
 

Hunting for scalar lepton partners at future electron colliders

Sebastian Baum ,1,2,* Pearl Sandick ,3,† and Patrick Stengel 2,‡

1Stanford Institute for Theoretical Physics, Department of Physics, Stanford University,
Stanford, California 94305, USA

2The Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm University,
Alba Nova, 10691 Stockholm, Sweden

3Department of Physics and Astronomy, University of Utah, Salt Lake City, Utah 84112, USA

(Received 14 April 2020; accepted 6 July 2020; published 29 July 2020)

New physics close to the electroweak scale is well motivated by a number of theoretical arguments.
However, colliders, most notably the Large Hadron Collider, have failed to deliver evidence for physics
beyond the Standard Model. One possibility for how new electroweak-scale particles could have evaded
detection so far is if they carry only electroweak charge, i.e., are color neutral. Future eþe− colliders are
prime tools to study such new physics. Here, we investigate the sensitivity of eþe− colliders to scalar
partners of the charged leptons, known as sleptons in supersymmetric extensions of the Standard Model.
In order to allow such scalar lepton partners to decay, we consider models with an additional neutral
fermion, which in supersymmetric models corresponds to a neutralino. We demonstrate that future eþe−

colliders would be able to probe most of the kinematically accessible parameter space, i.e., where the mass
of the scalar lepton partner is less than half of the collider’s center-of-mass energy, with only a few days of
data. Besides constraining more general models, this would allow to probe some well motivated dark matter
scenarios in the Minimal Supersymmetric Standard Model, in particular the incredible bulk and stau
coannihilation scenarios.
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I. INTRODUCTION

The hierarchy problem and the weakly interacting
massive particle paradigm both point to new physics close
to the electroweak scale. However, after nearly a decade of
operations, the Large Hadron Collider (LHC) has not
delivered evidence for physics beyond the Standard
Model (BSM). While it is possible that the scale of new
physics is beyond the reach of the LHC, it is also possible
that new electroweak-scale particles are lurking in a blind
spot of the LHC.
Prime examples of models that could have thus far

evaded detection include those where the new states are
charged only under electromagnetism and not under the
strong force [quantum chromodynamics (QCD)]. While
such new states may still have sizable production cross
sections at hadron colliders, the signal can easily be
drowned out by SM QCD processes. The background

conditions at hadron colliders are particularly challenging
when the BSM scenario yields only relatively soft visible
decay products, as is the case for compressed BSM spectra
where several new particles are nearly degenerate in mass.
Lepton colliders could probe such BSM scenarios much
more easily for two reasons: First, leptons are color neutral
and thus backgrounds at lepton colliders are produced via
electroweak processes. Second, leptons are fundamental
particles, rendering collisions at lepton colliders much
cleaner than events at hadron colliders where composite
protons interact.
A number of future eþe− colliders have been proposed,

such as the International Linear Collider (ILC) [1,2], the
Compact Linear Collider (CLIC) [3], the Circular Electron
Positron Collider (CEPC) [4,5], and the eþe− option of
the Future Circular Collider (FCC-ee) [6]. ILC andCLIC are
linear colliders, while CEPC and FCC-ee are circular
colliders. Center-of-mass energies as low as

ffiffiffi
s

p
¼

250 GeV will suffice for making progress in electroweak
and Higgs precision physics, notably via production of
Higgs bosons in association with Z bosons. New physics
hiding in LHC blind spots could be evident at low center-of-
mass energies, but, generally, a larger

ffiffiffi
s

p
is more advanta-

geous for new physics searches. The ILC has been proposed
with a

ffiffiffi
s

p
¼ 500 GeV option [1,2], and CLIC may reach

energies as large as
ffiffiffi
s

p
¼ 3 TeV [3]. All proposed collider
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projects are envisaged to collect integrated luminosities of a
few ab−1.
In this work, we examine the prospects of future lepton

colliders to probe scenarios where the SM is extended by
scalar partners of the charged leptons. In supersymmetric
(SUSY)models, such particles are referred to as sleptons.We
will use SUSY-inspired language to refer to such particles in
the remainder of this paper, but our results apply to a wide
class of new spin-zero particles charged only under electro-
magnetism, as we will see below. More concretely, we
consider the pair production of such sleptons and their
subsequent decay to the associated charged SM lepton
and a new neutral fermion which leaves the detector without
depositing energy.While the sensitivity of lepton colliders to
new fermionic states charged only under the electroweak
force, referred to as electroweakinos in SUSY language, has
been studied extensively, see, e.g., Refs. [5,7–11] and
references therein, sleptons have received considerably less
attention (note important work in [12–25]).
We consider BSMmodels extending the SM by a slepton

l̃, a spin-zero state with electromagnetic charge and lepton
number 1, but neutral under QCD. If we assume lepton
number and flavor to be conserved, the slepton has no
decay mode that includes only SM particles. Colliders
constrain the mass of new stable charged scalars to beml̃ ≳
450 GeV [26,27]. Charged stable particles are also severely
constrained by cosmology, see, e.g., Refs. [28–30]. In order
to allow for the slepton to decay in a lepton number and
flavor conserving manor, we introduce a neutral fermion χ
which does not carry lepton number. For mχ < ml̃ þml,
this opens the decay channel l̃ → lþ χ, where l is the
charged SM lepton of the same flavor as l̃. If l̃ carries
muon number, we will refer to it as a smuon μ̃, if it carries
tau number as a stau τ̃, and if it carries an electron number
as a selectron ẽ.
SUSY models such as the Minimal Supersymmetric

Standard Model (MSSM) [31–33] provide concrete real-
izations of BSM models with sleptons l̃ and neutral
fermions χ. More specifically, in SUSY models the super-
symmetric partners of the leptons (i.e., the sleptons) play
the role of l̃, and the partners of the neutral Higgs bosons
and the electroweak gauge bosons give rise to fermionic
neutral states (i.e., the neutralinos) playing the role of χ
(see, e.g., Ref. [34]). Instead of lepton number conservation
invoked above, in SUSY models R-parity [35] ensures the
stability of the lightest supersymmetric particle (LSP).
For our purposes, R-parity can be understood as a Z2

symmetry under which all SM states are even, and their
superpartners (i.e., the new states) are odd. If one of the
neutralinos is the LSP, R-parity thus renders χ a dark matter
candidate. Models where one of the smuons or staus is the
next-to-LSP (NLSP) are of particular interest for dark
matter model building in the MSSM because they offer
a way to achieve the correct dark matter relic density, see,
e.g., Refs. [36–42].

Sleptons can be pair produced at colliders, where they
would then decay into a pair of opposite-sign charged SM
leptons of the same flavor as the sleptons and a pair of χ ’s.
Since the χ is, by construction, neutral and stable, it would
leave the detector without depositing energy, manifesting as
missing energy. For smuons and selectrons, the collider
signature will thus be a pair of opposite-sign same-flavor
leptons plus missing energy. For staus, a number of final
states arise depending on the decay mode of the taus.
Leptonic tau decays give rise to particularly clean final
states, and, as we will see, the most interesting final state
will be a pair of opposite-sign leptons of different flavor
accompanied by missing energy.
Prospects for slepton searches at hadron colliders such as

the LHC have been discussed extensively in the context of
the MSSM (see, e.g., Refs. [43–50]). The ability to probe
different parts of the parameter space depends crucially on
the spectrum of SUSY particles, in particular the slepton
mass ml̃ and the mass gap between the slepton and the
neutralino,ml̃ −mχ . It is relatively straightforward to probe
large mass gaps (ml̃ −mχ ≳ 60 GeV) at the LHC. For such
mass gaps, the LHC will have discovery reach for slepton
masses as large asml̃ ≲ 500 GeVwithL ¼ Oð500Þ fb−1 of
data [50]. However, the kinematics make it difficult to
differentiate the signal from the SM background coming
from leptonic decays ofWþW− pairs forml̃ −mχ ∼mW=2.
In order to improve the sensitivity of the LHC to more
compressed scenarios (i.e., smaller mass gaps ml̃ −mχ),
one can search for slepton pair production accompanied by
an additional hard (hadronic) jet from initial state radiation
(ISR). Such an ISR jet provides a transverse boost to the
l̃þl̃− system. Using kinematic cuts taking advantage of the
boosted topology, one can regain some sensitivity to the
compressed region. Reference [45] focused on the regime
5 GeV≲ml̃ −mχ ≲ 20 GeV, and showed that the LHC
could probe this compressed region for sleptonmasses up to
ml̃ ≲ 150 GeV. Reference [44] obtained similar reach for
the compressed regime using hadronic jets from vector
boson fusion production of the sleptons instead of an ISR jet.
Reference [49] investigated the ability of the LHC to probe
intermediated mass gaps, 10 GeV≲ml̃ −mχ ≲ 60 GeV,
using a hard ISR jet. Reference [49] found that with the data
expected to be collected in upcoming LHC runs, slepton
masses up toml̃ ≲ 200 GeV could be probed for mass gaps
10 GeV≲ml̃ −mχ ∼ 20 GeV, and that mass gaps larger
than that are more challenging to probe because of the
kinematic similarity to the SM WþW− background as
ml̃ −mχ → mW=2. Note that Refs. [44,45,49] focused on
selectrons and smuons; the LHC is even less sensitive to
staus, because (τ̃% → τ%χ) decays give rise to softer charged
leptons in the final states than (ẽ%=μ̃% → e%=μ% þ χ)
decays.
Compared to hadron colliders, slepton searches at eþe−

colliders are considerably more straightforward. Because of
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the absence of the underlying event and pileup, which
clutter the final states at hadron colliders, and because at an
eþe− collider the detector frame coincides with the center-
of-mass frame of the eþe− collisions, reconstructing soft
charged leptons as well as missing energy is much simpler.
Furthermore, future eþe− colliders are envisaged to operate
without triggers, hence, even final states containing only
very soft leptons and relatively small missing energy can be
used for physics searches.
Searches for selectron and smuon pair production at

eþe− colliders were first proposed in Ref. [12], while
searches for stau pair production were discussed first in
Refs. [13,14]. Most previous studies investigating slepton
pair production at future eþe− colliders focused on the
reconstruction of the mass spectra and values of the
couplings for particular MSSM benchmark points, see,
e.g., Refs. [13,15–21,23–25,51]. The discovery potential of
lepton colliders within the constrained MSSM (CMSSM)
and similar scenarios has been discussed in Ref. [22].
A study of the coverage of SUSY scenarios with a smuon or
stau NLSP and neutralino LSP at future lepton colliders for
a wide range of LSP and NLSP masses has been presented
in Ref. [24] (the results of this study have also been
republished in Refs. [52,53]), with the aim to determine the
regions of the LSP-NLSP mass plane within reach of affiffiffi
s

p
¼ 500 GeV eþe− collider.

