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Current analyses of the LHC data put stringent bounds on strongly interacting supersymmetric particles,
restricting the masses of squarks and gluinos to be above the TeV scale. However, the supersymmetric
electroweak sector is poorly constrained. In this article we explore the consistency of possible LHCmissing
energy signals with the broader phenomenological structure of the electroweak sector in low energy
supersymmetry models. As an example, we focus on the newly developed recursive jigsaw reconstruction
analysis by ATLAS, which reports interesting event excesses in channels containing dilepton and trilepton
final states plus missing energy. We show that it is not difficult to obtain compatibility of these LHC data
with the observed dark matter relic density, the bounds from dark matter direct detection experiments, and
the measured anomalous magnetic moment of the muon. We provide analytical expressions which can be
used to understand the range of gaugino masses, the value of the Higgsino mass parameter, the heavy Higgs
spectrum, the ratio of the Higgs vacuum expectation values tan β, and the slepton spectrum obtained in our
numerical analysis of these observables.
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I. INTRODUCTION

The minimal supersymmetric standard model (MSSM)
[1–3] provides a well-defined extension of the standard
model (SM). Supersymmetric particles come in the same
super-multiplets as the SM particles and hence carry the
same quantum numbers as them under the SM gauge
groups. Moreover, the dimensionless couplings of the SM
particles with the supersymmetric partners are identified
with the well known gauge and Yukawa couplings of the
standard particles. However, the masses of the supersym-
metric particles are determined by supersymmetry breaking
parameters that are a priori unknown and should therefore
be measured experimentally.
Searches at the LEP experiment have put bounds on most

supersymmetric particle masses to be above about 100 GeV
(see, e.g., Refs. [4,5]). A notable exception is the bino, the
supersymmetric partner of the hypercharge gauge boson,

which, due to its lack of couplings to the gauge bosons,
could not be easily constrained by measurements at this
electron-positron collider [6]. Information on the masses of
supersymmetric particles can also be obtained indirectly by
flavor physics and by precision measurements. The lack of
flavor changing neutral currents implies that scalar super-
symmetric mass parameters must be flavor diagonal or be
much larger than a TeV [3,7]. B-physics observables may
still be subject to large corrections and, as we shall discuss,
can lead to constraints on the charged Higgs as well as the
stop and chargino masses. On the other hand, due to fast
decoupling properties, precision electroweak observables
put only moderate constraints on the supersymmetry
breaking parameters [8].
The LHC is currently setting stringent constraints on

the strongly interacting sparticles [9–14]. The current bound
on the gluino is above a TeV, independent of its decaymodes
and themass differences with the other sparticles. Assuming
they are approximately degenerate in mass, similar bounds
exists on the first and second generation squarks. Bounds on
sbottoms are somewhat weaker, whereas the stopmasses are
bounded to be above about 500 GeV independent of their
decay modes. Moreover, the measured value of the Higgs
mass demands the average mass of the stops to beO (≳ the
TeV scale) [15–21].
Much less is known about the weakly interacting

particles, including the superpartners of the hypercharge
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and weak gauge bosons, the lepton scalar partners, and the
heavy Higgs sector. The LHC is starting to be sensitive to
these particles and it is expected that by the end of the high
luminosity LHC run, the masses of these particles will be
probed for values significantly above the LEP bounds.
Recently, the ATLAS collaboration has reported an

excess of dilepton and trilepton plus missing energy events
]22 ]. Such final state events are expected to provide the

main probes of the production of charginos and neutralinos
at hadron colliders [23,24]. This excess of events has been
obtained by using a newly developed recursive jigsaw
reconstruction (RJR) method [25,26], where the missing
energy requirements are found to be less severe while
maintaining an estimated signal sensitivity comparable to
that one of more conventional searches. Moreover, the
background in these searches was determined by data
driven methods and the overlap of the signal regions with
the ones in conventional searches is small. Hence, it is
possible that these searches could be sensitive to a region of
parameters that lead to no apparent signal events in
conventional searches [27,28]. Furthermore, as we shall
discuss in more detail, the GAMBIT collaboration [29,30]
has recently argued that the exclusion limits obtained by the
ATLAS and CMS experiments in conventional searches
may be relaxed due to the differences between the sig-
natures associated with the simplified model analyzed by
the ATLAS and CMS collaborations and those associated
with the full low energy supersymmetry model.
Although the excess of events reported by ATLAS

cannot be taken as a compelling signal of new physics at
this point, we use it as a guide to study the current
constraints on the electroweak sector of the MSSM. In
particular, by assuming the event excesses reported by the
ATLAS collaboration to be a signal of new physics, we
determine the necessary MSSM gaugino sector leading to
an explanation of the observed signatures. We then
combine this information with that provided by the
observed dark matter (DM) relic density, the current
bounds from DM direct and indirect detection experi-
ments, and the measured value of the anomalous magnetic
moment of the muon aμ. Using all this information we can
determine the range of allowed values not only for the
gaugino masses (M1 and M2), but also for the Higgsino
mass parameter (μ), the ratio of Higgs vacuum expectation
values (tan β), and the heavy Higgs and slepton mass
spectrum. This work shows that all these experimental
constraints can be easily satisfied, with the obtention of
the DM relic density (assuming it to have a thermal origin)
providing the most relevant constraint. We provide ana-
lytical expressions that allow an understanding of the
dependence of the observables on the supersymmetric
mass parameters, as well as a numerical study of the
allowed electroweak sector parameter space. Throughout
this work, we use the conventions for SUSY parameters as
defined, e.g., in Ref. [3].

This article is organized as follows. In Sec. II we shall
discuss the possible interpretation of the ATLAS event
excesses. In Sec. III we shall review the constraints coming
from the observed DM relic density and the lack of direct
detection of DM interacting with nuclei. We also comment
on the indirect detection prospects for this scenario. In
Sec. IV we shall analyze the constraints coming from the
measurement of the anomalous magnetic moment of the
muon. We briefly comment on flavor observables which
may be related to our scenario in Sec. V. Finally we
present a study of the variation of the main observables
with the parameters of the model together with a bench-
mark scenario in Sec. VI, and reserve Sec. VII for our
conclusions.

