp,) (3.32)

(M| \ VgV ) B1C5 — Cp — 2myCho/ (myMp,) -

In (3.32), B = (1 — 4m}/Mp, )'/?, M}, is the dispersive part of the BJ-B{ matrix element,
and Cg p are Wilson coefficients given in (3.26). The maximal value that the leptonic CP
asymmetries in (3.31) can reach is AZE* = 1/,/2+ 22 and is obtained for SmA, = |A|*.

From current experimental data [42], one may extract the values x4 = 0.76 and x; 2 19 at
the 95% CL, which leads to A& (B;) ~ 5% and A% (B,) ~ 62%.

Within the framework of our resummed FCNC effective Lagrangian, we also improve
carlier calculations [41] of the CP asymmetries by including BJ-B) mixing effects through
M3 /| M| in (3.32). According to our standard approach of splitting the amplitude into
a SM and a MSSM part, we obtain for the SM part
G My

1272

MW = Mp,n5Bp,F3, (VigVis) Sut | (3.33)

where Sy; &~ 2.38 is the value of the dominant m;-dependent loop function for a top-pole
mass m; = 175 GeV. The SUSY contribution to M% YY) = (B9 HAB=2 | B%gyqy may be
obtained from (3.22).

In the next section, we will present numerical estimates for the K- and B-meson FCNC

observables, based on the analytic expressions derived above.

4 Numerical estimates

In this section, we shall numerically analyze the impact of the tan? 3-enhanced FCNC
interactions on a number of K- and B-meson observables which were discussed in detail
in Sections 3.1 and 3.2, such as AMgk, ex, AMp,, AMp,, By — 7777, By — ptp~ and
their associated leptonic CP asymmetries. For our illustrations, we consider two generic

low-energy soft SUSY-breaking scenarios, (A) and (B).

In scenario (A), the squark masses are taken to be universal and Eg and E, are pro-
portional to the unity matrix at the soft SUSY-breaking scale Mgysy. The CP-conserving
version of this scenario has frequently been discussed in the literature within the context

of minimal flavour-violation models, see e.g. [6].

In scenario (B) we assume the existence of a mass hierarchy between the first two gener-

ations of squarks and the third generation, namely the first two generations are degenerate
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and can be much heavier than the third one. In addition, although not mandatory, we
assume for simplicity that the model-dependent unitary matrix 22 in (2.15) is such that
E; and E, become diagonal matrices in this scenario. Clearly, in the limit, in which all

squarks are degenerate, scenario (B) coincides with (A).

In Fig. 2 we give a schematic representation of the generic mass spectrum that will
be assumed in our numerical analysis. More explicitly, we fix the charged Higgs-boson
Mpy+ to the value 200 GeV. Since the effect of the gaugino-Higgsino mixing [15,16] on
the resummation matrix R can be significantly reduced for my < p, we ignore this
contribution by considering the relatively low value my; ~ 2m; < Mgysy in our numerical
estimates, with m; = 175 GeV. As can be seen from Fig. 2, the third-generation soft squark
mass mj, the p-parameter, the gluino mass m; and the trilinear soft Yukawa coupling A
are set, for simplicity reasons, to the common soft SUSY-breaking scale Mgysy, which is
typically taken to be 1 TeV.

The soft squark masses of the other two generations are assumed to be equal to m; in
our generic framework. To account for a possible hierarchical difference between the mass
scales m; and mg, we introduce the so-called hierarchy factor p, such that m; = pm; =
pMsusy. As has been mentioned above, models of minimal flavour violation correspond to
scenario (A) with p = 1. As we will see in detail in Sections 4.1 and 4.2, the predictions
for the K- and B-meson FCNC observables crucially depend on the values of the hierarchy
factor p. Equally important modifications in the predictions are obtained for different
values of the soft CP-violating phases ¢, = arg (mg) and ¢4, = arg (Ay). In addition, the
K- and B-meson FCNC observables exhibit a non-trivial dependence on the CKM phase

dckm, which is varied independently in our figures.

