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We calculate the inclusive branching ratio 8 Xsy, the inclusive branching ratios and asymmetries for
B—Xs/ "/, and the anomalous magnetic momept-2 of the muon, within a minimal gauge-mediated
supersymmetry-breaking model which naturally generates a large rafoaBHiggs field vacuum expectation
values. These predictions are highly correlated with each other, depending on only two fundamental param-
eters: the superpartner mass scale and the logarithm of a common messenger mass. The prediBtions for
—Xgy decay andy,— 2 are in somewhat better agreement with current experiments than the standard model,
but a much sharper comparison will soon be possible using new measurements now in progress or under
analysis. Moreover we predict large deviationsBin: X,e*e™ andB— Xut u~ asymmetries, and somewhat
smaller ones iB— X.e*e™ andB— X7 7~ branching ratios, which will be detectable in hadronic colliders.
[S0556-282198)00521-9

PACS numbgs): 12.60.Jv, 14.40.Nd, 14.60.Ef

I. INTRODUCTION lems: theories of gauge-mediated SUSY breaKirig9]. In
these theories the SUSY-breaking sector is coupled to the
Arguably the least-understood aspects of supersymmetrgbservable [minimal supersymmetric standard model
(SUSY) as a physically acceptable theory are the mechatMSSM)] sector via gauge interactions. Many models em-
nisms which break SUSY and which communicate thatploy the standard-mod€EM) gauge interactions to couple
breaking to the observable sector. These mechanisms musie MSSM to a messenger sector, which then couples more
generate soft-breaking mass terms which are small enough tfirectly to the SUSY-breaking sectémuch as in the gravi-
protect the Higgs boson mass, large enough to have evadegtionally mediated picture the MSSM and the SUSY-
all direct searches so far, and flavor symmetric enough t®reaking hidden sector communicated only via Planck-scale
respect all current indirect bounds. In particular, flavor-physicg. The messenger sector may be far below the Planck
changing neutral current=CNC) processes impose strong gcale, thus also lowering the SUSY-breaking scale, and the
constraints on any_nonuniv_ersal soft-breaking masses, due H?auge interactions which generate observable SUSY-
gluino- and photino-mediated SUSY contributiond].  phreaking masses are naturally flavor blind, thus preserving
Moreover CP-violating phases in the_ soft-breaking S.eCtorthe approximate flavor symmetries of the SM. In the class of
must be strongly suppressed to satisfy the constraints %hodels studied in this work, the ultimate source of SUSY

electric dipole momentgl]. A
P bl breaking is parametrized by a superfidvhose scalar and

In supergravity-mediated scenarios with a flahka met- : ;
ric [2] the SUSY breaking is communicated from the hidden, COMPonents both acquire vacuum expectation values

sector to the observable one by gravitational interactions,¥ EVS) through an unspecified mechanism. Since this super-

leading to universality in the soft-breaking sector near thd!€'d is @ SM gauge singlet with no direct couplings to the

Planck scale. But even such a strong assumption about phy@PServable sector, the mechanism of SUSY breaking is

ics at extremely high scales may not be sufficient to preven@/9€ly isolated from, and therefore unconstrained by, the
large flavor violations at observable scales. Indeed in grandnown properties of the SM5 does couple to a set of mes-
unified supersymmetric theorig8], the large top Yukawa Senger fields, which do carry SM gauge quantum numbers.
couplings and radiative effects above the unification scal&Vhen their superpartners are split by the couplings, tthey
can generate unacceptably large FCNC &B-violating  radiatively split the MSSM gauginos from the gauge bosons
processes. Moreover it is doubtful whether supergravityand the sfermions from the SM fermions, thus conveying
theories derived from superstrings would have flahléa SUSY breaking to the particles we observe.
metrics and flavor-independent supersymmetry-breaking The pattern of SUSY breaking in the MSSM produced by
terms[4]. gauge mediation is thus exactly what is needed to solve the
Recently there has been a revival of interest in a class aBUSY flavor andC P problems. Moreover the most minimal
models which can solve both the SUSY flavor @ prob-  of these models are highly predictive, since most of the
MSSM parameters beyond the SM depend on only the scale
of the messenger masses and of the SUSY-breaking VEV

*Electronic address: emidio.gabrielli@romal.infn.it, (and the number of messenger figlddnfortunately neither
egabriel@delta.ft.uam.es the superpotentighk term, which is the coupling between the
"Electronic address: sarid@particle.phys.nd.edu up- and down-type Higgs superfields, nor the soft-breaking

0556-2821/98/58.1)/11500317)/$15.00 58 115003-1 ©1998 The American Physical Society



EMIDIO GABRIELLI AND URI SARID PHYSICAL REVIEW D 58 115003

termBu, which couples the scalar Higgs fields, is generatedang is correlated with that ob— sy through their common
by the usual gauge mediation mechanism: both couplingdependence on a single Wilson coefficient.
violate the Peccei-Quin(PQ symmetry of relative rotations A number of studies fobh—sy [12-15, b—s/ "/~
between the Higgs doublets, which gauge interactions prg12,16-19, andg,—2 [20—-23 have already been carried
serve. But for phenomenological reasgnsnust be gener- out for MSSM models similar to the one we consider. But
ated somehow, and indeed a few dynamical mechanisnBur analysis for the MGM model is unique in its predictivity:
have been proposed to break the PQ symmetry at the prop#tere are essentially only two parameters, and they determine
scale[10,9]. Possible solutions of thig. problem are an atight correlation between these procesgé®reover in our
active area of research in this field. analysis we include the complete next-to-leading order accu-
We will regard thew term as a free parameter, to be fixed "acy in the strong coupling for the SM contribution ko
phenomenologically by requiring that the electroweak—SY [24] andb—sI™I™ [25,26.) Present datanildly favor
vacuum be broken at the correct scale by radiative correc@Ur Predictions over those of the SM. Measuring the corre-
tions. We will then assume, as in REL1], that when theu Ia}ted dewaﬂons in these processes from SM predictions WI“
term is generated the correspondig term is not(and also either favor this model over the §tandard one and measure its
. . parameters, or strongly constrain the model by forcing it to
the soft-breaking Higgs boson masses are unaltered ; . )
X . L . agree closely with the SM, or disfavor both this model and
courseBu will be induced radiatively, but since we assume . -ndard one.
that its b(_)un_dary value at the messenger scale vanishes, we The paper is organized as follows. In the next section we
can predict its value at lower, observable scdel. The  yefine the model and give the analytical results for the mass
v_amshmg ofBu at the messenger scale offers several attracépectrum of squarks, sleptons, Higgs bosons, and gauginos at
tions: the physical scale. We state these results for the mildly more
(1) The two physical SUSY CP-violating phases general model than the minimal one, allowing for1 mes-
arg(BM7;,) and argAM7,), whereM,, is a gaugino mass senger families. All these quantities are expressed as a func-
andA is the scalar analogue of the Yukawa couplings in théetion of the SUSY-breaking scald (or equivalently the
superpotential, are zerl@], solving completely the SUSY W-ino mas$ and the common messenger mass. Also in this
CP problem. section we give the numerical predictions for the magnitude
(2) All soft-breaking terms and relative signs can be pre-of the . parameteffor various values oN, messenger scale
dicted essentially in terms of only two parameters, a comand top quark magsnd a detailed discussion about the pre-
mon messenger mass and the SUSY-breaking scale. dictions of its sign. In Secs. 1ll-V we analyze the contribu-
(3) SinceByu at observable scales turns out to be smalltion of the MGM model to theo—sy, b—s/ "/~ decay
tang, the ratio between the up- and down-type Higgs VEVS,rates and asymmetries, amg,—2, respectively. We give
is naturally predicted to be large, thus generating the obmodel-independent parametrizations for the total rates and
served large hierarchy between top and bottom quark massggymmetries and analytical expressions for the MGM contri-
without appealing to hierarchical Yukawa couplings. butions to the corresponding amplitudes in a suitable ap-
Since a naturally large tg# is a signature of this model, proximation. In Sec. VI we present and analyze the numeri-
we analyze a class of low-energy processes which are pagal predictions for theb—sy andb—s/ "/~ decay rates
ticularly sensitive to large ta8. It is well known that in the gnd asymmetries versus tgg—z ones, as a function of the
MSSM the processes mediated by magnetic dipole transsUSY-breaking scale and the common messenger mass in

tions can be enhanced by t&nThe corresponding SM am- hoth N=1 andN=2 scenarios. The final section contains
plitudes are chiral suppressed, while some of the SUSY corpur conclusions and outlook.

