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We examine th®— ¢K decays within the framework of SUGRA models making use of the improved QCD
factorization method of Beneket al. which allows calculations of nonfactorizable contributions. All other
experimental constraint8( Xy, neutron and electron electric dipole moments, dark matter constrainjs, etc.
are imposed. We calculate ti@P violating parameterS,x, Cyx and A 4= as well as the branching ratios
(BR9 of B andB™=, BI[B— ¢K]. We find that, for the standard mod&M) and MSUGRA, it is not possible
to account for the observed 2:7deviation betweerfs(,,KS and Sypkg I general the BRs are also ino3
disagreement with experiment, except in the parameter region where the weak annihilation terms dominate the
decay(and hence where the theory is least reliabléhus if future data confirm the current numbers, this
would represent the first significant breakdown of both SM and MSUGRA. We show then that, adding a
SUGRA nonuniversal cubic soft breaking left-right term mixing the second and third generations in either the
down or up quark sector, all data can be accommodated for a wide range of parameters. Thefaii&rk
mass matrices are used and the supersymmetric contributions calculated without approximation.
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I. INTRODUCTION while Syyyk ;= sin 28y (Which is a tree level proceps in

excellent agreement with Buras’ SM evaluation, sih?2

Rare decay modes of ttigmeson are important places to =0.715 3%%from the Cabibbo-Kobayaski-Maskaw@KM)
test the standard modéBM) and to look for new physics. '

) TR > atrix [8]. In addition, the branching ratioc8Rs) and the
However, large theoretical uncertainties in the calculations og;

exclusive nonleptoni® decays make it difficult to extract rect CP_asymmetries of both the charged and neutral
.2

useful information from experimental data. Nevertheless!ﬁnodes ofB— ¢K have also been measurgl-5:
CP asymmetries of neutrd® meson decays into final P BRI B K<l=(8.0+1.3) 10 ©
eigenstates, i.e.B— ¢Kg and B—J/yKg, are uniquely [B"—¢Ks]=(8.0=1.3 '
clean in their theoretical interpretations. Among these decay
modesB°— ¢K g is induced only at the one loop level in the
SM and hence is a very promising mode to see the effects of
new physics. In the SM, it is predicted that 8¢ asymme-
tries of B— ¢K 5 andB—J/ /K g should measure the same

BR[B"— ¢K*]=(10.9+1.0)x10 6, 2

C g=—0.19+0.30,

sin 28 with a negligibleO(\?) difference[1]. On the other Acp(BT— ¢pKT)=(3.9£8.8+1.1)%. ()]
hand, the BaBar and Belle measuremégts5| show a 2.6 ,
disagreement betweeB,_ and Sy [5]:* I_n general, any _modeI should explgm_ all _these data. In par-
S S ticular, the relatively small uncertainties in the BRs Bf
Sy s=0.734*+0.055, — ¢K™ andB%— ¢K g need to be considered in the analysis
since they are highly correlated and both are based on the
Sk =—0.38+0.41, (1)  b—s transition. In the SM, Acp(B* — ¢K™) is small and

agrees with Eq.(3). So this directCP asymmetry result
plays an important role in constraining the new physics con-

tribution which might explain the discrepancy betwegyx
*Electronic address: arnowitt@physics.tamu.edu g P pancy S

Electronic address: duttabh@yogi.phys.uregina.ca and SJ/WKS'
*Electronic address: b-hu@physics.tamu.edu The discrepancy betweey., and Sy« has been dis-
LAfter submitting this work new data from Bel[] gave a value cussed in some recent work$0-22 in the framework of
of Sy ,=—0.96-0.5'¢F} (a 3.5 deviation from the standard
mode) and preliminary analysis of new data from BaB@f gave
Syk = +0.4550.43+0.07. Belle and BaBar would then disagree 20yr average of BRB* — ¢K*] only includes BaBar and Belle
by 2.1, and if one averages the new values one obtiihiS,c,  since CLEO[9] is 2.3r away. BRB*— K "] would become
= —0.15+0.33 which is again 24 from the standard model. (9.4+0.9)x 10 ¢ if CLEO is included.
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FIG. 1. Hard spectator scattering diagréan
B and weak annihilation diagrartb). In (a) the
gluon can connect the spectator with eithgr
quark and in(b) the gluon can originate from any
B % K \K

B quark orK quark.

@ (b)

supersymmetri¢SUSY) models, especially in the minimal contain infrared divergences which are parametrized by an
supersymmetric standard mod®SSM) with the mass in- amplitude py o (with py o<1) and a phasepy . (More
sertion method23]. Although these works can provide use- details can be found if26] and[27].) If the effects of these

ful constraints on certain off-diagonal terms of squark mass¢erms are small, the theoretical predictions are well defined.
matrices at low energy, we find that it is very interesting toHowever, if these terms are large or dominant, the theory
investigate this problem in the context of grand unifiedbecomes suspect. We will see below tBgf_is essentially
theory (GUT) models. Since GUT models explain a numberindependent of the infrared divergent terms, though the
of phenomena at low energy by a few well motivated parampranching ratios can become sensitivepfoand ¢, .

