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We search for the SUSY dark matter and sleptons at the future electron-proton colliders, LHeC
and FCC-eh. We invistigate the compressed scenarios where χ̃0

1 is bino, χ̃±1 and χ̃0
2 are wino

with almost degenarate masses, and mass difference between χ̃0
1 and χ̃±1 is 1 GeV. The signal is

produced via the process “p e− → j e− χ̃χ̃” with χ̃ = χ̃0
1, χ̃±1 or χ̃0

2. We consider the standard
model background processes with productions of one or two neutrinos and perform the multivariate
analysis at the detector level. When the mass difference between the left-handed slepton l̃ and
χ̃±1 , χ̃

0
2, ∆M = Ml̃ −Mχ̃±

1 ,χ̃
0
2
, is fixed to be 35 GeV, the 2-σ limits on the χ̃±1 , χ̃0

2 mass are 616

(266) GeV at the FCC-eh (LHeC) with integrated luminosity of 2.5 (1) ab−1 and no systematic
uncertainty on the background. To invistigate the effects when varying ∆M , we fix M

χ̃±
1 ,χ̃

0
2

to be

400 GeV and find that the significance is maximal when ∆M is around 20 GeV. When sleptons
are heavy and decoupled and ignoring the systematic uncertainty on the background, the 2-σ limits
on the χ̃±1 , χ̃0

2 mass are 230 GeV at the FCC-eh with integrated luminosity of 2.5 ab−1. We find
that 5% systematic uncertainty on the background can affect the limits greatly. We also comment
on the effects of the electron beam plorizations. Due to the weak limits of the pp colliders in such
compressed scenarios, the searches at the ep collider could be complementary to those at the pp
colliders.

I. INTRODUCTION

Supersymmetry (SUSY) is one of the most promising
new physics scenarios beyond the Standard Model (SM)
and has been searched widely in various production and
decay channels at the Large Hadron Collider (LHC). Due
to the large production cross sections in strong interac-
tions for the coloured sparticles (gluinos and squarks) at
pp colliders, the current LHC experiments at a center-of-
mass energy of

√
s = 13 TeV have produced impressive

constraints on the coloured sparticle masses, which are
excluded upto to approximately 2 TeV by the ATLAS
collaboration with 36.1 fb−1 integrated luminosity [1] and
by the CMS collaboration with 35.9 fb−1 integrated lu-
minosity [2–4].

On the other hand, because of the much lower direct
production cross sections for the electroweakinos (neu-
tralinos, charginos and sleptons), so far the LHC con-
straints on their masses are still limited, which makes
the electroweakino searches an increasingly important
role in probing the SUSY at future colliders. Previous
LHC studies on the searches for the charginos, neutrali-
nos and sleptons during Run 1 at

√
s = 7 TeV and 8 TeV
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can be found by the ATLAS Collaboration [5–7] and by
the CMS Collaboration [8–11]. Currently, the ATLAS
analysis in 2l + 0 jet final state has placed the limits on
the slepton pair l̃l̃ production and has excluded the slep-
ton masses upto to 500 GeV assuming mass-degenerate
l̃L and l̃R (where l̃ includes all flavors ẽ, µ̃, τ̃) at 13 TeV
with 36.1 fb−1 luminosity data (cf. Fig. 8(b) of [13]).
For charginos and neutralinos, the ATLAS analysis in 2l
+ jets and 3l final states has placed the limits on χ̃±1 χ̃

0
2

production with gauge-boson-mediated decays, and the
χ̃±1 , χ̃0

2 masses have been excluded up to approximately
580 GeV with the same set of data (cf. Fig. 8(d) of [13]).

However, the above limits apply only when assuming
a mssless χ̃0

1 or the mass differences ∆m between the l̃ or
χ̃±1 /χ̃

0
2 and the lightest supersymmetric particle (LSP)

χ̃0
1 are large (∆m(l̃, χ̃0

1) & 200 GeV for l̃ searches and
∆m(χ̃±1 /χ̃

0
2, χ̃

0
1) & 330 GeV for χ̃±1 /χ̃

0
2 searches, respec-

tively). When the mass differences are small, which is
usually referred to as compressed scenarios or as having
compressed mass spectra, the visible products from l̃ and
χ̃±1 /χ̃

0
2 decays are very soft. This challenges the analy-

sis and thus the limits are rather weak in such scenario.
For example, analysis in Ref. [13] shows null limits when

the masses of l̃ and χ̃±1 /χ̃
0
2 above 200 GeV and mass dif-

ferences ∆m(l̃, χ̃0
1) . 70 GeV or ∆m(χ̃±1 /χ̃

0
2, χ̃

0
1) . 100

GeV.