tributions can receive a tghenhancement, making the new
contributions competitive with the standard ones. Within this
class of processes, we consider in the framework of the mini-
mal gauge mediatedMGM) model the radiativéd— sy and In gauge-mediated supersymmetry breakit@MSB)
semileptonidb—sl*1~ decayswith | =e,u,7) and the con- models supersymmetry is broken at some scale above the
tribution to the anomalous magnetic moment of the muorelectroweak scale and then the breaking is communicated to
g,—2. For theb—s/"/~ processes we analyze both the the MSSM particles by the usual SM gauge interactidis
decay rate and the energy or forward-backwdfB) asym-  9]. In the minimal realization of this idea, a pair of &)

metries. doublet chiral superfield®,, @, and a pair of S(B) triplet

In b._>57 andg,—2 the_cor_respondmg_ _amplltudes are chiral superfieldsb;, &3, called messenger fields, couple
proportional to the magnetic dipole transitions and so are

directly enhanced by tgh. The b—sl*I~ amplitude re- to a singlet chiral superfiel8 with Yukawa couplings\; 3.

ceives contributions from both the local four-quark operators' '€ messenger fields get their supersymmetric mass through

Qg andQ,,, which are not enhanced by f&and in fact will  the VEV(S) of the scAaIar component of tiesuperfield. But

be largely unaffected by the MGM, and from the samethe F component ofS also has a nonvanishing VEYF)
magnetic-dipole operatd, responsible for thdb—sy de-  which parametrizes the breaking of supersymmetry. The
cay. (Q; contributes to theo—s/"/~ amplitude through breaking is manifest in the consequent mass splitting be-
the exchange diagram betwe€y and the electromagnetic tween the fermionic and scalar component of the messenger
lepton currend. Therefore the sensitivity ob—s/*/~ to  fields ®;: the fermions of®; acquire masseM Mi:)\i<s>

II. MINIMAL GAUGE MEDIATED MODEL
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while their scalar partners get squared massés IN(S)|? — 16,

+|N(F)]. mr=15|sM1). ™
In this minimal gauge-mediation model, the messenger

fields couple at tree level only with the gauge sector of the o . 1/3. 3

MSSM and not with its matter fields. Thus SUSY breaking is mg;, = mﬁD=N §M§+ EM%) €)

transmitted to the MSSM only by the ordinary gauge inter-

actions. At one loop, gaugino masses are generated by finitf%r the squared masses of the squark doublet, the up- and
self-energy diagrams, with the fermionic and scalar compo- '

nents of the messenger fields running in the loop. In théjown—type squark singlets, the slepton doublet, the charged

following we will allow the possibility ofN=1 messenger slepton singlet, and the up- and down-type Higgs doublets.

families (pairs of doublets and tripldtsbut only a single We have also explicitly inserted the unit mattixin flavor
P P y 9 space: the gauge interactions which generate these masses

sourceS of SUSY breaking. We will also assume that the 5re flavor blind.

messengers are approximately degenerate; our results are notangther consequence of the pure gauge mediation in the
very sensitive to this splitting as long as the messengers agGw is that the SUSY-breaking terms which couple the

not very split and not very close to their lower boufse  squarkgor sleptonsto the Higgs doublets are not induced at
below. We denote quantities evaluated at the messengghe same order as the gaugino or sfermion masses, since they
scale by an overbar. Then the gaugino mass spediluris  break the chira(flavor) symmetries while the gauge interac-
given by tions do notA terms are induced at higher order via gaugino

- masses, so botA andM arise through the same sourae
— -~ and hence the relativ€ P-violating phase between them
Mi=N 7z AgX)=Mig(x)), D arg(A¥ M) vanishes naturally.

The u parameter, which couples the up- and down-type
where A=(Fg)/(S) and x;=A/My_. The functiong(x)  Higgs doublet superfields in the superpotential, is not gener-
contains the result of the one-loop integrati@). Its argu-  ated within the GMSB paradigm, since it breaks the Peccei-
ment must satisfy;<1 to ensure that the messenger scalarfuinn symmetry while the gauge interactions do not. To
have a positive mass squared. We will not be concerned withave a (phenomenologically mandatechonvanishing u
M. just above but very close to the minimal vale sox;  term, the MGM model must be extended. We véisume

- o . — that such an extension does not have any impact on the mass
W'”A ne\{er approach unity, in V_Vh'ch cagg(x))=1 andM; parameters beyond the term (but see Ref[10] for coun-
=M will be very good approximations. ~ terexamples Thus effectivelyu is an arbitrary additional

At two-loop order in the messenger fields, or more plainlyparameter of the model, as was assumed in most of the pre-
at one-loop order in the gaugino masses, squark, slepton anghys literature. But in fact its value can be predicted by the
Higgs SUSY-breakingquaredmasses are generated by self- ynenomenological requirement that the electroweak vacuum
energy diagrams with a gaugino mass insertion. Thus th@nould spontaneously break to yield the proper Higgs boson
sfermion masse@ather than their squareare the same or- gy,
der as the gaugino masses. Once again we are concernedThe SUSY-breaking analogue of theterm, theB term
with x; well below unity, in which case the results of the coupling the Higgs doublets in the scalar potential, is also
sfermion mass calculation can be expressefllap not generated by the pure MGM. We wilssumeas we did

above, that whatever mechanism generateoesnot gen-
, ) erateBu, and this is the major assumption of this work.
While this is by no means a generic aspect of GMSB models
(see Ref[10] for a critical analysis of this issigit is theo-
where the coefficientC; depend on the gauge quantum retically conceivable sincBu would break arR symmetry
numbers of the scalar multiplets antis the weak hyper- which 4 would not (see Ref[7] for an example and Ref.
charge. Explicitly, these equations read [11] for further discussion It is also phenomenologically
appealing, sincdas for theA termg B is generated radia-

. ~, B .
2C3M3+2C,M3+ §Y2M§

— 1
2~_
M=

—2_ 11862 30 2+£|\7|2) (3  tively through gaugino masses, and henceGieviolating
Q "N\3"3 272 301) relative phase ar@* M;) once again vanishes naturally.
Thus the SUSYCP problem is completely absent in this
— 1(8., 8., model. To reiterate: in_the following we will always assume

m= 1ﬁ(§M3+ 1_5M1) ’ 4 the boundary conditio®=0.

Notice that the only source of phasépart from topo-

—, 1/8. 2 logical vacuum angle_s's the SMC_P-vioIating phgse in the_
ma—lﬁ( §M§+ 1—5Mi) (5) quark Yukawa couplings. In particular, no physical relative

signs are arbitrary parameters; thus the relative sign between
wm, the Higgs VEVs and the gaugino massehich is often

il\?l 2) 6) just called the sign of:) is apredictionof this model, which

1 we calculate below.
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Since the messenger scale is considerably higher than the The gaugino masses, and thence the physical chargino
electroweak scale, we use the above MSSM parameters asd neutralino mass matrices, are given at the squark scale,
boundary conditions to the renormalization grd$) evo-  respectively, by
lution equations, and calculate the RG-improved masses
closer to the electroweak scale. But as long as the messenger
scale is only a few orders of magnitude above the elec-
troweak scale, a one-step solution to the RG equations will ; _
suffice for all parameters except for which a delicate can- !
cellation occurs. The RG evolution starts at the messenger

scale; it effectively stops at a typical squark mass soale
Both of these statements were discussed and justified in Ref. (

M, C)

