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We derive the general resummed effective Lagrangian for Higgs-mediated flavor-changing neutral-current
(FCNQ) 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 expliciC P 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 taf regime of the theory fo€ P-conserving andC P-violating observables related to
the K- and B-meson systems, such aMy g, ex, €'/€, B(Bys—€¢*€~) and their associated lepton@P
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-mediatBeertanced effects old- and
B-meson FCNC observables vanish.
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I. INTRODUCTION however, the suggested approaches to threshold radiative ef-
fects involve certain explicit or implicit assumptions perti-
The appearance of too large flavor-changing neutralnent to the squark-mass and the quark-Yukawa structures of
current (FCNCQ) interactions of Higgs bosons to fermionic the theory, such as the dominance of the top quark in the
matter is a generic feature of SU(2J U(1)y theories with  FCNC transition amplitudes. We term the latter assumption
two and more Higgs doublets. Unless there is a symmetry t¢he t-quark dominance hypothesis. On the other hand, some
forbid these Higgs-mediated FCNC interactions to occur inof the approaches neglect higher-order terms in the resum-
the bare Lagrangian of the modg], their unsuppressed mation of threshold corrections td-quark Yukawa cou-

EXiSten(}?e will ineVitany lead to prEdiCtionS _fOI’ rare prq- p”ngsy which become important in the |arge_ﬁmegime of
cesses in the kaon ariéimeson systems that violate experi- the theory.

mental limits by several orders of magnitufig2]. In the
minimal realization of softly broken supersymmet8USY),
the minimal supersymmetric standard modeISSM), the
holomorphicity of the superpotential prevents the occurrenc

In this paper we derive the effective Lagrangian that prop-
erly takes into account the resummation of higher-order
%Ihreshold effects on Higgs-boson FCNC interactions to down
; . ) uarks. To accomplish this in Sec. Il, we avoid the imposi-
of H'ggs'tios"” FCNCs by coupling the one nggs-dAoubIet,[ion of particular assumptions on the structure of the soft
superfieldH,; to the down-quark sector, and the other éhe squark masses and the quark-Yukawa couplings of the

to the up-quark sector. However, the above holomorphignesry Moreover, we do not rely on specific kinematic ap-
property of the superpotential is violated by finite radl""t'veproximations to the transition amplitudes, such as the afore-

(threshold corrections due to soft SUSY-breaking interac'mentionedt-quark dominance hypothesis in the FCNC ma-

tions[3,4]. As a consequence, Higgs-mediated FCNCs reap:;.. o . )
trix elements. In our derivation of the effective Lagrangian,
pear at the one-loop level, but are naturally suppressed for

) i ~ s X we also consider the possibility P violation through two
low and intermediate values of t@+(H,)/(H,), i.e. for

_ Z sources:(i) the Cabibbo-Kobayashi-Maskaw&KM) mix-
tan5=20. Fc_)r larger values of ta, e.g., tarﬁ~30, the ing matrix[17] and (ii) the soft SUSY-violating mass terms.
FCNCs partially overcome the loop suppression factofyg \ye explicitly demonstrate in Sec. Ill, our resummed

2 .
1/(167°) and become phenomenologically relevel, es-  £coNC effective Lagrangian gives rise to new testable predic-

pecially for theK- andB-meson systems. _ tions for C P-conserving as well a€ P-violating observables
Recently, the topic of Higgs-boson FCNCs in the large-g|ated to thek- andB-meson systems. In the same section,

tang limit of Ithe MSSP?A hhas received much a_ttenltion we qualitatively discuss the implications of tBrenhanced
[5-16]. Several approaches have been devised to implemeqfio s mediated interactions for the dire@P-violation pa-

the nonholomorphic finite radiative corrections into the phe'rametere’/e in the kaon system. Section IV is devoted to our

nomenological analysis of FCNC processes, suci#"  numerical analysis of a number & andB-meson observ-
andB°B° mixings, B— Xy andBs—¢ €. In most cases, ables, such a& M, e, AMg, , B(Bgs—¢*¢~) and their
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associated leptoni€ P asymmetries. In particular, based on ' Y ' BY*
our resummed FCNC effective Lagrangian, we are able to . r M
identify configurations in the soft SUSY-breaking parameter dj,--*~~ 9k UR,.-*=s UL
. . . . . >
space, for which a kind of a Glashow-lliopoulos-Maiani- K Y K Y
mechanism cancellatiofGIM) [18] becomes operative in . H———— ——— -
the Higgs-d-quark sector. As a result, all Higgs-mediated, dr g dr dy hy; hy  dr
tangB-enhanced effects oK- and B-meson FCNC observ-
ables vanish. Finally, Sec. V summarizes our conclusions. (a) (b)
Il. RESUMMED ECNC EEFECTIVE LAGRANGIAN FIG. 1. Nonholomorphic radiative effects on th&quark

Yukawa couplings induced bi@) gluinosg and(b) charged Higgsi-
In this section, we derive the general form for the effec-pogF .

tive Lagrangian of Higgs-mediated FCNC interactions in the
CP-violating MSSM. For this purpose, we also consistentlywith |(x,x,x)=1/(2x). To keep things simple in the begin-
resum the tag-enhanced radiative effects on tequark  ning, we assume that in Eq®.2) and(2.3), the bilinear soft

Yukavya coupling$7]. First, we analyze a simple ;o_ft SUSY- SUSY-breaking masses of the squalrkré, ’ ms ~and the
breaking model based on the assumption of minimal flavor _ ) L, LR
violation [6,10,13,13, where the CKM matrix is the only tnlmear_ soft Yukawa couplingéy=A, 4 are flavor-diagonal
source of flavor an€ P violations. We find that even within @nd universal at the soft SUSY-breaking schlgysy. We
this minimal framework, the usually neglectedjuark con-  also neglect the left-right mixing termsg -ug andd, -dg in
tribution to Higgs-mediated FCNC interactions may be com-the squark mass matrices. The consequences of relaxing the
petitive to thet-quark one in certain regions of the parameterabove assumptions will be discussed later on.
space. After having gained some insight from the above con- From Eq.(2.1), we can easily write down the effective
siderations, we then extend our resummed effective Lagrand-agrangian relevant to the effective and u-type quark
ian approach to more general cases that include a nonunivenasses:
sal or hierarchical squark sector as well @® violation
- U A~ A

g:g;rll?r:g%afrg)r?etg:g CKM matrix and the soft SUSY- —Emass=\/—%aghd[l+tanﬁ(Eg+ Euhﬂhu)]df

Before discussing the most general case, let us first con-
sider the following simple form for the effective Yukawa Vo, o
Lagrangian governing the Higgs-mediated FCNC interac- +TuRhuuL+ H.c. (2.9
tions in the quark sectdsb,6: 2

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

0 0 0 0
uwW=Lu, , d’°=ufvd,, ul=tlug, de=1Ldg,
+dulh,u’+H.c., (2.2 Lo Lo ROTRER R R(S_G)

— Ly=dah[®* + DI* (Eg+E hlh,)1d]

whereCDg2 are the electrically neutral dynamical degrees ofwherets?, 14, ug andV are 3-by-3 unitary matrices that
freedom of the two Higgs doublétand the superscript “0”  relate the weak to mass eigenstates of quarks. Evidahily,
on thed- andu-type quarks denotes fields in the interactionpy construction the physical CKM matrix. Substituting Eq.
basis. In Eq.(2.1), hy and h, are 3x3-dimensional down- (2.6) into Eq.(2.5) yields
and up-quark Yukawa matrices, ap-6]

v

— L
. 2as 2 2 1o — Linase =AU [ 1+ tanB(Ey+ E, | ?) IV,
Eg=lg—mgu* 1 (mg mg |mg|?), (22 V2

1 + 220 A u +H
~ _UR U|_ .C.
=l AL mE [ ul?) 2.3 2

T L R

:dRMddL+uRMuuL+H'C'1 (27)

are finite nonholomorphic radiative effects induced by the
diagrams shown in Fig. 1. In the above, the loop iﬂtegral\/\/here [\7|d and |\7|u are the physicau- and u-quark mass

1(x,y,2) is given by matrices, respectively. Consistency of E2.7) implies
xyIn(x/y)+yzIn(y/z)+xzIn(z/x)
[(X,y,z)= . (2.4 o U2n
boy.2) Yy~ D(x-2) 24 =2, @8
: . V2 e
Throughout the paper, we follow the notation and @ié-phase ug‘rhdugz —MyVIR™, (2.9
conventions of 19]. U1
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with limit, the singularity inX(F% is canceled against the singulari-
ties of x{2 and y*! as a result of the unitarity of. In this
context, we should note that the linit- IAEgtan,BHO is not
Notice that Eq(2.9) plays the role of a redefiningenormal- ~ attainable before the theory itself reaches a nonperturbative
ization) condition for thed-quark Yukawa couplings, in the regime. Requiring that all-quark Yukawa couplings are per-
process of resumming higher-order radiative corrections. Olturbative, we can estimate the lower bound Egtan,B|
serve also that the matrik cannot be zero, as this would =2.5x1072, for tanB=50.2 Although |1+ EgtanB| must
result in masslesd quarks. not vanish in perturbation theory, it can be sufficiently close

With the help of Egs(2.6) and(2.9), we can now express to zero, so that the-quark contribution becomes competitive
our original Yukawa Lagrangiaf.1) in terms of the mass with the t-quark one.