In this work we present a more general scan of the
parameter space of a simplified model with light sleptons.
We consider a spectrum where only one smuon or stau is
close to the mass of the neutral fermion χ and assume the
slepton decays exclusively to χ and the SM lepton of the
same flavor as the slepton. Such an approach allows us to
explore the sensitivity of future eþe− colliders to general
BSM models containing scalar lepton partners and new
neutral fermions in a broad setting. While our results can
directly be applied to SUSY models, they can also be
interpreted in more general models, without the particular
relations between model parameters introduced by SUSY.
The kinematic cuts we use for event selection are
qualitatively similar to those used in previous studies,
however, in our case the cuts are optimized for a
wide region of masses of the slepton and χ instead of a
particular benchmark point. Furthermore, previous studies
discussing searches for stau pair production at eþe−

colliders made use of semihadronic or fully hadronic
decays of the taus produced in the stau decays, see, e.g.,
Refs. [13,14,17,19,23,24]. Here, we instead propose to use
fully leptonic tau decays, in particular, the final state
containing a pair of different-flavor charged leptons accom-
panied by missing energy, (e%μ∓ þ E). While the corre-
sponding tau branching ratios are smaller than the hadronic
branching ratios of taus, this final state offers both excellent
E reconstruction, because the charged leptons are com-
paratively easy to reconstruct, and comparatively small SM
backgrounds.

We consider two concrete scenarios for an eþe− collider:ffiffiffi
s

p
¼ 250 GeV and

ffiffiffi
s

p
¼ 500 GeV. We compute the

smallest cross section which could be probed as a function
of the masses of the slepton and the new neutral fermion χ,
assuming luminosities of L ¼ 0.5 ab−1 for the

ffiffiffi
s

p
¼

250 GeV scenario and L ¼ 1 ab−1 for
ffiffiffi
s

p
¼ 500 GeV.1

As we will see, for most combinations of masses, the cross
sections which could be probed with these luminosities are
orders of magnitude smaller than what we expect in our
model. Thus, we also compute howmuch luminosity would
be required to probe a given combination of masses of the
slepton and the new neutral fermion. We furthermore
explore the effects of longitudinal beam polarization on
the sensitivity. Reaching sizable polarization fractions is
expected to be rather straightforward at linear colliders,
while the feasibility of longitudinal beam polarization at
circular colliders is a matter of ongoing debate. As we will
demonstrate, achieving significant polarization fractions
would make it considerably easier to probe sleptons at a
future lepton collider. While we present results only for
center-of-mass energies

ffiffiffi
s

p
≤ 500 GeV, we can readily

extrapolate from our results that an eþe− collider with
larger center-of-mass energy could probe sleptons almost
all the way to the pair production threshold ml̃ ≲

ffiffiffi
s

p
=2 for

any mass gap ml̃ −mχ with a few fb−1 of data.
This analysis is directly applicable to a number of dark

matter scenarios—simplified, stand-alone, or within the
MSSM—that can be constrained simply by the mass of the
lightest slepton. In a scenario we refer to as the incredible
bulk, the pair annihilation of a mostly binolike neutralino
LSP (singlet fermion dark matter candidate) proceeds
through t-channel exchange of either a smuon [40] or a
stau [39] and can yield the correct relic density for sizable
left-right mixing of the sleptons. As discussed in Ref. [40],
the dark matter annihilation cross section in the incredible
bulk is maximized when the neutralino mass is similar to
that of the lightest slepton. Since the relevant couplings of
the binolike neutralino to the lightest slepton are given by
the SM hypercharge of the corresponding lepton, it can be
shown that the correct relic density cannot be produced via
this mechanism for ml̃ ≳ 150 GeV.
In the more well-studied case of stau coannihilation, the

lightest stau is nearly degenerate in mass with the neu-
tralino LSP and, thus, annihilation processes involving one
or two staus in the initial state must also be accounted for in
the calculation of the relic density [36–38,41,42]. While in
constrained frameworks such as the CMSSM the observed
relic density can only be obtained for stau masses below

1The luminosities referred to here are the integrated luminos-
ities recorded in a specific polarization configuration. Since we
are interested in the effect of longitudinal beam polarization on
the sensitivity, we choose these benchmark luminosities to be
somewhat lower than the total luminosities envisaged for the
different lepton collider projects discussed above.
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∼400 GeV in the coannilihilation regime (for example, see
Ref. [54]), the feasible parameter region is larger when
considering a more general version of the MSSM. A recent
analysis in Ref. [42] aimed to identify the largest stau
masses permitted in MSSM scenarios with significant left-
right mixing. Depending on how constraints from charge-
breaking vacua are implemented, they found that the
lightest stau must satisfy ml̃ ≲ 0.9–1.4 TeV to obtain
the correct relic density. An eþe− collider with higher
center-of-mass energy, e.g., CLIC, would be required to
fully investigate typical coannihilation scenarios, but, as we
will demonstrate, an eþe− collider with

ffiffiffi
s

p
¼ 500 GeV

could probe most of the feasible parameter space of the
incredible bulk in the MSSM.
The remainder of this paper is organized as follows: In

Sec. II we describe the BSM model studied here in more
detail. In Sec. III we describe the numerical collider
simulations we use to compute the sensitivity of future
eþe− colliders to sleptons, and, in particular, the set of
kinematic cuts we use to reduce the SM background. In
Sec. IV we show results for the sensitivity of future eþe−

colliders with
ffiffiffi
s

p
¼ 250 GeV and

ffiffiffi
s

p
¼ 500 GeV in the

ðml̃; mχÞ plane. We present our conclusions in Sec. V.
Additional details about the kinematic cuts we use for the
event selection can be found in the Appendixes.

II. MODEL SETUP

We extend the SM by spin-zero partners of the charged
leptons with electromagnetic charge Q ¼ −e and to which
we assign lepton number 1. We denote these spin-zero
partners according to their flavor, l̃ ¼ ẽ; μ̃; τ̃, and for
simplicity we refer to ẽ as selectrons, μ̃ as smuons, and
τ̃ as staus throughout the text. We assume the conservation
of lepton and baryon number (as well as flavor), which
ensures the stability of the lightest slepton.2 We assume the
sleptons to be the Q ¼ −e component of an SUð2ÞL
multiplet. We limit ourselves to considering sleptons
stemming from SUð2ÞL singlets and SUð2ÞL doublets in
this paper, although our results straightforwardly extend to
sleptons stemming from larger representations. In analogy
to the SM conventions, we refer to sleptons stemming from
SUð2ÞL singlets as right-handed sleptons l̃R, and states
stemming from SUð2ÞL doublets as left-handed sleptons
l̃L. We assume flavor conservation, forbidding mixing
between sleptons of different flavor, but allow for inter-
generational mixing, i.e., left-right mixing. We write the
mass eigenstates l̃i ¼ l̃1;2 for each flavor as

"
l̃1

l̃2

#
¼

"
cos α sin α

− sin α cos α

#"
l̃L

l̃R

#
; ð1Þ

where α is the left-right mixing angle and l̃1 is the lighter of
the two states (ml̃1 < ml̃2).
In order to give the sleptons decay channels, we add a

new fermion χ withQ ¼ 0 to the model. If this new fermion
does not carry lepton number, it opens a decay channel
(l̃% → χl%) if mχ < ml̃ −ml, where l% is the charged
SM fermion of the same flavor as l̃. The fermion χ, which
we refer to as a neutralino, can again stem from a nontrivial
representation of SUð2ÞL, although this does not impact the
phenomenology considered here. The relevant terms in the
Lagrangian are

L ⊃ jDμl̃j2 −m2
l̃i
jl̃ij2 þ χ̄ðiD −mχÞχ − ðκl̃†

i χ̄li þ H:c:Þ;

ð2Þ

where κ is a free dimensionless coupling. Note that gauge
invariance dictates all interactions of the sleptons and the
neutralinos with the SM gauge bosons. We have omitted
additional operators which couple pairs of sleptons or
neutralinos to the Higgs doublet; they do not lead to any
relevant new interactions.
The assumption of lepton and baryon number conserva-

tion renders the lightest state of the sleptons (of a given
flavor) and neutralinos stable. An alternative route to
achieving such stability and ensuring that the sole decay
channels of the sleptons and neutralinos are (l̃% → χl%) or
(χ → l̃%l∓) would have been to impose a Z2 symmetry
under which the sleptons and neutralinos are odd while all
SM fields are even. Before continuing, let us stress that
while we use SUSY-inspired language to refer to the new
states in this model, SUSY would not impact our results.
This is because the only effect of SUSY on this model
would be to relate the coupling κ to other couplings in the
SUSY model, assuming that all other BSM states are
heavier than the sleptons and the neutralino.3 Since this
coupling gives rise to the sole decay channel of the
sleptons/neutralinos, the numerical value of κ has no effect
on the phenomenology. In SUSY models, R-parity would
have played the role of the Z2 symmetry mentioned above,
ensuring the stability of the lightest new state instead of
lepton number conservation.

2Stability of the lightest slepton could also be ensured via
matter parity, i.e., assuming B − L to be conserved, instead of
conserving L and B individually.

