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We explore the ability of current and future dark matter and collider experiments in probing the
anomalous magnetic moment of the muon, ðg − 2Þμ, within the minimal supersymmetric standard model
(MSSM). We find that the latest PandaX-II/LUX-2016 data give a strong constraint on parameter space
that accommodates the ðg − 2Þμ within the 2σ range, which will be further excluded by the upcoming
XENON-1T (2017) experiment. We also find that a 100 TeV pp collider can cover most of our surviving
samples that satisfy dark matter (DM) relic density within the 3σ range through the Z or h resonant effect by
searching for trilepton events from ~χ02 ~χ

þ
1 associated production. The samples that are beyond future

sensitivity of the trilepton search at a 100 TeV pp collider and the DM direct detections are either
Higgsino/winolike lightest supersymmetric partilces (LSPs) or binolike LSPs coannihilating with sleptons.
Such compressed regions may be covered by the monojet(like) searches at a 100 TeV pp collider.
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I. INTRODUCTION

The discovery of the Higgs boson [1,2] and subsequent
measurements of its properties completed the Standard
Model (SM) and provided it with very convincing evidence
for the simplest perturbative realization of the electroweak
symmetry breaking (EWSB). Despite this overwhelming
empirical success, our understanding of EWSB is incom-
plete. Namely, the quantum corrections are known to drive
the Higgs mass (and hence the electroweak scale) toward
high-energy scales, and thus the SM requires unnaturally
precise fine-tuning of parameters to satisfy the observa-
tions. In addition, observations of neutrino oscillations and
dark matter (DM) certainly require beyond the standard
model physics.
Other deviations from the SM prediction are long seen in

the measurements of the anomalous magnetic moment of
the muon, aμ ¼ ðg − 2Þμ=2 [3–6]. The recently measured
values [7–9],

ΔaExp−SMμ ¼
� ð28.7� 8.0Þ × 10−10 ;

ð26.1� 8.0Þ × 10−10 ;
ð1Þ

are more than 3σ away from the SM prediction, which
includes improved QED [10] and electroweak [11] con-
tributions. The upcoming experiments at NBL will measure
the ðg − 2Þμ with a precision of 0.14 ppm [12], which

would potentially allow a 5σ discovery of new physics
through such measurements. Needless to say, there are
several candidate explanations for the ðg − 2Þμ anomaly
proposed within various new physics frameworks.
Theweak-scale supersymmetry (SUSY) has long been the

dominant paradigm for new particle physics. The minimal
supersymmetric standard model (MSSM) not only provides
an elegant solution to the hierarchy problem but also may
successfully explain the ðg − 2Þμ anomaly [13–33]. In the
MSSM, the most significant contribution to aμ is due to the
one-loop diagrams involving the smuon ~μ, muon sneutrino
~νμ, neutralinos ~χ0, and charginos ~χ�. The one-loop contri-
bution toaμ arises if there is a chirality flip between incoming
and outgoing external muon lines, which may be induced
through the L − R mixing in the smuon sector or the SUSY
Yukawa couplings of Higgsinos to the muon and ~μ or ~νμ.
Therefore, these contributions to aμ are typically propor-
tional to m2

μ=M2
SUSY. Thus, to generate the sizable contri-

butions to aμ, the SUSY scaleMSUSY encapsulating slepton
and electroweakino masses has to be around Oð100Þ GeV.
So, the detection of light sleptons and electroweakinos will
provide a test for theMSSMsolution to the ðg − 2Þμ problem.
The negative results of direct searches for sparticles

during the LHC Run-1 have pushed up the mass limits of
the first two generation squarks and gluino into the TeV
region [34,35]. The third generation squarks have been
tightly constrained in the simplified models [36,37], such
as in stealth SUSY [38] and natural SUSY [39–44]. Unlike
the colored sparticles, the bounds on the sleptons [45,46]
and electroweakinos [47,48] are relatively weak, especially
for the region of the compressed spectrum. The lightest
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neutralino still remains as a successful DM candidate, and a
significant effort has been made to obtain a lower mass
limit on the neutralino LSP in MSSM; see, e.g., [49–52].
In this paper, we explore the potential of the current

and future dark matter and collider experiments to probe
the anomalous magnetic moment of the muon within the
MSSM. Using LEP and Higgs data and demanding that the
theory accommodates ðg − 2Þμ measurements within the 2σ
range, we derive bounds on the electroweakino masses.
Following this, we impose dark matter constraints from
Planck, PandaX-II/LUX 2016 data, and constraints from
LHC searches for dilepton and trilepton events. Then, we
evaluate the prospect of a future 100 TeV hadron collider in
probing electroweakinos in trilepton events within this
scenario. Finally, our conclusions are presented.