Although we primarily use tan § = 50 and Mg+ = 0.2 TeV as inputs in our numerical
analysis, approximate predictions for other values of the input parameters may be obtained
by rescaling the numerical estimates by a factor

o = (SI) < (221" w

where the integers n and k£ depend on the FCNC observable O under study. Such a rescaling
proves to be fairly accurate for tan 8 2 40 and Mg+ 2 150 GeV, which is the kinematic

region of our interest.
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4.1 AMK and |€K‘

The SM effects on AMg and |ex| were extensively discussed in the literature [43], so we
will not dwell upon this issue here as well. Instead, we assume that the SM explains well

the experimental results for the above two observables [42]:

AMZ? = (3.490 +0.006) x 102 MeV, (4.2)
exP| = (2.28240.017) x 1072 (4.3)

Given the significant uncertainties in the calculation of hadronic matrix elements, however,
our approach will be to constrain the soft SUSY-breaking parameters by conservatively

requiring that AMRYSY and |€;75Y] do not exceed in size the SM predictions.’

To start with, we display in Fig. 3 numerical values for the Higgs-boson DP effects on
AMy and |ex| as functions of the gluino phase argmj, where the hierarchy factor p and
the phase ¢4, = arg(A;p) of the soft SUSY-breaking trilinear Yukawa couplings assume
the discrete values: (p, ¢4,) = (1, 0°), (10, 0°), (1, 90°), (10, 90°), (1, 180°), (10, 180°).
According to our CP-phase conventions [19], p is always taken be positive, while the
CKM phase dckm is chosen to its maximal value 90°. The subdominant one-loop 2HDM
contribution coming from W*-HF box graphs [cf. (3.9)] has also been indicated by an
arrow in Fig. 3. Predictions for My+ and tan values other than those shown in
Fig. 2 may be approximately obtained by multiplying the numerical estimates by a fac-
tor zo = (tan 3/50)* x (0.2 TeV/Mp+)?%. We observe in Fig. 3 that the resulting values
for AM3ZYSY can exceed the experimental error in (4.2) by one order of magnitude, for
p =10 and |¢a,|, |¢z] 2 90°. For the same inputs, |e5’5Y| takes on values comparable
to the experimentally measured one (4.3). Here, we should stress the fact that universal
squark-mass scenarios corresponding to p = 1 can still predict sizeable effects on ex. This
non-zero result should be contrasted with the one of the gluino-squark box contributions
to AMg and |ex| [44] 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, however, the situation is slightly
different. As we have discussed in Section 2, the size of the FCNC effects is encoded

in the flavour structure of the 3-by-3 resummation matrix R. Since R is diagonal for the

"Both AM and |ek| place important constraints on the p-n plane of the unitarity triangle. The so-
derived limits can be used to constrain new physics. In this case, a global fit of all the relevant FCNC
observables to the unitarity triangle might be more appropriate. We intend to address this issue in a

future work.
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scenarios (A) and (B) under consideration, we can expand the tan S-enhanced FCNC terms
(VIR 1 V)yg in (2.18) as follows:

(VIR Ve = VSR Vaa + VAR Vg + ViR Vi (4.4)

where d and d’ collectively denote all down-type quarks, with d # d'. For the parameters
adopted in Fig. 2, the quantities R;Lt can be simplified further to®

R ~ [ 1 + <& e s 4 M e~ Ay ) tanﬁ]l
“ I 3 p? 32722 ’
] 2 -1
1 Qs g, |hc| —i¢
R = _1 + <—37rp26 ¥ 4 3227 e "%4v ) tan 3 ;
R' = 1+ <as 4 I *"“U) tanﬁ]_l. (4.5)
I 3r 3272

Then, from (4.5), it is easy to see that the off-diagonal elements of VIR™'V increase
if ¢a,, ¢ = £m and so the effective couplings gé’.gd,, thereby giving rise to enhanced
predictions. This is a very generic feature which is reflected in Fig. 3 and, as we will see in

Section 4.2, also holds true for our numerical estimates of B-meson FCNC observables.

Neglecting the small Yukawa couplings of the first two generations and making use of
the unitarity of V, we find for d # d’

1
(VIR'V)ye o Vi Vig {—3 e 1% <— —
T

1 |h/t|2 7i¢)AU t /B 4.6
7 - —e anf3 . (4.6)

3272

If p =1, the dominant FCNC effect originates from the second term in the square brackets
of (4.6), provided |1+ & e~ tan 5] > 5 x 107 tan 8 (see also footnote 2). If p > 1, then
Ls 321%2 ~ 3.6. However,
between the low and high p-regime, there is an intermediate value of p, where (VIR™'V) gy

gluino corrections become dominant; they are larger by a factor

does exactly vanish for d # d', and so the effective couplings gH 7y 10 this case, one has
R;'= R;' = R, " in (4.5), implying that R is proportional to the unity matrix. Then, it
is (VIR™!'V)4g = 0, as a result of a GIM-cancellation mechanism due to the unitarity of
the CKM matrix. We call such a point in the parameter space GIM operative point. The
p value, for which the GIM-cancellation mechanism becomes fully operative, may easily be
determined from (4.6), i.e