3Note that for typical choices of parameters in the MSSM, the
charged component of a left-handed slepton doublet is heavier
than the sneutrino, the neutral component of that doublet. Thus,
the situation where a neutralino is the lightest and a pure left-
handed charged slepton the next-to-lightest supersymmetric
particle is difficult to achieve in the MSSM. However, the mass
splitting between the sneutrino and the slepton is smaller than the
W-boson mass; thus, ðl̃% → l% þ χÞ will still be the dominant
decay mode since l̃% → ν̃þ ðW& → XÞ decays are suppressed
by the off-shell nature of the intermediary W% boson. Here, we
denote the sneutrino as ν̃, and X stands for the possible SM states
arising from the decay of the off-shell W-boson (e.g. two quarks
or W% → l%vl).
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At eþe− colliders, sleptons may be readily pair produced
via s-channel exchange of photons and Z bosons.
Selectrons may also be pair produced via t-channel
exchange of a neutralino. If ml̃ < mχ , the slepton will
be stable and thus the collider signature will be the pair
production of new stable charged particles. Searches
carried out at the LHC rule out such new stable charged
particles for ml̃ ≲ 450 GeV, see, e.g., Refs. [26,27].
When considered in combination with constraints from
the formation of exotic atoms containing the sleptons,
which can subsequently alter the light element abundances
produced during big bang nucleosynthesis (see, e.g.,
Refs. [28,29]), such charged particles indeed cannot be
completely stable. We thus focus on the mχ < ml̃ case in
the remainder of this work, where the neutralino is a
neutral, stable particle and, thus, constitutes a good dark
matter candidate. Indeed, a number of SUSY-motivated
dark matter models feature a SUSY neutralino as the
lightest new state and a slepton as the next to lightest,
see, e.g., Refs. [36–40].
If mχ < ml̃, each of the sleptons will decay to a charged

SM lepton of the same flavor and a neutralino, as shown in
Fig. 1. Since the neutralinos are neutral and stable, they will
leave the detector without depositing energy, manifesting as
missing energy E. In summary, the final states observable at
a lepton collider are
(a) for selectrons (l̃ ¼ ẽ), a pair of opposite-sign elec-

trons accompanied by missing energy, (eþe− þ E);
(b) for smuons (l̃ ¼ μ̃), a pair of opposite-sign muons

accompanied by missing energy, (μþμ− þ E);
(c) for staus (l̃ ¼ τ̃), the final state depends on the decay

mode of the τ% produced in the (τ̃% → χτ%) decays.
The cleanest final states arise from leptonic decays of

the taus, resulting in (eþe− þ E), (e%μ∓ þ E), and
(μþμ− þ E) final states.

While interesting, selectron pair production is most difficult
to probe because the (eþe− þ E) final state suffers from
relatively large backgrounds at eþe− colliders. Note that
unlike for smuons and staus, the selectron pair production
cross section also depends on the value of the coupling κ.
Furthermore, from the standpoint of dark matter model
building, achieving sufficiently large annihilation cross
sections for canonical freeze-out production requires large
left-right mixing of the selectrons, which is generally in
conflict with measurements of the electric and magnetic
dipole moments of the electron, see, e.g., Ref. [40]. Thus,
we focus on smuon and stau production in this paper.
As we will see below, the most challenging background

for μþμ− þ E final states comes from WþW− pair pro-
duction (as well as ZZ pair production). At the center-of-
mass energies proposed for future eþe− colliders, the
photon components of the electron/positron beams become
non-negligible. This gives rise to sizable (γγ → μþμ−)
backgrounds which have nonvanishing E since the
center-of-mass system of γγ collisions can feature sizable
boosts along the beam axis. For stau searches, the most
sensitive final state is (e%μ∓ þ E). This channel has
much smaller background rates than the final states with
a same-flavor lepton pair. For example, compared to the
(μþμ− þ E) final state, backgrounds from ZZ pair produc-
tion and (γγ → μþμ−) are absent.
Future lepton colliders, in particular linear colliders such

as the ILC or CLIC, are envisaged to operate with the
option of sizable longitudinal beam polarization. This is
advantageous for slepton searches, as the cross sections of
both the most relevant background processes and the signal
production cross sections are nontrivial functions of the
beam polarization. Thus, it is useful to write the production
cross section at lepton colliders in terms of the polarized
production cross sections

σ ¼ fLðe−ÞfLðeþÞσLL þ fLðe−ÞfRðeþÞσLR
þ fRðe−ÞfLðeþÞσRL þ fRðe−ÞfRðeþÞσRR; ð3Þ

where σij with fi; jg ¼ fL; Rg is the cross section from
e−i e

þ
j states, and fi is the (longitudinal) beam polarization

fraction

fL ¼ nL
nL þ nR

; fR ¼ nR
nL þ nR

; ð4Þ

with the number of left- (right-) polarized electrons in the
beam nL (nR). The beam polarization is commonly para-
metrized by

PR ¼ fR − fL; ð5Þ

FIG. 1. Illustration of slepton pair production via Z-boson and
photon exchange at a lepton collider and subsequent decays
of the sleptons l̃ into a charged SM lepton l of the same flavor as
the slepton and a neutralino χ. Note that for selectrons (l̃ ¼ ẽ)
there are additional (eþe− → ẽþẽ−) production diagrams
where a neutralino χ is exchanged in the t channel. We only
consider the production of smuons and staus in this work. As
discussed in the text, although we use SUSY-inspired language to
refer to the states l̃ and χ, our analysis is not confined to SUSY
models.
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and we use this convention in the rest of this work.
In particular, we denote the polarization as P ¼
½PRðe−Þ; PRðeþÞ(, where PRðe%Þ denotes the polarization
of the electron/positron beam. In this notation, PR ¼ 0.8,
for example, corresponds to beam-polarization fractions
fR ¼ 90% and fL ¼ 10%, while PR ¼ −0.8 corresponds
to fR ¼ 10%, fL ¼ 90%. PR ¼ 0 corresponds to an
unpolarized beam, fL ¼ fR ¼ 50%.
For slepton searches, WþW− pair production is one of

the most problematic background sources. Because W
bosons directly couple to left-handed leptons, but not
to right-handed leptons, the production cross section
of WþW− pairs can be efficiently suppressed at lepton
colliders by choosing mostly right-handed polarizations for
the electron and positron beams. The production cross
section of left-handed sleptons also falls with increasing
right-handed beam polarization, while the production cross
section of pairs of right-handed sleptons grows with the
right-handedness of the beams.
The production cross section for pairs of smuons or staus

can be written as4

dσLL=RRðeþe− → l̃il̃iÞ
d cos θ

¼ πα2EM
2s

$
1þ gii

l̃
gLL=RR

s
s −m2

Z

%
2

×
"
1 −

4m2
l̃

s

#3=2

sin2 θ; ð6Þ

where s is the squared center-of-mass energy, αEM is the
fine structure constant, mZ is the mass of the Z boson, and
θ is the scattering angle in the center-of-mass frame. The
effective coupling of pairs of sleptons to Z bosons is

gii
l̃
¼

& cos2 α
sinð2θWÞ − tan θW for l̃i ¼ l̃1;

sin2 α
sinð2θWÞ − tan θW for l̃i ¼ l̃2;

ð7Þ

where sin θW is the weak mixing angle and α is the left-right
slepton mixing angle, as in Eq. (1). Likewise, the effective
coupling of left- (right-) handed electrons to Z bosons is
parametrized by

gLL ¼ 1

2
ðcot θW − tan θWÞ; ð8Þ

gRR ¼ − tan θW: ð9Þ

Smuon and stau pair production proceeds via s-channel
exchange of a photon or a Z-boson. Since neither the

photon nor the Z boson couple to combinations of one left-
handed and one right-handed electron, σRL ¼ σLR ¼ 0.
For nonzero left-right mixing sinα ≠ 0, (eþe− → l̃1l̃2)

production is possible. Photons do not couple to l̃1l̃2, so
production proceeds only via s-channel exchange of Z-
bosons. The differential cross section can be written as

dσLL=RRðeþe− → l̃1l̃2Þ
d cos θ

¼ πα2EM
2s

sin2ð2αÞg2LL=RR
4sin2ð2θWÞ

"
s

s −m2
Z

#
2

×
&$

1 −
ðm1 þm2Þ2

s

%$
1 −

ðm1 −m2Þ2

s

%'
3=2

sin2 θ;

ð10Þ

where m1 and m2 are the masses of l̃1 and l̃2, respectively.
Note that these tree-level results are subject to radiative
corrections. For the case of the MSSM, Ref. [18] found that
radiative corrections typically enhance the smuon and stau
pair production cross section by a few percent, except close
to the kinematic threshold, where the corrections can be as
large as ∼10%. Therefore, our results are relatively robust
with respect to such radiative corrections.
The different processes for slepton production at lepton

colliders, in particular both the amplitudes mediated by the
massive Z boson and the massless photons, all yield the
same dependence on the scattering angle

dσ
d cos θ

∝ sin2 θ; ð11Þ

see Eqs. (6) and (10). The sole effect of changing the
polarization of the electron/positron beams and/or the
left-right mixing angle α on the signal spectra is thus to
change the normalization, not the shapes of the kinematic
distributions.
Finally, the production cross sections of the observable

final states can be obtained by taking into account the
relevant branching ratios as long as the narrow width
approximation holds. For smuons, the (μþμ− þ E) final
state production cross section is

σðeþe− → μ̃þμ̃− → μþμ− þ EÞ
¼ σðeþe− → μ̃þμ̃−Þ × ½BRðμ̃% → χμ%Þ(2; ð12Þ

where BRðμ̃% → χμ%Þ is the branching ratio of the smuon
into a neutralino and a muon, and σðeþe− → μ̃þμ̃−Þ is the
production cross section of the μ̃ mass eigenstate consid-
ered which is obtained via Eq. (3) after inserting and
integrating the relevant differential cross sections Eq. (6) or
(10). As discussed earlier, in our simplified model, the
smuon branching ratio is BRðμ̃% → χμ%Þ ¼ 1 regardless of
the values of κ and α as long as mμ̃ > mχ þmμ, and 0

4Here we are neglecting the photon component of the electron/
positron, which can be relevant in highly relativistic eþe−
collisions. While properly incorporating the electron’s photon
component would have negligible effects on the eþe−-induced
processes discussed in this section, γγ induced backgrounds are
relevant in our analysis.
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otherwise. However, in extended models where additional
decay channels are allowed, e.g., in SUSY models with
additional states lighter than the smuon, the value of the
branching ratio can differ from 1.
Likewise, for stau production in the (μþμ− þ E) final

state, the cross section is given by

σðeþe− → τ̃þτ̃− → μþμ− þ EÞ
¼ σðeþe− → τ̃þτ̃−Þ × ½BRðτ̃% → χτ%Þ(2

× ½BRðτ% → μ%ντνμÞ(2; ð13Þ

where again the branching ratio BRðτ̃% → χτ%Þ ¼ 1 as
long as mτ̃ > mχ þmτ. The production cross section for
the (e%μ∓ þ E) final state is

σðeþe− → τ̃þτ̃− → e%μ∓ þ EÞ
¼ σðeþe− → τ̃þτ̃−Þ × ½BRðτ̃% → χτ%Þ(2

× 2BRðτ% → e%ντνeÞ × BRðτ% → μ%ντνμÞ: ð14Þ

Note that due to the branching ratios of the leptonic τ
decays

BRðτ% → e%ντνeÞ ≈ BRðτ% → μ%ντνμÞ ≈ 18%; ð15Þ

the relevant signal cross sections for staus are a suppressed
by a factor of ∼1=30 compared to the smuon signal cross
sections.

