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The flavor changing neutral current proceskgs—7’ete™, B—X.ete™, andB—X u*u™~ are studied
within the minimal supersymmetric extension of the standard model. We first examine the rates for these decay
modes in the MSSM with a universal soft supersymmetry breaking sector at a grand unification scale. We later
relax the universality condition and investigate the FCNC transitions in a more general class of models with
negligible flavor violation in squark mixing matrices. We find that the MSSM prediction for the kaon channel's
branching fraction differs from its standard model value by at most 30% over the entire allowed parameter
space. On the other hand, supersymmetric contributions could potentially enhanceReréih*| ~ observ-
ables by more than 100% relative to standard model expectations. The impact of supersymmetry #on the
meson modes is strongly correlated with the MSSM value for the Wilson coefficient of the magnetic moment
operator that mediateB— Xyy. [S0556-282(196)01917-0

PACS numbgs): 12.60.Jv, 13.20.Eb, 13.20.He

. INTRODUCTION B(B°—K*%u™ ") cpr<2.1x107° [8], lie within an order

- . of magnitude of standard model predictions. Evidence for
The minimal supersymmetric standard modéESM) re short distancéo—s|™|~ decay may therefore soon be seen

mains one of the few well-motivated extensions of the stan-

dard model which has survived precision electroweak mea\%'vclat\r/]attrhoen Lég?;aéj:td CLEO detector and in the full run Ib

surements[1]. The nged to subject this theory to other KL—>1-r°e+e’ andB—XJ "1~ decay have both been ex-
complementary experimental tests has consequently grown

with time. Flavor changing neutral curref@CNC) phenom- tens!vely studied in the ;tandard mod.el..The impact of con-
: ventional QCD upon their rates canpriori be comparable
enology represents one area where data are stringently c

on- : o )
fronting the MSSM[2]. Deviations from the standard model t6 that from any new physics. Significant theoretical effort

; has therefore been directed during the past several years to-
may be observed in FCNC processes long before superpart- - . . . "
ners are detected at high-energy colliders. Alternatively faiI-War(.js determining the precise size of strong interaction cor-

) ' r?(cuons to these weak transitiof®8-12). Progress has also

gcr;;éos%eteercst ?&Zt?ezar:éuf”s cﬁfgrefhzc;?iztsragps # psoigsvfe%_een made in estimating the hadronic matrix elements that
Persy y phy haracterize the long-distance aspects of these processes.

yond the_ standgrd mpdel. For example, the recent CLE hiral perturbation theory calculations indicate that ¢hie-
observation of inclusiveB— X,y decay rules out charged . 0 .+ - C
: . . X conserving component oK, —m e e~ decay is signifi-
Higgs bosons lighter than 260 GeV in two-Higgs-doublet L S
. ; cantly smaller than the total P-violating contribution, and
models[3]. This lower bound lies far beyond the reach of 4 N . ) .
the directC P-violating portion is believed to dominate over

present direct searches. TBe- X,y measurement similarly ., ~.~ . ;
constrains the MSSM, but its restrictive power is diminishedItS ”?d”e‘:t _counterpa]rt[_13,14]. This kaon mode can thus
rovide an important window onto the nature ©P viola-

by possible cancellations between different superparticlé’
contributions[4]. It is therefore important to study the sen- tion.

sitivity of other FCNC processes to supersymmetry and de- Much less is known about the rates at which the two
termine their limiting capabilities. semileptonic FCNC reactions proceed within the MSSM.

In this work, we investigate the rare decays Ihe sensitivity O_fKL_fWOeJre_ to new supersymmetric
K, —m%"e”, BmXe'e , and B—Xu  u~ within the physws_has rec_el\_/ed_llttle attention. We therefore examine
MSSM framework. Positive signals in these channels ardh€ maximal variation in the MSSM rate for the kaon process
expected to be observed within the next few years providef€lative to its standard model l/alue in this work. Supersym-
their rates do not lie significantly below standard modelMetric contributions tB— Xl "I decay were previously
predictions. The current experimental upper bound orfonsidered by Bertolinet al.in [16]. These authors’ conclu-
the first processB(KL—>w°e+e’)expt<4.3><10’9 [5] is 3 Sions need_to be updated in light of tBe— X,y measure-
orders of magnitude larger than the anticipated standarf?e€nt. The important constraint placed by the CLEO obser-
model branching fraction. Yet this mode is expected
to be detected at Fermilab following completion of the
Main Injector [6]. Present CLEO and Collider Detector IThis favorable hierarchy fo€ P-conserving and -violating con-
at Fermilab (CDF) exclusive limits on the second and tributions toK, — 7% "e™ decay has recently been challenged in
third channels B(B°—K*% e )¢ go<1.6x107° [7] and  Ref.[15].
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TABLE I. MSSM matter content. MSSM parameter space in Sec. lll and describe two different
procedures for mapping out its allowed regions. We use
Superfields Fermions Scalars  these scanning algorithms to examine the impact of super-
— symmetry uponK, —7’e*e” and B—X/ "I~ decay in
Qi:(gf) qi:(gf) alz(%i Secs. IV and V. Finally, we close with a summary of our
i i i findings in Sec. VI.
uf i, il
Df df df IIl. THE MINIMAL SUPERSYMMETRIC
L _(Ni) | :(V,\ T ;17') STANDARD MODEL
1 " 1 I
Ee 5 ef ECQ The basic structure of the MSSM is well known and has
1 I I

. - § been thoroughly discussed in the literaty8—20. We
Y Z(Hl) T h ho— hY therefore recall just those aspects of the theory which are
! . ! pertinent toK, —7e*e” andB—X "1~ decay. We first
ot b display our nomenclature conventions for matter superfields
HZZ(HO) 2=(:%> hz:(h%) and their left handed fermion and scalar components in
2 h 2 Table I. The fields listed in the first five rows of this table
carry a generation subscript which ranges over three family
values. They are also assigned negative parities under a dis-
] crete Z, symmetry in order to forbid baryon- and lepton-
vation upon the allowed MSSM parameter space Wahumber violating interactions. The Higgs fields appearing in
incorporated into the more receBt— Xl "I~ analysis of {ne |ast two rows transform positively under this matter par-
[17], but the impact of a universal form for soft it symmetry.
supersymmetry breaking terms was not studied in this latter” The chiral superfields in Table I enter into the superpo-
work. As we shall see, inclusion of both tBe— Xgy restric-  tential
tion and the universality constraint disallows sizable devia-
tions from the standard model in the integratd: X *1~ W= puHH,+ YHQinCHz‘*‘ YiEj)QiDjCH1+ YﬁLiEjCHl-
decay rate. Our work thus builds upon and extends previous (2.2
supersymmetric FCNC investigations presented in the litera-
ture. which governs the supersymmetry preserving interactions
Our paper is organized as follows. In Sec. II, we reviewamong matter field$.After vector superfield terms are in-
the elements of the MSSM which are relevant to our FCNCcluded, the supersymmetric Lagrangian schematically ap-
analysis. We then discuss current restrictions upon th@ears in component form as

fe Y AW A L TEiD B (DR (D )4 DD dwi*(dw) 1/ 2w oL
susy=~ 7 Fe"" Fg 4, TAGiDashg+(D*#) (D) + ¢iD y— i) ldo)t2 TS % Cipy+H.c. .

