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Abstract

The discovery potential of the Tevatron CDF for the rareB-decayBs → µ+µ− is analysed. We find that with an integrat
luminosity of 2 fb−1, and using CDF as the example detector, a 5σ combined discovery reach of the Tevatron is possible if
branching ratio forBs → µ+µ− is (1.7 ± 0.46) × 10−7. Such a possible signal for the decayBs → µ+µ− will invite large
tanβ values and set an upper bound on the heaviest mass of the MSSM Higgs sector in a complete analogy to the up
of the lightest observable supersymmetric particle set from the excess over the SM prediction of the muon anomalous mag
moment. If for example, the decayBs → µ+µ− is found at Tevatron with Br(Bs → µ+µ−) = 2 × 10−7 then the heavies
Higgs boson mass in the MSSM should be less than 790 GeV for tanβ � 50 provided that the CKM matrix is the only sour
for (s)quark flavour changing processes.
 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the Minimal Supersymmetric Standard Mod
(MSSM) the Higgs bosons arenot scalar superpartner
of known Standard Model (SM) fermions. Apart fro
a naturally light Higgs boson, the rest of the Hig
scalars may well have masses at very high ener
despite fine tuning matters. We argue here that if
Tevatron observesBs → µ+µ−, the heaviest Higgs
boson mass of the MSSM is bounded from above

E-mail address: athanasios.dedes@durtham.ac.uk(A. Dedes).
0370-2693/$ – see front matter 2004 Elsevier B.V. All rights reserved
doi:10.1016/j.physletb.2004.09.015
be less than 1 TeV for tanβ � 50, provided that the
Cabibbo–Kobayashi–Maskawa (CKM) matrix[1] is
the only source for (s)quark flavour changing neu
current (FCNC) processes and CP violation.

The published Tevatron/CDF physics results w
luminosity 171 pb−1 is the bound onBs → µ+µ− [2]

(1.1)Br(Bs → µ+µ−) < 5.8× 10−7, at 90% C.L.

The predicted ratio for Br(Bs → µ+µ−) in the SM is
(3.8 ± 1.0) × 10−9 [3]. The observableBs → µ+µ−
makes itself special in the MSSM where it is enhance
by orders of magnitude. This enhancement is due c
.

http://www.elsevier.com/locate/physletb
mailto:athanasios.dedes@durtham.ac.uk


262 A. Dedes, B.T. Huffman / Physics Letters B 600 (2004) 261–269

or.

e
on
e-

e
-

ion
d
uan
n-
etry
M

tic
-
l
is,

re-
r

met-
eat
r-

-
s a
nts.

-
SM

ust
l of
by
dis-
hat
eri-
scrip
ies,
ill

on

els

eci-
we
for
ts

c-
st.

n
un-
i-

rt of
t
ese
lves.
ck-
he

ent
de-

ex-
the
t

and
ode

f
si-

s
is
om
pletely to the MSSM neutral part of the Higgs sect
In particular, Br(Bs → µ+µ−) is proportional to the
sixth power of tanβ and inverse proportional to th
fourth power of the CP-odd (or CP-even) Higgs bos
mass,MA [4]. The idea here is that, since the param
ter tanβ is theoretically1 bounded from above and th
amplitudeBs → µ+µ−exhibits a non-decoupling be
haviour in the large SUSY mass limit, any observat
of Bs → µ+µ−at the Tevatron will set an upper boun
on the neutral heavy Higgs masses. We present a q
titative analysis of this upper bound in the MSSM u
der the assumptions of conserved R-parity symm
and no extra source for FCNC’s other than the CK
matrix itself.

Although the rare decayBs → µ+µ−, and the
SUSY contribution to the muon anomalous magne
momentδaµ, go hand in hand in the minimal Su
pergravity scenario[17] this is not true in a genera
unconstrained MSSM which we explore here. It
however, possible, and has been shown in Ref.[30],
that following an argument along the lines of the p
vious paragraph but forδaµ, one could set an uppe
mass bound on the lightest observable supersym
ric particle. For complementarity purposes, we rep
the analysis of Ref.[30] with the up-to-date (and pe
sistently non-zero) measurement ofδaµ.