Mz \2My
0 M

[11]; in particular, the doublet and triplet messenger masse .
are expected to be quite similar in a unified model, so there is ¥~
a reasonably well-defined single messenger scale, and most

of the results do not depend significantly on the small split-

ting betweerMy, andM . We will usually only keep the

: (10

) - _ M4 0 0 sinéym;
leading powers of /(872) =In(My, /m)/(87?), whereM,, is
the messenger mass scale. A more complete justification of,, _ 0 M2 0  —cosfymz

this approximation was presented in Rgf1]; in brief; the X 0 0 0 -

one-step approximation is used whenever it is sufficient, for ;

exampls, irF:Ff[he squark massésecause their initial values Sinfwmz - —coséwmz  —p 0 (11)
are largé and in theA term [due to a cancellation of the

leading O(L?) effectd, while higher powers of. are kept

where needed, for examplem2 of Eq.(23) and inB. Since

tanB=(Hy)/(Hp) will also turn out large, we will also usu- The up- and down-type squark mass matritk and M3

ally keep only leading powers of 1/t8n respectively, at the squark scale are
1 2
mé+ m2— 1(5 - §sinzt9w> m32 —myAy
MZ= , (12)
—m.A 2 2 2. 2
uwAu i+ 1My — 1sir oyymy;
2 2 1 1 . 2
m(~g+ md+1 E— §S|n2(9W mz mmgtanp
MZ= , (13)
2 2 1 . 2
umgtang mg+mg+ 1§sm26'WmZ
where
16 A [16 13 A3/ 16 7 L
2_ 2 = 232 = 2an2 TU P2 2. ~°2| 0D P2 2. g2l
ma=mg+11 3 g2M3+3g5M 32+ glM ) N ( 3M3+3M2+ 15M1) N ( 3M3+3M2+ 15M1>}8772’ (14
16 16 ..\ 2\3[16. . 3. L
2 2 2n 72 2172 U 2 2 2
ma—ma'f' 1§93M3+1_591M1)_T<§ 3 3M2+—5M1)}m, (15)
16 4 ___\ 2\%(16 7 L
2_ 2 2n 12 2n 12 u 12 12 2
ma—l’na-l— 1 §g3M3+ 1—591M1)—T<§M3+3M2+ TSMl)}W (16)
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TABLE I. The MGM predictions foru as a function of the wino mad4, in the linear approximation and
for some values of messenger mads, and top quark massy,, with Mwy,= 1.3y, andN=1.

My, /A m,=165 GeV m=175 GeV m=185 GeV
2 22 GeW1.46M, 23 GeV+1.64M, 23 GeV+1.8M,
10 22 GeWr 1.6M, 22 GeV+1.81M, 22 GeV+2.0IM,
100 20 GeW 1.70M, 20 GeV+1.90M, 20 GeV+2.11M,
1000 18 GeW 1.74M, 18 GeV+1.95M, 17 GeV+2.16M,
10000 15 GeW 1.76M, 15 GeV+1.9M, 14 GeW2.1M,

m,(\y) andmy(\p) are the up- and down-type quark mass mﬁU: —1imZ to leading order. Substituting in the up-type
(Yukawa coupling matrices in flavor space am, is given  Higgs mass as a function @f?, and including higher-order

by corrections, leads to
16 261 281 13 26 L 2 272 2 1 2
Au=1{ 5 95M3+302Mo+7291M1 |5, 17 ME=NEAT My = 5 MR(1+ 6y). (22)

where the boundary conditioﬁuzo has been used. The details of this minimization are given in Rdfl1]:

For the slepton mass matrices we find, with the samey (~1) accounts for the loop corrections to the Higgs
approximations as for the squarks, guartic couplings induced by the heavy top quark,

1 1/3. 3. —— L

M2 m%+m|2+1 E_Sinzﬁw m% pmitang maZN(EME_l— 1—OM§ +3g§M§(W)

=

wmtanp m? -+ 1sir? 6,ym?2

1g IS the common Higgs boson mass, arfd\? is the Yukawa
(18) coupling correction which lowers the up-type Higgs boson
) mass and breaks the electroweak symmetry. Neglecting

2 (19) terms smaller than-1%, and recalling thak; is evaluated

1
2
M~V=(mt—1—m§

2 at the squark mass scale as in Réfl], we find
where 3L 16 L
2 A 1 2 1 2 A
=——{|=M5+ +—
3 2 At N 8772( 3 M3+3M; 87
2_—2 2072 2112 | 12
m==m:+ 1(3gM +-gM )——<3M 1 12
L L 22 5 1Vl N 2 J— ~ ~
X N§6§Z3M§— T8§§+8§§ M§—8§§M§H.
- 91\7|2 - 20 23
sV (g2 20 29
We will set the logarithm to b& , =In(My, /mg)+3/2 where
12 .\ 2\7 9 L - :
m2=m2+11 - 2) _ _I(3|\7| 2, 2|t — the constant term, calculated in Rg27], accounts for the
o 59171 N 2 571 [8x7? one-loop thresholds at the messenger scale. The absence of

(2)  the complete one-loop threshold expression resulted in the
] ) major uncertainty in the previous analysis of this mdddl.
andm; (\,) are the diagonal lepton maggukawa matrix Numerically, we find thaj increases approximately lin-

in lepton flavor space. _ ~early with the superpartner scale, which we characterize by
The remaining parameters to be determined are the Higge wino masavi,, even for lightM,. Specifically, we find
couplingsu and Bu. These enter the scalar potential andthat , is given by the linear expressions of Tables I-IV for

determine the VEVs of the two Higgs doublets andvp in yarious values ofN, the messenger scale and the top quark
terms of the soft-breaking mass@iscussed aboYend the  mass. These approximations yield within ~+10 GeV

quartic Higgs couplinggfixed supersymmetrically by the oyer the range 100 GeM,<400 GeV. Several features
gauge couplings Since we are assumirig=0, the only free  are evident in these resultg: increases with the messenger
parameter isu, and it is set by requiring agreement with the scale and with the top quark mass, since it must cancel a
experimental observabler?=v3+v3=(174 GeV}, or larger radiative correction?A? ; it decreases with\ relative
equivalently withm§=(g§+ g%)vzlz. Since the couplin® to M,, since more messengers lower the sfermions relative
between the up- and down-type Higgs scalars will be veryto the gaugino$see Eqgs(1),(2)] and it is rather insensitive
small,v=v >vp, S0 the electroweak scale requirement isto small messenger splittings induced presumably by RG
essentially a condition on the up-type Higgs mass-squaredatvolution from high scales.
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TABLE Il. The MGM predictions foru as a function of the wino madd, in the linear approximation
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and for some values of messenger mislsg, and top quark mass),, with M m,=1.3M M, andN=1.

My, /A m,=165 GeV m=175 GeV m=185 GeV
2 21 GeW1.43V, 21 Ge1.61M, 21 GeV1.80M,
10 21 GeW 1.5M, 21 GeV+1.76M, 20 GeV+1.96M,
100 19 GeWr1.66M, 19 GeV+1.86M, 19 GeV+2.0M,
1000 17 GeW 1.71M, 17 GeV+1.91M, 16 GeV+2.1M,
10000 15 GeW 1.73M, 15 GeV+1.94M, 14 GeV+2.15M,

Finally, tanB=v /vy is predicted by minimizing the full minimal gauge mediation th& and B parameters of the ef-
scalar potential for both Higgs doublets: fective MSSM at the messenger scale vanish, and hence the
phase parameters are predicted: they vanish. Then their val-
1 Bu ues at lower scales follow from the calculable RG evolution
W: - (24 of AandB. In a convention where the gaugino masses and
Metr A top and bottom Yukawa couplings are real, no complex
o phases can then be generatatleast in low ordepsin A and
A striking aspect of the MGM is that, assumi®=0 (or B, only a relative sign, which we calculate below.
practically zer9, the low-energy value oB is also very This sign is particularly crucial for the observables of in-
small, and hence tah is naturally very larg¢6,11] (see also terest to usg, —2 andb— sy, which are enhanced by large
the last reference in Ref15]). The reason is not simply a tanB. As shown in the second reference of REf3], all
small amount of RG evolution between the messenger anguch observables proportional to {grare also proportional
squark mass scales, but ratjéd] a cancellation between to the degree of breaking of the Peccei-Quif@Q) symme-
the direct gaugino contribution to the RG evolution and thetry of the Higgs sector, characterized y, and of anR
direct A-term (or indirect gluing contribution to that evolu- symmetry, characterized by the gaugino mislss,. The am-
tion — a fortuitous cancellation that happens whdry, is  plitudes of these observables will be determined by the sign
not too far above its minimal valua. Thus if the messen- of the product taBuM,,, which is a prediction of the
gers are not too heavy, thB parameter evaluated at the MGM in any fixed Lagrangian convention, as we calculate
squark mass scale is very small, as it is at the messengbelow. The final predictions of the observables will of course
scale, although for intermediate scalBsis considerably be independent of any convention.
larger. So the coupling between the Higgs scalars is pre- To state the sign, we must establish some convention. In
dicted to be very small at the relevant scale of electroweakwo-component Weyl notation, we use a Lagrangian sche-
breaking, which leads to a large hierarchy between theimatically of the form
VEVs: tanB=v/vp>1. Because of the cancellation of the
leading-order terms, th&(mg) must be calculated quite
carefully at the next-to-leading order. The analytic results of
this calculation, and the expression for the effective pseudo- o 2 14040 0
scalar mass-squared parametgy, , to be used in minimiz- Evrana f 76w, W~pHgHp+AH R,
ing the potential, are given in Refl1]. Then taiB is pre- (26)
dicted by solving Eq(24) numerically, taking into account - -
the implicit dependence of the right-hand si@ad in par- Lot —M 1,66~ NAT TrH) ~BuHYHE,
ticular of B) on targ. (27)
In addition to new mass scale parameters, the MSSM is
characterized by two new phase parameters beyond the SM.
The MGM predicts these signs in any fixed convention. To 0 )
see this, note that they may be put entirely into #hend B HereHy ;, are the neutral components of the Higgs doublets,
parameters by appropriate field redefinitiof8]. But in G is the gaugino field, and the proper group structure and

