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The mono-photon signature emerging in an E6 supersymmetric standard model (E6SSM) from inert
Higgsino dark matter (DM) is analyzed at future eþe− colliders. As the inert neutral and charged Higgsinos
are nearly degenerate, the inert chargino is a rather long lived particle and the charged particle associated
with its decay to the inert Higgsino is quite soft. We show that the pair production of inert charginos at a
500 GeV electron-positron collider with an initial or final state photon is the most promising channel for
probing the inert Higgsino as one DM candidate within the E6SSM. We also emphasize that this signal has
no chance of being observed at the Large Hadron Collider (LHC) with higher energy and/or luminosity.
Finally, we remark that, combined with a DM signal produced in direct detection (DD) experiments
involving an active Higgsino state as the second DM candidate, this dual evidence could point to a two-
component DM version of the E6SSM.
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The E6 (or exceptional) supersymmetric standard model
(E6SSM) introduced in Refs. [1–8] is a natural framework
for multicomponent dark matter (DM) [9–11]. In fact, in
Ref. [12], we focused on a two-component DM version of
the E6SSM based on an active and inert Higgsino as
candidates. We emphasized that they can share (at a
comparable level) the contributions to the DM relic
abundance and also illustrated that it is not possible to
detect the inert candidate in DD experiments searching for
DM, whereas the active one is accessible therein. The aim
of this paper is to show that it is possible to probe a light
inert Higgsino at eþe− machines, though, taking as an
illustration the International Linear Collider (ILC) [13],

through a very clean monophoton signal. Recall that we
consider an E6SSM along with a set of symmetries that lead
to the following superpotential:

W ¼ YuQUcHu þ YdQDcHd þ YeLEcHd þ YνLνcHu

þ λSHdHu; ð1Þ
where Hu, Hd and S are three families of doublet and
singlet Higgs fields, respectively. OnlyHu3, Hd3 and S3 get
vacuum expectation values (VEVs) while the other two
families do not develop any and thus have no (or very
suppressed) couplings with the SM fermions, so they
remain (essentially) inert.
In this case, the mass matrix for the inert neutralinos in

the basis of ðh̃0;Id1 ; h̃
0;I
d2 ; h̃

0;I
u1 ; h̃

0;I
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Furthermore, the mass matrix for the inert charginos in
the basis of ðχ̃−1 ; χ̃−2 Þ, where χ̃1ð2Þ ¼ ðh̃−dðuÞ1 ; h̃−dðuÞ2Þ, is given
by

mχ̃� ¼
 
− 1ffiffi
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!
: ð3Þ

At tree-level the inert charginos and neutralinos are
degenerate. Loop corrections to the mass matrix will make
the chargino slightly heavier, though, with a mass splitting
mh̃�;I −mh̃0;I < 1 GeV. The important thing here is that the
charged particles originating from the decay of the chargino
will be soft and hence will usually not be identified as
leptons or jets.
In [12] we considered cases where both DM components

contributed a reasonably comparable share to the total relic
density. In that case there are good prospects of discovering
the active sector DM component through future DD
experiments, but getting an unambiguous signal of the
inert sector is difficult. Also, it was shown that indirect
detection (ID) experiments were insensitive to either DM
candidate.
We now look at what are the cases where we could get a

signal from both DM components by relaxing the require-
ment that both components need to provide a substantial
contribution to the relic density since, after all, these would
not be extractable from such a primordial signal of DM. As
the inert sector seems to be beyond the reach of DD and ID
experiments, we turn to collider searches for the inert sector
and rely on DD for the active sector. In order to establish
the existence of two DM components, we will also need to
show that there is enough sensitivity to the DM particle
masses so that one can firmly state that there are two DM
components present (of different mass).
We build our model files with SARAH v4.14.1 [14,15], we

compute the spectrum with SPheno v4.0.3 [16,17] and the
collider analyses are performed with MadGraph5 v2.6.5 [18],
PYTHIA8 [19], DELPHES 3.4.2 [20] and MadAnalysis5 v1.8 [21].
We first study the sensitivity of current LHC analyses to

the possible signatures arising from the inert sector of the
model using the Public Analysis Database (PAD) [22] and
the recasting feature of MadAnalysis [23]. The best sensitivity
was achieved for

pp → h̃0;I h̃�;Ij ð4Þ

in the CMS multi-jetþ =ET analysis [24,25]. The most
sensitive signal regions were those with low jet multiplicity
and no b-jets (bins 1–10 in [24]) but, even for optimistic
benchmark points (BPs), we could exclude these only with
70% confidence level (CL). The best exclusion power was
associated with a deficit in the data compared to SM
expectations. As the systematic errors were larger than
the statistical ones, the expected exclusion power with

ffiffiffi
s

p ¼ 13 TeV and full integrated luminosity for Run 3 of
the LHC is not much better.
We then turn to possible future hadron colliders. We

generated events at
ffiffiffi
s

p ¼ 14 and 27 TeV for the signal and
background normalizing the backgrounds with those esti-
mated by the CMS collaboration. When looking bin by bin,
the cross sections for Z → νν̄þ jets were growing slower
than those of the signal but the lost lepton backgrounds
grow faster than the signal with increasing energy. Hence
the sensitivity of the High-Luminosity LHC (HL-LHC)
option [26,27] or High-Energy LHC (HE-LHC) [28] one
are not much better than that of LHC Run 3 using this type
of an analysis and seeing a significant excess would require
the systematic errors to be less than half a percent, which is
unrealisitic to achieve.
As hadron colliders give us little hope of establishing a

signature from the inert sector in the following few decades,
we decided to study the scope of eþe− colliders. The inert
neutralinos have a strongly suppressed coupling to the Z
boson (making them very difficult to find at DD experi-
ments), but chargino pairs can be produced via their
electromagnetic (EM) couplings with a reasonable rate.
The charginos are nearly degenerate with the neutralinos

so, whatever charged particles they decay to, they are soft.
In most cases their transverse momentum is so small that
they will not reach the outer layers of the detector and thus
will not be identified as leptons or be reconstructed as jets.
Therefore, the most promising channel will be the mono-
photon final state as eþe− → h̃þ;Ih̃−;Iγ can have photons
from both initial and final state radiation.
The SM background to the monophoton channel is

dominated by eþe− → Zð→ νν̄Þγ with a smaller contribu-
tion from the similar final state with two photons, one being
missed by the detector. Such a background has a character-
istic shape as a function of xγ ¼ Eγ=Ebeam, where most of
the events have xγ ∈ ½0.8; 1.0� [29,30]. For the inert
Higgsino signal the photon energy is constrained by

