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The study of the MSSM in the large tghregime has to include correlations between the constraints
presented by the low energy values of theuark mass and BR(-sy). Both quantities receive SUSY
contributions enhanced by tghand have a major impact on the MSSM analysis. Here we summarize the
results of such a study constrained by a completél8Q0model. The dominant effects to the analysis come
from third generation Yukawa couplings and a GUT thresholdo We show that a small negative GUT
correction toag accommodatea (M ,)<0.118 andb‘mbSUSY> 0. Since the latter quantity is positive this opens
up two options to fit the measured rate for~sy. The two distinct fits differ by the overall sign of the
amplitude for this process. They work equally well in complementary regions of the allowed SUSY parameter
space. We show plots of the partial contributions to the coeffic@s(M ) in the (mg,M,,) plane in each of
these best fits. We conclude that an attractive1®3derived regime of the MSSM remains a viable option.
[S0556-282(99)01403-4

PACS numbd(s): 12.10.Dm, 12.60.Jv

I. INTRODUCTION neglected both in the renormalization group equations
(RGES9 and in the analysis at théscale. A drawback, if we
The inclusiveb— sy decay has attracted a lot of attention can say so, is that when considering the MSSM as a low
in the past and will undoubtedly attract at least as muctenergy effective theory, there is no appealing unification dy-
attention in the future. On one hand, it is an observed flavonamics requiring the hierarchy, ,\\ ,<\op, .
changing neutral curretECNC) process with the measured  The large taB case, on the other hand, is very attractive
rate BR(b—svy)=(2.32+0.57+0.35)x 10" % announced by when considered from the unification point of view. Using
CLEO [1], and BR(b—sy)=(3.38+0.74+0.85)x10 %  the MSSM RGEs one finds that this case offers an amazingly
found most recently by the ALEPH Collaborati¢8], and  simple option\,=\ =X\, at the unification scale, consis-
we can expect that the statistical uncertainty of these medent with the minimal SQL0) grand unified theorie€GUTS).
surements will be reduced in the near future. On the othefhe third generation mass hierarchy is, however, explained
hand, the standard modéM) prediction with the next-to- by (HJ)~3-4 GeV, the value which is much less than the
leading order QCD corrections included has been calculateelectroweak scale—the generic scale of the other dimension-
asBR(b—sy)=(3.48+0.31)x 10" 4 [3]. However, since it ful parameters, including HY). That makes the MSSM
is forbidden at the tree level it lets the SM compete with theanalysis with large tag challenging in more than just the
loop contributions from any new physics. Theoretical analy-Symmetry breaking sector. For example there are fermion
ses of this process, which assume a minimal supersymmetrasses which are proportional telg) at the tree level, and
(SUSY) extension of the SM and are constrained by unifica-there is no symmetry which would guarantee the same sup-
tion, naturally fall into two categories. Either t@n(the ratio  pression in their radiative corrections. Contributions at one-
of the Higgs vacuum expectation valu@d®)/(H3)) is con-  loop may be and indeed are proportional k(). The same
sidered to be lowi.e., close to 1or this parameter is large, type of corrections are then also induced to some Cabibbo-
of the order 50. Kobayashi-MaskawdCKM) matrix elements, e.gV,, or
In the first case, bothH‘j) and<H8> are of the order of Vup- As a result, the tag enhanced corrections to such
the electroweak scale and the hierardfy,M , <M, is trig- observables must be included into the MSSM analysis. In-
gered by the smallness of theand = Yukawa couplings\,, clusive b—sy decay represents an even more sensitive
and\ .. In effect, this regime of the minimal supersymmetric Probe if tang is large. As a flavor changing neutral current
standard modelMSSM) has several simple features: radia- (FCNC) process emerging only at a Ioop level its SM con-
tive electroweak symmetry breaking is rather straightforwardribution turns out to be suppressed &ylg). On the other
to impose, and the terms suppressedNgyand A, can be  hand, the chargino-squark contributions are proportional to
(H%) and may dominate the whole process. Thus the MSSM
analysis becomes more powerfahd restrictiveé than in the
*On leave of absence from the Department of Theoretical Physcase with low targ.
ics, Comenius University, Bratislava, Slovakia. Email address: In this work, we present the results of such a constrained
blazek@gluon2.physics.indiana.edu global analysis of the MSSM with large t@hand pay spe-
TEmail address: raby@pacific.mps.ohio-state.edu cial attention to the structure of the—sy partial ampli-

0556-2821/99/5®)/09500213)/$15.00 59 095002-1 ©1999 The American Physical Society



TOMAS BLAZEK AND STUART RABY PHYSICAL REVIEW D 59 095002

tudes. Our actual investigation has been performed within &iudice[7] which has been used in many of the succeeding
complete SO(10) model proposed by Lucas and Rally studies.

The model(called model 45 was analyzed in detail ifb] The main steps of our procedure are described in Sec. II.
and a very good agreement with low energy danaluding  For completeness, the performance of model 4c in the global
fermion masses and mixingwas found in a large region of analysis is presented in Sec. Ill. Section IV contains the re-
the SUSY parameter space. Although the primary goal of thsults of this work. It starts with comment on model sensitiv-
analysis was to discriminate among different models of ferity and includes contour plots in themg,M,,;) plane of

mion masses, this model turned out to work so well, that th&onstantBR(b—sy) and various contributions to this pro-
main constraints were thé quark mass and th&R(b  C€SS: extracted from our best fits. We show how the destruc-

etive interference among thie— sy partial amplitudes pro-

—Svy). As a result we can regard the work as testing the". 7 ) ;
V) g g vides for two distinct fits, each of a very low? in rather

MSSM with large tarB, with the inclusion of a particular set complementary regions of the parameter space. We also dis-
of 3X3 nondiagonal Yukawa matrices at the GUT scale. b y reg P pace.

