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Recent re-evaluations of the Standard Model (SM) contribution to Br(b → sγ ) hint at a positive correc-
tion from new physics. Since a charged Higgs boson exchange always gives a positive contribution to this
branching ratio, the constraint points to the possibility of a relatively light charged Higgs. It is found that
under the HFAG constraints and with re-evaluated SM results large cancellations between the charged
Higgs and the chargino contributions in supersymmetric models occur. Such cancellations then correlate
the charged Higgs and the chargino masses often implying both are light. Inclusion of the more recent
evaluation of gμ − 2 is also considered. The combined constraints imply the existence of several light
sparticles. Signatures arising from these light sparticles are investigated and the analysis indicates the
possibility of their early discovery at the LHC in a significant part of the parameter space. We also show
that for certain restricted regions of the parameter space, such as for very large tanβ under the 1σ HFAG
constraints, the signatures from Higgs production supersede those from sparticle production and may
become the primary signatures for the discovery of supersymmetry.

© 2010 Elsevier B.V. Open access under CC BY license.
1. Introduction

Recently a re-evaluation of the SM result for the branching ra-
tio for the flavor changing neutral current (FCNC) process b → sγ
including NNLO corrections in QCD has been given [1] Br(b →
sγ ) = (3.15 ± 0.23) × 10−4. This new estimate lies lower than the
current experimental value which is given by the Heavy Flavor Av-
eraging Group (HFAG) [2] along with the BaBar, Belle and CLEO
experimental results: Br(B → Xsγ ) = (352 ± 23 ± 9) × 10−6. The
above result hints at a positive contribution to this process aris-
ing from new physics. It is known from the early days that the
experimental value of the branching ratio b → sγ is a very strong
constraint on the parameter space of most classes of SUSY mod-
els [3,4] (for more recent theoretical evaluations of Br(b → sγ ) in
supersymmetry see [5]). A positive contribution to Br(b → sγ ) im-
plies either the existence of a light charged Higgs exchange which
always gives a positive contribution [6] or the existence of a light
chargino which can give either a positive or a negative contribu-
tion [7]. A significant cancellation between the charged Higgs loop
contribution and the chargino contribution implies that individual
contributions from the charged Higgs loops and the gaugino loops
must each be often multiples of their sum. Such cancellations then
necessarily imply that some of the sparticles that enter in the su-
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persymmetric contributions to the FCNC loops must be relatively
light and thus should be accessible in early runs at the LHC.

In addition to the above, recently the difference between ex-
periment and the standard model prediction of the anomalous
magnetic moment of the muon, aμ = (gμ − 2)/2 seems to con-
verge [8] towards roughly a 3σ deviation from the SM value.
Thus the most recent analysis gives δaμ = aexp

μ − aSM
μ as [8] δaμ =

(24.6 ± 8.0) × 10−10. It is well known that supersymmetric elec-
troweak contributions to gμ − 2 can be as large or larger than
the SM electroweak corrections [9]. Further, a large deviation of
gμ − 2 from the SM is a harbinger [10], for the observation of low
lying sparticles [11–13] at colliders with the experimental data
putting upper limits on some of the sparticle masses in SUGRA
models [11]. The positive correction to b → sγ which is of size
(1–1.5)σ together with the 3σ level deviation of gμ − 2 from the
standard model value points to the existence of some of the spar-
ticles being light.

2. Analysis

In this work we investigate the implications of the revised
constraints in the framework of supergravity grand unified mod-
els [14] following the analysis of [15] with the parameter space
characterized by parameters m0,m1/2, A0, tan β , sign(μ) where for
Monte Carlo simulations we have assumed the following range:
m0 < 4 TeV, m1/2 < 2 TeV, |A0/m0| < 10, and 1 < tan β < 60 with
μ > 0 for three million candidate models. For the purpose of se-
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Fig. 1. Left: The shaded region are the models that survive the constraint Br(Bs → μ+μ−) < 4.7 × 10−8 and the constraint Br(b → sγ ) = 3.52 ± 0.25 as given by HFAG.
Right: Charged Higgs contribution vs the chargino contribution. One finds that in most models the chargino exchange contributions are almost always negative and are
strongly correlated with the charged Higgs contributions. The individual contributions from the charged Higgs and the chargino are computed using SusyBSG [25].

