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Abstract The electroweak (EW) sector of the Minimal
Supersymmetric Standard Model (MSSM) can account for
a variety of experimental data. In particular it can explain
the persistent 3 − 4 σ discrepancy between the experimen-
tal result for the anomalous magnetic moment of the muon,
(g−2)μ, and its Standard Model (SM) prediction. The light-
est supersymmetric particle (LSP), which we take as the light-
est neutralino, χ̃0

1 , can furthermore account for the observed
Dark Matter (DM) content of the universe via coannihilation
with the next-to-LSP (NLSP), while being in agreement with
negative results from Direct Detection (DD) experiments.
Concerning the unsuccessful searches for EW particles at the
LHC, owing to relatively small production cross-sections a
comparably light EW sector of the MSSM is in full agree-
ment with the experimental data. The DM relic density can
fully be explained by a mixed bino/wino LSP. Here we take
the relic density as an upper bound, which opens up the pos-
sibility of wino and higgsino DM. We first analyze which
mass ranges of neutralinos, charginos and scalar leptons are
in agreement with all experimental data, including relevant
LHC searches. We find roughly an upper limit of ∼ 600 GeV
for the LSP and NLSP masses. In a second step we assume
that the new result of the Run 1 of the “MUON G-2” col-
laboration at Fermilab yields a precision comparable to the
existing experimental result with the same central value. We
analyze the potential impact of the combination of the Run 1
data with the existing (g − 2)μ data on the allowed MSSM
parameter space. We find that in this case the upper limits
on the LSP and NLSP masses are substantially reduced by
roughly 100 GeV. We interpret these upper bounds in view
of future HL-LHC EW searches as well as future high-energy
e+e− colliders, such as the ILC or CLIC.

a e-mail: mani.chakraborti@gmail.com (corresponding author)
b e-mail: Sven.Heinemeyer@cern.ch
c e-mail: ipsita.saha@ipmu.jp

1 Introduction

One of the most important tasks at the LHC is to search
for physics beyond the Standard Model (SM). This includes
the production and measurement of the properties of Cold
Dark Matter (CDM). These two (related) tasks will be among
the top priority in the future program of high-energy par-
ticle physics. One tantalizing hint for physics beyond the
SM (BSM) is the anomalous magnetic moment of the muon,
(g− 2)μ. The experimental result deviates from the SM pre-
diction by 3 − 4σ [1,2]. Improved experimental results are
expected soon [3] from the Run 1 data of the “MUON G-
2” experiment [4]. Another clear sign for BSM physics is
the precise measurement of the CDM relic abundance [5].
A final set of related constraints comes from CDM Direct
Detection (DD) experiments. The LUX [6], PandaX-II [7]
and XENON1T [8] experiments provide stringent limits on
the spin-independent (SI) DM scattering cross-section, σ SI

p .
Among the BSM theories under consideration the Mini-

mal Supersymmetric Standard Model (MSSM) [9–12] is one
of the leading candidates. Supersymmetry (SUSY) predicts
two scalar partners for all SM fermions as well as fermionic
partners to all SM bosons. Contrary to the case of the SM,
in the MSSM two Higgs doublets are required. This results
in five physical Higgs bosons instead of the single Higgs
boson in the SM. These are the light and heavy CP-even
Higgs bosons, h and H , the CP-odd Higgs boson, A, and the
charged Higgs bosons, H±. The neutral SUSY partners of
the (neutral) Higgs and electroweak gauge bosons gives rise
to the four neutralinos, χ̃0

1,2,3,4. The corresponding charged

SUSY partners are the charginos, χ̃±
1,2. The SUSY partners of

the SM leptons and quarks are the scalar leptons and quarks
(sleptons, squarks), respectively.

The electroweak (EW) sector of the MSSM (the charginos,
neutralinos and scalar leptons) can account for a variety of
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experimental data. The lightest SUSY particle (LSP), the
lightest neutralino χ̃0

1 , can explain the CDM relic abundance
[13,14], while not being in conflict with negative DD results
and the negative LHC searches. The requirement to give the
full amount of DM relic density can be met if the LSP is a
bino or a mixed bino/wino state. Furthermore, the EW sector
of the MSSM can account for the persistent 3 − 4 σ discrep-
ancy of (g − 2)μ. Recently in Ref. [15], assuming that the
LSP gives rise to the full amount of DM relic density, upper
limits on the various masses of the EW SUSY sector were
derived, while being in agreement with all other experimen-
tal data.1 The upper limits strongly depend on the deviation
of the experimental result of (g − 2)μ from its SM predic-
tion. Taking the current deviation of (g − 2)μ [1,2], limits
of roughly ∼ 600 GeV were set on the mass of the LSP
and the next-to-LSP (NLSP). Assuming that the new result
of the Run 1 of the “MUON G-2” collaboration at Fermilab
yields a precision comparable to the existing experimental
result with the same central value, yielded a reduction of
these upper limits of roughly ∼ 100 GeV.

In this paper we perform an analysis similar to [15], but
under the assumption that the relic DM only gives an upper
bound, which opens up the possibility of wino and hig-
gsino DM. We analyze the four cases of bino-dominated,
bino/wino, (nearly pure) wino and higgsino LSP for the cur-
rent deviation of (g − 2)μ, as well as for the assumption of
improved (g− 2)μ bounds from the combination of existing
experimental data with the Run 1 data of the “MUON G-2”
experiment. In all cases we require the agreement with all
other relevant existing data, such as the DD bounds and the
EW searches at the LHC. The derived upper limits on the EW
masses are discussed in the context of the upcoming searches
at the HL-LHC as well as at possible future e+e− colliders,
such as the ILC [37,38] or CLIC [38–41].

2 The electroweak sector of the MSSM

In our notation for the MSSM we follow exactly Ref. [15].
Here we restrict ourselves to a very short introduction of
the relevant parameters and symbols of the EW sector of
the MSSM, consisting of charginos, neutralinos and scalar
leptons. The scalar quark sector is assumed to be heavy and
not to play a relevant role in our analysis. Throughout this
paper we also assume that all parameters are real, i.e. the
absence of CP-violation.

The masses and mixings of the neutralinos are determined
(besides SM parameters)) by U (1)Y and SU (2)L gaugino
masses M1 and M2, the Higgs mixing parameter μ and tan β,
the ratio of the two vacuum expectation values (vevs) of the

1 Other articles that investigated (part of) this interplay are Refs. [16–
36], see Ref. [15] for a detailed description.

two Higgs doublets of MSSM, tan β = v2/v1. After diago-
nalization, the four eigenvalues of the matrix give the four
neutralino masses mχ̃0

1
< mχ̃0

2
< mχ̃0

3
< mχ̃0

4
. The masses

and mixings of the charginos are determined (besides SM
parameters) by M2, μ and tan β. Diagonalizing the mass
matrix two chargino-mass eigenvalues mχ̃±

1
< mχ̃±

2
can be

obtained.
For the sleptons, as in Ref. [15], we choose common soft

SUSY-breaking parameters for all three generations. The
charged slepton mass matrix are determined (besides SM
parameters) by the diagonal soft SUSY-breaking parameters
m2

l̃L
and m2

l̃R
and the trilinear coupling Al (l = e, μ, τ ),

where the latter are taken to be zero. Mixing between the
“left-handed” and “right-handed” sleptons is only relevant
for scalar taus, where the off-diagonal entry in the mass
matrix is given by −mτμ tan β. Thus, for the first two
generations, the mass eigenvalues can be approximated as
ml̃1

� ml̃L
,ml̃2

� ml̃R
. In general we follow the conven-

tion that l̃1 (l̃2) has the large “left-handed” (“right-handed”)
component. Besides the symbols equal for all three gener-
ations, we also explicitly use the scalar electron, muon and
tau masses, mẽ1,2 , mμ̃1,2 and m τ̃1,2 . The sneutrino and slepton
masses are connected by the usual SU(2) relation.

Overall, the EW sector at the tree level can be described
with the help of six parameters: M1, M2, μ, tan β,ml̃L

,ml̃R
.

Throughout our analysis we neglectCP-violation and assume
μ, M1, M2 > 0. In Ref. [15] it was shown that choosing these
parameters positive covers the relevant parameter space once
the (g−2)μ results are taken into account (see, however, the
discussion in Sect. 7).

Following the stronger experimental limits from the LHC
[42,43], we assume that the colored sector of the MSSM
is sufficiently heavier than the EW sector, and does not
play a role in this analysis. For the Higgs-boson sector
we assume that the radiative corrections to the light CP-
even Higgs boson (largely originating from the top/stop sec-
tor) yield a value in agreement with the experimental data,
Mh ∼ 125 GeV. This naturally yields stop masses in the
TeV range [44,45], in agreement with the above assump-
tion. Concerning the Higgs-boson mass scale, as given by
the CP-odd Higgs-boson mass, MA, we employ the existing
experimental bounds from the LHC. In the combination with
other data, this results in a mostly non-relevant impact of the
heavy Higgs bosons on our analysis, as will be discussed
below.

3 Relevant constraints

The experimental result for aμ := (g − 2)μ/2 is dominated
by the measurements made at the Brookhaven National Lab-
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oratory (BNL) [46], resulting in a world average of [47]

aexp
μ = 11659209.1(5.4)(3.3) × 10−10, (1)

where the first uncertainty is statistical and the second sys-
tematic. The SM prediction of aμ is given by [48] (based on
Refs. [1,2,49–66] ),2

aSM
μ = (11659181.0 ± 4.3) × 10−10. (2)

Comparing this with the current experimental measurement
in Eq. (1) results in a deviation of

�aold
μ = (28.1 ± 7.6) × 10−10, (3)

corresponding to a 3.7 σ discrepancy. This “current” result
will be used below with a hard cut at 2 σ uncertainty.

Efforts to improve the experimental result at Fermilab by
the “MUON G-2” collaboration [4] and at J-PARC [67] aim
to reduce the experimental uncertainty by a factor of four
compared to the BNL measurement. For the second step in
our analysis we consider the upcoming Run 1 result from
the Fermilab experiment [3]. The Run 1 data is expected to
have roughly the same experimental uncertainty as the cur-
rent result in Eq. (1). We furthermore assume that the Run 1
data yields the same central value as the current result. Con-
sequently, we anticipate that the experimental uncertainty
shrinks by 1/

√
2, yielding a future value of

�afut
μ = (28.1 ± 6.2) × 10−10, (4)

corresponding to a 4.5 σ discrepancy. Thus, the combination
of Run 1 data with the existing experimental (g − 2)μ data
has the potential to (nearly) establish the “discovery” of BSM
physics. This “anticipated future” result will be used below
with a hard cut at 2 σ uncertainty.

Recently a new lattice calculation for the leading order
hadronic vacuum polarization (LO HVP) contribution to aSM

μ

[68] has been reported, which, however, was not used in the
new theory world average, Eq. (2) [48]. Consequently, we
also do not take this result into account, see also the discus-
sions in Refs. [15,68–72]. On the other hand, we are also
aware that our conclusions would change substantially if the
result presented in [68] turned out to be correct.

In the MSSM the main contribution to (g−2)μ at the one-
loop level comes from diagrams involving χ̃±

1 −ν̃ and χ̃0
1 −μ̃

loops. In the case of a bino-dominated LSP the contributions
are approximated as [73–75]

a
χ̃±−ν̃μ
μ ≈ αm2

μ μ M2 tan β

4π sin2 θW m2
ν̃μ

2 In Ref. [15] a slightly different value was used, with a negligible effect
on the results.

×
(

fχ±(M2
2 /m2

ν̃μ
) − fχ±(μ2/m2

ν̃μ
)

M2
2 − μ2

)
, (5)

aχ̃0−μ̃
μ ≈ αm2

μ M1(μ tan β − Aμ)

4π cos2 θW (m2
μ̃R

− m2
μ̃L

)

×
(

fχ0(M2
1 /m2

μ̃R
)

m2
μ̃R

− fχ0(M2
1 /m2

μ̃L
)

m2
μ̃L

)
, (6)

where the loop functions f are as given in Ref. [75]. In our
analysis MSSM contribution to (g−2)μ up to two-loop order
is calculated using GM2Calc [76], implementing two-loop
corrections from [77–79] (see also [80,81]). This code also
works numerically reliable for the cases of (very) compressed
spectra, such as for wino and higgsino DM.