Thus we think that this paper naturally fits into the mosaic ofig?‘illﬁ:;?fsr?: gﬂgg{?il Jrrﬂg:;cztlgszfcgu%:ngw Ig?fﬁg'gﬂ:ﬁ’
many previous works oh— sy in the MSSM. These works ’ '
studied theb—sy process either with lowor moderaté,
i.e., less than about 1®@ang only [6] or, if the large tarB
regime was also consider¢d], then some of the important  Details of our numerical analysis are described[%i
ingredients of our procedure were not taken into accountHere we summarize the main steps of our procedure relevant
Most notably, we improve the previous studi@sby taking  for this paper. We perform a global analysis in a strict top-
into account the ta enhanced SUSY threshold corrections down approach. We start with the following initial param-

to fermion masses and mixings, afid by introducing glo-  eters: the scale of new physibég, unified gauge coupling

bal analysis instead of scatter plots of random points inp;(Mg),® one-loop GUT threshold correctiore; to
SUSY parameter space. Because of the latter improveme%(MG), and A: the 33 element common to all three
we can present the contour plots of the interesting quantitiegykawa matrices aM . We assume supergravity induced
from the best fits and observe how these quantities are COBUSY breaking and neglect the effects of running between
related. Additional motivation for this paper came from thethe Planck scale and the GUT scale. The parameters of the
study [8]. This work has also introduced global analysis, SUSY sector, which are introduced Bt , include a com-

with one-loop SUSY threshold corrections properly in- mon gaugino mash!,,, common scalar mass, of squark
cluded, and studied both the low and large faregimes.  and slepton mass matrices, scalar Higgs mass parameters
However, this analysis assumed strict gauge unification WiﬂFan andmy_and a universal dimensionful trilinear coupling

g%tgg?‘c‘::rii:&rgg'gg iﬁ(seartethiﬁwgLv{/?;rmscrg'ltﬁéﬁ\fo?vr\?;llﬂgsltofa‘o' The u parameter and its SUSY breaking bilinear partner
9 B, are introduced as renormalized quantities atZteale.

ag(M7)=<0.118 and positive SUSY corrections tm,. his simplification i ; :

. plification is allowed since they are renormalized
Therefore, that work_ does not te;t th_e subspr_:lce in SUS ultiplicatively and do not enter the RGEs of the other pa-
parameter space which we study in this anal§sis. rameters

Thus our main result 'S that in the regime of SUSY pa- In the actual model 4c analysis, the structure of the
rameter space where t@nis large and theb quark mass Yukawa matrices
receives positive corrections we find the analysis consistent

Il. GLOBAL ANALYSIS

with t—b— 7 unification and the observed BR{svy), in 0 C _ 4Dei?
contradiction to previous studies. Dominant effects come 3
from the third generation Yukawa couplings and the intro- Y= C 0 - 1B , 1)
duction ofez, a GUT threshold tax. In the best fits, small L s .
negative e; is correlated with lowerag(M5), and that in ;De” —3B A
effect decreasasy, . We also find that the contribution of the .
intergenerationat, -t, squark mixing to theo— sy ampli- 0 —27C $De€"?
tude (tanB enhanced compared to the SM contribujids v.=| —21C Ed® 15 @)
numerically significant. It is, however, model dependent. a= ° '
Note that it is neglected in the approximation of Barbieri- —9Dei’ -2iB
0 —27C -—54De€"?
with no reference to the unification of the Yukawa couplings. v.=| —27Cc 3E€?® B (3)
2We have, in fact, observed identical features in the same sub- € Deid oB A '

space of the SUSY parameter space and have come to the same
conclusions as if9] that the subspace Wheo‘mﬁusv<0 appears to

be excluded — see the discussion on negativiearameter in Sec.

IIl and in [5]. (In our conventionsu<<0 implies negative SUSY M is defined as the scale where the gauge couplingand .,
corrections to thd quark mass and purely constructive interferenceare exactly equal within the one-loop GUT threshold corrections.
among all leading MSSM contributions to the deday:sv.) By a¢ we actually mean the value;(Mg)=a,(Mg).
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TABLE |. Experimental observables of the global analysis.

Central Central

Observable value T Observable value 4
() M, 91.186 0.46 11 Mp— M, 3.4 0.2
2 My 80.356 0.40 (12 m 180 50
©) G, 1.166x10°° 1.2x10°7 (13 my/m; 0.05 0.015
(4) at 137.04 0.69 (14 Q2 0.00203 0.00020
(5) as(My) 0.118 0.005 (15 M, 105.66 0.53
(6) M, 175.0 6.0 (16) M, 0.5110 0.0026
) mMe(Mp) 4.26 0.11 17 Vs 0.2205 0.0026
(8) M., 1.777 0.0089 (18 Ve 0.0392 0.003
9 Prew —0.6x10°3 2.6x10°3 (19 Vo /Veb 0.08 0.02
(10 B(b—sy) 2.32x1074 0.92x10°4 (20) By 0.8 0.1

at Mg is built up using six more dimensionless parametersmakes no change to the fits besides a small readjustment of
with entries in different matrices related to each other bymHd andmy . We believe that that would be the case with

SQ(10) symmetry! B, C, D, and E are small numbers any further improvement of the approximation which we ac-
(samples of their best fit values can be found5M), and tually used.