II. ðg − 2Þμ IN MSSM

The low-energy effective operator for magnetic dipole
moment (MDM) is given by

LMDM ¼ e
4mμ

aμμ̄σρλμFρλ; ð2Þ

where e is the electric charge andmμ is the muon mass. Fρλ

is the field strength of the photon field and σρλ ¼ i
2
½γρ; γλ�.

In the MSSM, there are essentially two types of diagrams
that contribute to aμ at one-loop; i.e., one is the ~χ0 − ~μ loop
diagram (left panel of Fig. 1) and the other is the chargino
~χ� − ~νμ loop diagram (right panel of Fig. 1). The expres-
sions for one-loop SUSY corrections to aμ (including the
complex phases effects) are given by [14]

a~χ0
μ ¼ mμ

16π2
X
i;α

�
−

mμ

12m2
~μm

ðjnLiαj2 þ jnRiαj2ÞFN
1 ðxiαÞ

þ
m~χ0i

3m2
~μm

ReðnLiαnRiαÞFN
2 ðxiαÞ

�
; ð3Þ

a~χþ
μ ¼ mμ

16π2
X
j

�
mμ

12m2
~νμ

ðjcLj j2 þ jcRj j2ÞFC
1 ðxjÞ

þ
2m~χ�j

3m2
~νμ

ReðcLj cRj ÞFC
2 ðxjÞ

�
; ð4Þ

where i ¼ 1, 2, 3, 4; j ¼ 1, 2; and α ¼ 1, 2 denotes the
neutralino, chargino, and smuon mass eigenstates, respec-
tively. The couplings are defined as

nRiα ¼
ffiffiffi
2

p
g1Ni1Xα2 þ yμNi3Xα1;

nLiα ¼
1ffiffiffi
2

p ðg2Ni2 þ g1Ni1ÞX�
α1 − yμNi3X�

α2;

cRj ¼ yμUj2;

cLj ¼ −g2Vj1; ð5Þ

where the muon Yukawa coupling yμ ¼ g2mμ=
ffiffiffi
2

p
mW

cos β:N are the neutralino and U, V are the chargino
mixing matrices, respectively. X denotes the slepton mixing
matrix. In terms of the kinematic variables xiα ¼ m2

~χ0i
=m2

~μα

and xj ¼ m2
~χ�j
=m2

~νμ
, the loop functions F are defined as

follows:

FN
1 ðxÞ ¼

2

ð1 − xÞ4 ½1 − 6xþ 3x2 þ 2x3 − 6x2 ln x�;

FN
2 ðxÞ ¼

3

ð1 − xÞ3 ½1 − x2 þ 2x ln x�;

FC
1 ðxÞ ¼

2

ð1 − xÞ4 ½2þ 3x − 6x2 þ x3 þ 6x ln x�;

FC
2 ðxÞ ¼ −

3

2ð1 − xÞ3 ½3 − 4xþ x2 þ 2 ln x�: ð6Þ

These one-loop corrections mainly rely on the bino/wino
masses M1;2, the Higgsino mass μ, the left- and right-
smuon mass parameters, M ~μL; ~μR , and the ratio of the two
Higgs vacuum expectation values, tan β. They have a weak
dependence on the second generation trilinear coupling Aμ.
In the limit of large tan β, when all the mass scales are
roughly of the same order of MSUSY, the contributions
Eq. (3) and Eq. (4) can be approximately written as

a~χ�
μ ≃ m2

μg22
32π2M2

SUSY
tan β; ð7Þ

a~χ0
μ ≃ m2

μ

192π2M2
SUSY

ðg21 − g22Þ tan β: ð8Þ

FIG. 1. One-loop diagram contributions of the MSSM to the muon anomalous magnetic moment, ðg − 2Þμ. The first involves a smuon-
neutralino (left) and the second a chargino-muon sneutrino loop (right).
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The detailed dependence of aμ on the five relevant mass
parameters tan β is complicated. For two-loop corrections,
it should be noted that if the squark masses (or masses of
the first or third generation slepton) become large, the
SUSY contributions to aμ do not decouple but are loga-
rithmically enhanced. Depending on the mass pattern, a
positive or negative correction of O(10%) for squark
masses in the few TeV region can be obtained; see
Ref. [53].