3l -1
N ilbs—0a >) _ 4.7
PG ( + 327ras v ( )

SFor p 2 10, the first two equations in (4.5) may be better approximated by replacing p — p/v/2.
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For the MSSM parameter space under study, there is always a GIM-operative value for
the hierarchy factor p, iff ¢4, — ¢35 = 0 or £7. For ¢4, — ¢35 = 0, we have pgnv < 1,
whereas it is pgra > 1, for ¢4, — ¢35 = 7. In fact, the second case is realized in Fig. 4

MZYSY and [€575Y| vanish independently of the value of the

for paru ~ 1.22, where A
CKM phase. Here, we should emphasize the fact that the value of pgn does not depend
on the FCNC observable under consideration and is in excellent agreement with the one
determined by (4.7). Because of the above flavour-universal property of pgv, one may
even face the very unusual possibility of discovering SUSY at high-energy colliders, without

accompanying such a discovery with any new-physics signal in low-energy K- and B-meson
FCNC observables.

It is now instructive to gauge the relative size of the different DP-induced Wilson
coefficients in (3.8). For simplicity, let us take p = 1. Then, each individual DP-induced
Wilson coefficient in (3.8) may be approximately given by

3 3
Z (9[%511)2

O3}, — 03, + 210,03
(XFC) (Vvts‘/t-d)2 Z ! 3M2 . ’ )

Q

i=1 i=1 H;
3 3
(gl}}igdy ~ (XE?C (VisVia)® Z 9L QZOMOSZ )
i=1 i=1
3 3
S (Ghadhisd) = XL (ViVi)? Z , (4.8)

i=1 =1

where X%t)c is the t-quark dependent entry of the diagonal matrix ypc defined in (2.13).

For My+ 2 180 GeV, CP-violation and Higgs-mixing effects start to decouple from the
lightest Hj-sector [19]. Moreover, in the region tan 8 2 40, the ®s-component in the Ho-

and Hj-boson mass-eigenstates is suppressed. As a consequence of the latter, we obtain

3
§¥ = 011_031) a2 + O —5—2 ), (49)
p M}%rl MZ Mg MZ

3 2 2
012032 1 1 MH _MH
§j = 0103 | —— — —— o =2 _"H 4.10

M3, 1 31(]\/[13 M2 ) + ( M2 ’ (4.10)
=1 1 23 23

where M7, = 3 (M}, +Mj,) and the orthogonality of the O matrix has been used. Since it
is O11, O3; < 1 in the kinematic region of our interest, then on account of (4.9) and (4.10)
and for maximal CKM phase dckm = 90°, the dominant contribution to AMZYSY and

e37%Y comes from the last DP expression in (4.8), namely from the Wilson coefficient
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C’;R OP) in (3.8), despite the additional suppression factor my/ms ~ 1/10 with respect to
CIMEOP) If Som = 0, AMSUSY still receives its largest contribution from C3™ ™) while
SUSY| is dominated by the first DP expression in (4.8), i.e. from C™"®"); the second DP

expression in (4.8) is very suppressed with respect to the first one by two powers of the

e

ratio mg/ms. From Fig. (3), we also see that in addition to the CKM phase dcka, the soft
SUSY-breaking CP-phases, such as arg (m;) and arg (Ay), may also give rise by themselves
to enhancements of |[AMRUSY| and |€3V5Y]| even up to one order of magnitude. Analogous
remarks and observations also hold true for the B-meson FCNC observables which are to

be discussed in the next section.

Finally, we should comment on the fact that the 2HDM contribution by itself due
to 02L REZEDM) (3.9) can only give rise to the undetectably small numerical values,
|AMZHPM| =5 x 1077 MeV and |e2PM| = 5 x 107° (indicated by an arrow in the Fig. 3),

for 6CKM = 90°.