R=1+Egtang+Etang|h,|2. (2.10

eigenstatesl_ g andu, g in a resummed form: So far, we have assumed that the radiatively-induced ma-
3 tricesEy andE, in the effective Yukawa Lagrangig@.1) are
-r :_25 M VIR D% + d* (B +E |ﬁ 12)]vd proportional to the unity matrix. However, this assumption of
"y R 1 2 Amen mulu - flavor universality is rather specific. It gets generally invali-

— ¢ dated by the mixing of the squark generations, the soft tri-
+®3ughyu +H.c. linear Yukawa couplings and renormalization-gro(iRG)
running of the soft SUSY-breaking parameters from the uni-
fication to the low-energy scale. In this respect, the minimal-
flavor-violation hypothesis, although better motivated,

3 should also be viewed as a particular way from minimally

0% T v o departing from universality.
+v_2q)2 drM gy + Pzughyuy +H.c. (211 Nevertheless, given that threshold radiative effects on the
up sector are negligible, especially for large values ofdan

In deriving the last equality in Eq2.11), we have employed it is straightforward to derive the general resummed form for

the relationR~*(E,+E,|h,|?) = (1—-R™%)/tan. the Higgs-mediated FCNC effective Lagrangian. Starting
It is very illuminating to see how the FCNC part of Eq. from general nondiagonal matric&; and E, in (2.1) and
(2.12) compares with the literature, e.g. with that obtained il’lfollowing steps very analogous to those from E2}1) to Eq.
Ref.[6]. To this end, let us first assume tHat Egtanﬁsﬁo (2.11), we arrive at the same form as in E®.11) for the

and decompos® ! as follows: resummed FCNC effective Lagrangian, but wit, E, and
R replaced by

2 e
=U—\C(tanﬂobg*—qng*)dRMdv*R—1VdL

1

ﬁ_l=m+wc, (2.12 E~URELUR, E~URELR, (2.1

where yrc is the diagonal matrix R=1+tanB(E4+ E h 2+ 1), (2.1
E.h,*ans where the ellipses in Eq2.16 denote additionalgeneri-

XFc=— m- (213  cally subdominantthreshold effectd20]. Notice that the

unitary matrixt42 in Eq. (2.15), which is only constrained by

Making use of the above linear decompositionftt and  the relation|h,|*=22"h{h 42, introduces additional non-
the unitarity of the CKM matrix in Eq(2.11), the FCNC part  trivial model dependence in the matricEg, E, andR. In
of our resummed effective Lagrangian reads other words, the presence bf,_g reflects the fact that the 3

. . . 2 2 .
x 3-dimensional matriceb/h,,, m= andmy cannot be di-
L L

2 — . . . .
—ﬁpcmc:—(tanﬁq)?*—q)(z)*)diRmdi(VﬁX(F%th agonalllzed smjultanequslyz without generating FCNC cou-
U2 plings in other interactions in the MSSM Lagrangian, e.g., in
+V§iX(F%ch+V3iX(FL3Vuj)djL, (2.14  the Ws-u_ -u. andW"-u -d,_ couplings. Moreover, even in

minimal flavor-violating scenarios, the K33)-dimensional
Wherexl(:uc'c't) are the diagonal entries gf-c and summation matrix R may generally contain additional radiative effects
overi,j=d,s,b is understood. The term proportional*&%
gives the top quark contribution, which is the result[6f
and subsequent articl¢$0,13,14. However, we should re- 2To obtain this lower limit, we simply take the trace of the square
mark here that the frequently used top-quark dominance apf Eq. (2.9 and demand that fiy2<3, or equivalently
proximation cannot be justified from considerations basedr(R™1)"V|M4?VIR™11<3v2/2. The latter implies that|1
only on minimal flavor-violation model$6,10,13,14. In +Egtanﬁ|z(m5tanﬁ)/(J§mt):5><10*4tanﬁ. Finally, it is
fact, the other terms in Eq2.14 and especially the one amysing to notice that iBmE,=0 and%eE,<0, a perturbative
proportional toX(FCg due to the charm—quark contribution be- upper bound on tag, tang=<1/ Eg|v may be derived beyond the
come rather important in the limit+Egang—0. In this  tree level.
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(i) The FCNC interactions in Eq2.18 are described by

squark masses from the unification to the soft SUSYtarfB-enhanced terms that are proportionalQg and Os;

breaking scaleMg,sy. These contributions can be re-
summed individually by taking appropriately the Hermitian
square of the modified Eq.(2.9 and solving for
URThIhUR . This last step may involve the use of iterative
or other numerical methods.

and toVIR™V in Eq. (2.19. These tafi3-enhanced FCNC
terms properly take into account resummatiompnuniver-
sality in the squark sector ar@iP-violating effects.

(i) The resummation matriR controls the strength of the
Higgs-mediated FCNC effects. For instanceRifs propor-

In the general case of a nonuniversal squark sector, thgonal to unity, then a kind of a GIM-cancellation mechanism

resummed FCNC couplings of the Higgs bosons to downf18] becomes operative and the Higgs-boson contributions to
type quarks can always be parametrized in terms of a wellall FCNC observables vanish identically in this case. Fur-
defined set of parameters at the electroweak scale. In th@ermore, as well as the top quark, the other two lighter
weak basis, in whicl?=1, the set of input parameters up-type quarks can give significant contributions to FCNC

consists of:(i) the soft squark mass matricm;azL , g

R L.R
and soft Yukawa-coupling matriced, 4; (ii) the u- and
d-quark massegjii) the CKM mixing matrixV.

transition amplitudes, which are naturally included in Eg.
(2.18 through the resummation matrix.
(iii ) In the CP-invariant limit of the theory, the effective

In our last step in deriving the resummed FCNC effectiveCOUp“ngSgh’iE—d, are either pure real or pure imaginary num-

Lagrangian, we express the Higgs field)ﬁ2 in terms of
their mass eigenstatés, , 3 and the neutral would-be Gold-
stone bosorG? in the presence o€ P violation [21]. Fol-
lowing the conventions of19], we relate the weak to mass
eigenstates through the linear transformations:

1
CI)E:E[OliHiJri(COSBGO—Sin,B OziH)1,

(2.17
dI= iz[oziHiJri(sin,BGowL cosBOsH))1,

5

where O;; is a 3-by-3 orthogonal matrix that accounts for
C P-violating Higgs-mixing effect$22]. If we substitute the
weak Higgs fieldsd)(l)v2 by virtue of Eq.(2.17) into Eg.

(2.112), we obtain the general resummed effective Lagrangia
for the diagonal as well as off-diagonal Higgs interactions to,

d quarks,

— Yy, L R\ ’
Lugar == gy 2 Hid(MoG, 5 Pt G 5o Ma PRI

(2.18
whereP (gy=[1—(+)ys]/2 and
Oy O,;
L _ytp-1 1i _ytp-1 2i
Go = V'R Vgog H - VIR V)
Oa4:
—i| 1- VIR v | —L
cosp tang
R L
gHiEdfz(gHiEd')T' (2.19

The 3X 3-dimensional matriR in Eq. (2.19, which resums

all tanB-enhanced finite radiative effects, is given by Eq.

(2.16. Equation(2.18, along with Eq.(2.19), constitutes the

bers. Moreover, in the limiV—1, the effective Lagrangian
(2.18 of the diagonal Higgs couplings to down quarks is in
excellent agreement with the one presentefili23.