Fig. 2. Leading order contributions to b → sγ from charged Higgs and chargino loops in supersymmetry.
lecting viable models from the large scan, we impose the following
set of constraints (conservative bounds are given here to illus-
trate the constraining effects and also to account for experimental
and theoretical uncertainties): (i) the 5-year WMAP data constrains
the relic density of dark matter so that ΩDMh2 = 0.1131 ± 0.0034
[16]. The bound 0.0855 < Ωχ̃0

1
h2 < 0.1189 [17] is taken; (ii) a 3σ

constraint for b → sγ is taken around the HFAG value (a stricter
constraint will be considered later); (iii) the 95% (90%) C.L. limit re-
ported by CDF in Br(Bs → μ+μ−) is 5.8 × 10−8 (4.7 × 10−8) [18]
(we take Br(Bs → μ+μ−) < 10−6); (iv) δaμ ∈ (−5.7,47) × 10−10

is taken as in [19] (a stricter limit on δaμ will be discussed in
the last section); (v) the following mass limits on light Higgs bo-
son mass and on sparticle masses are imposed: mh > 100 GeV
(the current data sets limits for the MSSM case of mh > 93 GeV
at 95% C.L. [21,22]), mχ̃±

1
> 104.5 GeV, mt̃1

> 101.5 GeV, mτ̃1 >

98.8 GeV, where h, χ̃±
1 , t̃1, τ̃1 are the lightest Higgs boson, the

chargino, the stop and the stau. For the calculations of the relic
density of χ̃0

1 , we use MicrOMEGAs [23] with sparticle and Higgs
masses calculated by the RGE package SuSpect [24]. Evaluation of
the branching ratio b → sγ has been carried out with both Mi-
crOMEGAs and SusyBSG [25]. The models that pass the above con-
straints are exhibited in Fig. 1.

3. Cancellation of charged Higgs and chargino loop contributions
to Br(b → sγ )

We discuss now in further detail the cancellation between the
charged Higgs and the chargino loop contributions in the process
b → sγ and the implications of this cancellation, which may point
to a light charged Higgs mass. The effective interaction that con-
trols the b → sγ decay is given by

Heff = −2
√

2G F V ∗
ts Vtb

8∑

i=1

Ci(Q )O i(Q ), (1)

where Vts, Vtb are the CKM matrix elements, O i(Q ) are the effec-
tive dimension six operators and Ci(Q ) are the Wilson coefficients
and Q is the renormalization group scale. The b → sγ receives
contributions only from C2, C7, C8 where the corresponding opera-
tors are O 2 = (c̄Lγ

μbL)(s̄LγμcL), O 7 = (e/16π2)mb(s̄Lσ
μνbR)Fμν ,

and O 8 = (gs/16π2)mb(s̄Lσ
μν T abR)Ga

μν . The dominant contribu-
tion arises from C7, where to leading order C7(mb) is given by

C (0)
7 (mb) = η16/23C7(MW )

+ 8

3

(
η16/23 − η14/23)C8(MW ) + C (2)

and where η = αs(MW )/αs(Q b) and C (� 0.175) arises from op-
erator mixing. Now C7,8 contains the standard model and new
physics contributions so that

C7,8(MW ) = C W
7,8(MW ) + C H

7,8(MW ) + Cχ
7,8(MW ). (3)

Here C W
7,8 is the standard model contribution arising from the

W boson exchange, C H
7,8 is the supersymmetric contribution from

the charged Higgs exchange and Cχ
7,8 is the contribution from

the chargino exchange (see Fig. 2). In addition to the constraints
on models arising from the Br(b → sγ ) experiment, there are
also constraints from the Br(Bs → μ+μ−) experiment. In the
left panel of Fig. 1 we display the theoretical predictions in
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Fig. 3. Left: A display of the correlation between Br(b → sγ ) and the charged Higgs boson mass showing the relative lightness of the charged Higgs boson mass in the 1σ ,
2σ and 3σ corridors around the HFAG value. Right: A display of the model points in the charged Higgs mass vs the light chargino mass plane within the 1σ corridor around
the HFAG value in a large portion of the parameter space.
the Br(Bs → μ+μ−) − Br(b → sγ ) plane, where the 1σ , 2σ ,
3σ corridors around the HFAG value of Br(b → sγ ) are also ex-
hibited. The analysis of the left panel of Fig. 1 exhibits that
the parameter space gets reduced in a significant way as the
Br(b → sγ ) constraint becomes more stringent. We now note
that the sign of the chargino contribution Cχ