The previous phenomenological studies on the com-
pressed scenarios for the SUSY electroweakino searches
can be found in [14–23]. Recently, the ATLAS Collabo-
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ration perform a search for elctroweakinos in final states
with two low-momentum leptons and significant miss-
ing energy, which targets the neutralino, chargino and
slepton decays in the compressed scenarios. Assuming
mass-degenerate l̃L and l̃R (where l̃ includes flavors ẽ, µ̃),
their results at 13 TeV with 36.1 fb−1 luminosity ex-
clude the slepton masses up to around 190 GeV with
mass splitting ∆m(l̃, χ̃0

1) ∼ 1 GeV (cf. Fig. 11 of [24]).
These analyses also exclude the masses of wino χ̃±1 and
χ̃0
2 up to approximately 175 GeV with mass difference

∆m(χ̃±1 /χ̃
0
2, χ̃

0
1) ∼ 2 GeV (cf. Fig. 10 of [24]). It is

worth noting that such analyses benefit from the soft-
ness of the leptons from the slepton and chargino or neu-
tralino decays in the compressed scenarios, and thus the
limits are strongest for very small mass splittings. As the
mass differences increase, The limits become weak. For
example, the 150 GeV sleptons are not excluded by such
analyses when ∆m(l̃, χ̃0

1) & 10 GeV, while wino chargino
and neutralinos with 150 GeV masses are not exluded
when ∆m(χ̃±1 /χ̃

0
2, χ̃

0
1) & 20 GeV. Similar searches in the

compressed scenarios with final states of soft leptons has
also been reported by the CMS collaboration at

√
s = 8

TeV [10, 25] and at
√
s = 13 TeV [11, 12]. Therefore, the

compressed scenarios with heavey electroweakino masses
or relatively large mass splittings still eludes the searches
at the current pp collider and needs to be investigated at
future colliders.

In this article, focusing mainly on the compressed sce-
narios, we evalulate the sensitivity of ep colliders to dis-
cover the SUSY dark matter and sleptons. In Ref. [28],
a parton-level analysis on the Higgsino neutralinos and
charginos has been performed at the Large Hadron elec-
tron Collider (LHeC), which shows that with an inte-
grated luminosity of 1 (3) ab−1, the Higgsino masses
could be reached upto to 135 (155) GeV with 2-σ signifi-
cance. Two signal scenarios are considered in this study.
In the first scenario, χ̃0

1 is bino, χ̃±1 and χ̃0
2 are wino with

nearly degenerate masses and all other SUSY particles
are heavy and decoupled, which we called the “heavy
slepton scenario”. This scenario can be motivated by the
dark matter coannihilation arguments [26, 27]. For a bino
χ̃0
1 dark matter, the annihilation cross-section is usually

too low. The wino-dominant χ̃±1 and χ̃0
2 with masses

of order one to tens of GeV larger than a bino χ̃0
1 may

enhance the coannihilation processes and results in the
observed dark matter relic density. In the other “light
slepton” scenario, we assume the left-handed slepton l̃L
and sneutrino ν̃ are also within the collider access and are
slightly heavier than χ̃±1 and χ̃0

2. The light sleptons can
be also motivated by the coannihilation arguments. Fur-
thermore, the measured muon anomalous magnetic mo-
ment [29] shows more than 3-σ discrepancy from the SM
prodiction. Since the main SUSY contributions to the
muon g − 2 are dominated by the neutralino-smuon and
chargino-sneutrino loop diagrams, a SUSY mass spec-
tra containing hundreds of GeV neutralinos and sleptons
may explain the experimental results of the anomalous
magnetic moment of the muon (see [30] for a recent sum-

mary).
In this study, We perform a detector-level simulation at

both LHeC and the electron-hadron mode of the Future
Circular Collider (FCC-eh). For the electron and proton
beam energies at the LHeC and FCC-eh, we consider 60
GeV × 7 TeV and 60 GeV × 50 TeV [31–33], respec-
tively. The maximal integrated luminosity for the LHeC
is expected to be 1 ab−1, while it can be 2.5 ab−1 for the
FCC-eh with a 25-year running (1 ab−1 per 10 years).
Although the center-of-mass energies of 1.3 and 3.5 TeV,
respectively, are lower than at pp colliders, the SM QCD
backgrounds, which are dominant in the pp colliders, are
much smaller at ep colliders since there is no gluon ex-
change diagrams. Moreover, pile up jets constitute an
very mimporant background at pp colliders, especially at
high luminosity, but they are essentially negligible at ep
colliders. Therefore, the searches at the ep colliders could
yield complementary limits on the SUSY electroweakinos
especially in the compressed scenarios.

