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We present the results of the complete one-loop computation (B&Ige»I *I~ decay rate in the MSSM.
Both sources of the FCNC, the CKM matrix and off-diagonal entries of the sfermion mass matrices are
considered. Strong enhancement of the branching tedimpared to the SM predictidpean be obtained in the
large tanB~m,/m, regime in which the neutral Higgs boson “penguin” diagrams dominate. We make
explicit the strong dependence of this enhancement on the top squarks mixing angle in the case of the chargino
contribution and on the. parameter in the case of the gluino contribution. We show that, in some regions of
the MSSM parameter space, the branching ratio for this process can be as large®ag)1@specting all
existing constraints, including the CLEO measurement of BR(Xsy). We also estimate that for chargino
and top squark massesO(100 GeV BR(BSHI M '7 with [I'=er or w7 can be of the order of 13! for the
still allowed values of the off-diagonal entries in the slepton mass matrix.
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[. INTRODUCTION diagonal in the sameso-called super-CKMbasis as quarks,
the sfermion sector of such models is, in general, a new,
Extensions of the standard mod@M) usually predict independent of the CKM matrix, source of the FCNC pro-
new contributions to the flavor changing neutral currentcesses.
(FCNCQ) processes. For example, adding in the most general Current experimental data on FCNC processes provide
way a second doublet of the Higgs fields to the standardmportant constraints on these sources of flavor nonconser-
theory of electroweak interactions typically leads to largevation in supersymmetric model$Extensive reviews are
amplitudes of FCNC processes mediated at the tree level bRefs.[2] and[3].) Taking the CKM matrix as the only source
neutral Higgs particles. Restricting appropriately the possiblef the FCNC processes, the current experimental datB on

form of couplings of the two Higgs doublets to up- and _, x_, andK°K?, B°B° mixings impose some constraints on
down-type fermions eliminates such tree level contributionghe MSSM parameter space. These constraints, which corre-
to FCNC processes, but, of course, new contributions infate masses and composition of charginos and top squarks
duced by loops involving the physical charged scalar stillyjth the mass of the charged Higgs boson, depend in part on
remain. Charged Higgs boson contributions to FCNC prothe elementv,y of the CKM matrix, which is not directly
cesses depend however on the same elements of thgeasured3,4], and become weaker with growing sparticle
Cab|bbo—KobaXash|—Maskaw¢KM) mixing matrix as does  asses. Effects of the nonzero off-diagonal entries of the
the standardV= boson contr|but|_on and, thys, amplify the ¢tarmion mass matrices are usually analyzed sepaf@ely
effects of the FCNC source that is present in the SM, rathegyinqant constraints apply to the entries causing transitions

than being an mdgpendent new source of such ProCeSSEg.nween the first two generations. Bounds on the entries con-
Nevertheless, requiring the effects of the charged Higgs bo- ) . . 54RO
son not to spoil successful predictions of the standard theor§i€cted to the third generation, which follow from (8B

leads to interesting bounds on tHd (+,tang) plane, where Mixing and B—Xyy decay are much weaker. Thus large
tanB=v,/v, is the ratio of the vacuum expectation values deviations from the rates predicted in the SM can still be
of the two Higgs doublets. In particular, in the popular two discovered in the forthcomingor already running experi-
Higgs doublet model of type I2HDMII), in which the first ~ments such as BaB4SLAC), BELLE (KEK), CLEO (Cor-
doublet couples only to leptons and down-type quarks and@iell), HERA-B (DESY) and the Large Hadron Collider
the second one couples to up-type quarks only, processésHC) (CERN). In this context, a particularly interesting
such asB— Xy and KOKO mixing together withZ°—bb process to look a§ are the_ deca®gy— 171~ because_ they
constrain the planeMy+,tang). In particular, for tapg &€ clean, theoretically being almost free of hadronic uncer-

=3 B—X.y requiresH= to be heavier than-165—-200 tainties. , ,

GeV [1]. Several_ papers analy_zed this process in the M$5M7]_
Supersymmetric models, such as the minimal supersyander various assumptions and with different approxima-

metric standard modéMSSM), which are the most popular UONS: In this paper, vl/e.perform a complete calculd_'uoﬁ

and best motivated extensions of the SM, apart from containth® ProcessBsq—1-1" in the MSSM with emphasis on

ing a charged Higgs bosdd ™, induce additional contribu-

tions to the FCNC processes. Firstly, in such models the

effects of the CKM mixing can be further amplified through in what follows we display only formulas for the dominant con-

the loops involving charginos and squarks. Secondly, asgibutions. The plots are, however, based on the program including

there is no reason why the squark mass matrices should lentributions from all relevant one-loop diagrams.
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qualitative understanding of the dominant effects. To thistheir matrix elements vanish when taken between one me-
end we derive simple analytical formulas approximating theson and vacuum states$n the following, we will specify the
main contributions. We reconfirm that for values of an  fgrmulas to the case cﬁg(s)zgd(s) decay; hence we will
<20 the rate of this process is not significantly enhancedaye =3 andl=1=d for BS or I =2=s for BY. Further-
compared to the prediction of the Sidpart from the case of
tanB~0.5 and lightH ™ [8] which is not favored theoreti-
cally within the supersymmetric framework and in which the
effects are sevcﬂely limited by the measuﬁdexsy rate <O|Hyy75dl|8:)(q)>:_ifqu#’
andR,=T"(Z°—bb)/T"'(z°— hadr)]. In agreement with ear-

lier paperd 6], we find that large enhancement of the branch-

ing ratio is obtained in the case of large fawalues due the — 5 0 . é
neutral Higgs boson penguin graphs. This has been previ- (O[by d||B|(CI)>:+'fB|m-
ously made explicit in Ref.7] (a possible role of such con- d b
tributions toK%-K® andB®-B mixing has been emphasized Using Eq.(2) one finds the totaB® width

in Ref. [9]) in which the contributions of charginos as a

source of the flavor changing has been considered. We dem- B

onstrate strong dependence of the decay rate on the value of I'= Ef(xi Xg){|al’[1- (xa=xg)’]

the top squark mixing angle and explain it using our analytic

formulas. Moreover, we extend previous calculations by also +|b|[1— (xa+xp)?]}, (©)]
analyzing the case of the flavor mixing induced by squark _ - _
mass matrices. In the latter case, we find very strong depef!Nere f(x,y)=V1-2(x+y)+(x—y)? xa=m, /Mg and
dence on theu parameter. Finally, we correlate the predic- the coefficientsa and b are given in terms of the Wilson
tions for BY ;—1~1" with the constraints imposed on the coefficients as

parameter space by other processes, in particular, by the

more, because of the pseudoscalar nature oBfhemesons,
we need only two matrix elements:

