
J
H
E
P
1
1
(
2
0
2
3
)
0
3
7

Published for SISSA by Springer
Received: March 16, 2023

Revised: September 6, 2023
Accepted: October 20, 2023

Published: November 8, 2023

Lighting up the LHC with Dark Matter

Sebastian Baum,a Marcela Carena,b,c,d Tong Ou,c Duncan Rocha,c
Nausheen R. Shahe and Carlos E.M. Wagnerc,d,f
aStanford Institute for Theoretical Physics, Physics Department, Stanford University,
Stanford, CA 94305, U.S.A.
bTheoretical Physics Department, Fermi National Accelerator Laboratory,
Batavia, IL 60510, U.S.A.
cEnrico Fermi Institute, Physics Department, University of Chicago,
Chicago, IL 60637, U.S.A.
dKavli Institute for Cosmological Physics, University of Chicago,
Chicago, IL 60637, U.S.A.
eDepartment of Physics and Astronomy, Wayne State University,
Detroit, MI 48201, U.S.A.
fHEP Division, Argonne National Laboratory,
9700 Cass Ave., Argonne, IL 60439, U.S.A.
E-mail: sbaum@stanford.edu, carena@fnal.gov, tongou@uchicago.edu,
drocha@uchicago.edu, nausheen.shah@wayne.edu, elcwagner@gmail.com

Abstract: We show that simultaneously explaining dark matter and the observed value of
the muon’s magnetic dipole moment may lead to yet unexplored photon signals at the LHC.
We consider the Minimal Supersymmetric Standard Model with electroweakino masses in
the few-to-several hundred GeV range, and opposite sign of the Bino mass parameter with
respect to both the Higgsino and Wino mass parameters. In such region of parameter space,
the spin-independent elastic scattering cross section of a Bino-like dark matter candidate in
direct detection experiment is suppressed by cancellations between different amplitudes,
and the observed dark matter relic density can be realized via Bino-Wino co-annihilation.
Moreover, the observed value of the muon’s magnetic dipole moment can be explained by
Bino and Wino loop contributions. Interestingly, “radiative” decays of Wino-like neutralinos
into the lightest neutralino and a photon are enhanced, whereas decays into leptons are
suppressed. While these decay patterns weaken the reach of multi-lepton searches at
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photon plus missing transverse energy, accompanied by a hard initial state radiation jet.

Keywords: Dark Matter at Colliders, Models for Dark Matter, Supersymmetry

ArXiv ePrint: 2303.01523

Open Access, c© The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP11(2023)037

mailto:sbaum@stanford.edu
mailto:carena@fnal.gov
mailto:tongou@uchicago.edu
mailto:drocha@uchicago.edu
mailto:nausheen.shah@wayne.edu
mailto:elcwagner@gmail.com
https://arxiv.org/abs/2303.01523
https://doi.org/10.1007/JHEP11(2023)037


J
H
E
P
1
1
(
2
0
2
3
)
0
3
7

Contents

1 Introduction 1

2 Neutralino, chargino, and slepton sectors of the MSSM 5

3 Phenomenology in the compressed region 8
3.1 Dark matter constraints 8
3.2 Muon magnetic moment 11
3.3 Decays from χ̃0

2 to χ̃0
1 12

4 Numerical analysis 17

5 A new search channel at the LHC 23

6 Conclusion 27

A Analytic calculations of radiative decay 29

B Further plots of mχ̃0
2

vs. ∆m(χ̃0
2, χ̃

0
1) 29

1 Introduction

The origin of the weak scale and the nature of Dark Matter (DM) are arguably the most
important and intriguing questions in particle physics. The weak scale is known to be
unstable under radiative corrections induced by heavy particles which couple to the Higgs.
Many extensions of the Standard Model have been proposed in which these corrections
cancel in a natural way. Such extensions often include a discrete symmetry which renders
the lightest beyond the Standard Model (BSM) particle stable. These stable particles,
which tend to be neutral and weakly interacting, are the prototypical candidates for particle
DM and are referred to as WIMPs (Weakly Interacting Massive Particles).

Low energy Supersymmetry is a very attractive extension of the Standard Model, since
it not only solves the stability problem of the electroweak scale and includes a natural
DM candidate, but it is also consistent with the unification of gauge couplings at scales
close to the Planck scale [1–3]. The WIMP DM candidate in low energy supersymmetry
theories is mostly identified with the lightest neutralino, the lightest neutral mass eigenstate
of the sector comprised of the superpartners of the electroweak gauge and Higgs bosons.
Supersymmetric models typically add a multitude of new particles to the SM. However,
low energy supersymmetry leads to a rich interplay between different phenomenological
aspects. As we will discuss in this work, there are relationships between DM phenomenology,
contributions to the anomalous magnetic moments of leptons, and collider phenomenology.

In this work we concentrate on the Minimal Supersymmetric Standard Model (MSSM) [1–
3]. The only option1 for the MSSM to provide all of the DM with a neutralino in the

1Unless one considers non-standard cosmology.
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few-hundred GeV mass range is if that DM candidate is Bino-like, i.e. dominantly composed
of the superpartner of the SM’s Hypercharge gauge boson. To avoid overclosing the Universe,
the annihilation cross section of a Bino-like DM candidate must be enhanced compared to
the naïve expectation. The classical options discussed in the literature are an appropriate
Higgsino admixture (the well-tempered neutralino [4]), resonant s-channel annihilation [5, 6],
annihilation mediated by light staus [7] or smuons [8] with significant left-right mixing, or
co-annihilation with sleptons or charginos [5, 6, 9–13].

The most relevant processes for direct detection of a Bino-like DM candidate are
controlled by its mixing with the two neutral Higgsinos. The largest contribution to the
spin-independent direct detection cross section stems from diagrams mediated by neutral
CP-even Higgs bosons; these diagrams are controlled by Bino-Higgsino-Higgs vertices in
the interaction basis. The largest contribution to the spin-dependent direct detection cross
section stems from Z-boson exchange diagrams controlled by Higgsino-Higgsino-Z vertices.
During the last decade, the null results from direct detection experiments have put significant
pressure on WIMPs in the few-hundred GeV mass region, see, e.g., the current bounds
from the XENON1T, PandaX-4T, LZ, and PICO-60 experiments [14–17]. For example,
these bounds practically rule out the well-tempered neutralino scenario due to its relatively
large Higgsino admixtures to the DM candidate. In order to suppress the direct detection
cross section of a Bino-like DM candidate in the MSSM, an obvious possibility is to simply
suppress its Higgsino admixtures via a hierarchy between the Higgsino mass parameter µ
and the Bino mass parameter, |µ| � |M1|. However, such a solution is unfavorable from an
electroweak finetuning viewpoint since it requires |µ| to be much larger than the electroweak
scale, see, e.g., ref. [18] for a recent discussion. An alternative albeit much less traveled
road is to consider the region of parameter space where M1 and µ have different signs:
for (M1 × µ) > 0, due to the structure of the Higgsino-up and Higgsino-down admixtures
with the light Bino, the amplitudes to the spin-independent direct detection cross section
mediated by the light and heavy neutral CP-even Higgs bosons add constructively [19]. For
(M1 × µ) < 0, instead, these amplitudes (partially) cancel [19], leading to a suppression of
the spin-independent DM cross section which allows the MSSM to satisfy current direct
detection constraints for a Bino-like DM candidate with few-hundred GeV mass while
keeping the value of |µ| comparable to the electroweak scale [19–26].

As mentioned before, in supersymmetric extensions of the SM, there is rich interplay
among different phenomenological characteristics. One aspect that has recently received
significant attention are contributions to the anomalous magnetic moment of the muon.
With the Fermilab Muon (gµ− 2) measurement [27], the discrepancy between the measured
value and the SM prediction of the muon’s anomalous magnetic moment [28–48] has
reached a statistical significance of 4.2σ: ∆aµ ≡ aexp

µ − aSM
µ = (25.1± 5.9)× 10−10, where

aµ ≡ (gµ − 2)/2. We note that this discrepancy is based on the theoretical estimate of
aSM
µ as published in ref. [28]; in particular, this estimate uses an extraction of the hadronic

vacuum polarization (HVP) contribution to aSM
µ from (e+e− → hadrons) cross section

measurements via dispersion relations. Currently, there is a disagreement between this
data-driven determination of the HVP contribution and ab initio lattice calculations of the
HVP contribution [49]. Despite significant effort, see, e.g., refs. [50–61], this discrepancy is
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not resolved at the time of writing this article; in the following we will assume that the
data-driven determination of the HVP contribution is correct.

It is well known that the MSSM can provide contributions to aµ which account for
the difference between the SM prediction and the measured value [26, 62–79]. The most
important contributions arise from a Bino-smuon and a chargino-(muon-sneutrino) loop.
Interestingly, the sign of these contributions to aµ is controlled by the signs of (M1 × µ) and
(M2 × µ), respectively. For (M1 × µ) < 0, motivated by realizing a viable DM candidate
without exacerbating electroweak finetuning issues, the Bino-smuon contribution to aµ is
negative, while the measured value aexp

µ is larger than its SM prediction. Nonetheless, the
parameters of the MSSM can easily be arranged to provide an overall positive contribution
to aµ as long as (M2 × µ) is positive [26]. In order for the MSSM contributions to explain
the measured value of aµ, the Binos, Winos, and smuons must not be too heavy. For
example, for a value of the ratio of the vacuum expectation values of the down-type and
the up-type Higgs bosons of tan β = vu/vd = 10, one obtains the observed value of aµ if
Binos, Winos, and smuons all have masses of order m̃ ∼ 200GeV, while for tan β = 60, one
obtains the observed aµ if m̃ ∼ 500GeV. Thus, requiring the MSSM to provide not only a
viable DM candidate but also to explain the (gµ− 2) anomaly further motivates considering
a region of the parameter space where Binos, Winos, and sleptons have masses of a few
hundred GeV.

Summarizing the discussion in the preceding paragraphs, realizing a DM candidate that
satisfies current direct detection bounds without exacerbating the electroweak finetuning
problem and simultaneously explaining the observed value of the muon’s magnetic dipole
moment prefers a region of the MSSM parameter space where the Bino mass parameter M1,
the Wino mass parameter M2, and the Higgsino mass parameter µ all take (absolute) values
of a few hundred GeV, and where their signs take the particular combination (M1 × µ) < 0
and (M2 × µ) > 0, implying (M1 ×M2) < 0. The most straightforward option to explain
the observed DM relic density is then co-annihilation of a Bino-like DM candidate with
the Wino-like neutralinos and charginos, corresponding to the parameter region where M1
is smaller (in magnitude) than M2, but where |M2| is not much larger than |M1|. As we
will see, a mass splitting between the Bino-like lightest neutralino (χ̃0

1) and a Wino-like
second lightest neutralino (χ̃0

2) of (mχ̃0
2
−mχ̃0

1
) ∼ 10− 30GeV leads to our DM candidate

χ̃0
1 explaining the observed relic density of our Universe. In the remainder of this article,

we will refer to the region of parameter space where the Bino-Wino mass splitting is in this
range as the compressed region.