The article is organized as follows. In Sec. II we de-
scribe the data simulation, signal and background pro-
cesses and our search strategy. In Sec. III, we present
the results in the light slepton scenario when fixing ∆M
and also show the effects when varying ∆M . The re-
sults in the heav slepton scenario is given in Sec. IV. We
summarize and conclude in the last Sec. V.

II. SEARCH STRATEGY

For our analysis, the data is simulated by Mad-
Graph5 aMC@NLO [36] as the event generator, followed
by Pythia [37] for the parton showering and hadroniza-
tion, and Delphes [38] for the detector simulation. The
detector is assumed to have a cylindrical geometry com-
prising a central tracker followed by an electromagnetic
and a hadronic calorimeter. The forward and backward
regions are also covered by a tracker, an electromag-
netic and a hadronic calorimeter. The angular accep-
tance for charged tracks in the pseudorapidity range of
−4.3 < η < 4.9 and the detector performance in terms
of momentum and energy resolution of electrons, muons
and jets, are based on the LHeC detector design [31, 34].
For our simulation, a modified Pythia version tuned for
the ep colliders and the Delphes card files for the LHeC
and FCC-eh detector configurations [35] are used.

For the signal produciton, (suggest to show the dia-
graoms of signal production (perhaps in the introduc-
tion).) we consider the Lightest Supersymmetric Particle
(LSP) χ̃0

1 is bino, while χ̃±1 and χ̃0
2 are wino with almost

degenrate masses. We fix the mass difference between χ̃0
1

and χ̃±1 to be 1 GeV. The signal is produced via the pro-
cess “p e− → j e− χ̃χ̃”, where χ̃ = χ̃0

1, χ̃±1 or χ̃0
2. There-

fore, the final state has 1 jet, 1 electron, large missing
energy and undetected very soft particles from χ̃±1 or χ̃0

2

decays. In our heavy slepton scenario, only χ̃0
1, χ̃±1 and χ̃0

2

are considered to be light, and all other SUSY particles
are heavy and decoupled. Thus, the signal process is de-
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scribed by direct production of neutralinos and charginos.
In our light slepton scenario, the left-handed slepton l̃L
and sneutrino ν̃ are also within the collider access and
are assumed to be slightly heavier than χ̃±1 and χ̃0

2. Be-
sides the direct productions of neutralinos and charginos
p e− → j e− χ̃χ̃, the signal process will also include the di-
rect production of l̃L and ν̃, i.e., p e− → j χ̃ l̃L, j χ̃ ν̃, fol-
lowing by the decays of l̃L → χ̃0

2,1 +e− and ν̃ → χ̃+
1 +e−.

In this artice, we consider the masses of the sleptons and
sneutrinos such that the sleptons and sneutrinos are pro-
duced on its mass shell. When sletptons and sneutrinos
are very heavy, they can be off-shell produced, which in-
duces the direct four-body production. ( Here, I think
we should say that the slepton can be off-shell yielding
to direct three-body decay, or it could be on its mass
shell. ) ( For me, so far I am not very clear the off-shell
situation. Please check whether the new sentences are
correct. )

FIG. 1. Production cross sections σ(p e− → j e− χ̃χ̃) in fb for
the light slepton and heavy slepton scenarios at the FCC-eh
(upper) and for the light slepton scenario at the LHeC (lower)
with unpolarized electron beam as varying the masses of χ̃±1
and χ̃0

2. ( Should we remove the 2.5 ab−1 curve for LHeC ? )

In Fig. 1, we show the production cross sections in
fb for both the light slepton and heavy slepton scenar-
ios at the FCC-eh and for the light slepton scenario at
the LHeC with unpolarized electron beam as varying the
masses of χ̃±1 and χ̃0

2. The cross sections are calculated
using MadGraph5 aMC@NLO by importing the general
MSSM model with the model parameter file generated
by the SUSY-HIT package [39].

Due to the presence of large missing energy in the
final state, processes with production of neutrinos will
contribute to the SM background. We separate the
background into two categories: the 2-neutrino process
“p e− → j e− νν” and the 1-neutrino process “p e− →

j e− lν”, where all flavors of leptons e, ν, τ are included.
The 2-neutrino process has the same final state as the
signal and is an irreducible background. The 1-neutrino
process has a large cross section and will therefore have
a non-negligible contribution to the background if one of
the two leptons is undetected.

We firstly choose the final states with the following
pre-selection cuts:

1. At least 1 jet with pT > 20 GeV;

2. Exactly 1 electron with pT > 10 GeV;

3. No b-jet with pT > 20 GeV;

4. No muon or tau with pT > 10 GeV;

5. Missing energy �ET > 50 GeV.

After the pre-selection cuts, the following 17 observ-
ables are input to the TMVA package [40] to perform the
Multi-Variant Analysis (MVA).

