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b˜sg with large tan b in a MSSM analysis constrained by a realistic SO„10… model
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The study of the MSSM in the large tanb regime has to include correlations between the constraints
presented by the low energy values of theb quark mass and BR(b→sg). Both quantities receive SUSY
contributions enhanced by tanb and have a major impact on the MSSM analysis. Here we summarize the
results of such a study constrained by a complete SO~10! model. The dominant effects to the analysis come
from third generation Yukawa couplings and a GUT threshold toas . We show that a small negative GUT
correction toas accommodatesas(MZ)<0.118 anddmb

SUSY.0. Since the latter quantity is positive this opens
up two options to fit the measured rate forb→sg. 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 coefficientC7(MZ) in the (m0 ,M1/2) plane in each of
these best fits. We conclude that an attractive SO~10!-derived regime of the MSSM remains a viable option.
@S0556-2821~99!01403-4#

PACS number~s!: 12.10.Dm, 12.60.Jv
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I. INTRODUCTION

The inclusiveb→sg decay has attracted a lot of attentio
in the past and will undoubtedly attract at least as mu
attention in the future. On one hand, it is an observed fla
changing neutral current~FCNC! process with the measure
rateBR(b→sg)5(2.3260.5760.35)31024 announced by
CLEO @1#, and BR(b→sg)5(3.3860.7460.85)31024

found most recently by the ALEPH Collaboration@2#, and
we can expect that the statistical uncertainty of these m
surements will be reduced in the near future. On the ot
hand, the standard model~SM! prediction with the next-to-
leading order QCD corrections included has been calcula
asBR(b→sg)5(3.4860.31)31024 @3#. However, since it
is forbidden at the tree level it lets the SM compete with
loop contributions from any new physics. Theoretical ana
ses of this process, which assume a minimal supersymm
~SUSY! extension of the SM and are constrained by unifi
tion, naturally fall into two categories. Either tanb ~the ratio
of the Higgs vacuum expectation values^Hu

0&/^Hd
0&) is con-

sidered to be low~i.e., close to 1! or this parameter is large
of the order 50.

In the first case, botĥHu
0& and ^Hd

0& are of the order of
the electroweak scale and the hierarchyMb ,M t!Mt is trig-
gered by the smallness of theb andt Yukawa couplingslb
andlt . In effect, this regime of the minimal supersymmet
standard model~MSSM! has several simple features: radi
tive electroweak symmetry breaking is rather straightforw
to impose, and the terms suppressed bylb and lt can be
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neglected both in the renormalization group equatio
~RGEs! and in the analysis at theZ scale. A drawback, if we
can say so, is that when considering the MSSM as a
energy effective theory, there is no appealing unification
namics requiring the hierarchylb ,lt!l top .

The large tanb case, on the other hand, is very attracti
when considered from the unification point of view. Usin
the MSSM RGEs one finds that this case offers an amazin
simple optionlb5lt5l top at the unification scale, consis
tent with the minimal SO~10! grand unified theories~GUTs!.
The third generation mass hierarchy is, however, explai
by ^Hd

0&'3 –4 GeV, the value which is much less than t
electroweak scale—the generic scale of the other dimens
ful parameters, includinĝ Hu

0&. That makes the MSSM
analysis with large tanb challenging in more than just th
symmetry breaking sector. For example, there are ferm
masses which are proportional to^Hd

0& at the tree level, and
there is no symmetry which would guarantee the same s
pression in their radiative corrections. Contributions at o
loop may be and indeed are proportional to^Hu

0&. The same
type of corrections are then also induced to some Cabib
Kobayashi-Maskawa~CKM! matrix elements, e.g.,Vcb or
Vub . As a result, the tanb enhanced corrections to suc
observables must be included into the MSSM analysis.
clusive b→sg decay represents an even more sensit
probe if tanb is large. As a flavor changing neutral curre
~FCNC! process emerging only at a loop level its SM co
tribution turns out to be suppressed by^Hd

0&. On the other
hand, the chargino-squark contributions are proportiona
^Hu

0& and may dominate the whole process. Thus the MS
analysis becomes more powerful~and restrictive! than in the
case with low tanb.

In this work, we present the results of such a constrain
global analysis of the MSSM with large tanb and pay spe-
cial attention to the structure of theb→sg partial ampli-
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TOMÁŠ BLAŽEK AND STUART RABY PHYSICAL REVIEW D 59 095002
tudes. Our actual investigation has been performed with
complete SO(10) model proposed by Lucas and Raby@4#.
The model~called model 4c!, was analyzed in detail in@5#
and a very good agreement with low energy data~including
fermion masses and mixings! was found in a large region o
the SUSY parameter space. Although the primary goal of
analysis was to discriminate among different models of f
mion masses, this model turned out to work so well, that
main constraints were theb quark mass and theBR(b
→sg). As a result we can regard the work as testing
MSSM with large tanb, with the inclusion of a particular se
of 333 nondiagonal Yukawa matrices at the GUT sca
Thus we think that this paper naturally fits into the mosaic
many previous works onb→sg in the MSSM. These works
studied theb→sg process either with low~or moderate,1

i.e., less than about 10! tanb only @6# or, if the large tanb
regime was also considered@7#, then some of the importan
ingredients of our procedure were not taken into accou
Most notably, we improve the previous studies~i! by taking
into account the tanb enhanced SUSY threshold correctio
to fermion masses and mixings, and~ii ! by introducing glo-
bal analysis instead of scatter plots of random points
SUSY parameter space. Because of the latter improvem
we can present the contour plots of the interesting quant
from the best fits and observe how these quantities are
related. Additional motivation for this paper came from t
study @8#. This work has also introduced global analys
with one-loop SUSY threshold corrections properly i
cluded, and studied both the low and large tanb regimes.
However, this analysis assumed strict gauge unification w
no threshold correction toas at the GUT scale. As a result,
did not concentrate on the regime with rather low values
as(MZ)<0.118 and positive SUSY corrections tomb .
Therefore, that work does not test the subspace in SU
parameter space which we study in this analysis.2