@

) . f
measurement by CLEQL0] of the B— Xy branching ratio. _ B VEPRY VERPRY,
We find that even respecting all those constraints, BR( a= 7| (Mgt m IICL ~ Cirt Crr Cri]
—u~p) can be enhanced up to 16°% for tang )

M
~m/m,~50. Moreover, for such values of tghand the B —B'[CS _CS.4+C8—CS ] @
off-diagonal 13 entries of the down-type squark mass matrix mp - tL TLRTERROERL
saturating the existing boun®,3], also BRBJ— ™)
can be of the same order of magnitude. This means that the fg,
unsuccessful search done at CLEQ] already provides a b=——- (my,—m )[CY +C/r—Crr—Cri]
constraint on the 13 off-diagonal entries of the down-type
squarks which, for some values of the other MSSM param- Mé
eters, is stronger than the one given in R¢%3]. Finally, ——[cS +CcS—CS - CgL]], (5)
we also estimate that for chargino and top squark masses My

~0O(100 GeV} BY—I1*1'~with Il'=er or w7 can be of
order 10 ! for the still allowed values of the off-diagonal
entries in the slepton mass matrix.

where we have neglecteddl compared tan,.

Three groups of diagrams contribute to the Wilson coef-
ficients: box diagramsZ® penguin diagrams, and neutral
Higgs boson penguin diagramenoting the self-energy

Il. GENERAL STRUCTURE OF THE AMPLITUDE diagrams on the external quark lines-as2 (p), with
AND THE SM PREDICTION

— 3(P)=3PP +3gpPrt+IFP +35P, ()
The effective Lagrangian describing tdgd;— | 5l g tran-
sition has the general form and vertex corrections to the couplindsd, Z°, d,d,S° and
d,d,P°, whereS%(P?) is a neutral scalafpseudoscaldy re-
Ee”:z C,0, (1) spectively, as
X

in which O, are the local four-fermion operators aadg are 2The second follows from the first one by using the QCD equation

their Wilson coefficientwe suppress quark and lepton fla- of motion for the quark field operators; this fixes their relative sign.
vor indices onO, andC,, as well as on various form factors  3at the one-loop level the photon penguin diagram does not con-

which will appear in the followingy Four vector-vector op-  yipte for thell final state due to the vector current conservation.
erators Oy, = (dyy,.Pxd))(Ie¥*Pyla) and four scalar op-  As long as neutrinos are massless, thefinal state can appear
eratorsOiYE(dJde,)(l gPyla) (WhereX,Y=LL, RR LR  neither in the SM nor in the 2HDM; in the MSSM, tHé’ final

and RL) contribute to this process. In addition, two tensorstate can only be due to box contribution, provided the slepton mass
operators exist but they do not contribute to this processnatrices remain nondiagonal in the lepton mass eigenstate basis.
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+iyM(F/PL+FiPR)
—i(FEP_+F3PR)
—(F{P_L+FEPR), (7)

one finds [in the approximation (p?)=3(0), F(g?)

=F(0)] the following expressions for the Wilson coeffi-

cients generated by various penguin diagrams:

e .
Cyy=— FXc§, X,Y=L,R
o a0 TTRR @
from the z° penguin diagram, withc®=1-2s3,, c&
= —23\2,\,, andsy, (cy) is the sine(cosing of the Weinberg
angle,

1 ZE
CEL:CER: = 2 M2, U_Ffm| ,
Hk
€)
1 ZE.
CRr=CRL= > 2 FRm,
=12 M 0 U1
Hy
from neutral scalar penguin diagrams, and
1 zZE,
CEL:_CER:k;2M2 v_lFEm"
“Mup.,
(10

CS=—C3, = >, ! —Z#kIA:Pm|
RR oM, v R
k+2

from neutral pseudoscalar penguin diagrams. We use here

(and throughoyt the notation of Ref[12] in which HE
=(h"H), H3,,=(A%G"), Hi=(H",G") andZx (Z})
denote the projection of thkth physical neutralC P-even

(-odd) Higgs boson onto the reéimaginary part of the neu-
tral component of the Higgs doublet that couples to the

PHYSICAL REVIEW D 63 054012

are the full effective vertices, including the effects of flavor
changing self-energy diagrams on the external quark lines.
Box diagram contributions to the Wilson coefficients can
also be easily found. From Eg&}), (5), and(8)—(10), one
sees that scalar penguin diagrams contribute onlyitoEq.

(3), whereas the coefficierd receives contributions from
both Z° and the pseudoscalar penguin diagrams. The relative
sign of thez® and the neutral Goldstone boson contributions
to a should be such that the total contribution is independent
of the gauge chosen for th#’ propagator. This is the case if

_mJlil\_/yR‘l' m|IE\F\/’,L:_MZIEE,R (14)

for P referring to the Goldstone boson. Since the form factor

IA:[’,R for the physical pseudoscalaP is related to the one for
G by theSU, (2) symmetry, this relation tests also the rela-
tive sign of thez® and pseudoscalar penguin diagrams.

The SM contribution to th&°—1l decay is well known
[13] (see, also, Ref[14]). The Higgs boson couplings to
fermions are not enhanced, so the scalar and pseudoscalar
penguins are negligibly small. The only important box dia-
gram is the one with tw&V= which contributes only t&,’,

oV - 1 [e\* Ny x] 1 log X, 15
T Ton? 5 w2 alTx T a—x2) P

wherex,=(m;/My,)? and\,=V};V,, . The effectived,d, Z°

vertex receives contributions from loops involving b&k

and the charged Goldstone bosons. One finds

X—6  3x+2 |

- |0 X
(Lx?