The Large Hadron Collider (LHC) is the premier tool to directly search for new particles.
To date, searches for new particles at the LHC have yielded null results, setting relevant
constraints on the MSSM parameter space, in particular, requiring new color-charged
particles such as gluinos (g̃) and squarks (q̃) to have masses mg̃ & 2TeV and mq̃ & 1TeV,
respectively, see, e.g., refs. [80–86].2 With the analyses of the LHC Run 2 data, the ATLAS
and CMS collaborations have also started to provide interesting bounds on new color-neutral
particles such as Binos, Winos, and sleptons in the few-hundred GeV mass range. The

2We note that this mass region is also preferred by the observed 125GeV mass of the SM-like Higgs
boson. Radiative corrections dominated by stops are required to lift the mass of a SM-like Higgs to such
values in the MSSM; reproducing mh ∼ 125GeV requires stops with at least few-TeV masses.
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Figure 1. Illustration of a representative process giving rise to the mono-photon + /ET + jets/leptons
final state arising at the LHC via radiative decays of the Wino-like neutralino χ̃0

2.

progress in searches using soft multi-lepton + missing transverse energy ( /ET ) final states
aimed at the compressed region has been particularly impressive [87–95]. Such searches are
well motivated: in a DM-motivated scenario where Binos and Winos are relatively light
and |M1| < |M2|, Wino pair production cross sections at the LHC are sizeable, especially
in the (pp→ χ̃0

2 χ̃
±
1 ) channel where χ̃0

2 and χ̃±1 are the Wino-like neutralino and chargino,
respectively, and the branching ratios of (χ̃0

2 → χ̃0
1 + ff̄) processes are typically quite

large. Alternative searches targeting the compressed region using the vector boson fusion
signatures can provide additional probes and comparable constraints, although the current
constraints are weaker than those considered in this work, see e.g. ref. [96], which also
assumes leptonic decays of the Wino-like neutralino and chargino. However, as we discuss
in this work, there is an interesting interplay between the sign of (M1 ×M2) and the decay
modes of the Wino-like neutralinos: for (M1 ×M2) > 0, radiative decays (χ̃0

2 → χ̃0
1 + γ)

mediated by loops involving charginos or sleptons have relatively small branching ratios
and the (χ̃0

2 → χ̃0
1 + ff̄) decays dominate (except in the very compressed regime where

mχ̃0
2
' mχ̃0

1
). Instead for (M1 ×M2) < 0, the different diagrams mediating (χ̃0

2 → χ̃0
1 + γ)

decays interfere constructively, enhancing the associated branching ratio and suppressing
the (χ̃0

2 → χ̃0
1 + ff̄) decays.

Recall that realizing a DM candidate in the MSSM compatible with direction detection
constraints for moderate values of |µ| prefers (M1 × µ) < 0, and providing a correction to
the muon’s anomalous magnetic moment that explains the discrepancy between the SM
prediction and the measured value requires (M2×µ) > 0. Hence, (M1×M2) < 0, which leads
to large radiative branching ratios of the second-lightest neutralino (χ̃0

2 → χ̃0
1 + γ); we quite

generally find values of order BR(χ̃0
2 → χ̃0

1+γ) ∼ 0.2−0.4. On the one hand, this means that
the existing multi-lepton+ /ET searches are less sensitive in this region. On the other hand,
the large radiative-decay branching ratios motivate a new search channel: mono-photon+ /ET
accompanied by jets or a lepton from the chargino decay and possible initial state radiation
(ISR), see figure 1. Interestingly, during the long shutdown of the LHC preceding the current
LHC Run 3, the experimental collaborations have significantly upgraded the event selection
triggers.3 These upgrades now allow one to trigger on a combination of a single photon and

3We thank David Miller for a discussion on these issues.
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/ET with much lower transverse-momentum (pT ) thresholds than a more traditional photon-
only or /ET -only trigger would allow for. In combination with expected improvements in
the multi-lepton+ /ET searches with LHC Run 3 data, this opens up the exciting possibility
to make significant progress towards probing the region of the MSSM parameter space
motivated by DM and the muon (gµ − 2) anomaly in the near future, and perhaps, to make
a discovery.

We note that some of the qualitative behavior of the region of parameter space we
consider here has been discussed in ref. [97]. In particular, that work highlights the interplay
between the suppression of the direct detection cross section, the Bino-Wino co-annihilation
mechanism, and the enhancement of the radiative decay branching ratio of the second-
lightest neutralino in the compressed Bino-Wino region if (M1×M2) < 0 and (M1×µ) < 0.
Since ref. [97] was written years priors to the start of LHC operations, that work considered
much smaller masses of the strongly charged superpartners than what is allowed by current
LHC searches for squarks and gluinos as well as what is required by realizing a 125GeV
SM-like Higgs boson. For the squark and gluino masses considered in ref. [97], the dominant
production mode of Wino-like neutralinos at the LHC would have been in the decay cascades
of gluinos and squarks, hence, ref. [97] proposed to search for events containing isolated
photons from the radiative decays of the Wino-like neutralinos and the strongly charged
SM decay products of the gluinos and squarks. In the region of parameter space we
consider in this work, squarks and gluinos are much heavier and hence their production
cross sections much smaller. For example, for ∼ 2.5TeV squark and gluino masses as we
will assume later on, the gluino pair production cross section at the

√
s = 13TeV LHC

is ∼ 0.08 fb, the squark+antisquark production cross section (assuming 10 degenerate
squark species) is ∼ 0.01 fb, and the gluon+squark and squark+squark production cross
sections are ∼ 0.5 fb [98], while for the squark and gluino masses of . 750GeV considered
in ref. [97], each of these production cross sections would be larger than 10 pb. For the
scenario considered in this work, the dominant production mode of Wino-like charginos
and neutralinos at the LHC is direct Wino pair production, then, radiative decays of the
second-lightest neutralino give rise to the mono-photon + /ET signature we propose as a
new LHC search channel.

This article is organized as follows. In section 2 we describe the neutralino, chargino
and slepton sectors relevant for the present analysis. In section 3 we discuss the phenomeno-
logical properties of the MSSM in the compressed region, presenting analytical results
that contribute to the understanding of the numerical results of our work. In section 4 we
present our numerical results, and in section 5 we discuss their relevance for current and
future searches for electroweakinos at the LHC. We reserve section 6 for our conclusions.
Additional plots and some analytical formulae are presented in the appendices.

2 Neutralino, chargino, and slepton sectors of the MSSM

In this section, we introduce the properties of the electroweak sector of the MSSM, which
will be the focus of the study performed in this article. In particular, we present the most
relevant parameters defining the electroweakino and slepton masses and mixing angles, and
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define notations. Some of these parameters were already presented in the introduction, but
we reiterate their meanings here to make this a self-contained section.

The neutralino sector of the MSSM consists of the neutral superpartners of the elec-
troweak SU(2)× U(1)Y gauge bosons and of the Higgs doublets. Similarly, the chargino
sector is composed of the superpartners of the charged Higgs and gauge bosons. Due to
gauge invariance, there are two independent supersymmetry-breaking mass parameters
which we denote M1 and M2, giving masses to the Hypercharge gaugino (Bino) and to
the neutral and charged SU(2) Winos. An additional mass parameter, µ, appears in the
supersymmetric Lagrangian, giving masses to the neutral and charged Higgsinos. After elec-
troweak symmetry breaking, the gaugino and Higgsino states mix through their interactions
with the Higgs fields; the mixing term is controlled by the electroweak gauge couplings and
the two Higgs vacuum expectation values. The mass matrix for the (Majorana) neutralino
states is given by

MN =


M1 0 −cβsWmZ sβsWmZ

0 M2 cβcWmZ −sβcWmZ

−cβsWmZ cβcWmZ 0 −µ
sβsWmZ −sβcWmZ −µ 0

 . (2.1)

Here, tan β ≡ vu/vd is the ratio of the two Higgs vacuum expectation values associated with
the Higgs bosons which lead to the up-type and down-type quark masses at tree-level, Hu

and Hd. We use the shorthand notation cβ ≡ cosβ, sβ ≡ sin β; mZ and mW are the Z and
W gauge boson masses; θW is the weak-mixing angle, and cW ≡ cos θW , sW ≡ sin θW . The
mass matrix MN can be diagonalized by an orthogonal matrix N to obtain mass eigenstates
and eigenvalues:

χ̃0
i = Nijψ

0
j , (2.2)

N∗MNN−1 = diag(ξ1mχ̃0
1
, ξ2mχ̃0

2
, ξ3mχ̃0

3
, ξ4mχ̃0

4
) , (2.3)

where ψ0
j = (B̃, W̃ 0, H̃0

d , H̃
0
u) is the gauge-eigenstate basis, and the eigenvalues (ξimχ̃0

i
) can

be positive or negative. In eq. (2.3) we define mχ̃0
i
to be positive and absorb the sign

obtained from the diagonalization into ξi.
The mass matrix for the chargino states is given by

MC =
(

0 XT

X 0

)
, (2.4)

with

X =
(

M2
√

2sβmW√
2cβmW µ

)
. (2.5)

The mass eigenstates are related to the gauge-eigenstate basis via(
χ̃+

1
χ̃+

2

)
= V

(
W̃+

H̃+
u

)
,

(
χ̃−1
χ̃−2

)
= U

(
W̃−

H̃−d

)
, (2.6)
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where V and U satisfy
U∗XV−1 = diag(mχ̃±

1
,mχ̃±

2
) . (2.7)

For further details of the couplings and mass matrices of neutralinos and charginos see, for
instance, ref. [3].

The slepton sector, on the other hand, consists of the superpartners of the left- and right-
handed lepton fields. The diagonal entries to the slepton mass matrix (in the chirality basis)
are controlled by the supersymmetry-breaking terms M2

L and M2
R, associated with the left-

and right-handed sleptons, respectively, and the so-called D-terms which are proportional
to the square of the gauge couplings and the Higgs vacuum expectation values. The mixing
of the left- and right-handed sleptons receives contributions from two sources: first, the
supersymmetry-breaking Al-terms between left-handed sleptons, right-handed sleptons,
and Hd. Assuming minimal flavor violation, we will use a universal Al for all generations
and the resulting mixing term is proportional to the SM Yukawa coupling of the lepton
associated with the slepton. Second, the supersymmetric Lagrangrian introduces another
trilinear term between left-handed sleptons, right-handed sleptons and Hu; this trilinear
term is proportional to the Higgsino mass parameter µ. Assuming no inter-generational
mixing, the mass matrix for a given slepton generation is given by

M2
l̃

=

M2
L +m2

l +DL ml(Al − µ tan β)
ml(Al − µ tan β) M2

R +m2
l +DR

 , (2.8)

where ml is the SM lepton mass, DL = (−1/2 + s2
W ) cos(2β)m2

Z and DR = s2
W cos(2β)m2

Z .
Throughout this article, we shall use universal slepton mass parametersM˜̀ for all generations
and assume M2

L = M2
R(≡ M2

˜̀). The diagonal entries of eq. (2.8) will be denoted as
m2

˜̀
L

= M2
L +m2

l +DL and m2
˜̀
R

= M2
R +m2

l +DR. Note that due to the small mixing for
the first and second generations of sleptons, these approximately coincide with the mass
eigenvalues. For the third generation, i.e., the stau, the mixing is larger. Thus, the lightest
stau will be the lightest slepton.