III. CONSTRAINTS ON MSSM EXPLANATION
OF ðg − 2Þμ

In the following, we numerically calculate Δaμ by using
the FeynHiggs-2.12.0 [54] package and scan the relevant
MSSM parameter space:

10 < tan β < 50; −2 TeV < M1; M2 < 2 TeV;

−2 TeV < μ < 2 TeV; 0.1 TeV < m~lL
; m~lR

< 2 TeV;

ð9Þ

where we have the subscript l ¼ e, μ. Because of the small
effects on aμ, the slepton trilinear parameters of the first
two generations are assumed as Al ¼ 0. We also decouple
the stau sector by setting the soft stau mass parameters
m~τL ¼ m~τR ¼ 5 TeV and trilinear parameter Aτ ¼ 0. So the
stau will not contribute to the trilepton signals in our
simulations. To satisfy the 125 GeV Higgs mass within a
2 GeV deviation, we vary the stop trilinear parameter in the
range jAtj < 5 TeV and set the stop soft masses at 5 TeV.
We require the mixing parameter jXt=MSj < 2 to avoid the
charge/color-breaking minima [55]. We additionally cal-
culate the Higgs mass and the rest of the sparticle masses
with FeynHiggs-2.12.0 [54].

A. LEP and Higgs data

In our scan, we also consider the following experimental
bounds:

(i) LEP: the direct searches for the slepton and chargino
at LEP produce the lower mass limits on the first two
generation sleptons and lightest chargino [56],

m~lL
; m~lR

> 100 GeV ðl ¼ e; μÞ; ð10Þ

m~χ�
1
> 105 GeV: ð11Þ

(ii) Higgs data: the exclusion limits at 95% C.L. from
the experimental cross sections from Higgs searches
at LEP, Tevatron, and LHC are examined by using
HiggsBounds-4.2.1 [57].

(iii) We require the lightest neutralino ~χ01 as the LSP and
m~χ0

1
> 30 GeV to be consistent with the bound on

light MSSM neutralino dark matter [58].

In Fig. 2, we present the dependence of Δaμ on the
masses of neutralinos (~χ01;2), charginos (~χ

�
1;2), and smuons

( ~μ1;2). Within the scan ranges of Eq. (9), we find that the
~χ� − ~νμ loop dominates over the ~χ0 − ~μ loop. A sizable
SUSY contribution to aμ can be obtained, ifM1,M2, and μ
have the same sign and ~χ01;2 and ~χ�1 have sizable Higgsino,
wino, or both components with large tan β. The explanation
of Δaμ within a 2σ range requires m~χ0

1
< 1.0 TeV and

m~μ1 < 1.03 TeV.1 However, a Higgsino or winolike LSP
typically cannot satisfy the constraints of the dark matter
relic density and are constrained using data from direct
detection experiments.

B. DM relic density and direct
detection experiments

Next, we confront the MSSM explanation of ðg − 2Þμ
with the various dark matter experiments. We use
MicrOmegas-4.2.3 [62] to calculate the dark matter relic density
Ωh2 and the spin-independent neutralino scattering cross
sections with nuclei, denoted as σSI. It should be noted that
the thermal relic abundance of the light Higgsino or
winolike neutralino dark matter is typically low due to
the large annihilation rate in the early universe. This leads
to the standard thermally produced Weakly Interacting
Massive Particle(WIMP) dark matter being underabundant.
In order to have the correct relic density, several alternatives
have been proposed, such as choosing the axion-Higgsino
admixture as a dark matter candidate [63]. So we rescale the
scattering cross section σSI by a factor of (Ωh2=ΩPlanckh2),
where ΩPlanckh2 ¼ 0.112� 0.006 is the relic density mea-
sured by the Planck satellite [64].
In Fig. 3, we show the neutralino dark matter relic