II. ATLAS EVENT EXCESSES

The ATLAS collaboration has recently released a search
for chargino-neutralino production in two and three lepton
final states employing RJR techniques that target specific
event topologies [22]. The analysis was performed on data
corresponding to a total integrated luminosity of 36.1 fb−1,
and finds excesses of observed events above the estimated
backgroundwith 2–3σ significance in several signal regions
(SRs). This analysis searches for chargino-neutralino pair
production, assuming a winolike production mechanism,
and decays with 100% branching ratio into a binolike
lightest supersymmetric particle (LSP) via on-shell W
and Z gauge bosons. The excess of events appear in the
SRs targeting the low mass, m χ̃�

1
= χ̃0

2
≲ 200 GeV, and low

mass-splitting, Δm≡m χ̃�
1
= χ̃0

2
−m χ̃0

1
∼ 100 GeV, region of

parameter space. In addition, these low mass splittings
kinematically suppress the decay of the second lightest
neutralino into a SM-like Higgs and the lightest neutralino,
ð χ̃02 → h χ̃01Þ, independently of the neutralino compositions.
The topologies considered in the analysis are shown in

Fig. 1. The four low mass SRs are labeled by the number of
final state leptons and whether the search targets events
with a hard ISR jet: SR2ð3ÞlISR require an ISR jet whereas
SR2ð3ÞlLow do not. The excess number of events as well as
the significance of the excess in each signal region is
summarized in Table I. To estimate the signal cross section,

FIG. 1. Feynman diagrams for the scenarios targeted by the
ATLAS RJR analysis, leading to final states of either two (left) or
three (right) leptons plus missing energy. Several of the SRs
require an additional ISR jet, shown in light gray.
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σðpp → χ̃�1 χ̃
0
2Þ, required to produce each excess, we used

the binned grids of acceptances and efficiencies for each SR
as provided by the ATLAS collaboration [31] together with
a linear interpolation between bins, assuming a mass
difference Δm ¼ 100 GeV. The results are shown in
Fig. 2 as solid lines. The bands show the �1σ uncertainties
estimated by propagating the background uncertainties. For
reference, we also show the NLO-NLL wino-like χ̃�1 χ̃

0
2

production cross section (black dashed line) with a �1σ
uncertainty band [32–34]. The production cross-section of
Higgsino-like χ̃�1 χ̃

0
2 (not shown) is approximately a factor

of 4 smaller. In the MSSM, generically the neutralinos are

expected to be admixtures rather than pure states. As such,
the pure wino cross section denoted in Fig. 2 should be
treated as an upper bound for χ̃�1 χ̃

0
2 production in the

MSSM, and may be significantly reduced if jμj is of the
same order as jM2j.
As can be seen from Fig. 2, the upper region in the low

mass window, ðm χ̃�
1
= χ̃0

2
; m χ̃0

1
Þ ∼ ð200; 100Þ GeV, is found

to be preferred in order to accommodate all observed
excesses. However, for a 200 GeV wino-like chargino-
neutralino pair, the NLOþ NLL production cross section
[32–34] is estimated to be only σðpp → χ̃�1 χ̃

0
2Þ ≈ 1.8 pb,

more than 2.5σ below the lowest estimated signal cross
section. The three lepton excesses, however, can be simul-
taneously accommodated by gaugino masses of approxi-
mately 165 GeV, where the winolike production cross
section is estimated to be ∼3.6 pb. Hence for this low mass
region, the production of mostly winolike χ̃�1 = χ̃

0
2 with small

Higgsino components can easily be consistent with the
excess.While for the remainder of this article we shall focus
on the trilepton excesses, which have the greatest signifi-
cance, we emphasize that the sizable background uncer-
tainties allow all excesses to be compatible within a few
sigma across the region of parameter space considered here.
Recently, the GAMBIT collaboration reinterpreted these

searches [29,30], including the effect of the production of
the heavy charginos and neutralinos, χ̃03;4, χ̃

�
2 , which are

mostly Higgsino-like in our scenario. They concluded that
due to the differences between the signatures of the full
model and the simplified model analyzed by the ATLAS
and CMS collaborations, the limits obtained through these
experimental analyses, e.g., those obtained in Refs. [27,28],
are not always applicable to the full MSSM model. They
also provide likelihood contours from collider data, includ-
ing not only the ATLAS RJR searches for charginos and
neutralinos but also all other conventional searches for
charginos and neutralinos at ATLAS and CMS. From these
results it appears that while the tension between the ATLAS
RJR and traditional searches vanishes for the MSSM, some
tension remains between the ATLAS RJR and CMS
analyses. However, since the full covariance matrix
required to perform a complete reanalysis of the CMS
search is not publicly available, the severity of this tension
remains unclear. Regions with chargino masses of about
150 GeV and lightest neutralino masses of about 50 GeV
provide the best fit to the collider data. Also preferred are
values of jμj of about 250 GeV. The region of chargino
masses of about 200 GeVand lightest neutralino masses of
100 GeValso appears to be among the preferred regions in
their fits, as can be understood from our discussion above.
As discussed in the Introduction, we shall take the

interpretation of these signals as a guidance for the
determination of the parameter space of the gaugino and
Higgsino mass parameters, in order to study the current
experimental constraints on the electroweak sector of low
energy supersymmetry models. For the electroweakino

TABLE I. Expected and observed events for the 2l and 3l SRs,
as well as the local significance of the excess (Z) expressed in
standard deviations. The number of observed events, background
estimates and significance of the excess are taken from Ref. [22].
The errors on the background show statistical plus systematic
uncertainties. The third column has been added to show the
estimated number of events above expected background.

Signal
region

Observed
events

BG
events

Events
above BG

Significance
(Z)

SR2lLow 19 8.4� 5.8 10.6� 5.8 1.39
SR2lISR 11 2.7þ2.8

−2.7 8.3þ2.8
−2.7 1.99

SR3lLow 20 10� 2 10� 2 2.13
SR3lISR 12 3.9� 1.0 8.1� 1.0 3.02

FIG. 2. Signal cross sections that reproduce the observed
excesses in each SR as a function of m χ�= χ0

2
, assuming

Δm ¼ 100 GeV, with �1σ bands obtained by propagating the
background uncertainties. The black dashed line denotes the
NLO-NLL pure winolike χ̃�1 χ̃

0
2 production cross section with a

�1σ uncertainty band.
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sector, although we shall concentrate on the region with
chargino masses close to 150 GeV and lightest neutralino
masses close to 50 GeV, we shall comment on the
phenomenology of heavier chargino and neutralino masses.

III. DARK MATTER PHENOMENOLOGY

Thepossibility of explaining the observedDMrelic density
by the presence of a stable LSP is an interesting implication of
low energy supersymmetry [35,36]. As discussed in the
previous section, the signal we are considering shows a
preference for a light gaugino sector, with the heavier weak
gauginos ( χ̃02, χ̃

�
1 ) mostly winolike with masses of the order

of 160 GeV, to allow for the large value of the production
cross sections necessary to explain the excess of events
observed by the ATLAS experiment. Moreover, these gau-
ginos should decay into on-shell weak gauge bosons and
the lightest binolike neutralino, implying that the lightest
neutralino should be lighter than about 70 GeV.
This range of masses for the lightest binolike neutralino

excludes the possibility of co-annihilation with other
supersymmetric particles, since either such additional
particles are excluded experimentally or their presence
would modify the collider signatures. Hence the only
natural way of getting the proper relic density is either
through resonant annihilation via either the SM-like Higgs
or the Z gauge boson, which imply masses for the
neutralino close to 60 and 45 GeV, respectively, or via
the t-channel interchange of light-sfermions. Since the bino
couples to the Higgs and the Z only via its Higgsino
components [see Eqs. (3.2) and (3.4) below], jμj is required
to be of the order of a few hundred GeV. For the case of
resonant annihilation via the Z gauge boson the neutralino
is light enough to allow for unsuppressed decays of the SM-
like Higgs bosons into pairs of these particles. However, it
turns out that at large values of tan β the coupling of the
Higgs to the lightest neutralino is sufficiently small as to
prevent a significant branching ratio for this decay mode,
even in the case of values of jμj close to the weak scale.
Regarding the t-channel annihilation possibility, since

we are assuming all squarks to be heavy, the only
possibility is associated with light sleptons. Given the
LHC direct search bounds on sleptons [27,37], this pos-
sibility can only be realized for light staus [38]. If the
lightest neutralino has some Higgsino mixing and for large
values of tan β, for which the τ Yukawa coupling is
enhanced, a consistent relic density may be obtained. In
this case, the amplitude for the neutralino annihilation is
proportional to [39]