III. COLLIDER SIMULATIONS

In order to estimate the sensitivity of future eþe−

colliders to charged lepton partners, we numerically
simulate signal and background events. We use
MadGraph5_aMC@NLO_v2.6.1 [55] for the generation
of the hard event, PYTHIA6 [56] for showering,5 and the fast
detector simulation DELPHES3 [58]. For (charged lepton
þE) final states at an eþe− collider, the results of
showering and detector effects are only to smear the
momenta of the detectable final states and to account for
loss of charged leptons due to geometric detector coverage
and misidentification. Since the energy reconstruction of
charged leptons is comparatively easy at eþe− colliders, the
precise implementation of the detector does not have large
effects on the sensitivity in (charged leptonþ E) final
states. For concreteness we use the DELPHES detector card
from Ref. [59] based on proposed ILC detector designs.6

We simulate background and signal processes for two
center-of-mass energies,

ffiffiffi
s

p
¼250GeV and

ffiffiffi
s

p
¼500GeV,

as well as for three different polarization settings, P ¼
ð0; 0Þ, P ¼ ð0.8; 0.3Þ, and P ¼ ð−0.8;−0.3Þ, as defined
in Eq. (5).
We describe the background and signal simulations for

the (μþμ− þ E) and (e%μ∓ þ E) final states in Secs. III A
and III B, respectively. In order to define a set of kinematic
cuts for the event selection, we compare the kinematic
distributions of the backgrounds to those of the signal for
benchmark values of the slepton and neutralino masses. We
discuss the most relevant features of the kinematic cuts
employed here in the respective subsections; a more
detailed description can be found in Appendixes A and B.

A. (μ+ μ− +E) final state

A number of SM processes can give rise to (μþμ− þ E)
final states at an eþe− collider. We simulate SM processes
giving rise to a pair of opposite charge muons and zero,
two, or four neutrinos (of any flavor). For each final state,
we simulate event samples stemming from eþe− collisions
as well as from γγ collisions. As discussed above, the latter
initial state arises from the photon components of the
electron and positron beams, which become non-negligible
at the center-of-mass energies considered here. We use the
default implementation of the electron’s photon component
in MadGraph5, which is based on the parametrization
in Ref. [62].
Out of these background processes, (eþe− → μþμ−)

events have no E at the truth level. Nonetheless, such
events can feature E > 0 in the detector because of
mismeasured momenta of the leptons. (γγ → μþμ− þ E)
events on the other hand have nonvanishing E in the
detector frame already at the truth level, because the center-
of-mass frame of the γγ system can have sizable boosts
along the beam axis with respect to the detector frame. Note
though that (γγ → μþμ− þ E) events have no true trans-
verse missing energy. All other background processes
considered here feature true missing transverse energy
from the neutrinos. In Table I we list the number of events
simulated for each of the background categories, which
were chosen to yield sufficiently well-sampled background
distributions after kinematic cuts. Note that we oversample

TABLE I. Number of events produced for each of the different
background categories for the (μþμ− þ E) final state.

Background process No. of samples

eþe− → μþμ− 107

eþe− → μþμ− þ 2ν 107

eþe− → μþμ− þ 4ν 5 × 106

γγ → μþμ− 109

γγ → μþμ− þ 2ν 107

γγ → μþμ− þ 4ν 107

5We use PYTHIA6 because the more recent PYTHIA8 [57] does
not support photon beams in the initial state.

6We note that more sophisticated simulation chains are available
for future lepton colliders (see, for example, Refs. [10,11,60]).
However, the chain we have chosen is sufficient for the analysis
here, see, for example, the discussion in Ref. [61].
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(γγ → μþμ−) events because only the tails of the distribu-
tions from such events will survive our kinematic cuts.
In order to differentiate the signal from the background

spectra, we employ a set of kinematic observables:
(a) the momentum of the leading (charged) lepton, pðl1Þ,
(b) the (cosine of the) polar angle of the leading lepton

with respect to the beam axis, cos θðl1Þ,
(c) the invariant mass of the charged lepton system, mll,
(d) the opening angle between the charged leptons in the

plane transverse to the beam axis, Δϕðlþ;l−Þ,
(e) the missing energy, E,
(f) the (cosine of the) polar angle of E with respect to the

beam axis, cos θðEÞ.
We employ a series of kinematic cuts on these variables

in order to suppress background events, see Appendix A for

a more detailed discussion. The numerical values of the
cuts can be found in Table II and the labels of Fig. 2.
In order to reduce the backgrounds from the (eþe− →

μþμ−) and (γγ → μþμ−) events, we employ a lower cut on
E, an upper cut on j cos θðEÞj, and an upper cut on
Δϕðlþ;l−Þ. These cuts effectively demand events to
feature transverse missing energy.
In order to reduce the remaining backgrounds, we employ

two separate cuts on mll: Background events where the
charged leptons stem from the decay of an on-shell Z boson
are suppressed by excluding events where mll ≃mZ.
Furthermore, in the (eþe− → μ̃þμ̃− → μþμ−χχ) signal
events, some of the center-of-mass energy is absorbed by
the production of the (stable) massive neutralinos in the final
state. For the background events on the other hand, no heavy
particles are present in the final state. Thus, we utilize
an upper cut on mll to reject backgrounds where all
neutrinos are soft and hence mll →

ffiffiffi
s

p
. Finally, signal

events are produced via s-channel processes, while much
of the background stems from t-channel processes, e.g.,
(eþe− → WþW−) pair productionvia t-channel exchange of
a neutrino. Compared to s-channel processes, t-channel
processes result in charged leptons that are more collimated
along the beamaxis, thus,weuse anupper cut on j cos θðl1Þj.
In Fig. 2 we show the distributions of leading lepton

momenta, pðl1Þ, after these cuts for the backgrounds

FIG. 2. Distribution of leading lepton momenta pðl1Þ in the (μþμ− þ E ) final state after kinematic cuts described in the text and
denoted in the figures. The left panel is for a center-of-mass energy of

ffiffiffi
s

p
¼ 250 GeV and the right panel for

ffiffiffi
s

p
¼ 500 GeV. Both

panels are for unpolarized beams P ¼ ð0.0; 0.0Þ. In each panel, the stacked histogram shows the different background components as
indicated in the legend. Note that the (eþe− → 2μ2ν) background category (green) excludes events which stem from on-shell WþW−

pair production, such events are shown separately (purple). The (γγ → 2μð2nÞν) background category includes both (γγ → 2μ2ν) and
(γγ → 2μ4ν) events. The solid lines show (eþe− → γ=Z → μ̃þμ̃− → μþμ−χχ) signal distributions for the various benchmark values of
the smuon mass mμ̃ and neutralino mass mχ indicated in the legend.

TABLE II. Kinematic cuts for event selection for smuon
searches in the (μþμ− þ E) final state.

Kinematic variable
ffiffiffi
s

p
¼ 250 GeV

ffiffiffi
s

p
¼ 500 GeV

E >5 GeV >5 GeV
j cos θðEÞj <0.9 <0.9
Δϕðlþ;l−Þ <0.6π <0.8π
mll ∉ð81; 101Þ GeV ∉ð81; 101Þ GeV
mll <150 GeV <300 GeV
j cos θðl1Þj <0.8 <0.8
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(stacked histograms) together with the signal distributions
for various benchmark values of the smuon and neutralino
masses. The pðl1Þ distribution is the final discriminating
variable; in Sec. IV we project the sensitivity of future eþe−

colliders as a function of smuon and neutralino masses by
optimizing a signal window in pðl1Þ in addition to the
kinematic cuts described above. Note that here and in all
other figures showing background spectra, we select
(postsimulation) background events in the ðμþμ− þ 2νÞ
final state which feature a pair of intermediate on-shell
WþW− bosons and show them separately from the other
ðμþμ− þ 2νÞ background.
The shape of the pðl1Þ spectrum is controlled bymμ̃ and

the ratio mχ=mμ̃. It is straightforward to work out from the
kinematics that the (true) momenta of the muons lie in
between [20]

pðμ%Þmax
min

¼
mμ̃

2

"
1 −

m2
χ

m2
μ̃

#
γð1% βÞ; ð16Þ

where we neglected the muon mass, β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

μ̃=s
q

is

the boost of the smuon in the detector frame, and γ ¼
1=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − β2

p
. For compressed spectra, mχ → mμ̃, the muons

become soft, even for mμ̃ ≪
ffiffiffi
s

p
=2. As we will see in

Sec. IV, eþe− colliders remain sensitive to slepton pair
production even for mχ → mμ̃.
The signal spectra in Fig. 2 are for production of right-

handed smuons μ̃R. As discussed in Sec. II, considering
instead left-handed smuons μ̃L or left-right mixed mass
eigenstates (eþe−→ μ̃1μ̃1→μþμ−χχ) with μ̃1 ¼ μ̃L cos αþ
μ̃R sin α, would only have changed the production cross
section, i.e., the normalization, but not the shape of the
kinematic distributions. In Fig. 3 we show the production
cross sections for smuons and staus as a function of the
left-right mixing angle α. For nonpolarized beams with
P ¼ ð0; 0Þ, the production cross section is only weakly
dependent on α. For mostly right-handed [left-handed]
initial electron and positron beams, P ¼ ð0.8; 0.3Þ
[P ¼ ð−0.8;−0.3Þ] on the other hand, the production cross
section for left-handed smuons/staus is a factor of ∼4
smaller [larger] than the production cross section for right-
handed smuons/staus.
Similarly, much of the background involves the produc-

tion of electroweak gauge bosons. Since W bosons couple
to pairs of left-handed fermions, but not to right-handed
fermions, the normalization of various background com-
ponents also depends on the beam polarization. Generally,
the more right-handed the electron and positron beam
polarizations become, the less SM background is produced
in the (μþμ− þ E) final state. In Fig. 4 we show the
distribution of the leading lepton momenta for the back-
grounds together with benchmark signal spectra for right-
handed smuons for mostly left-handed beam polarizations
P ¼ ð−0.8;−0.3Þ in the left panel and mostly right-handed

beam polarization P ¼ ð0.8; 0.3Þ in the right panel.
As anticipated, mostly right-handed beam polarization is
the preferred configuration when probing right-handed
smuons. The sensitivity to left-handed smuons on the other
hand is virtually independent of the beam polarization
since the signal production cross section and those of the
most relevant backgrounds scale similarly with the beam
polarizations.
Let us briefly comment on probing stau pair production

in the (μþμ− þ E) final state. As discussed in Sec. II,
the signal cross section is suppressed by a factor of
½BRðτ% → μ%ντνμÞ(2 ≈ 1=30 compared to the smuon case.
Furthermore, because of the production of the additional
neutrinos in the tau decays, the muons in the final state
will be softer than in the smuon case. In combination,
these effects make it rather challenging to probe stau
pair production in the (μþμ− þ E) final state, even when
employing more aggressive kinematic cuts (see Fig. 13 and
the associated discussion in Appendix A). The (e%μ∓ þ E)
final state discussed in the subsequent subsection is a more
promising alternative for probing staus.