their effects decouple from the observables related to the The fermion and gauge boson masses are calculated with

gauge sector and from the masses of the third generatiottﬂe full MSSM one-loop corrections included. We also com-
fermions. Section IV discusses the model dependence of thg

calculated branching ratiBR(b—svy) in more detail. feurtriic?rlj mzsg]erses;noc;dcfl\r/zer?qt;?rri]jeFI)er?npeor:Isonfilll(t)(\)N;Eﬁ;]o
We use the two-loop RGEs for the gauge and Yukaw . . ' '
couplings, and the one-loop RGEs for the MSSM dimension; asses _Of the Higgs particles are calculated_at the two-loop
ful parameters to run down to tiescale. At selected points, Ievgl as m[ll_], and masses of the SUSY particles are left at
we check that the full two-loop RGEs of the MSSMO] their respective tree level va_lues. The tree level squark and
yield the same results. At ti&scale, the MSSM is matched Sle€pton masses are constrained to be greater than 30 GeV.
to the effective theory consisting of QCD and electromagneNis is below the experimental limit but when they are that
tism, leaving out the SM as an effective theory. Within thelight, we count on substantial enhancements at one[ib5p
MSSM, we implement the effective potential method and uséchargino and neutralino masses receive very small one-loop
the analytical expressions derived[il]. These expressions corrections and so we restrict their tree masses by the respec-
are good approximations to exact one-loop results and wittive LEP limits. As we match the MSSM to the effective
all one-loop threshold effects includ¢#i2]. Following[11],  theory belowM, the threshold corrections to the gauge
after integrating out sparticles we run the relevant couplinggouplings are calculated followindL6], with the exception
of the two-Higgs doublet model to the scarb,ops and at this  that the SUSY vertex and box corrections 4o are ne-
scale, we calculate the fit values of tang, and physical glected. In our approack\r serves to derive the theoretical
Higgs masses. Recall that these quantities are not among th@lue ofG,, . When below theZ scale, we use the three-loop
initial parameters in the pure top down approach which weQCD and one-loop QED RGH47] to evaluate quark and
implement. Their acceptable values are established implicitlyepton masses.
in the process of thg? minimization based on the evaluation — Our x? function is calculated based on the low energy
of the fermion and gauge boson masses, and by respectiita (observables and their corresponding errdisted in
the experimental limits for unobserved particles. Note alsoraple I. Our analysis was originally designed to test GUT
that nonuniversal initial valuesy . #my #my make elec-  models, so from the point of view of testing the MSSM the
troweak symmetry breaking much simpler to implement thardata in Table | are divided into two groups, corresponding to
in the universal casgl3]. In fact, we have checked that, for observables 1-10, and 11-20, respectively. Five observables
instance, using the effective potential only at tree levelin the gauge sectorM;, My, G, , @, and ), masses of
the third generation fermiongy,.,’ and BR(b—sy) are
typically chosen to test the MSSM constrained by unifica-
tion. The other ten observables corresponding to six light

“4In our notation, the Yukawa interaction terms of the superpoten-fermion masses and four independent parameters of the
tial have SU2) doublets on the left. P P

SStudies[11,17 show that at the scal®l,, the next-to-leading-
log corrections to the physical Higgs mass squared always turn out
to be below 2% while they are, generally, much largeiMat or SThis is the contribution of physics beyond the SM to thea-
some other scale. rameter.
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CKM matrix have been included in the analysis but they docomes from operator mixing in the leading log approxima-

not significantly affect our resultésee introduction to Sec.
IV where we discuss model dependence

tion, with = ay(M)/as(n). The numbersh; and a; are
given in [20]. For the CKM matrix elements and quark

Note that seven out of the twenty observables have thenasses, the fit values of the model 4c analysis are consis-
estimated theoretical uncertainties dominating over the extently used in the formulas above. The best fits yield their

perimental onesgtheir respectiver’s are underlined in Table

values very close to the ones quoted by Particle Data Group

). These theoretical uncertainties represent conservative e§?DG) [21].” The values ofag(M;) are also taken from the
timates of the error0.5% for six out of the seven, and 1% GUT analysis[The best fit values which are used to calcu-

for G

o
are neglected in the computation Af) generated by our

to compensate for SUSY boxes and vertices whichate » in Eq.(7) can be read out from the figures discussed in

Sec. IVF]

numerical procedure. We have checked separately that tight- In our analysis, we fix the low energy scale to pg
ening these theoretical errors by a factor of 10, to 0.05% foe=4.7 GeV and do not study the scale dependence of the

Mz, My, anda, and to 0.1% foiG,, respectively, does not
alter the global fit significantly.(The contour line x?

result. The scale dependence will be reduced once the com-
plete next-to-leading order calculation within the MSSM wiill

=3 per 3 DOF in Fig. 2 moves by about 50-100 GeV to-be known. Because of the significant SUSY contributions to

wards heavier sparticle mass parameters in this cabeat

this process in large tgh regime, we use the leading order

agrees with the observation that gauge coupling unificatiomalculation in our fits and only commefin Sec. IV B on
does not present a dominant constraint in this MSSM regimepossible changes which may result from the next-to-leading
In addition, note that we have also introduced a conservativerder calculation in the full MSSM.

error on ag(M;) [18] and added the CLEO errors for the

BR(b—sv) linearly.

A. Calculation of b—sy

The MSSM amplitude for the transition— sy is calcu-
lated following [19] at the thresholdM,. The effective
Hamiltonian method, summarized i20], is used below
Mz. In particular, the amplitude &, is matched to the
Wilson coefficientC,(M3) in the effective Hamiltonian

4G,

8
fv:;vtbgl Ci()Oi(w). (4)

Hefi=—

Following the conventions of Ref20] the magnetic dipole
operator reads

e _
—— Mp(sLo*"br)F

O =
! 167

©)

pvo

with o#"=i/2y,,y,]. The branching ratio is computed
from the formula

|V:‘thb|2
|Vcb|2 Wg(

6a
eff 2
MC/Mb)|C7 (Iu‘b)|

BR(b—sy)=

XBR(b—cev), (6)

whereBR(b— cev)=0.104[21], a=1/132.5 and the phase-
space function for the semileptonic decayz)=1-8z°
+82%— 28— 247% logz. The effective coefficient

8
CoM (1) = 75 (M) + (2= 7192 Cy(M)

8

+ Cz(Mz)gl hi 7® (7)

Ill. MODEL 4c BEST FITS

The analysis, as described above, was used to test simple
SO(10) models[22]. It was found[5,23] that one of the
models, called model 4], yields very good fits in a large
portion of the allowed SUSY parameter space. The quality of
these fits is presented in Figsak-1(c). The figures show
the contour plots of the minimurg? in the (Mg, M4,,) plane,
for three different fixed values of the paramete(M ;)
=80, 160,240 Ge\?. All initial parameters other than
{mg,My,,,u} were subject to minimization.