Aτ̃ð χ̃01 χ̃01 → τþτ−Þ ∝
μm χ̃0

1

ðμ2 −m2
χ̃0
1

Þ
m2

Zs
2
Wmτ tan β

v2ðm2
τ̃R
þm2

χ̃0
1

Þ : ð3:1Þ

In general, we shall work in the large tan β regime for
two reasons: first, it is easier to accommodate the observed

Higgs mass for stop masses at the TeV scale [15–21].
Second, as we shall discuss in the next section, it is easier to
accommodate the observed value of the anomalous mag-
netic moment of the muon in this regime.
We also comment briefly on the indirect detection

prospects for the scenario under consideration. Both the
Higgs and Z mediated annihilations are p-wave sup-
pressed, and hence will not give rise to any indirect signals.
On the other hand, the t-channel exchange of τ̃R, can have a
significant s-wave annihilation at large values of tan β,
giving rise to the possibility of current day signals into
pairs of τ leptons. Such signals, though interesting, do not
rule out this possibility (see e.g., Refs. [40–42]). There is
also the possibility of additional channels contributing to
the relic density, as is the case in the next to minimal
supersymmetric standard model (NMSSM), where the relic
density may be obtained mostly due to the s-wave annihi-
lation of the singlet-like pseudoscalar. In such a case,
one may also obtain large signals from present day DM
annihilations coming from the galactic center (see
e.g., Ref. [43]).
DM scattering with nuclei can provide an efficient probe

for the presence of DM in our galaxy [44]. There has been
an intensive experimental program looking for the direct
detection of DM in the last decades. No clear signal has
been found, and the strongest experimental bounds today
are coming from the PandaX [45], LUX [46] and
XENON1T [47] experiments. A small excess of events
has been found in the last round of the XENON1T
experiment [48], which although far from being significant,
could be a hint of the possible presence of DM with spin
independent (SI) scattering cross sections with nuclei of the
order of the current limit.
As is well known, the SI scattering cross section of

mostly bino DM with nuclei can be easily smaller than the
current limits, particularly for negative values of μ ×M1

[49–53]. In the following, we shall briefly discuss the main
reason for the preference for negative values of μ ×M1 as
well as the possible existence of blind spots [52,54,55] for
SI direct DM detection within the MSSM.
The coupling of the lightest neutralino to the SM-like

Higgs (h) and the heavy non-SM-like Higgs (H) in the
decoupling or alignment limit are

gh χ̃0
1
χ̃0
1
¼ ðg1N11 − g2N12ÞðN13 cos β − N14 sin βÞ; ð3:2Þ

gH χ̃0
1
χ̃0
1
¼ ðg1N11 − g2N12ÞðN13 sin β − N14 cos βÞ; ð3:3Þ

where g1 and g2 are the hypercharge and weak gauge coupl-
ings, and N1j are the jth electroweak components for the
lightest neutralino mass eigenstate, where j ¼ f1; 2; 3; 4g ¼
fbino ðB̃Þ;wino ðW̃Þ; down-type Higgsino ðH̃dÞ; up-type
Higgsino ðH̃uÞg. The coupling to the Z gauge boson is
instead given by
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gZ χ̃0
1
χ̃0
1
¼ g2

cW
ðN2

13 − N2
14Þ; ð3:4Þ

where we have assumed the N1j to be real and cW is the
cosine of the weak mixing angle.
Ignoring the wino component of the mostly binolike χ̃01,

the neutralino components are well approximated by the
following expressions [39,43]:

N12

N11

≈ 0;

N13

N11

¼ mZsW sin β
μ2 −m2

χ̃0
1

�
μþ

m χ̃0
1

tan β

�
;

N14

N11

¼ −
mZsW cos β
μ2 −m2

χ̃0
1

ðμþm χ̃0
1
tan βÞ;

N11 ¼
�
1þ N2

13

N2
11

þ N2
14

N2
11

�−1
2

; ð3:5Þ

where mZ is the neutral gauge boson Z mass, and sW is the
sine of the weak mixing angle. This leads to the following
couplings of the lightest neutralino to the Higgs and the Z
bosons:

gh χ̃0
1
χ̃0
1
¼ 2m2

Zs
2
WN

2
11

vðμ2 −m2
χ̃0
1

Þ ðm χ̃0
1
þ μ sin 2βÞ; ð3:6Þ

gH χ̃0
1
χ̃0
1
¼ −

2m2
Zs

2
WN

2
11

vðμ2 −m2
χ̃0
1

Þ μ cos 2β; ð3:7Þ

gZ χ̃0
1
χ̃0
1
¼ −

2m3
Zs

2
WN

2
11

vðμ2 −m2
χ̃0
1

Þ cos 2β; ð3:8Þ

where v ¼ 246 GeV.
The coupling of the Higgs bosons to up and down quarks

are given by

gddh ¼
md

ffiffiffi
2

p

v
; ð3:9Þ

guuh ¼
mu

ffiffiffi
2

p

v
; ð3:10Þ

gddH ¼ −
md

ffiffiffi
2

p
tan β

v
; ð3:11Þ

guuH ¼ mu

ffiffiffi
2

p
tan β

v
; ð3:12Þ

wheremu andmd are the up and down quark masses. In the
above, we have ignored the finite corrections to the Higgs
couplings coming from the decoupling of squarks and
gluinos [56–60] since they are small in the region of
parameters we are interested in, where jμj is much smaller
than the squark and gluino masses.