2. Discovery potential for Bs → µ+µ− at Tevatron

In order forBs,d → µ+µ− to actually be observ
able at the Tevatron it would need to appear a
clear, unambiguous signal above background eve
Because this is an importantsignature, potentially in
dicating unequivocally the existence of beyond the
physics, a requirement that any observed signal m
be at least five standard deviations above the leve
background fluctuations would likely be imposed
the experimenters. Consequently, a study of the
covery potential of any future experiment requires t
we estimate the amount of background in the exp
ment as the data increases. Because a detailed de
tion of the background levels, and their uncertaint
exists for the CDF Collaboration, what follows w

1 Large tanβ � 50–60 values lead to non-perturbative evoluti
of the top or bottom Yukawa couplings at higher energies.
-

-

draw heavily from their observed background lev
[2,31,32].

To estimate the number of signal events and pr
sion obtained in a hypothetical future experiment,
assume that, with no changes in selection criteria
the events from[2], the number of background even
in the region of interest around theBs,d masses will be
of the following form:

(2.1)Nbkg = σbkgx,

wherex = ∫
Ldt andσbkg is the equivalent cross se

tion of the background in the mass region of intere
We set the discovery level for the number ofBs,d →
µ+µ− candidates(Nsig) to beNsig � 5

√
Nbkg. Using

these relations we present the data in the form

σBs,d Br(Bs,d → µ+µ−)

(2.2)= Nsig

2εαx
� 5

√
σbkg ± ξ(x)

2εα
√

x
,

where εα is the efficiency of the entire selectio
process multiplied by the detector acceptance. The
certainty inεα is independent of the integrated lum
nosity so this uncertainty has been included as pa
the constant error onσbkgξ(x) represents the fact tha
all experiments have uncertainties and that often th
uncertainties are based in part on the data themse
As a result we expect the precision on part of the ba
ground estimate will improve as the data collects. T
factor of two accounts for the fact that the experim
does not distinguish between the charge conjugate
cays.

The advantage of using equation(2.2)is that all the
quantities on the right are obtained from a single
perimental analysis. In contrast, on the left side of
equation, Br(Bs,d → µ+µ−) is the quantity of interes

and σBs,d = fs,d

fu
σ (B+) depends onB meson frag-

mentation measurements from other experiments
a cross section measurement in a different decay m
(and for this Letter, at a different

√
s ). So Eq.(2.2)

allows the reader to moreeasily adjust estimates o
experimental reach for different integrated lumino
ties, fragmentation estimates, andB meson orb quark
cross section measurements.

Henceforth we will focus on the decay Br(Bs →
µ+µ−) only. In 171 pb−1 the CDF experiment report
Nbkg = 1.05± 0.31 events. The largest uncertainty
actually luminosity dependent because it comes fr
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Fig. 1. Tevatron’s CDF discovery potential for the product
the production cross section times the branching ratio[σ(pp̄ →
Bs,d +X)Br(Bs → µ+µ−)] vs. integrated luminosity. The squar
(triangles) are the center points for 5σ(3σ) observation. The dashe
lines delineate the uncertainty in the discovery cross section (
statistical and systematic) as a function of integrated luminosity

the statistical fluctuations of 14 events that remain
the unblinded region after some of the final ana
sis cuts were relaxed.Nbkg can be converted into a
equivalent background cross section using

σbkg ± ξ(x) = Nbkg/x0

= 6.14× 10−3 ± 2.9× 10−4 ± 0.023√
x

pb.

For this Letterx0 = 171 pb−1 while εα = 0.020±
0.002.

Fig. 1 shows how theσ Br(Bs → µ+µ−) would
scale with increasing integrated luminosity given t
this decay is sufficiently prolific to allow a discovery
using parameters from the CDF experiment. The
certainty band shown here reflects the uncertaint
the background estimate and takes into account the
ditional statistical uncertainty that would be added
quadrature if this decay was seen at the 5σ level.
-