eters at the GUT scale, various experimental measurements |n, this work, we first examine the MSUGRA model which
get correlated in this framework. Among supersymmetricis universal at the GUT scale and then consider nonuniversal
GUT models, the R-parity conserved SUGRA model is ongerms. Although nonuniversalities may cause serious prob-
of t_he most favored models since it prowdes_a. natural explarems in some flavor changing processes, K.%KO mixing
nation of the dark matter problem. The .m|n|mal SUGRA 4 hd s+ v, we will show that the off-diagonal terms in
model (MSUGRA) with R-parity conservation has been in- he A parameter soft-breaking terms can satisfy all experi-

vestigated extensively be_cause of its predictive power th ental data including the 2s7deviation betweerS,,;_ and
comes from the fact that it depends on only a few new pa- S

rameters. Unlike the MSSM, which is hard to be constrained/uks We calculate the BR 0B~ — ¢K ™ which is highly

due to its more than 100 new parameténsluding 43CP  correlated withB®— ¢K° and calculate th€ P asymmetry

violating phases the parameter space of the minimum Of this mode in the allowed parameter space. We also calcu-

SUGRA model has 4 parameters and 4 phases. This parar@te theCP asymmetry of théo—sy decay mode.

eter space has several experimental constraintspi-es This paper is organized as follows: In Sec. Il, we give a

+ 1, neutron and electron electric dipole mome(EDM),  brief description of theC P asymmetry oB°— ¢Ks and the

Large Electron-Positron CollidefLEP) bounds and relic QCD factorization technique used in this paper. Then we

density measuremenfig4,25 etc. In this paper, we examine discuss the SUGRA model and its contributions B8

the observed discrepancy betweﬁj,’sks and S in the —@Kgin S_ec. _III. Some detgiled discussi_ons on _expe_rimen-

context of SUGRA models including MSUGRA and models tal constraints implemented in our _analy5|s are given in Sec.

with nonuniversalities. We consider all relevant experimentalV @nd the standard model predictions are discussed in Sec.

constraints in our calculation. V. Section VI is devoted to our results for the MSUGRA
The calculation 0B— ¢K decays involves the evaluation M°del, after which we proceed to the models with nonuni-

of the matrix elements of related operators in the effectivev€rsalities in Sec. VIl and we give conclusions in Sec. VIII.

Hamiltonian, which is the most difficult part in this calcula-

tion. However, the newly developed QCD improved factor- Il. CP ASYMMETRY OF B— ¢K DECAYS

ization [Beneke-Bachalla-Neubert-Sachrajd8BNS) ap- ) )

proach [26] provides a systematic way to calculate the 1he time dependenCP asymmetry ofB— ¢Ks is de-

matrix elements of a large class Bfdecays with significant Scribed by

improvements over the old factorization approéchive fac-

torization. It allows a QCD calculation of “nonfactorizable” 4 (t)_l“(gghys(t)e¢Ks)—I‘(thys(t)—>¢Ks)

contributions and model independent predictions for stron PR == 0

phases which are important in the theoretical evaluation o?‘ T Bpnyd ) = SR+ T Bprydt) = dK9)

the direct CP asymmetries ofB decays, e.g. forB~ = — C 4k COSAmgt) + Sy _Sin(Amgt) (4)

— ¢K~, whose experimental result is given in E). We S S

adopt the QCD improved factorization in oBr— ¢K calcu-

lations. Recently Du and co-workdra7—29 have published

an improved calculation oB— PV decays. We followed

here their calculational techniqu€®7] which are based on 21ImN g 1_|)\¢Ks|2

the original work[26] of Benekeet al. While the BBNS Sy g ¢Kg

approach is an important advance in calculathdecays, it

is not completely model independent. In the BBNS approach

the hard gluor{H) and annihilatior(A) diagramgsee Fig. 1 and)\(,,KS can be written in terms of decay amplitudes:

whereS¢KS and Cykg are given by

®

T+ N gi? 1+ N g d?
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A(B'— ¢Ko) © AB—=¢pK)=AT(B=pK)+ A3B—¢K) (11

A(B°— ¢Kg) where A are factorized amplitudes which can be written as
[27]

In our analysis, we find that the SUSY contributions to

— —2i
)\¢,KS—_e 8

B4-Bg4 mixing are small, and so from now on we will use the ‘ Ge £ .p
standard definition fop: AY(B— ¢K)= N p;uc EI VppVpai(¢K[Oi[B)y,
R (12
o Vcdvcb
p=ar vt | (7)  and.A? is the weak annihilation decay amplitudey]:
tdVtb
- . G
Within the SM, sin B can b_e mc_—:‘asurc_ad K8 o The cur- A¥(B— ¢K)= TFfo‘f’sz VooV . (13)
rent experimental result is given in Edql). Since B° 2