Other constraints

All other experimental constraints are taken into account
exactly as in Ref. [15]. These comprise

• Vacuum stability constraints:
All points are check to possess a stable and correct EW
vacuum, e.g. avoiding charge and color breaking minima.
This check is performed with the public code Evade
[82,83].

• Constraints from the LHC:
The LHC searches for EW SUSY that prove to be the most
relevant in our case are (i) the constraints from χ̃0

2 χ̃±
1

pair production leading to three leptons and E/T in the
final state [84] (ii) the constraint coming from slepton
pair production searches leading to dilepton and E/T in
the final state [85]. The exclusion contours provided by
the experimental collaborations are based on “simplified
model” approach. However, for the models considered in
our work, the kinematic configurations and compositions
of the gauginos may be considerably different from the
simplified scenarios. Therefore, it is important to prop-
erly recast these limits, rather than the “naive” applica-
tion of the direct exclusion contours on our parameter
space. We use our implementations of the ATLAS anal-
yses Refs. [84,85] in the program package CheckMATE
[86–88]. A detailed description of our implementations
can be found in Ref. [15]. As in Ref. [15], the constraints
coming from “compressed spectra” searches [89], corre-
sponding to very low splittings between mχ̃±

1
,mχ̃0

2
,ml̃1

and mχ̃0
1

are applied directly on our parameter space.
In addition to the searches described in Ref. [15], we
take into account the latest constraints from the disap-
pearing track searches at the LHC [90,91]. These are
particularly important for wino DM scenario where the
mass gap between χ̃±

1 and χ̃0
1 can be ∼ a few hundred

MeV. The long-lived χ̃±
1 (lifetime ∼ O(ns)) decays into
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final states involving a χ̃0
1 and a soft pion which can

not be reconstructed within the detector. Thus, the signal
involves a charged track from χ̃±

1 that produces hits only
in the innermost layers of the detector with no subsequent
hits at larger radii.

• Dark matter relic density constraints:
We use the latest result from Planck [5].

�CDMh2 ≤ 0.122. (7)

As stressed above, we take the relic density as an upper
limit (evaluated from the central value plus 2 σ . The relic
density in the MSSM is evaluated with MicrOMEGAs
[92–95]. An additional DM component could be, e.g., a
SUSY axion [96], which would then bring the total DM
density into agreement with the Planck measurement of
�CDMh2 = 0.120 ± 0.001 [5].
In the case of wino DM, because of the extremely small
mass splitting, the effect of “Sommerfeld enhancement”
[97] can be very important. For wino DM providing the
full amount of DM it shifts the allowed range of mχ̃0

1
from ∼ 2.0 TeV to about ∼ 2.9 TeV. Since here we
are interested in the case that the wino DM only gives a
fraction of the whole DM relic density, see Eq. (7), we can
safely neglect the Sommerfeld enhancement. The upper
limit on mχ̃0

1
is given, as will be shown below, by the

(g − 2)μ constraint, but not by the DM relic density.
Allowing higher masses here (as would be the case if the
Sommerfeld enhancement had been taken into account)
could thus not lead to a larger allowed parameter space.
On the other hand, for a point with a relic density fulfilling
Eq. (7) the Sommerfeld enhancement would only lower
the “true” DM density, which still fulfills Eq. (7).

• Direct detection constraints of Dark matter:
We employ the constraint on the spin-independent DM
scattering cross-section σ SI

p from XENON1T [8] experi-
ment, evaluating the theoretical prediction for σ SI

p using
MicrOMEGAs [92–95]. A combination with other DD
experiments would yield only very slightly stronger lim-
its, with a negligible impact on our results. For param-
eter points with �χ̃h2 ≤ 0.118 (2 σ lower limit from
Planck [5]), we scale the cross-section with a factor of
(�χ̃h2/0.118) to account for the fact that χ̃0

1 provides only
a fraction of the total DM relic density of the universe.
Here the effect of neglecting the Sommerfeld enhance-
ment leads to a more conservative allowed region of
parameter space.

• Another potential set of constraints is given by the
indirect detection of DM. However, we do not impose
these constraints on our parameter space because of the
well-known large uncertainties associated with astro-
physical factors like DM density profile as well as the-
oretical corrections [98–101]. However, for the sake

of completeness, we briefly discuss the indirect detec-
tion constraints from current experimental data from
ANTARES/IceCube [102] and Super-Kamiokande [103]
for several sample points discussed in Sect. 5.4. Con-
cretely, we evaluate the cross section for DM annihi-
lation to SM particles, 〈σv〉SMSM for the most promis-
ing channels. These cross sections can then be com-
pared to the limits set by ANTARES/IceCube and
Super-Kamiokande, which depend on the assumption
of a certain DM galactic halo profile. The combined
ANTARES/IceCube data sets an upper limit on the cross
section in the ballpark of 〈σv〉WW,ττ � 10−23 cm3 s−1

and 〈σv〉bb̄ � 10−22 cm3 s−1, assuming Navarro–Frenk–
White profile (NFW) DM density profile [104]. The
limits derived assuming the Burkert profile [105] are
observed to be somewhat weaker. Similarly, we also
analyze the prospects for indirect detection of these
points in the next generation experiments, in particular,
at the Cherenkov Telescope Array (CTA) [106], which
is expected to have a substantially improved sensitivity
compared to the current generation of experiments. The
projected reach from the CTA shows a considerable vari-
ation in the upper limit depending on the assumed halo
profile. The strongest limit assuming the Einasto profile
[107] is predicted to be 〈σv〉ττ � 2×10−27 cm3 s−1 and
〈σv〉WW,bb̄ � 4×10−27 cm3 s−1. The assumption of the
“cored Einasto profile” [107] provides limits which are
weaker by almost an order of magnitude. The projections
for the NFW profile lies in between the above two.

4 Parameter scan and analysis flow

4.1 Parameter scan

We scan the relevant MSSM parameter space to obtain lower
andupper limits on the relevant neutralino, chargino and slep-
ton masses. In order to achieve a “correct” DM relic density,
see Eq. (7), by the lightest neutralino, χ̃0

1 , some mechanism
such as a specific co-annihilation or pole annihilation has to
be active in the early universe. At the same time mχ̃0

1
must

not be too high, such that the EW sector can provide the con-
tribution required to bring the theory prediction of aμ into
agreement with the experimental measurement, see Sect. 3.
The combination of these two requirements yields the fol-
lowing possibilities. (The cases present a certain choice of
favored possibilities, upon which one can expand, as will
briefly discussed in Sect. 7.)

• (A) Higgsino DM This scenario is characterized by a
small value of μ (as favored, e.g., by naturalness argu-
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ments [108–113]).3 Such a scenario is also naturally real-
ized in Anomaly Mediation SUSY breaking (see e.g.
Ref. [115] and references therein). We scan the following
parameters:

100 GeV ≤ μ ≤ 1.2 TeV, 1.1μ ≤ M1 ≤ 10μ,

1.1μ ≤ M2 ≤ 10μ, 5 ≤ tan β ≤ 60,

100 GeV ≤ ml̃L
,ml̃R

≤ 2 TeV. (8)

• (B) Wino DM This scenario is characterized by a small
value of M2. Such a scenario is also naturally realized in
Anomaly Mediation SUSY breaking (see e.g. Ref. [115]
and references therein). We scan the following parame-
ters:

100 GeV ≤ M2 ≤ 1.5 TeV, 1.1M2 ≤ M1 ≤ 10M2,

1.1M2 ≤ μ ≤ 10M2, 5 ≤ tan β ≤ 60,

100 GeV ≤ ml̃L
,ml̃R

≤ 2 TeV. (9)

The choice of M2 	 M1, μ leads (at tree-level) to a
very degenerate spectrum with mχ̃±

1
− mχ̃0

1
= O(1 eV).

However, this spectrum does not correspond to the on-
shell (OS) masses of all six charginos and neutralinos.
Since only three (soft SUSY-breaking) mass parameters
are available (M1, M2 and μ), only three out of the six
masses can be renormalized OS. The (one-loop) shifts for
the three remaining masses are obtained via the CCNi

renormalization scheme [116] with i ∈ {2, 3, 4}. In a
CCNi scheme the χ̃±

1 , χ̃±
2 and χ̃0

i are chosen OS. This
automatically yields a good renormalization for M2 and
μ. The χ̃0

i has to be chosen, parameter point by parame-
ter point, such that also M1 is renormalized well (which
excludes the CCN1 for M2 	 M1, μ). For each point
we choose the χ̃0

i to be renormalized OS such that the
maximum shift of all three shifted neutralino masses is
minimized. We have explicitly checked for each scanned
point that the such chosen CCNi indeed yields reason-
ably small shifts for three shifted neutralino masses, in
particular for mχ̃0

1
.4 Only this transition to OS masses

yields a mass splitting between mχ̃±
1

and mχ̃0
1

that allows

then for the decay χ̃±
1 → χ̃0

1 π±.
• (C) Mixed bino/wino DM This scenario has been ana-

lyzed in Ref. [15]. It can in principle be realized in
three different versions corresponding to the coannihi-
lation mechanism (see Ref. [15] for a detailed discus-
sion). However, a larger wino component is found only
for χ̃±

1 -coannihilation. The scan parameters are chosen

3 A recent analysis in the higgsino DM scenario, requiring the LSP to
yield the full DM relic density, can be found in Ref. [114].
4 We thank C. Schappacher for evaluating the mass shift for our wino
DM points (following Ref. [117]).

as,

100 GeV ≤ M1 ≤ 1 TeV, M1 ≤ M2 ≤ 1.1M1,

1.1M1 ≤ μ ≤ 10M1, 5 ≤ tan β ≤ 60,

100 GeV ≤ ml̃L
≤ 1.5 TeV, ml̃R

= ml̃L
. (10)

Here we choose one soft SUSY-breaking parameter for
all sleptons together. While this choice should not have
a relevant effect in the χ̃±

1 -coannihilation case, this have
an impact in the next case. In our scans we will see that
the chosen lower and upper limits are not reached by the
points that meet all the experimental constraints. This
ensures that the chosen intervals indeed cover all the rel-
evant parameter space.

• (D) Bino DM This scenario covers the coannihilation
with sleptons, and has also been analyzed in Ref. [15]. In
this scenario “accidentally” the wino component of the
χ̃0

1 can be non-negligible. However, this is not a distinc-
tive feature of this scenario. We cover the two distinct
cases that either the SU(2) doublet sleptons, or the sin-
glet sleptons are close in mass to the LSP.
(D1) Case-L: SU(2) doublet

100 GeV ≤ M1 ≤ 1 TeV, M1 ≤ M2 ≤ 10M1,

1.1M1 ≤ μ ≤ 10M1, 5 ≤ tan β ≤ 60,

M1 GeV ≤ ml̃L
≤ 1.2M1, M1 ≤ ml̃R

≤ 10M1.

(11)

(D2) Case-R: SU(2) singlet

100 GeV ≤ M1 ≤ 1 TeV, M1 ≤ M2 ≤ 10M1,

1.1M1 ≤ μ ≤ 10M1, 5 ≤ tan β ≤ 60,

M1 GeV ≤ ml̃R
≤ 1.2M1, M1 ≤ ml̃L

≤ 10M1.

(12)

In all scans we choose flat priors of the parameter space and
generate O(107) points.