Table 1
Tabulated are discovery branching ratios for CDF at three diffe
integrated luminosities. The uncertainties are from the backgro
estimate in[2]∫
Ldt,

fb−1
σBs Br(Bs → µ+µ−),
pb

Br(Bs → µ+µ−) × 10−7

0.5 0.44± 0.14 4.8± 1.7
2.0 0.22± 0.05 2.4± 0.65

10.0 0.098± 0.014 1.1± 0.24

Taking the 5σ values fromFig. 1 for 0.5, 2.0, and
10 fb−1 and using2 fs

fu
= 0.100

0.391 and σ(B+) = 3.6 ±
0.6 µb [33] we obtain the results inTable 1for the
branching ratio Br(Bs → µ+µ−). The analysis abov
makes use of the detailed reports on this decay f
the CDF experiment alone. In order to obtain a Te
tron estimate one would need to include the DØ d
as well. There is a preliminary estimate for an up
limit of Br (Bs → µ+µ−) = 4.6 × 10−7 at 95% C.L.
on DØ’s public analysis web site[34].

It is difficult to account for all of the difference
between the two experiments, some of which impr
and some of which detract from the relative sensi
ity between the two experiments, but it is clear tha
limit on this decay mode similar to CDFs has been
tained. Consequently we felt justified in lowering o
final estimate of Tevatron reach by a factor of

√
2 but

present only the CDF-derived values in the Letter
cause of a better understanding of that detector by
of the authors.

3. Bounding the MSSM Higgs and SUSY sectors
from above

As we stated in the introduction, excesses of
experimental data over the SM expectation for obse
ables like the muon anomalous magnetic momentαµ,
and the rareB-meson decayBs → µ+µ−, would re-
sult in bounding from above the SUSY and the Hig
sectors, respectively. In this section, we quantify th
statements.

At large tanβ , the leading supersymmetric cont
bution to Br(Bs → µ+µ−) is depicted inFig. 2. Its

2 fx is the probability that ab-quark fragments into a givenB
meson. The most recent results from the Particle Data Group
used.http://pdg.lbl.gov/.

http://pdg.lbl.gov/
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Fig. 2. The leading supersymmetric contribution toBs → µ+µ−at
large tanβ. “Crosses” and “dots” indicate mass insertions a
Yukawa vertices, respectively, and their corresponding interac
parameters are explicitly given.

amplitude depends mainly on 6 beyond the SM pa
meters, namely, the CP-odd Higgs massMA (or the
CP-even Higgs boson mass becauseMA � MH ), the
ratio of the vacuum expectation values, tanβ , the soft
supersymmetry breaking trilinear couplingAt and the
two scalar superpartners of the top quark masses,mt̃L
andmt̃R

. It is well known[4], that the self energy dia
gram ofFig. 2, enhances the ratio Br(Bs → µ+µ−) in
the MSSM by many orders of magnitude. It is wor
making a parenthesis here in order to understand
this is so.

The leading contribution in Br(Bs → µ+µ−),
comes from the amplitude inFig. 2. Its calculation
can be sketched with the following steps

A(bR → sLµ̄RµL)

∼ yb
1

mb

ybVtbµytAtvuyt

(3.1)× V ∗
t sf (µ,mt̃L

,mt̃R
)

1

M2
A

yµ

(3.2)↪→ VtbV
∗
t syµyby

2
t

tanβ

M2
A

(
µAt

m2
t̃

)

(3.3)↪→ VtbV
∗
t smµmbm

2
t

tan3 β

M2
A

,

whereV is the CKM matrix. The functionf (µ,mt̃L
,

mt̃R
) is a loop factor which, in the limit of heav

squark masses, behaves like 1/m2
˜ . m2

˜ denotes the

t t
geometric mean squark mass, i.e.,m2
t̃
= mt̃L

mt̃R
. This

limit is taken when passing from Eq.(3.1)to Eq.(3.2).
The approximation symbol “∼” stands for constant
O(1), numerical factors irrelevant to our point here

Eq. (3.2), shows that the amplitude is proportion
to one generic (i.e., not originated from the conv
sion of a Yukawa coupling to a quark or lepton ma
tanβ parameter. The other two powers of tanβ arise
in Eq. (3.3) from the fact that the Higgs field media
ing the amplitude is the heavy one and at large tanβ , is
(yb,µ ∝ mb,µ tanβ). The reader should also notice th
the light Higgs boson coupling to the bottom qua
or to the leptons isnot proportional to tanβ and thus
leads to subdominant contributions. It is very intere
ing to note that, in the SUSY decoupling limit,µ ∼
At ∼ mt̃ → ∞ in Eq.(3.2), the “Higgs penguin”does
not decouple from the MSSM. This non-decoupli
property makes the rare decayBs → µ+µ− visible
even for multi-TeV superparticle spectrum.