Lgauge=19(Gt 1, — Gtgtp), (25)

Le~—|dWId$|?~ — N uHIT Tr. (28)

TABLE Ill. The & MGM predictions as in Table | witthN=2

M, /A m,=165 GeV m=175 GeV m,=185 GeV
2 8 GeV+1.10M, 9 GeV+1.23V, 10 GeW1.36M,
10 9 GeW1.23M, 10 GeV+1.3M, 11 GeW+1.51M,
100 9 GeW1.3M, 10 GeV+1.46M, 10 GeV+1.60M,
1000 8 GeW1.39M, 9 GeV+1.5(M, 9 GeV+1.69M,
10000 7 GeW1.3M, 8 GeV+1.53V, 8 GeV+1.68M,
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TABLE IV. The u MGM predictions as in Table Il foN=2.

My, /A m=165 GeV m=175 GeV m=185 GeV
2 6 GeV+1.08M, 7 GeV+1.2IM, 8 GeV+1.34M,
10 7 GeW 1.19M, 9 GeV+1.33M, 9 GeV+1.4M,
100 8 GeW 1.2M, 9 GeV+1.4M, 9 GeV+1.56M,
1000 7 GeW1.3M, 8 GeV+1.4M, 8 GeV+1.62M,
10000 6 GeW 1.34M, 7 GeV+1.50M, 7 GeV+1.65M,

indices are implied: our purpose is only to establish the sigrsmal)), which allows for a competition with the chirally sup-
convention. With this Lagrangian, we calculaf@nd find pressed SM amplitude. Among this class of processes we
agreement with Moroj22)) that, for example, the dominant consider here the rarB— X,y decay. In particular in this
MSSM contribution tog,,—2 isAa~+Mqutans. We can  section we will give the analytical results for the dominant
also easily extract and minimize the scalar Higgs potential t@ontributions to theB— Xy decay in the MGM model, and
find 1/tarB~ —Bu. Next, a one-loop top-gluino diagram us- fold them in with the recent next to leading ordédLO)
ing this Lagrangian generatés~ + M. ThenB is gener-  calculation for the SM.
ated by both a one-loop top squark diagram withAainser- Let us start with the experimental results. The most recent
tion, Bo~—A;~—M;,,, and a one-loop HiggsindA-ino  published result by the CLEO Collaboration for the total
diagram,Bg~ + M,,. The coincidental near cancellation of inclusivebranching ratio BRB— Xgy) is [29]
these two is the reason taris large in the MGM, but we
find that essentially alway$B,|>|Bg|, S0 B~—My,. 10*x BR*P(B— Xsy) =2.32+0.67 (29
Therefore with this sign conventioll ;,utan3>0. Hence
the convention-independenthysicalsign of Aa is positive,
and similarly the deviations of the variobs- sy amplitudes
are unambiguously predicted.

To be more specific, for the remainder of this paper weg; ihe 959% confidence level.

will further specify thatu and M, are positive, and there- Recently the NLO corrections to the quask>sy decay

fore so is ta. To translate our intermediate results to dif- .5ia have been completed in RE24], including the calcu-
ferent Lagrangian conventions, the interested reader neggyion of the three-loop anomalous dimension matrix of the
only use the Lagrangian of Eq&25—(28) to determine the  gffective theory. This is a necessary ingredient for a consis-

desired signs ofu andMy,, and then establish the corre- ot resummation, at the NLO accuracy, of the large leading
sponding sign of ta from M 4putanB>0. Our final results logarithms, lo/y,/m,.

are physical, and therefore will be unchanged. In much of the "The inclusion of the NLO corrections in the—sy decay

existing literature, the signs dfl;, and tan3 are fixed by  rate has significantly reduced the large theoretical uncer-
convention, in which case the MGM makes a prediction Oftainty present in the previous LO calculation. From the
the sign ofu. _ _ . quark-levelb—sy decay rate it is possible to infer tre

We conclude this s_ectlon by observing that the |°W'mesoninclusivebranching ratio BR=BR(B— Xsy) by in-
energy mass spectrum in the MSSM, as well ag3amd the cluding the small(percent-level nonperturbative 1, [30]
sign of u, can be predicted within the MGM in terms of only 54 1fn, [31,32 corrections. The result, the most recent

the SUSY-breaking scald (or equivalently any particular ihaoretical prediction for BE&LO in the SM is[33]
superpartner mass, say théino M,) and the logarithm of

the messenger mass scbdg, . This extraordinary predictiv- 10°BRV-°=3.48+0.31, (31)

ity forms the basis for the remainder of this work: the for- Y

mulation of low-energy experimental tests of the MGM.  where the theoretical uncertainty;10%, is less than half

the previous LO uncertainty. It includes the uncertainty in

the SM input  parameters m, as(Mz), @em:

m./m,, m,, CKM angles, and the residual scale depen-
As discussed in the previous section, an interesting feadence uncertainties. Nevertheless the error is dominated by

ture of the MGM model is that tafl is predicted large. Since the uncertainty on the SM input parameters, as claimed in

we are interested in constraining this model from low-energyRef. [33]. Comparing with the experimental result in Eq.

physics, we will restrict our investigation to some processe$29), the SM prediction is higher than the observed branch-

which are particularly sensitive to large t@nvalues. It is  ing ratio, although the disagreement is less than two experi-

well known that the low-energy processes mediated by magmental standard deviations.

netic dipole transitions can be significantly enhanced in the To compute the deviations expected in the MGM, we look

MSSM for tanB8>1, because the chiral suppression ofcloser at the theoretical calculation. The nonleptonic low-

superpartner-mediated diagrams is removed to a large exteanergy effective Hamiltoniarh-l’g'# relevant for theb—sy

by the large ta (i.e., the Yukawa couplings are no longer decay is

combining 1o uncertainties and

1.0<10*X BR®*P(B— X y)<4.2 (30)

. b —sy
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NL _ 4G * :
He —_fvtsvtbzl Ci(up) Qi i), (32

whereV;; are the Cabibbo-Kobayashi-Maska#W@KM) ma-

trix elements,C;(w,) the Wilson coefficients, an@®;(up)

PHYSICAL REVIEW D 58 115003

8
*21 [einE(x) + fi+ gy 7] 7™, (39)

where 7= ag(My)/ as(up), X=mIMg,, and ag is calcu-

Bt (0,1)
the corresponding operators evaluated at the renormalizatiddted at NLO. The SM contribution t@7*(My) together
scale,=O(m,). Only the magnetic and chromomagnetic With the real numberss;, f;, g;, h;, and the function
dipole operator€), and Qg, respectively, are significantly E(X) can be found in Ref.24].

affected by new MGM amplitudes; their expressions are Finally the branching ratio BR conventionally normal-
given by ized to the semileptonic branching ratio BR( X.ev)

=(10.4+0.4)% [34], is given by[24]

e _
= my(s .o*"br)F ., (33
@ 1672 oS RIw BRNLO BR(B—X.e )|V¥‘5th|2 Baem
= — v
4 T Ve2 m9(2)K(2)
Os —
Qg= My (S o* T?bRr)GS,, , (34 8 a(m
167> g X 1———§—QJQDF+AM1+5WL
3 =«
whereT? are the SU(3y,,r generators ané ,,,, andew are,
respectively, the electromagnetic and SU(3) field g up)
strengths witte andg, the corresponding coupling constants. D=CP(up)+ 3477

The remaining operators in the complete basis can be found

in Ref. [24] or [33]. The Wilson coefficient<;(x), which 8

satisfy the RG equation

d
Maci(l’«)zcj(#)yji(ﬂ)v (35

X

C%”wb)@l CO(up)|ri(2)

m
0 b
+ 7?7”%@}

can be expanded, together with the anomalous dimension

matrix y;; , in powers ofag as follows:

W) @)y
=1 +k4wyyl+fXaQ, (36)
as(pm)

Ci(u)=C{% () + ——C{" () +O(af).