T 1
—V2gal4'Tehg Cy+H.c]1— 5 g5(¢'Tad)(¢'Tad). 2.2

The indexG labels the color, weak isospin and hypercharge factors in the standard model gauge group, and iadat®s
range over the nonabelian subgroups’ adjoint representations. All MSSM scalars are assemigled/inif® matter fermions
and gauginos are respectively contained within the four-component left-handed A fields.
Since supersymmetry is manifestly violated in the low energy world, the MSSM Lagrangian is supplemented with the soft
supersymmetry breaking terms

1 o e B o e,
Loo==5 [mgg2TCg2+myW TCW + mzBTCB+ H.c]—-m?hih; — mghghz—qJ(M%)ijqj ~TUT(M20);; U —dff(M3);;df

E1 8%, +Buh,h,+H.cl. 2.3

2~ o - e
— 17 (M%) 1 =& (MZ0) €5 + [AGiT h, + ARG dTh, + A€

20ur sign convention for contracting two $2) doublets is exemplified by the expansidaH,=H$H3—H 7 HJ of the superpotentigk
term.
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In order to cut down the number of free parameters which L UmST o~ U sug
enter into this expression to a manageable size, some rela- u'=S"tu+STRCUT, U =TT quggox |
tions among soft sector masses and couplings must be

adopted. We shall first assume that the weak scale values of L g
all the parameters in Ed2.3) are simply related to grand- d’=sPid—SPrCdeT, d f:rD< D s )
unified theory(GUT) scale progenitors. The running gaugino —S°rd
massesng(u), my(u), andmg(u) then unify atu=Mgyr o ) NeE~
just like the gauge couplings. We also equate all scalar mass v'=Sty, v'=I"8%y,
parameters with a single, at the GUT scale. Finally, we set .
the trilinear interaction matrices”:°'E equal toA,Y"Y'P'E at — - S=e
. 0 e'=SFLe—SFrCecT, E©'=TFE _ GErgex |- (2.9

u=Mgyr where A, denotes a common proportionality
constan%’. Imposition of this universal structure upon soft
supersymmetry breaking terms lends predictive power to th&he unitaryS andI” transformations rotate fermion and sfer-
MSSM, but the assumed simplifications are quite strong. Wenion mass matrices into real and diagonal forms. Th& 3
will therefore later relax some of these constraints and invesquark and lepton mass matrices are simply related to the
tigate a more general class of supersymmetric models. Yukawa couplings in the superpotential:

Renormalization group evolution of MSSM parameters
down from the unification scale can generate a vacuum in- v sing Tt
stability [21-23. As the couplings in the scalar potential My= 7 SUryY sUL,
run, the neutral Higgs fields may at some point develop non- 2
zero vacuum expectation valuesh9)=v,/2 and

(h9)=v,/V2 which break electroweak symmetry. The nu- Moo=l cosB SPryD'SDL! 2.5
merical valuev = \Ju2+v2= 246 GeV for their mean is fixed b ' '

by theW boson mass. But the ratio t#i+v,/v, remains a
free parameter in the model. We restrict this ratio to the
range 2<tanB<55 so that Landau poles do not develop in ME=U cos SERYE'SEL"
the top or bottom Yukawa couplings anywhere between the
weak and GUT scales.
Electroweak symmetry breaking induces mixing amongOn the other hand, the>X®& squared mass matrices for the
MSSM fields. In the matter sector, primed mass eigenstatesquarks and sleptons look much more complicated and in-
are related to unprimed gauge eigenstate counterparts as folelve many parameters from both the supersymmetry con-

lows: serving and violating Lagrangians in Eq2.2) and(2.3):
2 .
m v sin
sULM§sULT+ M6+FZ(3—4 sirfg)cos 23 uMy cotB— i SYULAY* QURT
MZ=TY ruf
u . 2 1
v Sin 2m
w*My cotB— 7'8 SURAUTQULT SURMZTSURT+ M2+ TZ sirfd cosB
2
m v co
SDLM%SDLTJr M2 — FZ (3—2sirfd)cosB  uMp tan B— 758 SPLAD* gPRT
M~2~:I‘D FDT,
‘ v COPB 5 pTep, t 2 2 mg
w*Mp tan B— - SPrRAP SPL SPrRM % TSPRT + MD—?smza cos3
MZ=TN(SFLM3SEL + im2cosB) I,
2
m v COB
SEMESELt+ M2 72 (1-2sifh)cosB  uMgtans— — SELAE* GERT
MZ=T¢ e, (2.6
co .
pu*Metang— % SERAETGELT SFRMZ,TSPRT + M2 — m2sir? g cosB

3We do not assume arg priori relationship betwee, andB in Eq. (2.3).
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Mixing also takes place in the gaugino and Higgs sectors. The physical Dirac chargino and Majorana neutralino eigenstates
are linear combinations of left-hand&®-inos, B-inos, and Higgsinos:

W W
~—_ | W vl VO
x =U hy +V*C Rt
B BT
- Wal | Wt
)(M—N ’I:l'(])- +N*C .ﬁ—g_l_ (2.7
’l:]’o —~
2 hgT
The unitary transformationd, V, andN diagonalize these fields’ mass matrices
. My v2my,sinB
M--=U 2.8
X v2m,,coB — 2.8
and
Mg~ 0 —mzSind cosB mzsing sinB
0 myy m,cosh cosxB  —myCcos sinB
Myo=N* _ NT. (2.9
—mzsing cog8  mzcosh coB 0 )
my singsin 8 —myCco sinB M 0
|
Similarly, charged scalar mass eigenstates are combinations My
of hi andh;: X[ t=g,| —VETVi+ VTR ————— K
v2mysing
+ cog8  sinB\[hi
L Sl e
sinB cos3 2 y Mp
+ . X *=0, UMK ————|,
The 7 would-be Goldstone bosons are absorbed via the v2my,cosB
Higgs mechanism into the longitudinal components of the (2.12
W™ gauge fields. But the remaining™ bosons represent 1 M
genuine propagating scalar degrges o; freczadom V\;hose trezalaL: _ 9% [( — NP+ = tan@er)FDL+Nr3FDR D ’
level squared masses eqmaﬂi=mw+ m{+ms5-+2|ul?. V2 3 my,CosB
After the gauge eigenstate fields in the supersymmetric
Lagrangian(2.2) are rewritten in terms of their mass eigen- 5 M
state counterpartsit is straightforward to work out the in- 7Pr— _ 92 (2 tangN, -[PrR+ N, .I'PL D
. . - . . | 11 13 .
teractions of gluinos, charginos and neutralinos with quarks v2\3 my,CoPB
and squarks. We list below the resulting terms which partici-
; +1- .
pate at one-loop order id;—d;l "1™ decay: Flavor mixing enters into these interactions through the
8 Kobayashi-Maskawa matrik = SULSPLT and the &3 block
L57=—v2g5>, Gad"(I'PtP_—TPrP,)Td components of ¥ andI'®:
' a=1
2 ry :(FUL I‘UR
=~ 6X6 ’
+3 % AXP_+xURP, )d e
1=1
D D
Ioe=(Tgts TeRo). (2.13

4
+> (xod'(ZP'P_+Z R, )d+H.c.,
=t Other gauge boson and Higgs terms which mediate the
(2.11 FCNC processes of interest are similarly extracted from the
Lagrangian. The Feynman rules for all these interactions

where may be found in the literaturl8,24.