1. global observables:

1.1. the missing energy �ET ;

1.2. the scalar sum of the transverse momentum
pT of all jets HT .

2. observables for the visible objects:

2.1. pT and the pseudorapidity η of the first lead-
ing jet j1 and the first leaing electron e1:
pT (j1), η(j1), pT (e1), η(e1);

2.2. the pseudorapidity difference ∆η and the az-
imuthal angle difference ∆φ between j1 and
e1: ∆η(j1, e1), ∆φ(j1, e1);

2.3. the invariant mass M , pT and η of the system
of j1 and e1: M(j1+e1), pT (j1+e1), η(j1+e1).

3. observables between �ET and visible objects:

3.1. ∆φ between �ET and j1, e1, or the combi-
nation of j1 + e1: ∆φ(�ET , j1), ∆φ(�ET , e1),
∆φ(�ET , j1 + e1);

3.2. the transverse mass MT of the system of �ET
and j1, e1 or the combination of j1 + e1:
MT (�ET , j1), MT (�ET , e1), MT (�ET , j1 + e1).

III. RESULTS IN LIGHT SLEPTON SCENARIO

A. Results When Fixing ∆M = Ml̃ −Mχ̃±
1 ,χ̃

0
2

In the light slepton scenario, besides the χ̃0
1, χ̃±1 and

χ̃0
2, the left-handed slepton l̃L and the sneutrino ν̃ are also

assumed to be within the collider access. Other SUSY
particles are heavy and decoupled. In this subsection, the
mass different between l̃L and χ̃±1 is fixed to be 35 GeV
(i.e., ∆M = Ml̃−Mχ̃±

1 ,χ̃
0
2

= 35 GeV). The tanβ value is
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fixed to be 30, such that the mass difference between l̃L
and ν̃ is around 9 GeV. In such a scenario, regarding to
the leptonic decays of l̃L and ν̃, the branching ratios are
BR(l̃L → χ̃0

2,1+e−) ≈ 40% and BR(ν̃ → χ̃±1 +e−) ≈ 60%.
We derive the discovery sensitivities for such a senario at
both the FCC-eh and LHeC. The benchmark mass for
χ̃±1 , χ̃

0
2 are chosen to be 400 GeV and 250 GeV at the

FCC-eh and LHeC, respectively.
In Fig. 8, we show the kinematial distributions of some

selected input obervables for signal j e− χ̃χ̃ with Mχ̃±
1 ,χ̃

0
2

= 400 GeV (black with filled area) in the light slepton
scenario, and the SM background of the j e− νν (red) and
j e− lν (blue) processes after applying the pre-selection
cuts at the FCC-eh with the unpolarized electron beam.
The similar plots at the LHeC for signal with Mχ̃±

1 ,χ̃
0
2

=

250 GeV and SM background processes are presented in
the Fig. 9.

FIG. 2. Distributions of BDT response at the FCC-eh (upper)
and the LHeC (lower) with the unpolarized electron beam
for signal j e− χ̃χ̃ (black with filled area) in the light slepton
scenario, and the SM backgrounds of the j e− νν (red) and
j e− lν (blue) processes after applying the pre-selection cuts.
For the signals, M

χ̃±
1 ,χ̃

0
2

is 400 GeV and 250 GeV at the FCC-

eh and LHeC, respectively.

The observables are input to the TMVA package and
the Boosted Decision Trees (BDT) method is adopted
to perform the MVA analysis. In the uppper plot of
Fig. 2, we show the distributions of BDT response for
signal j e− χ̃χ̃ with Mχ̃±

1 ,χ̃
0
2

= 400 GeV (black with filled

area) in the light slepton scenario, and for the SM back-
grounds of the j e− νν (red) and j e− lν (blue) processes
after applying the pre-selection cuts at the FCC-eh with
the unpolarized electron beam. The lower plot shows the
distributions of BDT response at the LHeC for signal
with Mχ̃±

1 ,χ̃
0
2

= 250 GeV and SM background processes.

In Table I, we show the numbers of events at each
cut stage for signal with Mχ̃±

1 ,χ̃
0
2

= 400 GeV in the light

slepton scenario, and for the SM background processes
at the FCC-eh with unpolarized electron beam and an
integrated luminosity of 1 ab−1.