—J/yKg decay is dominated by the SM tree level contribu- . .
tion, we expect that in our analysis the new physics will no The matrix elementg¢K|Oi|B); in Eq. (12) are the factor-

affect the SM prediction for sin@ from B—J/yKg. As a ized hadronic matrix element30]. a;'s andby’s contain the
consequence, we further assume that the current SM fit fo>(\/|Ison coefficients. Explicit expressions for them, as well as

the CKM matrix will not be affected by models discussed in or Aa(B_f ¢>K),'can be fouqd i26] and[27]. _—
In our discussion, the dominant SUSY contributions occur

this paper.
. . through O;,, and Og, and we calculate these new SUSY
TheCP try of ch B8 Kd defined I =Ty © 89
as © asymmetry of chargeB — $K decay Is define contributions in the SUGRA framework.
A== (B —¢K )+T(Bt—¢K™) _|)\¢K:|2+ 1 The SUGRA model at the GUT scale can be described by
(8) its superpotential and soft-breaking terms:
where W=YYQH,U+YPQH;D+Y'LH,E+ uHH,
A(B™— K~ 1 —
Ao B PR © Loo= =2 Wb~ | 5 = Mot BuHH,
A(B+_>¢K+) | a
From the above discussion, it is clear that our theoretical +(AYQH,U+APQH,;D+A'LH,E)+H.c.|.
predictions for the experimental observables, eSgKS,
Cokg and A 4+, depend on the evaluation of decay ampli- (14

tudes where the effective Hamiltonian plays an importan
role. The Effective Hamiltonian foB— ¢K in the SM is
[26]

5—|ereQ, L are the left handed quark and lepton doubléts,

D and E are the right handed up, down and lepton singlets

andH, , are the Higgs boson doublets. In the minimal pic-

10 ture, the MSUGRA model contains a universal scalar mass

Heff:& E quvgs{clog+ C,09+ 2 Ci( ) Ok ) mp, a universfal gaugino mass,;, and the universal cubic
NPXEE: k=3 scalarA terms:

mi=mg, m,=my,, AUPL=AYUPL (15

+C7,07,+ CgqOgq |+ H.c. (10)

This model contains four free parameters and a sigg;
My, Ao, tanB=(H,)/(H,) and the sign ofu.
However, the parameters;;,, u andA can be complex
and their phases can Ii&(1). In order to accommodate the
e ; - experimental bounds on the electron and neutron EDMs
(.)i s n _the _SM.can be found |@2,6]' The SUSY contn_bu- without fine tuning phases we extend MSUGRA by allowing
tions will bring in new operator®;’s which carlbe obtained the gaugino masses & to have arbitrary phases. This
by changing- < R in the SM operators. We usg to denote  model has been extensively studied in the literaf@te-33.
the Wilson coefficient ofO;. The decay amplitude oB  Thus the SUSY parameters with phases at the GUT scale are
—M;M, can be expressed in terms of the matrix elementsn,=|m,,Je'% i=1,2,3 [the gaugino masses are for the
of O;’s, (M1M,|O;|B). We evaluate these matrix elements U(1), SU(2) and SU(3) groups, Ap=|Agle'*s and u
in the QCD improved factorization technique. The necessary=|u|e'¢~. However, we can set one of the gaugino phases to
expressions can be found [i26,27). zero and we choosé,=0. Therefore, we are left with four
Using the above Hamiltonian the amplitude®¥ ¢K is  phases. The EDMs of the electron and neutron can now al-

where the Wilson coefficients;(«) can be obtained by run-
ning the renormalization group equatidRGE) from the
weak scale down to scaje. The definitions of the operator
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low the existence of large phases in the thel@¥—-33. In AM=3.490+ 0.006< 10" 2 MeV. (19
our calculation, we us®(1) phases but calculate the EDMs
to make sure that current bounds are satisfied. In nonuniversal SUGRA models, even if nonuniversal terms

We evolve the above parameters from the GUT scaldetween the first two generations are not present at the GUT
down to the weak scale using full matrix RGEs. Since thescale, AM can become large. This happens because the
b—s transition is a generation mixing process, it is neces-degeneracy between the first two generations can be broken
sary to use the full & 6 matrix form of squark mass matri- by other nonuniversal terms via the RGEs. For example, the
ces in the calculation. We perform the calculation of SUSYA3, terms in the trilinear coupling matricésin Eq. (14) can
contributions without any approximation. give rise to new contribution to thens, term via ém3,

We also include the one loop correction to bottom quarke (1/1672) AysAzlog(Mgut/Myead. Therefore, it is impor-
mass from SUSY34], which is important in the calculation tant to pay attention td M« even when there is no apparent
of SUSY contributions to the Wilson coefficients of the op- direct source producing large contributionsAi .
eratorsO;,, and Ogq and consequently affects the calcula-
tions of B—Xsy andB— ¢K decays. We now discuss the D. Neutron and electron electric dipole moments
experimental constraints in the next section. . i

Neutron and electron EDMs can arise in any model with
IV. PARAMETER SPACE AND EXPERIMENTAL BOUNDS new CP violating phases. In SUSY models, an electron
EDM arises from diagrams involving intermediate chargino-

In this section we review all the experimental constraintssneutrino states and intermediate neutralino-selectron states
considered in our analysis, and briefly discuss their effect$for more details, se¢31-33). The current experimental
and importance. bounds on neutron and electron EDMs p46]

A. BoX.y d,<6.3x10 %%ecm, d,<0.21x10 %%ecm. (20)

We use a relatively broad range for the branching ratio of There are other important phenomenological constraints
B— X5y [35] to take into account the uncertainty in the the- considered, e.g. bounds on masses of SUSY particles and the
oretical calculation oB— Xgy (+0.3X 10 %): lightest Higgs bosonrf,=114 GeV).