In the region of parameters we are investigating, the
cross section for SI direct detection is controlled predomi-
nantly by the exchange of the Higgs bosons. Also including
the approximate contributions due to heavy squarks and
taking the limit m2

χ̃0
1

≪ μ2 for a predominantly binolike
LSP, the SI cross section for the scattering of DM off
protons is given by (similar expression holds for scattering
off neutrons) [43,52,55]

σSIp ≃
4m4

Zs
4
Wm

2
pm2

r

πv4μ4
N4

11

�
−ðFðpÞ

d þ FðpÞ
u Þ ðm χ̃1 þ μ sin 2βÞ

m2
h

−
�
−FðpÞ

d þ FðpÞ
u

tan2β

�
μ tan β cos 2β

m2
H

−
FðpÞ
u ðm χ̃0

1
þ μ=tan βÞ þ FðpÞ

d ðm χ̃0
1
þ μ tan βÞ

2m2
Q̃

�
2

;

ð3:13Þ

with FðpÞ
u ≡ fðpÞu þ 2 × 2

27
fðpÞTG ≈ 0.15 and FðpÞ

d ¼ fðpÞTd þ
fðpÞTs þ 2

27
fðpÞTG ≈ 0.14, mp is the proton mass, mr¼

mpm χ̃0
1
=ðmpþm χ̃0

1
Þ is the reduced mass, and mQ̃ is the

common squark mass. Since FðpÞ
u ≈ FðpÞ

d , in the large tan β
limit this expression becomes proportional to

σSIp ∝
m4

Z

μ4

�
2ðm χ̃0

1
þ 2μ=tan βÞ 1

m2
h

þ μ tan β
1

m2
H

þ ðm χ̃0
1
þ μ tan β=2Þ 1

m2
Q̃

�
2

: ð3:14Þ

It is hence clear that the cross section is reduced for
negative values of μ ×m χ̃0

1
, where we shall assume m χ̃0

1
≃

M1 to be positive, where M1 is the bino mass parameter.
Consequently, while positive values of μ tend to lead to
conflict with the current bounds from the PandaX,
XENON1T and LUX experiments, negative values of μ
easily lead to consistency with these constraints in the large
tan β regime. Depending on the values of the neutralino
mass, the heavy Higgs boson mass, the squark masses and
tan β, the SI cross section may be close to the current
bound, or may be efficiently suppressed in the proximity of
blind spots that occur when [43,52,55]

2

�
m χ̃0

1
þ 2

μ

tan β

�
1

m2
h

≃ −μ tan β
�

1

m2
H
þ 1

2m2
Q̃

�
: ð3:15Þ

Finally, Eq. (3.14) shows a strong dependence of the
SI cross section with the value of jμj, a behavior that is
related to its dependence on the square of the Higgsino
components.
The spin dependent (SD) cross section, instead, depends

only on the coupling to the Z [61,62], and hence to the
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difference of the squares of the up and down Higgsino
components. From the expression given in Eq. (3.8), one
can see that

σSD ∝
m4

Z

μ4
cos2ð2βÞ; ð3:16Þ

where we have again assumed that μ2 ≫ m2
χ̃0
1

. Hence, in the

large tan β regime and for jμj sufficiently large, the SD
cross section is suppressed by four powers of μ, without
any other strong parametric suppression. This behavior
should be contrasted with the SI cross section which, in
spite of its overall suppression by only two powers of μ,
may be further suppressed due to a reduction of the
neutralino coupling to the 125 GeV Higgs boson together
with interference effects. As we will show, for negative
values of μ, and jμj sufficiently large to avoid the SD cross
section limits, the SI cross section tends to be below the
current experimental bounds on this quantity. However, it
can come closer to the current limits depending on the
precise value of tan β and mH.

IV. ANOMALOUS MAGNETIC MOMENT
OF THE MUON

The anomalous magnetic moment of the muon is a very
relevant quantity since it may be measured with great
precision and is sensitive to physics at the weak scale. The
theoretical prediction within the SM may be divided in four
main parts

aμ ¼ aQEDμ þ aEWμ þ ahadμ ðvac polÞ þ ahadμ ðγ × γÞ; ð4:1Þ

where aμ ≡ ðgμ − 2Þ=2. The first term aQEDμ represents the
pure electromagnetic contribution, and is known with great
accuracy, up to five loop order [63]. The second term
denotes the electroweak contributions, which are known at
the two-loop level, and are about ð153.6� 1.Þ × 10−11

[64]. The hadronic contributions contain the largest uncer-
tainty in the determination of aμ. While the vacuum
polarization contributions can be extracted from the
scattering process of eþe− to hadrons and are of order
of ð7 × 10−8Þ [65–67], the so-called light by light con-
tributions ahadμ ðγ × γÞ cannot be related to any observable
and have to be estimated theoretically. These are estimated
to be about 105 × 10−11 [68] and hence of the order of the
electroweak contributions.
Overall, the theoretical calculation of aμ in the SM [69]

differs from the result measured experimentally at the
Brookhaven E821 experiment [70] by

δaμ ¼ aexpμ − atheoryμ ¼ 268ð63Þð43Þ × 10−11; ð4:2Þ
where the errors are associated with the experimental
and theoretical uncertainties, respectively. The discrepancy,
of order 3.5σ, is of similar size as the electroweak

contributions and hence can be potentially explained by
new physics at the weak scale. The E821 experimental
result will be tested by the upcoming Muon g − 2
Experiment at Fermilab [71].
In the supersymmetric case the most relevant contribu-

tions are associated with the interchange of charginos and
the superpartners of the neutral second generation leptons
(sneutrinos) [72–79]. Assuming that there are no large mass
hierarchies in the supersymmetric electroweak sector, one
can write, approximately,

δaμ ≃
α

8πs2W

m2
μ

m̃2
SgnðμM2Þ tan β

≃ 130 × 10−11
�
100 GeV

m̃

�
2

SgnðμM2Þ tan β; ð4:3Þ

where α is the electromagnetic fine structure constant, and
m̃ is the characteristic mass of the weakly interacting
sparticles. This implies that for tan β of order 10 (20),
the overall weakly interacting sparticle mass scale must be
of order 250 GeV (350 GeV) in order to explain the current
discrepancy between theory and experiment.
In our work, we shall consider chargino and slepton

masses that are quite different from each other and hence, it
is relevant to provide an analytical understanding of the
behavior of aμ in that parameter regime. In the relevant
approximation where jμj ≳ 2jM2j≳ 4MW and m2

ν̃ ≳ μ2,
one gets,

δaμ≃−
3α

4πs2W

m2
μ

m2
ν̃

M2μ tanβ
μ2−M2

2

×

�
½f1ðx1Þ−f1ðx2Þ�þ

1

6
½f2ðx1Þ−f2ðx2Þ�

�
; ð4:4Þ

where the first term inside the curly brackets corresponds
to the chargino contributions, the second term to the
neutralino contributions, x1 ¼ M2