Due to the smallness of the Yukawa couplings, the most relevant interactions for collider
phenomenology are those associated with the gauge couplings. The couplings to gauge bosons
provide the dominant terms for chargino and neutralino production (for a more extended
discussions see ref. [99]). Considering the decays of these neutralinos and charginos, their
interactions with the Higgs, gauge bosons and sleptons are the most important ones (again
proportional to the electroweak gauge couplings), and will be described in more detail below.

Beyond the electroweak interacting particles, the strongly interacting sector plays a
relevant role in the phenomenology of low energy supersymmetry. First we stress that
the value of the squark masses plays a role in the electroweakino production cross section,
due to a t-channel contribution that interferes destructively with the gauge boson induced
one (see, for instance, ref. [99]). This implies that the bounds on the electroweakinos and
sleptons can be weaker than the ones typically presented by the LHC collaborations since
those results usually assume very large squark masses, suppressing destructive interference
effects in the electroweakino production-cross-section calculation. In this article, we shall
assume that the squark masses and the gluino mass are all of the order of 2.5TeV, and thus

– 7 –
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beyond the current direct reach of the LHC. For these values of the squark mass parameters
and in the range tan β ∼ 50− 70 we will focus on, a value of the up-type quark A-term of
At ∼ 3.5TeV will then lead to the proper mass of the SM-like Higgs boson, mh ∼ 125GeV.
Finally, we assume large values of the CP-odd Higgs mass, of the order of the squark masses,
mA ∼ 2.5TeV.

3 Phenomenology in the compressed region

We shall concentrate on the regions of parameter space allowed by current electroweakino
searches, which implies that the neutralino mass parameters M1, M2 and µ are of the
order of or above a few hundred GeV, and thus significantly larger than mZ . Therefore,
the mixings in the neutralino sector are suppressed. Requiring a viable DM candidate
further constrains our parameter space. Winos and Higgsinos in the few-hundred GeV
mass range annihilate too efficiently to explain the observed DM relic density. Hence, we
focus on the region of the parameter space where |M1| . |M2| . |µ|, i.e., where the lightest
neutralino is “Bino-like” χ̃0

1 ≈ B̃, the next-to-lightest neutralino is “Wino-like” χ̃0
2 ≈ W̃ 0,

and the remaining neutralinos are “Higgsino-like” χ̃0
3, χ̃

0
4 ≈ (H̃0

u ± H̃0
d )/
√

2. For a Bino-like
DM candidate χ̃0

1, it is well known that χ̃0
1 pair-annihilation is not efficient enough to

deplete the DM relic density to the right amount [6, 10, 11]. As we will discuss, Bino-Wino
co-annihilation is the most straightforward possibility to obtain the observed DM relic
density for a Bino-like χ̃0

1 while explaining the observed value of the muon’s magnetic dipole
moment and satisfying collider constraints. For the mass range of the DM candidate we
will be most interested in, mχ̃0

1
∼ 100− 400GeV, we find that the observed relic density

is typically obtained for values of the mass splitting between the Wino-like χ̃0
2 and χ̃0

1 of
(mχ̃0

2
−mχ̃0

1
) ∼ 10− 30GeV. Throughout, we will refer to the region of parameter space

featuring such mass splitting as the compressed region. As we will see, not only are we
able to obtain a consistent result for the measured value of the muon’s magentic dipole
moment and satisfy all current direct detection constraints in the compressed region, but
the Wino-like χ̃0

2 (which can be copiously produced at the LHC) generically has a significant
radiative decay (χ̃0

2 → χ̃0
1 +γ) branching ratio, giving rise to a potentially interesting collider

signal at the LHC.

3.1 Dark matter constraints

The observed DM relic density is ΩDMh
2 ' 0.12 [100], where h ≡ H0/(100 km/s/Mpc)

parameterizes the Hubble constant and ΩDM ≡ ρDM/ρc is the DM density in units of the
critical density. In order for χ̃0

1 to be a viable DM candidate, its relic density, which we
denote as Ωχ̃0

1
≡ ρχ̃0

1
/ρc, should match the observed value ΩDM. For DM produced via

standard thermal freeze-out (FO), the relic density and the effective (thermally averaged)
annihilation cross section at freeze out, 〈σv〉FO, are approximately related as

Ωχ̃0
1
h2 ∼ 0.1× 3× 10−26 cm3/s

〈σv〉FO
. (3.1)
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Since at the time of freeze-out (parameterized by the temperature x ≡ mχ̃0
1
/T ) the DM

candidate is usually non-relativistic (typically, xFO ∼ 20), one often expands 〈σv〉FO as

〈σv〉x = a+ 6b/x+O(x−2) . (3.2)

In our scenario, the DM candidate χ̃0
1 is Bino-like, χ̃0

1 ∼ B̃. For a pure Bino with mass
in the few-hundred GeV range, 〈σv〉FO tends to be so small that the resulting relic density
would overclose the Universe, Ωχ̃0

1
h2 � 0.1. The dominant annihilation mechanism for

a pure Bino is into pairs of SM fermions, χ̃0
1χ̃

0
1 → ff̄ , mediated via t-channel exchange

of the associated sfermion f̃ . The corresponding amplitudes are inversely proportional
to the square of the mass of the sfermion in the t-channel. For any χ̃0

1χ̃
0
1 → ff̄ process,

three amplitudes contribute to the cross section. Two of the diagrams are mediated by
t-channel exchange of the left-handed or the right-handed sfermion, respectively. Both of
these amplitudes are p-wave and hence contribute to b in the non-relativistic expansion as
written in eq. (3.2). Hence, the contribution of these diagrams to the total cross section at
freeze-out is suppressed by 1/xFO ∼ 1/20. The third diagram involves left-right mixing of
the slepton in the t-channel; the corresponding amplitude is s-wave and contributes to a in
eq. (3.2), however, it is suppressed by the small left-right mixing of sfermions.

We consider a region of the MSSM parameter space where the squarks are much heavier
than the sleptons, hence, χ̃0

1χ̃
0
1 → ll̄ processes will be more important than χ̃0

1χ̃
0
1 → qq̄. The

largest contribution to the annihilation cross section of a pure Bino would come thus from
the third-generation sleptons (i.e., the staus, τ̃) since they exhibit the largest left-right
mixing among the sleptons [cf. eq. (2.8)]. This mechanism can give rise to sufficiently large
effective annihilation cross section to produce the observed DM density if the sleptons are
light enough, ml̃ . 150GeV [7, 8]. However, for such light sleptons (requiring an even
lighter Bino-like DM candidate), it is challenging to avoid direct detection and collider
constraints and simultaneously explain the observed value of the muon’s magnetic dipole
moment, hence, we will not explore this option further in this work.

The effective annihilation cross section of a Bino-like DM candidate can be enhanced
to the required value 〈σv〉FO ∼ 3× 10−26 cm3/s by a number of different mechanisms. First,
a sufficiently large Higgsino-admixture can make annihilation of χ̃0

1’s into pairs of Higgs
bosons or SM fermions mediated by any of the MSSM’s Higgs bosons or the Z-boson in the
s-channel sufficiently effective to lead to the observed relic density [4]. However, it is difficult
to satisfy current direct detection constraints in this “well-tempered” neutralino scenario.4
Second, one can use the same diagrams as the well-tempered neutralino scenario and
compensate a smaller Higgsino fraction of χ̃0

1 by resorting to resonant s-channel annihilation
in the “Z/h/A-funnels” solutions [5, 6]. The smaller Higgsino fraction alleviates direct
detection constraints, but such a solution requires the mass of the DM candidate to be
tuned to half of the mass of the s-channel mediator. The Z/h/A-funnels solutions are
challenging to realize while simultaneously explaining the observed value of the muon’s
magnetic dipole moment and avoiding current LHC constraints [26].

4Note that a “well-tempered” Bino-Wino admixture is very challenging to realize since the Bino and the
neutral Wino do not directly mix, but only via the Higgsinos, see eq. (2.1).
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Third, the effective annihilation cross section of the DM candidate can be enhanced by
co-annihilation with sleptons, heavier neutralinos and/or charginos [5, 6, 9–13]. The basic
mechanism of co-annihilation works as follows [101]: if a second (or multiple additional)
states χ̃i exist with masses mχ̃i , and if there are processes which can effectively convert
χ̃0

1 ↔ χ̃i, the number density of the χ̃i and of χ̃0
1 at temperature T will be related by

a Boltzmann-factor, nχ̃i ∼ nχ̃0
1

exp
[
−
(
mχ̃i −mχ̃0

1

)
/T
]
. If the annihilation cross section

of processes involving the χ̃i are large compared to χ̃0
1’s annihilation processes, and if

the mass gap (mχ̃i − mχ̃0
1
) is not too large, the effective annihilation cross section for

eq. (3.1) can be dominated by the annihilation cross section of the χ̃i’s multiplied with
a Boltzmann-suppression factor accounting for the difference in the number densities nχ̃i
and nχ̃0

1
.

In this work, we will focus on the region of parameter space where the observed relic
density ΩDMh

2 ' 0.12 of a Bino-like DM candidate is achieved via co-annihilation with the
Wino-like neutralino and chargino states: if the Wino-like neutralino and chargino states
have masses not much larger than those of the Bino-like DM candidate, the right relic density
of the Bino-like DM candidate can be realized by co-annihilation with the Wino-like states
which have much larger annihilation cross sections. The mass of the Bino-like neutralino is
controlled by the associated supersymmetry-breaking mass parameter, mχ̃0

1
≈ |M1|. The

Wino-like neutralino and charginos are approximately mass degenerate, mχ̃0
2
≈ mχ̃±

1
≈ |M2|.

In the region of parameter space of mχ̃0
1
∼ 100−500GeV we will focus on here, the observed

relic density is obtained for a mass splitting (mχ̃0
2
−mχ̃0

1
) ∼ 10− 30GeV.

The null results from DM direct detection experiments impose strong constraints on
the parameter space. The spin-independent (SI) scattering between χ̃0

1 and the nuclei
is mediated by t-channel exchange of CP-even Higgs bosons, the amplitude of which is
controlled by the Higgsino components of χ̃0

1. The SI scattering amplitude between χ̃0
1 and

the nuclei is proportional to [19, 25, 26]:

MSI
p ∝

v

µ2

[
2(M1 + µ sin 2β)

m2
h

− µ cos 2β tan β
m2
H

]
≈ v

µ2

[
2(M1 + 2µ/ tan β)

m2
h

+ µ tan β
m2
H

]
;

(3.3)
the approximation holds for moderate to large values of tan β where sin 2β → 2/ tan β and
cos 2β → −1. If M1 and µ have opposite signs, the two terms contributing to the amplitude
mediated by the lighter Higgs boson [the first term in the square bracket in eq. (3.3)]
partially cancel. Furthermore, if (M1 + 2µ/ tan β) and (µ tan β) have opposite signs, which
due to the tan β suppression/enhancement of the respective terms generally corresponds to
M1 and µ having opposite signs, the contributions from the light (h) and heavy (H) Higgs
exchange channels interfere destructively. As discussed in the introduction, for (M1×µ) < 0,
this suppression of the SI cross section compared to the (M1×µ) > 0 case allows the MSSM
to satisfy direct detection constraints without the need of large values of |µ|. As we will
see in section 4, simply choosing M1 and µ to have opposite signs suffices to suppress the
SI cross sections to values below current experimental constraints for a sizable region of
parameter space, see also ref. [26] for a discussion. The limit of M1, µ, tan β, and mH being
arranged such thatMSI

p → 0 is known as the “generalized blind spot” [19]; if future direct
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detection searches do not find DM, then only-fine-tuned blind-spot solutions will remain
allowed in the MSSM for a Bino-like DM candidate with few-hundred GeV mass, unless |µ|
takes values well above a TeV implying significant finetuning of the electroweak scale.