Having set up the basic MSSM framework, we are now

ready to explore its large parameter space. We take up this

“We suppress primes on mass eigenstates fields from here on. topic in the following section.
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ll. MSSM PARAMETER SPACE IBu|?>(m3+|u|?)(ma+]|ul?),

Before predictions can be derived from the minimal su-
persymmetric standard model, explicit values for the param- (mf—mj3)cosB>0, (3.2
eters in the superpotentidR.l) and soft supersymmetry
breaking Lagrangiafi2.3) must be specified. In order to re- must also be satisfied. The results appearing in &3%. and
duce the size of the parameter space, we initially adopt th€3.2) originate from tree-level minimization of the classical
common assumption that MSSM masses and couplings agcalar potential. Quantum corrections significantly shift the
simply related ajw=M 7. This ansatz is motivated by the location of the effective potential minimufi28]. Radiative
simplest supergravity theorid®5]. A universal soft super- corrections can enhance light neutral Higgs boson masses by
symmetry breaking sector gi=M g also decreases the nearly a factor of 2 relative to tree-level predictions. But as
likelihood of generating unacceptably large FCNC ampli-we shall see, neutral Higgs contributions Kg— 7% e”
tudes at the weak scale. Instead, the magnitudes for su@ndb—sl"I~ decay are completely negligible. Moreover,
amplitudes in the MSSM are anticipated to be of the samé&hanges irju| arising from loop corrections to E¢3.1) do
order as those in the standard model. Experimentally dishot affect the qualitative conclusion that allowed values for
criminating between the two theories’ predictions for various/u| are several times greater tham,. We therefore utilize
FCNC transitions rates will not be an easy task. But this goalhese tree-level relations in our numerical analysis.
is hoped to be achieved by a number of experimental pro- Once numerical values for the MSSM parameters have
grams within the next several years. been specified, the masses of all superpartners can be calcu-

In our analysis, we take as input parameters the dimenlated. We require that the mass spectrum be consistent with
sionful soft sector quantitieso(Mayr), Me(Mgyr), and  Present limits from direct superpartner searcfs In par-
mg(m,), the dimensionless ratio tg®) and all standard ticular, we impose the recent LEP 1.5 lower bound of 65
model fermion and gauge boson masses and couplings. WeeV on the chargino masg7].
also restrict the source of CP violation in the MSSM to stem  The final constraint which we place upon the MSSM pa-
from just a single phase in the KM matrix. Imaginary partsfameter space comes froBi—Xsy decay. Supersymmetry
of my andB can be rotated away by field redefinitions, but modifies the standard model prediction for the rare radiative
AO and,u genera”y remain Comp|ex_ The phases of these |a§tate by addlng extra contributions to the Wilson coefficients
two parameters are tightly constrained by neutron electricC7(Mw) and Cg(my,) of the electromagnetic and chromo-
dipole moment limit§26]. We shall simply take\, andx to ~ Magnetic moment operators in theB=1 effective Hamil-
be real. tonian[29]. We negleciCg since it accounts for only 3% of

In order to determine the numerical values for all the couthe standard moddl—sy amplitude and is not expected to
plings in the MSSM, we follow a lengthy yet straightforward Pe significantly more important in the MSSM. But the
procedure. We first locate the GUT scall;;;~10® Gev ~ charged Higgs, chargino, neutralino, and gluino contribu-
by evolving the SW2), and U1), gauge couplings up to the tions toC, which are tabulated in Appendix A can be quite
point where they meet. We then choose specific values fopubstantial. We therefore calculate the ratio
As(Mgum), Me(Mgup), my(m,), and taiB. A large value for
the trilinear scalar coupling in conjunction with small values _ C7(Mw)mssm 3.3
for the common scalar and gaugino mass parameters tends to T Co(mw)sm '
yield stop masses which are too light to satisfy direct search
constraints. Large values for eithex, or my, lead to squark at each point in the MSSM parameter space. We throw away
decoupling and negligible supersymmetric contributions tcall points whose values fdR; do not lie within the allowed
FCNC decays. We, therefore, restrict the magnitudes of thétervals
three dimensionful quantities to be less than 1 TeV.

After the gaugino, scalar, and Yukawa terms in the soft 0.4<R;<1.2 or —4.2<R;<-24 (3.4
supersymmetry breaking sector are evaluateghaM g7
and run down tqu=m,, the numerical values for all MSSM that take into account current experimental err8s and

parameters except and B are determined. The tree-level theoretical uncertaintief29].
relations After scanning over the MSSM parameter space and im-

posing all the above criteria, we identify a number of general
features which hold everywhere in the allowed regions ex-
2 cept in the very large taf domain:
cosp 27 (i) Sizable supersymmetry contributionskp— 7’e*e”,
B—XJ"17, andB— X,y decay mainly arise from charged
1 Higgs and chargino exchange.
BMIESIHZﬂ(m%-i- m3+2|u|?), (3.2 (i) Flavor violating entries inl" hardly affect these
FCNC processes.

(iii ) The first two generations of up and down squarks are
fix these last two quantities up to a twofold ambiguity in almost degenerate. The first two generations of sleptons and
sgn(w). Points in the MSSM parameter space which yieldsneutrinos are also nearly degenerate.
negative values foju|? or By fail to break electroweak sym- (iv) Left-right squark and slepton mixing is negligible for
metry and are rejected. Necessary conditions for the existhe first two generations.
ence of a stable scalar potential minimum Similar observations have previously been note{ili@.