Note that asu increases, the quality of the fit gets worse.
This is understood from the form of the SUSY corrections to
fermion masses and mixings. These corrections increase with
p and asu gets larger they can only be kept under control
by larger squark masses. For this reason the contour lines of
constanty? move towards larger values afh, for My,
<400 GeV in Figs. b) and Xc). Varying u freely actually
results in its approaching the lowest possible value. This
lower bound onu(M5) is determined by the chargino mass
limit from direct searches and is correlated with ,. When
the value ofu is fixed, as in Figs. (g)—1(c), the chargino
mass limit then sets a sharp lower boundM#g,, which is
explicitly visible in each of the figures. Plots in Figdalk-

1(c) were constructed under the assumption that the chargino
mass limit was 65 GeV.

Because the chargino mass limit has been raised at the
CERN e*e™ collider LEP2, and because the optimization
ends up with low values of, in the rest of the analysis

’Since we do not choose some fixed values, we observe a moder-
ate dependence of tH@R(b—sy), within 10%, on the particular
set of the computed theoretical values for these quantities. For the
most part, it is due to the function@ which changes rather fast in
the vicinity of z=~0.3.

8The figures are taken frofi5]. These are slightly modified com-
pared to the figures ifi23] due to a sign error found later in the
numerical code.

095002-4



b—sy WITH LARGE tanB IN A MSSM ANALYSIS ... PHYSICAL REVIEW D 59 095002
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FIG. 2. x“ contour plots in the best fits of model 4c with the

FIG. 1. Contour lines of constan in the best fits of model 4c MSSM effective amplitude fob—sy of (a) the same(b) the op-

for u(Mz)=(a) 80 GeV,(b) 160 GeV, andc) 240 GeV. Solid, ~Posite sign as compared to the SM amplitude(Mz)

dashed, and dotted curves correspondy?e=6, 3, and 1 per 3 =110 GeV, which — as described in the text — basically corre-

degrees of freedom, respectively. sponds to the minimum value jif freely varied as an input param-
eter. As indicated, curves correspondxﬁ)= 6,3,1,04,03per3

presented in this paper(M5) has been fixed to 110 GeV. DOF, respectively.

At this value ofu, the lightest chargino mass turns out to be

about 100 GeV foM,,>340 GeV, and slowly drops down tive chargino interference among the partial amplitudes to

to about 85 GeV foM,,,=200 GeV? Figures 2a) and 2b) this process. A more detailed discussion of these results is

show explicitly that the structure observed in Fig)+1(c)  actually the subject of Sec. IV. As can be seen from the

originates from the two distinct fits corresponding to two contour lines corresponding tg?=0.4 and 0.3, the mini-

separate minima of the global analysis. The fits are primarilynum in the (ny,M ;) plane is quite shallow. For this reason

distinguished by the sign of the effectibe—sy decay am- and because the optimization converges very slowly we do

plitude, or in other words, by the sign of tk coefficient of  not specify the exact point with minimury? in the figures.

the effective Hamiltonian for the low energy FCNC pro- We are also aware that such logé values most likely result

cesses. The two options are available because of the destrigem an overestimate of the theoretical uncertainties. That
suggests that our best fit*’s should be used more in the
sense of figures of merit than in a rigorous statistical fit

*The current limit ism,->87-90 GeV(dependent on taé and evaluation. , ,

the rest of the SUSY spectrimfrom the LEP2 run atys We do not show results for negative valueswofIn this

=183 GeV/[24]. We would need to increase our valuepfoy a ~ case, the SUSY corrections t, are negative(which is

few GeV in order to get over this limit in the region whelé,,  rather a welcome feature in connection with sthet 7 uni-

=200-225 GeV. Such a change would, however, be insignificantication). However, the chargino contribution to—sy in-

for the rest of our results. terferes constructively with the already large enough SM and
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charged Higgs contributions. As a result, the fits get much

worse, withy? well above 10 per 3 DOF, and that disfavors (@) 57 ) f}v
this region of the SUSY parameter space. Similar observa- t(t) <H>
tions were also made if®]. t t
<A e\
by b, W(H;) St b, H, H; 5
IV. MSSM ANALYSIS
A. Model dependence (©) (d) (e)
Recall that a general, model independent analysis of the " ;fv ~ :gv mH2 fgv
. \pe i . A<Hp t,(,) N
MSSM constrained by unification traditionally assumes ex- F N PN RN
act gauge and Yukawa coupling unification and some degree __ 77 » F u<HM) b u<HpMy t
of universality among the SUSY mass parameters. The be B B s, b, B W W s, b, B B, WW s,

lighter generation fermion masses and the CKM matrix ele-
ments are taken over from experiment, and in the SUSY FIG. 3. The most important diagrams for the-sy decay in the
sector, only the left-right mixings of the stops, sbottoms andMSSM with large tarB, in the interaction basis. Note the enhance-
staus are usually considered, with the intergenerational mixment of the chargino diagranie)—(e) by tan compared to the SM
ings left out. and charged Higgs diagranta and (b).

