
Digital Object Identifier (DOI) 10.1007/s100520100695
Eur. Phys. J. C 20, 689–694 (2001) THE EUROPEAN

PHYSICAL JOURNAL C

The b → Xsγ rate and Higgs boson limits
in the constrained minimal supersymmetric model

W. de Boer1, M. Huber1, A.V. Gladyshev2, D.I. Kazakov2

1 Institut für Experimentelle Kernphysik, University of Karlsruhe, Postfach 6980, 76128 Karlsruhe, Germany
2 Bogoliubov Laboratory of Theoretical Physics, Joint Institute for Nuclear Research, 141 980 Dubna, Moscow Region,
Russian Federation

Received: 14 February 2001 / Revised version: 22 March 2001 /
Published online: 29 June 2001 – c© Springer-Verlag / Società Italiana di Fisica 2001

Abstract. New NLO b → Xsγ calculations have become available using resummed radiative corrections.
Using these calculations we perform a global fit of the supergravity inspired constrained minimal supersym-
metric model. We find that the resummed calculations show similar constraints as the LO calculations,
namely that only with a relatively heavy supersymmetric mass spectrum of O(1TeV) the b–τ Yukawa
unification and the b → Xsγ rate can coexist in the large tanβ scenario. The resummed b → Xsγ calcu-
lations are found to reduce the renormalization scale uncertainty considerably. The low tan β scenario is
excluded by the present Higgs limits from LEP II. The constraint from the Higgs limit in the m0, m1/2

plane is severe, if the trilinear coupling A0 at the GUT scale is fixed to zero, but is considerably reduced
for A0 ≤ −2m0. The relatively heavy SUSY spectrum required by b → Xsγ corresponds to a Higgs mass
of mh = 119 ± 1(stop masses) ± 2(theory) ± 3(top mass)GeV in the CMSSM.

1 Introduction

In a previous paper we showed that the inclusive decay
rate b → Xsγ at leading order (LO) severely constrains
the high tanβ solution of the constrained minimal super-
symmetric standard model (CMSSM) [1]. This was mainly
caused by the fact that b–τ Yukawa coupling unification
preferred a negative sign for the Higgs mixing parameter
µ, while the b → Xsγ rate required the opposite sign.
With initial next-to-leading order (NLO) calculations for
the b → Xsγ rate in the MSSM [2] large terms propor-
tional to tan2 β changed the sign of µ [3]. However, some
sign errors in [2] were detected [4,5] and with the cor-
rected sign we found that no change of the sign of the
chargino–stop amplitude occurred anymore, although the
NLO corrections were still large. Resumming of the large
terms was done in [4,5] and especially the contributions
from the heavier stop, which were neglected in [2], were
taken into account. Due to a large cancellation between
the stop1 and stop2 contributions, the NLO corrections
turn out to be relatively small, so similar results as in LO
can be expected.

In our statistical χ2 analysis the constraints from
gauge coupling unification, b–τ Yukawa coupling unifica-
tion, electroweak symmetry breaking, b → Xsγ, relic den-
sity and experimental lower limits on SUSY masses can be
considered either separately or combined [1]. Constraints
from LO b → Xsγ rates were considered before in [6]. As
input parameters of the constrained MSSM (CMSSM) we
consider at the unification scale (MGUT) the unified gauge

coupling constant (αGUT), the Yukawa coupling constants
of the third generation (Y 0

t , Y 0
b , Y 0

τ ), the common scalar
mass (m0), the common gaugino mass (m1/2), the com-
mon trilinear coupling (A0

t = A0
b = A0

τ ), and the Higgs
mixing parameter µ0. Furthermore the ratio of the vac-
uum expectation values of the two Higgs doublets (tanβ)
is a free parameter. These parameters are optimized via
a χ2 test to fit the low energy experimental data on elec-
troweak boson masses, b → Xsγ, and quark and lepton
masses of the third generation. Details can be found in [1,
7].

The values of m0, m1/2, µ0, A0, Y 0 and tanβ com-
pletely determine the mass spectrum of all SUSY parti-
cles via the RGE. The values of µ0, Y 0 and tanβ are
constrained for given values of m0 and m1/2 by EWSB
and the quark and lepton masses of the third generation.
Since m0 and m1/2 are strongly correlated, we repeat each
fit for every pair of m0 and m1/2 values between (200, 200)
and (1000, 1000)GeV in steps of 100GeV.