2.2X 107 4<BR(B— X¢y)<4.5x 104, (16)
V. B— ¢K DECAYS IN THE STANDARD MODEL

The SM prediction for the BRB— Xsy] is very close to the
measured valug86], so theb— s transition in any new phys-
ics is strongly constrained. Since tBe- ¢K decay also de-
pends on theéb—s transition, the BRB— Xgy] constraint
needs to be implemented in any analysis of Bre ¢K de-
cay. Besides the BR oB— Xy, we also consider in this . Mg
work the directCP asymmetry ofB— Xgy for the existing Xa=(1+pp€' ‘f’A)InA—, An=Aqgcp., pas1. (21
of CP violating phases. The experimental measurement from h

CLEO gives[37] Hard spectator processes contain similar integkajsvhich

Ay =(—0.079+0.108* 0.022(1.0+0.030 (17) are parametrized in the same way. However, uncertainties
sty from the hard spectator calculation are much smaller than

We first discusB— ¢K decays in the SM. The largest
theoretical uncertainties in this calculation come from weak
annihilation diagrams which mostly depend on the divergent
end-point integrals<, parametrized in the forrf26,27

or at 90% confidence levet; 0.27< A, 5, ,<+0.10. those from the weak annihilation for this decay, so we will
mainly concentrate on the latter. These weak annihilation
B. The relic density contributions depend also on the strange quark mass,
The recent Wilkinson Microwave Anisotropy Probe through the chirally enhanced facter :
(WMAP) result giveq 38| om?
L 22)
Qcpmh?=0.11265.005. (18 X mp(Mg+my) (

We implement this bound at thes2level in our calculation: wherem, is mg or m,.
0.094<(1h?<0.129. We also notice that when nonuniversal |n Fig. 2 we show the dependence of the branching ratio
terms are present, new annihilation channels may arise anst B~ — ¢K~ mode on¢, and mg for pp=1. Figure 3
they are different from the usual MSUGRA—y° co-  shows the dependence of the BR @p. Similar graphs can
annihilation channel. be obtained foB%— ¢K°. SinceA ok in the SM[Eq. (8)]
is small, we can compare BR™— ¢K ™ ] with the experi-
C. K%-K® mixing mental measurement of BR™— ¢K*] given in Eq.(2).
- Before we discuss the graphs, we first list our parameters:
It has been shown th&°-K°® mixing can significantly py=1, ¢y=-68°, fg=180 MeV, f,=233 MeV, fy
constrain certain flavor changing sources in SUSY models=160 MeV andF®X=0.34. The CKM matrix elements can
[39]. The current experimental bound fAM « is [40] be obtained through the Wolfenstein parametrizatidt]
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14 TABLE I. Sy, with small weak annihilation at tg8=10 and
40 in MSUGRA. The values are the minimum that can be reached
subject to all other experimental constraints.

10 +
tang 10 40

i |Ao] 800 600 400 O 800 600 400 O
/// m;,=400 0.74 0.74 0.73 0.73 0.71 0.70 0.70 0.69
/7 my,=500 0.74 0.74 0.74 0.74 0.72 0.72 0.72 0.71

Br [B - K ¢]
[ee)

,,,,,,,,,,,,,

regionpa=1 and ¢,=0 (or 27). However, in this region
‘ ‘ ‘ ‘ ‘ ‘ ‘ the weak annihilation diagrams dominate the branching ratio
0 ! 2 3 4 5 6 and thus the theory is most suspect. In the remaining part of
™ the parameter space, where the weak annihilation effects are
small and the theory is presumably reliable, the SM predic-
corresponds tou=m,, dashed curve foru=2.5GeV with tion qf the branching ratio is small, aboutr3below the
m, (2 GeV)=96 MeV and the dot-dashed curve fpr=m, with experlmentgl value. We (_:opclu_de_t_herefo_re that where .the
m. (2 GeV)=150 MeV. The two straight lines correspond to the theory is reliable the SM is in significant disagreement with
cases without weak annihilation. the experimental value of the BR™ — ¢K ™ ], and in order
to obtain a SM value in accord with the experiment one must
use parameters where the theory is least reliable. A similar
result holds for the BRB°— ¢K,]. Here theory predicts a
branching ratio about 10% smaller than B — ¢K™ [in
accord with the experimental values of E)] but the SM

=(0.35+0.15) GeV. For u=25GeV we USe Mg (.an achieve this onlv i : o
_ _ _ : y in the region where the weak annihila-
=0.2 GeV, and foru=m, we usexg=0.47 GeV. In addi- tion processes dominate.

tion, we always use asymptotic forms of the meson light-" 1o g0t dashed line, in Fig. 2, corresponds to a larger
cq|r|1e dlsttrzlbutl;on amplltud?[526,_27_|t.hlf fn?lt m_entlonledl, ‘t’Ye value of mg and we see that the BR is very sensitiventg
will use the above parameters in thé following calcula IonS'only in the large annihilation region. The region with suffi-

In both figures, we give results for two different SCalesciently large annihilation to accommodate the data decreases

and two differentmg values, i.e.,u=m, by solid lines ; ; g ;
- ) as mg increases, since the annihilation amplitude then de-
[ms (2 GeV)=96 MeV] and the dot-dashed lines creases, as can be seen from E29).