Thus our main result is that in the regime of SUSY p
rameter space where tanb is large and theb quark mass
receives positive corrections we find the analysis consis
with t2b2t unification and the observed BR(b→sg), in
contradiction to previous studies. Dominant effects co
from the third generation Yukawa couplings and the int
duction ofe3 , a GUT threshold toas . In the best fits, smal
negativee3 is correlated with loweras(MZ), and that in
effect decreasesmb . We also find that the contribution of th
intergenerationalc̃L- t̃ L squark mixing to theb→sg ampli-
tude (tanb enhanced compared to the SM contribution! is
numerically significant. It is, however, model depende
Note that it is neglected in the approximation of Barbie

1With no reference to the unification of the Yukawa couplings
2We have, in fact, observed identical features in the same

space of the SUSY parameter space and have come to the
conclusions as in@9# that the subspace wheredmb

SUSY,0 appears to
be excluded — see the discussion on negativem parameter in Sec
III and in @5#. ~In our conventions,m,0 implies negative SUSY
corrections to theb quark mass and purely constructive interferen
among all leading MSSM contributions to the decayb→sg.)
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Giudice @7# which has been used in many of the succeed
studies.

The main steps of our procedure are described in Sec
For completeness, the performance of model 4c in the glo
analysis is presented in Sec. III. Section IV contains the
sults of this work. It starts with comment on model sensit
ity and includes contour plots in the (m0 ,M1/2) plane of
constantBR(b→sg) and various contributions to this pro
cess, extracted from our best fits. We show how the dest
tive interference among theb→sg partial amplitudes pro-
vides for two distinct fits, each of a very lowx2 in rather
complementary regions of the parameter space. We also
cuss phenomenological implications of our findings. Fina
conclusions in Sec. V contain a brief summary of this wo

II. GLOBAL ANALYSIS

Details of our numerical analysis are described in@5#.
Here we summarize the main steps of our procedure rele
for this paper. We perform a global analysis in a strict to
down approach. We start with the following initial param
eters: the scale of new physicsMG , unified gauge coupling
aG(MG),3 one-loop GUT threshold correctione3 to
a3(MG), and A: the 33 element common to all thre
Yukawa matrices atMG . We assume supergravity induce
SUSY breaking and neglect the effects of running betwe
the Planck scale and the GUT scale. The parameters o
SUSY sector, which are introduced atMG , include a com-
mon gaugino massM1/2, common scalar massm0 of squark
and slepton mass matrices, scalar Higgs mass param
mHd

andmHu
and a universal dimensionful trilinear couplin

A0 . Them parameter and its SUSY breaking bilinear partn
Bm are introduced as renormalized quantities at theZ scale.
This simplification is allowed since they are renormaliz
multiplicatively and do not enter the RGEs of the other p
rameters.

In the actual model 4c analysis, the structure of t
Yukawa matrices

Yu5S 0 C 2 4
3 Deid

C 0 2 1
3 B

1
3 Deid 2 4

3 B A
D , ~1!

Yd5S 0 227C 2
3 Deid

227C EeiF 1
9 B

29Deid 2 2
9 B A

D , ~2!

Ye5S 0 227C 254Deid

227C 3EeiF B

2Deid 2B A
D , ~3!

b-
me

3MG is defined as the scale where the gauge couplingsa1 anda2

are exactly equal within the one-loop GUT threshold correctio
By aG we actually mean the valuea1(MG)[a2(MG).
2-2
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TABLE I. Experimental observables of the global analysis.

Observable
Central
value s Observable

Central
value s

~1! MZ 91.186 0.46 ~11! Mb2Mc 3.4 0.2
~2! MW 80.356 0.40 ~12! ms 180 50
~3! Gm 1.16631025 1.231027 ~13! md /ms 0.05 0.015
~4! a21 137.04 0.69 ~14! Q22 0.00203 0.00020
~5! as(MZ) 0.118 0.005 ~15! Mm 105.66 0.53

~6! Mt 175.0 6.0 ~16! Me 0.5110 0.0026

~7! mb(Mb) 4.26 0.11 ~17! Vus 0.2205 0.0026
~8! M t 1.777 0.0089 ~18! Vcb 0.0392 0.003

~9! rnew 20.631023 2.631023 ~19! Vub /Vcb 0.08 0.02
~10! B(b→sg) 2.3231024 0.9231024 ~20! B̂K
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at MG is built up using six more dimensionless paramete
with entries in different matrices related to each other
SO~10! symmetry.4 B, C, D, and E are small numbers
~samples of their best fit values can be found in@5#!, and
their effects decouple from the observables related to
gauge sector and from the masses of the third genera
fermions. Section IV discusses the model dependence o
calculated branching ratioBR(b→sg) in more detail.