The most significant model dependent feature of the
analysis presented in this paper is the introductioesgfthe  sensitive to the structure of the Yukawa matrices except for
GUT threshold toas. We have introduced; as an initial  the model dependent 23 mixing which is significant for the
parameter which is free to vary withitt 6%. The contour BR(b—sy).
plots of constant; resulting from the best fits are shown in
the figures discussed in Sec. IV F. As one can ggdends B. BR(b—sy) in MSSM with large tan 8
to be negative. Lucas and Raby showed that such negative
threshold corrections are consistent with the complet%ti
SQO(10) formulation of model 4c[4]. Negative e; allows
ag(M5) to go below 0.120. That in turn is a welcome feature
for the b— r unification if one studies the SUSY parameter
subspace in whicilm, receives positive SUSY corrections.

The SM, charged Higgs, and chargino diagrams contrib-
ng to the amplitude fob—sy are shown in Figs. @& —
3(e). These are the dominant contributions in the best fits of
our analysis. Note that the three chargino contributions in
Figs. 3c)—3(e) are enhanced by tgh In our code, we also

. . . ; take into account the gluino and neutralino diagrams as well
There is more discussion on these effects in Sec. I¥;Hs as the full chargino contribution including the pieces not

the only GUT threshold introduced in this StUdY' enhanced by taf, although their contributions are numeri-
For the Yukawa matrices, the exact equality of the 33c]ally insignificant.
element(sj 'S asg,umed. The Tfe.ma'”'”g _Yuka;/va e(;]t?is a;'e, 9" To understand our results which will be presented below,
courser,] epen ent"on 3p;C' Ic plro?eme?] OMnéosﬁ RgE ?V\(/'ve would like to look first at an estimate of what to expect
ever, they are small and decouple from the M- S 1% om the SUSY contribution t€,(M;). As a starting point
the gauge and third generation Yukawa couplings, as well ARe acknowledge the fact that the SM contribution gives a

for the diagonal SUSY mass parameters. Thus they h<_’:1ve r}%ugh agreement with the measured rate and define the ratios
effect on the calculation of th&-scale values for the first for Higgs and chargino contributions

nine observables in Table I. Only the branching r&iB(b

—Svy) is affected by some of these entries. This dependence r(H) = C(7H)/C(78M)’ (8

comes dominantly from the diagram in FigeB The partial

contribution tob— sy is proportional to the flavor changing H(©) = CO)cSM )
7 7 ’

c,-t, squark mixing in this casg25] and is tan3 enhanced

which makes it non-negligible. The mixing is completely \yhere 4) quantities are evaluatedMt, . Equation(7) then
induced by the off-diagonal entries of the Yukawa matricesq,4s

in the RG evolution, since we assume universal squark

masses at the GUT scale. In addition, there is no significant 8

pull in the model 4c best?’s from the light fermion masses CMSSMeff_ 161235 (SM) (1 4 p(H) 1 p(©)) 13 h, i,

and CKM mixing element$5]. Instead, the dominant pulls i=1

are imposed byag(M;), my(M,) and other observables (10
which also enter the MSSM analysis. Typically, about 60—

80 % of the totaly? value comes from the first ten observ- where we use€,(M) =1 and, for simplicity, neglected the
ables of Table |. That means that it is these traditionamixing with the chromomagnetic operator, proportional to
MSSM observables which drive the model 4c optimizationCg, which turns out to be by about a factor 5-10 less than
procedure when it gets close to its minima and that at théhe other two terms.

same time the Yukawa sector of model 4c works indeed very Since C{S™e' (approximately equal ton*®2CEW
well and does not bias the optimization significantly. We +>h; %) would yield about the right value of thBR(b
conclude that our results presented in this section are net-sy) we deduce that either
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r©~—rM (11 (a)
p=110GeV sign C,"*"= + sign C,™
(MSSMeff__ __ ~(SM)eff
for C; +C5 , or 600 - .
r©~—rM—460 (12) T
500 + 26 2.285 BR(b—'>s__y)x 10 <2.33
for CMSSMeff_ _ c(SMeff - For the last estimate, the f.s":"' everywhere in this fegion
numerical results C¥™=-0.190,7'%?°<0.679, and = 400 87
E?Zlhinai=—0.168 were used — computed fary(My) &
The charged Higgs contribution always interferes con- =

structively with the SM contributiof7]. Typically, we get 200

0<rM<1.3, (13

] ) ] 100 . :

depending on the mass of the . In the first case, especially 0 500 1000 1500 2000
it r™ andr(© are non-negligible, Eq(11) means that the m, [GeV]

chargino part must interfere destructivilwith the SM and
charged Higgs contributions, practically cancelling the latter. (b)
The enhancement by t#hof the chargino contribution has u=110GeV
to be compensated for by rather large masses of the sparticle 44,
in the diagrams in Figs.(8)—3(e). In the second case, de-

scribed by Eq(12), large destructive chargino interference is

sign C,"*™'= — sign ¢,

500

required to outweigh the combined SM aktd contribu- I e

tions and to flip the overall sign of the amplitude. Quite
amazingly, it is not so difficult to arrangésee also[26]) S 400 | Pl e .
since the chargino contribution is the only one enhanced byﬁ L

large tarB. However, large sparticle masses obviously sup- _& zqg |
press the effect. The lesson is that we can expect the twc s 228 <BR(i_>—>sv)x19"<2.35
cases to work in a complementary SUSY parameter space 23T " gverywhere!in this region