density Ωh2 (left) and the spin-independent neutralino-
nucleon scattering cross section σSI (right). All samples
satisfy the LEP, Higgs data, and ðg − 2Þμ within 2σ. In the
left panel of Fig. 3, it can be seen that there are a number of
samples above the 3σ upper bound of the Planck relic
density measurement. Those samples are binolike and
annihilate to the SM particles very slowly, which leads
to an overabundance of dark matter in the universe. On the
other hand, there are two dips around MZ and Mh,
respectively, where ~χ01 ~χ

0
1 can efficiently annihilate through

the resonance effect. When the LSP Higgsino or wino
component dominates, the annihilation cross section of
~χ01 ~χ

0
1 is small so that the relic density is less than the 3σ

lower bound of the Planck value. A mixed LSP with a
certain Higgsino or wino fraction [61] can be reconciled

1It should be noted that if the Higgsino mass parameter μ is
large enough, the g − 2 anomaly may be explained through the
bino-smuon loop contribution, due to the large smuon left-right
mixing [59]. But such a large μ scenario is disfavored by the
vacuum stability [59] and the naturalness [60] and is highly
constrained by the dark matter relic density [61].
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FIG. 2. Scatter plot on the plane of Δaμ and sparticle masses. Green circles satisfy the constraints from LEP and LHC Higgs data.
The dashed lines represent the 2σ band on Δaμ given by Eq. (1).

FIG. 3. The neutralino dark matter relic density Ωh2 (left) and the spin-independent neutralino-nucleon scattering cross section σSI

(right). The dashed line is the PLANCK central value, and the dash-dotted lines are corresponding 3σ bands. The exclusion limits on the
σSI from LUX (2013) (black line) [65], LUX (2016) (magenta line) [66], PandaX-II (red line) [67], and XENON1T (2017) (blue line)
[68] are projected. Green circles satisfy the LEP, Higgs data, and 2σ bound of ðg − 2Þμ (left) and 3σ upper bound ofΩh2, while the black
squares further require Ωh2 within the 3σ range.
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with the measured relic abundance Ωh2 within the 3σ
range. In the right panel of Fig. 3, we project the samples
that satisfy 3σ upper bound ΩPlanckh2 on the plane of σSI

versus m~χ0
1
.

A significant portion of the parameter spacewhere theLSP
has a sizable Higgsino orwino component is excluded by the
recent PandaX-II [67] and LUX data [66]. The samples with
nearly pure Higgsino or wino LSPs escape experimental
constraints due to the large reduction in the DM abundance.
We also find some samples with the correct DM relic density
(within 3σ) that satisfy the LUX constraints. These samples
can be placed in two categories. The smaller portion of
samples belong to the so-called MSSM blind-spot region of
parameters [69,70] where the LSP coupling to the Higgs=Z
boson is so small that the DM-nucleon scattering cross
section is highly suppressed. The sfermions and other heavy
Higgs bosons are decoupled for these particular samples. The
second case is that the binolike LSPs coannihilate with the
sleptons. The scattering cross section of the binolike LSP
with the nucleon can be small to avoid the LUX bound. The
future XENON1T (2017) experiment [68] will further cover
the parameter space.

C. LHC 8 TeV collider search

Given the great progress of LHC experiments, we recast
the results of searching for 2lþ ET and 3lþ ET signa-
tures at LHC-8 TeV. We focus on 8 TeV data. In fact, most
of the dedicated analyses at 13 TeV are either preliminary
[71–73] or do not provide stronger constraints in general
due to the still small luminosity [74]. The main processes
contributing to 2lþ ET events can arise from the produc-
tion of sleptons pair and charginos,

pp → ~lþ ~l−; ~χþ1 ~χ
−
1 ð12Þ

with the subsequent decays to leptons:
(i) slepton decay: ~l� → l� ~χ01;
(ii) chargino decays: (a) through sleptons: ~χ�1 →