To summarise, squaring the amplitude in(3.3) we
obtain

(3.4)Br(Bs → µ+µ−) ∝ tan6 β

M4
A

.

Thus given an upper “theoretical” bound for tanβ or
measuring tanβ by other means, an observation of t
decayBs → µ+µ− at Tevatron such as the one w
described inTable 1, will set an upper bound onMA.

In our numerical analysis, we make use of two
dependent calculations for Br(Bs → µ+µ−). The first
contains the 1-loop calculation, including correctio
after the electroweak symmetry breaking[9] with the
method of tanβ resummation as described3 in [17].
Our second calculation is based on the effective
grangian technique[6,11,13,14]. In particular, we fol-
low the work[13] where a general resummed effect
Lagrangian for Higgs-mediated FCNC interactions
the MSSM has been derived, without restrictions
particular assumptions that rely on the quark-Yuka
structure of the theory or CP conservation. For la
tanβ the two calculations are in good agreement.

Our calculation of supersymmetric contributions
muon anomalous magnetic momentδaµ, follows the

3 Basically, one has to replace the two bottom Yukawa coupli
yb , in Fig. 2with the effectiveyb/(1+�mb), where�mb ∝ µ tanβ

depends on the gluino and sbottom masses[35]. Notice that in
Eq.(3.2)only one bottom Yukawa coupling survives at the end.
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work in Ref [36]. Recently, two-loop tanβ-enhanced
corrections have been carried out[37]. These correc
tions account forδaµ � 1 × 10−10 if the sparticles
are heavier than approximately 400 GeV and they
neglected in our analysis here. Finally, for the Hig
mass bound we use the numerical code from[38].

We use a high statistics scan over the unconstra
MSSM4 parameter space in the region where the
breaking masses are below 2.5 TeV. We assume
the FCNC couplings originate only from the CKM m
trix. Furthermore, we assume that the Lightest Sup
symmetric Particle (LSP) is stable and neutral.5 That
means the LSP is either a neutralino or sneutrino.
each set of outputs we define the Lightest Observabl
Supersymmetric Particle (LOSP) as the second lig
est SUSY particle or the third if the first two LSPs a
both neutralino and sneutrino. Finally, we scan o
over the positive sign of theµ-parameter consisten
with the bound fromb → sγ . In any case, results fo
Br(Bs → µ+µ−) ∼ 10−7, are independent of this a
sumption (see Eq.(3.2)). The unification assumptio
M1 = M2/2 has been assumed for simplicity. We ha
imposed the current experimental bounds from the
rect SUSY searches at LEP and Tevatron[39]. For the
light Higgs boson we have set a rather conserva
constraintMh � 90 GeV since we work in the larg
tanβ regime.

Our results are summarised inFig. 3. Fig. 3(a) dis-
plays the ratio Br(Bs → µ+µ−) with respect to the
CP-odd Higgs mass,MA. Clearly, Br(Bs → µ+µ−)

can be three or even four orders of magnitude big
than the SM expectation and certainly within theσ
Tevatron/CDF reach as shown in the figure, for 2 fb−1

(seeTable 1for other choices of luminosity). Even fo
very largeMA ∼ 1 TeV, the ratio can still be enhance
by an order of magnitude relative to its SM predictio
However, asMA increases, Br(Bs → µ+µ−) cannot
be bigger than certain values. The envelope contou

4 Unconstrained MSSM means here that we impose no res
tions on the boundary conditions for squark and slepton masses
trilinear soft SUSY breaking couplings at the GUT scale. We do
also require radiative electroweak symmetry breaking.

5 This is only necessary for the R-parity conserved (we ass
here) models.
Fig. 3(a) is well approximated with

Br(Bs → µ+µ−) = 5× 10−7
(

tanβ

50

)6(650 GeV

MA

)4

(3.5)+ 1.0× 10−8.

We have checked that Eq.(3.5)fits well for larger val-
ues of tanβ . Now, from Eq.(2.2), if CDF with 2 fb−1

(10 fb−1) detects 17 (88) signal events for theBs →
µ+µ− that means that Br(Bs → µ+µ−) ≈ 2 × 10−7

and the heaviest Higgs boson mass will be less t
790 GeV forall tanβ � 50.