Let us also briefly comment on spin-dependent (SD) scattering. The corresponding
cross section is dominated by Z exchange; at moderate to large tan β, the SD scattering
amplitude is proportional to (see for example, ref. [26]):

MSD ∝
(
v

µ

)2
cos 2β . (3.4)

Note that there is no cancellation of different contributions to the cross section, the SD
cross section is simply controlled by the absolute size of the Higgsino admixtures to the DM
candidate. Current bounds from direct detection experiments place much weaker constraints
on the DM scenarios in the MSSM than SI bounds. However, if future DM searches do not
find DM, then SD searches will become a powerful probe of blind-spot type solutions that
remain allowed by SI searches, see, for example, refs. [102, 103] for discussions.

3.2 Muon magnetic moment

A major point of interest for our analysis is the recent (gµ − 2) result reported by the
muon g-2 collaboration at Fermilab [27]. With the Fermilab result, the tension between
SM predictions and experimental measurements, ∆aµ = aexp

µ − aSM
µ = (25.1± 5.1)× 10−10,

has grown to a significance of ∼ 4.2σ. The MSSM provides an interesting explanation
for this discrepancy, as MSSM particles provide contributions to the muon-photon vertex.
We are interested in studying the case where the MSSM corrections resolve the tension
between theory and experiment, and so we consider these corrections to be the only
BSM contributions to the theoretical prediction for (gµ − 2). The two leading MSSM
contributions are the chargino-sneutrino loop (aχ̃±

µ ) and the Bino-slepton loop (aχ̃0
µ ). They

are approximately given by [62–68, 72]

aχ̃
±
µ ≈

αm2
µµM2 tan β

4π sin2 θWm2
ν̃µ

[
fχ̃±(M2

2 /m
2
ν̃µ)− fχ̃±(µ2/m2

ν̃µ)
M2

2 − µ2

]
, (3.5)

aχ̃
0
µ ≈

αm2
µM1 (µ tan β −Aµ)

4π cos2 θW
(
m2
l̃R
−m2

l̃L

)
fχ̃0(M2

1 /ml̃R
)

m2
l̃R

−
fχ̃0(M2

1 /ml̃L
)

m2
l̃L

 , (3.6)

where the two functions are

fχ̃±(x) = x2 − 4x+ 3 + 2 ln x
(1− x)3 , (3.7)

fχ̃0(x) = x2 − 1− 2x ln x
(1− x)3 , (3.8)

both are defined at x = 1 to be continuous, fχ̃±(1) = −2/3 and fχ̃0(1) = −1/3. Because we
have assigned the left-handed and right-handed sleptons equal soft masses (ML = MR), the
physical masses will be quite close. It appears that this will cause the contribution from
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the Bino-slepton loop, aχ̃0
µ , to become infinite, but the cancellation of the two factors in

the square bracket of eq. (3.6) causes aχ̃0
µ to remain continuous in the limit ml̃R

→ ml̃L
.

Eq. (3.5) and eq. (3.6) capture the leading MSSM contribution to the muon’s anomalous
magnetic dipole moment, aMSSM

µ ≈ aχ̃
±
µ + aχ̃

0
µ . Note that for our numerical results, we

employ MicrOMEGAS to calculate aMSSM
µ , including all MSSM contributions at one-loop order.

The leading log two-loop contributions were evaluated in, e.g., ref. [68]. The modification
factor with respect to the one-loop results is roughly 8% for the superpartner mass scale
considered in this work, well below the uncertainty of the current observed value of ∆aµ
(∼ 20%). Hence, one-loop order contributions are sufficient for the purpose of this work.

For |M1| ∼ |M2|, the Wino-sneutrino contribution aχ̃±
µ will be the dominant contribution

to aMSSM
µ since sin2 θW ∼ 0.2 while cos2 θW ∼ 0.8. Thus, in order to generate a correction

which resolves the ∆aµ problem, we require aχ̃±
µ to be positive, and therefore (M2 × µ) > 0.

On the other hand, we see from eq. (3.6) that the diagrams will add constructively for
(M1 × µ) > 0 or destructively for (M1 × µ) < 0, leading to an O(40) % change of aMSSM

µ

when one flips the sign of M1. In general, if one wants a specific value of aMSSM
µ , one must

compensate the interference with larger µ or M2 for (M1 × µ) > 0, and vice versa.
As we will see in section 4, we find MSSM contributions explaining the measured value

of aµ in the approximate range |µ| ∼ 400− 1000GeV; the precise values depends on the
choice of M1,M2, tan β,Aµ, and Ml̃, but always require (M2 × µ) > 0. If we require a DM
candidate with the observed DM relic density compatible with current direct detection
experiments, the sign-combination (M1×µ) < 0 opens up much larger regions of parameter
space than (M1 × µ) > 0 due to the cancellations in the spin-independent direct detection
cross section discussed in section 3.1.

3.3 Decays from χ̃0
2 to χ̃0

1

As summarized above, simultaneously explaining the measured value of the muon’s magnetic
dipole moment and providing a DM candidate compatible with current direct detection
bounds without exacerbating electroweak finetuning problems motivates considering a
region of parameter space where the lightest neutralino (χ̃0

1) is Bino-like, where the second-
lightest neutralino (χ̃0

2) and the lightest chargino (χ̃±1 ) are Wino-like with masses not
much larger than χ̃0

1, and where (M1 × µ) < 0 and (M2 × µ) > 0. The observed relic
density for χ̃0

1 is achieved via Bino-Wino co-annihilation in the “compressed region”,
(mχ̃0

2
− mχ̃0

1
) ∼ 10 − 30GeV. As we will see in this section, these relative signs, which

imply (M1 ×M2) < 0, have important implications on the decay patterns of the Wino-like
neutralino in the compressed region. The analytical approximations for the decay modes
of the second-lightest neutralino, which we discuss here, will serve as guidance for our
subsequent numerical analysis.

All the decay modes for (χ̃0
2 → χ̃0

1 +X) are kinematically suppressed in the compressed
region. To parameterize the kinematic suppression, we define the “mass splitting parameter”

ε ≡
mχ̃0

2

mχ̃0
1

− 1. (3.9)
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(a) (b) (c)

Figure 2. Tree-level decays of the second-lightest neutralino χ̃0
2 to the lightest neutralino χ̃0

1 and a
pair of SM fermions (f + f̄).

Figure 3. Sfermion-fermion (f̃ − f) triangles contributing to the radiative decay.

Tree-level decays (illustrated in figure 2) are suppressed as Γ(χ̃0
2 → χ̃0

1 + ff̄) ∝ ε5, while the
radiative decays (illustrated in figure 3–figure 5) are suppressed as Γ(χ̃0

2 → χ̃0
1 +γ) ∝ ε3 [104].

Therefore, radiative decays play an important role in the compressed region. As we shall
see, the radiative decay width is enhanced if M1 has a negative sign relative to M2; a similar
effect was also observed in ref. [105]. Recall that we encode the signs of the neutralino
masses obtained from the diagonalization of the mass matrix in ξi, hence (M1 ×M2) < 0
corresponds to (ξ1 × ξ2) = −1.

The radiative decay width is [106]

Γ(χ̃0
2 → χ̃0

1 + γ) =
g2
χ̃0

2χ̃
0
1γ

(
m2
χ̃0

2
−m2

χ̃0
1

)3

8πm5
χ̃0

2

, (3.10)

where gχ̃0
2χ̃

0
1γ

is the total effective coupling contributed by three types of triangle loops as
discussed below:

1. f̃ − f triangle: the corresponding diagrams are shown in figure 3. Calculating the
total matrix element of these diagrams containing a f̃ − f triangle, and extracting
the effective coupling, we get

gf̃/f =
eg2mχ̃0

2

32π2

∑
f

QfCf
{

(GLFR −GRFL)
[
(ξ1 × ξ2)mχ̃0

2
(I2 −K)−mχ̃0

1
K
]

+ ξ1mf (GLFL −GRFR) I
}
, (3.11)

where Qf , Cf and mf are the electric charge, color charge and the mass of the fermion
in the loop, respectively. FL(R) and GL(R) are the couplings of the incoming and
outgoing neutralinos to the particles in the loop. For up-type fermions/sfermions, the
relevant combinations in eq. (3.11) are given by

GLFR−GRFL = N−1 N−2 +4T3uQu tanθW
(
N11N−2 +N21N−1

)
, (3.12)
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GLFL−GRFR =− 2mu

mW sinβ

[
N14

(
T3uN−2 +Qu tanθWN21

)
(3.13)

−N24
(
T3uN−1 +Qu tanθWN11

)
−Qu tanθW (N24N11−N14N21)

]
,

where T3u is the isospin of the fermion in the loop, and Qu is the electric charge of
the fermion in units of e. The Nij are the matrix elements of the neutralino mixing
matrix defined in section 2, and N±i ≡ Ni2 ±Ni1 tan θW . The results for down-type
fermions/sfermions corresponding to eq. (3.12) and eq. (3.13) can be obtained by
making the following replacements: (mu, Qu, T3u)→ (md, Qd, T3d), sin β → cosβ, and
(N14,N24)→ (N13,N23).

Eq. (3.13) indicates that (GLFL−GRFR) is suppressed by the SM fermion masses and
neutralino mixing, while (GLFR − GRFL) ≈ N11N22 tan θW (−1 + 4T3Q) is neither
suppressed by the fermion masses nor by the neutralino mixing. Hence we will focus
on the first line of eq. (3.11). Since χ̃0

1 and χ̃0
2 are Majorana fermions, the fermion

flow in figure 3 can be either preserved or violated. This gives rise to the dependence
on the signs of the neutralino masses ξ1 and ξ2 in eq. (3.11). The full expressions of
the loop integrals I2 and K are given in appendix A. Expanding (I2 −K) and K in
terms of the mass splitting parameter ε, we get

I2 −K =
∫ 1

0
dx

1
D
x (x− 1) +O(ε) , (3.14)

K =
∫ 1

0
dx

1
D
x (x− 1) +O(ε) . (3.15)

The parameter D is defined as

D ≡ 2
[
xm2

f + (1− x)m2
f̃
− x(1− x)m2

χ̃0
1

]
, (3.16)

where mf̃ and mf are the masses of the sfermion and fermion in the loop, respectively.
At leading order in ε, I2−K = K+O(ε). Hence, the effective coupling gf̃/f , eq. (3.11),
is enhanced if (ξ1 × ξ2) = −1, corresponding to (M1 ×M2) < 0.

2. H±/G± − χ̃±
k triangle: the diagrams are shown in figure 4. The effective coupling

has the same form as that of the f̃ − f triangle, with Qf = 1 and Cf = 1. However,
since both the charged Higgs and the Higgsino-like chargino are heavy in the parameter
space under analysis, the contribution from these types of triangles tends to be highly
suppressed.