(16)

andFy=0 in the limit of my =0. Adding all one gets

BR(BY—11)=7(BY)

zfélmFMBlp\ v 4m|2Y2( )
1 a2y
T tl Mél 0\ Mt

7

G,:a
2
4msy,

down-type quarks. In addition, since at one loop penguinhereT(Blo) is the lifetime of theB|° meson and 15,14

graphs cannot generate transitioBS—11’, we have set

m,=m_=m. In these formulas,

F/r= F\L/,R_’_ZSWCWCE,RE\L/,Ri (11
wherec!=1-2s2/3, ct=—2s2/3,
1
FE,R:FE,R_ _EE,FD (12
U1
and
1k 1k
FP=FP+-"3P, FR=FR-—35 (13
U1 U,

Xt

Xt_ 4 3XI
Yo(Xe)=— )

X—1  (x—1)2

log X |. (18

In general, taking QCD corrections into account consists
of computing corrections to the Wilson coefficients at the
scale~M,, and subsequently evolving the latter from the
electroweak scale down to the hadronic sgaje-m,. The
first step of this procedure amounts to replacikx;) by
Y(X)=Yo(X) + (ag/dm)Y1(%) [15], where now x,
=(mt(mt2)/MW)2. Y(x;) can be conveniently parametrized

as[16]
— 1.55
m¢(my)
Y(xt)zo.gg{m .
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As far as the evolution is concerned, it has been noted in Ref. Xt Vi
[16] that the vector operators contributing BY— Il have Y(x)—Y(x)—cof o 81—y,
zero anomalous dimensions. Hence, their Wilson coefficients

do not evolve at all, whereas the evolution of the WilsonThe new contribution has the same signy4s;) and, there-
coefficients of the scalar operators result in multiplying themfore, enhances the SM contribution. For example, for@an
by my(un)/My(Mz). Consequently, iC3, are proportional =05 andM,+ =M,,, BR(B°— 1) is enhanced by a factor
to my(Mz), their evolution is taken into account if this factor of (1+ 1.566/0.9973~6.6 compared to the SM prediction.
ifs replatl:ﬁd bymy(n), which in turn %ancels ogt V\_/Iilthbthe For large tam3~m,/m, in the case ofBg decay, FY,
actor 1t b(/;h) prese;rr]\t in Equ_s(_4)ma§n (5)-IAS It ‘t’ﬁ' €  despite being suppressed by one powemgfM,, is about
apparent, whenever the coetliciertizy are 'arge, ey are two orders of magnitude larger thalAﬁ\L’ and, for M+

mdeed.proportlon_al ton,(Mz). In the SM, including QCD ~100 GeV, is of the order of the SM contribution. However,
corrections, one findgl6] . ) . o
in this regime, there are other contributions that are more
important[17,16.
T(Bs)J First, the mixed, W"H*, box diagram in whichH™

1+ (20)

1 |
O .
1 Vi gV

BR(BY— up)=4.1X 10—9[

154 p couples to theb quark is alsoO(tar? 8) and not suppressed

2 — 312 by my /My . After summation over different types of virtual

fo, | Ve 17 mu(my) | s it o
% . (19 guarks it gived16]
245 MeV| [0.040 | 166 Ge
LR 2 ( ) nZ :8
IIl. CONTRIBUTION OF THE EXTENDED HIGGS 16m 4 Xn— Xt
SECTOR
1 1
As remarked in the Introduction, the presence of the x |09XH )(t—ll()gxt ’ (21)

physical charged Higgs boson in the extended Higgs sector
of the MSSM (or 2HDM), in general, enhances the FCNC wherexy=(M H+/MW)2 The otherW*H™ box is propor-
transition rates generated by the CKM mixing matrix. Thistional to my /My and hence it is less important. The box
enhancement can appear throughtthe contribution to box  diagrams contalnlng two charged scaléeither physical or
diagrams,Z° penguin diagrams and neutral Higgs bosonGoldstong are suppressed always byn(/My)2. Therefore,
penguin diagrams. The latter type of diagrams can only b@ithough theH“H™ box grows as tahg, it is not important
important in the large ta=30 regime in which the neutral even for tarnB~50.
Higgs boson couplings to the down-type quarks and charged Second, there are neutral Higgs boson penguin diagrams.
leptons are enhanced by t@rfactors. It turns out[16] that the dominant, i.e;-tang part of the
For low values of taf8= 20, the neutral Higgs boson pen- enuine&d,SO(Po) vertex correction cancels duand the
guin diagrams are small. Itis also easy to check that for Sucgnly contribution arises from the scalar parts of the self-

tanp values no box diagram can give significant contribu- . =0 S
tion. Thus the only large contribution can be due to lthe energies of external quarktor B” decay it is3z which is

contribution to thez® penguin diagrams. Computing the rel- dominan}:
evant self-energy diagranfsector parts therepfand vertex 1 [e)2 xu—1[ xy
corrections, one arrives at S—__— | = - -
Dty 1&72(3 ) My tIXtXH_Xt XH_1|09XH
. 1 e’ m>1 vy Xt
N LS A - log X, |, 22
AFL m)\”cotzﬁ—g 4 1 Vi Xt_l Xt ( )
1 wherexy=(My=/My)?2.
1+ ~y, logy|, Using the formulag1l) and(13), and the fact that in the

MSSM for neutralC P-even scalars for large values of tan
the following relations holg:

“This cancellation is even simpler in the case of the MSSM than
in the case of the 2HDWI) considered if16].
, 5The well-known large radiative correctionsh8 andH® masses
do not spoil these relations. Moreover, these corrections do not
. affect the neutral Higgs boson penguin contributions because they
where y,;=(m;/My+)2. Taking into account onlyAF,  always modify significantly only the mass of that Higgs boson,
which is enhanced for tg8<<1, amounts to replaciny(x;)  which almost does not couple to the down-type quarks and charged
in Eqg. (17) by leptons.
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o ] Ref.[16] and, for smaller values of ta# update the com-
putations done earlier in Reff8,17]. The formulas(24) ap-
ply also to BRBS—u u"). In this case, however, the
value of the element,y which for each point in the
(tanB,M+) plane should be extracted from the dataBﬁq
§g mass difference and the parametgr, can be different
than in the SM, especially for low values of tBnWe do not
attempt such an analysis here.