= masir? 8 — mico§,3_ 1
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These characteristics provide useful guidelines for estab=(2.5-9.0x10 2 [11].5> The CP-conserving and indirect
lishing less restrictive constraints on supersymmetric extene P-violating amplitudes may be computed using experimen-
sions of the standard model than those which underlie théally determined values for chiral Lagrangian coefficients
MSSM with a universal soft breaking sector. Rather thanand the e parameter which automatically include possible
starting with a unified set of GUT scale parameters andMSSM contributions. Since these quantities are consistent
evolving them down to low energies, we can instead survewith standard model predictions, we will focus exclusively
all possible values for MSSM couplings and masses at thepon the directC P-violating component in our supersym-
weak scale for which condition@)—(iv) are satisfied. This metric FCNC investigation.
alternate mapping procedure provides a useful check on the The analysis oK, —7°e*e™ decay is greatly facilitated
sensitivity of FCNC results upon the assumed form of theby working within an effective field theory framework. In
soft supersymmetry breaking sector. The particular weakhis approach, heavy degrees of freedom are successively
scale quantities which must be specified in order to deterintegrated out from a specified full theory, and the resulting
mine supersymmetric contributions dg— d;l *I~ decay are effective theory is run down to a low energy hadronic scale
the following: a common massi; for the superpartners of using the renormalization group. A finite number of flavor
left-handed up and charm quarks; the masegs, my _ and changing dimension-six operators generated by this process

mixing anglea?y for top squarks; a common mags;-for the at u=myy enter into_ the effective Hamiltonia which
first two generation sneutrinos; the Wino and charged Higgg°Verms the dynamics of the low energy theory. The com-
massesmy; and m,-; the superpotentiak parameter and plete set of left-handed S=1 four-fermion operators that
tanB. This parametrization is similar in spirit to the one ﬁ“g'”agi f_rom thel stagt_jarlg 1T0(ijelh and. mfe<|j||ate
adopted i17]. As in our universal soft sector analysis, we KL= 7 € & are catalogued in Ref11]. If the starting fu

shall restrict the dimensionful quantities to the sub-TeV re-N€OY is taken to be the MSSM, additional terms with right-

gime and restrict the dimensionless VEV ratio to haf?ded fla_v_or changing currents appearHg,. But since
2<tanB<55 their coefficients are tiny, the extra operators may be ne-

In the next two sections, we will investigate the glected without Io§s. . .
K —mle*e andB—XJ |~ transitions utilizing the uni- After the effective theory is evolved to low energies, the
s . . - 0O+ ~— . .

versal soft sector scanning procedure as well as the mo'@reqt CPHV'OI%“”Q 'EL_’T € ?:I' amplitude IS Welllap-
general mapping method. The greater labor required to ex2r9Ximate < y fthe ong- (ljstf'nce_l matrix  element
plore the much larger nine-dimensional parameter space iff” € © |HerlKL) of the truncated Hamiltonian
the latter approach is offset by several simplifications. For G
example, neutralino and gluino contributions@%djl*l’ _ FK*K

, : =-— + +Hc. (4.1
may simply be neglected. TH&, matrix also reduces to the He il y7vQav Ty7aQzal TH.C. (4.1)
nearly diagonal form

All information associated with short distance physics is en-

10 0 00 0 coded into the Wilson coefficients
0 1 0 0 O 0
T —sinaT __YEm SUSY
[ O O cox7 O O Sinay 35 Y7v 27rsir120[P°+[Y(X‘)+Y ]
0 O 0 1 0 0
_ i + SUSs + + SUSY
0 0 0 0 1 0 4sirf O(Z(x;) + Z5YS") + P(E(x) + ESYSY)],
0 0 sim7 0 0O cosy

(64
Y7a= = 5—cs [Y(x) + YSUS), 42
when criteria(i)—(iv) are imposed. But most importantly, no
renormalization group evolution needs to be performedof the semileptonic operators
Searching the nine-dimensional parameter space for sets of
points where supersymmetry significantly enhances or sup- Qy=sy*(1— y5)d?y”e,
presses the rare decay modes is thus rendered tractable.

Q/a=sy*(1—y°)dey,y%e. 4.3
IV. K, —»#w%eTe” DECAY
) 04— The functions
The total amplitude foK, — 7 e e~ decay can be de-
composed intoCP-conserving and violating parts. The Ax, — X2 3x2
. . t t t
former starts at second order in the electromagnetic Y(%¢)

= + 5 In X
interaction. As a result, th€ P-conserving branching frac- 8(1=xy)  8(1—x)

tion B(K, — 7% e )cp=(0.3-1.8x10 %2 is significantly

smaller than itsCP-violating counterpar{13]. Moreover,

the indirect component of th€P-violating amplitude is  SThe sizable uncertainty in the dire@P-violating branching
believed to be smaller than the direct part. Present datgaction primarily stems from KM angles which are poorly con-
imply B(K_— 7°e" €7 ) ngirec=1.6X10"? [14], while the  strained at present. The predictions’ precision should substantially
standard model prediction for the dired® P-violating improve when the KM unitarity triangle is better determined in
contribution lies in the rangeB(K — 7% € )greex  UpcOmingB-factory studies.
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108k, — 259+ 1633 — 18/ tributions listed in Appendix B to th¥SYSY andz5YSY terms
Z(x)= T 1—x,)° in Eq. (4.2).
t Several points about our supersymmetric matching results
— 84 50x,— 63X¢ — 6x; + 24x; should be noted. Firstly, we have not included any bubble or
+ 721—x)" In X, penguin graphs which involve neutral Higgs boson exchange
in Figs. 1@ or 1(b). Such diagrams are proportional to the
18x,— 112 —x3  4—16x,+9x? electron mass, and are negligibly small. Similarly, the first
E(x) = Inx; (4.4  box graph in Fig. {c) with a charged Higgs running around

— 3 ERvRY:
12A1=x) 6(1=x) the loop vanishes in then,—0 limit and may be safely ig-

of the variablex,=(m/my,)2? summarize the high energy nored. Secondly, we have intentionally not calculafet®Y
contributions toK, — 7% e~ decay that are common to which should be comparable in size {x;)=0.25. Since
both the standard model and MSSM. Next-to-leading ordethe numerical value foPg is almost two orders of magni-
QCD corrections which are the same in both theories aréude smaller than that fd?,, the term proportional t®¢ in
incorporated intoP,=0.7 andPg =—0.01[11]. Therefore, Eqg.(4.2) is negligible andE>YSY is unimportant. Thirdly, we
all effects of supersymmetry upon the rare weak transitiorhave ignored gluino loop matching contributions to charged
reside within theySUSY, zSUSY andESYSY parameters in Eq. current four-quark operators in theS=1 effective Hamil-
4.2. tonian. Such contributions affegt,, andy-, at the subper-
The values of the/;, andy,, coefficients are obtained cent level. Finally, the matching condition results displayed
after matching renormalized—de*e” amplitudes calcu- in Appendix B are independent of any choice for the struc-
lated in both the full and effective theories. We perform thisture of soft supersymmetry breaking terms.
matching atu=myy, in the standard model as well as in its  The short distancg,, andy,, Wilson coefficients enter
minimal supersymmetric extension. The one-loop bubblejnto the direct CP-violating K, — 7% *e™ partial width
penguin, and box graphs which must be evaluated on thalong with a long distance hadronic matrix element. After
MSSM side of the matching condition are displayed in Figs.neglecting tiny imaginary components in the former quanti-
1(a)—1(c). After a long but straightforward computation, we ties and relating the latter to the measuket— m%e" v rate
find the charged Higgs, chargino, neutralino, and gluino convia an isospin rotation, we findL1]

_ 7(Ky) [Im(K{Ka)|?
B(K — 77" e )aree= BIK " — 7% ») —o | = } (Vv +Y7a) (4.5
us

The sensitive dependence of this expression upon poorly known KM angles can be removed by normalizing the MSSM
branching fraction to its standard model analogue. The ratio