~l�ð→ l� ~χ01Þνl, (b) through sneutrinos: ~χ�1 →
~νlð→ νl ~χ

0
1Þl�, (c) through W boson: ~χ�1 → W�

ð→ l�νlÞ~χ01.
While 3lþ ET events mainly come from the associated
production of chargino and neutralino,

pp → ~χ0i ~χ
�
j ; ð13Þ

where i ¼ 2, 3, 4 and j ¼ 1, 2. They then decay in two
different ways:

(i) through sleptons/sneutrinos: (a) ~χ0i → l∓ ~l�

ð→ l� ~χ01Þ, ~χ�j → ~l�ð→ l� ~χ01Þνl, (b) ~χ0i → l∓ ~l�

ð→ l� ~χ01Þ, ~χ�j → ~νlð→ νl ~χ
0
1Þl�;

(ii) through the SM gauge bosons: ~χ0i → Zð�Þ

ð→ l�l∓Þ~χ01, ~χ�j → W�ð�Þð→ l�νlÞ~χ01.

We use SPheno-3.3.8 [75] to produce the spectrum file to
employ in MadGraph5_aMC@NLO [76] and generate the parton
level signal events. Then the events are showered and
hadronized by PYTHIA [77]. The detector effects are
included by using the tuned Delphes [78]. FastJet [79] is used
to cluster jets with the anti-kt algorithm [80]. We recast the
ATLAS dilepton [45] and trilepton [47] analyses by using
CheckMATE-1.2.2 [81]. We include the next-to-leading order
correction effects in the production of ~l� ~l∓, ~χ�i ~χ

∓
i , and

~χ0i ~χ
�
j productions by multiplying a K-factor 1.3 [82]. The

main SM backgrounds include WZ, ZZ, and ttVðV ¼
W;ZÞ. To estimate the exclusion limit, we define the ratio
r ¼ maxðNS;i=S95%obs;iÞ, where NS;i and S95%obs;i are the event
numbers of the signal for the ith signal region and the
corresponding observed 95% C.L. upper limit, respectively.
The max is over all signal regions defined in the analysis. We
conclude that a sample is excluded at 95% C.L., if r > 1.
In Fig. 4, we recast the LHC Run-1 dilepton and trilepton

exclusion limits on the plane of m~χ�
1
and m~χ0

1
. All samples

satisfy the LEP, Higgs data, 3σ upper bound of relic density,
LUX 2016, and ðg − 2Þμ within the 2σ range. Red squares
(Ωh2 < þ3σ) and blue diamonds (−3σ < Ωh2 < þ3σ) are
excluded by 2lþ ET and 3lþ ET events. In Fig. 4, we can
see that a portion of samples in ~χ�1 < 710 GeV and ~χ01 <
300 GeV can be excluded. A bulk of samples in the
parameter space with ~χ01 being Higgsino or winolike cannot

FIG. 4. Exclusion limits from LHC Run-1 dilepton and
trilepton events. All samples satisfy the LEP, Higgs data, 3σ
upper bound of the dark matter relic density, LUX 2016, and
ðg − 2Þμ within the 2σ. Red squares (Ωh2 < þ3σ) and blue
diamonds (−3σ < Ωh2 < þ3σ) are excluded by 2lþ ET and
3lþ ET events.

PROBING THE MSSM EXPLANATION OF THE MUON G-2 … PHYSICAL REVIEW D 95, 055023 (2017)

055023-5



be covered because of the small mass difference between
~χ�1 and ~χ01. Such a region may be accessed by the monojet
(like) or the vector boson fusion production at HL-LHC
[83–89]. In addition, when ~χ02 has a sizable bino compo-
nent, the limit from trilepton events will become weak
because of the reduction of the cross section of ~χ�1 ~χ

0
2. We

also find that the dilepton channel can be complementary to
the trilepton channel when the latter is suppressed by small
neutralino leptonic branching ratios. An important factor in
the dilepton and trilepton yields is the leptonic branching
fraction that can vary widely throughout the parameter
space. If the slepton is on shell, the chargino two-body
decays then dominate and its leptonic branching fraction
is maximized, Brð~χ�1 → ~χ01 ~l