BR(B, —> 1 )

e ] IV. CHARGINO CONTRIBUTION

Another source of amplification of the flavor changing
10°° A transitions induced by the CKM matrix is the chargino sector
10 of the MSSM. Assuming that the squark mass matrices are
M. (GeV) diagonal in the super-CKM basis, the first result is that in the
o ) whole relevant parameter space the box diagram contribution
FIG. 1. Contribution of the Higgs sector of the MSSM or {4 any of the Wilson coefficients remains small compared to
2HDM(1I) to BR(Bs— " ") as a function of the charged Higgs the S\ contribution. Furthermore, t? penguin diagram
l_)oson mass for tafi= 0.5_(so|id line), 2 (dashed ling 25 (dotted can change the predicted Bm—’lflﬁ) by no more than
line) and S0(dot-dashed lin ~5-10% for tanB~2 and~20% for tanB~0.5. The mag-
nitude and sign of this contribution depends, apart from the
masses of the sparticles involved, also on the chargino com-
position and on the mixing angle of the top squarks. For

sif a~1, Mi=~M3 for MpA<Mg,

» 2 a2 i ; .
cos a=~1, Mi=Mj for My>Mg, (23 natural top squark composition, i.e., when the lighter top
5 5 ) squark is predominantly right handed and the mixing angle is
M+ =Ma+My, not too largeg18], the chargino loop contribution to the Wil-

_ _ o son coefficients has opposite sign to that of the top quark
we can now summarize the dominant contribution of thejoop and, hence, decreases the rate oBthe u~u* decay.
extended Higgs sector to the coefficieat&ndb given by  Thjs s very similar to the opposite, as compared to the SM,

Egs.(4) and(5), Ref.[16]: sign of the chargino-stop loop contribution ®,=T'(Z°
5 —bb)/T'(Z°—hadr) [19] since, in view of the smallness of
1 fe, [ e\*m, B, ? logr the box contribution, the two calculations are very similar.
a=16m2 2 Sw M_z)‘“ Y(X) = 8M—2ta Br—1| We conclude that in the whole range of the MSSM param-
W W eter space the box and®-penguin diagrams arising from
(24) chargino exchanges do not change the order of magnitude of
L . M2 I the B)— " decay rate.(Again, to calculate theB
b= _ Ble)y M, TR e g9l —u~u* decay rate, one would have to consider the
1672 2 | sy M2 “8|\/|2a =y : bt 0RO
W W chargino contribution to they parameter and -By mass

difference in order to determine consistently the value of the
where r=1/,=(My+/m)2. Since log/(r—1)>1, the V.4 element)
CP-odd neutral Higgs exchange interferes destructively with  Huge contribution to this rate can be, however, induced
the SM contribution. Figure 1 shows the contribution of thefor large tan3=30 by neutral Higgs boson penguin dia-
extended Higgs sector of the MSSMssuming that spar- grams. This had first been made explicit in Rif] in the
ticles contribute negligiblyor of the 2HDMI1)® to BR(BY  approach based on the effective Lagrangian method. Our nu-
—u~un*) as a function ofMy+ for different values of merical results are obtained by full computation of all rel-
tanp. These results, which should be compared with the SMevant Feynman diagrams. Here we present only the deriva-
results 4< 10 °, agree for tag=30 with the ones given in tion of the approximate formulas summarizing the dominant

effects. To this end we consider the limit in which all soft

SUSY breaking parameters, except for the ones which deter-

§In the case of the 2HDMI), the subleading in tag contribu- mine the Higgs potential, are much larger than the elec-

tions of the genuine vertex corrections in the CP-even Higgs bosoffOWeak scale. In this limit, which allows us to work in the
penguin may be different than in the MSSM, because the dimenSYmmetric phase of the theoiy.e., with v;=0) in which
sionfull couplingsH*H~H®(h°) differ in both modelg17]. Stil, sfermions still have definite chirality, we can construct the
unless these couplings in the 2HDIY) are very larggand numeri- ~ effective theory by integrating out sparticl¢sut not the
cally very different from their MSSM counterpartso as to en- Higgs fields. In this construction, threshold corrections
hance the otherwise subleading contribution, Fig. 1 should be regshown in Fig. 2 give rise to the effective Yukawa interac-
resentative also for the 2HDW) results. tions of the down-type quarks summarized by
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H: Hy
A A
A A
PN BERN FIG. 2. Diagrams giving rise to
5 “a Y “x A,YgandA4Yq, respectively, in the construction
U Qs Uk Qo of the effective theory.
B H, H, dy 98 H, H, d5
a) b)
Eeff=—eij(Yd+Ade)BAHidqfd° B where_ Vag is the CKM matrjx. Starting from the SUSY
breaking part of the Lagrangidi2]
— (A Yg)BAHFYgld® B+ H.c., (25)

Lsor=— (M)A UFAUE —(m)*BQf AQP
whereA andB are the generation indices and we work in the . —
language of two-component Weyl spinors. In order to diag- +(€;A0PH, QU — neHyHL +h.c),
onalize the quark mass matrix arising after the electroweak .
symmetry breaking, we first perform the standard CKM ro-We obtain
tations (diagonalizing the original matrix5*) followed by 1

the infinitesimal rotations A Y4B= o2 Y4 AGYEuCo(u? MG M ue) (29

dA—>(l+AVET)ABdB, dc A—>dc B(1+AV3T)AB,

26) whereC, is the standard three-point function.