B. (e%μ∓ +E) final state

The (e%μ∓ þ E) final state is in many respects similar to
the (μþμ− þ E) final state discussed in the previous
subsection. However, some SM processes which give rise
to backgrounds in the (μþμ− þ E) final state are absent for
(e%μ∓ þ E), which affects our choice of kinematic cuts. In
particular, (eþe−=γγ → e%μ∓) processes are forbidden by
flavor conservation; any final state at eþe− colliders
containing exactly one electron and one muon must contain

FIG. 3. Scaling of the slepton production cross section with the
left-right mixing angle sin α for different beam polarizations as
indicated in the legend. sinα¼0 corresponds to left-handed
sleptons, l̃1¼ l̃L, and sinα¼1 to right-handed sleptons, l̃1¼ l̃R.
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at least two neutrinos. Thus, there is no need to use the cuts
on E and j cos θðEÞj we employed in the (μþμ− þ E) final
state to reduce the (eþe−=γγ → μþμ−) events which have
no true (transverse) missing energy. Furthermore, for the
(μþμ− þ E) final state, we excluded events where the
invariant mass of the charged lepton system satisfied
mll ≃mZ to suppress backgrounds where the charged
lepton pair stems from the decay of an (on-shell) Z boson.
Since (Z → e%μ∓) decays are forbidden, the corresponding
background is absent in the (e%μ∓ þ E) final state and we
do not use such a cut.
On the other hand, as already mentioned at the end of

Sec. III A, the charged leptons arising from stau pair
production are softer than in the smuon case because of
the additional neutrinos produced in the (τ% → l%ντνl)
decays. Furthermore, the momenta of the four neutrinos
and two neutralinos in the final state will partially cancel.
Hence, signal events typically feature relatively small E,
and we use an upper cut on E. Because of the massive
neutralinos in the final state, signal events on average
feature smaller opening angles between the charged leptons
Δϕðlþ;l−Þ than the background events for which the final
state contains only massless neutrinos in addition to the
charged leptons. Thus, we use an upper cut onΔϕðlþ;l−Þ.
Finally, as discussed above for the (μþμ− þ E) final
state, signal events are produced via s-channel processes
while much of the background arises from t-channel
processes. Thus, we use an upper cut on j cos θðl1Þj to
select events.

In Fig. 5 we show the distributions of the leading lepton
momenta pðl1Þ of the backgrounds compared to the signal
distributions for benchmark values of the stau and neu-
tralino masses after these kinematic cuts. We simulate the
same number of background events as for the analogous
background in the (μþμ− þ E) final state, cf. Table I. Note
that the leading lepton l1 can either be the electron or muon
in the final state. In all signal and background processes,
electrons and muons can be interchanged (when inter-
changing the neutrino flavors accordingly). Furthermore,
muons and electrons have masses much smaller than the
center-of-mass energy of the collisions considered here.
Thus, treating the kinematic variables for the muon
and electron in the final state separately would not yield
additional information.
Comparing Fig. 5 with Fig. 2, we can see the impact of

the differences of both the background and signal spectra
discussed above between stau searches in the (e%μ% þ E)
final state and smuon searches in the (μþμ− þ E) final
state. Since there is no analogous process to (γγ → μþμ−)
in the (e%μ∓ þ E) final state, there is much less back-
ground at small values of the leading lepton momentum.
This is advantageous for stau searches, because for the
reasons discussed above, the charged leptons from staus are
softer than those arising from smuon pair production. The
effect of changing the polarization of the electron/positron
beams on the signal and background spectra is analogous to
the smuons in the (μþμ− þ E) final state (see the discussion
in Sec. III A).

FIG. 4. Same as the right panel of Fig. 2 but for mostly left-handed P ¼ ð−0.8;−0.3Þ and mostly right-handed P ¼ ð0.8; 0.3Þ
polarization configurations of the electron/positron beams. We remind the reader that we express polarizations via P ¼
½PRðe−Þ; PRðeþÞ(, see Eq. (5) for the definition of PR. The colors for the respective background components and lines of the
benchmark signal distributions are the same as in the right panel of Fig. 2. Note that the relative normalization of the signal distributions
compared to that of the background is largely insensitive to the left-right mixing of the sleptons when the electron/positron beams are
unpolarized. The relative normalization of the signal to background varies the most for the production of right-handed sleptons in
polarized beam configurations, as shown here and discussed in the text.
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IV. PROJECTED SENSITIVITY

In order to project the sensitivity of future eþe− colliders
to slepton production, we simulate signal samples for a grid
in the masses of the slepton and the neutralino. We perform
such simulations for smuons in the (μþμ− þ E) final state
and for staus in both the (μþμ− þ E) and (e%μ∓ þ E) final
states. We use the background simulations for the respec-
tive final states and kinematic cuts discussed in Sec. III (see
Tables II–IV for summaries of the cuts, or Figs. 2, 5,
and 13).
In addition to these kinematic cuts, we optimize a

window in the leading lepton momentum pðl1Þ for each
mass point. In order to evaluate the sensitivity, we compare
the number of signal events S in the signal window to the
uncertainty of the number of background events B via the
signal to noise ratio (SNR),

SNR ¼ Sffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþ Δ2B2

p : ð17Þ

The denominator is the quadratic sum of the statistical error
(

ffiffiffiffi
B

p
) and the systematic error (ΔB), which we parametrize

via the relative systematic error Δ. We consider a mass
point to be within reach if the SNR satisfies SNR > 3. In
addition, we also demand the number of signal events to be
S > 5. We assume a relative systematic uncertainty of the
backgrounds of Δ ¼ 5%.
In Figs. 6–10 we present results in the ðml̃; mχÞ plane for

center-of-mass energies
ffiffiffi
s

p
¼500GeV and

ffiffiffi
s

p
¼250GeV.

We present results for different configurations of the
longitudinal beam polarizations, and use two figures of
merit: (1) we fix the integrated luminosity to L ¼ 1 ab−1

(L ¼ 0.5 ab−1) for
ffiffiffi
s

p
¼ 500 GeV (

ffiffiffi
s

p
¼ 250 GeV) and

compute the minimal value of the signal cross section σmin

which could be probed at a future collider. (2) We fix the
signal cross section to the value expected in our model
presented in Sec. II, and compute the smallest integrated

FIG. 5. Distribution of leading lepton momenta pðl1Þ in the (e%μ∓ þ E) final state after kinematic cuts described in the text and
denoted in the figures. The left panel is for a center-of-mass energy of

ffiffiffi
s

p
¼ 250 GeV and the right panel for

ffiffiffi
s

p
¼ 500 GeV, and both

panels are for unpolarized beams P ¼ ð0.0; 0.0Þ. In each panel, the stacked histogram shows the different background components as
indicated in the legend. Note that the (eþe− → eμ2ν) background category (green) excludes events which stem from on-shell WþW−

pair production, such events are shown separately (purple). The (γγ → eμð2nÞν) background category includes both (γγ → eμ2ν) and
(γγ → eμ4ν) events. The solid lines show (eþe− → γ=Z → τ̃þτ̃− → e%μ∓χχνeνμντν̄τ) signal distributions for the various benchmark
values of the stau mass mτ̃ and neutralino mass mχ indicated in the legend.

TABLE III. Kinematic cuts for event selection for stau searches
in the (μþμ− þ E) final state.

Kinematic variable
ffiffiffi
s

p
¼ 250 GeV

ffiffiffi
s

p
¼ 500 GeV

E >5 GeV >10 GeV
j cos θðEÞj <0.6 <0.6
Δϕðlþ;l−Þ <0.6π <0.6π
mll ∉ð81; 101Þ GeV ∉ð81; 101Þ GeV
mll <75 GeV <150 GeV
j cos θðl1Þj <0.8 <0.8

TABLE IV. Kinematic cuts for event selection for stau searches
in the (e%μ∓ þ E) final state.

Kinematic variable
ffiffiffi
s

p
¼ 250 GeV

ffiffiffi
s

p
¼ 500 GeV

E <25 GeV <50 GeV
Δϕðlþ;l−Þ <0.6π <0.8π
j cos θðl1Þj <0.6 <0.6
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luminosity Lmin required to probe a point of given slepton
and neutralino mass. Note that the signal cross section in
our model coincides with that of SUSY models such as the
MSSM as long as the sought-after slepton and neutralino
are the next-to-lightest and lightest supersymmetric par-
ticles, respectively.