: . e 200 t
and have sig€!S" =" signC>" for the best fits in the 00
region with large(low) my and/orM4,,, respectively.
These expectations are indeed realized in the best fits o 100 500 1000 1500 2000
model 4c. Figure @) shows the best fits in the case when the m, [GeV]
. . . . 0
chargino contribution roughly cancels the charged Higgs
contribution, while the best fits of Fig(l) correspond to the FIG. 4. Contour lines of consta®R(b— sy) X 10* in the best

case when the chargino piece truly dominates and reversdiss assuming the opposite signs of the effective amplitude for this
the sign of the overall amplitude. As anticipated, these twaprocess. For better reference, tpecontour plots of Figs. @) and
cases work in complementary regions of parameter space. 2(b) are shown in the background &) and (b), respectively, as
Figures 4a) and 4b) show how well the fits describe the dotted lines.
measured value of thBR(b—svy). In these figuregand
similarly in the following oneswe show the contour lines of ' gecoupling start showing up only fon,>2 TeV, i.e., out-
constanty? in the background for reference. As can be seengjde the SUSY space studied in these figures.
the BR(b—sy) indeed presents a major constraint since
whenever they? values go up, the agreement with the ob-
servedb—sy decay rate gets worse. Figure@)5and 5b) C. Discussion of the results forBR(b—sy)
and Ga) and §b) show the contour plots of constarit’) and and phenomenological implications
r(© in each of these two cases. One can compare the numeri- There is one striking feature which is common to both
cal results in these figures with the approximate relationgases. It is that both fits would like to have tiR(b
(11) and(12). Note also the validity of relatiofl3) in each  —sy) below rather than above the current experimental
case. Finally note that due to large fauthe effects of SUSY  value 2.3% 10 %.
In the first case, the tgh enhanced chargino contribution
tends to be too large when going against the charged Higgs
105ince Eqs(10) and(11) are valid only approximately, the case contribution, since the Iat_ter is not _tﬂnenhanced. 'I_'he f|t_
1+rM4r(©~1 in principle also allows for a constructive inter- Cléarly favors as large Higgs contribution as possible with
ference 0<r(©, rM<1 in the region in parameter space where "™ reaching its maximunjsee Fig. a)]. A phenomeno-
my- and sparticle masses are large. This option, however, does n#2gical consequence of this observation is that the charged
result from our best fits, as already mentioned in the discussion ohliggs (and then also the whole Higgs segttends to be as
negativeu parameter in the previous section. light as possible in this case. We get, for instance, the best fit
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(a) (a)
u:llOGeV Sign C7MSSM= + Sign C75M u:llOGeV sign C7MSSM= + sign C75M
600 ; - — 600 - e
h
500 500
S 400 < 400
)] )]
f 300 f 300
200 200
100 . . 100 . .
0 500 1000 1500 2000 0 500 1000 1500 2000
m, [GeV] m, [GeV]

0 500 1000 1500 2000 0 500 1000 1500 2000

m, [GeV] m, [GeV]
FIG. 5. The same as in Fig. 4 for the contour plot 8 defined FIG. 6. Contour plot of (©) defined in Eq(9), extracted from

in Eg. (8). The effect of the doubled minimum in the lower part of the best fits.
figure (b) corresponds to the possibility of having heagsolid
black curves or light (dashed gray curvesHiggs spectrum for values of the Higgs boson masses: one minimum corre-
M;,,<300 GeV. sponds tan,o andm, at the experimental lower limiset to
65 GeV in our analysjswhile these masses gradually rise in

value of the pseudoscalar mass <100 GeV everywhere the second “valley” up to 700 GeV. When crossing the
in the (Mg, M) plane. region withM,,~300 GeV towards largeM,, the first

In the second case, when the chargino part overshoots th¥@lley” vanishes and the optimization slides down to the
combined SM ancH ™~ contributions we observe different S€cond minimum because of tB&(b— sy). In the allowed
effects in the regions witiM,,, below and abovéroughly) ~ Corner with me<700 GeV, the two “valleys” approach
300 GeV. For larger values &l 1/, the chargino contribution €ach other and finally coincide. The effect of the doubled
clearly tends to be not big enough. As a result we mighfMinima is indicated in Figs. (6) and Gb) with the solid
expect to see only very low values of" in this region —  black (dashed gray contour, lines corresponding to the
complementary to the large values in Figa5— and a very ~heavier(lighten Higgs sector: , _ _
heavy Higgs sector. However, the best fit value & varies In summary, if the future experimental analysis confirms
quite a bit indicating that the charged Higgs mass does ndf'® discrepancy between the CLEO measured value and the
stay at some very large value. That is related to the observAl€xt-léading orde(NLO) SM calculation[3], the MSSM
tion [5] that one cannot have good fits with the Higgs sectotVith large tan3 could be the solution. Similarly, if the NLO
much heavier than squarks. Whish , gets below 300 GeV f:alculatlon is completed for the MSSM, and if it turns out to
the b—sy decay rate is no longer a strong constraint andncrease the LO result as occurred for the SM, then the large
two separate minima can be found in the course of the opti-
mization. The two fits work equally welly? in each case
stays below 1 per 3 DOF. The minima differ by the best fit 'The same holds in Figs.(B) and gb).
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(a)

n=110GeV

sign C,"**"= + sign C,™
600 :
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it always interferes constructively with them. In the case
when sigrcMSSM = +signC{®™ | this term helps to coun-
terbalance the large contribution of the left-right stop mixing.

In the complementary case, when the chargino contribution

overturns the sign of the net amplitude thet, mixing
makes this flip more difficult to happen. As a result, it has
different consequences for the two fits in Fig&)2and Zb),
especially important in the regionmz<1000 GeVM),
~350 GeV) where the fits start getting worse. In Fi¢g)2

it improves the fit for lower values ofnfy,M 4, where the
contribution from the stop mixing alone would otherwise
overwhelm the sum of the SM and~ diagrams. On the
contrary, it worsens the fit in Fig.(B) in the same parameter
subspace. These observations are, however, model dependent
as has been explained in the introduction to this section, and
their validity relies on the boundary conditions assumed at
the GUT scale. A general study of the limits imposed by the
intergenerational mixings can be found in the revig2g]

(b) and the references therein. To make a connection with the

M,, [GeV]