2=m
2
ν̃ and x2 ¼ μ2=m2

ν̃.
In addition,

f1ðxÞ ¼
1 − 4x=3þ x2=3þ 2 logðxÞ=3

ð1 − xÞ4 ; ð4:5Þ

and

f2ðxÞ ¼
1 − x2 þ 2x logðxÞ

ð1 − xÞ3 : ð4:6Þ

In the above we have ignored the small hypercharge
induced contributions. It is important to note that for
x ≪ 1, f1ðxÞ is negative and increases logarithmically in
magnitude, f1ðxÞ ≃ 1þ 8x=3þ 2ð1þ 4xÞ logðxÞ=3, while
f2ðxÞ tends to one, namely f2ðxÞ → 1þ 2xð3=2þ logðxÞÞ.
On the other hand, in the limit of x → 1, f1ðxÞ → −2=9 and
f2ðxÞ → 1=3. In general, as stressed above, the lightest
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chargino contribution is dominant, but the heavier chargino
and the neutralino contributions have the opposite sign to
the lighter chargino one, providing a significant reduction
of the anomalous magnetic moment with respect to the one
obtained considering only the lightest chargino contribu-
tion. We also note that Eq. (4.4) is symmetric under the
interchange of μ and M2, and is indeed valid also in the
region in which the second lightest neutralino is Higgsino
like, jM2j≳ 2jμj≳ 4MW , and mν̃ ≳ jM2j.
Let us stress that while the reduction of the SI cross

section is obtained for negative value of μ ×M1, the
explanation of the anomalous magnetic moment of the
muon demands positive values of μ ×M2. Hence, a
simultaneous explanation of the absence of DM direct
detection signals and of the measured value of aμ may be
naturally obtained for opposite values of the hypercharge
and weak gaugino masses, namely M2 ×M1 < 0.

V. FLAVOR OBSERVABLES

As was mentioned in the introduction, B-physics observ-
ables may be subject to large corrections which should be
studied in order to determine the viability of a given low
energy supersymmetry scenario [7,80,81]. In the large tan β
regime, the most relevant observables are the rate of
ðb → sγÞ, ðBþ → τþνÞ and ðBs → μþμ−Þ, which have
been measured by the BABAR, Belle and LHCb collabo-
rations [82–85]. The ðb → sγÞ decay amplitude is affected
by a charged Higgs loop contribution [86,87], proportional
to m2

t =m2
H� , as well as a stop-chargino loop contribution

[88–91], proportional to

At̃ ∝
m2

t Atμ

m4
t̃

tan β; ð5:1Þ

where At is the stop mixing parameter and mt̃ is the
characteristic stop mass.
The rate of the decay ðBþ → τþνÞ is affected mostly by

tree-level charged Higgs contributions [92], which may be
large in the region of low charged Higgs masses and large
values of tan β. The decay amplitude receive corrections
that grow like tan2 β (ignoring the loop corrections to the
Yukawa couplings), but are suppressed by 1=m2

H�. As we
shall discuss, the LHC is already putting strong constraints
on the heavy Higgs masses, which efficiently suppress the
corrections to this observable in the region of parameters
we shall concentrate on. Finally, the corrections to the
amplitude of the decay process ðBs → μþμ−Þ grow with
tan3 β, but similar to the corrections to the amplitude for
ðb → sγÞ, the loop corrections depend on the precise
parameters in the heavy squark sector [93]. The stop
contributions are proportional to 1=m2

H� and are suppressed
for small values of μAt=m2

t̃ .
In the region of parameters we shall work on, where

μ ≪ mt̃, mb̃, these flavor observable corrections tend to be

small. Moreover, for negative values of At × μ, which we
adopt in this work, there are interesting cancellations
between the chargino and charged Higgs contributions to
ðb → sγÞ. At very large values of tan β ≃ 60, however, the
corrections proceeding from the stop-chargino contribu-
tions may be very large, inducing unacceptable corrections
to the ðb → sγÞ and ðBs → μþμ−Þ rates for the stop mass
parameters we present in our benchmark parameter set in
Table II. However, these corrections can be brought under
control by pushing the squark masses to larger values while
simultaneously reducing the value of At to keep consistency
with the Higgs mass. Moreover, these loop induced flavor
observables may be affected by corrections induced by
small, flavor violating gluino couplings [7,94]. Since in this
work we are mostly interested in the electroweak sector of
the theory, we shall assume a proper value for these flavor
observables and we will not expand further on the analysis
of the flavor properties of the theory.

VI. LOW ENERGY SUPERSYMMETRY
EXPLORATIONS

As validation for our theoretical expectations outlined
above, we explore as an example the MSSM’s ability to
simultaneously fit the ATLAS three lepton excess, DM relic
abundance, and the muon’s anomalous magnetic moment
while avoiding direct detection constraints. We perform
numerical scans using MICROMEGAS 5.0.4 [95,96] with
mass spectrum generated by SUSPECT 2.41 [97] (including
radiative corrections). To avoid generic bounds from squark
and gluino searches, we set their soft masses to 2 TeV.
Following the direct detection and aμ discussions of
Secs. III and IV, we require μ;M2 < 0 and M1 > 0, and
choose soft slepton masses ML̃ ≲ 500 GeV. Finally, the
SM-like Higgs mass is required to be 125� 3 GeV. While
the Higgs mass calculation in SUSPECT does not include the
resummation of large logs [16–21], such corrections will
only affect the precise values of the stop mass parameters,
which have no impact on the present analysis. Parameters
not labeled in the following figures are set to benchmark
values presented in Table II.
We first stress that when considering the LHC produc-

tion cross section for electroweakinos, unlike the simplified
case targeted by the ATLAS and CMS experiments, there
can be relevant Higgsino components in χ02 and χ�1 in
the MSSM. This, in general, leads to a reduction of the
signal cross section compared to pure wino-like production.

TABLE II. Benchmark values of MSSM input parameters
for MICROMEGAS with tan β ¼ 20. The squark and slepton soft
masses are degenerate between generations and chiralities.

Param. [GeV] Param. [GeV] Param. [GeV] Param. [GeV]

μ −300 M2 −172 ML̃ 400 MH 1500
M1 63.5 M3 2000 MQ̃ 2000 At 3000
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To account for this, we calculated the MSSM production
cross section to NLO accuracy using PROSPINO2 [98]. As
expected, larger values of jμj lead to larger values of the
LHC cross section due to the larger wino component of the
chargino and second lightest neutralino. This is shown in
Fig. 3, where we present the signal cross sections for the
production of the second lightest neutralino in association
with the lightest chargino at the LHC in theM2 vs μ plane for
tan β ¼ 20. We note here that since the Higgsino compo-
nents of a mostly winolike neutralino are only weakly
dependent on tan β [39], the plot shownwill not be modified
significantly by varying tan β. The mass of the almost
degenerate χ̃02= χ̃

�
1 pair is denoted by the white dashed lines,

whereas the color coding shows the values of the LHC
production cross section. Black labeled contour lines for the
production cross section are also provided to guide the eye.
Figure 3 shows that while the dependence on μ is mild, there
is a strong dependence of the cross section onM2. This is due
in part to the fact that in this regime of parameters the
chargino mass is predominantly governed by M2. Equally
important is the fact that the pure wino cross section is
approximately a factor four larger than the pure Higgsino
one. This in turn implies that the conventional LHC search
bounds on the electroweakino masses become significantly
weaker under the inversion of the mass hierarchy between
winos and Higgsinos, and in fact a pure Higgsino-like
chargino/neutrlino pair is barely constrained by current LHC
analyses. This can be seen for example from Fig. 32 (b) in
Ref. [99], by comparing the 95% C.L. excluded cross
sections with the cross sections for the production of pure
Higgsino neutralino/chargino pairs [32–34].
As discussed in Sec. II, in this work we target the signal

with the highest significance, which comes from the

SR3lISR search with an estimated signal cross section
σðpp → χ̃�1 χ̃

0
2Þ ∼ 3 pb. Although, as can be seen from

Fig. 2, this value of the cross section is about 1σ lower than
the central value of the cross section necessary to explain
the excess in the signal region SR3lISR, it is in better
agreement with the bounds coming from conventional
trilepton searches at ATLAS and CMS [27,28].
From Fig. 3, it can be seen that a 3 pb signal can be
accommodated easily in the MSSM for values of
m0