[mg (2 GeV)=150 MeV] and u=2.5 GeV by dashed lines
[mg (2 GeV)=96 MeV]. One can see that the scale depen-
dence is not significant. The straight lines correspond to the VI. MSUGRA
branching ratios neglecting the weak annihilation contribu-
tion. Comparing Figs. 2 and 3, we see that a large branching0
ratio comparable to the experimental value is obtained in th(=B

FIG. 2. Branching ratio oB™ — ¢K™ atpa=1. The solid curve

with A=0.819,A =0.2237,p=0.224 andp=0.324. The in-
tegral [§[ ®(£)/£]dé=mg/\g, wheredy is the B meson
light-cone distribution amplitude, is parametrized hy

Before we proceed to present our results, let us first men-

n the values of the parameters used in our calculation of

— ¢K decay amplitudes in SUGRA models since the BRs
depend sensitively on them. We usg py=1, édan=

= ' ' ' ' ' —68°, my(2 GeV)=122.5MeV and a CKM fit giving

sin268=0.73 andy=59°. (If we increasevy, the BR de-

creases, e.g. foy=79°, the SM BR decreases by2%.)

The SM BR is 4.7X 10 ® and the weak annihilation contri-

bution is small -10%).

In Table I, we give the numerical results for two different
values of the MSUGRA parameter t@ncases i.e. taB
=40 and 10 and for differerh,;, andA, in the small weak
] annihilation case. For simplicity, we se,= 7 in the calcu-
———————————————————————————————————————————————— lation of Table I. We use large phases for other parameters

] but still satisfy the EDM constrains. For example, fog,,

=400 GeV andA,=800 GeV with tar3=40, we find that

0 0.2 0.4 0.6 0.8 1 $1=70°, $3=33°, and¢g,=—13° (at the weak scajesat-
[0 isfy the EDM constraintgfor reasons discussed in detail in

, , B . , [33]). The phaser, has a very small effect 08 . and this
FIG. 3. Branching ratio ofB™— ¢K™ at ¢,=0. The solid ffect b I th itud Aoﬁs
curve corresponds ta=m,, dashed curve fop=2.5 GeV with erec epomes smaller as . € magnitu e' ecreases.
m, (2 GeV)=96 MeV and the dot-dashed curve far=m, with Thus a different value of,, in the above fit, can change

m. (2 GeV)=150 MeV. The two straight lines correspond to the Sgkg DY *4% for A;=800 GeV. This change is even
cases without weak annihilation. smaller for smalleAy, e.g. forAy=200 GeV, the change in

12

[N
o

Br [B » K]
fe2]

(=2}

IN

N
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Syk is less than 2%. So far we have not specifiggfor our TABLE II. Sy at tang=10 with nonzeroA>, andA5,.
results. The values ofn,, for different my;, and Ay, are

D
chosen such that the relic density constraint is satisfied. We [Aol 800 600 400 0 |AAz3z2)
also satisfy the BRbo— s+ y] constraint and the Higgs mass m;;,=300 —0.50 —0.49 —0.47 -0.43 ~50
constraint. TheS,_ values shown in the table are the mini- o, —400 -043 -040 -038 -0.36 ~110
mum that can be reached for givem,, andA,. m,;,=500 —0.46 —-046 —-044 -0.31 ~200

It can be seen from Table | that thsws values in  m,;,=600 -0.15 -0.13 -0.04 0.05 ~280

MSUGRA differ only slightly from the SM prediction which
is sin 28 evaluated using just the CKM phase. The branching
ratios of B— ¢K decays also do not differ much from the phenomenological requirements for the Yukawa matrices are
SM prediction. Even if one went to the large weak annihila-that they produce the correct quark masses and the correct
tion region to accommodate the large branching ratg, CKM matrix. Any other Yukawa texture which satisfies the
would still be similar to the numbers in Table I. Therefore, S&mMe requirements can be obtained through unitary rotations.
MSUGRA cannot explain the large BR and the @.differ- ~ Therefore, our results can be recovered with other Yukawa
ence between ths,,/,KS and theSJ/z//KS experimental results. textures if ourA tgrms are rotated allong with the_ Yukawas.

In the calculations of decay amplitudes, we will use QCD
parameters for the small weak annihilation regisee the
last section where the theory is reliable. In general it is
possible thai(see[27] for the calculational details of weak
annihilation) the new physics can change the behavior of
annihilation contributions when the relevant Wilson coeffi-
cients can be reduced or increased significantly. However, in
our case with nonzera A3, terms, the SUSY contribution
VIl. SUGRA MODEL WITH NONUNIVERSAL A TERMS mainly affects the Wilson coefficienSgy 7, (possibly also