For this study, the stastical significance, σstat, of the
potential signal is evaluated as

σstat =

√
2[(Ns +Nb)ln(1 +

Ns
Nb

)−Ns] (1)

where Ns (Nb) are the expected number of events for
signal (background). Taking into account a systematic
uncertainty of σb in the evaluation of the number of back-
ground events, Eq. (2) will be used to evaluate the sig-
nificance:

σstat+syst =

[
2

(
( Ns +Nb)ln

(Ns +Nb)(Nb + σ2
b )

N2
b + (Ns +Nb)σ2

b

− N2
b

σ2
b

ln(1 +
σ2
bNs

Nb(Nb + σ2
b )

)

)]1/2
(2)

The benchmark mass point has ∆M = 35 GeV, which
corresponds to the column with mχ̃ = 400 GeV and ml̃
= 435 GeV in Table I. The number of signal and back-
ground events after applying the pre-selection cuts and
the optimized BDT cut are 149 and 686.5, respectively.
When considering a systematic uncertainty of 5% on the
background (i.e., σb = 5%Nb), using the Eq. 2, the sig-
nificance for the benchmark pont is 3.28, which is shown
in the last row of the Table I.

The cut flow Table II shows the numbers of events
at the LHeC with unpolarized electron beam for signal
with Mχ̃±

1 ,χ̃
0
2

= 250 GeV and for the SM background

processes.The numbers corresponds to an integrated lu-
minosity of 1 ab−1. When including 5% systematic un-
certainty, the significance of 1.03 can be achieved for this
benchmark mass.

Since the kinematical distributions vary with Mχ̃±
1 ,χ̃

0
2
,

the BDT distributions will also change for different
masses. Therefore, We scan the masses and re-optimze
the BDT cut for each mass case. In the upper plot of
Fig. 3, we present the significance curve relative to the
masses of χ̃±1 and χ̃0

2 for the light slepton scenario at
the FCC-eh with unpolarized electron beam and inte-
grated luminosities of 1 ab−1 (blue) and 2.5 ab−1 (red).
For dashed (solid) curve, a systematic uncertainty of 0%
(5%) on the background is included. When considering
0% (5%) systematic uncertainty on the background, the
2-σ limits on the χ̃±1 , χ̃0

2 mass are 567 (451) GeV for 1

ab−1 luminosity and 616 (466) GeV for 2.5 ab−1 lumi-
nosity, while the 5-σ limits are 464 (355) GeV for 1 ab−1

luminosity and 517 (367) GeV for 2.5 ab−1 luminosity,
respectively. Therefore, the systematic uncertainty can
affect the limits a lot. In order to enhance the discovery
power of SUSY electroweakinos at the future ep collid-
ers, the controlling of the systematic uncertainty is very
important.



5

FCC-eh [1 ab−1] Signal Background
mχ̃ [GeV] 400 400 400 400 400 400

j e− νν j e− lν
ml̃ [GeV] 405 412 420 435 450 465

initial 4133 4583 4765 4564 4315 4067 1.08× 106 7.96× 106

Pre-selection 290 591 2255 3000 2967 2847 3.87× 105 5.71× 105

BDT > 0.2257 35.7 - - - - - 24.8 14.4
BDT > 0.2459 - 30.5 - - - - 17.8 5.1
BDT > 0.2600 - - 139 - - - 132 59.6
BDT > 0.2624 - - - 149 - - 600 86.5
BDT > 0.2597 - - - - 102 - 586 34.9
BDT > 0.2461 - - - - - 93.3 641 75.4
σstat+syst 4.78 5.23 7.23 3.28 2.47 2.02

TABLE I. Cut-flow talbe for signal j e− χ̃χ̃ with M
χ̃±
1 ,χ̃

0
2

= 400 GeV in the light slepton scenario, and the SM background

processes of j e− νν and j e− lν. The numbers of events correspond to an integrated luminosity of 1 ab−1 at the FCC-eh with
unpolarized electron beam. The significance including 5% systemtic uncertainties on the background are presented in the last
row.

LHeC [1 ab−1] Signal Background
mχ̃ [GeV] 250

j e− νν j e− lν
ml̃ [GeV] 285

initial 1231 2.80× 105 2.01× 106

Pre-selection 453 6.60× 104 1.66× 105

BDT > 0.1717 49.5 486 278
σstat+syst 1.03

TABLE II. Cut-flow talbe for signal j e− χ̃χ̃ with M
χ̃±
1 ,χ̃

0
2

=

250 GeV in the light slepton scenario, and the SM background
processes of j e− νν and j e− lν. The numbers of events cor-
respond to an integrated luminosity of 1 ab−1 at the LHeC
with unpolarized electron beam. The significances including
5% systemtic uncertainties on the background are presented
in the last row.

The lower plot of Fig. 3 shows the significance curve
at the LHeC with unpolarized electron beam and an in-
tegrated luminosity of 1 ab−1. With 0% (5%) systematic
uncertainty on the background, the limits on the mass
are 266 (224) GeV and 227 (187) GeV corresponding to
the 2 and 5-σ significances, respectively.