(iv) If MH+~MH2’S>MH1, one can show thatOq;

~co0sfB, O,~sinB and O3;~0. In this case, théd; cou-
pling to d quarks becomes SM like and d%,-mediated
FCNC effects are getting suppressed. Instead, the FCNC
couplings of the heavyd, ; bosons tod-type quarks retain
their tanB-enhanced strength in the above kinematic region.
(v) The one-loop resummed effective Lagrangi@il8
captures the major bulk of the one-loop radiative eff¢24
for large values of taB, e.g. for tan3=40, and for a soft
SUSY-breaking scaléM gy much higher than the elec-
troweak scal¢7]. In addition, Eq.(2.18) is only valid in the
limit in which the four-momentum of thé quarks and Higgs
bosons in the external legs is much smaller tidg,sy.

"his last condition is automatically satisfied in our computa-

tions of low-energy FCNC observables.

In the next section, we will study in detail the phenom-
enological consequences of the fsenhanced FCNC ef-
fects mediated by Higgs bosons on rare processesCand
asymmetries related to thé and B-meson systems.

Ill. APPLICATIONS TO K- AND B-MESON SYSTEMS

We shall now analyze the impact of our resummed effec-
tive Lagrangian(2.18 for Higgs-mediated FCNC interac-
tions on representativi&- and B-meson observables. For
comprehensive reviews d&+ andB-meson physics, we refer
the reader t¢25-27.

3In addition to the nonholomorphic contributions we have been
considering here, there are in general holomorphic radiative effects
on thed)‘l’ coupling tod quarks which have an analogous matrix
structure, i.esqt &,/hy/2. These additional holomorphic terms are
generally small, typically of order 1%, and only slightly modify

major result of the present paper, which will be extensivelythe form of the matrixR in Eq. (2.19 to: R=1+(1+g,4

used in our phenomenological discussions in Sec. lll.

+e,/hy|?) "H(Eg+E |h,|?)tanB. Obviously, such a modification is

Finally, let us summarize the most important properties oheyond the one-loop order of our resummation. Therefore, these

the resummed effective Lagrangiéh18:

additional small holomorphic terms can be safely neglected.

015012-4



RESUMMED EFFECTIVE LAGRANGIAN FOR HIGGS. .. PHYSICAL REVIEW D 67, 015012 (2003

A. AMy, ec and €'/ € The SUSY contribution to the matrix element
Our starting point is the effective Hamiltonian for the (K°|Hag %K% susy may be written down af28,29
AS=2 interactions,

2 <KO|HAS 2|K0>SUSY

Gr
Her *= 5 2MW2 CilwQi(w), (3.0 ,

= MamFmB I PI (Ct o+ ey

where G=1.1663%10"° GeV 2 is the Fermi constant
) e ' pL BL 5s

andC;(u) are the scale-dependent Wilson coefficients asso- +PIRCIR+ PERCSN+ PRHH(CT+ CF7F)
ciated to theAS=2 quark-dependent operato€d;. Note —S,_L SLL . ~SR
that the CKM matrix elements in Ed3.1) have been ab- (C3H+C3™], 3.6
sorbed into the Wilson coefficients. TRS=2 operator<); —
may be Summarized as fo”ows: where mK:498 MeV, FK:16O MeV and theP’s are the

next-to-leading ordefNLO) QCD factors that include the
relevant hadronic matrix elemenf28—32. At the scaleu
T =(sy,PLd)(sy*P.d), =2 GeV, they are given b}28]

PYt=0.25, P{R=-18.6, P\R=30.6,

QYRR=(sy,Pgrd)(sy*Pgd), 3.7)

pPStt=-93, P3''=-16.6.

LR_ (<. i
1 = (57,PLd)(sy"Prd), On obtaining Eq(3.7), we have used the numerical values:

7,=0.57 andB,=0.85+0.15.

LR=(sP d)(sPgd), From studies in th€ P-conserving MSSM with minimal
3.2 flavor violation[10,14,29, it is known that for large values

of  tanB=40, the  dominant  contribution to
TH=(sP.d)(sP.d), (KO|H57=2|K%gusy comes from Higgs-mediated two-loop
double penguir(DP) diagrams proportional t€5~. Within
the framework of our large-tg8-resummed FCNC effective
Lagrangian(2.18 that includesCP violation, the Wilson
coefficients due to DP graphs are found to be

Q5"R=(sPrd)(sPgd),

st=(so,,PLd)(so*"P d),

3 gt—qgt—
CSLL (OP)_ _ 1677 E gHisdgHisd
= ! V2GeMZ S My
SRR=(50,,Prd) (S0 Pgd), W Hi
. . . 16m2m2 2 95 9=
with o,,= 3[ v, ,7,]. Here, much of our discussion and no- csrr (0P _ 0T Md s st 3.9
tation follows Ref.[28]. ! V2GeM3, =1 Mﬁi ' '

It now proves convenient to decompose both KfeK®
mass difference\My and the knownC P-violating mixing ) 3 gh—gf-
parameterey into a SM and a SUSY contribution: CLR (DP)_ _ 32m"mymy > Hjsd=H;sd

5 -

2G6eME =1 M

AM=My —My_=AMM+AMZYSY,
L S . L,R
3.3 where the tafB-enhanced couplln(;J;;;Higd may be evaluated
B susy. from Eq.(2.19. Note that the DP Wilson coefficients in Eq.
k=€t e (3.9 exhibit a tai3 dependence and, although being two-
loop suppressed, they become very significant for large val-
To a good approximation, one has ues of tarB=40.
In addition to the aforementioned DP contributions due to
Higgs-boson exchange graphs, there exist relevant one-loop

AMRM U= 20e( K| Hf 2K su, susv, (34 contributions to(K°|HA5=2|K%¢usy at large tarB: (i) the
t-H* box contribution toC2R of the two-Higgs-doublet-
expli /4) model (2HDM) type, and(ii) the one-loop chargino-top-
e SUSY= IM(KOHAS 2K %y susy. (3.5 squark box diagram contributing @™ . The first contribu-
V2A K ' tion (i) becomes significant, up to 10%, only in the kinematic
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region My=~m;. In this case, to a good approximation, unlike theZ-penguin graphs, the Higgs-penguin contribution

C$' may be given by10,29 to K— 7, which is proportional to the operator
2mam, Qu=(sPid) >, (qq), (312
CHR PP~ ——S=(ViVi)tarfB. (3.9 e
w has a suppressed Wilson coefficient proportionahgch2 ,

where the SM Higgs-boson mab, is subject into the ex-

Note that the light-quark masses contained in E§) and ~ Perimental boundMy=114 GeV. One might even think of
(3.9 are running and are evaluated at the top-quark mas§e Possibility that the operat@,, in Eq. (3.12, which has
scale, i.emy(m)=61 MeV, my(m)=4 MeV. The second enhanced Wilson coefficients fay=c,b, mixes with the
contribution(ii) becomes non-negligible only for small val- gluonic and electroweak penguin diagrams, as well as with

ues of they parametef10,29, i.e. for | u|=200 GeV. the other basis operators in E@.2). However, as was al-

. . ; . : ready pointed out irf33], this is not the case, and so the
In view of the above discussion, the kinematic parameteéM_Higgs penguin effects remain negligible
range of interest to us is \

The situation changes drastically in the MSSM with ex-
plicit CP violation, since the Higgs-boson FCNC couplings
Msusy,u>m;, tang=40, (3.10 to down-type quarks are substantially enhanced by
tarf 3-dependent terms, for large values of @nFurther-
more, besides the CKM phase, the presence of complex soft
including the caséy=~m;, for which the Higgs-mediated SUSY-breaking masses with largeP-violating phases may
DP effects can dominate th&%KO transition amplitude. further increase the Higgs-boson FCNC effectseote. In
Thus, taking also into account the subdominant 2HDM confact, we note that sof€ P-odd phases could even be the only

tribution (3.9), formula (3.6) simplifies to source[ 3] to account for direcC P violation.
To reliably estimate the new SUSY effect e@/e due

to Higgs-boson FCNC interactions, we normalize each

(KOHEE 21K susy individual contribution with respect to the dominant
R SM contribution arising from the operatorQg
_46x10-1 Ge\/( Fk )Tﬂ)(ﬂ) =2g-u,as(SPrA)(qP_d) [34,35, with Wilson coefficient
' 160 MeV| 10.57/10.85 Y6, VIZ.