In the preceding section, we showed that MSUGRA consqg(7y») @nd these coefficients will not change the annihila-
tributions to B— ¢K decays are negligible and thus tion gontrlbutlons compareq to what we have in the SM cgl_—
MSUGRA needs to be extended if it is to explain the experi_cu!atlon and thus our previous conclusion about the annihi-
mental results oB— ¢K decays. It is obvious that some lation terms still holds.
nonuniversal soft breaking terms which can contribute to the
b— s transition are necessary. There are two ways of enhanc- A. Case I: [AA2]=|AAD] and ¢2# o2,
ing the mixing between the second and the third generation: b b b b
one can have nonuniversal terms in the squark mass matrices We show our results fofAAzq =|AAz)| but ¢os# ¢3,
or in the AUC matrices of Eq.(14). However, in a GUT With tand=10 in Table Il. We note thafAAZ;s,| is an
model, at least the standard model gauge group must hold Hicreasing function ofny,. The phasespy, and ¢3, are
Mg and hence the only squarks, that can occur is either approximately —30° and (75-115)°, respectively. The
left-left or right-right coupling. As discussed i20], such ~ other SUSY phases awg, ~22°, ¢3~31° and¢,~—11°.
nonuniversal terms produce only small effects B> ¢K  In addition, as mentioned above, the phaségfi.e. a,, is
decays. Thus we are led to models with left-right mixingSet to berw.
which can occur in th\Y'P matrices as the simplest pos- The BRB™—¢K™] is ~10x107°® in the parameter
sible nonuniversal term relevant ®— ¢K decays. In this Space of Table II. We satisfy all other experiment constraints.
work then, we choose a model with nonzé®3) elements We see that SUGRA models can explain the large BR and
in the trilinear couplingA terms of Eq.(14) to enhance the Sy Of the B— ¢K decay modes even in the small annihi-
left-right mixing of the second and the third generation. Thelation region. Comparing with Eq1), one sees that the val-

The reason is that, in MSUGRA, the only flavor violating
source is in the CKM matrix, which cannot provide enough
flavor violation needed for thé—s transition in B— ¢K
decays. In the next section, we will search for the minimal
extension of MSUGRA that can solve both the BR ahg
problems ofB— ¢K decays.

A terms with nonzer@2,3) elements can be written as ues ofS, in the table are within & range of the experi-
Ub Ub UD mental measurement. Reducing the[BR— ¢K ™ ] allows
ATE=AYT T HAAS (23} one to lower Syk, For example, forA,=0 and my,

=600 GeV, by adjustingcﬁgz, S¢Ks can be reduced to
o —0.05 with BRB™ — K ]~9x10 5. In Table Il we
=|AA;Ple?i”. WhenAAYP=0, MSUGRA is recovered. show the directCP asymmetries of th&8~ — #K~ decay,
For simplicity, we will discuss first the case of nOﬂ-ZerOi_e_AqSK;' using the same parameters as in Table Il. Thre
AAZ; and nonzera Ag, for tang=10 and 40. In both cases, asymmetry is aroune- (2~3)% and agrees with the experi-
all other entries i\AY'P are set to zero. The other param- mental result shown in Eq3). This prediction depends on
eters are same as in the MSUGRA case. We will set thene choice of¢,y in Eq. (21). For example, if we use
phases such that the EDM constraints are obeyed. At thg, ,=28°, we generate a largd o=~ 27%. We find that
GUT scale, we use a diagonal Yukawa texture¥8r while  there exists a reasonably large rangegafy where we can
YP is constructed a¥Yy whereV is the CKM matrix and ~ satisfy the current bound ol ,=. For example, am;,
Y} is the diagonalized matrix of the down-type Yukawa. The=300 GeV andA,=800 GeV where the SUSY contribution

where AAYP are 3x3 complex matrices and\A"
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TABLE Ill. Ay ., (left) and A 4= (right) at tang= 10 with nonzercA2; andA%;.

Al 800 600 400 0
Myj,= 300 12%  —37%  14% —36%  1.7% —3.6%  2.2% —3.5%
Myj,=400 1.9%  —35%  2.0% —34%  22% —33% 23% —3.3%
Myj,=500 2606 —35%  26% —3.6%  25% —35%  24% —3.2%
Myj,= 600 20% —-2.8% @ 21% —27%  21% —25%  22%  —2.2%

is the largest, we find thall ,«~ varies from 9% to—4%  atesm,=580 GeV which is still allowed for the dark matter

when ¢,y varies from—100° to —50° (for simplicity, we  constraint to be satisfied in the—x° co-annihilation chan-
setga= ¢y). In addition, since the annihilation contribution o |t |A23(32)| is increased more, the pseudoscalar mass gets

's small in that rangfé we find that the branching ratio iSsyajjer and the dark matter constraint can still be satisfied
around (9.5-11)X 10" °. The CP asymmetry ofb—sy is . 0 0 — .
due to the availablg;x;—A—ff channel. But with a fur-

~1—3%. The present experimental errors @y, _are still ! ] )
large. For this modeiC ;c ~ — A 4=, which maysbe tested ther reduction of the pseudoscalar mass by increasing
' ¢Kg PR |A2DS(32)| further, this channel goes away whem,<2nmo

by future data. : . . . :
. . and we must again satisfy the relic density using the stau-
In Tables [V and V, we give our results for g+ 40 with neutralino co-annihilation channel. However, the improve-

D D D _ o

gﬂgz(%r&Aﬁzg)(iz)'rezr;eeg::/aeslsjm (a;Sd %%)?re(b (72%: (;)n q ment of Sy _ in this scenario is small. For example, for the
’ 17 ~ » P37 . . .