The mass parameters of the colored sector have been set
to high values, such that the resulting SUSY particle masses
are outside the reach of the LHC, the light CP-even Higgs-
boson is in agreement with the LHC measurements (see, e.g.,
Refs. [44,45]), where the concrete values are not relevant for
our analysis. MA has also been set to be above the TeV scale.
Consequently, we do not include explicitly the possibility of
A-pole annihilation, with MA ∼ 2mχ̃0

1
. As we will discuss

below the combination of direct heavy Higgs-boson searches
with the other experimental requirements constrain this pos-
sibility substantially (see, however, also Sect. 6). Similarly,
we do not consider h- or Z -pole annihilation, as such a light
neutralino sector likely overshoots the (g− 2)μ contribution
(see, however, the discussion in Sect. 6).
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4.2 Analysis flow

The data sample is generated by scanning randomly over the
input parameter range mentioned above, using a flat prior
for all parameters. We use SuSpect [118] as spectrum and
SLHA file generator, which yields DR values for the chargino
and neutralino masses. While in most of the cases the dif-
ference between DR and on-shell (OS) masses is not phe-
nomenologically relevant for our analysis, this is different
for wino DM. Because of the very small mass difference of
the DR values for mχ̃0

1
and mχ̃±

1
we take into account the

transition to OS masses, as discussed above. In the next step
the points are required to satisfy the χ̃±

1 mass limit from LEP
[119]. The SLHA output files fromSuSpect are then passed
as input to GM2Calc and MicrOMEGAs for the calculation
of (g−2)μ and the DM observables, respectively. The param-
eter points that satisfy the current (g−2)μ constraint, Eq. (3),
the DM relic density, Eq. (7), the direct detection constraints
and the vacuum stability constraints as checked with Evade
are then taken to the final step to be checked against the latest
LHC constraints implemented in CheckMATE. The branch-
ing ratios of the relevant SUSY particles are computed using
SDECAY [120] and given as input to CheckMATE.

5 Results

5.1 Higgsino DM

We start our discussion with the case of higgsino DM, as dis-
cussed in Sect. 4.1. We follow the analysis flow as described
in Sect. 4.2, where the vacuum stability constraints did not
affect any of the LHC allowed points. We also remark that
we have checked that the (possible) one-loop corrections to
the chargino/neutralino masses do not change the results in a
relevant way and were thus omitted (see, however, Sect. 5.2).
In the following we denote the points surviving certain con-
straints with different colors:

• grey (round): all scan points (i.e. points excluded by (g−
2)μ).

• green (round): all points that are in agreement with
(g − 2)μ, taking into account the current or anticipated
future limits, see Eqs. (3) and (4), respectively, (i.e. points
excluded by the DM relic density).

• blue (triangle): points that additionally obey the upper
limit of the DM relic density, see Eq. (7) (i.e. points
excluded by the DD constraints). In some plots below
all points that pass the (g − 2)μ constraint are also in
agreement with the DM relic density constraint, result-
ing in only blue (but no green) points to be visible.

• cyan (diamond): points that additionally pass the DD con-
straints, see Sect. 3 (i.e. points excluded by the LHC con-
straints).

• red (star): points that additionally pass the LHC con-
straints, see Sect. 3 (i.e. points that pass all constraints).

In Fig. 1 we show our results in the mχ̃0
1
–mχ̃±

1
plane for

the current (left) and future (right) (g − 2)μ constraint, see
Eqs. (3) and (4), respectively. By definition the points are
clustered in the diagonal of the plane, and mχ̃0

2
≈ mχ̃±

1
.

Starting with the (g − 2)μ constraint (green points), they all
pass also the relic density constraint (dark blue) and thus
are visible as dark blue points in the plot. Overall, one can
observe a clear upper limits from (g−2)μ of about 660 GeV
for the current limits and about 600 GeV from the anticipated
future accuracy. As mentioned above, the DM relic density
constraint does not yield changes in the allowed parameter
space. Applying the DD limits, on the other hand, forces
the points to have even smaller mass differences between χ̃0

1
and χ̃±

1 . It has also an important impact on the upper limit,
which is reduced to about 500 (480) GeV for the current
(future) (g − 2)μ bounds. Applying the LHC constraints,
corresponding to the “surviving” red points (stars), does not
yield a further reduction from above for the current (g− 2)μ
constraint, whereas for the anticipated future accuracy yields
a reduction of ∼ 30 GeV. The LHC constraints (see also the
discussion below) also cut always (as anticipated) points in
the lower mass range, resulting in a lower limit of ∼ 120 GeV
for mχ̃0

1
≈ mχ̃±

1
.

The LHC constraint which is most effective in this param-
eter plane is the one designed for compressed spectra, as
demonstrated in Fig. 2, showing our scan points in the mχ̃0

1
–

�m(= mχ̃0
2

−mχ̃0
1
) parameter plane. The color coding is as

in Fig. 1. The black line indicates the bound from compressed
spectra searches [89]. One can clearly observe that the com-
pressed spectra bound sits exactly in the preferred higgsino
DM region, i.e. at �m(= mχ̃0

2
−mχ̃0

1
) = O(10 GeV). Other

LHC constraint that is effective in this case is the bound
from slepton pair production leading to dilepton and E/T in
the final state [85], as will be discussed in more detail below.
The bounds from the disappearing track searches [91] turn
out to be ineffective in this case because of the very short
lifetime of the χ̃±

1 [121]. From Figs. 1, 2 one can conclude
that the experimental data set an upper as well as a lower
bound, yielding a clear search target for the upcoming LHC
runs, and in particular for future e+e− colliders, as will be
discussed in Sect. 6. In particular, this collider target gets
(potentially) sharpened by the improvement in the (g − 2)μ
measurements.

The impact of the DD experiments is demonstrated in
Fig. 3. We show the mχ̃0

1
–σ SI

p plane for current (left) and
anticipated future limits (right) from (g−2)μ. The color cod-
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Fig. 1 The results of our parameter scan in the mχ̃0
1
–mχ̃±

1
plane for the higgsino DM scenario for current (left) and anticipated future limits (right)

from (g − 2)μ. For the color coding: see text

ing of the points (from yellow to dark blue) denotes M2/μ,
whereas in red we show the points fulfilling (g − 2)μ , relic
density, DD and the LHC constraints. The black line indi-
cates the current DD limits, here taken for sake of simplicity
from XENON1T [8], as discussed in Sect. 3. It can be seen
that a slight downward shift of this limit, e.g. due to addi-
tional DD experimental limits from LUX [6] or PANDAX
[7], would not change our results in a strong way, but only
slightly reduce the upper limit on mχ̃0

1
. The scanned parame-

ter space extends from large σ SI
p values, given for the smallest

scanned M2/μ values to the smallest ones, reached for the
largest scanned M2/μ, i.e. the σ SI

p constraints are particu-
larly strong for small M2/μ, which can be understood as
follows. The most important contribution to DM scattering
comes from the exchange of a light CP-even Higgs boson
in the t-channel. The corresponding hχ̃0

1 χ̃0
1 coupling at tree

level is given by [122]

chχ̃0
1 χ̃0

1
� −1

2
(1 + sin 2β)

(
tan2 θw

MW

M1 − μ
+ MW

M2 − μ

)
,

(13)

where we have assumed μ > 0. Thus, the coupling becomes
large for μ ∼ M2 or μ ∼ M1. Therefore, the XENON1T DD
bound pushes the allowed parameter space into the almost
pure higgsino-LSP region, with negligible bino and wino
component. The impact of the compressed spectra searches
is visible in the lower mχ̃0

1
region. Given both CDM con-

straints and the LHC constraints, shown in red, the smallest

M2/μ value we find is 2.2 for both current and anticipated
future (g − 2)μ bound. This result depends mildly on the
assumed (g − 2)μ constraint, as this cuts away the largest
mχ̃0

1
values. All of the points will be conclusively probed by

the future DD experiment XENONnT [123].
The distribution of ml̃1

(where it should be kept in mind
that we have chosen the same masses for all three gen-
erations, see Sect. 2) is presented in the mχ̃0

1
–ml̃1

plane
in Fig. 4, with the same color coding as in Fig. 1. The
(g− 2)μ constraint places important constraints in this mass
plane, since both types of masses enter into the contributing
SUSY diagrams, see Sect. 3. The constraint is satisfied in a
roughly triangular region with its tip around (mχ̃0

1
,ml̃1

) ∼
(650 GeV, 700 GeV) in the case of current (g − 2)μ con-
straints, and around ∼ (600 GeV, 600 GeV) in the case of
the anticipated future limits, i.e. the impact of the anticipated
improved limits is clearly visible as an upper limit for both
masses. Since no specific other requirement is placed on the
slepton sector in the higgsino DM case the slepton masses are
distributed over the (g − 2)μ allowed region. The DM relic
density constraint, as discussed above, does not yield any fur-
ther bounds on the allowed parameter space. The inclusion
of the DM DD bounds, as visible by the cyan and red points,
only cuts away the very largest slepton masses (for a given
LSP mass).

The LHC constraints cut out all points with mχ̃0
1

<∼ 125
GeV, as well as a triangular region with the tip around
(mχ̃0

1
,ml̃1

) ∼ (340 GeV, 450 GeV). The first “cut” is due
to the searches for compressed spectra. The second cut is
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Fig. 2 The results of our parameter scan in the mχ̃0
2
–�m(= mχ̃0

2
− mχ̃0

1
) plane for the higgsino DM scenario for current (left) and anticipated

future limits (right) from (g − 2)μ. For the color coding: see text

Fig. 3 Scan results in the mχ̃0
1
–σ SI

p plane for higgsino DM scenario
for current (left) and anticipated future limits (right) from (g − 2)μ.
The color coding of the points denotes M2/μ and the black line

indicates the DD limits (see text). In red we show the points ful-
filling the (g − 2)μ, relic density, DD and additionally the LHC
constraints

mostly a result of the constraint coming from slepton pair
production searches leading to dilepton and E/T in the final
state [85]. The bound obtained by recasting the experimental
search in CheckMATE is substantially weaker than the orig-
inal limit from ATLAS. That limit is obtained for a “simpli-
fied model” with BR(l̃1, l̃2 → lχ̃0

1 ) = 100%, an assumption
which is not strictly valid in our parameter space. The small
mass gap among χ̃0

1 , χ̃0
2 and χ̃±

1 allows significant BR of the

sleptons to final states involving χ̃±
1 and χ̃0

2 . This reduces the
number of signal leptons and hence weakens the exclusion
limit. Overall we can place an upper limit on the light slepton
mass of about ∼ 1200 GeV and 1050 GeV for the current
and the anticipated future accuracy of (g−2)μ, respectively.
Since larger values of slepton masses are reached for lower
values of mχ̃0

1
, the impact of (g − 2)μ is relatively weaker

than in the case of chargino/neutralino masses.
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Fig. 4 The results of our parameter scan in the mχ̃0
1
–ml̃1

plane for the higgsino DM scenario for current (left) and anticipated future limits (right)
from (g − 2)μ. The color coding is as in Fig. 1

Fig. 5 The results of our parameter scan in the mχ̃0
1
–tan β

plane in the higgsino DM scenario for current (left) and antic-
ipated future limits (right) from (g − 2)μ. The color coding

is as in Fig. 1. The black line indicates the current exclu-
sion bounds for heavy MSSM Higgs bosons at the LHC (see
text)

We finish our analysis of the higgsino DM case with the
mχ̃0

1
–tan β plane presented in Fig. 5 with the same color cod-

ing as in Fig. 1. The (g − 2)μ constraint is fulfilled in a tri-
angular region with the largest neutralino masses allowed
for the largest tan β values (where we stopped our scan

at tan β = 60), following the analytic dependence of the
(g − 2)μ contributions in Sect. 3, aμ ∝ tan β/m2

EW (where
we denote withmEW an overall EW mass scale. In agreement
with the previous plots, the largest values for the lightest neu-
tralino masses are ∼ 650 GeV (∼ 600 GeV) for the current
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Fig. 6 The results of our parameter scan in the mχ̃±
1

−�m(= mχ̃±
1

−mχ̃0
1
) plane for the wino DM scenario for current (left) and anticipated future

limits (right) from (g − 2)μ. The color coding is as in Fig. 1

(anticipated future) (g−2)μ constraint. The DM relic density
does not give any additional constraint. The points allowed by
the DM DD limits (cyan and red) yield the observed reduction
to about ∼ 500 GeV. The LHC constraints cut out all points
at low mχ̃0

1
, but nearly independent of tan β. As observed

before, they yield a small further reduction in the case of the
anticipated future (g − 2)μ accuracy.