37

Then the solution in the modified minimal subtractiois)
renormalization scheme fqQr= u, is given by

8
CP (o) = 7*PCY (M) +3 (725 7' CE (M)
8
+2, hig®, (38
i=1

8
CH (o) = 7*2CH (Mw) +3 (77725 779 CEH (M)

(257684 g TIOMIG
14283 357075
256368 6693884
37/23_ 39/23 (0)
142837 3570757 ) C8 (Mw)
37208
+ 4761 ( 7]39/23_ 7]].6/23) C(70)( MW)

A= (e— ag(up)logd(7+2logs)/3m _ 1)|C(70)(1u‘b)|2

n as(pp)

8
2, ) G (k) 3(9), (40

wherez=m?2/m2 and in the last suni<j. The expressions
for all LO Wilson coefficientsC{®(u,) together with the
functionsg(z), k(z), ri(2), andf;;() can be found in Ref.
[24]. The term §,,, of order a few percent, includes the
nonperturbative M, [30], and 1m; [31,32 corrections.

Some comments about this result are in order.

(1) With NLO accuracy the inclusivb— sy decay rate is
given by the sum of the total rate for— sy decay and its
gluon bremsstrahlung corrections—syg, where in the
former theO(«,) radiative corrections to the matrix element
are included and in the latter an explicit lower cut on the
photon energy resolutiok,>(1— 5)m,/2 is made. In the
sum of these two contributions the only remaining infrared
cutoff is the logarithm ofs in the A term of Eq.(40).

(2) The LO result can easily be recovered by taking the
limit of @s— 0 inside the expression for thH2 and A terms.

(3) To retain a strictly NLO result, the terms proportional
to a2 in the |D|? expression should be discarded.

Since the new physics scale is above the electroweak
scale, the new contributions to te—sy decay will affect
only the SM Wilson coefficients at thdy, scale. Therefore
the nonperturbative resummation of the large logarithms
from My, to u, can be taken completely from the existing
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SM calculation. Of course this would not hold if there were since in the MGM the squarks are quite heavy, a mass inser-
new operators, generated at the electroweak scale, whidion approximation will suffic¢11]. Here we diagonalize the
would significantly correc€,(up) via mixing with Q. But  chargino mass matrix exactly, since we are interested in light
in the MGM this does not occur: the dominant contributionscharginos. The result for the partial amplitudes is, up to an
to the b—sy decay enter only in the Wilson coefficients overall normalizatiorj 35],

C;(My) andCg(My,). We define fractional deviatiorR; g

from the SM amplitudes 2
Asu= EVtthw §F1(th)+ Fa(Xew) |, (44)
CRAMw) =C{HMMw)(1+Rrg), (41
where C(Y%™(M,,) represent the LO SM contribution. In- Ao— EV fx EF (%) + Fa(Xer) (45
serting these definitions into the BRormula in Eq. (40) HT o TS DRH 3 TR T T AHT
yields a general parametrization of the branching ratio in
terms of the new contribution85]: Mmtm_Z -
L fLtr
10°BRY-0= (3.48+ 0.31) (1 +0.622R,+ 0.09(R2+ 0.066Rq A= Vislptans =53
ttR
+0.01R,Rg+0.00R3), (42)
F (%, XR,0) F' (X1 Xk 1)
. 2 1 2 1 2
where the following central values are used: X Mzﬁ_m‘ﬂ_mﬁJ VE_MEZ |
hI h; hI h;
mPe=mMS(m,)=174 GeV, m®*=4.8 GeV, (46)
mgole:]__S GeV, up=my, ag(my)=0.118, ) 2
mWrWtLNL F(XﬁlaL’xﬁzaL)
agm(my) =128, sirf6,,=0.23, A= rptang 72 uM; 2 2 (47)
t' hy h,
and a photon energy resolution corresponding’$e0.9 is
assumed. 5 2
I . my,n ~ M
What are the contributions #®; gin the MGM model? In e 8 ang s Wt e T3 E _ 48
general in the MSSM the diagrams which contribute to the 9= g'b ang aw mé ol(Xmgg) (48)
b—svy amplitude, in addition to the SM, are given by a 4
gﬂ::%go’ neutralino, gluino and charged Higgs boson eX\_/vhererbE 1/(1+ émy/my) accounts for the mass correc-

tions tomy, [11]. The functiond=; can be found in Ref.12],

The charged Higgs-boson-exchange amplitudg, {) is while the new functions are defined as follows:

well-known to be large[12,13,15. More recently it was
pointed out that for large tah also the chargino and gluino _ _ , B _
exchange can give sizeable contributions to lthesy am- F(X1: %) =F(X) =1(Xa), (X1, Xp) =x1f(X1) =X2(Xz),
plitude [13]. In particular, the leading large t#hcontribu- (49
tions to the amplitude arise from exchanges of a pure

Higgsino (A%-), a mixed W-ino—Higgsino (435-), or a 2

. d 2 T
f(X)= | xF3+ 5xF4], Fg|(x)=§&(x Fa).

gluino (Ag), in descending order of importance. Thus dx 3

An-+ Af-+ Aji- + Ag 50

R7: ’ (43)
Asm We also use

where the amplitudedgy, correspond to an exchange of\ 2
boson. We stress here that the same mechanism g8 tan mt2 mt2 Mﬁi‘
enhancement is present also in #ra, /m, radiative correc- Xew= o XtH:mT* Xhit = W (5D)
tions to the bottom quark massgk3]. Indeed the diagrams w H™ LR
contributing to theb—sy amplitude are the same as for
omy/my, but where a photon line is attached in all possible Mﬁf M2
ways. Also, as explained above, the MSSM contributions are Xpg = —i, Xn.5= _23 (52
proportional to the relative sign qi, M, and tan3. In Tty g | oomg

the MGM this sign is calculable, and therefore a unique pre-
diction of b—sy decay rate in terms of only the messengerwhereMs- is theith chargino mass eigenvalue amg is the

and gaugino mass can be giveIt,33. . average squark mass. The left-right top squark mass insertion
In the MSSM the complete and exact analytical results for ™~ .
=mA; (>0), while the left-left top squark scharm

theb—sy andb— sg total amplitudes can be found in Ref. 'S M7,
[12], in terms of the various mass eigenvalues. Howevermass insertion is given byl 1]
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2 expected in the near future at the Tevatf88]. With such

A M A . : .
mYZE :+vtsm§—tz| . (53  statistics it will be possible to measure the branching ratio
Lt 4 i and the energy or angular distributions, even for the more

rare T decay mode.

We now turn to our prediction for the branching ratios
and asymmetries. The effective Hamiltonidg; relevant for
theb—s/ "/~ decay is

The contribution toRg can be obtained from Ed43) after
the following replacement in the amplitudes of E¢44)—
(48):

2 2 d
—F1+F2*>F1, —F3+F4—>F3, f*)d—X(XF4),

Ge
3 3 Herr=Hafr — —= VisVin{ Col i£b) Qo 41
(54) V2
2 1 + Caol p) Q1o )} (59
F — —| 3x°F +—2F>. 55
TS dxz( XFaTgxha ®9 where HY: is given in Eq. (32 with u,=O(m,), the

magnetic-dipole operatdD- is defined in Eq(33), and the
At present in the MSSM the supersymmetric corrections tGsemileptonic operator®, and Q,, are given by
C;(My) andCg(M,,) are known only at LO; we will return

to comment on the resultant uncertainties when we present Qo=[sy*(1—y5)b](1 y*), (60)
the numerical predictions for BRdecay, in terms of the
SUSY breaking scale and the messenger mass btglein Qu=[S7“(1— y5)b](1 ¥*ysl). (61)
Sec. VL.
The Wilson coefficient€q(up) and Cqo np) at NLO are
IV.b—s/t/~
o
In this section we consider the semileptonic flavor- Colun) =5 _—[Po(kp,7)+PeE]+Co(My), (62

changing decayb—se'e™, b—su®u~, andb—srt 7.