. L . 1
with AVPT, AVR' satisfying AVPk=—AVP ;. Diagonal Cola,b,c)= :ogg— :ogE . (30
mass matrix for down-type quarks is obtained with a—bla-c "¢ b-c Tc

v Inserting Eq.(29) in Eq. (25 and performing all steps mak-
— (ALY )P+ —2(A!Y ) B=(AVRT)ABYB L yA(A\/D)AB, ing the usual assumptioA®=Y;AL 848 (i.e., that the tri-
U1 linear soft terms are proportional to the Yukawa coupljings
@7 and keeping only the top Yukawa coupling leads to

whereY?# are already diagonal antl), ) Y are related to the 1 .
original A, Y4 by the rotation diagonalizing the original ALYY'=+x—5N\ YIY2AMe Co(m2 M M7 ),
BA . . . 1677 1 1 tL tR
Y3*. This lead$ to the effective Yukawa couplings of the (31)
neutral Higgs bosons of the form
where we have replaced with Mc, and the signt keeps

L= — —=d%(— Y yZE+ ALY 72— tanBALY ZH)d HO track of the sign ofu. Using Eq.(28) in Egs.(9) ad (10)

V2 yields the full vertex form factors
- 1k, A7y 72K as_ 1, 2k_ 51k 1y S
+H.c.+ Ed (YqZE+AY4Zh FL_EAqu[ZR —Zx tanB]~— EAquZR tang,
, 1k 0 (32
+tanBA[YqZ5)d Hi, ,+H.c. (28

[In the Lagrangian28), Y is diagonal and the rest of the ﬁf=iAl’ij[Zﬁk+ Z¥tanB]~ iAL’JYdZﬁk tanB
notation is explained below E¢L0)] which, in general, gen- V2 V2
erates the FCNC transitions. Note that the correctigiyy . . . . .
disappeared altogether as it should, since it cannot contribu%'ght_ form fa(ftors are given by the Hermitean conjugation;
to the ECNC transition. they involveY, and are therefore subleadjng
The correctiom, Y, in Eq. (25) is easily computed in the Detailed comparison of the above _S|mp!|f|ed calculation
basis in whichy”® is diagonal and the initiafAB= YAV with the standard diagramatic app_roa(mn which one com-
u d dTAB putes both, the self-energy corrections, and one patrticle irre-
ducible the 1PI vertex diagrams, in the phase in which the
_ _ _ electroweak symmetry is brokeneveals that the dominant
"strictly speaking, Eq(27) must hold only for off-diagonal ele-  contributions given by Eqs(32) to the form factors arise
ments; forA=B, the relationmy, = —Ydv, /2 is corrected, but only from the self-energy diagramighe 1Pl vertex correc-
the net result is that in Eq28) Y4=— \/EmdA/vl again. tions contain one power of tah less. Moreover, the com-
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FIG. 3. BRB2— 1~ u™) as a function of the

3 top squark mixing angled, for tanB=50, the
lighter chargino mass 100 GeV and different val-
ues ofM 4. Solid, dashed and dotted lines corre-
spond to M?z'Mﬁ) equal (240,500, (400,700
and (300,850 GeV, respectively. In the left
(right) panelsM,/u=10(—1), whereM, is the
usualSU(2) gaugino mass parameter.
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parison shows that one should replagg by A=A,
+ u cotpg, M;L, M;R with the true mass eigenstatMrl,
M1, and justifies the replacement afu by the mass of the

lighter chargino.
Using Eq.(32) we get

fg 1 2m [ e \* M3 gr
a—ZWMM—@(S—) Y=g ztar?ﬁ -1
M3 m?
+ —tarﬁ ﬁAth Col, (33
8M2, M2
fg 1 2m, 4 M3 logr
b=7 Tem2tiy (sw _8thanz'8r—l
MZ 2
+ —tarr°’ ,BAth Col. (34
W A

Knowing that Y(x;)=~1, these formulas allow for a quick

chargino contributions, on the mixing angle of the top
squarks for some values of the other MSSM parameters. The
minimum aroundé,~0 corresponding tA;~0 is clearly
seen. Incidentally, this plot also supports the replacement of
n by £me, in Eqg. (31), because very similarlyup to a
reflection §,— — 6, which follows from different signs of)
looking curves in the left and right panels have the same

but distinctly differentu. Another important feature of the
chargino contribution is that it does not vanish if all sparticle
mass parameters are scaled uniformM;i—ﬁ\M}i, Mc,
—AMc, p—Au, A=A This is clear from the fact that

in such a cas€,— \ ~2C,. This is illustrated in Fig. 4 which
shows BRB(S)*)ILL_,LL_F) as a function of the lighter chargino
mass for U17,,M7,) equal to c,3mc) and 6= 10° (solid
lines), (mc,3mc) and 0,=30° (dashed lines (3m¢c,5m¢)
and 6,=10° (dotted line$ and (3ng,5me) and 6,=30°
(dash-dotted lines In fact, keeping the stop mixing angle
fixed requires tha, scales as\? rather than as., which
explains the growth of the rates withc_in Fig. 4.

estimate of the effects. It is important to note that the contri- T0 check the correlation of the prediction for BB

bution of charginos to the rate grows as®gnand therefore

—u~p) with the results for BRB— Xsy), we have per-

can be much larger than the contribution of the Higgs sectoformed scans over the relevant parameter space of the
Figure 3 shows the dependence of the full branching ratidSSM. We took the following ranges: 16mc <1000
BR(BO—>/.L u¥), including the SM, Higgs boson and GeV, 0..|M,/u|<10, 1<Mj /mc <10, 1<M /Mt2
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& & ) FIG. 4. BRB® ) function of th
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_f L MI‘ ‘200 ?ev b MI‘ 12‘90 ?ev ] lighter chargino mass for tgg=50, M =200
10 250 500 750 1000 10 250 500 750 1000 and 1000 GeV. Soliddashedllines correspond to
me (GeV) me (GeV) (M7,,M7)) equal to fnc,3mc,) and the stop
10'63................,._._._ 10'65..................../._E mixing angle §,=10° (30°), whereas dotted
§ i ] (dash-dottegllines to (3nc ,5m¢ ) and 6;=10°
e | N el (30°), respectively. In the leftright) panels
110 N 3 M, /pw=10(—1)
: : 2 :
% 1078 %:" 107k
1) 2 o 3 E
L. M,=1000 GeV ] [ M,=1000 GeV ]
10‘9..|....|....|....|... 10‘9..|....|....|....|...
250 500 750 1000 250 500 750 1000
m. (GeV) me (GeV)