7,8 in Eq. (3) has
a very dramatic effect on the size of the supersymmetric con-
tribution. A positive contribution would add constructively with
the charged Higgs contribution C H

7,8 while a negative contribution
cancels partially the charged Higgs contribution reducing signif-
icantly the overall size. A numerical analysis shows that essen-
tially for all the model points that lie in the 3σ corridor around
the HFAG value the chargino contribution is negative and of-
ten large resulting in large cancellations. We exhibit this in the
right panel of Fig. 1. One finds that a majority of the mod-
els are clustered around the standard model prediction of the
b → sγ . As discussed above this is a consequence of the can-
cellation between the charged Higgs and the chargino loop dia-
grams.

In the cancellations discussed above, the individual contribu-
tions from the charged Higgs loop and from the chargino loop are
often much larger than the total SUSY contribution as exhibited in
the right panel of Fig. 1. This implies that some of the sparticle
spectrum must be light to allow for such large individual contribu-
tions in the branching ratio b → sγ . The above also indicates that
if the chargino is light, then correspondingly the charged Higgs
must be correspondingly light to generate a large compensating
contribution. So the cancellation phenomenon then strongly corre-
lates the charged Higgs mass and the chargino mass in the region
of large cancellations, i.e., in the region where the magnitude of
the loop contributions from the chargino and from the charged
Higgs are individually multiples of their sum.

An illustration of the correlation between the charged Higgs
mass and Br(b → sγ ) is given in the left panel of Fig. 3 in
1σ ,2σ ,3σ corridors around the HFAG value. The analysis shows
that a more stringent Br(b → sγ ) constraint typically leads to a
lighter charged Higgs mass. Further, as stated earlier the cancella-
tion phenomenon also correlates the chargino mass to the charged
Higgs mass. This is illustrated in the right panel of Fig. 3. Specif-
ically, here one finds that for the model points within HFAG 1σ ,
Fig. 4. A display of the contributions from the charged Higgs loop, the chargino loop
(and also other gaugino loops), and the total effect beyond the SM.

a light charged Higgs mass often requires a light chargino mass
to cancel the loop. So one expects to have light Higgs and a
light chargino with comparable sizes. The cancellation between the
charged Higgs contribution and the chargino contribution is also
shown in Fig. 4 where the models with charged Higgs mass be-
low 2 TeV are plotted. The charged Higgs contribution increases
with decreasing charged Higgs mass, which forces the chargino
contribution to increase in magnitude with decreasing charged
Higgs mass in order that the total effect is consistent with the
HFAG constraints. We note that in the Two Higgs Doublet Model
(THDM), the charged Higgs mass is also constrained from below,
since there is no gaugino contributions to cancel the large pos-
itive contribution from the light charged Higgs. Thus, under the
same constraints, the allowed charged Higgs mass can be much
smaller in SUGRA models with a MSSM spectrum than in the
THDM. We also note that the Br(Bs → μ+μ−) constraint becomes
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Fig. 5. b → sγ vs tanβ for the mass patterns mSP1 and mSP5. The analysis of the
figure shows that the 1σ b → sγ constraint selects models in distinct regions of
tanβ: (i) a region of low tan β where the allowed models are mostly of type mSP5,
and (ii) a region of large tan β where the allowed models are mostly of type mSP1.

important for the MSSM with large tan β . The current experimen-
tal limit imposes a lower bound on the Higgs mass for models with
large tanβ .

A display of the Br(b → sγ ) vs tanβ for mSP1 and mSP5 mod-
els1 is given in Fig. 5 and the models that pass the 1σ corridor
cut on Br(b → sγ ) around the experimental value are shown. One
finds that in the region of the 1σ HFAG corridor, the models from
mSP1 where the lighter chargino is the NLSP have large tanβ val-
ues around 50, while the models from mSP5 where the lighter
stau is the NLSP have much smaller tanβ values. We therefore
collectively refer to models that reside in the tan β region where
tan β < 40 as low and high tanβ models, “LH tanβ models”. We
segregate these LH models from those in which tanβ � 40 denot-
ing these as very high tanβ models, “VH tanβ models”, for all the
models that fall within the 1σ corridor around the HFAG value. We
do so for all the different mass hierarchical patterns with mSP1
and mSP5 serving as illustrative examples. Typically the “LH tanβ

models” are the ones in which the stau, the stop, or the gluino
can be light, while the “VH tanβ models” are the ones where the
chargino, or the Higgs is the next heavier particle than the LSP.
Some implications of the updated constraints on Higgs masses are
also given in [26–28].