These processes are interesting for several reasons: first, thgyere the initial condition€g ;{ M) in the HV scheme are

are sensitive to new physics with large gafior the same  given py[26]

reason thab—svy is sensitive, and in fact because of the

same operato; (see also Ref.18]). Second, they involve a

other operators as well, and so can serve as complementary Co(My) = Z(

tests of the mod€l36]. Third, since there are several mea-

surable quantitiegbranching ratios and asymmetries in sev-

eral system they can potentially yield much more data. At c — Ci( M) = — v

present these decays are known at the NLO logarithmic ac- 10 ) = CaoMw) = 277 SirP 6y

curacy for the SM25,26. The 1fm, nonperturbative contri- (64)

butions are small and well under control, except near the

end-point of the dilepton mass spectrdBi]. Recently it The termsY, Z, andE contain the results of the one-loop

was pointed out that other nonperturbative power correctionstegration for they,Z penguin and box diagrams at the elec-

O(A%cp/m?) could affect the amplitude, but in practice they troweak scale. The SM expressions #9Z,E, respectively

are very smal[32]. Moreover there are other nonperturba-the  functions  YS™(x,), z°M(x), and E™(x)

tive effects due to the resonance regions in the dilepton in(xt=mt2/M\2N), can be found in Refd25,26. The function

variant mass distribution. But these do not have to be take®, includes the resummation of the large logarithms at the

into account if certain regions are excluded from the integraNLO and it is scheme dependent. Finally, in the limit

tion region. —1, Pe—0 and Py—0, so that the initial condition
Unfortunately, the expected branching ratio for these deCg(u)— Cgo(Myy) is recovered. The expressions fég and

cays is too small to be observed in present experiments. The, in both HV and NDR scheme for the former, can be

SM predictions for the nonresonant decay rateSfound in Ref.[26].

BR(b—s/*/)=BR,, are given by[16,35 Note thatC,4(u,) does not actually depend on the renor-

malization scaleu,. This can be understood as follows.

Y-4z (63)

Sir Oy

=7.0x10°© ) — : )
BRee=7.0<10°%, (56) Since thesy,(1—ys)b current is not renormalizedQ,
- does not contribute to its own anomalous dimensfthe
BR,,=4.5x10"¢, 5
rok ©7 same holds fof)g) and due to thé> andC symmetry of the
BR,,=2.0x10""; (58) electromagnetic current, there are also no contributions to its

anomalous dimension from mixing witQg or any nonlep-

at present, experiments only place some upper bounds danic operators of E((32). _ .

BReeand BR,,, O(fewx 107%), or about an order of mag- At NLO accuracy the total ampllt_ude fitr—s/" /"~ de-
nitude above the SNI38]. However, an increase of two to cay can be expressed as a functionG§(u,) = Co(ip)
four orders of magnitude in the experimental sensitivity is+C¥5(up), C°(up), andCio(Myy) whereCYE(uy,) con-
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tains theO(«) one-loop matrix elements needed to cancel \
the leadingu, dependence irCq(u,). Moreover CS" is R
scheme independent sin@Y'® cancels exactly the scheme zz
dependence offg(up,) [26]. Note that at NLO accuracy,
C,(up) enter only at the leading order.

Finally the differential decay rate fdr—s/* /"~ is given

by

0.4
0.2

0.2 0.4 06 08 1IN 0.2 04 06 08 IN 0.2 0.4 06 08 TN

FIG. 1. Dalitz plots for the integrating regions bf-s/*/~

2 2
dT,, — Gk m |V v |2 {|Ceff |2K99 decays corresponding & u, andr decay modes from the left to
dy.dy_ 25g;5 ° tol Tem the right.
2 10,10 0) 2K 7.7
+Cr(Mw) K= [C7 7 () 17K (69 proportional to the lepton massx /() cannot be com-
+cO Ry ceff K79 C.o(M p!etely negle_cted even |n_the light lepton case. In p_art|cula_r it
7 (o) RECo ()] 1ol Mw) gives a finite contribution to the total branching ratio
X (CO( ) K724+ Re CE( 1) IKS1O)}. (roughly a few per cefteven in them?—0 limit. Indeed the

(65) 1/s? term in Eq.(69) generates a polé)(llmlz) in the inte-
grated branching ratio which is cancelled by th&m,z)
Note thatC(7°)(,ub) is real [see EQ.(38)] as isCyo(My), terms present in the numerator.
while Cgﬁ(,ub) is complex — its imaginary part originates in ~ The total branching ratio for a particulaf is obtained
the one-loop matrix elements iBY(u,). The kinematic integratingd?l’,/dy, dy_ over the entire kinematically al-
variables arey. =2E. /m, whereE. are the lepton ener- lowed range for that”. The forward-backward asymmetry
gies measured in thie rest frame. We prefer to use the fol- A/, (which is the same as the energy asymmesypropor-

lowing combinations: tional to the integral over the range >y, (i.e., co9>0)
minus the integral over the range <y, (cos#<0). The
s=y.+y_—1, (66)  allowed kinematic limits are—Yma<y<+Ymax and 4x,
. A <s<1.
Y=Y+ Y=~ YmalOY, To avoid intermediate charmonium resonances and non-

. . \/7A _ . perturbative phenomena near the end point, we exclude the
whereyma=(1-5) 1_4X//S’+ ),(/:m//TbLande iSthe  same ranges of specified in Ref[16]. In particular, the
angle between thé and the/™ in the /" /"~ rest frame.

Including only the lepton mass corrections, we find integrating regions o$ in the|=e, n. case are

22 2 2 2 2
K99 %[1—§Z—§/Z+4x/(l—§)], 67 (mgs) e{4m;, (2.9 GeV7}U{(3.3 GeV}*, (3.6 GeVj7}
. U{(3.8 GeV)?, (4.6 GeW?} (73
K010 S[1-82—y2—ax (1-9)], (68)
and forl=r7

69  (mgs)e{4m?, (3.6 Gew?

K"7= 3{1—%%9%&(1—%) .
S S
U{(3.8 GeV}?, (4.6 GeV)?. (74

-~ 2X -
K™9=4{1-5+ =2 (1-9)),
S

(70) The Dalitz plots for the decays—s/ "/~ are shown in
Fig. 1. The dimensionless lepton energies andy~ run
along the horizontal and vertical axes, respectively. The ro-
tated axes correspond jo(pointing right and downands
K910=2gy. (720 (pointing right and up Only the regions o6 included in the
integration [see EQs.(73),(74)] have been shaded. The
The results of Eq965),(67)—(72) are in agreement with Ref. branching ratios are obtained by adding the integrals over the
[16], where the massless case is considered. Moreover, aftdark- and light-shaded areas, while the asymmetries require
integrating Eq(65) with respect toy, our result agrees with subtracting the integral over the light-shaded region from the
that of Ref.[19], including the mass corrections. integral over the dark-shaded region. _ _
The 15 terms present in Eqg69),(70) are due to the As usual, we normallze the branching ratio to the semi-
photon propagator which connects the quark matrix elemerfeptonic decay raté— c ev, in order to eliminate the large
of the magnetic dipole operat@, to the electromagnetic dependence on thie quark massl',,—T,,=T,,IT, .,
lepton current. As observed in R¢f.6] the last term of Eq. hence

K710=4y, (71
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d2r, 10" BR,, = 44.64+ 2.46R;+ 1.81R?,
dy , (79 (79

BR,, = (BR, ..) f d52 f s
0

A,,=(4.68-2.90R;)/(10'BR,,,),
_ N(y->y+)—N(y+>y-) (80)
T N(y->y ) +N(y.>y-)

1 ~ g’max ~-[d
=== dSZJ dy
F// 0

T,,

dsdy
in which the symmetriqantisymmetri¢ rate must include
only the kinematic coefficients symmetfiantisymmetri¢ in

10’ BR,,=2.013- 0.201R; + 0.00R?,
(82)

(76)

antsymm A,,=(0.434-0.04R;)/(10' BR,,).