3. W± − χ̃±
k triangle: the corresponding diagrams are shown in figure 5. The effective

coupling generated via these diagrams is given by

gW±/χ̃± =
−eg2mχ̃0

2

8π2

∑
k

{
(GLFL−GRFR)

[
(ξ1×ξ2)mχ̃0

2
(I2−J−K)+mχ̃0

1
(J−K)

]
+2ξ1mχ̃±

k
(GLFR−GRFL)J

}
. (3.17)
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Figure 4. Triangle diagrams mediated by a charged Higgs (H±) or Goldstone bosons (G±) and a
chargino (χ̃±

k ) contributing to the χ̃0
2 radiative decay.

Figure 5. Triangle diagram mediated by a W±-boson and a chargino (χ̃±
k ) contributing to the χ̃0

2
radiative decay.

The combinations of the couplings (GLFL −GRFR) and (GLFR −GRFL) are

GLFL−GRFR = N12N22
(
V2
k1−U2

k1

)
+ 1

2
(
N14N24V2

k2−N13N23U2
k2

)
(3.18)

−
√

1
2Vk1Vk2 (N12N24+N14N22)−

√
1
2Uk1Uk2 (N12N23+N13N22) ,

GLFR −GRFL = 1
2Uk2Vk2 (N13N24 −N14N23) +

√
1
2Uk1Vk2 (N12N24 −N14N22)

+
√

1
2Uk2Vk1 (N12N23 −N13N22) , (3.19)

where Nij and Uij(Vij) are the neutralino and chargino mixing matrix elements
defined in section 2. In the parameter space of interest, since the mixings in both
the neutralino and the chargino sectors are highly suppressed, so are the factors
(GLFL −GRFR) and (GLFR −GRFL). Therefore, the radiative decay mediated by
the W± − χ̃± triangle is highly suppressed.

In summary, the dominant radiative decay channel is the one mediated by the f̃ − f
triangle, which is enhanced for (ξ1 × ξ2) = −1, corresponding to (M1 ×M2) < 0.

To validate our analytical understanding, in figure 6, we show the χ̃0
2 decay branching

ratios obtained with SUSY-HIT [107]. For fixed benchmark values of tan β = 50, µ = 800GeV
andM2 = 250GeV, we show how the branching ratios change with the (generation-universal)
soft slepton mass parameters M˜̀ ≡ ML = MR. Throughout these plots, we adjust M1
such that we obtain a χ̃0

1 relic density of Ωχ̃0
1
h2 = 0.12, corresponding to a mass gap of the

Bino-like neutralino and Wino-like next-to-lightest neutralino of (mχ̃0
2
−mχ̃0

1
) ∼ 20GeV.

The left panel is for the (M1 ×M2) > 0 case, while in the right panel, (M1 ×M2) < 0. In
both cases, we observe that for small slepton masses, (χ̃0

2 → χ̃0
1 τ

+τ−) is the dominant
decay mode. The tau-Yukawa is the largest of the charged leptons, and thus staus have
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Figure 6. Plot of the branching ratios of the χ̃0
2 decay modes for a range of soft slepton masses,

where M˜̀ denotes the common soft breaking mass. All decay modes also contain a χ̃0
1 as a final

product. Note that the qq (νν) decay mode is the total branching ratio to all types of quarks
(neutrinos), and the electron/muon branching ratio is the sum of the two. Here M1 is fixed
such that the neutralino relic density saturates the cosmological dark matter density, which sets
M1 = 245GeV with a variation of ∼2GeV across the slepton mass axis. This induces a mass
splitting of (mχ̃0

2
−mχ̃0

1
) ∼ 15 − 20GeV. Note that M2 = 250GeV is already excluded by LHC

searches for (M1 ×M2) > 0, but there remains unconstrained parameter space for (M1 ×M2) < 0.
For (M1 ×M2) < 0 and this choice of µ and tan(β), the radiative decay peaks between roughly
Ml̃ ∼ 450− 700GeV.

the largest left-right mixing of the sleptons making the lighter stau the lightest slepton.
The Higgs-mediated channel (figure 2c) is enhanced by the large Yukawa coupling, and
the sfermion-mediated channel (figure 2a) is enhanced by the light stau. As the slepton
masses increase, slepton-mediated decays to leptons are suppressed, while the decays to
quarks, which are mainly mediated by Z/h and independent of slepton masses, become
more and more important. The radiative decay, on the other hand, depends on the sign of
(M1×M2). At lower slepton masses, the radiative decay branching ratio for (M1×M2) < 0
is significantly larger than in the (M1 × M2) > 0 case, verifying the sign-dependence
discussed above.

For the particular choices of parameters in figure 6, the radiative decay becomes the
dominant decay mode (with branching ratios as larger as 40%) in the range of the slepton
masses ∼ 500− 650GeV for (M1 ×M2) < 0. The radiative decay becomes subdominant to
the decays to quarks at heavier slepton masses due to the suppression of the f̃ − f triangles
(figure 3). Note that even in the case of (M1 ×M2) > 0, the branching ratio to radiative
decay can reach O(10 %) and is larger than generally expected from the loop suppression;
this is because of the kinematic suppression in the compressed region discussed at the
beginning of this subsection.
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4 Numerical analysis

There is rich interplay between different phenomenological aspects in the MSSM, as we
emphasized in the introduction and discussed in some detail in the preceding section. In
particular, the DM phenomenology, contributions to the magnetic dipole moment of the
muon, and decay patterns of the electroweakinos relevant for collider searches are highly
interconnected. In order to gain a more quantitative understanding of the parameter space,
we present results from a numerical study in this section. In particular, we are interested in
identifying regions of parameter space where the MSSM features a viable DM candidate
that explains the observed DM relic density while being compatible with all existing DM
constraints without exacerbating electroweak fine-tuning problems. In addition, the MSSM
parameter region should simultaneously explain the measured value of the magnetic dipole
moment of the muon and satisfy constraints from searches for new particles at colliders.
As anticipated in the preceding section, radiative decays of the Wino-like second-lighest
neutralino can have large branching ratios, leading us to propose a new search channel at
the LHC to better cover this interesting region of parameter space.

The results presented in this section are obtained with the following chain of numerical
tools: first, we use SUSY-HIT [107] to calculate the particle spectrum (at the one-loop level)
and their decay rates. Note that as inputs for SUSY-HIT we use MSSM parameters defined at
a scale given by the geometric mean of the two stop masses, except for tan β which is defined
at the Z-boson pole. Note also that SUSY-HIT uses a calculation based on refs. [105, 106]
for the radiative decay widths of the neutralinos, which play a prominent role in this work.
Second, we use MicrOMEGAS 3.2 [108] to calculate, to the leading order, the relic density,
direct detection cross sections, and the value of the muon’s anomalous magnetic moment. We
note that the cross-sections for the co-annihilation processes controlling the relic abundance
of χ̃0

1 are subject to higher-order corrections. Note that in our case, the most relevant
co-annihilation processes involve only color-neutral particles, hence, higher-order corrections
are controlled by the size of the electroweak couplings. Furthermore, while non-perturbative
contributions such as the Sommerfeld effect (see, e.g., ref. [109]) can be important for
TeV-scale DM candidates, here we focus on Bino-like DM in the few hundred GeV mass
range where such effects are small [110]. Nonetheless, the corrections to the leading-order
co-annihilation cross section from higher-order and non-perturbative corrections can amount
to changing the mass difference between the Wino-like and the Bino-like states leading to
the correct relic density by a few GeV; we account for these corrections by conservatively
assuming an uncertainty of ∼ 50 % for the relic density, see, e.g., the green band in figure 7.
We use our own code to compare the direct detection cross sections to the null results
from the LUX-ZEPLIN (LZ) [16] and PICO-60 [17] experiments; these experiments have
published the currently leading limits on the spin-independent WIMP-nucleon as well as
spin-dependent WIMP-neutron and WIMP-proton cross sections. When comparing the
MSSM cross sections against these experimental results, we re-scale the reported upper
limit by the predicted neutralino relic density Ωχ̃0

1
as 0.12/(Ωχ̃0

1
h2), implicitly assuming that

the local neutralino density scales linearly with the average cosmological relic density. In
the same fashion, we also compare the direct detection cross sections to the projected reach
of the full exposure of the XENONnT [111], LZ [112], and PICO-40L [113] experiments.
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Third, we use CheckMATE 2.2 [114–118] to re-cast the null-results from LHC searches for
new particles. For searches for electroweakinos and sleptons, re-interpreting LHC bounds is
a non-trivial exercise since multiple production channels and decay modes can contribute
to a given final state, affecting the kinematics. Specifically, we generate Monte Carlo events
for the productions of charginos/neutralinos and sleptons via proton-proton collisions at
the LHC with Madgraph 3.2 [119], implement hadronization, showering, and χ̃0

2 and χ̃±1
decays with Pythia 8.2 [120], and simulate detector effects with Delphes 3 [115]. The
resulting final-state distributions are then directly compared to the results from a library of
LHC searches; the version of CheckMATE we employ uses 39 searches at

√
s = 13TeV. As

we will see, most important in the compressed region (where mχ̃0
2
−mχ̃0

1
∼ 10− 30GeV)

are searches in the dilepton final states by ATLAS [121] which made use of L = 139 fb−1 of
data and CMS with L = 12.9 fb−1 [122] and L = 35.9 fb−1 [123] of data. We note that CMS
searches with the full 139 fb−1 LHC Run 2 data set would likely strengthen the CMS bounds
by up to O(10)GeV in the electroweakino masses (for example, compare refs. [123, 124]).
These searches are, however, not available in CheckMATE.

In all results presented in this work, we set the (generation-universal) soft squark mass
parameters as well as the gluino mass parameter to M

Q̃L
= MũR

= M
d̃R

= M3 = 2.5TeV.
By setting the A-term of the up-type squarks to At = 3.5TeV, we achieve appropriate
radiative corrections to the SM-like Higgs boson mass to obtain mh ≈ 125GeV throughout
the region of parameter space we explore. We set the A-terms for the bottom-type squarks
and the sleptons to Ab = −100GeV and Aτ = −250GeV, respectively. Finally we set the
mass parameter for the non-SM-like heavy Higgs bosons to MA = 2.5TeV. We present
results in two different two-dimensional projections of the remaining MSSM parameter
space to be discussed below. For both projections, we fix the values of tan β and the
generation-universal soft slepton mass parameters M˜̀≡ML = MR to benchmark values
in the range 50 ≤ tan β ≤ 70 and 550 GeV ≤ M˜̀ ≤ 700GeV. The slepton masses are
bounded from below by slepton production searches in the LHC, see ref. [88]. By choosing
M˜̀ = 600GeV, these bounds can be avoided due to the large dependence of the slepton
production cross section on M˜̀. Furthermore, we choose M2 and µ to take positive values,
while M1 can take either sign.

For the first projection, we show results projected onto the plane spanned by the mass
of the Wino-like second-lightest neutralino (mχ̃0

2
) and the mass difference between the

Bino-like lightest neutralino and the second-lightest neutralino, (mχ̃0
2
−mχ̃0

1
). Note that

this plane is often chosen by the LHC collaborations to present results from searches for
electroweakinos aimed at the compressed region. We scan over the Bino and Wino mass
parameters M1 and M2 and for each point of the scan, we adjust the value of the Higgsino
mass parameter µ such that the MSSM contribution to the magnetic dipole moment of
the muon accounts for the difference between the measured value of aµ [27] and its SM
prediction [28].