X [30.6 C5R (OP) CLR (2HDM)) _ g 3 CSLL (DP)

€' €' .

—:(?) (Qsu+ Qsysyt Q558). (3.13
+CSRROP)], (3.11) 6
In the MSSM with minimal flavor violation, the non-Higgs
SUSY contributionQ) g5y is small[36]. Sizable contribu-

Observe that the Wilson coefficienG, andC, contribute tions may be obtained if one relaxes the assumptions of uni-

with opposite signs tC(EO|.H§fFQ':2|_KO>susv- Based on Eq. versality andCP conservation in the squark sec{@7,38.
(3.11, we will give numerical estimates &My and e in Here, we compute a novel contribution &/e, namely
Sec. IV. the quantityQ59%, in Eq. (3.13, which entirely originates

We now turn our attention to the computation of the directfrom Higgs-boson exchange diagrams in @@-violating
CP-violation parametee’/ € in the kaon system, induced by MSSM. Based on our resummed FCNC effective Lagrangian
CP-violating Higgs-mediated FCNC interactions. In the SM, (2.18), we obtain in the zero strong-phase approximation

msMg

2
=u,d,s
MHi

~ S _ _ _ _
Jm(ghis&gmqq(ww|<sPLd><qq>|K°>o 1 <w*w|<sPLd><qq>|K°>2)

3
085%=22 - - -
i=1lgq AZ\57 yo{ 7" 7 |QslK%0 |o] Yo(7" 7 |QqlK%0

L P I _ _ _
i)“‘3<9H§d>9m€q(<7r+w‘|<sPLo|><<m-,q>|K">o_ 1 <w+w‘|<sPLd><qy5q>|K°>2)
A?\°p ye(m 77 [QglK%o |l ye(m 77 |QelK%0
ffm(gﬁi;d)gﬁigq

A%\5y

mymq (w7 |(sPrd)(@a)[K% 1 (" |(sPrd)(qq)|K®),

ye(m " 7 [QelK%0 o] ye(mt 77 QelK 0

+2§3‘, >

: 2
i=1qg=uds M
q H,

R P — — _ —
i""‘e(@'Hisd)‘JHiqq(Ww|(sPRol><cmq)|K°>o_ 1 <w*w|<sPRd)<qysq>|K°>z) 314

A?\%7 yo(m" 7 |QglK%0 |o] Yo(m" 7 |Qg|K%0
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where the subscripts 0, 2 adhered to the hadronic matrix B.AM By’ Bq—>€+€‘ and associatedCP asymmetries
eléargents denote the total isosgirof the final states, and
A i KM combination in the Wolfenstein parametri- . . .
zat);or:], \?vricch hasc ?hebvshzz)ﬁ ;:1'32 foitein t?]?a aSMe.t B-meson systt_am by first gnalyzmg twgg mass differ-
Furthermore, forA ocp=325 MeV andms=150 MeV, the ence,AMBq with qzs'(_j' in the _CP—V|oIat|ng MSSM_ at
SM Wilson coefficientys and the matrix element ¢ take  large tans. In the applicable limit of equaB-meson life-
on the values[35] yg=—0.089 and(m" 7 |QgK®) = times,AMBq may be written as the modulus of a sum of a
—0.35 Ge\?, respectively. Also, experimental analyses sug-SM and a SUSY term:

gest the valugdw|=0.045, approximately yielding the SM

contributionQgyy~1 to €'/€ in Eq. (3.13. Finally, the pa- AMBq=2|<§g|H§f?=2|Bg>SM+<§2IHﬁﬁB=2|Bg)SUSY|,
rametersgﬁ’%d and gf"i%u that occur in Eq.(3.14 are the (3.21)

diagonal scalar and pseudoscalar couplings otHthbosons

to u- andd-type quarkg19], whose strengths are normalized where the effective\B=2 HamiltonianH5£~2 may be ob-

to the SM Higgs-boson coupling. These redudedcou-  tained from theAS=2 one stated in Eq3.1), after making

plings are given by the obvious replacements—b and d—q, with g=d,s.
Proceeding as in Sec. IllA, we arrive at analogous closed
expressions for the SUSY contributions to th8=2 tran-

We start our discussion of a set of observables in the

S _ L_+ R P__i L__ R 2 :
9hd0~ 5(9nda T Inde)  naa™ 5(9,a0™ Ihaa) sition amplitudes:
(3.15
BE/ZFB 2 n
s _ . P~ - _ _ d Bd B
94,0 =O2i/sinB, gy, =~ OsicotB, (3.16 (BYHaE ~*[B)susy=1711 ps* 230 MeV (0—55)
where we have neglected the small radiative threshold effects X[0.88 C5R (PP)+ LR (2HDM))

in the up sector. SLL (DP) , ~SRR (DP
On the experimental side, the latest world average result —0.52C3 +C7 )],
for Re(e’'/€) is [39] (3.22

€' )
me<? s
0.55

at the 1e confidence leve{C.L.). In the light of the experi-

. . . LR (DP) LR (2HDM)
mental resul{3.17) and the discussion given above, we may x[0.84C; +C3 )
conservatively require that _ 0_5zC§LL (DP) 4 CfRR (pr].

=(1.66+0.16x 103, (3.17 Bé/SZFBS

265 MeV,

(BYIH2P ~?[BY) sysy=2310 psl(

|0g8E=1. (3.18 - _
In deriving Eq.(3.22, we have also substituted the values
determined if28-32 for the NLO-QCD factors, along with

The biggest contribution in the sum over quarks in &gl
99 d Eald their hadronic matrix elements at the scale 4.2 GeV:

comes from thed quark and exhibits the qualitative scaling

behavior
PiR=-058, P"=0.88, P;"=-0.52, P3"'=-1.1
. 2m.my tar? 3.2
QHoge~ MSZ d |w|ﬁ><0(1). (3.19 o
H

Moreover, the corresponding Wilson coefficients appearing

For instance, for tap=>50 andMH:ZOO GeV, Eq(319 in Eqg. (3.22 may be recovered from those in E(qg8) and

gives 9~ 0.1x O(1). Obviously, such a contribution is, (3.9), after performing the quark replacements mentioned

in principle, non-negligible, but very sensitively depends on@P0Ve: o _
the actual values of the new hadronic matrix elements: Another observable, which is enhanced at large3ars
the pure leptonic decay oB mesons|[5,6,8-15, B
LR + (ot o~ 0 —€Te™, with €= 7. Neglecting contributions propor-
)= P rd)(@(L,75) @)K, (3.2 ' Mo glecting prop
(Qsphi=(m" 7 |(sPLRD@(Ly9) DIKT), (3.20 tional to the lighter quark masses, s, the relevant effective
Hamiltonian for AB=1 FCNC transitions, such a$®

with 1=0,2. A detailed calculation of the hadronic matrix —.q€" €~ with q=d.s, is given by

elements Qgp); in Eq. (3.20 will be given elsewhere. In
Sec. IV, however, we will present numerical estimates of

AM and e within the context of generic soft SUSY- Haf = —2V2GVViy(CsOs+ CpOp+ C10010),
breaking models. (3.29

015012-7
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where i my [

e? -
Os= 6 My(qPRrb)(€£€), (329

2
In our numerical estimates, we ignore the contribution from

C4g, as being subdominant in the region of large far.e.

e’ — — for tanB=40, where all Higgs-particle masses are well be-
Op= 16572 My(APRD) (€ 75C), (325 |ow the TeV scale. The SM predictions as well as the current
experimental bounds pertinentﬁﬁgg—%*f*) can be read
o2 off from Table | in[41].
O10= Z(EY”PLb)(?Ym’s‘f)- In the CP-violating MSSM, an equally important class of
16m observables related tﬁ(ggysﬂﬁf) [16] is the one prob-

) ) _ing possibleCP asymmetries that can take place in the same
Employing our resummed FCNC effective Lagrangian|eptonicB-meson decays. The leptor@P asymmetries may
(2.18, it is 'not dlfflcqlt to compute the Wilson coefficients ghed even light on th€P nature of possible new-physics
Cs andCp in the region of large values of tg* effects, as the SM prediction for these observables turns out
to be the dismally small order 16 [42]. This SM result is a

s In,a09h e¢ consequence of the fact that ti@P-violating phase in
Cs= — > > (3.26  BO-BY-mixing parameten/p is opposite to the one entering
i the ratio of the amplitudes A,_(R)(ggS
—1 Rl L) ALR) (BSs— 1) L(r). Such that the net
_ 3 I,a09H, ¢ CP-violating effect on the observable parametey g,
Cp=i " 2 > =(a/p)(AL(ry/AL(r)) almost cancels out.
i There are two possible time-depend€&@® asymmetries

associated with leptoniB-meson decays that are physically
while Cio= —4.221 is the leading SM contribution. In anal- zjjowed:

ogy to Eq.(3.15, the reduced scalar and pseudoscalar Higgs
couplings to charged Iepto@s"% in Eq. (3.26 are given by A(Bgﬂ'f'[)
i cP

Oy ” 0 +)- - RO +)-
gii?e: co;IB’ g::ie_e: —tanp0y;, (3.27) jo AT By =1cl)= fo AT B0 =Irlr)
where nonholomorphic vertex effects on the leptonic sector j th(Bg(t)—)|f|f)+f dtr (B —1%1)
0 0

have been omitted as being negligibly small.