<5 and —60°<#,<60° and rejected points for which scaleu,,. For a given set of the parameters of the MSSM
Apsquars™6x10"* and M,<107 GeV. For calculating the BRB— Xsy) value shown in Fig. 5 corresponds to the
BR(B—X.y) we have used the routine based on Refslowest(highes} edge of the resulting band of theoretical pre-
[20,21] including the next-to-leading ordéNLO) matching  dictions, if the whole band is abovéelow the range al-
conditions at the scal/, for the top and charged Higgs lowed by CLEO[10], and to the central point of the overlap
Contribution’ as in Refq22’23:|’ and On|y the LO ones for of the theoretical and CLEO bands in the case such an over-
the supersymmetric contributici24,5]. We have not used lap exists.

the available NLO matching conditions for the supersymmet- In the case of the8—u~u* decay, the results of the
ric particles since they are computed under the specific ascans, shown in Figs.(&-5(d), demonstrate that the the
sumptions about the sparticle spectrum, not necessarily sa&LEO result for BRB— Xsy) does not eliminate the points
isfied in the scan and, moreover, not valid for large values oforresponding to the largest values of Elﬂlge»,u*/ﬁ) and
tanB. The theoretical uncertainty is taken into account byeven does not exhibit any definite correlation between the
computing the rate fou,=2.4 and 9.6 GeV and then by two rates, especially for those points for which H(
shifting its larger(smallep value upwarddownward by the — — u~u ™) is very large. This is mainly due to the fact that
added in quadratures errors related to the uncertainties,in  the (LO) chargino contribution to BR§— X.y) decreases
My, Me/My, |ViuVid/Vepl2 and higher order electroweak with growing sparticle masses, whereas its contribution to
corrections; we do not take into account the variation of tthR(Bg—>,Lf,uf) does not. This allows to hope that even the

[ R L b SRR IR
[ B) ]
Fio 'k 3 E
T
m
& I
m
—4
10 : E
it SR T e £ T FIG. 5. BRB—Xsy) Vs BRBYgy—u 1*)
10”10 10 o 10 1o 10 10 for tanB=50, M,=200 GeV in panelga) and
BR(B, — s ) BR(B,—> 1 1) (b), tanB=50, M,=600 GeV in panelc) and
[ ] [ tanB=30, M,=200 in panel(d). Limits from
I e) | I ] CLEO on BRB—Xsy) and on BRB)
= -3 =3 —u~u') are also shown by solid lines.
10 F E <10 F
T T
[an] | m |
& I & I
m m
—4 —4
10 F 10 F
10° 1078 1077 107% 107 107° 107® 1077 107 107
BR(B,—> 4t ) BR(B.—u )
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full NLO computation of BRB— X4y) will not change this ing the slepton sector mass parameters so to hkégp 90
picture qualitatively. In the case of tH&}—u u* decay, GeV,M;=50 for (51)*¥®3=~0.9, we get

for each set of the MSSM parameters, the relevant element
Viq should be determined from the prediction for thg
parameter anagEg mass difference by consistently includ-
ing all supersymmetric contributions. Such an analysis is be- (36)
yond the scope of the present paper and we limit ourselves to

the following remarks. In Fig. ®), we have used the SM

BR(BY—11")<1.6x10" 1,

(N —13
value | V4| ~0.008, which means that the values of HE#3( BR(Bg—11")=3.8X10" ",
—u~u™) shown in Fig. Bb) can, in principle, be increased
(or decreasgdat most by a factor of=3 when this element \here|l’=er or ur. (The largest rates are obtained for

is determined properly(.) However, as foIIow§ from Fig. 4, the|M2/M|51 and small stop mixing anglé, ; the result scale
largest values of BR§g—u u") are obtained for heavy approximately as|s!,|2) For other parametergheavier
charginos and/or stops, which means that in those cases tQg)ps and charginoranching fractions for these processes
supersymmetric contribution to the parameter anﬁg-gg are, of course, smaller.

mass difference is small and the SM valug/\éfy| we have We now discuss the effects of the flavor nondiagonal
used cannot deviate too much from its correct value. One camass insertions in the down-type squark mass matrix and
therefore conclude that Fig. 5 demonstrates that the presefdturn to thell final states. The approximate formulas ac-
CLEO bound BRBg—u~ n*)<6.2x10"" (shown in the  counting for the effects of the insertions$.,)" are easily
upper-right plot by the vertical solid linelready puts some derived in the so-called mass insertion metf@@] in which
weak constraints on the MSSM parameter space in the casgvor off-diagonal elements of the sfermion mass squared

of large tan3~m;/m, andM ,=<300 GeV. matrices are treated as additional interactions. Usually, the
linear approximation in .§§‘<Y)'J is sufficient to account for
V. FLAVOR CHANGING INDUCED BY SFERMION the results obtained with the full diagramatic calculation. In
MASS MATRICES the case of a nonzerosf,)'? insertion, the dominant con-

Up to now we have assumed that the fermion and sferlribution is expected to come from the diagrams involving
mion mass matrices are flavor diagonal in the same Igtis ~ 9/Uinos, due to their strong coupling,= V4 mas, to quarks
so-called super-CKM basisin this section, we consider the and squarks.(This expectation is confirmed by the numeri-
effects of nondiagonal entries in the sfermion mass matrice§@l computation in which all one-loop contributions are
It is customary to parametrize such nondiagonal entries b{aken into account.Since at one-loop there are no box dia-

the so-called dimensionless mass inserti8], grams with gluinos, we are left only with tr# and neutral
Higgs boson penguin diagrams. As previously, the latter type
K (AME)Y, of penguin diagrams is important only for large values of
(Sxy)V= oo =7 (39  tanp. Another important remark is that because the change
(Midxx(Midyy of flavor in the gluino diagrams does not originate from the