In figure 7, we fixed tan β = 60 and M˜̀ = 600GeV, while the corresponding values of µ
are shown by the ticks on the upper edge of both panels. Note that these values of µ are
not a monotonic function of mχ̃0

2
. Also observe that since aMSSM

µ depends on M1, there is a
variation in the value of µ for which aMSSM

µ = ∆aµ with (mχ̃0
2
−mχ̃0

1
); this variation is of

order 5% across the range of values of (mχ̃0
2
−mχ̃0

1
) shown in figure 7.

– 18 –



J
H
E
P
1
1
(
2
0
2
3
)
0
3
7

150 200 250 300 350
m(χ̃0

2) [GeV]

10.0

3

4

5
6
7
8
9

20

30

40

50
60

(m
χ̃

0 2
−
m
χ̃

0 1
)

[G
eV

]

0.1

0.1

0.2

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.
9

900 921 900 800 700
µ [GeV], Fixed to (gµ − 2)

M1 ×M2 > 0

150 200 250 300 350
m(χ̃0

2) [GeV]

10.0

3

4

5
6
7
8
9

20

30

40

50
60

(m
χ̃

0 2
−
m
χ̃

0 1
)

[G
eV

]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

736 700 650 600 550
µ [GeV], Fixed to (gµ − 2)

M1 ×M2 < 0

ATLAS A

CMS A

CMS B

CMS C

Ωχ̃0
1
h2 = 0.06-0.18

σDD × (Ωχ̃1
0
h2/0.12)

Excluded

BR(χ̃0
2 → χ̃0

1 + γ)tan(β) = 60
M˜̀ = 600 GeV

aMSSM
µ = ∆aµ

Figure 7. Projection of the MSSM parameter space onto the mχ̃0
2
vs (mχ̃0

2
− mχ̃0

1
) plane for

tan β = 60 and M˜̀ = 600GeV. For each point in the scan, we adjust the value of µ, shown in
the upper x-axis, such that the MSSM contribution to the magnetic dipole moment of the muon
reproduces ∆aµ. The left (right) panel is for M1 ×M2 > 0 (M1 ×M2 < 0). In both panels, the
differently-colored regions in the upper left corner show the regions of parameter space ruled out
by different LHC multilepton searches, as labeled in the legend, “ATLAS A” [121], “CMS A” [122],
“CMS B” [125], “CMS C” [123]. The green band shows the region of parameter space where the
χ̃0

1 relic density (approximately) matches the observed DM relic density (ΩDMh
2 = 0.12); note

that in the region above the green band neutralinos would overclose the Universe, while below
the green band, Ωχ̃0

1
h2 < ΩDMh

2, such that neutralinos would only be a subcomponent of DM.
The gray-shaded region in the upper right corner is ruled out by the null results from direct
detection experiments. The black lines are isocontours of the “radiative decay” branching ratio,
BR(χ̃0

2 → χ̃0
1 + γ). Finally, in the left panel, where (M1 ×M2) > 0, the hatched region in the

lower right corner indicates (mχ̃0
2
−mχ̃0

1
) values that cannot be realized due to level-repulsion in the

neutralino mixing. For (M1 ×M2) < 0 (right panel), there is a region where the MSSM explains
the observed DM relic density, the observed value of aµ, and is compatible with the null results
from direct detection experiments and collider searches for 200 GeV . mχ̃0

2
. 325GeV and with

BR(χ̃0
2 → χ̃0

1 + γ) ≈ 0.2− 0.4.

In the left panel of figure 7, we show results for (M1 ×M2) > 0, while in the right
panel, we show results for (M1 ×M2) < 0. To start, we can note that across the range
of mχ̃0

2
values shown in figure 7, 120 GeV . mχ̃0

2
. 350GeV, we find that the lightest

neutralino has the right relic density to account for the DM for (mχ̃0
2
−mχ̃0

1
) ∼ 10− 30GeV.

For smaller (mχ̃0
2
− mχ̃0

1
), Bino-Wino co-annihilation becomes so efficient that the χ̃0

1’s
would only comprise a subcomponent of DM, while for larger (mχ̃0

2
−mχ̃0

1
), co-annihilation

is no longer sufficiently efficient to avoid the χ̃0
1’s overclosing the universe. Next, let us

discuss the behavior of the constraints from direct detection experiments shown by the
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gray-shaded region in figure 7. Focusing on the green band where neutralinos make up all of
the DM, we can see that for both signs of (M1 ×M2), the null results from direct detection
experiments rule out the region of parameter space where mχ̃0

2
& 300GeV. However, we can

also note that the values of µ required for aMSSM
µ = ∆aµ are roughly 200GeV smaller for

(M1 ×M2) < 0 than those for (M1 ×M2) > 0.5 Thus, the fact that the regions ruled out
by direct detection constraints visually appear similar for both signs in the projection of
figure 7 reflects the effectiveness of the suppression of the direct detection cross section for
(M1×µ) < 0 discussed in section 3.1. Recall that we choose MA = 2.5TeV for all numerical
results in this work, and choose tan β = 60 for figure 7. Note that the current LHC bounds
rule out MA . 2TeV for tan β = 60 [126, 127]. For (M1 ×M2) > 0, smaller MA leads to
larger spin-independent direct detection cross section; while for (M1 ×M2) < 0, smaller
MA leads to smaller direct detection cross sections. Hence for MA = 2TeV, the difference
between the regions of parameter space disfavored by direct detection bounds would be
more pronounced between the different signs of (M1×M2) than for MA = 2.5TeV as shown
in figure 7.

In figure 7 we also show regions of parameter space ruled out by the null results from
searches at the LHC by the various colored regions in the upper left corner of each panel.
The most relevant current searches at the LHC for this region of parameter space are
searches for events with multiple charged leptons with relatively low transverse momenta.
Comparing between the (M1 ×M2) > 0 case (left) and the (M1 ×M2) < 0 case (right),
we can see that the null-results from these collider searches rule out a significantly smaller
region of the parameter space for (M1×M2) < 0 than for (M1×M2) > 0. At the same time,
we can read off that, as anticipated in section 3.3, radiative decays of the second-lightest
neutralino have much larger branching ratios for (M1 ×M2) < 0 than for (M1 ×M2) > 0.
The larger the radiative decay branching ratio is, the smaller the branching ratios of χ̃0

2
into final states including charged leptons which the multi-lepton searches are sensitive to.

As shown in figure 7, combining the direct detection constraints and the collider
bounds, we find that for (M1 ×M2) > 0 most of the parameter space where neutralinos
account for all of the DM is ruled out. For (M1 ×M2) < 0, instead, there is a region
where the MSSM explains the observed DM relic density, the observed value of aµ, and is
compatible with the null results from direct detection experiments and collider searches for
200 GeV . mχ̃0

2
. 325GeV; note that in this region of parameter space, the radiative decay

(χ̃0
2 → χ̃0

1 +γ) has branching ratios of 20−40 %. Recall that in figure 7, we chose tan β = 60
and M˜̀ = 600GeV. Focusing on the interesting case (M1×M2) < 0, we show in appendix B
results equivalent to the right panel of figure 7 for a range of values of tan β = 50− 70 and
M˜̀ = 550− 700GeV. These results feature similar qualitative behavior, but illustrate that
the specific boundaries of the allowed parameter space as well as the values of the radiative
decay branching ratios depend on M˜̀ and tan β.

In figure 8 we show results in the M2 vs µ plane. We fix tan β = 60 and M˜̀ = 600GeV
and scan over the Wino and Higgsino mass parameters M2 and µ. At each point of the scan,

5For (M1×M2) > 0, there is another branch with yet larger µ-values satisfying ∆aµ and direct detection
bounds, which we do not consider in this analysis. See, for example, refs. [73, 74, 76, 77, 79] for studies of
this “large-|µ|” region of parameter space.
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Figure 8. Projection of the MSSM parameter space onto the M2 vs µ plane for tan β = 60 and
M˜̀ = 600GeV. In this projection, we adjust M1 at each point of the scan such that the neutralinos
make up all of the DM, Ωχ̃0

1
= ΩDM. As in figure 7, the left panel is for (M1×M2) > 0 and the right

panel is for (M1 ×M2) < 0, regions of parameter space ruled out by collider searches are shown by
the differently-colored regions in the upper left corners, and the constraints from direct detection
experiments are shown by the gray shaded area. The light-blue shaded region is where the MSSM
contribution to the muon’s magnetic moment deviates more than 2σ from the observed value of
∆aµ. In the lower-right hatched region, µ becomes comparable to M1 which drastically changes the
phenomenology. The dashed blue contours show the mass splitting (mχ̃0

2
−mχ̃0

1
) in units of GeV

(which we adjust to reproduce the observed relic density), and the dotted red contours show the
radiative decay branching ratio of χ̃0

2. The white region is compatible with all current constraints;
note that for (M1 ×M2) < 0, the allowed region of parameter space with M2 ∼ 250 − 400GeV
features large values of the χ̃0

2 radiative decay branching ratio of 20− 40 %.

we adjust the Bino mass parameter M1 such that the relic density of the (Bino-like) lightest
neutralino (Ωχ̃0

1
h2) matches the observed DM relic density (ΩDMh

2 = 0.12). Note that
Bino-Wino co-annihilation becomes less efficient for larger (mχ̃0

2
−mχ̃0

1
). Thus, adjusting M1

such that Ωχ̃0
1

= ΩDM corresponds to choosing the maximal value of (mχ̃0
2
−mχ̃0

1
) allowed;

for larger (mχ̃0
2
−mχ̃0

1
), neutralinos would overclose the universe. Since the decay products

from χ̃0
2 decays become more energetic for larger values of (mχ̃0

2
−mχ̃0

1
), the region of the

parameter space with maximal mass splitting is particularly interesting for collider searches.
Compared to the first projection in the mχ̃0

2
vs (mχ̃0

2
−mχ̃0

1
) plane (see figure 7), some

effects are easier to observe in figure 8, while others are more masked. We are again showing
results for (M1 ×M2) > 0 in the left panel, while the right panel is for (M1 ×M2) < 0.

Let us start by discussing the values of (mχ̃0
2
−mχ̃0

1
) producing Ωχ̃0

1
= ΩDM, shown

by the blue dashed contours in figure 8. For most of the shown region of parameter
space, we have (mχ̃0

2
−mχ̃0

1
) ∼ 20 − 30(50)GeV for M1 ×M2 < 0 (M1 ×M2 > 0). We
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observe that, in the lower right region of each panel, the requirement of Wino-Bino co-
annihilation is somewhat relaxed and (mχ̃0

2
−mχ̃0

1
) can take larger values. This is because

the Higgsino mass parameter µ becomes comparable to the mass of the Bino-like χ̃0
1, and

the correct relic density can be achieved by sufficiently large Higgsino-Bino mixing (the
well-tempered neutralino). However, this region of parameter space is entirely ruled out by
direct detection constraints.