B. Effects When Varying ∆M

When the masses of χ̃±1 and χ̃0
2 are fixed, different l̃

mass also leads to the changing in the kinematical dis-
tributions. To investigate the sensitivities when varying
the mass difference ∆M between χ̃±1 and l̃, we fix the
Mχ̃±

1 ,χ̃
0
2

= 400 GeV and vary the ∆M from 5 GeV to 65

GeV.
The distributions of the BDT response at the FCC-eh

corresponding to different ∆M values are shown in Fig. 4.
One can see that as ∆M increases, the 2-neutrino back-
ground j e− νν (red) has larger overlap with the signal
j e− χ̃χ̃ (black with filled area), while when ∆M > 35
GeV the 1-neutrino background j e− νν (blue) also over-

FIG. 3. Significances as varying the masses of χ̃±1 and χ̃0
2 for

the light slepton scenario. Upper plot: at the FCC-eh with
unpolarized beams and integrated luminosities of 1 ab−1 and
2.5 ab−1; Lower plot: at the LHeC with unpolarized beams
and 1 ab−1 luminosity. For dashed (solid) curve, a systematic
uncertainty of 0% (5%) on the background is considered.

laps a lot with the signal. Thus, due to much better sep-
arations between the signal and background, it is easier
to reject the SM background for small ∆M .

In Table I, we show the numbers of events at the each
cut stage for the signals with different ∆M values and
background processes. Here, the numbers correspond
to FCC-eh with an integrated luminosity of 1 ab−1 and
the BDT cut is optimized according to each ∆M value.
The significances including 5% systematic uncertainties
on the background are presented in the last row.
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FIG. 4. Distributions of the BDT response when fixing slep-
ton mass M

χ̃±
1 ,χ̃

0
2

= 400 GeV and varying the mass difference

∆M = Ml̃−Mχ̃±
1 ,χ̃

0
2

in the light slepton scenario at the FCC-

eh. ( Should we remove ∆M = 35 GeV plot since it has been
shown in Fig. 2 ? )

FIG. 5. Significances as varying the mass difference of ∆M =
Ml̃−Mχ̃±

1 ,χ̃
0
2

and χ̃0
2 when fixing the slepton mass M

χ̃±
1 ,χ̃

0
2

=

400 GeV in the light slepton scenario at the FCC-eh.

The significances with both 5% and 0% systematic un-
certainties on the background as varying the mass differ-
ences ∆M are also plotted in the Fig. 5. The blue (red)
curves corresponds to 1 (2.5) ab−1 luminosity, while for
the dashed (solid) curve, a 0% (5%) systematic uncer-
tainty on the background is considered. One can see that
the ∆M = 20 GeV gives the maximal significances. This
is because firstly, as shown in 4, for small ∆M cases, the
BDT distritutions have better separations between the
signal and background, which makes the BDT cut more
effectively to reject the SM background. Morover, when
∆M < 20, the electron from the slepton and sneutrino
decays will become too soft to pass the pre-selection cuts

pT (e−) > 10 GeV, which will reduce the signal number
of events a lot. Therefore, with better signal and back-
ground sepration and relatively large signal number of
events after the pre-selection cuts, the maximal signifi-
cances is achieved when ∆M is around 20 GeV.

It is worth noting that, although the significances for
∆M = 12 and 5 GeV are slightly lower than the that
for ∆M = 20 GeV, they are still larger than our bench-
mark case where ∆M = 35 GeV when 5% systematic
uncertainty on background is included. However, when
no systematic uncertainty on background is considred,
∆M = 35 GeV gives larger significances compared to
∆M = 5 GeV. This means that if the systematic un-
certainty is small, the expected discovery mass reach for
very compressed senarios (for example, ∆M ∼ 5 GeV)
could be stronger than or at least comparable to our lim-
its obtained for the ∆M = 35 GeV case, while if the
systematic uncertainty is large, the mass reach for very
compressed senarios will be much weaker than our limits
obtained for the ∆M = 35 GeV case. Therefore, to en-
hance the discovery power of the very compressed SUSY
electroweakino senarios, the controlling of the systematic
uncertainty can be very important.

IV. RESULTS IN HEAVY SLEPTON SCENARIO

In the heavy slepton scenario, only χ̃0
1, χ̃±1 and χ̃0

2 are
assumed to be within the collider access and all other
SUSY particles are assumed to be heavy and decoupled.
Because of the lack of slepton and sneutrino produc-
tions, the signal is produced from the direct production
of charginos and neutralinos only. Thus, the signal pro-
duction cross section is much lower in the heavy slepton
scenario than that in the light slepton scenario (cf. the
upper plot of Fig. 1). In this section, we show our analy-
sis results for the heavy slepton scenario at the FCC-eh.