A.
ffiffi
s

p
= 500 GeV

In Fig. 6 we show the sensitivity in terms of the smallest
cross section, σmin, which could be probed for smuons in
the (μþμ− þ E) final state (left panel) and staus in the
(e%μ∓ þ E) final state (right panel) for mostly right-
handed polarization of the electron and positron beam,
P ¼ ð0.8; 0.3Þ.
The sensitivity to smuons in the (μþμ− þ E) final state is

best for relatively compressed spectra when the ratio of the
neutralino and the smuon mass takes values mχ=mμ̃ ∼ 0.9.
For such mass spectra, the distribution of the kinematic
variables we use to separate signal from background, in

particular the pðl1Þ distribution after kinematic cuts, is
quite different from the background and cross sections as
small as σmin ¼ Oð0.1Þ fb could be probed at a

ffiffiffi
s

p
¼

500 GeV collider with L ¼ 1 ab−1 of data. For more
compressed spectra, i.e., mχ=mμ̃ ≳ 0.9, the charged leptons
become too soft, making themmore difficult to differentiate
from the background, in particular (γγ → μþμ−), cf. Fig. 2.
For less compressed spectra on the other hand, i.e.,
mχ=mμ̃ ≲ 0.9, the charged leptons become harder, making
the kinematic distributions of the signal more similar to
those of the backgrounds from gauge boson pair produc-
tion, in particular from WþW−. Note that the sensitivity
also improves as the smuon mass approaches the kinematic
edge for smuon pair production, mμ̃ →

ffiffiffi
s

p
=2. In this limit,

the smuons are produced at rest and thus the muon
momenta approach a monoenergetic distribution

pðμ%Þ ⟶
mμ̃→

ffiffi
s

p
=2

ffiffiffi
s

p

4

"
1 −

4m2
χ

s

#
2

; ð18Þ

FIG. 6. The left [right] panel shows our projections for the smallest smuon [stau] signal cross section σmin which could be probed at anffiffiffi
s

p
¼ 500 GeV eþe− collider with L ¼ 1 ab−1 of data and mostly right-handed beams P ¼ ð0.8; 0.3Þ in the (μþμ− þ E) [(e%μ∓ þ E )]

final state. For reference, the solid black (dashed red) line indicates where σmin coincides with the cross section in the model presented in
Sec. II for left-handed (right-handed) smuons/staus. The region to the lower left of the respective contours, i.e., almost all of the
parameter space where ml̃ <

ffiffiffi
s

p
=2, is within the projected sensitivity. Note that in both panels, the solid black and dashed red lines

overlap for mχ → ml̃. For the smuon case (left panel), the dashed red line for right-handed smuons coincides with mμ̃ → 250 GeV for
mχ ≲ 240 GeV and is not visible on the plot. We would like to remind the reader that the signal cross section in our model matches that
in SUSY models if the respective slepton and neutralino are the next-to-lightest and lightest supersymmetric states, respectively. Note
that the range of the color scale indicating the value of σmin differs between the panels. The “island” in the right panel atmτ̃ ≈ 115 GeV,
mχ ≈ 65 GeV is an artifact of the statistical fluctuations in the Monte Carlo simulations of the signal (and to a lesser extent, the
backgrounds).
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which is rather easy to distinguish from the smooth pðl1Þ
distribution of the backgrounds.
For stau searches in the (e%μ∓ þ E) final state the

behavior of σmin with the stau and neutralino masses is
different from the smuon case in the (μþμ− þ E) final state
for two reasons: (1) this final state does not suffer from
large backgrounds for very soft leptons because there is no
background process analogous to (γγ → μþμ−), and (2) the
charged leptons from the stau signal are not promptly
produced in the (μ̃% → μ%χ) decay but via an additional
decay step, τ̃% → ðτ% → e%=μ% þ 2νÞ þ χ. The effect of the
first difference is that this channel is sensitive to very small
cross sections σmin ≲Oð0.1Þ fb even for extremely com-
pressed spectra where mχ → mτ̃. The sensitivity only starts
deteriorating as the mass gap becomes too small to produce
on-shell taus,mτ̃ −mχ ≲mτ ¼ 1.8 GeV. On the other hand,
due to the latter difference (2), the sensitivity to staus does not
improve as the stau mass approaches the kinematic edge,
mτ̃ →

ffiffiffi
s

p
=2. Unlike in the smuon case, the charged leptons

measured in the detector are now produced from the tau
decays and hence do not becomemonoenergetic in this limit.
In Fig. 6 we also indicate where the sensitivity σmin is

equal to the production cross sections of the respective final

states in the simplified slepton model discussed in
Sec. II by the solid black and dashed red lines. We stress
that the cross section in our model coincides with the
corresponding cross section in SUSY models if the slepton
and the neutralino are the next-to-lightest and lightest
supersymmetric particles, respectively. In the region to
the left and below these lines, the production cross section
in our model is larger than the projected sensitivity and
hence the corresponding combination of slepton and
neutralino masses could be probed at a

ffiffiffi
s

p
¼ 500 GeV

eþe− collider. As we can see from Fig. 6, with L ¼ 1 ab−1

of data, virtually the entire smuon parameter space
where mμ̃ <

ffiffiffi
s

p
=2 and mχ < mμ̃ could be probed.

Likewise, for staus we find that most of the corresponding
parameter space could be probed in the (e%μ% þ E)
final state, although the coverage is not as good
as in the smuon case for small values of mχ=mτ̃ and
mτ̃ →

ffiffiffi
s

p
=2. This is due to two reasons: the signal cross

section for staus is suppressed with respect to the smuon
case because of the leptonic tau branching ratios,
2BRðτ%→μ%ντνμÞ×BRðτ%→e%ντνeÞ≈1=16, and for the
reasons discussed above, the sensitivity is not enhanced
for mτ̃ →

ffiffiffi
s

p
=2.

FIG. 7. Smallest integrated luminosity Lmin which would allow to probe the pair production of right-handed smuons at an eþe−

collider with
ffiffiffi
s

p
¼ 500 GeV. The left panel is for mostly left-handed polarization of the electron and positron beams, P ¼ ð−0.8;−0.3Þ,

while the right panel is for mostly right-handed beam polarization P ¼ ð0.8; 0.3Þ. Here, we assumed that the smuon can only decay into
a muon and a neutralino, BRðμ̃% → μ%χÞ ¼ 1, cf. the discussion in Sec. II. Note that the value of the smuon pair production cross section
is fixed by the gauge couplings of the smuons, hence, the production cross section in our model discussed in Sec. II is the same as the
cross section in SUSYmodels if the smuon and the neutralino are the next-to-lightest and lightest supersymmetric particles, respectively.
The dashed (solid) black line indicates Lmin ¼ 10 fb−1 (Lmin ¼ 1 ab−1Þ.
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FIG. 8. Same as Fig. 7 but for right-handed staus in the (e%μ∓ þ E) final state. The islands at mτ̃ ≈ 115 GeV, mχ ≈ 65 GeV are an
artifact of the statistical fluctuations in the Monte Carlo simulations of the signal (and to a lesser extent, the backgrounds).

FIG. 9. Projected sensitivity to stau pair production in the (μþμ− þ E) final state at an
ffiffiffi
s

p
¼ 500 GeV eþe− collider assuming

longitudinal polarization of the electron/positron beams P ¼ ð0.8; 0.3Þ. (Left panel) Smallest cross section σmin which could be probed
with L ¼ 1 ab−1 of data. (Right panel) Smallest integrated luminosity Lmin required to probe right-handed staus if the signal cross
section is given by those in our model described in Sec. II. The islands at mτ̃ ≈ 150 GeV, mχ ≈ 120 GeV are an artifact of the statistical
fluctuations in the Monte Carlo simulations of the signal (and to a lesser extent, the backgrounds).
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For much of the parameter space, the production cross
section of the respective final states in our model is orders
of magnitude larger than the smallest cross section we
project to be within reach in Fig. 6. For example, as long as
we are far from the kinematic edge7 for smuon pair
production, m2

μ̃ ≪ s=4, the (eþe− → μ̃þμ̃− → μþμ−χχ)
production cross section takes values of order σ ∼ 100 fb
for

ffiffiffi
s

p
¼ 500 GeV. It is thus interesting to ask how much

luminosity would be required to probe most of the slepton
parameter space at a future eþe− collider.
In Fig. 7 we show the smallest integrated luminosity Lmin

which would probe the pair production of right-handed
smuons at an eþe− collider with

ffiffiffi
s

p
¼ 500 GeV for two

different configurations of the beam polarizations, P ¼
ð−0.8;−0.3Þ andP ¼ ð0.8; 0.3Þ, where the former is mostly
left-handed and the latter is mostly right-handed. We cut the
color scale off at integrated luminosities Lmin ¼ 10−3 ab−1.
Future eþe− colliders are envisaged to operate with instan-
taneous luminosities L≳Oð100Þfb−1yr−1 [2,3,5,6,63].
Thus, proposed eþe− colliders would collect L ¼
10−3 ab−1 ¼ 1 fb−1 of data within a few days of operations.
Looking at Fig. 7, we see that a few days of running a future
eþe− collider at

ffiffiffi
s

p
¼ 500 GeV would suffice to detect

or exclude smuons for most of the accessible parameter
spacemμ̃ <

ffiffiffi
s

p
=2, even for very compressed spectra where

mχ → mμ̃.

Comparing the two panels of Fig. 7 exemplifies the
effect of the longitudinal polarization of the electron and
positron beams on the sensitivity. The mostly right-handed
polarization configuration of the beams P ¼ ð0.8; 0.3Þ
allows coverage of a much larger portion of the parameter
space for right-handed smuons than the mostly left-handed
polarization configuration P ¼ ð−0.8;−0.3Þ. While some
sensitivity can be recovered by increasing the integrated
luminosity, we see that using an advantageous polarization
configuration for a given signal can reduce the luminosity
required to cover a particular benchmark point by orders of
magnitude. Translated into running time, this means that
for the case of right-handed smuon pair production, running
for a few days with P ¼ ð0.8; 0.3Þ yields better coverage of
the parameter space than running for a few years with
P ¼ ð−0.8;−0.3Þ.
The behavior displayed by the two different panels in

Fig. 7 is a rather extreme example of the effects of beam
polarization. As discussed in Sec. III A, the sensitivity to
left-handed smuons is much less dependent on the beam
polarization because in that case the signal cross section
and those of the most relevant backgrounds scale similarly
with the beam polarization. The sensitivity to left-handed
smuons or smuons with nonvanishing left-right mixing
angle would lie in between the two cases shown in Fig. 7.
In Fig. 8 we show the smallest integrated luminosity Lmin

required to probe right-handed staus at a
ffiffiffi
s

p
¼ 500 GeV

eþe− collider in the (e%μ∓ þ E) final state. As for smuons in
Fig. 7, we assume that the signal cross section is given by the
model described in Sec. II. Recall that the stau pair production

FIG. 10. Same as Fig. 6 but for
ffiffiffi
s

p
¼ 250 GeV and L ¼ 0.5 ab−1.