4. Production and signatures of sparticles

In the following, we focus our analysis on the models that are
favored by the b → sγ constraint, namely, models that fall within a
1σ corridor around the HFAG value. We discuss here the signatures
of the 2 → 2 SUSY processes. In the analysis we use SuSpect to cre-
ate a SUSY Les Houches Accord (SLHA) [29] file which is then used
as an input for PYTHIA [30] which computes the production cross
sections and branching fractions, and for PGS [31] which simulates
the LHC detector effects. The Level 1 (L1) trigger cuts based on
the Compact Muon Solenoid detector specifications [32] are em-
ployed to analyze the LHC events. For our analysis of sparticles,
we further impose the post trigger detector cuts as follows: We
only select photons, electrons, and muons that have transverse mo-
mentum P T > 10 GeV and pseudorapidity |η| < 2.4, taus jets that

1 mSPs are supergravity mass hierarchies as defined in earlier works [15], where
(mSP1, mSP5) have a (chargino, stau) NLSP respectively.
have P T > 10 GeV and |η| < 2.0, and other hadronic jets that have
P T > 60 GeV and |η| < 3. We also require a large missing energy,
/P T > 200 GeV and at least two jets in an event to further suppress
the Standard Model (SM) background. We will refer to this set of
cuts as “SUSY detector cuts” in the following analysis (for other
recent works on signature analysis of SUGRA models see [33]).

We analyze the total number of events arising from the models
in a 1σ corridor around the HFAG results out of the 3σ corri-
dor using the SUSY detector cuts. The effective SUSY cross sections
are then translated from the total number of events which are ex-
hibited in Fig. 6. One finds that the models with low values of
tanβ have strong SUSY signals since these models tend to have a
light sparticle spectrum, e.g., a light stau, a light stop or even a
light gluino. Most of the LH tan β models discussed above can be
probed at the LHC at 100 fb−1 of integrated luminosity. It is found
that the HFAG 1σ constraint places a limit on the chargino mass of
about 800 GeV for detectable models. We note that different mod-
els with different mass hierarchical spectra can have distinct SUSY
signatures. For instance, models that have a light stau are rich in
lepton signals, while models with a light stop tend to produce a
high multiplicity of jet signals. Thus the search strategies for new
physics at the LHC for such models are quite different, and a well
designed search technique for every specific model will surely fur-
ther improve the discovery reach. Nevertheless, the models that
have low values of tan β have strong SUSY production cross sec-
tions, and can be probed at the LHC. From the SUSY production
analysis, one also finds that most of the VH tanβ models have
much smaller SUSY cross sections.

5. LHC signatures in Higgs production

We discuss here the signatures of the Higgs bosons in MSSM
(the CP-even Higgs H0, the CP-odd Higgs A0, and the charged
Higgs H±) for the models that are within the 1σ corridor of the
HFAG value. Specially, we are interested in the parameter region
where the tan β value becomes very large. As discussed previ-
ously, the VH tan β models within the 1σ corridor of HFAG have
less promising SUSY signals. However, the Higgs production can be
much enhanced at very high tanβ . The dominant processes that
lead to the production of the MSSM Higgs bosons at the LHC for
tanβ � 1 are the bottom quark annihilation process and the gluon
fusion process [20] shown in Fig. 8 along with associated produc-
tion processes with bottom quarks.