In Fig. 5 we also show as black lines the current bound
from LHC searches for heavy neutral Higgs bosons [124] in
the channel pp → H/A → ττ in the M125

h (χ̃) benchmark
scenario (based on the search data published in Ref. [125]
using 139 fb−1).5 In this scenario light charginos and neu-
tralinos are present, suppressing the ττ decay mode and
thus yielding relatively weak limits in the MA–tan β plane
(see, e.g., Fig. 5 in [124]). The black lines correspond to
mχ̃0

1
= MA/2, i.e. roughly to the requirement for A-pole

annihilation, where points above the black lines are experi-
mentally excluded. It can be observed that all points allowed
by (g − 2)μ are above the exclusion curve. This renders
the effects of A-pole annihilation in this scenario effectively
irrelevant (and justifies our choice to fix MA above the TeV
scale).

5.2 Wino DM

The next case under investigation is the wino DM case, as dis-
cussed in Sect. 4.1. We follow the analysis flow as described
in Sect. 4.2 and denote the points surviving certain constraints

5 We thank T. Stefaniak for the evaluation of this limit, using the latest
version of HiggsBounds [126–130].

with different colors as defined in Sect. 5.1. The vacuum sta-
bility test had no effect on the points passing all other con-
straints.

In Fig. 6 we show our results in the mχ̃±
1

–�m(= mχ̃±
1

−
mχ̃0

1
) plane for the current (left) and future (right) (g − 2)μ

constraint, see Eqs. (3) and (4), respectively. We display the
results for �m rather than for mχ̃±

1
, since the mass difference

is very small, and the various features are more easily visible
in this plane. It should be remembered that we have applied
the one-loop shift to, in particular, mχ̃0

1
that allows for the

decay χ̃±
1 → χ̃0

1 π±, see the discussion in Sect. 4.1. This
results in the lower bound on �m of ∼ 0.15 GeV. As in the
higgsino scenario, see Sect. 5.1, all points that pass the (g −
2)μ constraint (current and anticipated future) also pass the
relic density constraint, shown as blue triangles in Fig. 6. The
highest allowed chargino masses are bounded from above by
the (g−2)μ constraint. The overall allowed parameter space,
shown as red stars, is furthermore bounded from “above” by
the DD limits and from “below” by the LHC constraints. The
DD limits cut away larger mass differences, which can be
understood as follows. The hχ̃0

1 χ̃0
1 coupling for a wino-like

χ̃0
1 is given by [122]

chχ̃0
1 χ̃0

1
� MW

M2
2 − μ2

(M2 + μ sin 2β), (14)

in the limit of ||μ| − M2|  MZ and a decoupled CP-
odd Higgs boson (assuming also that the h-exchange domi-
nates over the H contribution in the (spin independent) DD
bounds). This coupling becomes large for μ ∼ M2. On the
other hand, the tree level mass splitting between the wino-
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Fig. 7 The results of our wino parameter scan in the mχ̃±
1

–τ plane for current (left) and anticipated future limits (right) from (g − 2)μ, where τ is

the lifetime of the chargino decaying to π±χ̃0
1 . The current limit from CMS [91] is shown as the black solid line. The color coding is as in Fig. 6

like states χ̃±
1 and χ̃0

1 generated (mainly by the mixing of the
lighter chargino with the charged higgsino) is given as [131]

�m(= mχ̃±
1

− mχ̃0
1
) � M4

W (sin 2β)2 tan2 θw

(M1 − M2)μ2 , (15)

for |M1 − M2|  MZ . The mass splitting increases for
smaller μ values and thus coincides with larger DD cross
sections, as discussed with Eq. (14). All limits together yield
maximum �m ∼ 2(0.2) GeV formχ̃±

1
∼ 100(600) GeV for

the current (g−2)μ constraint. The upper limit is reduced to
∼ 500 GeV for the future anticipated (g − 2)μ constraint.

The relevant LHC constraint is further analyzed in Fig. 7,
where we show the plane mχ̃±

1
–τχ̃±

1
. τχ̃±

1
denotes the life-

time of the chargino decaying to π±χ̃0
1 . Overlaid as black

line is the bound from (CMS) charged disappearing track
analysis [91]. One can observe that this constraint, cutting
out parameter points between τχ̃±

1
∼ 0.01 ns and ∼ 1 ns is

responsible for the main LHC exclusion. It should be noted
that in the “red star area” also some points appear cyan, i.e.
excluded by (other) LHC searches, where the most relevant
channels are pair production of sleptons leading to two lep-
tons and E/T in the final state [85]. However, these channels
are not strong enough to exclude more of the mχ̃±

1
–τχ̃±

1
plane

than the disappearing track search. It can be expected in the
(near) future that improved DD bounds, cutting the allowed
parameter space from small χ̃±

1 lifetime and improved dis-
appearing track searches, cutting from large lifetimes, may
substantially shrink the allowed parameter space, sharpen-
ing the upper limit on mχ̃±

1
and the prospects for future col-

lider searches. The two bounds together have the potential to
firmly rule out the case of wino DM in the MSSM, will be
discussed below.

The impact of the DD experiments is demonstrated in
Fig. 8. We show the mχ̃0

1
–σ SI

p plane for current (left) and
anticipated future limits (right) from (g−2)μ. The color cod-
ing of the points (from yellow to dark green) denotes μ/M2,
whereas in red we show the points fulfilling (g − 2)μ , relic
density, DD and the LHC constraints. The solid black line
indicates the current DD limits, here taken for sake of sim-
plicity from XENON1T [8], as discussed in Sect. 3. It can be
seen that a slight downward shift of this limit, e.g. due to addi-
tional DD experimental limits from LUX [6] or PANDAX
[7], would not change our results in a relevant way. However,
moderately improved limits may have a strong impact, as
discussed above. The scanned parameter space extends from
large σ SI

p values, given for the smallest scanned μ/M2 values
to the smallest ones, reached for the largest scanned μ/M2,
i.e. the σ SI

p constraints are particularly strong for smallμ/M2.
Given both CDM constraints and the LHC constraints, shown
in red, the smallest μ/M2 value we find is 1.5 for both the
current and anticipated future (g−2)μ bound. As mentioned
above, the DD bound can become relevantly stronger with
future experiments. We show as dashed line the projected
limit of XENONnT [123], and the dot-dashed line indicates
the neutrino floor [132]. One can see that the XENONnT
result will either firmly exclude or detect a wino DM can-
didate, possibly in conjunction with improved disappearing
track searches at the LHC, as discussed above.

The distribution of the lighter slepton mass (where it
should be kept in mind that we have chosen the same masses
for all three generations, see Sect. 2) is presented in the
mχ̃0

1
–ml̃1

plane in Fig. 9, with the same color coding as in
Fig. 6. The (g − 2)μ constraint places important constraints
in this mass plane, since both types of masses enter into the
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Fig. 8 Scan results in the mχ̃0
1
-σ SI

p plane for the wino DM scenario
for current (left) and anticipated future limits (right) from (g − 2)μ.
The color coding of the points denotes μ/M2 and the black solid
line indicates the current DD limit from XENON-1T while the black

dashed and dot-dashed lines are respectively the projected reach of
XENON-nT and coherent neutrino scattering floor. In red we show the
points fulfilling (g − 2)μ, relic density, DD and additionally the LHC
constraints

contributing SUSY diagrams, see Sect. 3 (and obviously all
points pass the DM relic density upper limit). The (g − 2)μ
constraint is satisfied in a triangular region with its tip around
(mχ̃0

1
,ml̃1

) ∼ (700 GeV, 700 GeV) in the case of current
(g − 2)μ constraints, and around ∼ (600 GeV, 700 GeV)

in the case of the anticipated future limits. The highest slep-
ton masses reached are about 1500(1200) GeV, respectively;
i.e. the impact of the anticipated improved limits is clearly
visible as an upper limit. After including the DD and LHC
constraints the upper limits for the LSP are slightly reduced
by ∼ 100 GeV, whereas the upper limits on sleptons are
not affected. Concerning the LHC searches, the constraints
from slepton pair production searches rule out some parame-
ter points from the low ml̃1

region. Larger slepton masses are
excluded by the same search if the “second” slepton turns out
to be relatively light. Points excluded by compressed spectra
searches [89], depending on the lightest chargino mass, can
be found all over the plane.

We finish our analysis of the wino DM case with the mχ̃0
1
-

tan β plane presented in Fig. 10 with the same color coding
as in Fig. 6. The (g−2)μ constraint is fulfilled in a triangular
region with largest neutralino masses allowed for the largest
tan β values (where we stopped our scan at tan β = 60), fol-
lowing the analytic dependence of the (g−2)μ contributions
in Sect. 3, aμ ∝ tan β/m2

EW (where we denote with mEW

an overall EW mass scale. In agreement with the previous
plots, the largest values for the lightest neutralino masses
are ∼ 600 GeV (∼ 500 GeV) for the current (anticipated
future) (g − 2)μ constraint. The points allowed by the DM
constraints (blue/cyan) are distributed all over the allowed
region. The LHC constraints also cut out points distributed

all over the allowed triangle, in agreement with the previous
discussion.

In Fig. 10 we also show as black lines the current bound
from LHC searches for heavy neutral Higgs bosons [124,
125], see the discussion in Sect. 5.1. Points above the black
lines are experimentally excluded. There are a few points
passing the current (g−2)μ constraint below the black A-pole
line, reaching up to mχ̃0

1
∼ 220 GeV, for which the A-pole

annihilation could provide the correct DM relic density. For
the anticipated future accuracy in (g − 2)μ this mechanism
would effectively be absent, making the A-pole annihilation
in this scenario marginal.

5.3 Bino/wino and bino DM

In this section we analyze the case of bino/wino and bino DM,
as defined in Sect. 4.1. The three cases defined there corre-
spond exactly to the set of analyses in Ref. [15]. However,
we now apply the DM relic density as an upper bound (“DM
upper bound”), whereas in Ref. [15] the LSP was required to
give the full amount of CDM (“DM full”). Since overall the
results are similar to the ones found in Ref. [15], we will keep
the discussion brief, but try to highlight the differences w.r.t.
Ref. [15]. For all scenarios we find that the vacuum stability
bounds have no impact on the final mass limits found.

5.3.1 Bino/wino DM with χ̃±
1 -coannihilation

In Fig. 11 we show our results in the mχ̃0
1
–mχ̃±

1
plane for

the current (left) and future (right) (g − 2)μ constraint, see
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Fig. 9 The results of our parameter scan in the mχ̃0
1
–mμ̃1 plane for the wino DM scenario for current (left) and anticipated future limits (right)

from (g − 2)μ. The color coding is as in Fig. 6

Fig. 10 The results of our parameter scan in the mχ̃0
1
-tan β

plane in the wino DM scenario for current (left) and antici-
pated future limits (right) from (g − 2)μ. The color coding

is as in Fig. 6. The black line indicates the current exclu-
sion bounds for heavy MSSM Higgs bosons at the LHC (see
text)

Eqs. (3) and (4), respectively. The color coding is defined in
Sect. 5.1. By definition of χ̃±

1 -coannihilation the points are
clustered in the diagonal of the plane. Overall we observe
here exactly the same pattern of points as in the case of “DM
full” [15]. After taking into account all constraints we find
upper limits of ∼ 600(500) GeV in the case of the current
(future) (g−2)μ limits. Thus, the experimental data set about
the same upper as well as lower bounds as in Ref. [15] (mod-
ulo differences due to point density artefacts). Consequently,

the search targets for the upcoming LHC runs particular for
future e+e− colliders remain about the same.

The impact of the DD experiments is demonstrated in
Fig. 12. We show the mχ̃0

1
–σ SI

p plane for current (left) and
anticipated future limits (right) from (g−2)μ. The color cod-
ing of the points (from yellow to dark green) denotes μ/M1,
whereas in red we show the points fulfilling all constraints
including the LHC ones. As in Fig. 3 the solid black line
indicates the current DD limits from XENON1T [8]. Also
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Fig. 11 The results of our parameter scan in the mχ̃0
1

−mχ̃±
1

plane for the bino-wino χ̃±
1 -coannihilation scenario for current (left) and anticipated

future limits (right) from (g − 2)μ. For the color coding: see text

here the results are in very good agreement with Ref. [15]
(again modulo point density artefacts). The scanned parame-
ter space extends from large σ SI

p values, given for the smallest
scanned μ/M1 values to the smallest ones, reached for the
largest scanned μ/M1, i.e. the σ SI

p constraints are particu-
larly strong for small μ/M1. Given in red the points fulfilling
(g−2)μ , both CDM constraints and the LHC constraints, the
smallest μ/M1 value we find is 1.67 for the current and 1.78
for the anticipated future (g − 2)μ bound. The dashed line
indicates the projected XENONnT limit [123], and the dot-
dashed line indicates the neutrino floor [132]. One can see
that XENONnT will not be able to fully test the chargino
co-annihilation scenario, with some points that pass all con-
straints (red) being even below the neutrino floor.