CKM mass matrix, the rates of tH8] decays need not be

whereX,Y=L,R, K=u,d,l, (M3)¥, are the diagonal ele-
(Mi)xx g gsuppressed compared to the rates ofBielecays.

ments of theX X blocks of the full mass squared matrices an | | : 0 i
(AM3)Y, are the off-diagonal entries of théY blocks. _For tang values not too large, only thé” penguin con-
tribution can be important. Direct computation shows, how-

Most of these insertions are bounded by the existing experi-

mental datafor review, see Refd.2,3]). In the case of the SXE;’ t(g%t n tr;,% fg;?gﬁloll)]:egg:ﬁ l:gfjr Iget?vsegr?sti:enz(zrl;
B°—1BIA decay, the relevant insertions aré},)”® and LL(RR) pletely

(5g(y)|3, 1=12. energy2\>é and the proper vertex correctidﬁX (X=L,R).

13
The first interesting point is to check the effects of the Because of that, the effects of the nonzedy(rr)'® mass

slepton mass insertions which are the only source of the déﬁs;a]rtions, te,‘ée? taking iI”FO acco#nt their qua(flratic and
caysB%— 11’ (through the box diagrams with charginos in 'gher: contribufions In gluino exchanges as wed as neu-

the loop. Very strong bounds from nonobservation of the:]r:gtnr(;l d:i\grimbsésirne serrrl]aIlIJiLor rtfr:lslgre: r]:gr I\lNTtI)(IZQ tl[]:r er
transition u—ey exist only on the 6'LR)12 insertions[2], 99 penguin grap gigivie. g

) . effects could come only from nonzerd {g)'® mass inser-
whereas in the case of ttB?— |1’ decay most important are tions which, however, are strongly constraind@,3]:

the insertionss}, on which the bounds are weakeTaking 59)1%<0.07Mm /1 TeV) 5923 <0.03(m...J1
mc, =100 GeV, light top squark/l;zw 100 GeV and adjust- (5L (Minad - 1R mad

°For nonzero §%,)'® insertion also neutralinos contribute; more-
8Reference [2] gives (5,)12<0.2(M5/0.5 TeVR, (8L,  over,anonzerodf )" insertion induces, via the CKM matrigee,
<700(M5 /0.5 TeVY and (5!,)%<100(M7/0.5 TeVF, which in  e.g., Refs[3,12)), nonzero ¢ ' )'? insertions which affect, in prin-
most cases are superseded aj}{s 1—the limit in which one of ciple, the chargino contribution. Both these effects are small but are
the sneutrinos becomes tachionic. taken into account in our numerical code.
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TeV) [wheremy, .= (max(l\/lsq,mé))]. Respecting these con-
straints, BRBY— .~ ") (BR(Bj— u~ ")) remains of or-
der 4x10°° (10 19).

In the case of large tgB, we have to compute in the

PHYSICAL REVIEW D63 054012

1 8 e m
£S__ © 2 = b,
U~ 1672 3% 25, M, 27 B

X u(AMB) mgDo(me M3 M2, MB).  (41)

linear approximation in the mass insertions both the scalar

parts of the self-energies and the 1P| vertex corrections to th&

couplingsd,d,S°(PY). For the self-energies we get

1 8
0= 152 3 GG (AMB)RCo(M] MG M)
~(AMB)LMy(Ay+ p tanB)Do(mg M5 M3, MB)},

(37)

whereDy, is the standard four-point function

Dy(a,b,c,d)= ai—b[co(a,c,d)—Co(b,c,d)], (39

mg is the gluino mass ankll; is the average mass of the two

bottom squarks. A similar formula is obtained 8§ with
the replacementA M 2), | — — (AM 3)rr.

In the same approximation, for the vertex correction

d,d,P° we get

1 8 1
FEZW §9§”rg v—lzﬁk(AMZD)'LJRCo(mS,MZ M32)
250y My el DJRR p)LLMg;
X Zg tanBDo(me M3 M3 M)
1k e 25\1J
—Zj taanAb(mdl(AM D)RR

+mg (AMR)I)Do(mE M3 M3 M2) 1, (39)

where for the three-linear soft term we have usl
=YLA,. FE is similar, with AM3)} < —(AMB)Rk.

Combining Eqgs(39) and (37) according to Eq(13), we see
that (AM 3)R, cancels out. Moreover, since t@P-odd

a=-=>5 5 5| —
1677 2 w2,

omputing the relevant Wilson coefficients, we finally find

for the coefficientsa andb

1 fgm[e)\*
Sw tl

X

Vi B[ S| Me (3"
' 395 € Mio )\tl

Xtarf g uM3Do(me M3, M3, M2) |, (42)

4
b=

1 fgm /e
tl

1672 2 M3,
2(s_w)2Ma (50"
s Mio )\tl

Sw

y 8
39| e

xtarf BmguMgDo(mg M3, M3, M3) |, (43)

in which we have also displayed the SM contribution to al-
low for easy estimate of the magnitude of the gluino contri-
bution. It is essential that the dominant effect is due to the
LL insertion and not the LR one which is much more
strongly constrained2,3]. Similarly as in the case of the
chargino contribution through the neutral Higgs boson pen-
guin graphs, the gluingand neutralinp contribution is also
proportional to taf3 and does not vanish when all SUSY
mass parameters are uniformly scaled(ppovided the di-
mensionless mass insertion is kept fixeeigure 6 shows the
result of the full diagramatic computation of the SM and
gluino exchange contributions to BBQHM‘,Lﬁ) as a
function of the u parameter for §¢,)%=0.1 and tarB

scalar A°, whose coupling to leptons is enhanced, corre-=50, M,=200 GeV. The minimum foru=0 is clearly

sponds tok=1 and Z3'=cosB~0, the second line in Eq.