B(K . —7%e"e )ussu— B(K — 7% e)gy
B(KL—> 7Toe+ei)s|v|

p(K —mlete )= (4.6)

thus cleanly quantifies supersymmetric enhancement or supate by at most 10%. These discrepancies between the stan-
pression of the rare kaon mode’s rate. dard model and its minimal supersymmetric extension are

Following the universal soft sector scanning procedureunfortunately too small to be realistically detected by up-
outlined in Sec. IIl, we evaluate(K, —7%"e") in the al-  €OmMing experiments within the next several years.

lowed regions of MSSM parameter space. Representative re- 't IS interesting to _examine whether larger deviations
could result if some of the stringent assumptions underlying

frlzjalttesz df?; t;vigsdlg)ar;srﬁn;;))s “ﬁ] efht:rf?rl;?rtégs leoickef%rjrglusthe universal soft sector MSSM are relaxed. We have there-
02 ' , ' fore performed several scans involving hundreds of thou-
p(K —a"e"e") is plotted as a function oRo(Mgyr) and  gands of points over the more general nine-dimensional pa-
Mo(Mgyr) with mg(m,) =90 GeV and taB=5.0 held fixed.  rameter space discussed in Sec. Ill. These scans reveal that
In the second figure, we displafK, —m°e"e") as afunc- pockets in the larger space exist where discrepancies be-
tion of my(m,) and tang with Ao(Mgyr)=—500 GeV and tween the standard model and the MSSM are three times
my(Mgyur)=100 GeV. We have taken the sign of thepa-  larger in both the positive and negative directions than those
rameter in the superpotential to be positive in both plotswe previously uncovered in our more restricted searches. But
Points in the MSSM parameter space that are excluded bgven a 30% supersymmetric enhancement or suppression of
one or more of our imposed criteria are indicated in thesehe K, — 7’e*e rate relative to its standard model value is

figures by Lego blocks which are saturated at their maximununlikely to be experimentally resolvable in the near future.

values. Looking at the results in Figsiagand 2b), we see The potential impact of supersymmetry upon the rare
that supersymmetric effects in the MSSM with a universalkaon mode is thus disappointingly small. But as we shall see
soft sector reduce the dire P-violating K, —7%e*e” in the next section, the prospects for detecting signs of su-

branching fraction relative to the expected standard modedersymmetry irB— X | 1~ decay are brighter.
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FIG. 1. One-loop MSSMa) bubble,(b) penguin, andc) box graphs which contribute to the short distance coefficients of effective theory
operators that mediaté, — w’e*e” andB— X/ "1~ decay.
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V. B—XseTe” AND B—Xqu®u~ DECAY main results in our study of supersymmetric effects upon the
rare decay modes.

The inclusive rate for the meson level proc8ss X 1~
may be approximated by the rate for the free quark transition
b—sl™I~ [31]. Two independent variables are required
to describe the latter process. We choose them to be the
rescaled lepton energies

InclusiveB— X.e*e™ andB— X u"u~ decay share sev-
eral similarities with thek, — 7’e*e™ transition. Like their
kaon analogue, thesB meson reactions are most conve-
niently analyzed within a low energy effective theory frame-
work. The complete list of dimension-six operators in the
AB=1 effective Hamiltonian that participate B— X "1~
decay may be found in Reff30]. The Wilson coefficients of 2E,+ 2E,-
the bottom sector operators evaluated athscale are trivi- y+=—5— andy.- e (5.1
ally related to their strange sector analogues. The next-to-
leading order evolution of these coefficients frarrm,,, to  measured in thb quark rest frame. When expressed in terms
p=my, has been calculated in Rdfl2]. The details of this of these variables along with the rescaled squared invariant
strong interaction running are quite complicated, and we willmasss=y, +y_—1 of the lepton pair, the differential decay
not present them here. Instead, we will simply apply therate looks like

S(1-8)+(1-y,)?

d’I(b—sl*I7) _ GEmK{Ky|? [ aeu)? eff 2124 214 7
dy.dy_-  16a° 2| (==Y )+y_(1=y)IICF(E)|?+ Clol + 5

2 2
+(1-y )+ #)(c%zﬂu—é)cs“ RECS'(8)]+2(y. —y-)Cid 2C7"+5 Re[csf%é)]]].
b

(5.2
The quantities
38 8
C$“= C(my,) 7823+ 3 Cg(my,) (42— 51623+ ;1 h; 7%, (5.39
2 8 susy
T w(S) ) Y(x)+Y
§'=| ot 7) ( —0.1875+i21 p nau+1> T g AMZ0x) + ZUS [E(x) + ESUSY]
S W. =
8 8 m
x| 0.1405+ >, q;i 73| +1.2468+ >, 5% r,+s p+th m—°,§ +u;h(18)+v;h(03) |, (5.3b
=1 =1 b
Y(x,)+ YSUSY
Ciom~ g7 (5.30

that enter into the partial width depend upon the strong interaction couplingzatia(m,)/a,(m,) and various matching
condition functions which we previously encountered in iur— 7’e* e~ analysis. The effective coefficients also involve the
components of the following eight-dimensional vectors:

a;=(0.6087,0.6957,0.2609,0.5217,0.4086; 0.4230,- 0.8994,0.1458
h;=(2.2996,-1.0880,-0.4286,-0.0714,- 0.6494,- 0.0380,-0.0186,- 0.0057,
pi=(0,0,—0.3941,0.2424,0.0433,0.1384,0.1648.0073,
g;=(0,0,0,0,0.0318,0.0918,0.2700,0.0058

ri=(0,0,0.8331;-0.1219,-0.1642,0.0793; 0.0451-0.1639, 54
si=(0,0,—0.2009,-0.3579,0.0490; 0.3616,- 0.3554,0.007R,
ti=(0,0,1.7143;-0.6667,0.1658; 0.2407-0.0717,0.0990
u;=(0,0,0.2857,0;-0.2559,0.0083,0.0186,0.0563),

vi=(0,0,0.1429,0.166%0.1731,-0.1120,-0.0178-0.0067.
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Finally, the functionsh(z,S) and w(S) which appear in Eq(5.3b are given by

v1—x+1

- 8 8 4 2 In|——

h(z,5)=— g Inz+ 2—7+§x—§(2+x)\/|1—x| Ji—x—1
. 25(1+8)(1-25) . 5+ 95— 652

— 575~ In(1-s5)— =~ ~IN(S)+ 5=

3(1+2s) 3(1-5s)9(1+2s) 6(1—s)(1+2s)

for x=47%/s<1,
—im

. 4 . 2
w(s)=—§L|2(s)—§

. . 2
In($)In(1-8) -5 ?
(5.9

In order to consistently compute the differential rate to one-almost identical for all three FCNC channels which we con-

loop order accuracy, we only retain terlznsdﬁl“/dy+dy, sider in this paper. The flavor independenceY6tS" and

up to linear order inw(S). We also setw(s) to zero in the  zSYSY implies that regions of theB— X, "I~ spectrum

mterfeeﬁrgnce terms in Eq(5.2) which are proportional to  dominated byCE" and C,, are no more sensitive to super-

R Cy(9)]. o L symmetry thankK, —7%e*e” decay. Sizable discrepancies
The standard model prediction for te—XJl "I~ decay  petween the standard model and its minimal supersymmetric

rate is simply recovered from these formulas by settingextension can therefore only ariseBa-X | "1~ observables

Y , Z , andE to zero and equating,(m,) and  \ hich depend to a large extent upmﬁﬁ.