A more “natural” prediction for Br(Bs → µ+µ−)

is approximated with the inner curve

Br(Bs → µ+µ−) = 5× 10−7
(

tanβ

50

)6(300 GeV

MA

)4

(3.6)+ 5.0× 10−9,

and represents the statistically populated area
points. UsingFig. 3(a) and our analysis shown inTa-
ble 1for 5σ Bs → µ+µ− discovery at Tevatron/CDF
we conclude that for tanβ � 50,

MA � 660(305) GeV withx = 0.5 fb−1,

MA � 790(360) GeV withx = 2 fb−1,

(3.7)MA � 970(440) GeV withx = 10 fb−1,

where the numbers in parenthesis fall into Eq.(3.6).
Further uncertainties due to theBs decay constan
fBs , are also reduced when calculating theMA, as
compared to the ones involved in the calculation
Br(Bs → µ+µ−), since it is

√
fBs vs.f 2

Bs
. An error of

5–10% onMA can still be present but can be furth
reduced once�Ms is measured, possibly at Tevatro
along the lines of the last paper in Ref.[3]. Eq.(3.7)is
the main result of our Letter.

The current BNL[40] experimental result on th
muon anomalous magnetic moment, shows a 2.7σ dif-
ference relative to the SM expectation. The deviat
from the SM valueδaµ = α

exp
µ − αSM

µ at 90% C.L.
reads[41]

(3.8)12.9× 10−10 � δaµ � 36.0× 10−10,

with a central valueδaµ = 24.5×10−10 [41]. A possi-
ble excess can originate from six supersymmetric m
parameters, namely, the gaugino massesM1 andM2,
the Higgsino mass parameterµ, two supersymmetric
scalar partner masses of the muons,mµ̃L

andmµ̃R
, and
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Fig. 3. (a) The Br(Bs → µ+µ−) vs. the CP-odd Higgs mass in the MSSM. The lower shaded band shows the SM prediction
Br(Bs → µ+µ−). The 90% C.L. excluded area from Tevatron/CDF[2] is also displayed. Following our results fromTable 1, the 5σ reach at
2 fb−1 for Br(Bs → µ+µ−) is also depicted (upper shaded band). (b) The SUSY contribution to the muon anomalous magnetic moment,δaµ

versus the mass of the Lightest Observed Supersymmetric Particle (LOSP). Black points correspond to neutralino or sneutrino LSP. The shade
region is the allowed value onδaµ at 90% C.L.[40,41]. (c) The Br(Bs → µ+µ−) vs. the ratio of the soft SUSY breaking trilinear parame
with the CP-odd Higgs mass,At /MA. (d) Combined predictions forδaµ and Br(Bs → µ+µ−) in the MSSM. For all the figures here we ha
chosen tanβ = 50 andmt = 178 GeV.
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tanβ . Then, in the mass insertion approximation, o
may write this contribution simply as[30]

(3.9)δaµ � g2
i

16π2m2
µµMi tanβF,

with F ∝ 1/M4
SUSY being a loop factor dependin

on the supersymmetric masses (charginos, neutral
smuons). Feng and Matchev in[30] used the exces
on the muon anomalous magnetic moment to se
upper mass bound on the Lightest Observable Su
symmetric Particle(MLOSP). We repeat their analy
sis in Fig. 3(b), where we plot the supersymmet
contributionδaµ, versus the mass of the LOSP. T
,

current excess onδaµ already sets an upper boun
MLOSP� 700 GeV, on the LOSP mass. This is cle
from the envelope solid contour inFig. 3(b), which is
described by the equation

(3.10)δaµ = 18× 10−10tanβ

50

(
550 GeV

MLOSP

)2

.
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Thus the current central value[40]6 δaµ = 24.5 ×
10−10 implies that the lightest observable supersy
metric particle should weigh less than 450 GeV. T
analogy with the ratio Br(Bs → µ+µ−) in Fig. 3(a) is
obvious.