¢,~—8°. The off-diagonal elementg\ AzDs(32)| vary from  Point mentioned abov¢A§3(32)| can be increased to around

90 GeV to 250 GeV am, increases. We compare Table IV 480 GeV with relic density in the-—x° channel butS,

with the results for tagg= 10 shown in Table Il and we see can only be reduced from 0.33ee Table IV to 0.22 with

that only lowm,, can safisfy experimental data for tn the same branching ratio. Thus, tBgy . and the branching

=40. The most important reason for this is that left-right . </l cannot be satisfied.

mixing of the second and the third generation decreases sig- D D
o o . . If we use ¢3= 3, (equal phasgswe have one less pa-
nificantly with increasing taf. This comes about as fol- rameter, but that choice will not be able to satisfy experimen
lows. The RGE running oA> is not sensitive to tag. ' : -
9 OR23(32) B tal results. The reason is that the weak phase from the gluino

Therefore, for the same size @z input at the GUT i ions in the Wilson coefficientSg, and the weak
scale, the weak scale values/b?s(sz) do not differ much for

different tang. However, theAD term enters into the down Phase fromCqg will cancel whendz;= ¢3, becausee, de-

squark matrix after electroweak symmetry breaking wHgn ~pends onA2; but Cggy depends onAS,)*. For example, for
[see Eq.(14)] grows a vacuum expectation value propor-tang=10 we find thatSy ~0.7 since the gluino contribu-
tional to cosB. Hence the left-right mixing between the sec- tion dominates at lower ta8. At tan3= 40, Syx. can reach

ond and the third generation in the doyvn Sq“af" matrix WiII0.45 since the chargino contribution is larger at higheraan
be smaller for large ta. For low my, this reduction can be but this is not enough to satisfy the data.

compensated by increasing the magnitudeAgg(gz). For

example, form,,=300 GeV, we US@A; 32 ~90 GeV in B. Case II: [AAY)=|AAY) and Y=Y,

this case compared to 50 GeV in the case ofgal0 (see

Table 1)). The chargino diagram contribution increases with In this section we discuss the caseA7;;,=0 but
tang and can help to generate a large BR. But for largg, AAgg(gz);&O. The phases used are similar to those used in
when the chargino contribution goes dOWA53(32)| must  first two cases excepbys= ¢3,. This case is more compli-
become much larger. However, Ag; 3, increases, the pseu- cated than thé\g?,(gz)# 0 case. We find that it is easier to start
doscalar Higgs boson mass becomes small at the same tirbg comparing them.

(but . does not get smallgrwhich preventsjAzDg(gzj from The first important change is that the\3, contribution is
having an unlimited increase. For example, fam, much smaller than the;Ag’2 contribution to the mixing be-
=600 GeV andA,=800 GeV, |A2D3(32)| =250 GeV gener- tween the second and the third generation in the down squark

TABLE IV. Sy, (left) and BRB™— ¢K~]x 10° (right) at tang=40 with nonzeraAA%; andAAY,.

|Aq| 800 600 400 0
Myj,= 300 ~0.40 100 -038 100 -0.33 101 —0.05 10.0
My/p= 400 -0.11 80  —0.05 8.0 0.04 7.9 0.28 8.0
Myjp= 500 0.07 6.0 0.16 6.1 0.24 6.1 0.37 6.2
Myjp= 600 0.37 6.2 0.44 6.2 0.49 6.2 0.58 6.2
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TABLE V. A, .., (left) and A 4= (right) at tang=40 with nonzercA2; andA3,.

|A| 800 600 400 0
my;,;=300 —6.3% —-35% —56% —34% -52% —33% -36% —2.6%
my,=400 —3.0% -3.0% —21% —29% —17% —26% -07% —1.8%
my,=500 —05% —29% —04% —25% —02% —22%  02% —17%
my,=600  02% —17%  03% —14%  04% —12%  06% —0.8%

mass matrix due to the suppressign by the second generatiget .« x° channel, the room is small due to the smallness
YlﬂjkaW% coupling in the RGE oAg,. (Thus our choice of of mro. In addition, theM and the e, bounds become
¢35~ ¢32 has no loss of generalityConsequently, the size of harder to satisfy whem;_ is small. Therefore, as in the case

the Wilson CoefﬁCienCBQ is Significantly reduced. Although where the pseudosca|ar H|ggs boson mass becomes Sma”,
AAg:_; still contributes, that contribution is also redudedm- possib|e improvements can not Satisfy the experimenta] re-
pared toAAE’a) due to the RGE. Therefore, compared with sylts of bothS,k_. and BRB™— ¢K ™ ].

the first case the total SUSY contributions are reduced espe- A ¢ ther diffesrence is the tai dependence. In case I, as

cially for tang=10 and thus it becomes harder to fit the was discussed above, gluino contributions depend inversely

experimental results. D .
Another important change is the roles of some experimen(—)n tang due to the way tha323(32) enters into the ‘?'OW?
quark mass matrix. But in this case, the gluino contributions

tal constraints which are not important in the first case in the’ anifi | he charai | .
sense that they do not prevent the SUSY contributions fron?'© reduced significantly and the chargino plays a more im-

increasing, or at least their limits are not reached when w&°rtant role, which will be enhanced by t8n Therefore, in

have solutions satisfying thB-decay data. Below are some this case, we see that larger fawan satisfy the experimen-
comments concerning this. tal results at smaliny;,, but small tarB cannot and that is