Eγ <
ffiffiffi
s

p
− 2mh̃�;I ð5Þ

so that, in case of a monophoton signal from new physics,
we expect an excess of events at lower values of xγ .
To illustrate this behavior we use the two BPs given in

Table I. In both cases we set the rest of the superpartner
spectrum so heavy that coannihilations in DM relic density
are irrelevant and no other signals can be produced at eþe−
machines. We also require mHI > mH̃0;I þmχ̃0

1
, so that the

inert scalar can decay and will not form a third DM
component [12].
We simulate the detector with the DSiD card for Delphes

[31] and assume that events with xγ > 0.1 can be triggered.
We first show the overall cross section for monophoton
events for BP1 in Fig. 1. There is an excess of a few percent
once the collision energy is clearly larger than the kin-
ematical threshold. Indeed, at about 500 GeV (a foreseen
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running stage on the ILC, as it would act as a factory of
tt̄hSM events), the monosignal should be fully established,
given the precision attainable at electron-position machines
in general and the ILC in particular.
In Fig. 2 we show the photon energy distribution for the

two BPs. The inert Higgsino signal is concentrated on the
lower end of the energy spectrum, where it is clearly larger
than the background. The endpoint of the distribution even
gives us a rather good estimate of the mass of the inert
Higgsino. In Table II we show the numbers of events. With
suitable cuts the signal is more than twice the background,

hence, such a signal can be clearly established with
moderate integrated luminosity.
The monophoton signature will be sensitive as long as

the collider can produce a chargino pair and a photon that
exceeds the trigger threshold. We also note that the mass of
the inert chargino can be estimated from the endpoint of the
monophoton excess.
We now note that monophoton searches at the LHC are

not as sensitive as those at an electron-positron collider.
The reason is that, since the partonic collision energy is not
fixed, the number of photons falls off with increasing
energy for both the signal and background. Since there is
no clear difference in the shape of the distributions, the
background dominates everywhere and seeing the small
excess would require subpercent level systematic errors
[32]. For similar reasons the sensitivity of monojet searches
at the LHC is very limited [32,33].
Furthermore, we also point out that, due to the small

mass splitting between the neutralino and the chargino, the
chargino is rather long-lived and could lead to disappearing
track signatures. Current searches exclude radiatively split
Higgsinos up to 150 GeV [34]. Hence, a disappearing track
signature could further help in understanding the origin of
the monophoton signal. We shall leave the study of
disappearing tracks for future work.
Before closing, we confirm that both BPs can be

accessed via active Higgsino signals in DD experiments,

FIG. 2. The photon energy distribution for the signal bench-
marks and the SM background with

ffiffiffi
s

p ¼ 500 GeV.

FIG. 1. The cross section times acceptance of monophoton
events with missing transverse energy satisfying Eγ > 0.1 Ebeam
for the SM background (blue) and SM plus the signal from
BP1 (red).

TABLE I. The parameters of the BPs used to illustrate our
results. The masses are given in GeV. For both BPs, gN ¼ 0.41
and all other superpartners are significantly heavier than the
lightest Higgsino.

BP1 BP2

mH̃0;I 173.1 211.2
mH̃�;I 173.4 211.6
mχ̃0

1
1117 1107

mZ0 4250 4250
BRðH̃�;I → π�H̃0;IÞ 65% 65%
BRðH̃�;I → l�H̃0;IÞ 35% 35%

TABLE II. Photon yields in certain energy intervals for an
integrated luminosity of 100 fb−1. The numbers for the bench-
mark points do not include the SM contribution.

Eγ (GeV) SM BP1 BP2

25 < Eγ < 150 249 861 236
25 < Eγ < 125 159 851 236
25 < Eγ < 100 94 723 236

FIG. 3. The spin-independent (SI) cross section of the active
DM component in BP1 (purple) and BP2 (green) against
exclusion limits (red).
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as shown in Fig. 3 for the case of XENON 1T (wherein the
circles identify their location), which can also fit the DM
mass through the recoil spectra of the medium, as shown in
Fig. 4 (see Ref. [12] for further details).
In summary, we have proven the sensitivity of a future

eþe− machine running at around 500 GeV (e.g., the ILC at
the tt̄hSM threshold) to the presence of inert Higgsino
signals stemming from the E6SSM in the form of mono-
photon signals, with a characteristic energy spectrum
dictated by the difference in mass between the parent

chargino and the inert DM candidate (the lightest Higgsino)
of this theoretical construct. This evidence can be further
complemented by the discovery in DD experiments of
another DM candidate of the E6SSM, the lightest active
Higgsino, through the recoil spectra of the nuclei of the
medium involved (e.g., in XENON 1T). As in the case of
both signals one can fit the two DM masses to the relevant
differential distributions, so long that these are significantly
different (like in two BPs considered here), then one can
point to circumstantial evidence of a two-component DM
structure of a nonminimal model of supersymmetry with
origin in string theory [35].
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