χ̃2
=m�̃

χ1
∼ 150–170 GeV. On the other hand, for heavier

masses ∼200 GeV, cross sections of the order of 1.6 pb can
be obtained in the MSSM for values of jμj of a few hundred
GeV. Although such cross sections would only explain two
thirds of the trilepton event excess found in the RJR
analyses, they would be more consistent with the observed
excess in the two lepton channel and they would lead to no
tension with the results of conventional searches.
Regarding the compatibility of the signal excess in the

RJR analysis with existing searches for charginos and
neutralinos at the LHC, we reiterate that in Ref. [30] the
GAMBIT collaboration analyzed the effects of the pro-
duction of the relatively light χ̃03;4, χ̃�2 states generically
present in the MSSM in the region of parameters we are
investigating. They concluded that the inclusion of these
heavier neutralinos and charginos, in combination with the
reduced χ̃�1 χ̃

0
2 production cross section associated with

sizable Higgsino mixing, effectively reduces the tension
between the RJR study and previous analyses which set
exclusion limits based on a simplified model. It is certainly
an intriguing possibility which appears to favor a signal
interpretation of the RJR analysis.
Next we focus on the region of parameters where a

phenomenologically viable DM candidate may be obtained
consistent with the signal events at the LHC. The
upper left panel of Fig. 4 shows the region of the μ-m χ̃0

1

plane that can accommodate the observed relic abundance
ΩCDMh2 ¼ 0.12� 50%. As expected, we obtain only the
Higgs resonance region (m χ̃0

1
∼ 60 GeV) for tan β ¼ 10

(red shaded region), tan β ¼ 20 (green shaded region), and
tan β ¼ 60 (blue shaded region), and the Z resonance
region (m χ̃0

1
∼ 45 GeV) (purple shaded region), which in

the large tan β regime is only weakly dependent on tan β.
The tan β dependence of both the Higgs and the Z
resonance regions can be understood from considering
that for a given mass splitting ðm2

h=Z − 4m2
χ̃0
1

Þ, the DM

annihilation cross section scales with the relevant couplings
g2h χ̃0

1
χ̃0
1

∝ ðm χ̃0
1
þ 2μ=tan βÞ2=μ4 or g2Z χ̃0

1
χ̃0
1

∝ 1=μ4 for large

tan β and jμj ≫ m χ̃0
1
[cf. Eqs. (3.6) and (3.8)]. We note that

the RJR signal is optimized for mass splitting between
m χ̃0

2
=m χ̃�

1
and m χ̃0

1
∼ 100 GeV, such that regardless of the

couplings, the decay ð χ̃02 → h χ̃01Þ is kinematically forbid-
den, while ð χ̃02 → Z χ̃01Þ is 100%. Hence, the Higgs and Z
resonance regions would correspond to m χ̃0

2
=m χ̃�

1
∼ 165 or

145 GeV, respectively.

FIG. 3. Contours of χ̃�1 χ̃
0
2 production cross sections (solid

black) and m χ̃0
2
(dashed white) in the μ vs M2 plane for

tan β ¼ 20. All other parameters are fixed to the BM values
shown in Table II.
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As explained in Sec. III, for the heavier m χ̃0
2
=m χ̃�

1
∼

170–200 GeV, which would prefer m χ̃0
1
∼ 70–100 GeV,

the only mechanism in the MSSM for obtaining an
observationally consistent thermal relic density in the
scenario under study would be the t-channel interchange
of light staus, with masses of the order of the lightest
chargino mass. An example of such a scenario would be the
addition of ∼200 GeV right-handed staus [39,100]. All
other sleptons may be kept heavy in order to fulfill the
collider and g − 2 constraints. We have checked that
consistency with the relic density and all other phenom-
enological constraints may be obtained for tan β ≃ 100.
Such large values of tan β may be acceptable provided
there are large corrections to the bottom Yukawa coupling
[56–58,101], keeping the perturbativity of the bottom
sector up to high scales [102,103]. We note that consistent

relic density for a heavier slepton spectrum may be also be
obtained in the NMSSM, where either coannihilation with
singlinos [104] or resonant annihilation through a singlet-
like pseudoscalar [43] may provide the necessary mecha-
nisms without much impact on the collider or direct
detection data.
Also shown in the upper left panel of Fig. 4 is the region

excluded by the SD cross section constraints, which are
almost entirely driven by the Z χ̃01 χ̃

0
1 coupling and hence

depend only weakly on tan β [cf. Eqs. (3.8) and (3.16)]. We
use the SD limits set by PICO-60 for χ̃01–p scattering and
LUX for χ̃01–n scattering, which are σSDp ≈ 4 × 10−5 pb
[105] and σSDn ≈ 2 × 10−5 pb [106], respectively, and we
verified that the bounds on σSDn provide the strongest
constraints in our region of parameters. These SD cross
section constraints demand the value of jμj to be larger than

FIG. 4. Top left: Regions in the μ-m χ̃1 plane that produce a relic abundance ΩCDMh2 ¼ 0.12� 50% for different values of tan β. The
red, green and blue regions correspond to tan β ¼ 10, 20, and 60, respectively (corresponding to the Higgs resonance), while the purple
region corresponds to the Z resonance which is approximately independent of tan β. The lower gray shaded region is excluded by SD
constraints set by LUX, which are again approximately independent of the value of tan β for moderate to large values of tan β. The three
remaining plots show contours of the SI scattering cross section σSIp in theMH-μ plane for tan β ¼ 10 (top right), 20 (bottom left), and 60
(bottom right) with fixed m χ̃0

1
¼ 61.7 GeV. The narrow black regions are excluded by SI constraints set by XENON1T. Other

parameters are fixed to the BM values shown in Table II.