The distribution of the lighter slepton mass (where it
should be kept in mind that we have chosen the same masses
for all three generations, see Sect. 2) is presented in the
mχ̃0

1
–ml̃1

plane in Fig. 13, with the same color coding as
in Fig. 11. The (g − 2)μ constraint places important con-
straints in this mass plane, since both types of masses enter
into the contributing SUSY diagrams, see Sect. 3. The con-
straint is satisfied in a triangular region with its tip around
(mχ̃0

1
,ml̃1

) ∼ (700 GeV, 800 GeV) in the case of current
(g − 2)μ constraints, and around ∼ (600 GeV, 700 GeV)

in the case of the anticipated future limits, i.e. the impact of
the anticipated improved limits is clearly visible as an upper
limit. These results remain unchanged w.r.t. the “DM full”
case [15]. The points fulfilling the DM relic density constraint
(blue/cyan/red) are distributed all over the (g − 2)μ allowed

range. They extend to somewhat higher slepton masses as
compared to Ref. [15], due to the less restrictive DM upper
bound.6 The DD limits cut away the largest values, in partic-
ular for ml̃1

, which can be understood as follows. Large ml̃1
values, with correspondingly large sneutrino masses, require
smaller μ to satisfy the (g− 2)μ constraint. This in turn puts
them in tension with the DD bounds, see Fig. 12.

The LHC constraints cut out lower slepton masses, follow-
ing the same pattern as in Ref. [15]. They cut away masses up
toml̃1

<∼ 450 GeV, as well as part of the very lowmχ̃0
1

points
nearly independent of ml̃1

. Here the latter “cut” is due to the

searches for compressed spectra with χ̃±
1 , χ̃0

2 decaying via
off-shell gauge bosons [89]. The first “cut” is mostly a result
of the searches for slepton pair production with a decay to
two leptons plus missing energy [85]. As was demonstrated
and discussed in detail in Ref. [15] for this limit it is cru-
cial to employ a proper re-cast of the LHC searches, rather
than a naive application of the published bounds, Overall we
can place an upper limit on the light slepton mass of about
∼ 1050 GeV and ∼ 950 GeV for the current and the antici-
pated future accuracy of (g − 2)μ, respectively.

We finish our analysis of the χ̃±
1 -coannihilation case with

the mχ̃0
1
–tan β plane presented in Fig. 14 with the same color

coding as in Fig. 11. For this plane we find that the results
are in full agreement with the “DM full” case as analyzed in
Ref. [15]. The (g − 2)μ constraint is fulfilled in a triangular
region with largest neutralino masses allowed for the largest

6 A very few points have at higher ml̃1
have the “correct” relic density,

which can be attributed to a substantially large sample of points.
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Fig. 12 Scan results in the mχ̃0
1
–σ SI

p plane for bino-wino χ̃±
1 -

coannihilation scenario for current (left) and anticipated future limits
(right) from (g−2)μ. The color coding of the points denotes μ/M1 and

the black lines indicates the DD limits (see text). In red we show the
points fulfilling (g−2)μ, the relic density, DD and the LHC constraints

Fig. 13 The results of our parameter scan in the mχ̃0
1
–ml̃1

plane for the bino-wino χ̃±
1 -coannihilation scenario for current (left) and anticipated

future limits (right) from (g − 2)μ. The color coding is as in Fig. 11

tan β values (tan β = 60). In agreement with the previous
plots, the largest values for the lightest neutralino masses
are ∼ 600 GeV (∼ 500 GeV) for the current (anticipated
future) (g − 2)μ constraint. The points allowed by the DM
constraints (blue/cyan) are distributed all over the allowed
region. The LHC constraints cut out points at low mχ̃0

1
, but

nearly independent on tan β.
As in the previous scenarios, in Fig. 14 we also show as

black lines the current bound from LHC searches for heavy

neutral Higgs bosons [124] in the channel pp → H/A → ττ

in the M125
h (χ̃) benchmark scenario. As before the black lines

correspond to mχ̃0
1

= MA/2, i.e. roughly to the require-
ment for A-pole annihilation, where points above the black
lines are experimentally excluded. The improved limits of
the experimental analysis based on 139 fb−1 [125], but now
with the relaxed DM relic density bound, still allow param-
eter points that cannot be regarded as excluded. They are
found for mχ̃0

1

<∼ 240(200) GeV and tan β <∼ 12 in the case

123



1069 Page 16 of 29 Eur. Phys. J. C (2021) 81 :1069

Fig. 14 The results of our parameter scan in themχ̃0
1
–tan β plane in the

bino-wino χ̃±
1 -coannihilation scenario for current (left) and anticipated

future limits (right) from (g − 2)μ. The color coding is as in Fig. 11.
The black line indicates the current exclusion bounds for heavy MSSM
Higgs bosons at the LHC (see text)

of the current (anticipated future) (g − 2)μ constraints. To
analyze these points a dedicated analysis of the A-pole anni-
hilation would be required. This dedicated analysis we leave
for future work.

5.3.2 Bino DM with l̃
±
-coannihilation case-L

We now turn to the case of bino DM with l̃±-coannihilation.
As discussed in Sect. 4.1 we distinguish two cases, depending
on which of the two slepton soft SUSY-breaking parameters
is set to be close to mχ̃0

1
. We start with the Case-L, where

we chose ml̃L
∼ M1, i.e. the left-handed charged sleptons as

well as the sneutrinos are close in mass to the LSP. We find
that all six sleptons are close in mass and differ by less than
∼ 50 GeV.

In Fig. 15 we show the results of our scan in the mχ̃0
1
–mμ̃1

plane, as before for the current (g− 2)μ constraint (left) and
the anticipated future constraint (right). The color coding of
the points is the same as in Fig. 1, see the description in
the beginning of Sect. 5.1. By definition of the scenario, the
points are located along the diagonal of the plane. Taking all
bounds into account we find upper limits on the LSP mass of
∼ 500 GeV and ∼ 450 GeV for the current and anticipated
future (g−2)μ accuracy, respectively. The limits on mμ̃1 are
about ∼ 50 − 100 GeV larger.

In Fig. 16 we show the results in the mχ̃0
1
–mχ̃±

1
plane

with the same color coding as in Fig. 15. We find that the

light chargino mass assumes an upper limit of ∼ 1600 GeV
(∼ 1400 GeV) for the current (anticipated future (g − 2)μ
) constraint. Clearly visible are the LHC constraints for χ̃0

2 –
χ̃±

1 pair production leading to three leptons and E/T in the
final state [84]. At very low values of both mχ̃0

1
and mχ̃±

1
the compressed spectra searches [89] cut away points up to
mχ̃0

1

<∼ 150 GeV.

The results for the l̃±-coannihilation Case-L in the mχ̃0
1
–

tan β plane are presented in Fig. 17.7 The overall picture
is similar to the χ̃±

1 -coannihilation case shown above in
Fig. 14. Larger LSP masses are allowed for larger tan β val-
ues. On the other hand the combination of small mχ̃0

1
and

large tan β leads to a too large contribution to aSUSY
μ and is

thus excluded. As in the other scenarios we also show the lim-
its from H/A searches at the LHC as a solid line. Unlike the
χ̃±

1 -coannihilation case, substantially less number of points
remain below the black line making the A-pole annihilation
a remote possibility in this scenario.

It is worth mentioning here that a bug in the GM2calc-
v1.5.0 had been detected, which was then fixed in the
updated version v1.7.5. The bug-fixing leads to a signifi-
cant deviation in (g − 2)μ value in this scenario (but not in
the others), which results in a large deviation in the upper

7 Clearly visible in the two plots are different point densities due to
independent samplings that were subsequently joined. However, the
ranges covered by the different searches (or colors) are clearly visible
and not affected by the different point densities.
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Fig. 15 The results of our parameter scan in the mχ̃0
1
–mμ̃1 plane for the l̃-coannihilation case-L scenario for current (left) and anticipated future

limits (right) from (g − 2)μ. The color coding is as in Fig. 6

limits on the EW masses. Consequently, we refrain from a
detailed comparison between the results obtained here for
case-L and the ones using the DM relic density as direct
measurement [15]. More specifically, the upper limit on the
lightest chargino mass has largely been reduced compared to
what has been found in [15]. On the other hand, the upper
limits on the LSP and NLSP masses remain in the same ball-
park.8

5.3.3 Bino DM with l̃
±
-coannihilation case-R

We now turn to our fifth scenario, bino DM with l̃±-
coannihilation Case-R, where in the scan we require the
“right-handed” sleptons to be close in mass with the LSP.
It should be kept in mind that in our notation we do not
mass-order the sleptons: for negligible mixing as it is given
for selectrons and smuons the “left-handed” (“right-handed”)
slepton corresponds to l̃1 (l̃2). As it will be seen below, in this
scenario all relevant mass scales are required to be relatively
light by the (g − 2)μ constraint.9

We start in Fig. 18 with the mχ̃0
1
–mμ̃2 plane with the

same color coding as in Fig. 11. By definition of the sce-
nario the points are concentrated on the diagonal. The current
(future) (g − 2)μ bound yields upper limits on the LSP of

8 It should be noted that the improved GM2Calc version will be taken
into account in the update of Ref. [133], which improves on Ref. [15] by
using the new world average including the recently published Fermilab
measurement of (g − 2)μ [134].
9 The scan for case-R turned out to be computationally extremely
expensive, resulting in a relatively low density of LHC tested points.
Consequently, all upper bounds on particle masses should be taken with
a relatively large uncertainty.

∼ 700(600) GeV, as well as an upper limit on mμ̃2 (which
is close in mass to the ẽ2 and τ̃2) of ∼ 800(700) GeV. These
limits remain unchanged by the inclusion of the DM relic
density bound. The limits agrees well with the ones found
in the case with the relic density measurement taken as a
direct measurement [15]. Including the DD and LHC con-
straints, these limits reduce to ∼ 500 (380) GeV for the LSP
for the current (future) (g − 2)μ bounds, and correspond-
ingly to ∼ 550 (440) GeV for mμ̃2 . The LHC constraints cut
out some, but not all lower-mass points, where the searches
for compressed slepton/neutralino spectra [89] are most rele-
vant. Due to the larger splitting the “right-handed” stau turns
out to be the NLSP in this scenario, where the upper bounds
are found at ∼ 500 (380) GeV for the current (anticipated
future) (g − 2)μ bounds.

The distribution of the heavier slepton is displayed in the
mχ̃0

1
–mμ̃1 plane in Fig. 19. As before, the results agree well

with the ones found in Ref. [15]. Although the “left-handed”
sleptons are allowed to be much heavier, the (g − 2)μ con-
straint imposes an upper limit of ∼ 950 (800) GeV in the
case for the current (future) (g − 2)μ precision. Taking into
account the CDM and LHC constraints we find upper limits
for mμ̃1 of ∼ 850 GeV and ∼ 800 GeV for the current and
anticipated future (g − 2)μ constraint, respectively.

In Fig. 20 we show the results in the mχ̃0
1
–mχ̃±

1
plane with

the same color coding as in Fig. 18. The results are again in
qualitative agreement with the case of the DM relic density
taken as a direct measurement [15]. As in the Case-L the
(g − 2)μ limits on mχ̃0

1
become slightly stronger for larger

chargino masses. The upper limits on the chargino mass,
however, are substantially stronger as in the Case-L. Taking
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Fig. 16 The results of our parameter scan in the mχ̃0
1

−mχ̃±
1

plane for the l̃-coannihilation case-L scenario for current (left) and anticipated future
limits (right) from (g − 2)μ. The color coding is as in Fig. 15

Fig. 17 The results of our parameter scan in the mχ̃0
1
–tan β plane

in the l̃-coannihilation case-L scenario for current (left) and antic-
ipated future limits (right) from (g − 2)μ. The color coding is

as in Fig. 15. The black line indicates the current exclusion
bounds for heavy MSSM Higgs bosons at the LHC (see text)

all constraints into account, they are reached at ∼ 1540 GeV
for the current and ∼ 1350 GeV for the anticipated future
precision in aμ.