0 500 1000 1500 2000
m, [GeV]

p=110GeV sign C,"*'= - sign ;™ general approach we note that typically we get
600 . -
(mg)EE
(6. = ~—(0.01-0.02 (15
500 [(md)EE ()T
> 400 at theZ scale, where i), is the 3x3 mj squark mass
S, matrix after the unitary rotations which diagonalize the fer-
Eg 300 mionic sector are performed in the squark sector (&and-
. . Ly . . . .
wiching by V{j’s in this particular case This value is to be
200 compared with the flavor-changing effects originating in the
CKM matrix [Figs. 3a)—3(d)] with |V.¢~|V¢p =0.04.
100 : : :
0 500 1000 1500 2000 E. Effects of NLO QCD corrections to BR(b—sy)

m, [Ge . . .
o [GeV] Finally, we would like to comment on the next-to-leading

order (NLO) QCD corrections. These have been completed
only for the SM[3]. In Ref.[27] it was shown that the NLO
matching at the high scale gives a non-negligible contribu-
tang regime will apparently have no problem fitting the  tion to C7. In particular, for the SM we get

— Sy rate exactly. That seems to be in contrast with the fits
in the low tang regime of Ref[9], which get below the SM
value only forM <200 GeV and smaling.

FIG. 7. Contour plot of (°23 defined in Eq(14), extracted from
the best fits.

Qg

477( 7739/23(:(71)( M)

C7 (1) = 7" (p) +

D. Role of ¢-t mixing in our results for BR(b—sy)

8
Z(.3723_ _39/23 ~(1) -
It is interesting to note the significance of the inter- -’_3(77 PG (M) +

enerational squark mixing in Fig(&. In analogy to Egs.
?8),(9) we defir?e J 9@ » a =-0.312+0.011—-0.883-0.111+- - -),

(C29 = C(C23C(sM) (14) (16)
where C{V%"(4,) is given in terms of the LO matching
coefficientd our Eq.(7)] and for the evaluation in the second
line ag(M;)=0.118 was assumed. Hence within the SM the

whereC{“?¥ is thec,-t, mixing contribution to the coeffi-
cientC, at the scaleM ;. We show the contour plots of the
constgntr(CB) 'in Figs: 18 and Kb)j While EheNdorr'wir\ant NLO matching correction€{(M) and C§M(M;) alone
chargino contribution is that proportional to thetg mixing  \yould change the rate by about 10%. The final NLO cor-
[Fig. 3(c)], C{°*® becomes important because of the destrucrected result increases the LO value obtainegtat M, by
tive character of the interference among the partial ampliapout 20%(In other words, it effectively lowers the scalg,
tudes. As one can see, thet, mixing term can be compa- of the LO calculations to about V6, as obtained also in
rable with the SM andH™ contributions. More importantly, Ref. [9].) In the MSSM, the NLO matching remains to be
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calculated. Clearly, with large tah the chargino diagrams (a)

will likely dominate and their contribution may cause a dif- u=110GeV sign €™ 4 sign ¢
ferent effect than in the SM. For that reason we have left our g4 , —

results without applying the NLO corrections and will just %
sketch at this point what effects the higher order matching
corrections may have in our best fits.

The case when sigd{SSM= +signC®™ is much like
the SM case. The effect of the unknov@tMSSMM (M) =)
andC{"SSMM(M,) can be readily estimated from the com- £
plete form of Eq.(16) quoted in[3]. If the NLO matching 3
followed the cancellation among the charged Higgs and
chargino contributions observed in the U@qg. (11)], our 200 t
results for theBR(b— sy) would also be about 20% larger,
similar to the SM calculation. We can see from Figa)4hat , , ,
this would increase the parameter space in this case. Effec 0 500 1000 1500 2000
tively, the NLO terms would add to the LO contributions of m, [GeV]

W~ andH™, enabling the ta enhanced chargino contri-
bution to be greater in magnitude than what is allowed by b
Eq. (11) — a welcome feature for lighter SUSY spectra. (b)
Clearly, if the NLO matching terms remain negative and get
even larger in magnitude than in the SM case, the fit will
improve substantially in the region with lomy and M,

[and may get somehow worse in the upper left corner of the 500 |
(mg,M ;) pland. On the other hand, we have checked that 2o e
our LO results remain unaltered forc(MSSMM~ -
—C{SMM k=7 ,8: for such matching terms all NLO correc-
tions practically sum up to zero. Only if the NLO matching
terms turn out to be very large and positive, the fit will be =
forced to retreat significantly towards larger,, values.

The second case, sighy"'SSM=—signC{®™ is obvi-
ously more sensitive to the unknown NLO matching. Despite
the sensitivity our sample cal_culat_lons indicate that a drop in 100 0 500 1000 1500 2000
the value of theBR(b—svy) is fairly common and more m, [GeV]

. . 0

likely to happen than an enhancement. For instance, we get

BR(b—sy) X 10*=0.98(2.31) in the complete NLO calcu-  FIG. 8. Contour plot oBmSUSY, the (relative SUSY correction

lation assuming the NLO matching terms aiI{gMSSM(l): to theb quark massn,(My), extracted from the best fits.

+1(-7)xCEM® k=78, and keeping=!{® and C{¥) at

the values which yielR(b—sy) x 10*=2.31 at the LO.