Next, let us discuss the behavior of the direct detection constraints. As we can see,
these constraints rule out the region of parameter space where the values of µ become
too close to the mass of the lightest neutralino, since then the Higgsino admixtures to
the lightest neutralino, which control the direct detection cross sections, become too large.
Comparing the two panels in figure 8, we see that for (M1 ×M2) < 0, much smaller values
of µ are allowed by the direct detection constraints than for the (M1×M2) > 0 case, clearly
showing the effect of the partial cancellations of the various amplitudes contributing to the
spin-independent direct detection cross section discussed in section 3.1.

In figure 8, the regions where the MSSM contribution to the magnetic dipole moment
of the muon (aMSSM

µ ) differ by more than 2σ from the observed value of ∆aµ = (25.1 ±
5.9)× 10−10 are shown by the light-blue shaded regions. Comparing the two panels, we can
note that the region where aMSSM

µ is within 2σ of ∆aµ, i.e., the region in between these
light-blue shaded regions, is at values of µ roughly 100− 200GeV smaller for (M1×M2) < 0
than for (M1 ×M2) > 0. This visualizes the behavior discussed in section 3.2: recall that
the leading contributions to aMSSM

µ stem from the Bino-smuon and the chargino-sneutrino
loops. For (M1 ×M2) > 0, and µ taking the same sign as M2 as we assume throughout,
both contributions are positive. For (M1 ×M2) < 0, on the other hand, the Bino-smuon
contribution to aMSSM

µ becomes negative, such that a smaller value of µ is required in order
for the chargino-sneutrino contribution to become sufficiently large for the total aMSSM

µ to
be able to explain the observed value ∆aµ [26].

Finally, in figure 8 we show the regions of parameter space ruled out by LHC searches
for electroweakinos and sleptons with the differently-color shaded regions visible in the upper
left corners. As we already observed in the mχ̃0

2
vs (mχ̃0

2
−mχ̃0

1
) plane, these constraints are

again weaker for (M1 ×M2) < 0 than for (M1 ×M2) > 0, which is related to the branching
ratio of (χ̃0

2 → χ̃0
1 + γ) taking much larger values for the former case, suppressing the reach

of these multi-lepton searches.
In summary, both in figure 7 and in figure 8, we can observe that for (M1 ×M2) < 0,

there is a sizable region of parameter space where the MSSM explains the observed DM
relic density, the observed value of aµ, and is compatible with the null results from direct
detection experiments and collider searches for 200 GeV . mχ̃0

2
. 350GeV; note that in

this region of parameter space, the radiative decay (χ̃0
2 → χ̃0

1 + γ) has branching ratios of
20− 40 %. The current LHC searches do not probe this region of parameter space, in part
because the large values of the (χ̃0

2 → χ̃0
1 + γ) branching ratio suppress the decays into

the charged-lepton final states that the current searches mainly use. On the other hand,
these large values of the (χ̃0

2 → χ̃0
1 + γ) branching ratio suggest a new detection channel

at the LHC that could be used to better cover this region of the MSSM parameter space,
as we discuss in the following section. Before moving on, let us comment on the reach
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of future direct detection experiments, in particular, the projected reach of XENONnT
and LZ with their full envisaged exposure. Most of the region of parameter space for both
(M1×M2) > 0 and (M1×M2) < 0 where the MSSM satisfies all of our requirements shown
in figures 7, 8, and 12 is within the reach of these experiments. Thus, future DM direct
detection experiments might make a discovery in this well-motivated region of parameter
space. However, note that for our numerical results, the spin-independent direct detection
cross sections are suppressed for (M1×M2) < 0 due to the partial cancellations of the various
contributing amplitudes, and this cross section would be further suppressed if the values
of M1, µ, tan β, and MA are tuned to realize the “generalized blind-spot” solutions [19]
(see the discussion in section 3.1). Such solutions can suppress the spin-independent direct
detection cross sections to very small values at the cost of tuning of the parameters. In this
case, probes of the spin-dependent direct detection cross sections will become a powerful
probe (see, for example, refs. [102, 103] for related discussions).

5 A new search channel at the LHC

As discussed in the previous section, there is a region of MSSM parameter space, where
the neutralino spectrum is compressed (mχ̃0

2
−mχ̃0

1
∼ 10 − 30GeV) and (M1 ×M2) < 0,

that is of special phenomenological interest. As we have seen, this region of parameter
space is beyond the reach of current LHC compressed region searches, see, e.g., refs. [87–96],
since the decays of χ̃0

2 into final states containing charged leptons are suppressed by the
large radiative decay branching ratio, BR(χ̃0

2 → χ̃0
1 + γ) ∼ 20− 40 %. Here, we perform a

first study of the signal that could arise from these radiative decays: Wino-like charginos
and neutralinos have sizable production cross sections at the LHC, in particular in the
(pp→ χ̃0

2 + χ̃±1 ) channel mediated by a W± in the s-channel. If the χ̃0
2 decays radiatively,

the collider signature of this search is a relatively soft photon (with transverse momentum
pγT . mχ̃0

2
−mχ̃0

1
) accompanied by the similarly soft visible decay products of the χ̃±1 , see

figure 1 for an illustration. While some searches for photons and missing transverse energy
(/ET ) exist at the LHC, they are not well-suited to cover this region of parameter space.
CMS has several analyses which search for a single hard photon and missing transverse
energy ( /ET ) [128–130], as does ATLAS [131, 132]. To enhance the signature of the radiative
decay channel with a soft photon and /ET at the LHC, one can consider events where the
(χ̃0

2 + χ̃±1 ) Wino pair is produced in conjunction with a hard initial state radiation (ISR) jet
(j). While such an ISR boost will only lead to a O(1) increase of pγT due to the kinematics
of the event, the recoil of the (χ̃0

2 + χ̃±1 ) system against the ISR jet in (pp→ χ̃0
2 + χ̃±1 + j)

events leads to a sizable increase in the missing transverse energy ( /ET ) of such events.
In order to analyze the kinematics of our signal events of interest, we simulate (pp→

χ̃0
2 + χ̃±1 + j) events at the

√
s = 13TeV LHC and analyze the (j + γ + /ET + X) final

state arising from (χ̃0
2 → χ̃0

1 + γ) radiative decays and chargino decays. We will focus on
the distributions of pγT and /ET in such events; the visible decay products (“X”) from the
χ̃±1 → χ̃0

1 +X decays can in principle be used as additional handles to differentiate signal
events arising from this channel from backgrounds. For our Monte Carlo event generation
chain, we use Madgraph 3.2 [119] to generate the hard (pp→ χ̃0

2 + χ̃±1 + j) events at leading
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Figure 9. Left: leading order production cross section σ(pp→ χ̃0
2 + χ̃±

1 + j) at the
√
s = 13TeV

LHC, requiring a jet with pjT > 100GeV, and including an estimated 25% NLO contribution. Right:
radiative decay branching ratio as a function of the slepton mass, for different values of the Wino
mass parameter as denoted in the legend. The radiative decay branching ratio is largest for slepton
masses from about 100GeV larger than the neutralino mass up to several hundreds of GeV.

order, Pythia 8.2 [120] for hadronization, showering, and modeling of the χ̃0
2 and χ̃±1

decays, and Delphes 3 [115] with the default ATLAS card to simulate the detector. We use
Prospino 2.1 [133] to calculate the K-factor for next-to-leading order (NLO) corrections
for electroweakino production, and we estimate that corrections would increase the LHC
cross sections by about 20–30% in our regions of parameter space, which we take into
account by applying a common K-factor of 1.25. We perform a first event selection using
the following set of cuts:

• At the truth level (i.e. the level of the hard event), we require one (ISR) jet satisfying
pjT > 100GeV and pseudorapidity ηj < 5.

• At the detector level (i.e. after Delphes), we required events to contain one recon-
structed photon with pγT > 10GeV and ηγ < 2.5.

Additional cuts on pγT , /ET , or any other collider observable can of course be added, and we
will discuss some examples further below.

In the left panel of figure 9, we show σ(pp → χ̃0
2 + χ̃±1 + j) vs M2, demanding

pjT > 100GeV. In the most relevant range of parameter space, M2 . 350GeV, we find
σ(pp → χ̃0

2 + χ̃±1 + j) & 20 fb, to be compared with the expected LHC Run 3 luminosity
of L = 250 fb−1. The right panel of figure 9 shows the radiative decay branching ratio,
BR(χ̃0

2 → χ̃0
1 + γ), as a function of the soft slepton mass parameter (M˜̀) for various choices

of the Wino mass parameter. As discussed in more detail in section 3.3, figure 9 reflects
the suppression of BR(χ̃0

2 → χ̃0
1 + γ) for light sleptons, where (χ̃0

2 → χ̃0
1 + l + l̄) three-body

decays are prominent; and also the suppression for large slepton masses, where all processes
mediated by sleptons are strongly suppressed and hadronic decays begin to dominate.
Quite generally, for tan(β) ∼ 60 we find that BR(χ̃0

2 → χ̃0
1 + γ) is largest for slepton mass

parameters in the range M˜̀∼ 500− 700GeV.

– 24 –



J
H
E
P
1
1
(
2
0
2
3
)
0
3
7

0 50 100 150 200

Photon pγT [GeV]

10−1

100

101

102

103

104
E

ve
nt

s
/

4
G

eV
/

10
0

fb
−

1

Benchmark Model
pp→ χ̃0

2χ̃
±
1 j → j + γ + MET +X

Selection Criteria:

1 Jet (pjT > 100 GeV, ηj < 5)
1 γ (pγT > 10 GeV, ηγ < 2.5)

Truth Level

Dectector Simulation

0 200 400 600 800 1000

MET [GeV]

10−1

100

101

102

103

E
ve

nt
s

/
10

G
eV

/
10

0
fb
−

1

Truth Level

Dectector Simulation

Figure 10. Kinematic distributions of the Benchmark Point generated using a
Madgraph+Pythia+Delphes simulation chain. In order to boost the /ET of the event, we con-
sider only (pp→ χ̃0

2 + χ̃±
1 + j) events with an ISR jet with pjT > 100GeV. We denote the visible

decay products of the chargino with “X”; note that while we do not consider the kinematic distribu-
tion of these decay products here, they may be useful for a full analysis.

To study the kinematic distribution of the objects in the final state, we use the following
benchmark point featuring a large radiative decay branching ratio of the second-lightest
neutralino, a reasonably large (mχ̃0

2
−mχ̃0

1
) mass splitting, and providing explanations for

DM and ∆aµ:

M1 = −282GeV mχ̃0
2
≈ mχ̃±

1
≈ 300GeV

M2 = 286GeV mχ̃0
2
−mχ̃0

1
= 24.1GeV

µ = 800GeV BR(χ̃0
2 → χ̃0

1 + γ) = 36 %
Ml̃ = 600GeV aMSSM

µ = 2.0× 10−9

tan β = 60 Ωχ̃0
1
h2 = 0.121

σ(pp→ χ̃±1 + χ̃0
2 + j) = 60 fb

Note that the production cross section σ(pp → χ̃±1 + χ̃0
2 + j) is the fiducial cross section

at the
√
s = 13TeV LHC requiring one jet with pjT > 100GeV. The NLO contribution to

the production cross section is estimated to be 25%, which is included in this reported
cross section, and the kinematic distributions in figure 10 and figure 11. This is motivated
by calculations of the χ̃±1 χ̃

0
2 production cross sections for this parameter point using

Prospino 2.1.
In figure 10, we show the distribution of pγT and /ET both at the truth level of our

simulation chain and after including detector effects via Delphes. Since the ISR jet is the
most energetic visible object in the final state, and since the χ̃0

2 and χ̃±1 would be produced
with equal and opposite pT in the absence of initial state radiation, the (χ̃0

2+χ̃±1 ) system will
recoil against the ISR jet in the transverse plane. Since most of the pT of the second lightest
neutralino and the lightest chargino is inherited by the lightest neutralino, the /ET of the
event approximately balances the pjT . Thus, our event selection criterion of pjT > 100GeV
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Figure 11. Left: efficiency table for various possible /ET and photon pT cuts applied to our
benchmark point. The efficiency is calculated with respect to events that pass the ISR jet and
photon requirements listed in bullet points in the main text. Right: distribution of photon pγT and
/ET at the detector level. There is no apparent correlation between pγT and /ET , thus, a multi-object
trigger would be well suited for this scenario. Note the logarithmic color scale.