The present value of the top mass of 174.3 ± 5.1 [8]
constrains tanβ to the regions 1.6 ± 0.3 and 35 ± 3 (see
Fig. 1), which we call the low and high tanβ scenario,
respectively. The high tanβ scenario requires µ < 0, since
the χ2 minimum of 19 for µ > 0 at tanβ ≈ 60 is excluded
now by the top mass value.

At tanβ = 35 the top and bottom–tau Yukawa cou-
plings are of the same order of magnitude. Forcing triple
Yukawa unification would increase tanβ somewhat (see
middle part of Fig. 1). EWSB would then require a slight
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Fig. 1. The upper part shows the top quark mass as function
of tan β for m0 = 600GeV, m1/2 = 400GeV. The middle
part shows the corresponding values of the Yukawa couplings
at the GUT scale and the lower part the χ2 values, which show
that the value of tan β are restricted to the following ranges
1 < tanβ < 2 or 30 < tanβ < 40 for µ < 0

splitting in the mass parameters of the two Higgs doublets,
which is possible by non-universal terms at the GUT scale
[9]. However, the whole picture and mass spectra would
not change significantly.

In the next section we consider NLO corrections to
b → Xsγ in order to check whether they are consistent
with the µ < 0 solution at tanβ = 35, since the solution
at tanβ = 1.65 is excluded by the present Higgs limit of
113.5GeV [10], as will be discussed in the last section.

2 NLO corrections to b → Xsγ

We use the b → Xsγ rate from the CLEO Collaboration
[11]: BR(b → Xsγ) = (3.15±0.35±0.32±0.26)·10−4. This
value combined with the less precise ALEPH measurement
[12] of BR(b → Xsγ) = (3.11 ± 0.80 ± 0.72) · 10−4 yields
as average BR(b → Xsγ) = (3.14 ± 0.48) · 10−4.

The b → Xsγ transition corresponds in lowest order to
a loop with either a W , charged Higgs or chargino. The
leading order corresponds to the emission of a real photon
from any of the charged lines, while the dominant next-
to-leading order (NLO) corrections involve virtual gluons
from any of the (s)quark lines. The theoretical calculations
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Fig. 2. The dependence of the b → Xsγ rate on tanβ for LO
(l.h.s.) and NLO (r.h.s.) for A0 = 0 and m0 = 600(1000)GeV,
m1/2 = 400(1000)GeV at the top (bottom). For each value of
tanβ a fit was made to bring the predicted b → Xsγ rate
(curved bands) as close as possible to the data (horizontal
bands). The width of the predicted values shows the renormal-
ization scale uncertainty from a scale variation between 0.5mb

and 2mb. Clearly, good agreement with the data at large tanβ
is only achieved for heavy sparticles

of the b → Xsγ rate are well advanced. The LO standard
model (SM) calculations [13–15] have been complemented
by NLO calculations [16–19]. Recently, NLO calculations
have been extended to two-Higgs doublet models (2HDM)
[20,21] and the minimal supersymmetric model (MSSM)
[2,4,5,22].

Here we use the results from [5], which include all po-
tentially large two-loop contributions.

Figure 2 shows the value of the b → Xsγ decay rate as
a function of tanβ for two choices of the universal masses
at the GUT scale, namely m0 = 600, m1/2 = 400 and
m0 = 1000, m1/2 = 1000GeV. In order to get good agree-
ment with the data at large tanβ one needs heavy spar-
ticles, as shown by the plots at the bottom. The renor-
malization scale dependence in NLO is considerably re-
duced as compared to the LO calculations, as shown by
the width of the bands in Fig. 2. Here we only considered
the dominant scale uncertainty from the low energy scale,
which was varied between 0.5mb and 2mb. The effect of
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Fig. 3. The decay rate (in units of 10−4) and selected am-
plitudes (in units of 10−2) of the b → Xsγ decay for negative
µ and tanβ = 35. These amplitudes should be compared with
the SM amplitude of −0.56 · 10−2

the NLO calculations including both stops and resummed
corrections on the total rate and individual amplitudes is
rather small, as can be seen from the comparison of the
LO and NLO rate and amplitudes shown in Fig. 3. So, the
results at large tanβ are similar to the previous LO calcu-
lations [1], but slightly more restrictive due to the smaller
scale uncertainty in the NLO.