With the approximations mentioned above, the branching (3.30
ratio for theBY meson decay td * ¢~ acquires the simple (B0 1517
form [9] and A8 RR, L<R. Under the assumption thgtp is a

pure phase, one find42]
B(BY—¢"¢7)

2 2 2 2 A(Bgﬁlflf)z——zxqjm)\q
Graen .12 amy 4my cP (2+x2) + X3\ g%
= 3 Mg 78 |thth| 1__2 T a2 a a
167 a " Mg, Mg (3.30
A(CBEMQF;):_ 2x2q3m)\q .
2 1
><|Fg|2+|F%+2m€F2|2], (3.28 (2+%g) Nl +xg

wherex,=AM By /l“Bq and

where g is the total lifetime of theB; meson and
‘* M5 [ Vi,

* * *
4Our approach to Higgs-mediated FCNC effects presented here M2l | VibVig PiCs = Cp—2mCyo/ (MM, )
may be extended to consistently account for charged-lepton flavor (3.32
violation in B-meson decays, such Bg 4— ¢ "¢’ ~ [40], where the B 2/ A2 \U2 rpq . .
effective off-diagonal Higgs-lepton-lepton couplingg‘ii—(, can be In Eq. (3.32, Bi=(1—4m /MBq) , M1 is the dispersive

derived by following a methodology very analogous to the onepart of the88—§° matrix element, an€g p are Wilson coef-
described in Sec. II. ficients given in Eq(3.26). The maximal value that the lep-

BiCst Cp+2m,Cyp/(MmpM Bq)

q

015012-8
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tonic CP asymmetries in Eq(3.3]) can reach isAZ3  massny, the u-parameter, the gluino mass and the tri-

=1/\2+x5 and is obtained foBm\,=|\4|. From current linear soft r\](ukawa COUpI'ng:‘USSrSeYSEt’ fi.r simplicity rea-
experimental datd43], one may extract the values, SOhS: [0 the common so -breaking scMeysy.

=0.76 and x;=19 at the 95% C.L., which leads to which is typically taken to be 1 TeV. :
ATHBY~5% and.AT(B)~62% The soft squark masses of the other two generations are
CP - cp\Pd)™ .

Within the framework of our resummed FCNC effective assumed to be qual lmq In our generic framework. To
. . . . account for a possible hierarchical difference between the
Lagrangian, we also improve earlier calculati¢4g] of the

) . 0D mass scalest; andmyg, we introduce the so-called hierarchy
CP asymmgtrles by mcludm@q-B.q mixing effects through factor p, such thatmg=pmy=pMsysy. As has been men-
M$3/IM%,]| in Eg. (3.32. According to our standard ap- tioned above, models of minimal flavor violation correspond
proach of splitting the amplitude into a SM and a MSSMtg scenarioA) with p=1. As we will see in detail in Secs.
part, we obtain for the SM part IVA and IVB, the predictions for theK- and B-meson
FCNC observables crucially depend on the values of the hi-
PO .2 erarchy factop. Equally important modifications in the pre-
MBq”BBBqFBq(thth) St dictions are obtained for different values of the soft
(3.33 CP-violating phases¢q=arg(mg) and ¢, =arg(Ay). In
addition, theK- and B-meson FCNC observables exhibit a
where S,;~2.38 is the value of the dominamt,-dependent nontrivial dependence on the CKM phasggy, which is
loop function for a top-pole mass, =175 GeV. The SUSY varied independently in our figures.
contribution toM g;(SUSY):<§8| HAB:ZIBS>SUSY may be ob- Although we primarily use taf=50 and M-+

tained from Eq(3.22. ef =0.2 TeV as inputs in our numerical analysis, approximate

In the next section, we will present numerical estimatedredictions for other values of the input parameters may be

for the K- and B-meson FCNC observables. based on thePPtained by rescaling the numerical estimates by a factor
analytic expressions derived above.

GZM3,

M 9% (SM) —
12 1272

n

0.2 TeV|*
MH+

tang
50

Xp=

, 4.1

IV. NUMERICAL ESTIMATES

In this section, we shall numerically analyze the impact ofwhere the integera andk depend on the FCNC observable
the tarf3-enhanced FCNC interactions on a numberkef O under study. Such a rescaling proves to be fairly accurate
and B-meson observables which were discussed in detail ifior tang=40 andM,+=150 GeV, which is the kinematic
Secs. lllA and IlI B, such aaMy, ex, AMBd, AMBS, = region of our interest.

—71'77, Be—utu~ and their associated leptoniCP
asymmetries. For our illustrations, we consider two generic A. AMy and |eq|
low-energy soft SUSY-breaking scenari¢4, and(B).

In scenariaA), the squark masses are taken to be unlVer'cussed in the literaturgt4], so we will not dwell upon this

sal andEg andE, are proportional to the unity matrix at the jssye here as well. Instead, we assume that the SM explains

soft SUSY-breaking scal®lsysy. The CP-conserving ver- ye|| the experimental results for the above two observables
sion of this scenario has frequently been discussed in th@:ﬂ:

literature within the context of minimal flavor-violation mod-

The SM effects oMMy and|ex| were extensively dis-

els, see e.q6]. AMF®=(3.490+0.006 X 10" 12 MeV, 4.2
In scenario(B) we assume the existence of a mass hier-
archy between the first two generations of squarks and the | €)= (2.282+0.0179 X 10" 2, 4.3

third generation, namely the first two generations are degen-

erate and can be much heavier than the third one. In additiosijven the significant uncertainties in the calculation of had-

although not mandatory, we assume for simplicity that theronic matrix elements, however, our approach will be to con-

model-dependent unitary mat@x? in Eq.(2.15 is such that  strain the soft SUSY-breaking parameters by conservatively

Ey and E, become diagonal matrices in this scenario.requiring thatAMﬁUSYand|e§USY| do not exceed in size the

Clearly, in the limit in which all squarks are degenerate, scesM predictions’

nario (B) coincides with(A). To start with, we display in Fig. 3 numerical values for the
In Fig. 2 we give a schematic representation of the geHiggs-boson DP effects ahM and|e,| as functions of the

neric mass spectrum that will be assumed in our numericajjuino phase argy;, where the hierarchy factgs and the
analysis. More explicitly, we fix the charged Higgs-boson

My+ to the value 200 GeV. Since the effect of the gaugino—————

Higgsino mixing[15,1€] on the resummation matrik can 5Both AM and|e| place important constraints on thez plane

be significantly reduced fomg<u, we ignore this contri-  of the unitarity triangle. The so-derived limits can be used to con-
bution by considering the relatively low valu@g~2m;  strain new physics. In this case, a global fit of all the relevant FCNC
<Mgysy in our numerical estimates, withy=175 GeV. As  observables to the unitarity triangle might be more appropriate. We
can be seen from Fig. 2, the third-generation soft squarlkntend to address this issue in a future work.
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phaseqﬁAU:arg(At,b) of the soft SUSY-breaking trilinear
Yukawa couplings assume the discrete valugsdp, )
=(1,0°),(10,0°),(,90),(10,90),(1,180),(10,180°). Ac-
cording to ourC P-phase conventiof4.9], » is always taken

to be positive, while the CKM phasé.ky is chosen to its
maximal value 90°. The subdominant one-loop 2HDM con-
tribution coming fromw=-H* box graphgcf. Eq.(3.9)] has
also been indicated by an arrow in Fig. 3. Predictions for
My+ and tang values other than those shown in Fig. 2 may
be approximately obtained by multiplying the numerical es-
timates by a factox,= (tanB/50)*x (0.2 TeVM +)?. We
observe in Fig. 3 that the resulting values foMg”SY can
exceed the experimental error in E4.2) by one order of
magnitude, forp=10 and|¢AU|,|¢5|Z9O°. For the same

inputs,| eg”>Y| takes on values comparable to the experimen-
tally measured onét.3). Here, we should stress the fact that
universal squark-mass scenarios corresponding=td can
still predict sizeable effects oy . This nonzero result
should be contrasted with the one of the gluino-squark box
contributions toAMy and|ek| [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, how-
ever, the situation is slightly different. As we have discussed