The reduction in the rate is correlated with the opposite signs

of C; andCg as compared to the SM case. However, it stilltheb quark mas$28]. This fact implies strong constraints on

holds that the NLO correction would be effectively takenthe SUSY parameter space from, since 5m§USY gets a

into account by lowering the scale in the LO calculation. Fordominant contribution from the tg® enhanced gluino ex-

the region withM ;,,>300 GeV, where the fit gradually gets change, which tends to be very lar§@9] and offsets the

worse in this case, it means that the-sy decay is likely —agreement between the low energy valuergfand theb-r

more constraining than it appears in the analysis based on thunification at the GUT scale. The gluino correction can be

LO calculation. As indicated above, the NLO correctionsexplicitly suppressed by heavy squarks and by the chargino

will improve the fit only if the NLO matching terms are at correction which enters with the opposite sigrit can also

least seven times larger and opposite in sign compared to tHee reduced by lower values af(M;) because of the strong

SM NLO matching terms. couplings in the vertices of the gluinb-squark diagram.
The contour plots of the total SUSY correctionng(M ) in

500

400

M

u=110GeV sign C,"*= - sign C,™
600

=y
[0)
S

N

F. om5USY, a(M;), and e in the best fits

For the presented results, it has been important to have &2rpe sign of the chargino induced correctiomig is determined
destructive interference among the partial contributions g,y the producia,x (the dominant part comes from the same dia-
b—sy. With the universal boundary conditions at the GUT gram as in Fig. &) with s, replaced byb, and no photon leg
scale however, that can be arranged only for a specific sigttachedl Our best fits always run into the region whekgM)
of the u parameter;u>0 in our conventions. That in turn turns out negative, in the conventions which maintain positive
correlates with the positive sign of the SUSY corrections togluino mass parameter.
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(a) (a)
u:llOGeV sign C7MSSM= + Sign C75M p:llOGeV sign C7MSSM= + sign C75M
600 - " 600 ;
0.120
500 500
= 400 S 400
[0) [0)
o o
< 300 s 300
200 200
100 : - 100 - -
0 500 1000 1500 2000 0 500 1000 1500 2000
m, [GeV] m, [GeV]
(b) (b)
u=110GeV sign C,"*= _ sign ¢, p=110GeV sign ;"= - sign C,™
600 600 . . . .
0.118
500 500
S 400 = 400
[0 [0
o S,
B g
= 300 s 300
200 200
100 - : 100 . s .
0 500 1000 1500 2000 0 500 1000 1500 2000
m, [GeV] m, [GeV]
FIG. 9. Contour plot ofeg(M), extracted from the best fits. FIG. 10. Contour plot o3, the (relative GUT scale threshold

correction toag, extracted from the best fits.
the best fits are shown in Figs(aB and &b) where one can
see that these effects are quite effective in reducing the val

of 5m Utale. It turned out that with a few percent negative correc-
b .
SUSY

hat the i £l . is reduced tion e; to ag(Mg) we can accommodate lower values of
Note that the impact of large positiam, ™" "is reduced , (\1 ) with no problem. The best fit values ef are pre-
by a lower value olxs(M7) also indirectly — due to the RG  ¢anted in Figs. 1@ and 1Gb). Clearly, as squarks get

evoluti_on of the cur.renb mass fromM , -down toMy. The lighter the SUSY correction tan,(M,) (Fig. 8 has to be
effect is enhanced if the current masg is converted to the increasingly reduced by lower values af(M,) (Fig. 9)
perturbative pole maskl,, in a top-down analysis. FOr ex- \hich in turn requires a more substantial departure from the

ample, the difference betweeay(Mz) being 0.115 and  g5uge coupling unificatiofFig. 10 in the respective SUSY
0.121 leads to about 5% differencelNty,, if the same value Parameter subspace.

of my(M;) is assumed in each case. This is a significan
effect. In our analysis, which assumes larger uncertainty for

ag than formy(My,), it pushesag(Mz) down. The effect can V. CONCLUSIONS

be seen in Figs.(®) and 9b). Note that one can trade lower

values of ag for higher values ofm, provided a smaller In summary, we have presented the results of the MSSM
uncertaintyo(«g) is assumed30]. analysis focusing on the constraint imposed by the measured

Rather low values ofxs(M;) are, however, difficult to value of theBR(b—svy). The analysis was motivated by the
obtain from the exact gauge coupling unification, tradition-best of the SQL0) SUSY GUT models studied previously.
ally assumed in an MSSM analysis constrained by unificatarge tarn@ was assumed as a consequence of simpld§O
tion. In our analysis, we assumed that there is a few percetitavor dynamics. We showed that the effective amplitude for
correction to the gauge coupling unification generated by théhe inclusiveb— sy decay can be of either sign in such a
spread in masses of heavy states integrated out at the GUWsEenario. In the case, when the sign is the same as in the SM
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calculation, the often neglected intergeneratiomgtf, ~ '€cent paper by Drees, Guchait, and R8Y] which suggests
squark mixing and the NLO correction tend to increase théhat the Fermilab Tevatron data dwbr* 7~ final states
allowed SUSY parameter space. The best fits favor lighplaces a strong constraim,>190 GeV for tarnB~50. This
Higgs spectrum since a substantial charged Higgs contribuis by about 100 GeV stronger constraint than considered in
tion to b— sy helps to counterbalance the chargino contribu-our analysis. We have checked that it modifies the best fit in
tion. In the complementary case, when the sign of @ge  Fig. 2(a): all contour lines move by about 100 GeV towards
coefficient is flipped by a large chargino contribution, bothheavier SUSY spectra, as might be anticipated. The fit with

theG,-T, mixing and the NLO correction work the other way Cv°°" of the opposite sign tha€?" gets less modified

and tend to reduce the allowed SUSY parameter space. Tince in this case the Higgs boson masses assume the lowest

charged and pseudoscalar Higgs boson masses can be eithépwed values only at the lowy tip of the contour plot on

large or small. In each case, the chargiand neutralinp  Fig. 2(b).

masses are at the experimental limit in the best fits. Because

of 6mgYS*>0 the best fits result in rather low values of

ags(M2), which can be obtained with a few percent negative

correction toag(Mg). With these guidelines the large t8n The authors would like to thank Marcela Carena and Car-

regime of the MSSM constrained by simple @0 GUTs los Wagner who collaborated on the early stages of this

remains a viable option for physics beyond the standargbroject. This research was supported in part by the U.S. De-

model. partment of Energy under contract numbers DE-FGO02-
Note addedAfter submitting the manuscript we noted a 91ER40661 and DOE/ER/01545-729.
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