seen. The gluino contribution scales approximately as

(39) is suppressed compared to the third one. Therefore, wi 8¢, )%2.

can write

ep 1 8
L= 1677 39525, My

XM(AMZD):_‘]LméDo(méMZ MG .MB), (40

where we have retained only\ (M 3)1 which in F{ is mul-

tiplied by my =m, and neglected XM )R which is mul-
tiplied by mg (in IEE it is the other way around Similar
calculation leads to

Figure 7 shows the results of the general scan over the
MSSM parameter space in the form of the scatter plot
BR(B— Xsy) vs BRBY— ™) for (8¢,)%=0.1 and vs
BR(B{—pu u™) for (87 )*°=0.05. The parameters have
been varied in the following ranges: 100nc, <600 GeV,
0.1<|My/u|<5, my=3M,, —60°<§,<60°, A,=A,, 0.5
<Mg,/mc <15, 1<M7 /M7, <5, 0.25<(mj)s/ms
<2.25. For other entries of the squark mass matrices we took
(m3)kk=(m3)ss. All points for which M,<107 GeV,
Apsqark>6x10"* (as well as points with too light stops
have been rejected. Results fatd(y)'® are similar.
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L FIG. 6. BRBY— u~u*) for tanB=50, M,
i ] =200 GeV and §{,)%=0.1 as a function of the
u parameter. In the left panelmg,A=Ap)
equals(300,0 GeV (solid line), (300,250 GeV
(dashed ling (800,0 GeV (dotted ling and
(800,250 GeV (dash-dotted ling (m3) 3= (500
GeV)?, (m)ss=(mp)ss=(300 GeVY, (m)xx
=(600 GeVY for K#3. In the right panel
(mg,A;=Ay) equals:(800,0 GeV (solid line),

[ w 1 (800,450 GeV (dashed ling (1500,0 GeV (dot-
10°k b) ted ling and (1500,450 GeV (dash-dotted ling
' : (M3)35=(900 GeVy, (mg)ss=(Mp)ss= (700
GeV)?, (m3)kk=1000 GeV for K+ 3.

I I 3 E I ) M
-200 o} 200 -200 o] 200
w (GeV) w (GeV)

In agreement with the bounds given in Reffg,3], the leptons. Both possible sources of the FCNC processes, the
measured by CLEQ10] BR(B— Xsy) does not constrain CKM mixing matrix and the off-diagonal entries of the sfer-
the rate of the BFE(S)H,LL_,U,*—) decay(nor does it exhibit mion mass matrices, have been considered. For values of
any particular correlation with the latberand the latter can tang, in which the neutral Higgs boson penguin graphs are
attain values of the order of 16, respecting all the relevant negligible, the rates of these decays in the MSSM remain of
phenomenological constraints. As expected, whenever thge order of the SM prediction.
gluino contribution is dominant, the rates of thB? Large enhancement of the SM prediction can occur for
—up u* and By—pu ut decays are comparable, which tang>1, provided the additional Higgs bosons predicted by
means that BRBJ— u~ ") can also be as large asT0for ~ the MSSM are not too heaviall the large contributions
(82)**=0.1[in the plot, we took ¢ )**=0.05 in order to  behave as M2, whereM , is the mass of th€ P-odd neu-
satisfy the bound &{| rg)**<0.2(Mmay/1 TeV) [2,3] for  tral Higgs bosoh The contribution of the Higgs sector
almost all points in the scan; however, the biggest effects argrows like taft 8 and can give BRB?—u~ u*)~2x108
for Myax large in which @1 rg)** can be largdr It follows  for tang~m,/m,. Dominant effects of the chargino sector
that for such values of the MSSM parameters, the currengrow as taf 8 and depend strongly on the top squark mix-
CLEO bound, BRB3— 1~ *)<6.2<10 7 [11], puts con-  ing. For tand~m,/m, and substantial mixing of the top
straints on ¢ rg)*® which are much stronger than the squarks they can give BBEy—x u") up to 5
ones given in Refd.2,3]. x107°(10°%), respecting other phenomenological con-
straints including the measurement of BR{ X y). Large
effects, growing as t&B and exhibiting strong dependence
on theu parameter, can be also induced by the off-diagonal

We have performed a complete one loop diagramatic calelements of the down-type squark mass matrix. As we have
culation of the decay rate of thﬁg(d) mesons into charged shown, BRBg(d)—>,u7,u+) is sensitive to the 2313) off-

VI. CONCLUSIONS

BR(B— X.¥)
ER(B—> X.y)

FIG. 7. BRB—Xsy) vs BRBY—u u™)
Cidadadi Lial v L ] [with (6¢)?®=0.1] and BRBJ— 1~ x ™) [with
10 10 10 lo° 10 100 10 10 (89)1=0.05] for tanB=50, M,=200 GeV in
BR(B. = 1 1) panels(a) and (b), tanB=50, M =600 GeV in
7 panel(c) and tan3=30, M ,=200 in panel(d).
Limits from CLEO on BRB—Xgy) and
BR(BJ—u~ u™) are also shown by solid lines.

10 10 10 10 10 10
BR(B, = u u) BR(B, —> 4 )
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diagonal entries of theL andRR blocks of these matrices, of the extended Higgs sector. Thus large deviation from the
which are not so strongly constrained by BR{ Xsy). For ~ SM prediction observed in these decays, apart from being a
tanB~m,/my and M,<200 GeV these effects can easily signal of supersymmetry, would have important implications
give BRBJ— .~ u ™) larger than 10“. It is also interesting for the Higgs search at the LHC.
that even forBR(Bga,u‘,uJ“) these effects can be so large
that they could exceed the present CLEO lifdifl] which,
therefore, already now puts constraints on the MSSM param-
eter space. P.H. Ch. would like to thank S. Pokorski for useful dis-
Finally, it is important to stress that both types of effectscussion. His work was partly supported by the Polish State
growing as taf3 do not necessarily decrease as sparticleCommittee for Scientific Research Grant No. 2 PO3B 052 16
become heavy. However, they are sensitive to the mass scdiar 1999-2000.
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