7As m2
μ̃ → s=4 the cross section rapidly falls due to the σ ∝

ð1 − 4m2
l̃
=sÞ3=2 scaling, cf. Eq. (6).
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cross section is fixed by gauge couplings, and in our model
the only allowed decay channel is BRðτ̃% → τ%χÞ ¼ 1.
For given values of the slepton mass ml̃, the signal cross
section into the (e%μ∓ þ E) final state for staus is thus the
same as for smuons into (μþμ− þ E), except for the
suppression by the leptonic branching ratios of the taus,
2BRðτ%→μ%νμντÞ×BRðτ%→e%νeντÞ≈1=16. While the
backgrounds in the (e%μ∓ þ E) final state are also smaller
than those in the (μþμ− þ E) final state, cf. Sec. III B, the
reduction of the signal cross section as well as the change in
kinematic distributions still makes staus somewhat more
challenging to probe than smuons. Nonetheless, Fig. 8
demonstrates that much of the kinematically accessible stau
parameter space could be covered at a future eþe− collider
with relatively low luminosity. As discussed above for the
smuon case, the two panels of Fig. 8 bracket rather extreme
cases, different choices for the beam polarizations or for the
left-rightmixingangle (includingpurely left-handed staus) lie
in between these cases.
Finally, in Fig. 9, we show projections for the smallest

cross section σmin for fixed L ¼ 1 ab−1 and the minimal
luminosity Lmin when fixing the cross section to that in our
model for probing staus in the (μþμ− þ E) final state. We
use similar, although more aggressive, kinematic cuts as for
smuons in the (μþμ− þ E) final state (see Table III and
Fig. 13). As for smuons in the (μþμ− þ E) final state and
staus in (e%μ∓ þ E) discussed above, we optimize a signal
window in the leading lepton momentum pðl1Þ in addition
to these kinematic cuts to determine the sensitivity.
Compared to the (e%μ∓ þ E) final state for which we
showed results in the right panel of Fig. 6 and in Fig. 8, we
find that the (μþμ− þ E) final state is less sensitive to staus
regardless of the stau and neutralino masses. As discussed
in Sec. III, while the signal distributions are practically
unchanged between the two final states (before kinematic
cuts), the (e%μ∓ þ E) final state suffers from less SM
background.

B.
ffiffi
s

p
= 250 GeV

In Fig. 10, we show sensitivity projections to smuons in
the (μþμ− þ E) final state and staus in the (e%μ∓ þ E) final
state for a

ffiffiffi
s

p
¼ 250 GeV eþe− collider with L ¼ 0.5 ab−1

of data. We use the same set of kinematic cuts as for the
corresponding

ffiffiffi
s

p
¼ 500 GeV projections, although with

different numerical values for the cuts, as discussed in
Appendixes A and B.
The scaling of the smallest signal cross section which

could be probed, σmin, with the masses of the slepton and
neutralino is analogous to what we discussed above for theffiffiffi
s

p
¼ 500 GeV case. For smuons, the sensitivity is best (in

terms of σminÞ for mχ=mμ̃ ∼ 0.9, and close to the kinematic
edge for smuon pair production,mμ̃ →

ffiffiffi
s

p
=2. For staus, the

sensitivity again does not deteriorate as much in the very

compressed regime mχ → mτ̃ as for the smuon case, but
σmin also does not improvewhen approaching the kinematic
edge mτ̃ →

ffiffiffi
s

p
=2.

Compared to the signal production cross sections of the
respective final states in our simplified model from Sec. II,
indicated by the solid black and dashed red lines in Fig. 10,
we again find that almost all of the kinematically accessible
parameter space with ml̃ <

ffiffiffi
s

p
=2 and mχ < ml̃ þml

would be probed by a future eþe− collider. For most of
the parameter space, the cross sections in our simplified
model are again much larger than the values of σmin shown
in Fig. 10. Hence, most of the kinematically accessible
parameter space would be covered with integrated lumi-
nosities L ≪ 1 ab−1, i.e., with data from a few days of
running a future eþe− collider.
While we find excellent sensitivity to smuons and staus

even for
ffiffiffi
s

p
¼ 250 GeV, the parameter space coverage is

hamstrung by the center-of-mass energy, leaving viable
models with ml̃ ≳ 125 GeV unreachable.

V. DISCUSSION AND CONCLUSIONS

Scalar partners of the SM charged leptons are interesting
examples of new physics which could be realized close to
the electroweak scale while evading detection to date. In
this paper, we explore the extent to which future eþe−

colliders such as ILC, CLIC, CEPC, or the FCC-ee could
probe extensions of the SM by said scalar lepton partners
and a new neutral fermion. In analogy to SUSY models, we
refer to these states as sleptons (l̃) and neutralinos (χ),
respectively. While SUSY models are well motivated
realizations of models with such new states, our results
directly apply to non-SUSY models, as discussed in Sec. II.
In this work, we focus on scalar partners of the SM’s

muons and taus, which we refer to as smuons and staus,
respectively. They could be pair produced at colliders, and
subsequently each slepton would decay into the associated
SM lepton and a neutralino. Since the neutralino would
leave the detector without depositing energy, the collider
signature for smuons is a pair of muons of opposite charge
accompanied with missing energy, (μþμ− þ E). For staus,
a number of final states is possible depending on the decay
mode of the taus produced in the stau decays. Here, we
focus on leptonic tau decays. Considering SM back-
grounds, the most promising final state from stau pair
production is (e%μ∓ þ E).
In order for a pair of on-shell sleptons to be produced at an

eþe− collider, the slepton’s mass, ml̃, must be smaller than
half the center-of-mass energy of the collider,

ffiffiffi
s

p
.

Furthermore, for the slepton to be kinematically allowed
to decay into a neutralino χ and a charged SM lepton l of the
same flavor as the slepton, the respectivemassesmust satisfy
ml̃ > mχ þml. In this work we show that future eþe−

colliders could detect or rule out smuons or staus for most of
the kinematically accessible parameter space (where
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ml̃ <
ffiffiffi
s

p
=2) with only a few days of data. This holds

regardless of themass gapml̃ −mχ . This situation should be
contrasted with the sensitivity of hadron colliders. With the
data expected to be collected in future runs, the LHC could
probe sleptons up to masses ofml̃ ≲ 500 GeV, but only for
sizable mass gaps ðml̃ −mχÞ≳ 60 GeV. Intermediate mass
gaps are extremely challenging to probe at the LHC, while
sensitivity can be regained for relatively (but not too) small
mass gaps ml̃ −mχ ∼ 10 GeV for slepton masses up to
ml̃ ≲ 200 GeV.
In this study, we compute the sensitivity for a future eþe−

collider operating at
ffiffiffi
s

p
¼250GeV and

ffiffiffi
s

p
¼500GeV. Our

results suggest that a machine with significantly larger
center-of-mass energy, e.g., CLIC, should likewise be able
to probe sleptons up to ml̃ ≲

ffiffiffi
s

p
=2 with a few fb−1 of data.

One particular motivation for BSM models containing
scalar lepton partners and stable neutral fermions is that
models of this type can explain the dark matter in the
Universe. For example, dark matter scenarios where either
a smuon [40] or a stau [37–39] is the next-to-lightest and a
neutral fermion is the lightest new particle are well
motivated and can lead to distinctive signatures in direct
and indirect dark matter searches. A future eþe− collider
with

ffiffiffi
s

p
¼ 500 GeV could detect or rule out most of the

feasible parameter space of the incredible bulk, which
requires ml̃ ≲ 150 GeV, with only a few fb−1 of data.
While a dedicated study would be required to fully
investigate the coverage of coannihilation scenarios at
higher-energy colliders, our results indicate that an eþe−

collider with a center-of-mass energy
ffiffiffi
s

p
≃ 3 TeV, such as

CLIC, will likely be able to fully probe stau coannihilation
scenarios in the MSSM.
We hope that this paper sheds light on the potential for

discovery of new physics with a future eþe− collider.
Electroweak precision physics, including measuring the
properties of the observed Higgs boson to high precision, is
a guaranteed and critical physics case for such a collider.
Here, we present a broad class of models for which a future
lepton collider would be capable of directly (and immedi-
ately) discovering new physics that would evade detection
at the LHC.
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APPENDIX A: KINEMATIC CUTS: (μ+ μ− +E)

In this Appendix we present a more detailed discussion
of the kinematic cuts used for event selection in the
(μþμ− þ E) final state. There are a number of SM processes
which give rise to backgrounds in this final state. We
simulate exclusive samples of the final states:
(a) (eþe− → μþμ−), N ¼ 107;
(b) (eþe− → μþμ− þ 2ν) N ¼ 107;
(c) (eþe− → μþμ− þ 4ν), N ¼ 5 × 106;
(d) (γγ → μþμ−), N ¼ 109;
(e) (γγ → μþμ− þ 2ν) N ¼ 107;
(f) (γγ → μþμ− þ 4ν), N ¼ 107,
where ν denotes a neutrino or antineutrino of any flavor.
The number of events N we simulate for the respective
final state is chosen to yield sufficiently well-sampled
kinematic distributions of the backgrounds after kinematic
cuts. In particular, the number of events we simulate
for (γγ → μþμ−) processes is much larger than for the
other background categories because, as we will see,
(γγ → μþμ−) events surviving the kinematic cuts stem
from the kinematic tails of the distribution. Hence, we
need to oversample this background before kinematic cuts.
Because of the similarities of the kinematic distributions

to signal events, we show (eþe− → WþW− → μþμ− þ 2ν)
events with an on-shell pair of WþW− bosons separately
from the other (eþe− → μþμ− þ 2ν) backgrounds when
plotting background distributions. Such events are identi-
fied postsimulation from the (eþe− → μþμ− þ 2ν) back-
ground samples using the simulation output at the truth
level, i.e., before the detector simulation.
In addition to the background processes, we simulate

signal samples for a grid of combinations of the slepton
and neutralino masses, both for smuon pair production,
(eþe− → μ̃þμ̃− → μþμ−χχ), and for stau pair production,
[eþe− → τ̃þτ̃− → ðτþ → μþνμν̄τÞ þ ðτ− → μ−ν̄μντÞ þ χχ].
When showing kinematic distributions of the signal com-
pared to the background, we select a set of benchmark
values for the slepton and neutralino mass, while the
sensitivity projections presented in Sec. IV make use of
the full grid of mass combinations.
We use a set of kinematic observables for our event

selection:
(a) the momentum of the leading (charged) lepton, pðl1Þ,
(b) the (cosine of the) polar angle of the leading lepton