SUPERSYMMETRY AND LHC MISSING ENERGY SIGNALS PHYS. REV. D 98, 115010 (2018)

115010-9



about 270 GeV. Large values of jμj, on the other hand, are
disfavored by the requirement of obtaining the observed
relic density. One obtains an upper bound of jμj of about
500 GeV, independently of the resonant region, which
becomes more stringent for lower values of tan β in the
Higgs resonant region. In particular, the combination of the
relic density andSD cross section constraints rules out values
of tan β < 10 in the Higgs resonant annihilation region.
The remaining panels show the SI direct detection

cross section for m χ̃0
1
¼ 61.7 GeV in the μ-mH plane for

tan β ¼ 10 (upper right), 20 (lower left), and 60 (lower
right), where the regions excluded by current XENON1T
results are denoted in black. We use the current SI limit set
by XENON1T, σSI ≲ 6 × 10−11 pb [48]. We see that in this
region of parameters the SI cross section tends to be
naturally smaller than the current experimental limit. The
behavior of the SI cross section may be easily understood
by the approximate formulas, Eqs. (3.14) and (3.15). The
yellow and red bands show the presence of blind spots,
where the SI cross section is significantly reduced and may
be below the neutrino floor and beyond the reach of near
future experiments. Beyond these regions, the SI cross
sections may be probed by the current and near future
experiments, but they rarely exceed 10−11 pb. Although
one would naturally expect larger cross sections for larger
values of tan β, the presence of blind spots tends to suppress
the SI cross section to values below 10−11 pb even for
tan β ¼ 60, unless the heavy Higgs bosons take values
significantly larger than or below the TeV scale. We note
that the results shown in these plots are only weakly
dependent on the value of m χ̃1 , as long as m2

χ̃1
≪ μ2.

Whereas the precise location of the blind-spot in the

μ-mH plane does depend on m χ̃1 , the qualitative behavior
of the SI cross section discussed remains the same.
Let us stress that heavy Higgs masses below a TeV are

currently disfavored by searches for heavy resonances
decaying to tau lepton pairs [107,108]. These constraints,
however, may be avoided for tan β ≲ 20. Indeed, for
scenarios with light electroweakinos like the one we are
analyzing, the limit on the heavy Higgs mass is lower. For
tan β ¼ 10, due to the relatively small coupling of the τ
lepton to the heavy Higgs bosons, it becomes of the order of
jM2j þ jμj, but becomes stronger, increasing to about
900 GeV, for values of tan β ¼ 20 [109]. At tan β ¼ 60,
the bound is about 1.5 TeV, excluding the region with large
SI cross sections at the left of the blind-spot band in Fig. 4
at this values of tan β. Moreover, precision measurements
of the properties of the SM-like Higgs demand the heavy
Higgs bosons to be heavier than about 600 GeV in this
regime. Hence, if the small excess observed by XENON1T
[48] were a signal of the presence of DM, within this
scenario it would lead to the preference for Higgs masses of
the order of 600 GeV–1 TeV and 10≲ tan β ≲ 20 (with
larger values of the heavy Higgs mass for larger values of
tan β), or for Higgs masses ≳2 TeV for tan β ¼ 60. As
shown in the left-hand upper panel of Fig. 4 this would lead
to a preference for the Z-resonance annihilation region for
the smaller tan β values.
Finally, Fig. 5 shows the region of parameter space that

accommodates the observed deviation of the anomalous
magnetic moment of the muon with respect to the SM
prediction, calculated at leading order with MICROMEGAS.
The left panel of Fig. 5 shows the preferred values of M2

and μ for different values of the slepton masses, and

FIG. 5. Regions of parameter space that produce the observed excess in the anomalous magnetic moment of the muon. Solid lines
denote consistency with the current experimental values, while shaded regions show 1σ variations. Left: The M2 and μ dependence for
several choices of the slepton soft mass parameterML̃ and tan β ¼ 20. Right: TheML̃ and μ dependence for several values of tan β and
M2 ¼ −172 GeV. Other parameters not shown are fixed to the BM values shown in Table II.
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tan β ¼ 20. For simplicity, we have assumed equal soft
supersymmetry breaking parameters for left- and right-
handed sleptons, characterized byML̃ ≃Mν̃. The solid lines
denote the values of μ leading to agreement with the
observed value of aμ, while the shaded bands show the
range of μ consistent with the current 1σ experimental
uncertainty on this quantity. Overall, the dependence of aμ
on the supersymmetry breaking mass parameters is in
agreement with our general expectations based on
Eqs. (4.3) and (4.4). Lighter (heavier) sleptons imply larger
(smaller) preferred values of jμj, with values of jμj in the
range 200–500 GeV for this value of tan β and slepton
masses at the weak scale.
The right panel of Fig. 5 shows the dependence of the

preferred values of the slepton masses and the Higgsino
mass parameter for different values of tan β and
M2 ¼ −172 GeV. While values of tan β ¼ 10 demand
values of these parameters of the order of 200–300 GeV,
the slepton masses can be significantly larger for values of
tan β ¼ 60. In particular, for tan β ¼ 60 and jμj ¼ 300 GeV,
slepton masses of the order of 500 GeV (700 GeV) are
consistentwith the central experimental value (a deviation of
one standard deviation with respect to the central value).
Let us comment that as can be seen from the right panel

of Fig. 5, for small values of the slepton masses,ML̃ < jμj,
which are not described by Eq. (4.4), there is a turning point
in the contours of constant aμ, which tends to lower values
of jμj. This is induced by an increase of the contribution of
neutralinos compared to the one of charginos. Also, the
right-handed slepton contribution become relevant in this
regime. Such light right-handed sleptons, however, are
being constrained by the LHC, which is putting relevant
bounds on slepton masses [27,37]. For instance, the bound
on degenerate first and second generation left and right
handed sleptons decaying into leptons and missing energy
is about 520 GeV. In our setup, however, only the right-
handed sleptons decay directly into leptons and missing
energy. The left-handed sleptons instead decay first into
chargino and second-lightest neutralino states, which as we
discussed before, decay into weak gauge bosons and
missing energy. Hence, the bounds on these sleptons are
expected to be significantly weaker than the ones associ-
ated with the decay into just leptons and missing energy.
Regarding the limit on the right-handed sleptons, the
collective cross section of first and second generation
sleptons with mass of about 520 GeV is about 1 fb, while
the one of 400 GeV right-handed sleptons is also about 1 fb
and hence at the edge of the LHC limit. However, since the
right-handed sleptons do not play an important role in
determining aμ, it is enough to make them a few tens of the
GeV heavier to easily avoid the current LHC limits, without
affecting any of the essential features of this scenario.
As a concrete example, we present a BM parameter set

satisfying all of the constraints discussed above. The
MSSM parameters are shown in Table II for tan β ¼ 20,

and the associated mass spectrum is shown in Table III. The
NLO production cross section in the MSSM corresponding
to our BM masses is

σðpp → χ�1 χ
0
2Þ ¼ 2.92 pb; ð6:1Þ

for the sum of χ̃þ1 χ̃
0
2 and χ̃−1 χ̃

0
2 production. The lightest

neutralino annihilates via the Higgs resonance, giving a
relic abundance of

ΩCDMh2 ¼ 0.121; ð6:2Þ
while the cross sections for SI and SD direct detection are

σSIp ¼ 6.82×10−13 pb; σSDp ¼ 1.70×10−5 pb;

σSIn ¼ 4.70×10−13 pb; σSDn ¼ 1.33×10−5 pb: ð6:3Þ
Finally, the MSSM contribution to the muon’s anomalous
magnetic moment is estimated to be

aMSSM
μ ¼ 248 × 10−11: ð6:4Þ

The production cross section required to accommodate
the central value excesses in the three lepton searches at
ATLAS for ðm χ̃�

1
= χ̃0

2
; m χ̃0

1
Þ ¼ ð165; 61.7Þ GeV is approx-

imately 4 pb (cf. Fig. 2). While our BM cross section
remains ∼1σ below this central value, we again stress that
this may alleviate some tension with previous analyses. We
note that lower values of m χ̃�

1
= χ̃0

2
, as preferred for χ̃01

resonant annihilation to the Z boson, generally improve
the consistency with the trilepton RJR searches at the
expense of increasing the tension with previous analyses.
Regarding the direct detection cross sections for our BM
point, while they are sufficiently suppressed to evade
current limits, they may be probable in the near future
through SD interactions. Lastly, we see that the resulting
value of aμ is well within 1σ of the currently observed
experimental value.
Finally, we would like to reiterate that the excess of

events observed in the ATLAS RJR analysis is interesting
but cannot be yet taken as a significant signal of new

TABLE III. Benchmark mass spectrum generated from the
input parameters of Table II.

Part. m [GeV] Part. m [GeV] Part. m [GeV] Part. m [GeV]

h 125.84 χ̃�1 165.0 ν̃e 395.0 ũR 2069.8
H 1500.03 χ̃�2 333.6 ν̃μ 395.0 ũL 2069.5
H3 1500.00 τ̃1 389.5 ν̃τ 395.0 d̃R 2070.3
H� 1502.38 τ̃2 415.0 g̃ 2129.2 d̃L 2071.0
χ̃01 61.7 ẽR 402.4 t̃1 1927.7 s̃R 2070.3
χ̃02 164.8 ẽL 402.6 t̃2 2131.6 s̃L 2071.0
χ̃03 314.2 μ̃R 402.4 b̃1 2067.1 c̃R 2069.8
χ̃04 331.2 μ̃L 402.6 b̃2 2074.1 c̃L 2069.5
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physics. We present this BM point only as an example of
the possible parameters in the electroweak sector consistent
with current data. Quite generally, we show that if future
LHC data provides a confirmation of electroweakinos at the
weak scale, it is not difficult to fulfill other observational
and experimental constraints as well. Accommodating the
observed relic density is generically the most stringent
requirement.

VII. CONCLUSIONS

Despite a lack of any conclusive evidence for its
presence at the weak scale, supersymmetry remains a well
motivated extension of the SM, and may answer many
open questions in particle physics. In this article we have
presented a study of the current constraints on the
electroweak sector in low energy supersymmetry models.
As an example, we have taken gaugino and Higgsino mass
parameters that can be consistent with a new physics
interpretation of recent event excesses in the ATLAS
search for electroweakinos using the RJR method. The
large cross sections associated with these excesses imply
that the second lightest supersymmetric particle must be
light, with a mass below about 200 GeV and with a large
wino component.
Overall, collider and DM relic density constraints

lead to masses for the lightest chargino and neutralinos of
150GeV≲m χ̃�

1
; χ̃0

2
≲200GeV and 45GeV≲m χ̃0

1
≲100GeV,

respectively. The lower range of masses for the chargino and
second lightest neutralino, of about 150 GeV, and of the
lightest neutralino, of order 50 GeV, leads to consistency
with the most significant events excesses, associated with
trileptons plus missing energy. Moreover, for this range of
masses the observed relic density may be obtained
through the resonant annihilation of the lightest neutralino
via either the SM-like Higgs or the Z-gauge boson.
On the other hand, the higher chargino mass range, of about
200 GeV, and lightest neutralino masses, of about 100 GeV,
allows for a better description of the dilepton plus missing
energy events, but at the price of worsening the description
of the trilepton plus missing energy ones. Barring non-
thermal mechanisms, the only way of obtaining the
observed relic density for heavy squarks and the lightest
neutralino in this range of masses in the MSSM is through
the interchange of light staus, with mass close to 200 GeV
and largevalues of tan β ≃ 100. Thismay be also obtained in
simple extensions of the MSSM, like the NMSSM, without
affecting the phenomenological signatures we analyze in
this work.
Consistency with the observed relic density and the

current bound on the SD cross section requires values of
500 GeV≳ jμj ≳ 270 GeV. The smaller values of jμj ≃
300 GeV also lead to lower LHC production cross sections,
reducing the tension with the bounds coming from conven-
tional searches, while allowing 1σ consistency with the
RJR analysis. The heavy Higgs sector remains at energy

scales of the order of 1 TeVand provides a reduction of the
SI cross section rate, which is naturally below the current
bounds on this quantity. Values of the SI cross section close
to the current experimental bound may be obtained for
values of 10≲ tan β ≲ 20 and 500 GeV≲MH≲1 TeV,
which may also be probed at the LHC through heavy
Higgs decays to di-tau searches in the near future.
Moreover, values of tan β ≳ 10 and left-handed sleptons
with masses of the order of 200–500 GeV are required to
explain the observed anomalous magnetic moment of the
muon. Negative values of μ ×M1 and positive values of μ ×
M2 are able to accommodate the current constraints on the SI
cross section and the observed anomalous magnetic moment
of themuon, respectively. Squarks and, in particular, gluinos,
remain significantly heavier than the weakly interacting
particles. This, together with the information on the weak
gauginomasses discussed above, favors schemeswith highly
nonuniversal gaugino mass parameters.
We stress that most of the conclusions of this work

remain valid even if the LHC production cross sections of
χ̃�1 χ̃

0
2 are lower than the one suggested by the ATLAS RJR

analysis. For a given chargino mass and value of jμj, such
lower cross sections would be associated with larger values
of jM2j. The behavior of the relevant observables may be
understood by noticing that in the relevant region of
parameters the g − 2 results, Eq. (4.4), are invariant under
the interchange ofM2 and μ. Moreover, for a given value of
M1, the DM relic density and its SI and SD interaction cross
sections depend only on the value of μ. Hence, all the
results presented here are easily extrapolated to the case of
larger jM2j and can be understood from the analytical
expressions and numerical results shown in this article.
In summary, this work has shown that the electroweak

sector of low energy supersymmetry models can be
naturally compatible with the observed DM relic density,
the absence of direct DM detection signals, and the
observed value of aμ. Combined with a new physics
interpretation of the recent event excesses reported by
the ATLAS collaboration in the RJR analysis, this con-
sequently leads to a consistent picture in which the
characteristic mass parameters of the gaugino, Higgsino,
heavy Higgs, and slepton sectors may be determined. The
study we have performed is useful to understand the
behavior of DM and (gμ − 2) observables for electro-
weakino masses of a few hundred GeV, even if these
ATLAS event excesses were not confirmed. The analysis of
the complete run II LHC data set, together with improve-
ments in the determination of the range of SI and SD cross
sections and the anomalous magnetic moment of the muon
will further probe this attractive, beyond the standard model
physics scenario in the near future.
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