(at the level of the hard event) ensures that most of the signal events have /ET > 100GeV.
From figure 10 we can note that our signal events feature a broad high- /ET tail, which allows
to select more aggressive /ET cuts in an analysis at moderate cost in selection efficiency.
Turning to the pγT distribution shown in the left panel of figure 10, we can first note that
the pγT -distribution does indeed peak just below (mχ̃0

2
−mχ̃0

1
) ≈ 24GeV. The transverse

momentum of the photon can however be boosted by an O(1) factor. This happens if the
photon from the (χ̃0

2 → χ̃0
1 + γ) decay is produced in the same direction in which the χ̃0

2
is produced and boosted, leading to the high-pγT tail of the distribution in the left panel
of figure 10.

In order to suppress backgrounds, we anticipate that additional event selection cuts will
be necessary. In particular, cuts on pγT more stringent than the pγT > 10GeV requirement we
have made this far may be necessary to sufficiently suppress electromagnetic backgrounds,
and additional /ET -cuts might be required to suppress backgrounds arising from events with
mis-measured jet energies. In figure 11, we present a table of selection efficiencies for signal
events if additional cuts on pγT and /ET over our initial criteria (pjT > 100GeV, pγT > 10GeV)
are made. For example, requiring /ET > 150GeV and pγT > 40GeV leads to a signal event
selection efficiency of 16 %.

In the right panel of figure 11, we show a 2D-histogram of the distribution of signal
events for our benchmark point in the /ET vs pγT plane. We observe no significant correlation
in the distribution of pγT and /ET . Thus, simple cuts on pγT or /ET are likely not the most
effective way of searching for such signals. In order to suppress backgrounds sufficiently, we
anticipate that a multi-variate analysis of the final state using the kinematics of all visible
objects (the photon, the soft visible decay products of the χ̃±1 , and the ISR jet) together
with /ET will be necessary. Furthermore, the new technical capabilities installed at the LHC
during the long shutdown preceding Run 3 now allow for non-trivial multi-object triggers
with considerably lower thresholds than more traditional pγT -only or /ET -only triggers. A
combined pγT and /ET trigger would be particularly useful to search for the soft-photon +
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/ET final states arising from (pp → χ̃0
2 + χ̃±1 + j) events at the LHC when the χ̃0

2 decays
radiatively. We note that the analysis presented in this work is aimed at motivating future
studies and searches for the yet unexplored radiative decay signatures. To fully utilize these
new signatures in collider searches, dedicated studies of the proposed signal and the SM
background should be performed to decide the most promising signal topology and the
event selection strategies.

Before concluding, let us briefly comment on other interesting collider signature in the
region of parameter space discussed in this work. If the strongly charged superpartners,
i.e., the squarks and gluinos, are light enough so that their production cross section at
the LHC is not too small, then interesting signals could also arise from their production.
Wino-like neutralinos can be produced in the decay cascades of squarks and gluinos, and
those neutralinos can again decay radiatively, leading to collider signatures at the LHC
containing hard jets (from the squark/gluino decays) and photons from radiative decays
(χ̃0

2 → χ̃0
1 +γ). In such events, the χ̃0

2’s are produced with much larger boosts and hence, the
photons would have much larger pT than those arising from the direct pp→ χ̃0

2 + χ̃±1 (+j)
production we focus on in this work. We refer the reader to ref. [97] for a discussion of
collider signals arising from (χ̃0

2 → χ̃0
1 +γ) decays in the decay cascades of gluinos and squark

at the LHC, note that the corresponding final states are comparatively well-covered by
exisiting searches. The relevant squark/gluino production cross sections are steep functions
of the squark/gluino masses [98], and those masses can be adjusted without affecting the
phenomenology driven by the electroweak sparticle sector discussed in this work. Hence,
while it is paramount that the LHC collaborations continue the search for new particles
in the channels aimed at the direct production of strongly charged sparticles, we do not
discuss them further in this work.

In summary, the radiative decay of Wino-like neutralinos, (χ̃0
2 → χ̃0

1 + γ), in [pp →
χ̃0

2 + χ̃±1 (+j)] events leads to a new potential search channel at the LHC for which we
performed a first study in this section: a soft photon accompanied by /ET and additional soft
visible decay products arising from χ̃±1 decays. This kinematic region is, to the best of our
knowledge, not targeted by any of the current photon + /ET searches at the LHC [128–132].
As we have shown throughout this work, a large branching ratio for the (χ̃0

2 → χ̃0
1 + γ)

decay is a characteristic feature of an attractive region of the MSSM parameter space.
The new search channel proposed here can be especially relevant in complementing the
existing multi-lepton searches at the LHC, which are currently most powerful in targeting
(χ̃0

2 + χ̃±1 ) Wino pair-production in the (mχ̃0
2
−mχ̃0

1
) ∼ 10 − 30GeV region. Indeed, the

reach of these multi-lepton searches in the region of parameter space we focus on in this
work is hampered by the large radiative decay branching ratio. A systematic study of
Standard Model backgrounds will be necessary to fully quantify the reach of a soft-photon
+ /ET search.

6 Conclusion

The nature of dark matter is one of the most tantalizing puzzles in theoretical particle
physics and calls for new physics beyond the Standard Model. The recent observation
of the muon’s magnetic moment deviates from current Standard Model expectations and
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— if such discrepancy persists — also opens an exciting possibility for new physics. In
this article, we explore the electroweakino sector of the MSSM which can provide an
explanation for dark matter, and in certain cases can simultaneously provide an explanation
for the observed value of the muon’s magnetic moment. In order to avoid over-closing the
universe with the Bino-like dark matter candidate, we focus on the compressed region,
where (mχ̃0

2
− mχ̃0

1
) ∼ 10 − 30GeV, to allow for Bino-Wino co-annihilation. To avoid

current constraints from direct dark matter detection experiments, we ask the Higgsino
mass parameter µ to be of opposite sign to the Bino mass parameter M1; this suppresses
the spin independent cross section, without the need of a very large |µ|, by cancellations
between the different amplitudes contributing to the cross section. The value of |µ| needs
still to be sufficiently large — above a few hundred GeV — to fulfil the bounds from spin
dependent direct detection dark matter searches. To obtain a positive contribution to the
muon’s magnetic moment, on the other hand, we consider the region of parameter space
with µ being of the same sign as the Wino mass parameter M2. Altogether, we concentrate
on an attractive region of the MSSM parameter space, with a compressed Bino-Wino
spectrum and emphasis on the case of opposite sign gaugino masses due to (µ×M1) < 0
and (µ×M2) > 0. This region not only provides a viable DM candidate and may explain
the measured value of the magnetic dipole moment of the muon, but is also in accordance
with current dark matter direct detection and collider constraints.

To explore a new discovery opportunity for Bino-like dark matter at the LHC, we
first revisit the collider phenomenology in the compressed region, and show that for
(M1 ×M2) < 0, there is an enhancement of the rate of the radiative decay of the second-
lightest neutralino into the lightest neutralino and a photon. This signal emerges as a
frequent and yet unexplored physical process. The enhanced radiative decay rate leads to a
suppression of the decays of the second-lightest neutralino into charged leptons, weakening
the reach of the LHC multi-lepton searches. In this opposite-sign gaugino mass scenario, the
region with 200 GeV . mχ̃0

2
. 350GeV remains unconstrained by the existing experimental

searches, while most of the parameter space in the same-sign gaugino mass scenario,
(M1 ×M2) > 0, has been excluded.

We propose a new channel to search for (pp → χ̃0
2 + χ̃±1 ) production in the Wino-

Bino compressed region at the LHC: mono-photon+ /ET accompanied by jets or a charged
lepton from the chargino decay, and possibly an initial state radiation jet. We have given
estimates of the signal cross sections, kinematic distributions, and selection efficiencies
relevant for such a search, indicating that this channel could complement the current leptonic
searches at the LHC. A dedicated study of this potential signal should be performed by the
ATLAS/CMS collaborations. Ultimately, a search for radiative decays of the second-lightest
neutralino could allow a deeper exploration of minimal supersymmetric models that provide
explanations for both dark matter and the muon’s magnetic moment anomaly, and perhaps,
lead to the discovery of new particles at the LHC.
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A Analytic calculations of radiative decay

The loop integrals used for the analytic calculation of the neutralino radiative decay in
section 3.3 are given as following:

I2 = 1
∆

∫ 1

0
dx logX , (A.1)

I = 1
∆

∫ 1

0

dx

1− x logX , (A.2)

J = I(X → X ′) , (A.3)

K = − 1
∆

∫ 1

0
dx

(
1 + B

∆x(1− x) logX
)
. (A.4)

The parameters ∆, B and X(X ′) are defined as

∆ ≡ m2
χ̃0

2
−m2

χ̃0
1
, (A.5)

B ≡ xm2
f + (1− x)m2

b − x(1− x)m2
χ̃0

2
, (A.6)

X ≡
xm2

f + (1− x)m2
b − x(1− x)m2

χ̃0
2

xm2
f + (1− x)m2

b − x(1− x)m2
χ̃0

1

, (A.7)

X ′ ≡ X(mb ↔ mf ) , (A.8)

where mb and mf are the masses of the boson and fermion in the loop, respectively.

B Further plots of mχ̃0
2

vs. ∆m(χ̃0
2, χ̃

0
1)

In figure 12, we show the parameter space satisfying ∆aµ = aMSSM
µ , for various choices

of slepton masses and tan β. Here, we focus on the case of (M1 ×M2) < 0, for which
direct detection constraints are alleviated and the radiative decay branching ratio of the
second-lightest neutralino is enhanced. Figure 12 indicates that direct detection constraints
are weaker for larger tan β and for smaller slepton masses, mainly because then larger µ is
needed to explain ∆aµ. Note that for a lighter slepton mass, M˜̀ = 550GeV, the search
for sleptons and charginos production [88] (“ATLAS B” in the figure) rules out the region
with small mχ̃0

2
and (mχ̃0

2
−mχ̃0

1
), as expected from the increased slepton production cross

section due to its reduced mass.
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Figure 12. Same as figure 7, but for different choices of soft slepton mass parameter M˜̀ and tan(β),
as denoted in each panel. Note that all panels are for (M1 ×M2) < 0, and throughout we adjust µ
such that ∆aµ = aMSSM

µ .
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