In our analysis, we focus on the hadronic τ and jet produc-
tion with bottom quark tagging, since the bb̄ and τ+τ− modes are
the dominant decays of the MSSM Higgs bosons at large tanβ . We
analyze the opposite sign (OS) di-tau signature and the 2b-jets sig-
nature using the L1 trigger cuts. For the 2b jet signatures, we also
require the reconstructed invariant mass of these two b-tagged jets
to be larger than 100 GeV. An analysis of the signatures for these
models reveals the 2τ jet and the 2b jet channels to be two of the
optimal channels for the discovery of the Higgs bosons as shown in
Fig. 7. It is found that the HFAG 1σ constraint places a limit on the
charged Higgs mass about 1 TeV for the detectable models which
can be probed with L = 100 fb−1 or so at LHC. We note that for
the region tan β < 40, one needs much more luminosity to observe
discoverable events from the Higgs production, and some of the
models in this region may be even beyond the LHC reach in the
Higgs production. Thus the VH tanβ models are discoverable via
Higgs production modes, while many of them have undetectable
signals via sparticles productions. Thus the more optimal chan-
nels to discover supersymmetry in these VH tan β models arise
from Higgs production signals as they produce larger event rates
than the event rates from SUSY production processes with R-parity
odd particles. The associated production in which the Higgs bosons
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Fig. 6. Total SUSY signatures at
√

s = 14 TeV analyzed with the SUSY detector cuts. Left: (Circle, black) all models up to 1.2 TeV in the chargino masses, and (red, boxed)
models within 1σ corridor of the HFAG value. Right: Models separated out in tanβ that lie within 1σ corridor of the HFAG. The dashed lines indicate the backgrounds,
5
√

SM, for different luminosities. (For interpretation of colors in this figure, the reader is referred to the web version of this Letter.)

Fig. 7. Higgs signatures with b-tagged jets and hadronic τ -jets at
√

s = 14 TeV. The dashed lines indicate the backgrounds, 5
√

SM, for different luminosities.
are produced along with one or two bottom quarks in the final
states can be very useful for suppressing further the SM back-
ground [34–40]. One example of the associated production with
one additional bottom quark in the final state is given in Fig. 11.
For the hadronic τ jets signature, we utilize both the 1-prong and
the 3-prong hadronic τ -jets [41] in our analysis. We note that the
leptonic decay modes of the τ lepton and a combined analysis of
leptonic and hadronic decays may yield an even better discovery
reach [42–44].

6. Complementarity of signatures from sparticle decays and
from Higgs decays

Before discussing the issue of complementarity we discuss first
the more stringent constraints arising from the recent revised anal-
Fig. 8. Dominant leading order Higgs production diagrams via bottom quark annihi-
lation and gluon fusion. For large tan β the bottom quark annihilation can dominate
the gluon fusion process in some regions of the parameter space.

yses of gμ − 2 which seem to converge [8] towards a 3σ devia-
tion from the standard model value. Fig. 9 illustrates a 2σ corri-
dor around the central values of δaμ and of the HFAG value of
Br(b → sγ ). The analysis of Fig. 9 shows that the parameter space
of allowed models is drastically reduced. A model point from the
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Fig. 9. Combined analysis with b → sγ and gμ − 2 constraints. Shaded regions are
the 2σ corridors from both constraints.

Fig. 10. A plot of both SUSY signatures and Higgs signatures for the models that fall
within the 1σ corridor around the HFAG value. The figure shows complementarity
and inversion, in the sense that at low tan β sparticle production cross sections
dominate while at high tanβ the Higgs production cross sections dominate.

allowed set of models is discussed in further detail in the context
of complementarity below.

Next we point out a complementarity that exists between two
main types of processes in the production and decays of new par-
ticles expected at the LHC. The first of the main types consists of
those production processes which have in their final decay prod-
ucts an even number of massive LSPs (each an R-parity odd parti-
cle). These arise from the production and subsequent decay of an
even number of R parity odd particles (due to R parity conserva-
tion) such as pairs of squarks or gauginos or both at the LHC. These
processes are characterized by a large missing energy since the fi-
nal states have at least two or more LSPs, which for the models
considered are the lightest neutralinos. Thus here a larger missing
transverse momentum is the smoking gun signature for the SUSY
productions.