We finish our analysis of the l̃±-coannihilation Case-R
with the results in the mχ̃0

1
–tan β plane, presented in Fig. 21.

The overall picture is similar to the previous cases shown
above in Figs. 14 and 17, and also qualitatively in agreement
with the results found in Ref. [15]. Larger LSP masses are
allowed for larger tan β values. On the other hand the combi-

nation of small mχ̃0
1

and very large tan β values, tan β >∼ 40
leads to stau masses below the LSP mass, which we exclude
for the CDM constraints. The LHC searches mainly affect
parameter points with tan β <∼ 20. Larger tan β values induce
a larger mixing in the third slepton generation, enhancing the
probability for charginos to decay via staus and thus evad-
ing the LHC constraints. As before we also show the limits
from H/A searches at the LHC, where we set (as above)
mχ̃0

1
= MA/2, i.e. roughly to the requirement for A-pole
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Fig. 18 The results of our parameter scan in the mχ̃0
1
–mμ̃2 plane for the l̃-coannihilation case-R scenario for current (left) and anticipated future

limits (right) from (g − 2)μ. The color coding is as in Fig. 15

Fig. 19 The results of our parameter scan in the mχ̃0
1
–mμ̃1 plane for the l̃-coannihilation case-R scenario for current (left) and anticipated future

limits (right) from (g − 2)μ. The color coding is as in Fig. 18

annihilation, where points above the black lines are experi-
mentally excluded. Comparing Case-R and Case-L, here for
the current (g − 2)μ limit substantially less points are pass-
ing the current (g − 2)μ constraint below the black line, i.e.
are potential candidates for A-pole annihilation. The masses
reach only up to ∼ 200 GeV. With the anticipated future
(g−2)μ limit hardly any point survives, leaving A-pole anni-
hilation as a quite remote possibility with a strict upper bound
on mχ̃0

1
.

5.4 Lowest and highest mass points

In this section we present some sample spectra for the
five cases discussed in the previous subsections. For each
case, higgsino DM, wino DM, bino/wino DM with χ̃±

1 -
coannihilation, l̃±-coannihilation Case-L and Case-R, we
present three parameter points that are in agreement with
all constraints (red points): the lowest LSP mass, the high-
est LSP with current (g − 2)μ constraints, as well as the
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Fig. 20 The results of our parameter scan in the mχ̃0
1

−mχ̃±
1

plane for the l̃-coannihilation case-R scenario for current (left) and anticipated future
limits (right) from (g − 2)μ. The color coding is as in Fig. 18

Fig. 21 The results of our parameter scan in the mχ̃0
1
–tan β plane

in the l̃-coannihilation case-R scenario for current (left) and antic-
ipated future limits (right) from (g − 2)μ. The color coding is

as in Fig. 18. The black line indicates the current exclusion
bounds for heavy MSSM Higgs bosons at the LHC (see text)

highest LSP mass with the anticipated future (g − 2)μ con-
straint. They will be labeled as “H1, H2, H3”, “W1, W2,
W3”, “C1, C2, C3”, “L1, L2, L3”, “R1, R2, R3” for higgsino
DM, wino DM, bino/wino DM with χ̃±

1 -coannihilation, l̃±-
coannihilation Case-L and Case-R, respectively. While the
points are obtained from “random sampling”, nevertheless
they give an idea of the mass spectra realized in the various
scenarios. In particular, the highest mass points give a clear
indication on the upper limits of the NLSP mass. It should

be noted that the σ SI
p values given below are scaled with a

factor of (�χ̃h2/0.118) to account for the lower relic density.
In Table 1 we show the 3 parameter points (“H1, H2, H3”)

from higgsino DM scenario, which are defined by the six
scan parameters: M1, M2, μ, tan β and the two slepton mass
parameters, ml̃L

and ml̃R
(corresponding roughly to mẽ1,μ̃1

and mẽ2,μ̃2 , respectively). Together with the masses and rele-
vant BRs we also show the values of the DM observables and
aSUSY
μ . By definition of thescenario we have μ < M1, M2
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and mχ̃0
1

∼ mχ̃0
2

∼ mχ̃±
1

with the χ̃±
1 as NLSP. We find in all

three points M2 	 M1, which can be understood from the
(g − 2)μ constraint. For (relatively) small μ the chargino-
sneutrino contribution, Eq. (5), is ∝ 1/M2 and thus becomes
large for smaller M2. Conversely, the neutralino-slepton con-
tribution, Eq. (6), is ∝ M1 and thus becomes larger for larger
M1. As anticipated, the relic density is found to be quite low.
For all of the three points, the decays of χ̃±

1 and χ̃0
2 to slep-

tons are not kinematically accessible. Therefore they mainly
decay via off-shell sleptons and/or gauge-bosons to a pair
of SM particles and the LSP. The sleptons represented by
l̃1 and l̃2 decay to chargino/neutralino and the corresponding
SM particle. The l̃2 is mostly “right-handed” and thus decays
preferably to a bino and an electron. However, this mode is
kinematically open only for H3, leading to the observed l̃2
decay pattern for H1 and H2.

In Table 1 we also show the velocity-averaged DM anni-
hilation cross-section at the present time in units of cm3s−1.
Here we present only the values for annihilation into the
WW final state (〈σv〉WW ), which has the largest cross-
section in the case of higgsino LSP, with 〈σv〉Z Z lying
closely below. The points are allowed by the current lim-
its from combined ANTARES/IceCube [102] and Super-
Kamiokande [103] data (independent of the choice of the
DM galactic halo profile). From the projected CTA sensitiv-
ity reach [101], it is expected that the point H1 will be probed
by CTA in future irrespective of the assumption on the DM
halo profile. The points H2 and H3 will be covered by CTA
provided one considers the Einasto or NFW halo profile.

In Table 2 we show the 3 parameter points (“W1, W2,
W3”) from wino DM scenario, defined in terms of the same
set of input parameters as the higgsino DM scenario. Together
with the masses and relevant BRs we also show the values
of the DM observables and aSUSY

μ . By definition of the sce-
nario we have M2 < M1, μ and mχ̃0

1
∼ mχ̃±

1
, i.e. the χ̃±

1

being the NLSP decaying dominantly as χ̃±
1 → χ̃0

1 π±, but
also the decay to the LSP and eνe or μνμ occurs (either
with a soft pion or a soft charged lepton). As anticipated,
the relic density is found to be quite low. The second light-
est neutralino is found substantially heavier than the LSP,
with a variety of decay channels to be open, diluting possi-
ble signals. The sleptons represented by l̃1 and l̃2 decay to
chargino/neutralino and the corresponding SM particle with
relevant BRs to charged leptons, which will be crucial for
their detection. The l̃2 is mostly “right-handed” and thus
decays preferably to a bino and an electron (i.e. the neu-
tralino in the decay is determined by the mass ordering of μ

and M1). As for higgsino DM, also for wino DM, the indi-
rect detection cross-section is dominated by annihilation into
WW final state, where the numbers are given in the last row
(left) of Table 2. The current indirect detection data is not
strong enough to rule out these points. However, due to the

substantially large annihilation cross-section, the three wino
sample points have the potential to be probed by the CTA,
even in the most conservative case of “cored Einasto” halo
profile.

In Table 3 we show the 3 parameter points (“C1, C2,
C3”) from χ̃±

1 -coannihilation scenario, with the same def-
initions and notations as for the previous tables. We find
that the τ̃ is the NLSP in these three cases, and the com-
bined contribution from τ̃ -coannihilation together with χ̃±

1 -
coannihilation brings the relic density to the ballpark value.
For all of the three points, the decays of χ̃±

1 and χ̃0
2 to first

two generations of sleptons are not kinematically accessible
or strongly phase space suppressed. Therefore they decay
with a very large BR to third generation charged sleptons
and sneutrinos. This makes them effectively invisible to the
LHC searches looking for electrons and muons in the signal.
LHC analyses designed to specifically look for τ -rich final
states can prove beneficial to constrain these points, which
are much less powerful, as discussed above. We refrain from
showing results for τ̃ decays, since the corresponding dedi-
cated searches turn out to be weaker (and thus not effective)
than other applicable searches. In this case, the DM anni-
hilates dominantly to final states involving SM fermions.
The points C1, C2 and C3 are currently allowed by the
exclusion bounds from ANTARES/IceCube [102] and Super-
Kamiokande [103]. The point C1, with ττ as the leading final
state, has the potential to be probed by the CTA for the most
optimistic case of Einasto DM profile. C2 and C3, having bb̄
as the dominant final state, are likely to evade detection at
the CTA even in the case of Einasto profile.

In Table 4 we show three parameter points (“L1, L2, L3”)
taken from l̃±-coannihilation scenario Case-L, defined in the
same way as in the χ̃±

1 -coannihilation case. The character of
the χ̃0

2 and χ̃±
1 depend on the mass ordering of μ and M2 and

are thus somewhat random. This leads to a large variation
in the various BRs of these two particles, possibly diluting
any signal involving a certain SM particle, such as a charged
lepton. The selectrons or smuons, on the other hand, decay
to the LSP and the corresponding SM lepton, which tend
to be soft in this case, making way for compressed spectra
searches at the LHC. The indirect detection cross-sections,
which are dominated by the annihilation into ττ final state
for L1 and bb̄ for L2 and L3, are far too low in this case to
be probed by even the CTA.

The masses, BRs and values of the (g − 2)μ and DM
observables of the parameter point for the Case-R (“R1, R2,
R3”) are shown in Table 5, defined in the same way as in
the χ̃±

1 -coannihilation case. As in the case-L the character
of the χ̃0

2 and χ̃±
1 depend on the mass ordering of μ and

M2 and are thus somewhat random. In particular for the two
high-mass points R2 and R3 the two mass parameters are rel-
atively close, leading to larger mixings for these two states.
This in turn leads to a larger variation in the various BRs of
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Table 1 The masses (in GeV)
and relevant BRs (%) of three
points from the higgsino DM
scenario, corresponding to the
lowest LSP mass, the highest
LSP mass with current (g − 2)μ
constraints, as well as the
highest LSP mass with the
anticipated future (g − 2)μ

constraint. Here l̃ (l) refers to
ẽ (e) and μ̃ (μ) together. ν

denotes νe, νμ and ντ together.
Only BRs above 0.1% are
shown. The values of (g − 2)μ
and DM observables are also
shown. σ SI

p is scaled with a

factor of (�χ̃h2/0.118) and
given in the units of pb. Velocity
averaged DM annihilation
cross-section at present time
〈σv〉 is given in the units of
cm−3 s−1. Only the final state
with the largest cross-section,
WW , is shown here