PHYSICAL REVIEW D67, 015012 (2003

P xMgysy

my= |u= 1Ayl= |mg I=Mgysy

m~ ~2m;
w

MH+~mt

M

w

in Sec. Il, the size of the FCNC effects is encoded in the FIG. 2. Schematic representation of the SUSY mass spectrum

flavor structure of the 3-by-3 resummation matRx Since
R is diagonal for the scenarig#\) and (B) under consider-
ation, we can expand the t@aenhanced FCNC terms
(VIR™V)4q in Eq. (2.18 as follows:

(VIR™WV) 49 = V¥R, Vg + VER: Weg +V§*th_1Vt(d, ,)
4.4

whered and d’ collectively denote all down-type quarks,

considered in our numerical analysis, whemg andm; denote the
masses of the first two and third generations of squarks, respec-
tively. The hierarchy factop, the phasepy of the gluino mass, and

the phaseggéAtlb of the soft SUSY breaking trilinear couplings, with
b= b, = Pa,, are varied independentl{see also discussion in
the texj.

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

with d=#d’. For the parameters adopted in Fig. 2, the quan- Neglecting the small Yukawa couplings of the first two

tities Ry, ¢ ; can be simplified further fo

A Y
R'=~|1+| —=e "Ys+——e "¥a, |tang|
3mp? 327%p? ]
1-1
a . ho|? :
R, 1~ 1+ —Sze"¢g+|—°l2e"¢/\u)tanﬂ :
3mp 327p ]
2 -1
—-1_ as —igz |ht| i
=[1+|— +-——e '
R; 1 3,6 327728 v |tang

(4.9

generations and making use of the unitarityvgfwe find for
d#d’
-1
ﬁe_ | ¢g< _2 — 1)
3w p

tang. (4.6

(VIR™W) yg < ViEVigr

[hy|?
3272

e 1A,

If p=1, the dominant FCNC effect originates from the sec-
ond term in the square brackets of Hd.6), provided|1

+ (ag37)e " %stanB|>5x 10 *tanB (see also footnote)2

If p>1, then gluino corrections become dominant; they are
larger by a factor &/3m)/(1/327%)=3.6. However, be-

Then, from Eq.(4.9), it is easy to see that the off-diagonal tween the low and higlp regime, there is an intermediate

elements ofVTR™1V increase if¢AU,¢a=tw and so the

value of p, where /TR™1V),4 does exactly vanish fod

effective couplingsg:i%d, , thereby giving rise to enhanced #d’, and so the effective couplin@i‘%d, . In this case, one
predictions. This is a very generic feature which is reflectemasRlez R;lz R(l in Eq. (4.5), implying thatR is propor-

SFor p=10, the first two equations in Eq4.5) may be better
approximated by replacing— p/+/2.

tional to the unity matrix. Then, it is\TR™*V)44=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
spaceGIM operative pointThe p value, for which the GIM-
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M, =1TeV, M =02TeV, tanf}=50, SCKM=90

SUSY

o

00
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FIG. 3. SUSY Higgs-DP contributions € andAM given in

arg(my) [deg]
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cancellation mechanism becomes fully operative, may easily
be determined from Ed4.6), i.e.

3lh? . - -1
2 t —
pam=|1+ 32—0138|(¢g ¢a,)

(4.7)

For the MSSM parameter space under study, there is always
a GIM-operative value for the hierarchy factpr iff ¢

—¢g=0 or . For ¢ —¢3=0, we have pgv<1,
whereas it ipgm=>1, for ¢ — ¢5= . In fact, the second

case is realized in Fig. 4 fopgy~1.22, whereAMg"s"

and | eg”®Y| vanish independently of the value of the CKM
phase. Here, we should emphasize the fact that the value
of pgm does not depend on the FCNC observable under
consideration and is in excellent agreement with the one
determined by Eq.(4.7). Because of the above flavor-
universal property ofog, 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-energi- and B-meson FCNC

units of 10> MeV and 103, respectively, as functions of the
gluino phase arg(y), for Msysy=1 TeV, M+=0.2 TeV, tan3
=50 anddckw=90°. As is shown above, the different curves are
obtained for selected values pfand b, The size of the 2HDM

effect alone orgi is indicated by an arrow.

observables.

ferent DP-induced Wilson coefficients in E@®.8). For sim-

It is now instructive to gauge the relative size of the dif-

plicity, let us takep=1. Then, each individual DP-induced

M. =1 TeV, M. =02 TeV, tanB=50, arg(m)=180° | P 9,
= eV, +=0. eV, tanP=50, arg(m.)=
SUSY H g A ’(PAU_O
8 =90%, @, =0
% CKM AU .
= o — = g0 ’(pAU=90
— _3 N S~ o o
SO =010 7 T~ : - - == 8CKM=45 B (PAU=9O
X, o '~-—._._,_______‘_‘_'_‘_ Been=90> 0, =90
3 Ll .
7z -1.0x10
&
= B ]
<
—2 | | 1 1 I | 1
-1.5x10 1 5 4 3
10'E | S DI
mg‘ . j‘__/.’ n
= 10 F- P E
X, P E
3 - | =
Sy 107 -
W C |
3\- 7
=3 |1
107

FIG. 4. SUSY Higgs-DP contributions & andAM given in units of 1012 MeV and 10 3, respectively, as functions of the hierarchy
factor p, for Mgysy=1 TeV, My+=0.2 TeV, tan3=50, and argny=180°, where the values @ik and ba, are varied discretely.
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— p:l, (pAU=0°
. p=10,0, =0
—— p=l,¢, =90°
Mg sy=1 TeV, M- =02 TeV, tanf=50, SCKM i« il —o®
T | T | T | T [ T | T | T ] T | T | T | T u -
100 = =L, =180
: \ .—. p=10,¢, =180
T :\ 7
S t bt / /
: = /.
|- P :;: \ =2
O 1 1 I 1 I A | | 1 [ 1 | 1 | 1 ] 1 | 1 | 1 I 1 I 1
-180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
IOOOE T | T I T I T l T | T | T ] T | T | T I T | T E
il \. ~ . fﬁ’-/ "“"V
100 N s o 3

1

-180 -150 -120 -90 -60 -30 O 30 60 90 120 150 180
arg(my) [deg]

FIG. 5. SM and SUSY Higgs-DP contributions mled and AMBS as functions of the gluino phase ang), for Mgysy=1 TeV,

My+=0.2 TeV, tanB3=50 and 6cxy=90°, where the hierarchy factgr and ¢a, are varied independently as shown above. The SM
contributions alone fobxy=90° are displayed by horizontal dashed lines.