(1) For tanB=40 and low my,, i.e. 300 GeV, the why we have given results in Table VII only for two values
BR[B— Xsy] will constrain the size oAA; s, Thisis why — 0f my; at tang=10 since highem,, cannot improve the
the Sy and the branching ratio fit given in Table VI is not Situation. _ _
as good as the corresponding one shown in Table Il for the e also comment concernirdg, and its phase. So far, we
A (32)% 0 case. have used the phasefor A;. We find that using a different

(2) Whenmy, increases, the size mAgs(sz) also needs to phase will no? improve the results grea}tly. In general, the
be increased. But three other additional constraints arinProvementis at a few percent leveThis holds also for
present, i.e.AM, and ¢ from the K°-K° mixing and the  ©25€ b For example, in case I, for tg=40, my;,=400
mass of smallest up squarksght-handed stopnr; . For ~ 2NdAo=800, we find that usingr,~—95° can improve

R Syk . from —0.04 to—0.06.
example, formy,,=500 andA,= 600 (andmy=431 GeV by S
the relic density constraintwe get mg~mg~1000 GeV Finally we note that the values ofl, s, and0A¢K:
(wherem is the average squark mass anglis the mass of ~€Mmain small, i.e.Ap_s, and A= are —(3~0)% and
the gluino, see[39] for more details and we find that —(3~1)% attan3=10, and—(5~0)% and—(3~1)% at

JRe(D)Z [=7.1x10°2 and [im(6%)7 [=9.7x10°3  t@anp=40.

which are allowed by the experimental bounds/ov x and

ex [39] (the sizes of 6%) k., (8%)r. and (5%,)rr are VIIl. CONCLUSION
around 10°~10"" and thus these bounds can be safely ig- |n this paper, we have probed ti@— $K decays in
nored in our case SUGRA models withCP violating phases to explain the dis-

(3) The situation for the right-handed stop mass is similarcrepancy between the experimental measurements and the
to the pseudoscalar Higgs boson case we mentioned at tkg predictions of theCP asymmetry of8°— ¢Kg and the
end of case I. We use the—x° channel to satisfy the dark branching ratios of th®— ¢K decays. We have calculated
matter constraints. Although it is possible to use a largethe CP asymmetries o8~ — ¢K~ and B—Xgy. In our
Ag3(32)which consequently reduceg_ more and then opens analysis, we implemented all relevant experimental con-

TABLE VI. Sy (left) and BRB™— ¢K~]x 10° (right) at tang=40 with nonzeraA Az, andAAy, .

|A| 800 600 400 0 |AAYy ) (GeV)
my,= 300 003 84 004 90 001 80 017 80 ~300
my,=400  —-007 85 -003 84 0 71 032 63 ~600
Myy,=500 0 65 007 64 018 60 044 6.1 ~800
my,= 600 027 61 030 61 035 61 051 59  ~1000
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TABLE VII. Sy (left) and BRB™— ¢K~]x 10° (right) at tang= 10 with nonzeraA A; andA A3, .

|A| 800 600 400 0 |AAT; 2] (GeV)
my,=300 017 65 016 63 032 61 060 52 ~300
my,=400 037 47 039 46 046 43 062 43 ~550

straints, e.g. BRB— X.y], relic densityK°—K° mixing pa-  of AA3;® needed is the same as the other soft breaking

rameters and electron and neutron EDMs. We used the inferms, and so is not anomalously small or large. Thus, this
proved QCD factorization methd@6,27) for the calculation ~Study also can provide important phenomenological informa-
of decay amplitudes. tion not only for accelerator physics but also for building
The SM not only cannot explain th@ P asymmetry of ~models at the GUT scale and for exploring physics beyond it.
B%— ¢Kg, it also fails to satisfy the BBB— ¢K] data bar-  In this connection, models based on Horava-Witten M theory
ring the region of large weak annihilation where the theory iscan naturally give rise to nonzero valuesfof\,;. In previ-
most suspect. We then studied the MSUGRA model an@us work[42] it was shown that it was possible to construct
found that it also has the same problem. Therefore, if thé three generation model wiiU(5) symmetry using a non-
current experimental results continue to hold in the future, iStandard embedding based on a torus fibered Calabi-Yau
will signal the first significant breakdown of the standardthreefold with a del Pezzo bastP;. The model allowed
model and also of MSUGRA. This conclusion is important in Wilson line breaking to the standard model\yg , and also
the sense that one needs to construct a more complicatééd vanishing instanton charges on the physical orbifold
SUGRA model to satisfy experimental measurements whictplane. If in addition one assumed that the 5-branes in the
will provide important guidance to our future research onbulk clustered around the distant plane, one could explain
SUSY models and their signals at the accelerator experwithout undue fine tuning the general structure of the quark
ments. and lepton mass hierarchies and obtain the large mixing
We have considered the extension of the MSUGRA mode#ingle(LMA ) solution for neutrino oscillationgt2—44. One
by adding nonuniversa\ terms. For a GUT theory, the only can show that the model naturally gives riseAtd,3; nonuni-
natural choice is to have a left-right mixing between the secversal terms as required by the curr@sfactory data, while
ond and the third generation in the up or down quark sectorkeeping the squark mass matrices essentially universal. This
i.e. AAS® andAAS;P terms. We have examined thoroughly model will be discussed elsewhe5].
several different possibilities in this extension and their the-
oretical predictions and havg found a large region of param- ACKNOWLEDGMENTS
eter space where all experimental results can be satisfied,
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