We use the two-loop RGEs for the gauge and Yuka
couplings, and the one-loop RGEs for the MSSM dimensi
ful parameters to run down to theZ scale. At selected points
we check that the full two-loop RGEs of the MSSM@10#
yield the same results. At theZ scale, the MSSM is matche
to the effective theory consisting of QCD and electromag
tism, leaving out the SM as an effective theory. Within t
MSSM, we implement the effective potential method and u
the analytical expressions derived in@11#. These expression
are good approximations to exact one-loop results and w
all one-loop threshold effects included@12#. Following @11#,
after integrating out sparticles we run the relevant coupli
of the two-Higgs doublet model to the scaleMtop

5 and at this
scale, we calculate the fit values ofv, tanb, and physical
Higgs masses. Recall that these quantities are not amon
initial parameters in the pure top down approach which
implement. Their acceptable values are established implic
in the process of thex2 minimization based on the evaluatio
of the fermion and gauge boson masses, and by respe
the experimental limits for unobserved particles. Note a
that nonuniversal initial valuesmHd

ÞmHu
Þm0 make elec-

troweak symmetry breaking much simpler to implement th
in the universal case@13#. In fact, we have checked that, fo
instance, using the effective potential only at tree le

4In our notation, the Yukawa interaction terms of the superpot
tial have SU~2! doublets on the left.

5Studies@11,12# show that at the scaleMtop the next-to-leading-
log corrections to the physical Higgs mass squared always turn
to be below 2% while they are, generally, much larger atMZ or
some other scale.
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makes no change to the fits besides a small readjustme
mHd

andmHu
. We believe that that would be the case wi

any further improvement of the approximation which we a
tually used.

The fermion and gauge boson masses are calculated
the full MSSM one-loop corrections included. We also co
pute all the threshold corrections, proportional to tanb, to
fermion masses and CKM matrix elements, following@14#.
Masses of the Higgs particles are calculated at the two-l
level as in@11#, and masses of the SUSY particles are left
their respective tree level values. The tree level squark
slepton masses are constrained to be greater than 30 G
This is below the experimental limit but when they are th
light, we count on substantial enhancements at one loop@15#.
Chargino and neutralino masses receive very small one-
corrections and so we restrict their tree masses by the res
tive LEP limits. As we match the MSSM to the effectiv
theory belowMZ , the threshold corrections to the gaug
couplings are calculated following@16#, with the exception
that the SUSY vertex and box corrections toDr are ne-
glected. In our approach,Dr serves to derive the theoretica
value ofGm . When below theZ scale, we use the three-loo
QCD and one-loop QED RGEs@17# to evaluate quark and
lepton masses.

Our x2 function is calculated based on the low ener
data ~observables and their corresponding errors! listed in
Table I. Our analysis was originally designed to test GU
models, so from the point of view of testing the MSSM th
data in Table I are divided into two groups, corresponding
observables 1–10, and 11–20, respectively. Five observa
in the gauge sector (MZ , MW , Gm , a, and as), masses of
the third generation fermions,rnew

6 and BR(b→sg) are
typically chosen to test the MSSM constrained by unific
tion. The other ten observables corresponding to six li
fermion masses and four independent parameters of
-

ut
6This is the contribution of physics beyond the SM to ther pa-

rameter.
2-3
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TOMÁŠ BLAŽEK AND STUART RABY PHYSICAL REVIEW D 59 095002
CKM matrix have been included in the analysis but they
not significantly affect our results~see introduction to Sec
IV where we discuss model dependence!.

Note that seven out of the twenty observables have
estimated theoretical uncertainties dominating over the
perimental ones~their respectives ’s are underlined in Table
I!. These theoretical uncertainties represent conservative
timates of the errors~0.5% for six out of the seven, and 1%
for Gm to compensate for SUSY boxes and vertices wh
are neglected in the computation ofDr ) generated by our
numerical procedure. We have checked separately that t
ening these theoretical errors by a factor of 10, to 0.05%
MZ , MW, anda, and to 0.1% forGm respectively, does no
alter the global fit significantly.~The contour line x2

53 per 3 DOF in Fig. 2 moves by about 50–100 GeV
wards heavier sparticle mass parameters in this case.! That
agrees with the observation that gauge coupling unifica
does not present a dominant constraint in this MSSM regi
In addition, note that we have also introduced a conserva
error on as(MZ) @18# and added the CLEO errors for th
BR(b→sg) linearly.

A. Calculation of b˜sg

The MSSM amplitude for the transitionb→sg is calcu-
lated following @19# at the thresholdMZ . The effective
Hamiltonian method, summarized in@20#, is used below
MZ . In particular, the amplitude atMZ is matched to the
Wilson coefficientC7(MZ) in the effective Hamiltonian

He f f52
4GF

A2
Vts* Vtb(

i 51

8

Ci~m!Oi~m!. ~4!

Following the conventions of Ref.@20# the magnetic dipole
operator reads

O75
e

16p2
mb~ s̄LsmnbR!Fmn , ~5!

with smn5 i /2@gm ,gn#. The branching ratio is compute
from the formula

BR~b→sg!5
uVts* Vtbu2

uVcbu2
6a

pg~Mc /Mb!
uC7

e f f~mb!u2

3BR~b→cen̄ !, ~6!

whereBR(b→cen̄)50.104@21#, a51/132.5 and the phase
space function for the semileptonic decayg(z)5128z2

18z62z8224z4 logz. The effective coefficient

C7
e f f~m!5h16/23C7~MZ!1

8

3
~h14/232h16/23!C8~MZ!