Wilson coefficient in Eq(3.8) may be approximately given tang=40, thed, component in théd,- andH z-boson mass

by eigenstates is suppressed. As a consequence of the latter, we
obtain
3 3 .
O O +2|Ol'O3' 3 2 A2
(t)y2 2 =3 03— 03 1
E gH sd)ZN(X (VisVia) E ) ) Zl Y802 —02)| —
=1 MHi ;1 Mﬁi (01,-03 MHl Mazg
3 . MZ _M2
O 2|Olio3i H, Ha
2, (9720~ (X A(V: vtd>22 . , +0| —5—|. 4.9
N MHi Has
3
04;0g3; 1 1
3 —
+0% 2 ———=010z| —5———
iZ gH sd9H. Sd)~|X(I) (Vv td)zz =1 MHi Hy Mst
= Hi
4.9 M, —MZ,
Ol ———1, (4.10
where X(t) is the t-quark dependent entry of the diagonal Mst

matrix xpc defined in Eg.(2.13. For My+=180 GeV, 1o ) .
CP-violation and Higgs-mixing effects start to decouple WhereMH =3z(Mj,+Mj, ) and the orthogonality of th®
from the lightestH; sector[19]. Moreover, in the region matrix has been used. Since it@;;,03;<1 in the kine-
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FIG. 6. SM and SUSY Higgs-DP contributions tbM By and AMBS versus the hierarchy factgs, for Mgysy=1 TeV, My~
=0.2 TeV, tan3="50, and argng=180°, wheredcxy andd;AU obtain discrete values as shown above. Also shown are the SM effects alone
for different choices of the CKM phas&-xy, (horizontal dashed lings

matic region of our interest, then on account of E@s9) B.AM By B,—¢ "€~ and associated leptonicC P asymmetries

and (4.1 and for maX|maSIUg:YKM pgf}gﬁﬁCKM:goo’ the In this section, we will present numerical estimates for a
dominant contribution td M;-™"andei ™" comes from the  hymber ofB-meson FCNC observables, such as the mass
last DP expression in Eq4.8), namely from the Wilson differenceAMsg,, the branching ratio foB,—¢* ¢~ and the
coefficientC; ©"in Eq. (38), despite the adg&'?g‘;;‘l SUP- Ccp asymmetries associated with tBemeson leptonic de-
pression factomg/ms~1/10 with respect taCy . If cays. The current experimental status of these observables is
Sckm=0, AMRYSY still receives its largest contribution from as follows[43]:
C5ROP) " while |z is dominated by the first DP expres-

— =1
sion in Eq.(4.9), i.e. fromC3(PP): the second DP expres- AMg,=0.489-0.008 ps-, (4.17
sion in Eq.(4.8) is very suppressed with respect to the first 1
one by two powers of the ratimy/m. From Fig. 3, we also AMBS> 13.1 ps~, (4.1

see that in addition to the CKM phagggy , the soft SUSY- L s
breakingC P phases, such as argf) and arg@,), may also B(Bs—u " p)<2.0X10 (4.13
give rise by themselves to enhancementg/of1 2" and and[46]

|ex"S"| even up to one order of magnitude. Analogous re-

marks and observations also hold true for tBemeson B(By— 7+ 77)<0.015. (4.14
FCNC observables which are to be discussed in the next
section. Future experiments at an upgraded phase of the Tevatron

Finally, we should comment on the fact that the 2HDM collider may reach higher sensitivity 8(Bs— " 1 ~) up to
contribution by itself due t€5% ?"P™) in Eq. (3.9 can only  the 10°® level [11,12,47.

give rise to the undetectably small numerical values, Let us start our discussion by numerically analyzing the
|AM2Z"PM =5x 1071 MeV and |e2"PM|=5x107% (indi- B-meson mass differencesMp andAMg_. As in the case

cated by an arrow in Fig.)3for ckm=90°. of the K-meson observables, we use the same input values as
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FIG. 7. SUSY Higgs-penguin contributions lﬁ(ggﬂluﬂuf) and B(ggﬂfrr’) versus the

30 90 120 180

[deg]

60 150

gluino phase argg), for Mgysy

=1 TeV, My+=0.2 TeV, tand=>50, anddciv=90°, wherep and ¢,  are varied discretely.

those shown in Fig. 2, i.eMgysy=1 TeV, My+=0.2 TeV

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

and tan3=50. Then, Fig. 5 displays the combined, SM andratios B(B— " x~) and B(B}—r*7") as functions for

Higgs-DP, contributions td\MBd andAMBS as functions of
the gluino phase argfy), for écxw=90° and different
choices of hierarchy factop and éa,- Note that the SM
contributions alone fobxy=90° are displayed by horizon-
tal dashed lines. Even though the SM predictionsAﬂMBd .

the gluino phase argfy), for Mgysy=1 TeV, My+
=0.2 TeV, tan3=50, and dcxy=90°, wherep and ba,

are varied discretely. Since the branching ratios are driven by
Higgs-penguin effects in the region of large f@npredic-
tions for other inputs of tag and M+ may be easily esti-

may adequately describe by themselves the experimerital vakated by rescaling the numerical values by a factgr

ues in Eqs(4.11) and(4.12), they cannot yet decisively ex-

=(tanpB/50)®x (0.2 TeVM+)*#, for tanB=40. Thus, con-

clude possible new-physics contributions due to the inherer}ponting the predictions fog(QHM+M—) with experiment

uncertainties in the calculation of hadronic matrix elementsd : .
ata in Eq(4.13, combined bounds on the t@M
such as those induced by SUSY Higgs-mediated FCNC in a(4.13 ARM

teractions. In particular, we observe in Fig. 5 that SM an

Higgs-DP effects may add constructively or destructively to

the mass differenceAMBd . Similar features are found in

Fig. 6, where the SM and SUSY Higgs-DP contributions to

AMBd andAMBS are plotted versus the hierarchy faciar
for discrete values 06k and ¢AU. In our SM CKM-phase

convention[43], unlike the CKM matrix elemenV,g, the
matrix elementV,y is very sensitive todcky values. As a
result, the SM predictions fatMBd strongly depend on the

selected value oy, as can be seen from Fig. 6.

plane
may be obtained for a given set of soft SUSY-breaking pa-
ameters. As we see in Fig. 7, these combined bounds be-
come even more restrictive for large gluino phasesngrg
=90°, in agreement with our discussions in Sec. IVA.
However, there is an additional factor that may crucially
affect our predictions for the branching ratios of the decays
§2—>M+M_ and §g—> 7777, namely the hierarchy param-
eterp. As we show in Fig. 8, even for the extreme choice of
a gluino phase angy=180°, B(B}—x"x") and B(BY
—utu”) can get very suppressed for a specific valug of
in certain soft SUSY-breaking scenarios that can realize a
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FIG. 8. SUSY Higgs-penguin contributions E(§S—>M+M‘) and B(§8—> 7777) as functions of the hierarchy facter, for Mgysy
=1 TeV, My+=0.2 TeV, tans=50, and argny=180°, wheredcxy and I take discrete values.

GIM-operative point in their parameter space. As we detailed , (85— ./ ur) . .
in Sec. IV A, this phenomenon occurs for the universal value' cp as functions of the gluino phase ang), for

of p=pem=1.22, wheng, — ¢;=+180°. As can be seen Msusy=1 TeV, My:+=0.2TeV, tan3=>50, and dciwm
v =90°. As usual, we independently vary the paramegers

in Fig. 8, the predicted values foBJ—u'u " and Bg and ¢, to take on the discrete valugs=1,10 and ¢,
—7777, whereg, =0°, confirm the above observation. v . _ o=p .. 0.
Y =0°,90° and 180°. We find that if th83-By mixing is

As we have already mentioned, the observahldds, consistently taken into account, the typical size of

andB(§2—>,u*,u*) exhibit a different scalin_g behavior yvith (B 1) and A(Bgﬁugﬂg) does not exceed 0.7% and

respect toMy+ and targ, through the scaling factox,, in cP _ C% — _ '

Eq.(4.1). Once the above two kinematic parameters are fixe%, respectively. IfB4-Bg mixing is not included, the CP

to some input values, the two observablell; and B(§° asymmetries can reach slightly higher values up to 1.2% and
’ s ° 6%, respectively. The apparent reason for the smallness of

—utu7) are then rather correlated to each other, since the > P y bp

D m fhe cP asymmetries is due to the occurrence of an approxi-
dependences on the parameter and\; are very similar in

_ A ~ mate cancellation in the su@s+Cp in Eqg. (3.32 at large
the minimal flavor-violating casp=1 [14]. As one can see tang, as the muon velocity if§,~1.

from Figs. 5—8, our numerical analysis agrees well with the Having gained some insight from the above exercise, one

above (esqlt forp - 1. However, we also observe that the may seek alternative ways to enhance the dimuon asymme-
correlation is practically lost fop>1, e.g. close to the GIM-

: : : : o e 1 Ba— s R R - :
operative points, and/or by the inclusion@P-violating ef-  tries A ¢ “t®*L®’ To this end, the first attempt would
fects, asAMg_ and B(gg—qﬁ,uf) have different depen- be to suppress the effect of tﬁégg mixing by considering
dences on the soff P-odd phases. smaller targ values, e.g. ta8=10. In this intermediate re-
Let us now investigate the size of tiEP asymmetries in ~ gion of tanB, the above cancellation in the su@s+Cp

the leptonicBg-meson decays in th€ P-violating MSSM;  does not occur due to nontrivielP-violating Higgs-mixing
the corresponding CP asymmetries for Biemeson are ex- effects and so th€ P asymmetries4éBgH“MR)”Lv(R)) can be
plerlmdgntally _Cons'g{amed to be rather smal, Iesd§ thlar[ﬁ% significantly increased. To get an idea of the magnitude of
also discussion after E3.32]. In Fig. 9, we display nu-  he cp asymmetries in this case, we consider the so-called
merical values for theCP asymmetriesA(CBF(,’H"L “.) and  CPX scenario introduced if#8] to maximizeC P-violating
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FIG. 9. Numerical values for th€P asymmetriesAg:BgH”L”L)