Sample points H1 H2 H3 Sample points H1 H2 H3

M1 658 3414 3397 BR(χ̃0
2 → χ̃0

1 γ 0.7 5 2.4

M2 622 1165 1007 → χ̃0
1 qq̄ 52 42.5 41.4

μ 164 472 454 → χ̃0
1 ll̄ 6.4 5.8 5.6

tan β 17 51.6 52.8 → χ̃0
1 τ τ̄ 3 2.8 2.4

ml̃L
204 496 520 → χ̃0

1 νν̄ 20 17.7 17

ml̃R
938 3039 4402 → χ̃±

1 qq̄ 12 17.4 21

mχ̃0
1

159 475 455 → χ̃±
1 νl l 4 7 8

mχ̃0
2

172 482 463 → χ̃±
1 ντ τ ) 1.6 1.7 2.4

mχ̃0
3

∼ mχ̃±
2

646 1200 1043 BR(χ̃±
1 → χ̃0

1 τντ 8 0.1 0.4

mχ̃0
4

659 3390 3372 → χ̃0
1 lνl 26 38 37

→ χ̃0
1 qq̄

′) 66 61.5 62.4

mχ̃±
1

164 477 457.6 BR(l̃1 → χ̃0
1 l 49 57 51

mẽ1,μ̃1 209 498 522 → χ̃0
2 l 9 4 5

mẽ2,μ̃2 939 3040 4401 → χ̃±
1 νl ) 42 39 44

m τ̃1 209 498 522

m τ̃2 939 3040 4402

m ν̃ 194 492 516 BR(l̃2 → χ̃0
1 l 1.5 64 –

�χ̃h2 0.004 0.036 0.024 → χ̃0
2 l 0.4 34 –

aSUSY
μ × 1010 20.5 14.1 16.5 → χ̃0

3 l 74 1 –

σ SI
p × 1010 1.28 3.5 3.5 → χ̃0

4 l) 24 – 99.9

〈σv〉WW × 1025 1.74 0.24 0.26

Table 2 The masses (in GeV)
and relevant BRs (%) of three
points from the wino DM
scenario, corresponding to the
lowest LSP mass, the highest
LSP mass with current (g − 2)μ
constraints, as well as the
highest LSP mass with the
anticipated future (g − 2)μ
constraint. The notation and
units used are as in Table 1. ν̃ν

refers to all three generations
(which in our sampling are mass
degenerate). Only BRs above
0.1% are shown

Sample points W1 W2 W3 Sample points W1 W2 W3

M1 948 747 1061 BR(χ̃0
2 → l̃1l – 32.8 3.56

M2 110 608 523 → τ̃1τ – 19.4 18.6

μ 313 1122 949 → ν̃ν – 44.4 0.12

tan β 20.3 56.5 57.4 → χ̃±
1 W 70 3.2 52

ml̃L
557 679 656 → χ̃0

1 Z 27 – 1.8

ml̃R
356 1744 1559 → χ̃0

1 h) 3 – 24

mχ̃0
1

100 602.8 517.7

mχ̃0
2

320 745 948

mχ̃0
3

∼ mχ̃±
2

328 1124 951 BR(χ̃±
1 → χ̃0

1 qq̄
′ 67.4 73 74

mχ̃0
4

950 1132 1070 → χ̃0
1 lνl ) 32.6 27 26

mχ̃±
1

100.4 603 517.8 BR(l̃1 → χ̃0
1 l 32.5 33 33.4

mẽ1,μ̃1 559 680 658 → χ̃0
3 l 1.4 – –

mẽ2,μ̃2 359 1745 1560 → χ̃±
1 νl 61.6 67 66.6

m τ̃1 560 676 653 → χ̃±
2 νl ) 4.2 – –

m τ̃2 358 1746 1561

m ν̃ 554 676 653 BR(l̃2 → χ̃0
1 l 30.4 – –

�χ̃h2 3.6 ×10−4 0.014 0.009 → χ̃0
2 l 16.4 99.6 13

aSUSY
μ × 1010 16.2 13.7 16.5 → χ̃0

3 l 53 – –

σ SI
p × 1010 0.14 2 1.9 → χ̃0

4 l) – 0.3 87

〈σv〉WW × 1024 3.57 0.21 0.28
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Table 3 The masses (in GeV)
and relevant BRs (%) of three
points from χ̃±

1 -coannihilation
scenario corresponding to the
lowest LSP mass, the highest
LSP mass with current (g − 2)μ
constraints, as well as the
highest LSP mass with the
anticipated future (g − 2)μ
constraint. The notation,
definitions and units are as in
Table 2. Only BRs above 0.1%
are shown. The values of
〈σv〉 f f̄ are given for f = τ for
C1 and f = b for C2 and C3,
corresponding to the dominant
DM annihilation channel for the
respective parameter points

Sample points C1 C2 C3 Sample points C1 C2 C3

M1 138 592 528 BR(χ̃0
2 → τ̃1τ 95.6 100 100

M2 151 640 556 → ν̃ν) 4.3 – –

μ 1113 1094 1032

tan β 6.3 57 55 BR(χ̃±
1 → τ̃1ντ 96.3 100 100

ml̃L
= ml̃R

167 678 616 → l ν̃l 3 – –

mχ̃0
1

134 583 520 → τ ν̃τ ) 0.6 – –

mχ̃0
2

158 663 576

mχ̃0
3

1123 1100 1039

mχ̃0
4

∼ mχ̃±
2

1126 1107 1045 BR(l̃1 → χ̃0
1 l 32 74 33

mχ̃±
1

158 662 578 → χ̃0
2 l 23 9 23

mẽ1,μ̃1 173 680 618 → χ̃±
1 νl ) 45 17 44

mẽ2,μ̃2 173 680 618

m τ̃1 134 584 523

m τ̃2 204 764 700

m ν̃ 155 675 613 BR(l̃2 → χ̃0
1 l) 99.9 99.9 99.9

�χ̃h2 0.02 0.07 0.078

aSUSY
μ × 1010 24 14.3 16.5

σ SI
p × 1010 0.083 1.09 1.18

〈σv〉 f f̄ × 1027 2.59 0.45 0.23

Table 4 The masses (in GeV)
and relevant BRs (%) of three
points from l̃±-coannihilation
scenario Case-L corresponding
to the lowest LSP mass, the
highest LSP mass with current
(g − 2)μ constraints, as well as
the highest LSP mass with the
anticipated future (g − 2)μ
constraint. The notation,
definitions and units are as in
Table 1. Only BRs above 0.1%
are shown. The values of
〈σv〉 f f̄ are given for f = τ for
L1 and f = b for L2 and L3,
corresponding to the dominant
DM annihilation channel for the
respective parameter points

Sample points L1 L2 L3 Sample points L1 L2 L3

M1 100 522 453

M2 909 903 570 BR(χ̃0
2 → l̃1l 9 19 28

μ 431 896 858 → τ̃1τ 62 45 29

tan β 36 55.6 59 → τ̃2τ – 4.4 –

ml̃L
118 601 489 → χ̃0

1 h 19 7.6 0.6

ml̃R
848 606 670 → χ̃0

1 Z 8 0.5 –

mχ̃0
1

96 513 445 → ν̃ν) 1.7 23 42

mχ̃0
2

435 860 585

mχ̃0
3

442 904 866

mχ̃0
4

∼ mχ̃±
2

944 975 876 BR(χ̃±
1 → ν̃l l 7.5 19 30

mχ̃±
1

434 860 585 → ν̃τ τ 62 24 16

mẽ1,μ̃1 126 602 491 → l̃1νl 1.6 16 26

mẽ2,μ̃2 849 608 671 → τ̃1ντ 1.5 33 27

m τ̃1 122 519 449 → τ̃2ντ – 0.3 –

m τ̃2 850 681 700 → W χ̃0
1 ) 27 7.5 0.5

m ν̃ 100 597 485

�χ̃h2 0.043 0.121 0.078 BR(l̃1 → χ̃0
1 l) 100 100 100

aSUSY
μ × 1010 28 14 24 BR(l̃2 → χ̃0

1 l 99 100 99.99

σ SI
p × 1010 0.5 2.8 1.7 → χ̃0

2 l) 0.5 – –

〈σv〉 f f̄ × 1028 12 3 1.9
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Fig. 22 mχ̃±
1

–�m plane with anticipated limits from compressed spec-
tra searches at the HL-LHC, the HE-LHC, FCC-hh and ILC500,
ILC1000, CLIC380, CLIC1500, CLIC3000 (see text), original taken
from Ref. [135]. Not included are disappearing track searches. Shown
in blue, dark blue, turquoise are the points surviving all current con-
straints in the case of higgsino DM, wino DM and bino/wino DM with
χ̃±

1 -coannihilation, respectively

these two particles, possibly diluting any signal involving a
certain SM particle, such as a charged lepton. The selectrons
or smuons, on the other hand, decay preferably to the LSP
and the corresponding SM lepton. As in case-L these tend to
be soft, making way for compressed spectra searches at the
LHC. Irrespective of the assumed DM halo profile, the indi-
rect detection cross-sections dominated by the annihilation
into ττ final state for the three points, lie below the sensitivity
reach of the CTA.

6 Prospects for future colliders

In this section we briefly discuss the prospects of the direct
detection of the (relatively light) EW particles at the approved
HL-LHC, the hypothetical upgrade to the HE-LHC, the
potential future FCC-hh, and at a possible future e+e− col-
lider such as ILC [37,38] or CLIC [38–41]. We concentrate
on the compressed spectra searches, relevant for higgsino
DM, wino DM and bino/wino DM with χ̃±

1 -coannihilation.
Results for the future prospects for slepton coannihilation
(although with the relic DM density taken as a direct mea-
surement) can be found in Ref. [15].

In Fig. 22 we present our results in the mχ̃±
1

–�m plane
(with �m := mχ̃±

1
−mχ̃0

1
), which was presented (in its orig-

inal form, i.e. down to �m = 0.7 GeV) in Ref. [135] for the

higgsino DM case, but also directly valid for the wino DM
case [136] (see the discussion below). Shown are the follow-
ing anticipated limits for compressed spectra searches10:

• HL-LHC with 3 ab−1 at
√
s = 14 TeV:

solid blue and solid red: di-lepton searches (with soft
leptons) [139].

• HE-LHC with 15 ab−1 at
√
s = 27 TeV:

red dashed: same analysis as in Ref. [139], but rescaled
by 1.5 to take into account the higher energy [140].

• FCC-hh with 30 ab−1 at
√
s = 100 TeV:

magenta dashed: same analysis as in Ref. [139], but
rescaled to take into account the higher energy [135].
solid magenta: mono-jet searches for very soft χ̃±

1 decays
[140,141] (see also the discussion in Ref. [136]), cov-
ering �m = 0.7 GeV . . . 1 GeV. The upper limit can
extend to higher values.

• ILC with 0.5 ab−1 at
√
s = 500 GeV (ILC500):

solid light green: χ̃±
1 χ̃±

1 or χ̃0
2 χ̃0

1 production, which is
sensitive up to the kinematic limit [136] (and references
therein).

• ILC with 1 ab−1 at
√
s = 1000 GeV (ILC1000):

gray dashed: χ̃±
1 χ̃±

1 or χ̃0
2 χ̃0

1 production, which is sen-
sitive up to the kinematic limit [136] (and references
therein).

• CLIC with 1 ab−1 at
√
s = 380 GeV (CLIC380):

very dark green dot-dashed: χ̃±
1 χ̃±

1 or χ̃0
2 χ̃0

1 production,
which is sensitive up to the kinematic limit [135] (see
also Ref. [136]).

• CLIC with 2.5 ab−1 at
√
s = 1500 GeV (CLIC1500):

green dot-dashed: χ̃±
1 χ̃±

1 or χ̃0
2 χ̃0

1 production, which is
sensitive nearly up to the kinematic limit [135] (see also
Ref. [136]).

• CLIC with 5 ab−1 at
√
s = 3000 GeV (CLIC3000):

dark green dot-dashed: χ̃±
1 χ̃±

1 or χ̃0
2 χ̃0

1 production,
which is sensitive nearly up to the kinematic limit [135]
(see also Ref. [136]).

Not shown in Fig. 22 are searches for disappearing tracks,
which are relevant for very small mass differences, see Figs. 6
and 7. They cut out the lower edge of the dark blue points,
wino DM. The life-time limits are expected to improve at the
HL-LHC by a factor of ∼ 2 [140], only slightly cutting into
the still allowed region.

In the higgsino DM case (blue) it can be seen that the HL-
LHC can cover part of the allowed parameter space, but that
a full coverage can only be reached at a high-energy e+e−
collider with

√
s <∼ 1000 GeV (i.e. ILC1000 or CLIC1500).