C8(r.nW) \.Nith their standardAmc.)deI values. In this case, the We should note an interesting point regarding the super-
partially integrated ratell'/ds differs from the correspond- symmetric limit of these matching results. The approximate

ing result discussed ip12] by a term proportional to the ancellation between different superpartner contributions to
lepton mass. This term was previously neglected because i . Perp . .
—Xgy decay has been interpreted as a manifestation of

effect is very small over nearly all of phase space. However

its contribution to the integrated decay rate is not suppresse]a(b_)S?’):O in the supersymm-etric Iim_i(4]. Since thg ,
by m, provided no lower cut 08 is imposed. As no such cut magnetic moment operator which mediates the radiative

has been performed in the recent CDF analysis ofransition belongs to a linear multiplet, it cannot arise in a

B—K*u"u~ [8], we retain this additional term idI'/ds. fully supersymmetric effective Hamiltonigi32]. No analo-
The matching condition expressions f67YSY andzSUSY ~ gous argument can be made for>sI”1™ decay. Penguin
that enter into the differential rate f@— X.e*e™ trivially and box diagrams generate effective four-fermion operators
differ from those forKL—>7-r°e+e_ by just the flavor label that form the highest components of vector superfields. Such

renamings specified in Appendix B. As in our previousD terms survive in the limit of exact supersymmetry.

K_— 7%e"e” matching computation, we negleégtS" and As low statistics will most likely hinder experimental de-
setCg(m,,) to zero. For thé8— X,u* ™ mode, slepton and termination of the full differential spectrum, we need to con-
sneutrino indices must also be transformed from the first t@ider various integrated observables. Following the CDF
second generation. The numerical values for individuaknalysis presented i8], we first integrate the rate over the
matching contributions t&/SYSY and ZSYSY turn out to be lepton pair mass regions

mi+- € (2m;,2.9 GeVJU(3.3 GeV,3.6 GeYU(3.8 GeV,4.6 GeV. (5.9
These disjoint intervals exclude,+,- values for which the inclusiv8— X "1~ rate is dominated by intermedialéy and
/' states. By restricting our analysis to just this nonresonant region, we ensure the validity of the free quark approximation to
inclusive B meson decay.
It is customary to reduce the uncertainties in the sI™1~ partial width by normalizing it to the semileptonic rate

GEMKeol” (me| [ 2aymy) [( , 31)(  mg2 3
o GFmplKen me _ s\!lp 2_ Y= __¢ —
T(b—ce'v)=—g g(mb)(l 3 {(” 4)(1 mb) +2“ 7

which is related to the measured branching ratioand I'(b—ce"v) upon KM angles cancels in their ratio.

B(B— X.e" v)=0.104+0.004[5]. The function However, errors in the numerical evaluation of the
B— X, "1~ partial width can be reduced to only the 10—
g(2)=1—822+825— 28— 247% Inz (5.9 20 % range due to uncertainties in quark masses and inter-

ference effects from excited charmonium std&3]. There-
appearing in this rate formula represents a phase space supre, signals of new physics beyond the standard model will
pression factor. The sensitive dependencd @—sl™17) be detectable only if they significantly exceed this level.
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After integrating the differential rate in E¢5.2), express- K, —7’e*e”. NonresonanB— X |~ branching ratios are

ing the result in terms of the ratios suppressed by at most 10% relative to their standard model
susy values when GUT-scale universality is imposed, and changes
R7:C7(mw)MSSM :Y(Xt)+Y in lepton asymmetries are even smaller. If the universal soft
C,(my)sm v Y (%) ' sector assumptions are relax@&meson rates and asymme-
tries then deviate from standard model predictions by at most
and 30%.

Of course, the value for the Wilson coefficient of the

(5.9 magnetic moment operator does not coincide in most regions

of MSSM parameter space with its standard model counter-
. part. When GUT-scale universality is assumed and all but
and adopting the parameter valueg=1.3 GeV, mb:4'z B— X,y constraints are imposed, we find tha smoothly
GeV, m=176 GeV, ay(m,)=0.118, and |K{K,/Key| varies between-2.5 and 3 for large values of tghand
|K¥EKp/Kep|?=0.95, we find the following nonresonant
branching fractions:

 Z(x)+Z5Y5Y
2 Z(x) ,

B(B—X.e'e )\r=3.0<10 "[5.5+ 2.3R2+ 17.6R%
+3.7R2— 2.1R;Ry + 1.4R;R, — 11.5RyR, + 4.6R;
+8.1Ry—5.3R,], (5.10

B(B— X" 17 )nr=3.0x10""[2.9+ 0.8R%+17.5R2
+3.7R3— 2.1R;Ry+ 1.4R;R,— 11.4R\R,+ 0.7R;

-p(K, = ete)

+8.1Ry—5.3R,]. (5.11)

The standard model values X230 ® and 4.9<10 ® for the
B—X.e'e™ and B—X.u"u~ branching ratios are recov-
ered by settindR;,=Ry=R;=1 in these formulas.

The secondb—sl*I~ observable we consider is the
lepton-antilepton energy asymmetry

_ N(E->E;+)~N(E;+>E,-)
~ N(E,->E;+)+N(E;+>E-)"

(5.12

HereN(E,->E,+) denotes the number of lepton pairs whose
negatively charged member is more energetic inBhmeson )
rest frame than its positive partner. Singeis odd under 000 ]
charge conjugation where@®{B— X/ "17) is even, the in- ]
formation about the differential spectrum encoded into the .
former observable does not overlap with that contained =, o
within the latter. The value fod is most simply determined 005
for chargedB™ mesons which do not suffer from complica-
tions associated witB — B mixing. Counting only those lep-
ton pairs whose invariant mass lies within the intervals speci-
fied in Eqg.(5.6), we find

0.08 3

)

e ¢

0.07 3

0.04 3

PpK -7

003
002

0.01 é

PR 1077
NR_B(B—)Xsl JrI 7)NR

(5.13

This expression yields 7 and 10 % f&—X.e" e~ and (b)
B_’XS“+“ in the standard model, respectively. FIG. 2. Fractional suppressionK, —a’e*e™) of the direct