Notice that, from theFig. 3(a) one cannot set
lower bound on the CP-odd Higgs mass from the Te
tron/CDF experimental bound alone. The param
which can be excluded by CDF is the ratio of the s
SUSY breaking trilinear parameter with the CP-o
Higgs mass,At/MA. This bound can be understoo
easily from Eq.(3.2)and can be derived fromFig. 3(c)
to be

(3.11)
|At |
MA

� 12 for tanβ � 50.

Combining Eqs.(3.11) and (3.7)we arrive at the con
clusion that any observation of Br(Bs → µ+µ−) will
not only bound the Higgs sector from above but w
also set an upper bound to the top trilinear soft SU
breaking coupling. A soft supersymmetry breaking
rameter is bounded by a Higgs sector parameter!

Finally, in Fig. 3(d) we plot the two observable
δaµ and Br(Bs → µ+µ−) together. Since both are sa
urated by different mass scales (δaµ by the SUSY and
Br(Bs → µ+µ−) by the Higgs mass scale)), we d
not expect any correlation between them in the gen
eral unconstrained MSSM. This is exactly what
obtain inFig. 3(d). In fact, the statistical distributio
of the points with large Br(Bs → µ+µ−) and small
δaµ is wider than the other way around (we ha
scanned the parameter space uniformly). Howeve
the mSUGRA scenario, the SUSY massMLOSP and
the CP-odd Higgs mass,MA, are related (mainly
through the parameterM1/2. The mSUGRA points in
Fig. 3(d) lay along the diagonal in theδaµ–Br(Bs →
µ+µ−) plane. As it was remarked in Ref.[17], a dis-
covery of Br(Bs → µ+µ−) at the Tevatron and a de
viation onaµ (as is currently the case[44]) on both
observables with respect to their SM values will de
nitely favour some kind of mSUGRA scenario.

6 The value forδaµ in Eq.(3.8)is the 1.28σ range (equivalent to
90% C.L.) of the value given (in Note added in proof) in Ref.[41].
New estimates on the light by light scattering[42], as well as QED
α4 contributions[43], have been taken into account when quot
this value.
We have checked the robustness of our results
sented inFig. 3against (i) a general scan in the mul
TeV region of soft supersymmetry breaking mass
(ii) inclusion of various supersymmetric phases, a
(iii) the inclusion from the gluino loop correction
The last two contributions have been implemented
the analysis of Ref.[13]. We find numerically tha
these contributions do not spoil the upper bound
Eq. (3.7). However, one expects different bounds
the case of non-trivial squark mass intergeneratio
mixings in the supersymmetry breaking sector. The
fects of the latter will not be missed atB-factories,
colliders, or other non-accelerator experiments; wher
strong constraints on them already exist.

We note in passing, that Tevatron[2] and B-
factories[45] search for theBd leptonic decay,Bd →
µ+µ−. Current limits obtained in the region(few ×
10−7). The branching ratio Br(Bd → µ+µ−) is
smaller than Br(Bs → µ+µ−) by a factor|Vtd/Vts|2 �
0.06. Any observation at Tevatron forBs → µ+µ−
is likely to be accompanied with an observation
Bd → µ+µ− at B-factories if the Higgs sector i
responsible for making these leptonic rare decays
ible.

4. Epilogue

We investigate the discovery potential of the Te
tron hadron collider, focusing mainly on the CDF e
periment, for the rare decayBs → µ+µ−. We find that
Tevatron can reach a 5σ (3σ) observation forBs -cross
section times Br(Bs → µ+µ−) with luminosity given
in Fig. 1. Based on these results and the knowledg
the σ(Bs) from the Tevatron we show inTable 1the
5σ discovery bands for Br(Bs → µ+µ−) at several
luminosities. For example, the Tevatron/CDF with
tegrated luminosity 2 fb−1, can discoverBs → µ+µ−
with a ratio Br(Bs → µ+µ−) = (2.4± 0.65) × 10−7.
If this is true, we show that in the MSSM, wit
the assumption that flavour changing processes o
inate exclusively from the CKM matrix, the Higg
sector is bounded from above with the heavy Hig
bosons weight no more than 790 GeV for tanβ � 50
(seeFig. 3(a) and Eq.(3.7)). The situation is com
pletely analogous with the muon anomalous magn
moment searches, where the current excess ove
SM prediction seems to indicate an upper bound
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