Figure 4 shows the χ2 distribution in the m0, m1/2
plane with the dominant source of the excluded regions in
the contours at the bottom. The analysis from [23] finds a
more restricted region, mainly because these authors re-
quire the relic density to be between 0.1 and 0.3, while we
require simply that the relic density is not above the crit-
ical density. The low tanβ scenario from [1] is shown for
comparison. Previously it was constrained mostly by the
relic density, although now the whole low tanβ scenario
is excluded by the present limits on the Higgs mass from
LEP, as will be discussed in the next section.

3 Higgs mass constraints

In supersymmetry the couplings in the Higgs potential
are the gauge couplings. The absence of arbitrary cou-
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Fig. 4. The upper row shows the χ2 distribution in the m0 −
m1/2 plane for tanβ = 1.65 and tanβ = 35 with µ > 0 and µ <
0, respectively. The projections are shown in the second row.
The different shades in the projections indicate steps of ∆χ2 =
4. The contour lines show areas excluded by the particular
constraints used in the analysis: in the LSP area the Lightest
Supersymmetric Particle is charged (usually the stau), which
is not allowed if the LSP is stable, in the relic density (rd)
area the density of the universe is above the critical density
and in the bsγ area the b → Xsγ rate is too high. The µb

renomalization scale was allowed to vary between 0.5mb and
2mb for the b → Xsγ rate

plings together with well defined radiative corrections to
the masses results in clear predictions for the lightest
Higgs mass and electroweak symmetry breaking (EWSB)
[24].

In the Born approximation one expects the lightest
Higgs to have a mass mh below the Z0 mass. However,
loop corrections, especially from top and stop quarks, can
increase mh considerably [25]. The Higgs mass depends
mainly on the following parameters: the top mass, the
squark masses, the mixing in the stop sector, the pseu-
doscalar Higgs mass and tanβ. As will be shown below,
the maximum Higgs mass is obtained for large tanβ, for
a maximum value of the top and squark masses and a
minimum value of the stop mixing. The Higgs mass cal-
culations were carried out following the results obtained
by Carena, Quirós and Wagner [26] in a renormalization
group improved effective potential approach, including the
dominant two-loop contributions from gluons and gluinos.
The gluino contributions were taken from the FeynHiggs
calculations [27].

Note that in the CMSSM the Higgs mixing parameter
µ is determined by the requirement of EWSB, which yields
large values for µ [24]. Given that the pseudoscalar Higgs
mass increases rapidly with µ, this mass is always much
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Fig. 5. The mass of the lightest Higgs boson as function of
tanβ, as calculated by the effective potential approach [26].
The shaded band shows the variation of m0 = m1/2 between
200 and 1000GeV for µ < 0, mt = 175GeV, and A0 = 0.
Note the small dependence on the sign of µ for large tanβ, as
expected from the suppression of µ by tanβ in the stop mixing.
The maximum (minimum) Higgs boson mass value, shown by
the upper (lower) line are obtained for A0 = −3m0, mt =
180GeV, m0 = m1/2 = 1000GeV (A0 = 3m0, mt = 170GeV,
m0 = m1/2 = 200GeV). As can be seen the curves show an
asymptotic behaviour for large values of tan β

larger than the lightest Higgs mass and thus decouples.
We found that this decoupling is effective for all regions
of the CMSSM parameter space, i.e. the lightest Higgs
has the couplings of the SM Higgs within a few percent.
Consequently, the experimental limits on the SM Higgs
can be taken.

The lightest Higgs boson mass mh is shown as a func-
tion of tanβ in Fig. 5. The shaded band corresponds to
the uncertainty from the stop mass for mt = 175GeV.
The upper and lower lines correspond to mt = 170 and
180GeV, respectively.

One observes that for a SM Higgs limit of 113.5GeV
[10] all values of tanβ below 4.3 are excluded in the
CMSSM. This implies that the low tanβ scenario with
tanβ = 1.6 ± 0.3 (see Fig. 1) is excluded.