4.2 AMsp,, By — {*{~ and associated leptonic CP asymmetries

In this section, we will present numerical estimates for a number of B-meson FCNC ob-
servables, such as the mass difference AMp , the branching ratio for B, — ("¢~ and the
CP asymmetries associated with the B-meson leptonic decays. The current experimental

status of these observables is as follows [42]:

AMp, = 0.489 £ 0.008 ps™', (4.11)
AMp, > 13.1ps ', (4.12)
BB, = ptp) < 20x10°° (4.13)
and [45]
B(B;—1777) < 0.015. (4.14)

Future experiments at an upgraded phase of the Tevatron collider may reach higher sensi-
tivity to B(By — p ™) up to the 107 8-level [11,12,46].

Let us start our discussion by numerically analyzing the B-meson mass differences
AMp, and AMp,. As in the case of the K-meson observables, we use the same input
values as those shown in Fig. 2, i.e. Msysy = 1 TeV, My+ = 0.2 TeV and tan g =
50. Then, Fig. 5 displays the combined, SM and Higgs-DP, contributions to AMp, and
AMpg, as functions of the gluino phase arg(m;), for dckm = 90° and different choices

of hierarchy factor p and ¢,4,. Note that the SM contributions alone for dcxy = 90°
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are displayed by horizontal dashed lines. Even though the SM predictions for AMp, , may
adequately describe by themselves the experimental values in (4.11) and (4.12), they cannot
yet decisively exclude possible new-physics contributions due to the inherent uncertainties
in the calculation of hadronic matrix elements such as those induced by SUSY Higgs-
mediated FCNC interactions. In particular, we observe in Fig. 5 that SM and Higgs-DP
effects may add constructively or destructively to the mass differences AMp, . Similar
features are found in Fig. 6, where the SM and SUSY Higgs-DP contributions to AMp,
and AMp, are plotted versus the hierarchy factor p, for discrete values of dcxn and ¢4, .
In our SM CKM-phase convention [42], unlike the CKM matrix element V,, the matrix
element V4 is very sensitive to dckw values. As a result, the SM predictions for AMp,

strongly depend on the selected value of dcku, as can be seen from Fig. 6.

In Fig. 7, we exhibit numerical values for the branching ratios B(B? — utu~) and
B(BY — 77717) as functions for the gluino phase arg (m;), for Mgysy = 1 TeV, Mp+ =
0.2 TeV, tan 8 = 50, and dcxm = 90°, where p and ¢4, are varied discretely. Since the
branching ratios are driven by Higgs-penguin effects in the region of large tan 3, predictions
for other inputs of tan 8 and M+ may be easily estimated by rescaling the numerical values
by a factor zo = (tan 3/50)% x (0.2 TeV/My+)*, for tan 3 % 40. Thus, confronting the
predictions for B(B? — p*p~) with experiment data in (4.13), combined bounds on the
tan 5-Mpy+ plane may be obtained for a given set of soft SUSY-breaking parameters. As we
see in Fig. 7, these combined bounds become even more restrictive for large gluino phases,

argmg 2 90°, in agreement with our discussions in Section 4.1.

However, there is an additional factor that may crucially affect our predictions for
the branching ratios of the decays B? — putp~ and BY — 777, namely the hierarchy
parameter p. As we show in Fig. 8, even for the extreme choice of a gluino phase arg mg =
180°, B(BY — ptp~) and B(B? — p*p~) can get very suppressed for a specific value of
p in certain soft SUSY-breaking scenarios that can realize a GIM-operative point in their
parameter space. As we detailed in Section 4.1, this phenomenon occurs for the universal
value of p = paiv = 1.22, when ¢4, — ¢35 = 0 or £180°. As can be seen in Fig. 8, the
predicted values for BY — p*pu~ and BY — 7777, where ¢4, = 0°, confirm the above
observation.

As we have already mentioned, the observables AMp, and B(B? — p*pu~) exhibit a
different scaling behaviour with respect to My+ and tan 3, through the scaling factor zo
n (4.1). Once the above two kinematic parameters are fixed to some input values, the two
observables AMp_ and B(B? — ut;~) are then rather correlated to each other, since their

dependences on the p-parameter and Ay are very similar in the minimal flavour-violating
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case p = 1 [14]. As one can see from Figs. 5-8, our numerical analysis agrees well with
the above result for p = 1. However, we also observe that the correlation is practically lost
for p > 1, e.g. close to the GIM-operative points, and/or by the inclusion of CP-violating
effects, as AMp, and B(B® — 1 1~) have different dependences on the soft CP-odd phases.