1C2~MZ!(
i 51

8

hih
ai ~7!
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comes from operator mixing in the leading log approxim
tion, with h5as(MZ)/as(m). The numbershi and ai are
given in @20#. For the CKM matrix elements and quar
masses, the fit values of the model 4c analysis are con
tently used in the formulas above. The best fits yield th
values very close to the ones quoted by Particle Data Gr
~PDG! @21#.7 The values ofas(MZ) are also taken from the
GUT analysis.@The best fit values which are used to calc
lateh in Eq. ~7! can be read out from the figures discussed
Sec. IV F.#

In our analysis, we fix the low energy scale to bemb
54.7 GeV and do not study the scale dependence of
result. The scale dependence will be reduced once the c
plete next-to-leading order calculation within the MSSM w
be known. Because of the significant SUSY contributions
this process in large tanb regime, we use the leading orde
calculation in our fits and only comment~in Sec. IV E! on
possible changes which may result from the next-to-lead
order calculation in the full MSSM.

III. MODEL 4c BEST FITS

The analysis, as described above, was used to test si
SO~10! models @22#. It was found @5,23# that one of the
models, called model 4c@4#, yields very good fits in a large
portion of the allowed SUSY parameter space. The quality
these fits is presented in Figs. 1~a!–1~c!. The figures show
the contour plots of the minimumx2 in the (m0 ,M1/2) plane,
for three different fixed values of the parameterm(MZ)
580, 160, 240 GeV.8 All initial parameters other than
$m0 ,M1/2,m% were subject to minimization.

Note that asm increases, the quality of the fit gets wors
This is understood from the form of the SUSY corrections
fermion masses and mixings. These corrections increase
m and asm gets larger they can only be kept under cont
by larger squark masses. For this reason the contour line
constantx2 move towards larger values ofm0 for M1/2
,400 GeV in Figs. 1~b! and 1~c!. Varyingm freely actually
results in its approaching the lowest possible value. T
lower bound onm(MZ) is determined by the chargino mas
limit from direct searches and is correlated withM1/2. When
the value ofm is fixed, as in Figs. 1~a!–1~c!, the chargino
mass limit then sets a sharp lower bound onM1/2, which is
explicitly visible in each of the figures. Plots in Figs. 1~a!–
1~c! were constructed under the assumption that the char
mass limit was 65 GeV.

Because the chargino mass limit has been raised at
CERN e1e2 collider LEP2, and because the optimizatio
ends up with low values ofm, in the rest of the analysis

7Since we do not choose some fixed values, we observe a mo
ate dependence of theBR(b→sg), within 10%, on the particular
set of the computed theoretical values for these quantities. For
most part, it is due to the function g~z! which changes rather fast in
the vicinity of z'0.3.

8The figures are taken from@5#. These are slightly modified com
pared to the figures in@23# due to a sign error found later in th
numerical code.
2-4
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presented in this paperm(MZ) has been fixed to 110 GeV
At this value ofm, the lightest chargino mass turns out to
about 100 GeV forM1/2.340 GeV, and slowly drops down
to about 85 GeV forM1/25200 GeV.9 Figures 2~a! and 2~b!
show explicitly that the structure observed in Figs. 1~a!–1~c!
originates from the two distinct fits corresponding to tw
separate minima of the global analysis. The fits are prima
distinguished by the sign of the effectiveb→sg decay am-
plitude, or in other words, by the sign of theC7 coefficient of
the effective Hamiltonian for the low energy FCNC pr
cesses. The two options are available because of the des

9The current limit ismx2.87–90 GeV~dependent on tanb and
the rest of the SUSY spectrum! from the LEP2 run atAs
5183 GeV@24#. We would need to increase our value ofm by a
few GeV in order to get over this limit in the region whereM1/2

5200–225 GeV. Such a change would, however, be insignific
for the rest of our results.

FIG. 1. Contour lines of constantx2 in the best fits of model 4c
for m(MZ)5(a) 80 GeV,~b! 160 GeV, and~c! 240 GeV. Solid,
dashed, and dotted curves correspond tox256, 3, and 1 per 3
degrees of freedom, respectively.
09500
ly

uc-

tive chargino interference among the partial amplitudes
this process. A more detailed discussion of these result
actually the subject of Sec. IV. As can be seen from
contour lines corresponding tox250.4 and 0.3, the mini-
mum in the (m0 ,M1/2) plane is quite shallow. For this reaso
and because the optimization converges very slowly we
not specify the exact point with minimumx2 in the figures.
We are also aware that such lowx2 values most likely result
from an overestimate of the theoretical uncertainties. T
suggests that our best fitx2’s should be used more in th
sense of figures of merit than in a rigorous statistical
evaluation.

We do not show results for negative values ofm. In this
case, the SUSY corrections tomb are negative~which is
rather a welcome feature in connection with strictb2t uni-
fication!. However, the chargino contribution tob→sg in-
terferes constructively with the already large enough SM a

nt

FIG. 2. x2 contour plots in the best fits of model 4c with th
MSSM effective amplitude forb→sg of ~a! the same~b! the op-
posite sign as compared to the SM amplitude.m(MZ)
5110 GeV, which — as described in the text — basically cor
sponds to the minimum value ifm freely varied as an input param
eter. As indicated, curves correspond tox256, 3, 1, 0.4, 0.3 per 3
DOF, respectively.
2-5
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TOMÁŠ BLAŽEK AND STUART RABY PHYSICAL REVIEW D 59 095002
charged Higgs contributions. As a result, the fits get mu
worse, withx2 well above 10 per 3 DOF, and that disfavo
this region of the SUSY parameter space. Similar obse
tions were also made in@9#.

IV. MSSM ANALYSIS

A. Model dependence

Recall that a general, model independent analysis of
MSSM constrained by unification traditionally assumes
act gauge and Yukawa coupling unification and some deg
of universality among the SUSY mass parameters. T
lighter generation fermion masses and the CKM matrix e
ments are taken over from experiment, and in the SU
sector, only the left-right mixings of the stops, sbottoms a
staus are usually considered, with the intergenerational m
ings left out.