(82

~ - The coefficients of thes®; polynomials were obtained
the exchangg— —y. o _ using the same central values for the SM parameters used in
We have also calculated some polarlzatlo_n z_isymmetneqhe b— sy decay. We have checked the sensitivity of these
namely the rate when one of the lepton’s spin is parallel (G egictions to the various input parameters and to the scale
its momentum versus the rate vyhen that spin |slant|parallel t9,,. The main sources of uncertainty arg, as(m,), and
the momentum. We have considered both the integral of thg,e residuaj, dependence. We find that these uncertainties
asymmetry in the differential rates, and the asymmetry in the\¢tact the normalizations of the BR by up to O(10%).
integrated rates, and also looked at the three possible polafyoever, the uncertainties on the functional dependence on
Ization d|rect!ons, usmg.the work of Re#0]. i R; are much less, at the percent level. There is a small sen-
Let now discuss the impact of the MGM model in the  gjtiyity to R, (which nonetheless can be included@ihe nor-
—s/"/~ decays. The contribution of the MSSM 10 jjizations ofA,, andA,,, are even more sensitive than the
Co1dMw) is given by they and Z penguin diagrams pro- pranching ratios tqu,, but an improved SM NLO calcula-
portional to the form factory,, and by the box diagrams. isn can reduce the uncertainties to less that0%. On the
Their contribution are incorporated into thé Z, and E contrary the » forward-backward asymmetr.. has a
expressions. Inside the penguin and box diagrams can "'Yfeaker functional dependence & then the otTr;er decay

the charged Higgs bosons, charginos, gluinos, and neutraligqes. Moreover, we find that the various integrated polar-

nos. SincePe is two orders of magnitude smaller th&),  j;ation asymmetries are not particularly sensitive—at most at
and the SUSY contribution t& should be smaller or com- 4. ta\y percent level—t&, so they would not serve to test

parable to the SM one, we will neglect t&contribusti(on IN" this model and we do not include them in our final results.
our analysis. The complete analytical results Y6°>¥ and Finally we would like to stress that when the present re-

SUSY H
Z>">" can be found in Ref412,1§. _ sidual u, dependence is reduced by improving the SM NLO
In the MGM model we have computed the SUSY contri- .5|cjation, and when more precise measurements, @id

?huéior;r?;(za tgnChuéi‘;gé?g' rglrl:]igannsogz?;r?gﬁse;:;‘wgﬁn'nas(mz) are available, then the MGM model predictions for
that};(suSY a%d ZgSUSY arg very small compgring to the lead- R/ and A can be significantly sharpened.

ing SM contributions, roughly a few perceriiNote that the

squarks are quite heavy, but there is no compensating large V.g,—2

tan 8 enhancement.Also the charged-Higgs-boson contri-
bution to Y and Z is small, being suppressed by at least
O(mg/my) and in practice it is of order of a few percent in
both the penguin and box diagrams.

The anomalous magnetic moment of the muop= (g,
—2)/2 is one of the most important high precision experi-
ments, providing extremely precise tests of QED and elec-
troweak interactions as well as strong contraints on new

New chirality violating four—fermion operators could be. hysics models. The theoretical prediction is known to
generated at the squark mass with their chiral suppreSS|oFé(a5) in QED [41], and recently also the two-loop elec-

partially compensated for by tgh However, we found that troweak radiative corrections have been inclu@éd]. The

:hglrtponttrlblg|on :3' smalltccljmp;ar;ad tlo the Ieadms SM Con'agreement between the theoretical prediction and the experi-
ribution 1o Cq1My), at least for large squark masses mental result is impressive, but not exact. The current aver-

(9(0.5—1 Te\J. ; XP
Thus we find that the only relevant effect of the MGM on age experimental value @f‘ is [43]

the b—s/ "/~ decays can be parametrized By in Eq. o exp
(43). In particular for the BR andA,, we find[35] 10" — (11 659 000=230+84. (83

7 _ 2 The E821 experiment at Brookhaven National Laboratory
107X BR,¢=68.5+ 22.R;+6.1Ry, 7 (BNL) is expected to measuge, to within £4x10, or
perhaps evert 1—2x 10 1°[44]. The most up to date the-
Age=(4.52-3.01R;)/(10" BRge), oretical prediction in the SM is given by the sum of the
(78  following contributions[45]:
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10%%a5"=a?%"+af"+all" (vac po) +a}'® (vac po) cial parameterg., tans, and the sign of the new amplitudes
were not predicted by the model. In contrast, in the MGM
+aﬂ(7>< Y, (84) model we consider all three of these crucial parameters are

predicted along with the rest of the MSSM spectrum in terms

where of our two fundamental parameters, allowing us to correlate
our af pred|ct|on with the predictions ob—sy and b
aQEP=11 658 470.57(0.19, 8 7 . o o
# The MSSM contributes ta,, mainly via magnetic-dipole
penguin diagrams, with an exchange of a chargino or a neu-
atV=15.1 (0.4), (86) tralino in the loop. We have calculated these contributions
L and our analytical results are in agreement, in magnitude and
sign, with the results of Ref22] (after accounting for the
H(1) _ erratun).
a, " (vacpo)=701.1 (9.4), (87) In the MGM model the chargino amplitudes dominate the
neutralino ones, and within the chargino contribution the
H(2) _ terms proportional to the chargino mass completely domi-
a, ~(vacpo)=-10.1 (0.6), (88 nate. Using alswp<uy, yields[35], for the deviation from
the standard model,
H _
a,(yy)=—7.92 (1.54. (89 ,
- 3a My uMoF (k5 XR,7)
oED AaxGMzaZ =" tang— 5 S,
ay |ncludes[46] the most recent pure QED contributions 4 n“r(th— Mh )
at order a®, aﬂ includes the two-loof42] electroweak (91)

corrections,al!*?(vac pol) include, respectively, the one-

loop[47] and two-loo 48] hadron vacuum polarization cor-

rections extracted with dispersion relations from the meaWhere

surement of the*e™ — hadrons cross section, alaﬂ(yy)

ggzt[air;]s. the hadronic “light-by-light scattering” contribu F (X Xo) = (X0 — ,(%a), 92)
The hadronic contribution to the vacuum polarization is

the largest source of error, reflecting the large experimental 5

uncertainty of the data. However, with the new experiments f 0= 3—4x+x°+2Inx

of BEPC at Beijing, DAPNE at Frascati, and VEPP-2M at ® 3(1-x)3

Novosibirsk the theoretical error i (vac pol) will be sig-

nificantly reduced50]. The hadronic light-by-light contribu-

tion arises from a different class of diagrams which cannogpg Xh 3= M5 Jrrr For our numerical results we will use

be directly extracted from experimental data, and therefore a X

GM
somewhat model-dependent calculation is used. the complete expressions fal;
Finally, by combining the results of Eq&34)—(89) and
summing the errors in quadrature we arrive at the following VI. MGM MODEL PREDICTIONS

SM prediction: . . . .
P As explained in Sec. Il, when the self-consistent equation

Eq. (24) for tangB is numerically solved, all of the relevant
10%aSM— (11 659 000=170=10. (90) SUSY spectrum and physical quantities can be predicted as a
# function of only two fundamental parameters: the effective
SUSY-breaking scaleé\ or equivalently the weak gaugino
The improved experimental precision in the next experimentnassM, and the logarithm of the common messenger mass
at BNL and the reduction of the theoretical uncertainties inMm - In principle these results will depend on the doublet
the hadronic vacuum polarization will allow a direct test of and triplet messenger mass splitting, but the dependence is
the electroweak corrections. very weak for the expected small splitting. In all our compu-
The expected deviations froaf" induced by the MSSM,  tations we will assume thatly =1.3Vy,.
and the degree to which the MSSM can be constrained by We consider the range 2<M,,<10*A. Messenger
improved experimental measurements, has been studigdasses much nearer to the absolute lower boknghelow
since the early days of supersymmetric phenomendla@ly  which their scalar components would develop VE¥ee not
More recently the impact of large tghwas considered, first of much interest: they are either already ruled out by vacuum
in the context of gravity-mediated SUSY breakii®i], next  stability constraint§11] or require extremely heavy super-
in the general MSSM22], and finally specifically in gauge- partners and thus mimic the standard model. Messenger
mediated scenarid®3]. However, in this last work, the cru- masses much abové@(10°A) may also destabilize the
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10"%(g,, - 2)/2 - 11659 000 10", -2)/2 - 11659 000
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FIG. 2. TheN=1 MGM predictions of BR (x10% and FIG. 3. The MGM predictions as in Fig. 2 but fdf=2.