Msusy=1 TeV, My+=0.2 TeV, tan3=50, anddcky=90°, wherep
CP asymmetries without including$-BS mixing.

effects in the lightest Higgs sector of an effective MSSM. In
the CPX scenario, the.-parameter and the soft trilinear
Yukawa couplingA are set by the relationgi=4M g gy
and Ay=2Mgygy. Thus, for My+=0.15 TeV, Mgysy
=1 TeV, tan=7, p=10, pp =45° and¢g=0°, we find
that C P-violating Higgs-penguin effects can give rise to the
CP asymmetries:

0+ - 0+ -
A(CBS—MLL ILL)% _9%, A(CBF?—»ILRMR)N —37%
4.15

where B(Bgq— u "1 ")=3.6x10"1° which is an order of
magnitude larger than the SM predictipfil]. Another vari-

0o+ -
and A(CB,;‘H”R"R) as functions of the gluino phase angy), for
and Pa, are varied discretely. Also shown is the prediction for the

[48,49. Most interestingly, a possible observation of a non-
zeroCP asymmetry in the leptonic dimuon channel will con-
stitute the harbinger for new physics Btfactories. At this
stage, it is important to comment on the fact that the numeri-
cal values stated in Eq&4.15 and(4.16) should be viewed

as crude estimates, since they are obtained entirely on the
basis of our resummed FCNC effective Lagrandiarig at

the intermediate ta@ regime. However, in this region of
tanB, we expect additional one-loop effects to start getting
relevant, such as supersymmetdepenguin and box dia-
grams. 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 respectve

ant of the CPX scenario of equally phenomenological imporasymmetries for all values of tghwould be preferable.

tance utilizes the parameters: {810, p= 10, ¢AU:45°
and ¢5=90°, with Mgysy=1 TeV. In this case, we obtain

(BY—n u) (BY—npug)
A =11%, A S "RIRI~43%  (4.19

and B(By—u " )=4.1x10"°, which is two orders of

magnitude above the SM prediction. The above scenario ap-
pears to pass all the experimental constraints, including thosé

In the case ofr-leptonCP asymmetries, the velocities of
the decayed-leptonsg, is roughly 0.5, so one naturally gets
an appreciably higher value for the expressyCs+Cp
~0.5Cp in Eg. (3.32. As a result, larger values for the

7-lepton CP asymmetries are expected. Indeed, in Fig. 10,
0 _+ -
we display numerical predictions for,él(CBF‘,‘_"L ") and

0+ -
(CBF‘,ﬁTR =) versus the gluino phase argg), for the same

deduced from LEP2 analyses of direct Higgs searchesalues of the input parameters as in Fig. 9. Then, @
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FIG. 10. Numerical estimates of theP asymmetriesA(CBP"”L ) and A(CBgHTRTR) versus the gluino phase arggf), for Mgysy

=1 TeV, My+=0.2 TeV, tan3=50, andScxy=90°, wherep and % take discrete values as shown above.

. B0 .t BO .t o . the present numerical analysis, we have concentrated on sce-
asym”‘e‘tr":*'s"l(CFgj - L_) andA(Cg "™ can be as high as narigs that minimally degart from the minimal flavor-
9% and 36%, respectively. violation assumption through the presence of diagonal, but

We conclude this section with some general remarks. Ithonyniversal squark masses. In the most general case, how-
addition to theK- and B-meson observables we have beenger, the squark mass matrices and consequently the resum-
studying here, there is a large number of other FCNC observmation matrixR of the radiative threshold effects may not be
ables whlch have to be considered in a combined f“"'ﬂedge@iagonal. Such low-energy realizations with off-diagonal soft
analysis. For example, the dec8y—Xsy [50,51 plays a  squark-mass matrices can still be treated exactly within the
central role in such a global analysis, because it will enablegntext of our resummed FCNC effective Lagrangiaris),
us to delineate more accurately theP-conserving or  py appropriately considering nontrivial quark-squark CKM-

CP-violating soft SUSY-breaking parameter space favored;,e matrices, such as the 3-by-3 unitary maﬂ;’t? in Eq.
by low-energy FCNC observables. In this context, con- 2.9

straints onC P-violating SUSY phases from the nonobserva-
tion of electron and neutron electric dipole momeBMs)
should also be implemented. LargeP gluino and top
squark phases, as the ones considered in our analysis, would
require either very heavy squarks with masses larger than We have derived the general form for the effective La-
5-6 TeV or the existence of a cancellation mechanisngrangian of Higgs-mediated FCNC interactions ddype
among the different one-, two- and higher-loop EDM contri- quarks, where large-tah radiative threshold effects have
butions [23,52,53. Especially, it has been shown recently been resummed consistenfbf. Egs.(2.18 and(2.19]. Our

[23] that if the first two generation of squarks are heavierresummed FCNC effective Lagrangian is free from patho-
than about 3 TeV, the required degree of cancellations dodsgical singularities, which mainly emanate from the top-
not exceed the 10% level and hence la@@-violating  quark dominance hypothesis frequently adopted in the litera-
gluino, gaugino and third-generation phases are still allowedure, and has been appropriately generalized to include
for wide regions of the MSSM parameter space. Finally, ineffects of nonuniversality in the squark sector, as well as

V. CONCLUSIONS
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CP-violation effects originating from the CKM-mixing ma- |atter, all Higgs-mediated, tg8-enhanced effects oi- and
trix and the complex soft SUSY-breaking masses. In particuB-meson FCNC observables are completely absent.
lar, our resummed effective Lagrangian can be applied to Based on our resummed effective Lagrangian, one may
study Higgs-mediated FCNC effects in more general sofhiow carry over the present analysis to a vast number of other
SUSY-breaking scenarios, beyond those that have already- and B-meson observables. Evidently, further dedicated
been discussed within the restricted framework of modelstudies need be performed in this direction. We expect the
with minimal flavor violation. Also, an approach to resum- obtained predictions to affect other low- and high-energy ob-
ming radiative threshold effects, very analogous to the ongervables, such as measurements of electron and neutron
developed in Sec. I, can straightforwardly be applied to seeelectric dipole moments and Higgs-boson searches, as well
saw SUSY models, so as to properly describe Higgsas studies on cosmological electroweak baryogenesis and
mediated lepton-flavor-violating interactions. dark matter. It would be very interesting to determine to
Within the context of generic soft SUSY-breaking sce-which degree the emergir@P-violating MSSM framework
narios, we have analyzed a numberkofand B-meson ob-  with CP-mixed Higgs bosons mediating t@enhanced in-
servables, such a8My g, €, €'/€, B(Bsq—{¢"€~) and  teractions to matter could be potentially responsible for all

their associated leptonic asymmetrigst], which are en- the present and futureCP-conserving or CP-violating
hanced by Higgs-boson FCNC interactions for large valuegCNC effects observed in nature.

of tanB. We have found that the predictions crucially depend
on the choice of sof€C P-violating phases in a given set of
soft SUSY-breaking parameters. For example, for certain
values of the gluino and top squark phases, the predictions We wish to thank Ulrich Nierste and Alexander Kagan for
can reach and even exceed the current experimental limitdJuminating discussions, and Herbi Dreiner for a critical
whereas for other values of tHeéP-odd phases the FCNC reading of the manuscript. A.D. acknowledges financial sup-
effects can be reduced by one or even two orders of magnport from the CERN Theory Division and the Network RTN
tude. Most remarkably, we have been able to identify conEuropean Program HPRN-CT-2000-00148 “Physics Across
figurations in the soft SUSY-breaking parameter space, sucthe Present Energy Frontier: Probing the Origin of Mass.”
as pgim,» Where a kind of a GIM-cancellation mechanism A.P. thanks the Fermilab Theory Group for warm hospitality
becomes fully operativecf. Eq.(4.7)] and, as a result of the and support.
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