The most significant model dependent feature of
analysis presented in this paper is the introduction ofe3 , the
GUT threshold toas . We have introducede3 as an initial
parameter which is free to vary within66%. The contour
plots of constante3 resulting from the best fits are shown
the figures discussed in Sec. IV F. As one can see,e3 tends
to be negative. Lucas and Raby showed that such nega
threshold corrections are consistent with the comp
SO~10! formulation of model 4c@4#. Negative e3 allows
as(MZ) to go below 0.120. That in turn is a welcome featu
for the b2t unification if one studies the SUSY paramet
subspace in whichmb receives positive SUSY correction
There is more discussion on these effects in Sec. IV F.e3 is
the only GUT threshold introduced in this study.

For the Yukawa matrices, the exact equality of the
elements is assumed. The remaining Yukawa entries ar
course, dependent on specific properties of model 4c. H
ever, they are small and decouple from the MSSM RGEs
the gauge and third generation Yukawa couplings, as we
for the diagonal SUSY mass parameters. Thus they hav
effect on the calculation of theZ-scale values for the firs
nine observables in Table I. Only the branching ratioBR(b
→sg) is affected by some of these entries. This depende
comes dominantly from the diagram in Fig. 3~e!. The partial
contribution tob→sg is proportional to the flavor changin
c̃L- t̃ L squark mixing in this case@25# and is tanb enhanced
which makes it non-negligible. The mixing is complete
induced by the off-diagonal entries of the Yukawa matric
in the RG evolution, since we assume universal squ
masses at the GUT scale. In addition, there is no signific
pull in the model 4c bestx2’s from the light fermion masse
and CKM mixing elements@5#. Instead, the dominant pull
are imposed byas(MZ), mb(Mb) and other observable
which also enter the MSSM analysis. Typically, about 6
80 % of the totalx2 value comes from the first ten obser
ables of Table I. That means that it is these traditio
MSSM observables which drive the model 4c optimizati
procedure when it gets close to its minima and that at
same time the Yukawa sector of model 4c works indeed v
well and does not bias the optimization significantly. W
conclude that our results presented in this section are
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sensitive to the structure of the Yukawa matrices except
the model dependent 23 mixing which is significant for t
BR(b→sg).

B. BR„b˜sg… in MSSM with large tan b

The SM, charged Higgs, and chargino diagrams cont
uting to the amplitude forb→sg are shown in Figs. 3~a!–
3~e!. These are the dominant contributions in the best fits
our analysis. Note that the three chargino contributions
Figs. 3~c!–3~e! are enhanced by tanb. In our code, we also
take into account the gluino and neutralino diagrams as w
as the full chargino contribution including the pieces n
enhanced by tanb, although their contributions are numer
cally insignificant.

To understand our results which will be presented belo
we would like to look first at an estimate of what to expe
from the SUSY contribution toC7(MZ). As a starting point
we acknowledge the fact that the SM contribution gives
rough agreement with the measured rate and define the r
for Higgs and chargino contributions

r ~H !5C7
~H !/C7

~SM! , ~8!

r ~C!5C7
~C!/C7

~SM! , ~9!

where all quantities are evaluated atMZ . Equation~7! then
reads

C7
~MSSM!e f f'h16/23C7

~SM!~11r ~H !1r ~C!!1(
i 51

8

hih
ai,

~10!

where we usedC2(MZ)51 and, for simplicity, neglected the
mixing with the chromomagnetic operator, proportional
C8 , which turns out to be by about a factor 5–10 less th
the other two terms.

Since C7
(SM)e f f ~approximately equal toh16/23C7

(SM)

1(hih
ai) would yield about the right value of theBR(b

→sg) we deduce that either

FIG. 3. The most important diagrams for theb→sg decay in the
MSSM with large tanb, in the interaction basis. Note the enhanc
ment of the chargino diagrams~c!–~e! by tanb compared to the SM
and charged Higgs diagrams~a! and ~b!.
2-6
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r ~C!'2r ~H ! ~11!

for C7
(MSSM)e f f'1C7

(SM)e f f , or

r ~C!'2r ~H !24.60 ~12!

for C7
(MSSM)e f f'2C7

(SM)e f f . For the last estimate, th
numerical results C7

(SM)520.190,h16/2350.679, and
( i 51

8 hih
ai520.168 were used — computed foras(MZ)

50.118.
The charged Higgs contribution always interferes co

structively with the SM contribution@7#. Typically, we get

0,r ~H !,1.3, ~13!

depending on the mass of theH2. In the first case, especiall
if r (H) and r (C) are non-negligible, Eq.~11! means that the
chargino part must interfere destructively10 with the SM and
charged Higgs contributions, practically cancelling the lat
The enhancement by tanb of the chargino contribution ha
to be compensated for by rather large masses of the spar
in the diagrams in Figs. 3~c!–3~e!. In the second case, de
scribed by Eq.~12!, large destructive chargino interference
required to outweigh the combined SM andH2 contribu-
tions and to flip the overall sign of the amplitude. Qu
amazingly, it is not so difficult to arrange~see also@26#!
since the chargino contribution is the only one enhanced
large tanb. However, large sparticle masses obviously s
press the effect. The lesson is that we can expect the
cases to work in a complementary SUSY parameter sp
and have signC7

(MSSM)5 (2)
1 signC7

(SM) for the best fits in the
region with large~low! m0 and/orM1/2, respectively.