Since deviations oRy and Rz from unity over the al', C P-violating component of th&; — e e~ branching fraction in
lowed MSSM parameter space are small, supersymmetric efe MsSM relative to the standard model prediction. The suppres-
fects in theB— X4l "1™ channel critically depend upon the gjon factor is plotted in(@) as a function ofAy(Mayr) and
ratio R;. In order to isolate the FCNC mode’s sensitivity t0 m (M g,,;) with mg(m,)=90 GeV and tas=>5 held fixed. The
this quantity, it is instructive to first artificially seR,=1 same quantity is displayed ifb) as a function ofmg(m,) and
everywhere throughout the region of MSSM parameter spacean g8 with Ay(M gy)=—500 GeV andny(Mg,7)=100 GeV. Ex-
allowed by all constraints. We then find that supersymmetriccluded MSSM parameter space points are indicated in both plots by
effects uponB— X/ "1~ are quite similar to those for Lego blocks saturated at their maximum values.
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between 1.0 and 1.3 for t@a=2.5. This taB® dependence to 90 and 110 %. Lepton asymmetries are also enhanced by
primarily stems from the 1/cgk=+/1+tar?3 enhancement approximately a factor of 3 compared to standard model ex-
of the chargino interaction matriX’® in Eq. (2.12. If we ~ Pectations wheii; belongs to the allowed negative rarfge.
instead search over the nine-dimensional parameter space The two different scenarios we have investigated for the

-
discussed in Sec. lll, we find th&; ranges at the factor of 2 Impact _Of supersymmetry UPQB_’.XSI .I _decay clea_rly .
level from —tang to tang. This potentially largeR, variation have different phenomenological implications. The likeli-

underscores the stringent nature of the limits in 84) set QOOd thfat this FCNC prtocess WII” dlspl?y"mteresttmg e\tlﬁ
by the CLEOB— X,y observation. ence for supersymmetry or else usefully constrain the

SSM parameter space strongly depends upon the value for

;. After more precise experimental measurements and next-
;o-leading order theoretical calculations are completed in the
near future, the allowed range B should shrink by about

It is useful to separately consider two different scenario
for B—XJ "1~ decay which depend upon the signRf:

Case 1. We accept all points in the MSSM paramete
space for which 04R,<1.2. The extremal MSSM values . . L
we then find for ouB— X *1~ observables are displayed in a factor pf 3. Itis possible that the s.tandard _model prediction
Table Il as fractions of their standard model counterpartsR7:1 will then no longer be con.S|st'ent. W'th C.LEO data.
Looking at the entries in the table, we see that sensitivity ofSUCh a result Woul_d represent an intriguing finding. _
the nonresonant branching ratios to supersymmetry is fairl At the present t|_m_e, the CL_EO measurement prpwdes no
minimal. The reason for the slight variation can be traced tCt\eans for determining the sign of tie—sy amplitude.
the coefficients of th&®, and R, terms in Egs(5.10 and owever, the current 3c5d|screpan+cy7betwgen the standard
(5.11) which are considerably larger than those for fRe model and data from the LERM € polhder LEP for
terms. SinceRy andR;, do not vary significantly from unity I'(Z—bb) may sugge.s't thak; is negatlvg in the MSSM
and the magnitude R, is constrained by experiment, su- framework. Large positive MSSM corrections E§Z— bb)

persymmetric effects in the MSSM with a universal as weIIWOUICI ameliorate t_he conflict _between theory and_ experi-
as more general soft sector are never highly pronounced iWent. As such positive corrections are correlatgd with nega-
the nonresonant branching ratios tive values forR,, our secondB— XJ "1~ scenario may be

) ; - A
On the other hand, the relatively larger coefficient of thefbavorehq. In tth's casae,l S|tzable dewatltqns ?PXSI tl dard

R, term in Eq.(5.13 induces greater sensitivity in asymme- 2rafching ratios -and iepton asymmetries irom standard-

try observables to supersymmetric deviations from the starfl'0d€! €xpectations should hopefully be detected in the next

dard model. In Fig. 3, we plot the ratio of the electron asym- ew years.

metry observable A(B—X.e e )y evaluated in the

universal soft sector MSSM relative to its standard model VI. CONCLUSIONS
value. This ratio is displayed in the figure as a function of i i .
AfMgur) and mo(Mgy) on a two-dimensional slice !N this work, we have studied the impact of supersymme-

0 — —
through the MSSM parameter space withg(m,)=150 [y upon the FCNC processeé§ — e'e, BoXe'e,
GeV, tanB=20, and sgfu)=+1 held fixed. Looking at the andB—Xsu"u". We found that the rate for the kaon mode
Lego plot, we see a substantial volume in parameter spacd€s not vary from standard model predictions by much

exists where supersymmetric deviations from the standarflore than 10% in the minimal supersymmetric extension
model are sizable. with a universal soft breaking sector. Qualitatively similar

Case 2. We accept all points in the MSSM parametef€Sults hold for th& meson nonresonant branching fraction.

space for which-4.2<R,<—2.4. Scans over the parameter Since the premise underlying the MSSM with GUT-scale
space of the MSSM with GUT-scale universality then revealiNiversality is not necessarily realized in nature, we have
thatR, never dips below-2.5. This limiting value coincides also considered these transitions in a more general class of
with the lower end of the experimentally permissible Models in which certain soft sector assumptions were re-
B— X,y partial width range. It is important to note that !axed. We then uncovered regions in a nine-dimensional pa-
I'(B—X.e"e) is strongly correlated witli'(B— X,y) since ~ fameter space wherB(B— Xl "1 ")y is significantly en-
a large short distance contribution ®—X.e" e~ comes hanced relative to its standard model value. Charge
from the small dielectron mass region where the intermediat§onjugation odd lepton asymmetries can exhibit even larger
photon is only slightly off shell. Maximal suppression of the deviations from standard model expectations. So signals of
radiative rate therefore leads to a 10% suppression of theUPersymmetry could be detecteddn- Xl 1~ decay in the

semielectronic rate. On the other hatidB— X u* ) and ~ Next few years. o
I'(B—X.y) are anticorrelated forR,<0 due to the Various refinements upon the analysis which we have pre-

Ce"RECEM(8)] term in Eq.(5.2). The semimuonic branching sented in this paper could be pursued. For instance, radiative
fraction increases by 20% wheR,=—2.5. More impor- corrections to the MSSM scalar potential will alter the al-
tantly, sizable signals of supersymmetry can be detected ifPWed regions of parameter space. Similarly, imposition of

the asymmetry observablel, increases relative to its stan- additional constraints arising_from ele_ctrow_eak precision
dard model value by factors of 3.6 and 2.6 Br-X.e'e” measurements and cosmological considerations would fur-

andB— X' u~ whenR,~—2.5. ther restrict MSSM parameters. Although such refinements

If we again relax the universal soft sector assumptions, we
find many points in the more general nine-dimensional pa-
rameter space whei; drops down to the lower end of its it is interesting to note that deviations Bf from unity in case 2
experimentally allowed range. The nonresorant X.e" e~ can induce larger variations in T(B—X¢ "I )yssu/
andB— Xu" u~ branching ratios are then enhanced by upl'(B— X *1 ™ )gy than inT(B— Xs»)mssvT'(B— Xs¥)sm -
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TABLE Il. Extremal MSSM values oB— X "1~ observables
as fractions of their standard model counterparts.