Let us now investigate the size of the CP asymmetries in the leptonic B;-meson decays
in the CP-violating MSSM; the corresponding CP asymmetries for the B; meson are ex-
perimentally constrained to be rather small, less than 5% (see also discussion after (3.32)).

: : : o ABIuLHT) (By—ufhy)
In Fig. 9, we display numerical values for the CP asymmetries Ag and Aqp
as functions of the gluino phase arg (m;), for Msysy =1 TeV, My+ = 0.2 TeV, tan § = 50,
and dcxm = 90°. As usual, we independently vary the parameters p and ¢4, to take on the
discrete values p = 1, 10 and ¢4, = 0°,90° and 180°. We find that if the BJ-BY) mixing
: : : 1w (B§—uing) (B§—hhng)
is consistently taken into account, the typical size of A and Agp does not
exceed 0.7% and 3%, respectively. If BI-BY mixing is not included, the CP asymmetries can
reach slightly higher values up to 1.2% and 6%, respectively. The apparent reason for the
smallness of the CP asymmetries is due to the occurrence of an approximate cancellation

in the sum Cs + Cp in (3.32) at large tan 3, as the muon velocity is 3, ~ 1.

Having gained some insight from the above exercise, one may seek alternative ways
to enhance the di-muon asymmetries Aéigwi(m%im), To this end, the first attempt
would be to suppress the effect of the B — BY mixing by considering smaller tan 3 values,
e.g. tan 8 < 10. In this intermediate region of tan 3, the above cancellation in the sum
Cs + Cp does not occur due to non-trivial CP-violating Higgs-mixing effects and so the
CP asymmetries Aéigwi(m%im) can be significantly increased. To get an idea of the
magnitude of the CP asymmetries in this case, we consider the so-called CPX scenario
introduced in [47] to maximize CP-violating effects in the lightest Higgs sector of an effective
MSSM. In the CPX scenario, the p-parameter and the soft trilinear Yukawa coupling A
are set by the relations: y = 4Msysy and Ay = 2Msysy. Thus, for My+ = 0.15 TeV,
Msysy =1 TeV, tan8 = 7, p = 10, ¢4, = 45° and ¢; = 0°, we find that CP-violating

Higgs-penguin effects can give rise to the CP asymmetries:
0 +,, - 0 + -
Apg ™t 9%, AR 37 % (4.15)

where B(By; — pTp~) = 3.6 x 107'% which is an order of magnitude larger than the
SM prediction [40]. Another variant of the CPX scenario of equally phenomenological
importance utilizes the parameters: tan 3 = 10, p = 10, ¢4, = 45° and ¢; = 90°, with

Msysy = 1 TeV. In this case, we obtain

U 0_y,,*,=
Ag;d%#LﬂL) ~ 11 %, AE}%%MR#R) ~ 43% (416)
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and B(Bg — pTp~) = 4.1 x 107°, which is two orders of magnitude above the SM pre-
diction. The above scenario appears to pass all the experimental constraints, including
those deduced from LEP2 analyses of direct Higgs searches [47,48]. Most interestingly,
a possible observation of a non-zero CP asymmetry in the leptonic di-muon channel will
constitute the harbinger for new physics at B factories. At this stage, it is important to
comment on the fact that the numerical values stated in (4.15) and (4.16) should be viewed
as crude estimates, since they are obtained entirely on the basis of our resummed FCNC
effective Lagrangian (2.18) at the intermediate tan 5 regime. However, in this region of
tan 3, we expect additional one-loop effects to start getting relevant, such as supersymmet-
ric Z-penguin and box diagrams. Even though our initial estimates given above appear
to yield rather encouraging results, a complete study of the leptonic B-meson branching

ratios and the respective CP asymmetries for all values of tan 5 would be preferable.

In the case of 7-lepton CP asymmetries, the velocities of the decayed 7-leptons [,
is roughly 0.5, so one naturally gets an appreciably higher value for the expression
B, Cs + Cp = 0.5Cp in (3.32). As a result, larger values for the 7-lepton CP asymme-

+
tries are expected. Indeed, in Fig. 10, we display numerical predictions for .A (Bi=rims) and

+
Ag:; a7"RTR) Gersus the gluino phase arg (m;), for the same values of the input parameters

as in Fig. 9. Then, the CP asymmetries AéB}fﬁTL ) and A (BT can be as high as 9%
and 36%, respectively.