These expectations are indeed realized in the best fit
model 4c. Figure 2~a! shows the best fits in the case when t
chargino contribution roughly cancels the charged Hig
contribution, while the best fits of Fig. 2~b! correspond to the
case when the chargino piece truly dominates and reve
the sign of the overall amplitude. As anticipated, these t
cases work in complementary regions of parameter spac

Figures 4~a! and 4~b! show how well the fits describe th
measured value of theBR(b→sg). In these figures~and
similarly in the following ones! we show the contour lines o
constantx2 in the background for reference. As can be se
the BR(b→sg) indeed presents a major constraint sin
whenever thex2 values go up, the agreement with the o
servedb→sg decay rate gets worse. Figures 5~a! and 5~b!
and 6~a! and 6~b! show the contour plots of constantr (H) and
r (C) in each of these two cases. One can compare the num
cal results in these figures with the approximate relati
~11! and ~12!. Note also the validity of relation~13! in each
case. Finally note that due to large tanb the effects of SUSY

10Since Eqs.~10! and~11! are valid only approximately, the cas
11r (H)1r (C)'1 in principle also allows for a constructive inte
ference 0,r (C), r (H)!1 in the region in parameter space whe
mH2 and sparticle masses are large. This option, however, doe
result from our best fits, as already mentioned in the discussion
negativem parameter in the previous section.
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decoupling start showing up only form0.2 TeV, i.e., out-
side the SUSY space studied in these figures.

C. Discussion of the results forBR„b˜sg…

and phenomenological implications

There is one striking feature which is common to bo
cases. It is that both fits would like to have theBR(b
→sg) below rather than above the current experimen
value 2.3231024.

In the first case, the tanb enhanced chargino contributio
tends to be too large when going against the charged H
contribution, since the latter is not tanb enhanced. The fit
clearly favors as large Higgs contribution as possible w
r (H) reaching its maximum@see Fig. 5~a!#. A phenomeno-
logical consequence of this observation is that the char
Higgs ~and then also the whole Higgs sector! tends to be as
light as possible in this case. We get, for instance, the bes

ot
n

FIG. 4. Contour lines of constantBR(b→sg)3104 in the best
fits assuming the opposite signs of the effective amplitude for
process. For better reference, thex2 contour plots of Figs. 2~a! and
2~b! are shown in the background of~a! and ~b!, respectively, as
dotted lines.
2-7
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TOMÁŠ BLAŽEK AND STUART RABY PHYSICAL REVIEW D 59 095002
value of the pseudoscalar massmA,100 GeV everywhere
in the (m0 ,M1/2) plane.

In the second case, when the chargino part overshoots
combined SM andH2 contributions we observe differen
effects in the regions withM1/2 below and above~roughly!
300 GeV. For larger values ofM1/2 the chargino contribution
clearly tends to be not big enough. As a result we mi
expect to see only very low values ofr (H) in this region —
complementary to the large values in Fig. 5~a! — and a very
heavy Higgs sector. However, the best fit value ofr (H) varies
quite a bit indicating that the charged Higgs mass does
stay at some very large value. That is related to the obse
tion @5# that one cannot have good fits with the Higgs sec
much heavier than squarks. WhenM1/2 gets below 300 GeV
the b→sg decay rate is no longer a strong constraint a
two separate minima can be found in the course of the o
mization. The two fits work equally well:x2 in each case
stays below 1 per 3 DOF. The minima differ by the best

FIG. 5. The same as in Fig. 4 for the contour plot ofr (H) defined
in Eq. ~8!. The effect of the doubled minimum in the lower part
figure ~b! corresponds to the possibility of having heavy~solid
black curves! or light ~dashed gray curves! Higgs spectrum for
M1/2,300 GeV.
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values of the Higgs boson masses: one minimum co
sponds tomh0 andmA at the experimental lower limit~set to
65 GeV in our analysis! while these masses gradually rise
the second ‘‘valley’’ up to 700 GeV. When crossing th
region with M1/2'300 GeV towards largerM1/2, the first
‘‘valley’’ vanishes and the optimization slides down to th
second minimum because of theBR(b→sg). In the allowed
corner with m0,700 GeV, the two ‘‘valleys’’ approach
each other and finally coincide. The effect of the doub
minima is indicated in Figs. 5~b! and 6~b! with the solid
black ~dashed gray! contour lines corresponding to th
heavier~lighter! Higgs sector.11

In summary, if the future experimental analysis confirm
the discrepancy between the CLEO measured value and
next-leading order~NLO! SM calculation@3#, the MSSM
with large tanb could be the solution. Similarly, if the NLO
calculation is completed for the MSSM, and if it turns out
increase the LO result as occurred for the SM, then the la

11The same holds in Figs. 7~b! and 8~b!.

FIG. 6. Contour plot ofr (C) defined in Eq.~9!, extracted from
the best fits.
2-8
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tanb regime will apparently have no problem fitting theb
→sg rate exactly. That seems to be in contrast with the
in the low tanb regime of Ref.@9#, which get below the SM
value only forM1/2,200 GeV and smallm0 .