The second type of processes are those which do not contain
pairs of LSPs and thus there is far less missing energy associated
with these events. Such events are expected to arise from the pro-
duction of the Higgs bosons where the dominant decay products
are largely bb̄ and τ+τ− . The signals arising from the Higgs de-
cays typically suffer from a large QCD background, since the /P T

cut technique cannot be employed here which is efficient in sup-
pressing the background for SUSY production. However, for models
with very high tanβ , the Higgs production is enhanced and such
model points can yield signals which can be discriminated from
the QCD background. Thus we see that there is a complementar-
ity between the signatures arising from the production and decay
of the SUSY particles and from the Higgs particles, and this com-
plementarity is exhibited in Fig. 10. Indeed for models with small
tanβ , missing energy continues to be a dominant signal while
for models with very high tan β and within 1σ corridor of HFAG
value of b → sγ the Higgs production and decay into bb̄ and
τ+τ− can provide signatures which can supersede the signatures
from sparticle production for the discovery of supersymmetry at
the LHC.

A more detailed signal analysis on SUSY production and on
Higgs production is given in Fig. 11. In the left panel of Fig. 11, the
model considered is the one where stau is the NLSP and it shows
a strong SUSY production signal which is rich in lepton final states.
The lightest sparticles in this model besides the LSP are τ̃ , ̃R , so in
the cascade decays of heavier gauginos, these sleptons can appear
in the intermediate steps, for instance, χ̃0

2 decays predominantly
via BR(τ̃ + τ ) ∼ 70% and BR(̃R + ) ∼ 20%. The produced sleptons
further decay into the LSP plus one lepton. Thus the reconstruc-
tion of the di-lepton events indicate the mass relations between
the gauginos in the cascade decay chain due to the missing en-
ergy carried away by the LSP. In contrast, the invariant mass of the
b-tagged jets from the Higgs production gives rise to a resonance
which points to the actual value of the Higgs boson mass as exhib-
ited by the right panel of Fig. 11. As stated in the caption of Fig. 11
the cuts used in the left panel are the SUSY detector cuts which
are discussed in the first paragraph of the section on “Production
and signatures of sparticles”. The right panel of Fig. 11 is analyzed
with the standard L1 trigger cuts in PGS. The background in the
left panel of Fig. 11 is suppressed by using flavor subtraction in
reconstructing the di-lepton events. For the right panel, the back-
ground is suppressed by reconstructing the two hardest b-tagged
jets in the 3b events which can arise in the associated produc-
tion modes of Higgs bosons. The associated production where the
Higgs bosons are produced along with additional b-tagged jets is
instrumental in suppressing the background.

7. Conclusion

Br(b → sγ ) in the standard model re-evaluated by the inclu-
sion of NNLO corrections falls below the central HFAG value by
about (1–1.5)σ hinting at a positive contribution from the super-
symmetric sector. The obvious candidate for a positive contribution
is the charged Higgs exchange. On the other hand the chargino ex-
change contributions can produce either a positive or a negative
contribution. Further, the recent re-evaluations of the gμ − 2 indi-
cate about a 3.1σ deviations from the standard model pointing to
the possibility of a light chargino. A detailed investigation of the
parameter space of supergravity models reveals that most model
points that satisfy both the Br(b → sγ ) and the gμ − 2 constraints
produce both a light charged Higgs and a light chargino with a
cancellation between the charged Higgs loops and the chargino
loops indicating the existence of some of the sparticle masses,
specifically the chargino, charged Higgs and the stop being light.
We have emphasized the importance of studying simultaneously
sparticle and Higgs production. The implications of these results
for early SUSY discovery at the LHC were discussed and it is shown
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Fig. 11. Invariant mass distributions for SUSY and Higgs productions for two different models: (m0,m1/2, A0, tan β, sign(μ)) = (70.4,243.2,685.6,11,1) (left panel);
(1533.8,216.4,1750.3,53.8,1) (right panel) where all masses are in GeV. Left: The opposite sign di-lepton with flavor subtraction (e+e− + μ+μ− − e+μ− − μ+e−), for
the model that fall within 1σ for both b → sγ and gμ − 2 constraints. In this model, Mχ̃0

1
= 93 GeV and Mχ̃0

2
= 168 GeV. The ending edge of the distribution indicates the

mass difference (Mχ̃0
2

− Mχ̃0
1

). Analysis is done with SUSY detector cuts. Shaded regions are the background NSM. Right: Reconstruction of the two hardest b-tagged jets in

3b-jets events of Higgs productions for the model that satisfies the HFAG 1σ . The peak indicates the position of the Higgs boson mass. L1 trigger cuts are employed. Shaded
regions are the background

√
NSM.
that some of the sparticles can be discovered in runs with low lu-
minosity.
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