MSSM with universal MSSM with relaxed

DECAY IN THE MSSM
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soft sector soft sector assumptions
L7
Observable Minimal Maximal Minimal Maximal é S 16
S|~
B(B—Xete )  77% 107% 72% 119% © z "
A(B—Xete )  80% 170% 81% 196% o N
B(B—Xeu"n )y  88% 102% 71% 121% O
AB—Xu u )nr  85% 148% 86% 164% Jﬂ @ 12
:C/ < 14
1
cannot affect our qualitative FCNC conclusions, they may
somewhat alter our quantitative results.
More interestingly, the general approach which we have

followed in this paper to investigate supersymmetric contri-
butions to a particular class of rare modes can be applied to
several other processes that might reveal larger discrepancies
with the standard model. For example, our analysis of semi-
leptonic di—>djl+l‘ decay can readily be extended to its

neu(tjrl?o Ianil?gu@iﬂsj VV'I Similar methoils Izan "1'59 be A(B— X" e )\ calculated in the MSSM relative to its standard-
used 1o look Tor Weak scale SUpEersymmetry®i-i 4, model value. The ratio is plotted as a function &M gyy) and
B—7 7 and B—B mixing. Theoretical and experimental mo(Maur) With mi(m,) =150 GeV and tag=20 held fixed. Ex-

study of all these processes will help to constrain whatevegged MsSM parameter space points are indicated in the plot by
physics lies beyond the standard model which is still waiting_ ego blocks saturated at their maximum values.

to be discovered.

FIG. 3. Ratio of the nonresonant electron asymmetry observable

APPENDIX A: MSSM b—sy MATCHING CONDITIONS
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The one-loop integral functions that enter into these matcheoefficientsy,,, andy,, of the strange sector semileptonic

ing conditions are given by operatorsQ,y and Q, in Eq. (4.2). These same formulas
) ) hold for Wilson coefficients of analogous operators in the
f1(x) = TTASXHEC X3 bottom sector. The KM matrix labef and numerical indek
! 6(1—x)° (1—-x)* respectively equaj=d, i=1 andq=b, i=3 fors—de"e”

andb—se"e” decay.
3x—5x?  2x—3x?

fa(x)= 21—x)2 " (1—x)3 Inx, Z-penguin and bubble graphs with charged Higgs loops:
2+5x—x? X 1 m?
fa(x)= 6(1—x)° + 1" Inx, SYSUSY= 575USY— _ 3 cotz,thf5( oy ) (B1)
hi
1+Xx X . . .
fa(x)= 2(1=x)2 + 1=x7° Inx. (AB) v-penguin and bubble graphs with charged Higgs loops:
I 5YSUSY:0
APPENDIX B: MSSM s—dete™ AND b—sete™ '
MATCHING CONDITIONS
. . 1 m;
We tabulate below thgV-scale matching contributions to 5Z5YSY=— - cotBfs| —|. (B2)
the YSYSY andZSYSY parameters which appear in the Wilson M=

Z-penguin and bubble graphs with chargino loops:
6 2
‘
OSSO e 2 2, (X33 i ol mE (LT ) pg0,
tq =

1
2 2. m? * e 2 M. md *
C2(|| UA’I I');Ii,ll }Ji)aABVI:LV.JlJF '“Xf“ XECO(mD‘A, II;Ii,l I’;;)éABUIIUJ]_] . (83)

2

y-penguin and bubble graphs with chargino loops:

5YSUSY:0’
6 2 o me.
W
O iR 2 2, 2 1 B It (. (B4)
692 A=1i=1 ms
A A
Z-penguin and bubble graphs with neutralino loops:
1 6
SYSUSY= 578USY= ZPYIA(Z3 i Co mio,mg M ) (TPRIPR) 50
mAgl HE (Z,9)3A(Z5 )sifcal 0 ay) )ABO1J
2 2 2
- Cz(m;,‘A, m;?, m;g) Sap(NI3N33 = NiuN3) — %m}?mygco(mgA,m;?,m;g) Sas(NisN33—NisN3)}  (BS)
y-penguin and bubble graphs with neutralino loops:
5YSUSY=0
1 6 4 2 méo
575USY— _ - z z (ZDL) (ZDL) fol —|. (B6)
21®§K:¢SK = < (ZjA 2A Ai'8 m%A
Z-penguin and bubble graphs with gluino loops:
493 o t
SYSUSY= 57V == 3 (TP LA(TP)gico(m,mE ,m? ) (TPRIPR') pg (B7)

307K {Kiq ABZ1
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y-penguin and bubble graphs with gluino loops:

5YSUSY: 0,

6 2
57SUSY— _ 95 2 My

(01201 (B8)
—_ L O aifol —= | .
815K K q A1 m% A ATBl m

A

da

Chargino box grapli:

6 2
SUSY_ Ut U 2 2 2 2
5Y gzK*Ktq 212, O4 5O aida( M M mE M2 VIRV,

575USY—q. (B9)

Neutralino box graphs:

2 6 4

. 2 (ZDL)ZA(ZDL)AI{dZ(m o,m o,m m?él)(N,*ZthanHN,*l (N2 +tandN;;)

SYSUSY=2 sirf 95Z5Y5"+
205K} Kq 51152

+ %m;lom;gdo(m;(?,m;(g,maA,mgl)(N,ertanaM 1) (N3, +tandN3,)},

6 4

m

SUSY_ W D\t -Diy 2 2

OZ = mr ke 2 2, (D ) aise@ Ol da(mgo,meo. M3 m )NFN;

+ myomod (m~o m~o m m%4)N|1le]. (B10)

The one-loop integral functions which appear within these MSSM matching conditions are given by

X
f5(x)= (1 1-%72 Inx,

38— TH2+ 473 4x—6%2+3x*

fG(X): 6(1_X)3 + (1_X)4 |I’]X,
. _52—101x+43x2 6—9x+2x3I
0=—ga 505 T Ta=xr ™
2—7x+11x2 6x°
fg(x)= 1=%)° +(1—x)4 Inx,
2 2 2
m? In(m3/ )
Co(m%:mgvm%):_((ml mz)(ml m )+(m1<—>m2)+(m1<—>m3)
3 1 mf]In(mi/u?)
Co(mf,m3,m3) = 8 4| (m- mg)(mf—mg)+(m1Hm2)+(m1Hm3)'

ms In(m3/ u?)
P A Sy Ay S
(m7—m3)(mi—mz)(m3—my)

do(mf,m3,m3,mj) = —{ +(m1Hmz)+(mle3)+(mle4)}.

m{ In(mé/ u?)

IO A Sy A S
(m7—m3)(mi—mz)(my—my)

1
dy(mi, m3, m3,my) =~ 7

+(Mye=my) +(Mye=mg) +(Mpe=my) | (B11)

All dependence upon the renormalization sqaleancels out from the total supersymmetric matching conditions#¥Y and
ZSUSY

"Our chargino and neutralino box graph matching condition results differ from those repofte] by overall signs.
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