D. Role of c̃- t̃ mixing in our results for BR„b˜sg…

It is interesting to note the significance of the inte
generational squark mixing in Fig. 3~e!. In analogy to Eqs.
~8!,~9! we define

r ~C23!5C7
~C23!/C7

~SM! , ~14!

whereC7
(C23) is the c̃L- t̃ L mixing contribution to the coeffi-

cient C7 at the scaleMZ . We show the contour plots of th
constantr (C23) in Figs. 7~a! and 7~b!. While the dominant
chargino contribution is that proportional to thet̃ L- t̃ R mixing
@Fig. 3~c!#, C7

(C23) becomes important because of the destr
tive character of the interference among the partial am
tudes. As one can see, thec̃L- t̃ L mixing term can be compa
rable with the SM andH2 contributions. More importantly

FIG. 7. Contour plot ofr (C23) defined in Eq.~14!, extracted from
the best fits.
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it always interferes constructively with them. In the ca
when signC7

(MSSM)51signC7
(SM) , this term helps to coun-

terbalance the large contribution of the left-right stop mixin
In the complementary case, when the chargino contribu
overturns the sign of the net amplitude thec̃L- t̃ L mixing
makes this flip more difficult to happen. As a result, it h
different consequences for the two fits in Figs. 2~a! and 2~b!,
especially important in the region (m0<1000 GeV,M1/2
'350 GeV) where the fits start getting worse. In Fig. 2~a!,
it improves the fit for lower values of (m0 ,M1/2) where the
contribution from the stop mixing alone would otherwis
overwhelm the sum of the SM andH2 diagrams. On the
contrary, it worsens the fit in Fig. 2~b! in the same paramete
subspace. These observations are, however, model depe
as has been explained in the introduction to this section,
their validity relies on the boundary conditions assumed
the GUT scale. A general study of the limits imposed by t
intergenerational mixings can be found in the review@25#
and the references therein. To make a connection with
general approach we note that typically we get

~dU
23!LL[

~mU
2 !LL

23

@~mU
2 !LL

22 ~mU
2 !LL

33 #1/2
;2~0.01–0.02! ~15!

at theZ scale, where (mU
2 )LL is the 333 mQ

2 squark mass
matrix after the unitary rotations which diagonalize the fe
mionic sector are performed in the squark sector too~sand-
wiching by VU

L ’s in this particular case!. This value is to be
compared with the flavor-changing effects originating in t
CKM matrix @Figs. 3~a!–3~d!# with uVtsu'uVcbu'0.04.

E. Effects of NLO QCD corrections to BR„b˜sg…

Finally, we would like to comment on the next-to-leadin
order ~NLO! QCD corrections. These have been comple
only for the SM@3#. In Ref. @27# it was shown that the NLO
matching at the high scale gives a non-negligible contri
tion to C7 . In particular, for the SM we get

C7
e f f~mb!5C7

~0!e f f~mb!1
as

4pS h39/23C7
~1!~MZ!

1
8

3
~h37/232h39/23!C8

~1!~MZ!1••• D
520.31210.017~20.88320.1111••• !,

~16!

where C7
(0)e f f(mb) is given in terms of the LO matching

coefficients@our Eq.~7!# and for the evaluation in the secon
line as(MZ)50.118 was assumed. Hence within the SM t
NLO matching correctionsC7

(1)(MZ) and C8
(1)(MZ) alone

would change the rate by about 10%. The final NLO c
rected result increases the LO value obtained atmb.Mb by
about 20%.~In other words, it effectively lowers the scalemb
of the LO calculations to about 0.6Mb as obtained also in
Ref. @9#.! In the MSSM, the NLO matching remains to b
2-9
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calculated. Clearly, with large tanb the chargino diagrams
will likely dominate and their contribution may cause a d
ferent effect than in the SM. For that reason we have left
results without applying the NLO corrections and will ju
sketch at this point what effects the higher order match
corrections may have in our best fits.

The case when signC7
(MSSM)51signC7

(SM) is much like
the SM case. The effect of the unknownC7

(MSSM)(1)(MZ)
andC8

(MSSM)(1)(MZ) can be readily estimated from the com
plete form of Eq.~16! quoted in@3#. If the NLO matching
followed the cancellation among the charged Higgs a
chargino contributions observed in the LO@Eq. ~11!#, our
results for theBR(b→sg) would also be about 20% large
similar to the SM calculation. We can see from Fig. 4~a! that
this would increase the parameter space in this case. E
tively, the NLO terms would add to the LO contributions
W2 and H2, enabling the tanb enhanced chargino contr
bution to be greater in magnitude than what is allowed
Eq. ~11! — a welcome feature for lighter SUSY spectr
Clearly, if the NLO matching terms remain negative and
even larger in magnitude than in the SM case, the fit w
improve substantially in the region with lowm0 and M1/2
@and may get somehow worse in the upper left corner of
(m0 ,M1/2) plane#. On the other hand, we have checked th
our LO results remain unaltered forCk

(MSSM)(1).
2Ck

(SM)(1) ,k57,8: for such matching terms all NLO correc
tions practically sum up to zero. Only if the NLO matchin
terms turn out to be very large and positive, the fit will
forced to retreat significantly towards largerM1/2 values.

The second case, signC7
(MSSM)52signC7

(SM) , is obvi-
ously more sensitive to the unknown NLO matching. Desp
the sensitivity our sample calculations indicate that a drop
the value of theBR(b→sg) is fairly common and more
likely to happen than an enhancement. For instance, we
BR(b→sg)310450.98(2.31) in the complete NLO calcu
lation assuming the NLO matching terms areCk

(MSSM)(1)5

11(27)3Ck
(SM)(1) , k57,8, and keepingC7

(0) and C8
(0) at

the values which yieldBR(b→sg)310452.31 at the LO.
The reduction in the rate is correlated with the opposite si
of C7 andC8 as compared to the SM case. However, it s
holds that the NLO correction would be effectively tak
into account by lowering the scale in the LO calculation. F
the region withM1/2.300 GeV, where the fit gradually get
worse in this case, it means that theb→sg decay is likely
more constraining than it appears in the analysis based on
LO calculation. As indicated above, the NLO correctio
will improve the fit only if the NLO matching terms are a
least seven times larger and opposite in sign compared to
SM NLO matching terms.