The wino DM case (dark blue), has larger production cross

10 Very recent analysis using vector boson fusion processes [137] or a
future muon collider [138] for compressed (higgsino) spectra have not
been taken into account.
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Table 5 The masses (in GeV)
and relevant BRs (%) of three
points from l̃±-coannihilation
scenario Case-R corresponding
to the lowest LSP mass, the
highest LSP mass with current
(g − 2)μ constraints, as well as
the highest LSP mass with the
anticipated future (g − 2)μ
constraint. The notation,
definitions and units are as in
Table 1. Only BRs above 0.1%
are shown. 〈σv〉 f f̄ is given for
f = τ for all three points,
corresponding to the dominant
final state for DM annihilation

Sample points R1 R2 R3 Sample points R1 R2 R3

M1 103 504 385 BR(χ̃0
2 → l̃2l 1.8 0.4 –

M2 212 1169 877 → l̃1l – 4 24

μ 971 958 976 → τ̃2τ 97 61 32

tan β 6.6 59 59 → τ̃1τ – 18.4 7

ml̃L
272 603 638 → χ̃0

1 h 0.9 11.5 2

ml̃R
112 598 438 → χ̃0

1 Z 0.2 1 0.3

mχ̃0
1

100 496 380 → ν̃ν) – 3 34.5

mχ̃0
2

222 953 877 BR(χ̃±
1 → l̃1νl – 2 22.4

mχ̃0
3

982 966 982 → τ̃2ντ 96 37 30

mχ̃0
4

∼ mχ̃±
2

986 1209 1011 → τ̃1ντ – 7 4

mχ̃±
1

222 952 877 → ν̃l l – 4 24

mẽ1,μ̃1 276 605 639 → ν̃τ τ – 38 17

mẽ2,μ̃2 120 599 440 → W χ̃0
1 ) 4 12 2.4

m τ̃2 112 501 382 BR(l̃1 → χ̃0
1 l) 39 100 100

m τ̃1 279 689 676 → χ̃0
2 l 21 – –

m ν̃ 265 600 634 → χ̃±
1 νl ) 40 – –

�χ̃h2 0.115 0.08 0.036

aSUSY
μ × 1010 16.8 13 15.9 BR(l̃2 → χ̃0

1 l) 100 100 100

σ SI
p × 1010 0.35 1.24 0.27

〈σv〉 f f̄ × 1027 1.2 0.03 0.1

sections at pp colliders. However, the �m is so small in this
scenario that it largely escapes the HL-LHC searches (and the
different production cross section turns out to be irrelevant). It
can be expected that �m >∼ 0.7 GeV can be covered with the
monojet searches at the FCC-hh. Very low, but still allowed
mass differences can be covered by the disappearing track
searches. However, as for the higgsino DM case, also here
a high-energy e+e− collider will be necessary to cover the
whole allowed parameter space. While the currently allowed
points would require CLIC1500, a parameter space reduced
by the HL-LHC disappearing track searches, resulting e.g.
in mχ̃0

1

<∼ 500 GeV could be covered by the ILC1000.
The more complicated case for the future collider analysis

is given by the bino/wino parameter points (turquoise), since
the limits shown not only assume a small mass difference
between χ̃0

1 and χ̃±
1 , but also pp production cross sections

as for the higgsino case. For bino/wino DM these production
cross sections turn out to be larger (as for the pure wino
case), i.e. displaying the wino/bino points in Fig. 22 should be
regarded as conservative with respect to the pp based limits.
Consequently, it is expected that the HE-LHC or “latest” the
FCC-hh would cover this scenario entirely. On the other hand,
the e+e− limits should be directly applicable, and large parts
of the parameter space will be covered by the ILC1000, and
the entire parameter space by CLIC1500.

As discussed in Sect. 4.1 we have not considered explicitly
the possibility of Z or h pole annihilation to find agree-
ment of the relic DM density with the other experimen-
tal measurements (see, e.g., the discussion in [31]). How-
ever, it should be noted that in this context an LSP with
M ∼ mχ̃0

1
∼ MZ/2 or ∼ Mh/2 (with M = M1 or M2 or

μ) would yield a detectable cross-section e+e− → χ̃0
1 χ̃0

1 γ

in any future high-energy e+e− collider. Furthermore, in the
case of higgsino or wino DM, this scenario automatically
yields other clearly detectable EW-SUSY production cross-
sections at future e+e− colliders. For bino/wino DM this
would depend on the values of M2 and/or μ. We leave this
possibility for future studies.

On the other hand, the possibility of A-pole annihilation
was discussed for all five scenarios. While it appears a rather
remote possibility (particularly for higgsino and wino DM),
it cannot be fully excluded by our analysis. However, even in
the “worst” case of l̃±-coannihilation Case-L an upper limit
on mχ̃0

1
of ∼ 260 GeV can be set. While not as low as in

the case of Z or h-pole annihilation, this would still offer
good prospects for future e+e− colliders. We leave also this
possibility for future studies.
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7 Conclusions

The electroweak (EW) sector of the MSSM, consisting
of charginos, neutralinos and scalar leptons can account
for a variety of experimental data. Concerning the CDM
relic abundance, where the MSSM offers a natural candi-
date, the lightest neutralino, χ̃0

1 , while satisfying the (neg-
ative) bounds from DD experiments. Concerning the LHC
searches, because of comparatively small EW production
cross-sections, a relatively light EW sector of the MSSM
is also in agreement with the latest experimental exclusion
limits. Most importantly, the EW sector of the MSSM can
account for the long-standing 3−4 σ discrepancy of (g−2)μ.
Improved experimental results are expected soon [3] by the
publication of the Run 1 data of the “MUON G-2” experi-
ment.

In this paper we assume that the χ̃0
1 provides MSSM DM

candidate, where we take the DM relic abundance measure-
ments [5] as an upper limit. We analyzed several SUSY sce-
narios, scanning the EW sector (chargino, neutralino and
slepton masses as well as tan β), taking into account all rel-
evant experimental data: the current limit for (g − 2)μ, the
relic density bound (as an upper limit), the DD experimental
bounds, as well as the LHC searches for EW SUSY particles.
Concerning the latter we included all relevant existing data,
mostly relying on re-casting via CheckMATE, where several
channels were newly implemented into CheckMATE [15].

Concretely, we analyzed five scenarios, depending on the
hierarchy between M1, M2 and μ as well as the mechanism
that brings the relic density in agreement with the experi-
mental data. For μ < M1, M2 we have higgsino DM, for
M2 < M1, μ wino DM, whereas for M1 < M2, μ one can
have mixed bino/wino DM if χ̃±

1 -coannihilation is responsi-

ble for the correct relic density (i.e. M1
<∼ M2), or one can

have bino DM if l̃±-coannihilation yields the correct relic
density, with the mass of the “left-handed” (“right-handed”)
slepton close to mχ̃0

1
, Case-L (Case-R). Our scans naturally

also consist “mixed” cases. Higgsino and wino DM, together
with the (g − 2)μ constraint can only be fulfilled if the relic
density is substantially smaller than the measured density.
The other three scenarios can easily accommodate the relic
DM density as direct measurement, which was analyzed in
Ref. [15]. In the present analysis these three scenarios were
extended to the case where the relic density is used only as
an upper bound.

We find in all five cases a clear upper limit on mχ̃0
1
. These

are ∼ 500 GeV for higgsino DM, ∼ 600 GeV for wino DM,
while for χ̃±

1 -coannihilation we find ∼ 600 GeV, for l̃±-
coannihilation Case-L ∼ 500 GeV and for Case-R values up
to ∼ 500 GeV are allowed. Similarly, upper limits to masses
of the coannihilating SUSY particles are found as, mχ̃0

2
∼

mχ̃±
1

<∼ 510 GeV for higgsino DM, mχ̃±
1

<∼ 600 GeV for

wino DM, mχ̃±
1

<∼ 650 GeV for bino/wino DM with χ̃±
1 -

coannihilation and ml̃L
<∼ 600 GeV for bino DM case-L and

ml̃R
<∼ 600 GeV for bino DM case-R. For the latter, in the

l̃±-coannihilation case-R, the upper limit on the lighter τ̃ is
even lower,m τ̃2

<∼ 500 GeV. The current (g−2)μ constraint
also yields limits on the rest of the EW spectrum, although
much loser bounds are found. These upper bounds set clear
collider targets for the HL-LHC and future e+e− colliders.

In a second step we assumed that the new result of the
Run 1 of the “MUON G-2” collaboration at Fermilab yields
a precision comparable to the existing experimental result
with the same central value. We analyzed the potential impact
of the combination of the Run 1 data with the existing
result on the allowed MSSM parameter space. We find that
the upper limits on the LSP masses are decreased to about
∼ 480 GeV for higgsino DM, ∼ 500 GeV for wino DM,
as well as ∼ 500 GeV for χ̃±

1 -coannihilation, ∼ 450 GeV
for l̃±-coannihilation Case-L and ∼ 380 GeV in Case-R,
sharpening the collider targets substantially. Similarly, the
upper limits on the NLSP masses go down to about mχ̃0

2
∼

mχ̃±
1

<∼ 490 GeV for higgsino DM, mχ̃±
1

<∼ 600 GeV for

wino DM, mχ̃±
1

∼ 550 GeV for bino/wino DM with χ̃±
1 -

coannihilation, as well as ml̃L
<∼ 550 GeV for bino DM

case-L and ml̃R
<∼ 440 GeV, m τ̃2

<∼ 380 GeV for bino DM
case-R.

For the three cases with a small mass difference between
the lightest chargino and the LSP (higgsino DM, wino DM
and bino/wino DM with χ̃±

1 -coannihilation) we have also
briefly analyzed the prospects for future collider searches,
specially targeting these small mass differences. The results
for the points surviving all (current) constraints have been
displayed in the plane of the Next-to-LSP (in these cases
mχ̃±

1
) vs. �m = mχ̃±

1
− mχ̃0

1
, overlaid with the antici-

pated limits from future collider searches from HL-LHC,
HE-LHC, FCC-hh, ILC and CLIC [135,136]. (These lim-
its are directly applicable to higgsino and wino DM, and
likely to be overly conservative for bino/wino DM with χ̃±

1 -
coannihilation.) While parts of the parameter spaces can be
covered by future pp machines, a full exploration of the
parameter space requires a future e+e− colliders. Taking into
account limits from future e+e− machines, a center-of-mass
energy of

√
s = 1 TeV will be sufficient to conclusively

explore higgsino DM, wino DM and bino/wino DM with
χ̃±

1 -coannihilation.
Finally, we have briefly checked for the parameter points

with the lightest and heaviest spectra in each of the five sce-
narios that they are in agreement with the limits from indirect
DM detection experiments, such as ANTARES/IceCube and
Super-Kamiokande. Assuming the most favorable galactic
DM profile, some of the lighter mass spectra, particularly for
the higgsino and wino DM scenarios, can be tested by the
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CTA, whereas the other scenarios have too low DM annihi-
lation cross sections.

While we have attempted to cover nearly the full set of
possibilities that the EW spectrum of the MSSM presents,
while being in agreement with all the various experimen-
tal constraints, our studies can be extended/completed in the
following ways. One can analyze the cases of: (i) complex
parameters in the chargino/neutralino sector (then also tak-
ing EDM constraints into account); (ii) different soft SUSY-
breaking parameters in the three generations of sleptons,
and/or between the left- and right-handed entries in the case
of χ̃±

1 -coannihilation; (iii) A-pole annihilation, focusing on
very low mχ̃0

1
and tan β values; (iv) h- and Z -pole annihila-

tion, which could be realized for sufficiently heavy sleptons.
On the other hand, one can also restrict oneself further by
assuming some GUT relations between, in particular, M1

and M2. We leave these analyses for future work.
In this paper we have analyzed in particular the impact

of (g − 2)μ measurements on the EW SUSY spectrum. The
current measurement sets clear upper limits on many EW
SUSY particle masses. On the other hand we have also clearly
demonstrated the potential of the upcoming measurements of
the “MUON G-2” collaboration, which have a strong poten-
tial of sharpening the future collider experiment prospects.
We are eagerly awaiting the new “MUON G-2” result to illu-
minate further the possibility of relatively light EW BSM
particles.

Note added

After the completion of this work a new (g − 2)μ measure-
ment was published [134]. The new combined world average
of �anew

μ = (25.1 ± 5.9) × 10−10 yields about the same
2 σ lower limit of the deviation as the numbers used here,
�a−2σ

μ = 12.9 × 10−10 ≈ �a−2σ,new
μ = 13.3 × 10−10.

Consequently, it is expected that the new world average
yields similar upper limits as the ones reported here, see,
e.g., Ref. [133].
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