In order to estimate the uncertainties of the Higgs mass
predictions in the CMSSM, the relevant parameters were
varied one by one.

The Higgs mass varies between 110 and 120GeV, if m0
and m1/2 are varied between 200 and 1000GeV, which im-
plies stop masses varying between 400 and 2000GeV, as
shown in Fig. 6 for three different values of the trilinear
coupling at the GUT scale A0 in units of m0. For larger
values of m1/2 and tanβ the Higgs mass saturates, as is
obvious from the 3-D plots in Fig. 6 and from Fig. 5. The
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Fig. 6. The Higgs boson mass as a function of m0 and m1/2,
for three values of the trilinear coupling A in units of m0 as cal-
culated by the effective potential approach [26]. The top mass
is 175GeV and tanβ is large, so the results are independent of
the precise value of tanβ. Clearly, for A = −2m0 the excluded
area by the present Higgs limit of 113.5GeV is only the small
left-hand corner

b → Xsγ rate requires A0 > −2m0, since lower values
increase b → Xsγ even more for µ < 0. For A0 = −2m0
mh > 113.5GeV excludes only the small corner at the left
bottom in the m0, m1/2 plane. In [23] the excluded region
is larger, since here one kept A0 = 0. Note that the stop
mixing parameter Xt = At − µ/tanβ is not an arbitrary
free parameter in the CMSSM, since the Higgs mixing pa-
rameter µ is determined by EWSB and the value of At at
low energy is largely determined by m1/2 through radia-
tive corrections, so the Higgs mass uncertainty from the
stop mixing is included in the variation of m0 and m1/2.
One observes from Fig. 5 that at large tanβ the Higgs
mass varies between 110 and 120GeV, if the SUSY mass
parameters are varied up to 1TeV. We take the variance
of this interval, which is 10/121/2 = 3GeV, as an error
estimate for the uncertainty from the stop masses. The
values m0 = m1/2 = 370GeV yield the central value of
mh = 115GeV.

The dependence on mt is shown in Fig. 7 for A0 = 0
and intermediate values of m0 and m1/2 for two values of
tanβ (corresponding to the minimum χ2 values in Fig. 1).
The uncertainty from the top mass at large tanβ is ±
5GeV, given the uncertainty on the top mass of 5.2GeV.
The uncertainty from the higher order calculations (HO)
is estimated to be 2GeV from a comparison of the full
diagrammatic method [27] and the effective potential ap-
proach [26], so combining all the uncertainties discussed
before we find for the Higgs mass in the CMSSM

mh = 115±3(stop masses)±2(theory)±5(top mass)GeV,
(1)

where the errors are the estimated standard deviations
around the central value. As can be seen from Fig. 5 this
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central value is valid for all tanβ > 20 and decreases for
lower tanβ.

If we include previous constraints from b → Xsγ, than
the allowed region is restricted by m1/2 > 700GeV, lead-
ing to heavy stop masses. This results in a heavier Higgs
mass with a reduced error due to the saturation of the
Higgs mass for large sparticle masses:

mh = 119±1(stop masses)±2(theory)±3(top mass)GeV.
(2)

4 Conclusions

The results can be summarized as follows.

(1) The NLO b → Xsγ contributions do not strongly
change the LO predictions; only the renormalization
scale uncertainty decreases, thus increasing the ex-
cluded parameter region. The observed b → Xsγ is
still difficult to reconcile at large tanβ with b–τ uni-
fication, as observed before in LO [1].

(2) The low tanβ scenario (tanβ < 4.3) of the CMSSM
is excluded by the 95% C.L. lower limit on the Higgs
mass of 113.5GeV [10].

(3) For the high tanβ scenario the Higgs mass is found to
be below 125GeV in the CMSSM. This prediction is
independent of tanβ for tanβ > 20 and decreases for
lower tanβ. The Higgs mass corresponding to the rel-
atively heavy sparticle spectrum required by the b →
Xsγ measurement is: mh = 119 ± 1(stop masses) ±
2(theory) ± 3(top mass)GeV.

(4) The constraint in the m0, m1/2 plane by the present
Higgs limit of 113.5GeV is severe, if the trilinear cou-
pling A0 is chosen to be positiv at the GUT scale, but
is strongly reduced for A0 ≤ −2m0.
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