In Fig. 10, we present the kinematial distributions of
some selected input obervables at the FCC-eh for signal
j e− χ̃χ̃ with Mχ̃±

1 ,χ̃
0
2

= 250 GeV (black with filled area)

in the heavy slepton scenario, and the SM background
of the j e− νν (red) and j e− lν (blue) processes after ap-
plying the pre-selection cuts.

The distributions of BDT response at the FCC-eh for
signal j e− χ̃χ̃ with Mχ̃±

1 ,χ̃
0
2

= 250 GeV (black with filled

area) in the heavy slepton scenario, and the SM back-
ground of the j e− νν (red) and j e− lν (blue) processes
after applying the pre-selection cuts are shown in Fig. 6.

The numbers of events at each cut stage for signal
j e− χ̃χ̃ with Mχ̃±

1 ,χ̃
0
2

= 250 GeV in the heavy slepton

scenario, and the SM background processes j e− νν and
j e− lν are presented in Table III. The numbers corre-
spond to an integrated luminosity of 1 ab−1 at the FCC-
eh with unpolarized electron beam. The significance in-
cluding 5% systemtic uncertainty on the background are
presented in the last row.

In Fig. 7, we show the significance plot as varying the
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FIG. 6. Distributions of BDT response at the FCC-eh for
signal j e− χ̃χ̃ with M

χ̃±
1 ,χ̃

0
2

= 250 GeV (black with filled area)

in the heavy slepton scenario, and the SM background of the
j e− νν (red) and j e− lν (blue) processes after applying the
pre-selection cuts.

FCC-eh [1 ab−1] Signal Background
mχ̃ [GeV] 250

j e− νν j e− lν
ml̃ [GeV] -

initial 909 1.08× 106 7.96× 106

Pre-selection 399 3.87× 105 5.71× 105

BDT > 0.1717 13.9 326 357
σstat+syst 0.32

TABLE III. Cut-flow talbe for signal j e− χ̃χ̃ with M
χ̃±
1 ,χ̃

0
2

= 250 GeV in the heavy slepton scenario, and the SM back-
ground processes j e− νν and j e− lν. The numbers corre-
spond to an integrated luminosity of 1 ab−1 at the FCC-eh
with unpolarized electron beam. The significance including
5% systemtic uncertainty on the background are presented in
the last row.

masses of χ̃±1 and χ̃0
2 for the heavy slepton scenario at

the FCC-eh with unpolarized beams and integrated lu-
minosities of 1 ab−1 and 2.5 ab−1. For dashed (solid)
curve, a systematic uncertainty of 0% (5%) on the back-
ground is included. When considering 0% (5%) system-
atic uncertainty on the background, the 2-σ limits on the
χ̃±1 and χ̃0

2 masses are 200 (125) GeV for 1 ab−1 lumi-

FIG. 7. Significances as varying the masses of χ̃±1 and χ̃0
2 for

the heavy slepton scenario at the FCC-eh with unpolarized
beams and integrated luminosities of 1 ab−1 and 2.5 ab−1.
For dashed (solid) curve, a systematic uncertainty of 0% (5%)
on the background is considered.

nosity, and 230 (114) GeV for 2.5 ab−1 luminosity, re-
spectively. When considering 0% systematic uncertainty
on the background, the 5-σ limits are 144 GeV for 1
ab−1 luminosity, and 172 GeV for 2.5 ab−1 luminosity,
respectively. Because of the small signal production, the
discovery power for the heavy slepton scenario is limited
at the future ep colliders.

V. CONCLUSIONS

The current LHC experiments have produced im-
pressive constraints on the masses of coloured sparticle
(gluinos and squarks). Due to the much lower direct
production cross sections for the electroweakinos (neu-
tralinos, charginos and sleptons), the current LHC con-
straints on electroweakino masses are limited, particu-
larly in the compressed scenarios where the soft decay
products also challenge the experimental analysis. In this
article, we develop a search strategy for the SUSY dark
matter and sleptons and forecast their discovery potential
at the future electron-proton colliders, LHeC and FCC-
eh. Our study reveals that the searches for the SUSY
electroweakinos at the ep colliders could be complemen-
tary to the analyses at the pp colliders.

We focus on the compressed scenarios where the LSP
χ̃0
1 is bino, χ̃±1 and χ̃0

2 are wino with almost degenarate
masses, and mass difference between χ̃0

1 and χ̃±1 is 1 GeV.
The signal is produced via the process “p e− → j e− χ̃χ̃”,
where χ̃ = χ̃0

1, χ̃±1 or χ̃0
2, and the final state has one

jet, one electron, large missing energy and undetected
very soft particles from χ̃±1 or χ̃0

2 decays. The standard
model background consists of the process with produc-
tion of two neutrinos “p e− → j e− νν” and one neurino
“p e− → j e− lν”, where all flavors of leptons e, ν, τ are
included. The kinematical observables are input to the
TMVA package to perform the multivariate analysis at
the detector level.