�ð→ l�νlÞÞmax ¼ 2=3. When
the sneutrino is on shell and is lighter than the correspond-
ing slepton, the channel ~χ02 → νl ~νl will dominate the decay
width, and the neutralino leptonic branching ratio is
suppressed. On the other hand, if the slepton and sneutrino
are heavy enough, the decay amplitudes of ~χ�1 and ~χ02 are
dominated by W and Z boson exchanges, respectively,
which give ~χ�1 → ~χ01W

�ð→ l�νlÞ≃ 2=9 and ~χ02 → ~χ01Z
ð→ l�l∓Þ≃ 6%. On the other hand, ~χ02 can decay to h~χ01
with a sizable branching ratio if kinematically accessible,
which can also weaken the trilepton exclusion limit.

IV. PROSPECTS AT A 100 TEV COLLIDER

To hunt for new fundamental particles, a 100 TeV pp
collider has been under discussion in recent years, which
will allow us to probe the new physics scale roughly an
order of magnitude higher than we can possibly reach with

the LHC [90]. In this section, we estimate the prospects
of probing the MSSM explanation of the ðg − 2Þμ anomaly
by extrapolating the above 8 TeV trilepton analysis to a
100 TeV pp collider. For each allowed sample above, we
use the most sensitive signal region in 8 TeV analysis and
simply assume the same detection efficiency in the 100 TeV
analysis. We rescale the signal (S) and background (B)
events by the following ratio:

N100 TeV ¼ ðσ100 TeV=σ8 TeVÞð3000 fb−1=20.3 fb−1ÞN8 TeV:

ð14Þ

Such a treatment can be considered as a preliminary
theoretical estimation. The optimized analysis strategy
may be achieved once the details of the collider environ-
ment is known. To obtain the expected exclusion limits, we
use the following equation:

Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ ðβsysBÞ2

q ≥ 2 ½excluded�; ð15Þ

where the factor βsys parametrizes the systematic uncer-
tainty. In Fig. 5, we can see that when βsys ¼ 0.1, a majority
of samples allowed by ðg − 2Þμ in the parameter space
with ~χ01 < 530 GeV and ~χ�1 < 940 GeV can be excluded.
Such a range will be extended to ~χ01 < 710 GeV and
~χ�1 < 940 GeV, if βsys ¼ 0.
It should be noted that the region that satisfies the DM

relic density within the 3σ range through the Z or h
resonant annihilation in the blind spots can be covered by

FIG. 5. Same as Fig. 4, but for the expected exclusion limit at a 100 TeV pp collider with the luminosity of 3000 fb−1. Red squares
(Ωh2 < þ3σ) and blue diamonds −3σ < Ωh2 < þ3σ are excluded by searching for 3lþMET events. The systematic uncertainty βsys
is taken as 0.1 and 0, respectively.
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searching for trilepton events from ~χ02 ~χ
þ
1 associated

production at a 100 TeV pp collider. The samples that
are beyond future sensitivity of this trilepton search and
the DM direct detections are either Higgsino/winolike
LSPs with the compressed mass spectrum or binolike
LSPs coannihilating with sleptons. Such compressed
regions may be probed by the monojet(like) searches at
a 100 TeV pp collider [91].

V. CONCLUSION

In this work we have studied the prospect of current
and future dark matter and collider experiments in probing
the anomalous magnetic moment of the muon in the
MSSM. Under the constraints of Higgs data, dark matter
relic density, PandaX-II/LUX-2016 experiments, and
LHC-8 TeV searches for dilepton/trilepton events, we find
the Planck data and the recent PandaX-II/LUX data can
significantly exclude the MSSM parameter space satisfying

ðg − 2Þμ, which will be further excluded by the upcoming
XENON-1T (2017) experiment. We also find that most
of our surviving samples that satisfy DM relic density
within the 3σ range through the Z or h resonant effect can
be covered by searching for trilepton events from ~χ02 ~χ

þ
1

associated production of a 100 TeV pp collider. While
the samples that are beyond the future sensitivity of this
trilepton search and DM direct detections are either
Higgsino/winolike LSPs or binolike LSPs coannihilating
with sleptons. Such compressed regions may be probed by
the monojet(like) searches at a future 100 TeV pp collider.
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