F. dmb
SUSY, as„M Z…, and e3 in the best fits

For the presented results, it has been important to ha
destructive interference among the partial contributions
b→sg. With the universal boundary conditions at the GU
scale however, that can be arranged only for a specific
of the m parameter:m.0 in our conventions. That in turn
correlates with the positive sign of the SUSY corrections
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theb quark mass@28#. This fact implies strong constraints o
the SUSY parameter space frommb since dmb

SUSY gets a
dominant contribution from the tanb enhanced gluino ex-
change, which tends to be very large@29# and offsets the
agreement between the low energy value ofmb and theb-t
unification at the GUT scale. The gluino correction can
explicitly suppressed by heavy squarks and by the charg
correction which enters with the opposite sign.12 It can also
be reduced by lower values ofas(MZ) because of the strong
couplings in the vertices of the gluino–b-squark diagram.
The contour plots of the total SUSY correction tomb(MZ) in

12The sign of the chargino induced correction tomb is determined
by the productAtm ~the dominant part comes from the same d
gram as in Fig. 3~c! with sL replaced bybL and no photon leg
attached!. Our best fits always run into the region whereAt(MZ)
turns out negative, in the conventions which maintain posit
gluino mass parameter.

FIG. 8. Contour plot ofdmb
SUSY, the~relative! SUSY correction

to theb quark massmb(MZ), extracted from the best fits.
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the best fits are shown in Figs. 8~a! and 8~b! where one can
see that these effects are quite effective in reducing the v
of dmb .

Note that the impact of large positivedmb
SUSY is reduced

by a lower value ofas(MZ) also indirectly — due to the RG
evolution of the currentb mass fromMZ down toMb . The
effect is enhanced if the current massmb is converted to the
perturbative pole massMb in a top-down analysis. For ex
ample, the difference betweenas(MZ) being 0.115 and
0.121 leads to about 5% difference inMb , if the same value
of mb(MZ) is assumed in each case. This is a signific
effect. In our analysis, which assumes larger uncertainty
as than formb(Mb), it pushesas(MZ) down. The effect can
be seen in Figs. 9~a! and 9~b!. Note that one can trade lowe
values of as for higher values ofmb provided a smaller
uncertaintys(as) is assumed@30#.

Rather low values ofas(MZ) are, however, difficult to
obtain from the exact gauge coupling unification, traditio
ally assumed in an MSSM analysis constrained by unifi
tion. In our analysis, we assumed that there is a few per
correction to the gauge coupling unification generated by
spread in masses of heavy states integrated out at the

FIG. 9. Contour plot ofas(MZ), extracted from the best fits.
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scale. It turned out that with a few percent negative corr
tion e3 to as(MG) we can accommodate lower values
as(MZ) with no problem. The best fit values ofe3 are pre-
sented in Figs. 10~a! and 10~b!. Clearly, as squarks ge
lighter the SUSY correction tomb(MZ) ~Fig. 8! has to be
increasingly reduced by lower values ofas(MZ) ~Fig. 9!,
which in turn requires a more substantial departure from
gauge coupling unification~Fig. 10! in the respective SUSY
parameter subspace.

V. CONCLUSIONS

In summary, we have presented the results of the MS
analysis focusing on the constraint imposed by the meas
value of theBR(b→sg). The analysis was motivated by th
best of the SO~10! SUSY GUT models studied previously
Large tanb was assumed as a consequence of simple SO~10!
flavor dynamics. We showed that the effective amplitude
the inclusiveb→sg decay can be of either sign in such
scenario. In the case, when the sign is the same as in the

FIG. 10. Contour plot ofe3 , the ~relative! GUT scale threshold
correction toas , extracted from the best fits.
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calculation, the often neglected intergenerationalc̃L- t̃ L
squark mixing and the NLO correction tend to increase
allowed SUSY parameter space. The best fits favor li
Higgs spectrum since a substantial charged Higgs contr
tion to b→sg helps to counterbalance the chargino contrib
tion. In the complementary case, when the sign of theC7
coefficient is flipped by a large chargino contribution, bo
the c̃L- t̃ L mixing and the NLO correction work the other wa
and tend to reduce the allowed SUSY parameter space.
charged and pseudoscalar Higgs boson masses can be
large or small. In each case, the chargino~and neutralino!
masses are at the experimental limit in the best fits. Beca
of dmb

SUSY.0 the best fits result in rather low values
as(MZ), which can be obtained with a few percent negat
correction toas(MG). With these guidelines the large tanb
regime of the MSSM constrained by simple SO~10! GUTs
remains a viable option for physics beyond the stand
model.

Note added:After submitting the manuscript we noted
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recent paper by Drees, Guchait, and Roy@31# which suggests
that the Fermilab Tevatron data onbb̄t1t2 final states
places a strong constraintmA.190 GeV for tanb'50. This
is by about 100 GeV stronger constraint than considered
our analysis. We have checked that it modifies the best fi
Fig. 2~a!: all contour lines move by about 100 GeV towar
heavier SUSY spectra, as might be anticipated. The fit w
C7

MSSM of the opposite sign thanC7
SM gets less modified

since in this case the Higgs boson masses assume the lo
allowed values only at the lowm0 tip of the contour plot on
Fig. 2~b!.
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