We conclude this section with some general remarks. In addition to the K- and B-meson
observables we have been studying here, there is a large number of other FCNC observables
which have to be considered in a combined full-fledged analysis. For example, the decay
B — X7y [49,50] plays a central role in such a global analysis, because it will enable us to
delineate more accurately the CP-conserving/CP-violating soft SYSY-breaking parameter
space favoured by low-energy FCNC observables. Finally, in our numerical analysis, we
have concentrated on scenarios that minimally depart from the minimal flavour-violation
assumption through the presence of diagonal, but non-universal squark masses. In the most
general case, however, the squark mass matrices and consequently the resummation matrix
R of the radiative threshold effects may not be diagonal. Such low-energy realizations with
off-diagonal soft squark-mass matrices can still be treated exactly within the context of
our resummed FCNC effective Lagrangian (2.18), by appropriately considering non-trivial

quark-squark CKM-like matrices, such as the 3-by-3 unitary matrix L[S in (2.9).
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5 Conclusions

We have derived the general form for the effective Lagrangian of Higgs-mediated FCNC
interactions to d-type quarks, where large-tan  radiative threshold effects have been re-
summed consistently (cf. (2.18) and (2.19)). Our resummed FCNC effective Lagrangian is
free from pathological singularities, which mainly emanate from the top-quark dominance
hypothesis frequently adopted in the literature, and has been appropriately generalized
to include effects of non-universality in the squark sector, as well as CP-violation effects
originating from the CKM-mixing matrix and the complex soft SUSY-breaking masses.
In particular, our resummed effective Lagrangian can be applied to study Higgs-mediated
FCNC effects in more general soft SUSY-breaking scenarios, beyond those that have already
been discussed within the restricted framework of models with minimal flavour violation.
Also, an approach to resumming radiative threshold effects, very analogous to the one de-
veloped in Section 2, can straightforwardly be applied to see-saw SUSY models, so as to

properly describe Higgs-mediated lepton-flavour-violating interactions.

Within the context of generic soft SUSY-breaking scenarios, we have analyzed a number
of K- and B-meson observables, such as AMk g, €k, €' /€, B(Bs 4 — (7(7) and their associ-
ated leptonic asymmetries [51], which are enhanced by Higgs-boson FCNC interactions for
large values of tan 8. We have found that the predictions crucially depend on the choice
of soft CP-violating phases in a given set of soft SUSY-breaking parameters. For example,
for certain values of the gluino and stop phases, the predictions can reach and even exceed
the current experimental limits, whereas for other values of the CP-odd phases the FCNC
effects can be reduced by one or even two orders of magnitude. Most remarkably, we have
been able to identify configurations in the soft SUSY-breaking parameter space, such as
pcim, where a kind of a GIM-cancellation mechanism becomes fully operative [cf. (4.7)] and,
as a result of the latter, all Higgs-mediated, tan S-enhanced effects on K- and B-meson

FCNC observables are completely absent.

Based on our resummed effective Lagrangian, one may now carry over the present anal-
ysis to a vast number of other K- and B-meson observables. Evidently, further dedicated
studies need be performed in this direction. We expect the obtained predictions to affect
other low- and high-energy observables, such as measurements of electron and neutron
electric dipole moments and Higgs-boson searches, as well as studies on cosmological elec-
troweak baryogenesis and dark matter. It would be very interesting to determine to which
degree the emerging CP-violating MSSM framework with CP-mixed Higgs bosons medi-

ating tan -enhanced interactions to matter could be potentially responsible for all the
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present and future CP-conserving/CP-violating FCNC effects observed in nature.
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Figure 2: Schematic representation of the SUSY mass spectrum considered in our numerical
analysis, where mg and m; denote the masses of the first two and third generations of
squarks, respectively. The hierarchy factor p, the phase ¢z of the gluino mass, and the
phases ¢4,, of the soft SUSY breaking trilinear couplings, with ¢a, = ¢a, = Pa,, are

varied independently (see also discussion in the text).
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Figure 3: SUSY Higgs-DP contributions to ex and AMy given in units of 10712 MeV
and 1073, respectively, as functions of the gluino phase arg(mgz), for Msysy = 1 TeV,
Mg+ = 0.2 TeV, tanf = 50 and dcxn = 90°. As is shown above, the different curves
are obtained for selected values of p and ¢a,. The size of the 2HDM effect alone on ek is

indicated by an arrow.
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