1010(9#—2)—1165900 as functions of th&/-ino massM,, for

various messenger masddg, and with heavy dots at discreié, ) ) ) .
values. The experimental and SM central values, indicated wittfertainty, which should also be applied to each point on the

circled dots, are surrounded by the corresponding uncertainty eMGM prediction curves. Finally, the small dashed ellipse

lipses. The extra horizontal axes are the correlated predictions fa¢entered(for the presenton the experimental central value

R;, BR,, (X107, andA,,. indicates the Ir uncertainties expected in the near future
from BNL and CLEO.

The heavy(continuous and dashgdurves are our predic-
vacuum or run into cosmological difficulties with a heavy tions fora, along the vertical axis, and either BRr any of
gravitino (see Refs[11,51], and references thergjrthough  the variousB— X/ *I~ branching ratios and asymmetries.
this is by no means an airtight bound. All the latter are correlated in their dependence on the single

Within this range ofM,, the one-step solution we have parameteiR; which measures the deviation from the SM of
used for the RG equations is an adequate approximation. lthe amplitude of the&Q, operator. At present BRis by far
the low M, region, taB is ~50 and there are strong can- the best measure &;, which is why we emphasize it in our
cellations in theB term and in theo— sy amplitudes, so an graphs(The various quantities along the horizontal axes de-
accurate solution is required. But as shown in Rel], the  pend slightly and differently on th&g parameter, so to
one-step approximation in this case is as accurate as keepipgesent them in the same graph we have chosen a specific
only the leading threshold corrections, and both of these apralue ofRg=0. But we estimate that this approximation af-
proximations are entirely sufficient for our purposes. For thefects theR;, predictions by an uncertainty that is well within
highest values oM, we consider, the one-step approxima-the SM one shown in the figudeThe curves become dashed
tion is not as accurate, but the cancellationsBimnd inb  for those ranges ofl,, andM, which are in fact ruled out
—Svy are not as severe, so the reduced accuracy is ondgy vacuum stability constraintgl1], primarily due to the
again sufficient. In the end, we estimate that the uncertaintiestau developing a charge-breaking VEV.
in our predictions of BR anda, are comparable to the cor- Several features of the MGM model predictions stand out
responding SM ones. from these figures.

In Figs. 2 and 3 we present our MGM model predictions (1) When the messengers are relatively heavy, the MGM
as a function oM, and the weak gaugino mas4, for N predictions are in better agreement with experiment than
=1 or 2 messenger families, respectively. Different curvesghose of the SMexcept for extremely light superpartngrs
are given for different messenger mas$ég , and heavy when the superpartners are lowelgal their natural values,
dots indicate discrete values M,. The SM-predicted and around the electroweak scaland the MGM departs from
measured central values are shown as circled dots. The datlke SM,a,, increases and BRdecreases towards the experi-
and light gray areas surrounding the experimental centrahental central value. In particular, the sign of this effect is a
value indicate the regions allowed atoland 95% C.L., prediction of the MGM.
respectively. The dark ellipse surrounding the central value (2) When the messengers are quite light, a fortuitous can-
of the SM predictions indicates the expected theoretical uneellation between the chargino and charged-Higgs ampli-
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tudes in R; prevents BR and the variousB— X4 "1~ The correlated predictions are shown in Figs. 2 and 3.
branching ratios and asymmetries from deviating signifi-Note that the correlation betweer), and BR, depends on
cantly from the SM, although,, is still raised as before. ~ the model parametersly or M, whereas the various-

(3) The expected reduction in experimental uncertaimyquark—related guantities are all completely correlated through
will tremendously sharpen the comparison with the SM andheir dependence on the single quanfy independent of
MGM predictions, possibly deciding between the two andM2 andMy (a quite general feature of the MSSM, as dis-
definitely strongly constraining the latter. cussed in Ref.18]). We have gone slightly beyond the mini-

(4) At present, the(absolut¢ bounds vaccum instability Mal model by including the results fdN=2 messenger
bounds onM, andM, are stronger than th@5% CL) ex- families. We included the results of the numerical predic-
perimental bounds due to BRinda,, . tions forN=1 andN=2 messenger families in Figs. 2 and

As a function ofN the sfermion masses scale as/M/ 3 respectlvely. The general trend of the MGM predictions
relative to the gauginofsee Egs(3)—(8)]. RaisingN for emerging from these results can be summarized as follqws:
fixed gaugino masses thus lowers the sfermions and ampli- When the messenger scale is a few orders of magnitude
fies the MGM effects. While this is the general trend, in@P0veA~O(100TeV), and the superpartners are near their
practice there are some complications because of cancellgatural electroweak scale, the MGM predicts a higher
tions and the variation in tgh By comparing Figs. 2,3 @nomalous magnetic moment and lowes sy branching
throughout the allowed region for fixed values Mf, and  'atio than the SM, in agreement with present measurements.

M,, we see that whel is increasedR; (or equivalently When the messengers are not far abdvethe superpart-
BR,) is decreased anal, is increased. Raisinly is roughly ~ Ners must be significantly higher than the electroweak scale,
quivaIent to Iowering\/IMZ while raisingM,, . and(due to a cancellatiorthe b— sy rate is largely unper-

From the horizontal axes below those of BRdR; in turbed from its SM value, though the anomalous magnetic
Figs. 2,3, our predictions for BR, BR,,, Ace, andA,,  Momentis raised. . o
may be read off. We do not give the results for BRand Increasing the number of messenger families amplifies
A.. because they are not very sensitiveRta. Evidently the these predictions somewhat: it is similar to lowering the su-
MGM model can produce large deviations from the SM inPerpartner scale and raising the messenger scale.

Ace and A, ,, and somewhat smaller ones in BRand At present, the allowed range &1, and My, values is.
BR Notﬂeﬂ however that thé—s/*/~ quantities have MOre constrained by theoretical vacuum-stability constraints
- v

their own theoretical uncertainties beyond those indicated if@n by experimental data on BRnda,,, though that data
the figures, mainly from the residugl, dependence, as ex- does mildly favor the MGM model over the standard one.

plained in Sec. IV. These could be reduced by improving thd ?0Wever, the BNLa,, experiment now in progress, and the
SM NLO (in «,) calculations, at which point the MGM m.uch—awal_ted CLEO anaIyS|s of their BRneasurements,

model would predict the branching ratios and asymmetrie&'ill dramatically constrain the MGM and allow a much more
more precisely. We expect that at least some of these predi€onVincing discrimination between the two models. Mea-

o+ o= ; ;
tions could be tested at hadronic colliders in the next fewSurements of severaB—X./"/~ branching ratios and
years. asymmetries at hadron colliders should further sharpen the

b-quark side of this picture in the next few years.
Note addedAfter this work was completed, new and sig-

nificant theoretical results on radiative decay have ap-
VII. CONCLUSIONS pea_re_d, ong52] 'Faking into account the proper elec_tro_weak

radiative corrections and the otH&S3] convincingly criticiz-

Within the minimal gauge-mediated SUSY-breakinging the current method of extracting the inclusive ratetor
model, which can naturally generate a large@amwe have —svy from the currently published CLEO data. The former
computed the inclusive branching ra— Xgy, the inclu-  slightly lowers the SM prediction, while the latter argues that
sive branching ratios and asymmetries BrX/ "/~ theoretical uncertainties have so far been underestimated,
(with /'=e,u,7), and the anomalous magnetic moment ofand that only with more new data on the spectrum or with an
the muona,=(g,—2)/2. In particular we included the com- improvedm, value from upsilon spectroscopy can the uncer-
plete next-to-leading order accuracy in the strong couplingainties be reduced. Thus, though at present it is difficult to
for the B decays. sharply compare the predicted inclusive decay rate with ex-
The MGM model, described in Sec. Il, has a naturallyperiment, we expect that in the very near future such a com-

high targB signature provided that the tree-level soft-breakingparison will be possible.
B parameter, which couples the Higgs doublets in the scalar
potential, vanishes. Moreover this model is highly predictive:
all th.e SUSY. soft-_breaking terms, as yvell as mand the ACKNOWLEDGMENTS
physical relative sigrioften called the sign of thg param-
eten, can be predicted in terms of only two fundamental We gratefully acknowledge discussions with I. Bigi, A.L.
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