In the light slepton scenario, we consider the left-
handed slepton l̃ and sneutrino ν̃ are slightly heavier
than χ̃±1 or χ̃0

2. When fixing mass difference ∆M =
Ml̃ − Mχ̃±

1 ,χ̃
0
2

to be 35 GeV and ignoring the system-

atic uncertainty on the background, our analysis indi-
cates that the 2 (5)-σ limits on the χ̃±1 , χ̃0

2 mass are 616

(517) GeV for 2.5 ab−1 luminosity at the FCC-eh, and
266 (227) GeV for 1 ab−1 luminosity at the LHeC, re-
spectively. To invistigate the effects when varying ∆M ,
we fix Mχ̃±

1 ,χ̃
0
2

to be 400 GeV and find that at the FCC-eh

the significance is maximal when ∆M is around 20 GeV.
In the heavy slepton scenarios where only χ̃0

1, χ̃±1 and χ̃0
2

are light and other SUSY particles are heavy and decou-
pled, when neglecting the systematic uncertainty on the
background, the 2 (5)-σ limits on the χ̃±1 , χ̃0

2 mass are

230 (172) GeV for 2.5 ab−1 luminosity at the FCC-eh.

We find that 5% systematic uncertainty on the back-
ground can affect the limits greatly. Therefore, in order
to enhance the discovery power of SUSY electroweakinos
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at the future ep colliders, the controlling of the system-
atic uncertainty is very important.

Finally, we want to comment on the effects of the elec-
tron beam polarizations. At the ep colliders, the polar-
ized electron beam is feasible. To investigate the effects
of the electron beam plorizations on the discovery limits,
we apply an electron beam polarization of -80% (+80%)
at the FCC-eh and find that the production cross sec-
tions for the 2-neutrino background process j e− νν and
1-neutrino background process j e− lν can be increased
(decreased) by a factor of about 55% and 20%, respec-
tively. For the signal productions, in the light slepton
scenario with Mχ̃±

1 ,χ̃
0
2

= 400 GeV and Ml̃ = 435 GeV,

at the FCC-eh the signal produciton cross section is in-
creased (decreased) by a factor of about 80% correspond-
ing to -80% (+80%) electron beam polarization, while in
the heavy slepton scenario with Mχ̃±

1 ,χ̃
0
2

= 250 GeV and

decoupled sleptons, the factor is about 40%. Therefore,
due to much larger signal productions, the -80% electron
beam polarization could possess stroger discovery poten-
tial for the SUSY electroweakinos especially for the light
slepton scenario. At the FCC-eh with 1 ab−1 luminos-
ity, for the light slepton scenario with benchmark mass
Mχ̃±

1 ,χ̃
0
2

= 400 GeV and Ml̃ = 435 GeV, our analysis indi-

cates that compared with the unpolarized electron beam,
the -80% electron beam polarization increases the sigini-
cances from 9.28 to 12.89, and from 3.28 to 3.75 when
including 0% and 5% systematic uncertiany on the back-
ground, respectively. For the heavy slepton scenario with
benchmark mass Mχ̃±

1 ,χ̃
0
2

= 250 GeV, the -80% electron

beam polarization increases the siginicances from 0.95 to
1.25, and from 0.32 to 0.35 when including 0% and 5%
systematic uncertiany on the background, respectively.
However, the limits with polarized electron beam polar-
ization necessitate the simulation of the background and
signal processes and re-doing the analysis for all mass
points, which is beyond the scope of this study and we
leave for future studies.
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Appendix A: Distributions of Input Observables

FIG. 8. Kinematial distributions of some input obervables
for signal j e− χ̃χ̃ with M

χ̃±
1 ,χ̃

0
2

= 400 GeV (black with filled

area) in the light slepton scenario, and the SM backgrounds
of the j e− νν (red) and j e− lν (blue) processes after applying
the pre-selection cuts at the FCC-eh.
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FIG. 9. Kinematial distributions of some input obervables
for signal j e− χ̃χ̃ with M

χ̃±
1 ,χ̃

0
2

= 250 GeV (black with filled

area) in the light slepton scenario, and the SM backgrounds
of the j e− νν (red) and j e− lν (blue) processes after applying
the pre-selection cuts at the LHeC.

.....

FIG. 10. Kinematial distributions of some selected input
obervables at the FCC-eh for signal j e− χ̃χ̃ with M

χ̃±
1 ,χ̃

0
2

=

250 GeV (black with filled area) in the heavy slepton scenario,
and the SM background of the j e− νν (red) and j e− lν (blue)
processes after applying the pre-selection cuts.

.....
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