with respect to the beam axis, cos θðl1Þ,
(c) the invariant mass of the charged lepton system, mll,
(d) the opening angle between the charged leptons in the

plane transverse to the beam axis, Δϕðlþ;l−Þ,
(e) the missing energy, E,
(f) the (cosine of the) polar angle of E with respect to the

beam axis, cos θðEÞ.
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In the following, we describe the kinematic cuts used for
event selection for smuon searches at

ffiffiffi
s

p
¼ 500 GeV. The

kinematic cuts we use for
ffiffiffi
s

p
¼ 250 GeV differ only in the

numeric values chosen for the kinematic cuts, cf. Table II.
We will briefly comment on our selection of kinematic cuts
for stau searches in the (μþμ− þ E) final state at the end of
this section; the numerical values of the corresponding
kinematic cuts are listed in Table III.
In Fig. 11 we show the distribution of E and cos θðEÞ for

the backgrounds together with those for various benchmark
signal distributions before kinematic cuts. The background
distributions are dominated by the (eþe− → μþμ−) and
(γγ → μþμ−) events because of the large corresponding
production cross sections. While the signal events as well
as background events with neutrinos in the final state do
feature true missing transverse energy, this is not the case
for (eþe−=γγ → μþμ−) backgrounds. For (eþe− → μþμ−)
events, E > 0 arises only from mismeasurements of the
muon momenta in the detector. (γγ → μþμ−) events on the
other hand do feature true E, because the center-of-mass
frame of the photons in the initial state does not coincide
with the detector frame, but is boosted along the beam axis.
However, such events do not feature true missing transverse
energy. Thus, we require events to satisfy E > 5 GeV,
j cos θðEÞj < 0.9, and Δϕðlþ;l−Þ < 0.8π. Effectively,
these kinematic cuts amount to requiring events to feature
nonvanishing missing transverse energy.
In Fig. 12 we show the cos θðl1Þ and mll distributions

after this first series of kinematic cuts. Comparing to

Fig. 11, we see that the (eþe−=γγ → μþμ−) backgrounds
are much reduced, and the largest remaining backgrounds
are (eþe−→μþμ−þ2ν) [including (eþe− → WþW− →
μþμ− þ 2ν)] events.
We use a second set of kinematic cuts to further reduce

the number of background events: From the cos θðl1Þ
distributions we can note that the backgrounds distributions
peak at j cos θðl1Þj → 1, while the signal distributions are
largest at cos θðl1Þ → 0. This behavior is due to the
different physical processes giving rise to the respective
distributions: Many of the background processes proceed
via t-channel exchange of particles. Most importantly, one
of the largest production channels forWþW− pairs at eþe−

colliders is the t-channel exchange of a neutrino. Likewise,
one of the largest contribution to (γγ → μþμ−) production
stems from t-channel exchange of a muon. Signal events
on the other hand are produced via s-channel exchange
of a photon or Z boson, cf. Fig. 1. The signal-to-
background ratio is thus enhanced by selecting events with
j cos θðl1Þj < 0.8, preferring s-channel over t-channel
processes.
In order to reduce backgrounds stemming from

[eþe−=γγ → ðZ → μþμ−Þ þ ðZ → νν̄Þ] events, we exclude
events where the invariant mass of the charged lepton
system is approximately given by the mass of the Z
boson, mZ.
Finally, signal events contain a pair of massive neutra-

linos in the final state. Thus, some of the center-of-mass
energy of the collision has to go to the production of these
neutralinos, limiting the possible momenta of the charged

FIG. 11. Distribution of the missing energy E (left panel) and its polar angle cos θðEÞ (right panel) in the ðμþμ− þ EÞ final state before
any kinematic cuts. The stacked histogram shows the different background components as listed in the legend. The solid lines show
ðeþe− → γ=Z → μ̃þμ̃− → μþμ−χχÞ signal distributions for various benchmark values of the smuon mass mμ̃ and neutralino mass mχ

indicated in the legend.
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leptons. Background events on the other hand contain only
particles with masses negligible compared to

ffiffiffi
s

p
in the final

state. We select events with mll < 300 GeV to further
enhance the ratio of the number of signal events to
background events.
In Fig. 2 we show the pðl1Þ distributions after these

kinematic cuts. When computing the sensitivity in Sec. IV,
we optimize a signal window in pðl1Þ in addition to the
kinematic cuts discussed above. From Fig. 2 we can already
see that the benchmark points shown are straightforward to
probe at a future collider with a few fb−1 of data, except
close to the kinematic threshold for slepton pair production,
ml̃ →

ffiffiffi
s

p
=2, where the slepton pair production cross

section falls quickly because of the kinematic suppression,
σ ∝ ð1 − 4m2

l̃
=sÞ3=2.

In principle, staus can also be probed in the (μþμ− þ E)
final state via [eþe− → τ̃þτ̃− → ðτþ → μþνμν̄τÞ þ ðτ− →
μ−ν̄μντÞ þ χχ] processes. Compared to the smuon case,
probing staus is complicated in two ways: The branching
ratio for leptonic tau decays is BRðτ% → μ%νμντÞ ≈ 18%,
suppressing the signal cross section, and the additional
neutrinos produced in the tau decays lead to softer muons in
the final state than those from (eþe− → μ̃þμ̃− → μþμ−χχ).
In order to be sensitive to staus in the (μþμ− þ E) final
state, one can attempt to reduce the background further by
using more aggressive kinematic cuts than for smuon
searches. Since the charged leptons are softer than for
smuons, it is particularly useful to employ a more aggres-
sive upper cut on the invariant mass of the leptons system.
In Fig. 13 we show the pðl1Þ distributions for bench-

mark values of the stau and neutralino masses together with
the background distributions after the set of kinematic cuts
listed in Table III. As we can see, while not impossible,

despite the more aggressive kinematic cuts it is much more
challenging to search for staus in the (μþμ− þ E) final state
than for smuons. We show the corresponding sensitivity in
the plane of the stau and neutralino masses in Fig. 9.
Fortunately, another final state, (e%μ∓ þ E), is available
for stau searches at lepton colliders. We discuss the event
selection for stau searches in this final state in Appendix B.
While the signal cross section as well as kinematic distri-
butions of signal events is virtually the same for staus in the
(e%μ∓ þ E) and the (μþμ− þ E) final states, backgrounds

FIG. 12. Distributions of the polar angle of the leading charged lepton cos θðl1Þ (left panel) and the invariant mass of the charged
leptons mll (right panel) in the ðμþμ− þ EÞ final state after the first set of kinematic cuts described in the text. We use the same colors
for the respective background components and signal benchmarks as in Fig. 11.

FIG. 13. Distribution of leading lepton momentum pðl1Þ for
stau searches in the (μþμ− þ E ) final state after kinematic cuts.
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are much lower because fewer SM processes give rise to
(e%μ∓ þ E) final states than to (μþμ− þ E) final states.

APPENDIX B: KINEMATIC CUTS: (e%μ∓ +E)

In this Appendix we present a more detailed discussion
of the kinematic cuts used for event selection in the
(e%μ∓ þ E) final state. In order to account for SM back-
grounds, we simulate exclusive samples of the final states:
(a) (eþe− → e%μ∓ þ 2ν), N ¼ 107;
(b) (eþe− → e%μ∓ þ 4ν), N ¼ 5 × 106;
(c) (γγ → e%μ∓ þ 2ν), N ¼ 107;
(d) (γγ → e%μ∓ þ 4ν), N ¼ 107,
where ν denotes a neutrino or antineutrino of any flavor,
and N denotes the number of events we simulate for
the respective final state. Compared to our background
simulations in the (μþμ− þ E) final state, we do not
need to simulate background processes without neutrinos
in the final state since flavor conservation forbids
(eþe−=γγ → e%μ∓Þ production.
As for the (μþμ− þ E) final state, we will show

(eþe− → WþW− → e%μ∓ þ 2ν) events with an on-shell
pair of WþW− boson separately from the other
(eþe− → e%μ∓ þ 2ν) backgrounds when plotting signal
and background distributions. Such events are identified
postsimulation from the (eþe− → e%μ∓ þ 2ν) background
sample using the simulation output at the truth level.
As for the (μþμ− þ E) final state, we simulate signal

samples from stau pair production [eþe− → τ̃þτ̃− →
ðτ% → e%νeντÞ þ ðτ∓ → μ∓νμντÞ þ χχ] for a grid of

combinations of the stau and neutralino masses. When
showing kinematic distributions of the signal compared to
the background, we select a set of benchmark values for the
stau and neutralino mass, while the sensitivity projections
presented in Sec. IV make use of the full grid of mass
combinations.
We use the same kinematic observables for our event

selection as in the (μþμ− þ E) final state. Note that we do
not differentiate between kinematic variables of the elec-
tron and the muon in the final state beyond requiring events
to feature exactly one reconstructed electron and one
reconstructed muon of opposite charge.
In the following, we describe the kinematic cuts used

for event selection for stau searches at
ffiffiffi
s

p
¼ 500 GeV.

The kinematic cuts we use for
ffiffiffi
s

p
¼ 250 GeV differ only

in the numeric values chosen for the kinematic cuts,
cf. Table IV.
In Fig. 14 we show the E and Δϕðlþ;l−Þ distributions

for the backgrounds together with those for various bench-
mark signal distributions before kinematic cuts. Compared
to the distributions for the (μþμ− þ E) final state,
cf. Fig. 11, we can note that due to the absence of the
analog of (eþe−=γγ → μþμ−) backgrounds, there is no
need to use a lower cut on E or an upper cut on j cos θðEÞj.
Because all SM events with exactly one electron and muon
of (opposite charge) at eþe− colliders feature at least two
neutrinos in the final state, all background events have true
missing transverse energy.
From the E distributions shown in the left panel of

Fig. 14, we see that the signal distributions are peaked at

FIG. 14. Distribution of the missing energy E (left panel) and the opening angle between the charged leptons in the plane transverse to
the beam, Δϕðlþ;l−Þ (right panel) in the ðe%μ∓ þ EÞ final state before any kinematic cuts. The stacked histogram shows the different
background components as listed in the legend. The solid lines show ðeþe− → γ=Z → τ̃þτ̃− → e%μ∓χχÞ signal distributions for various
benchmark values of the stau mass mτ̃ and neutralino mass mχ indicated in the legend.
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relatively small values of E while the backgrounds remain
large for E →

ffiffiffi
s

p
=2. There are two reasons for the smaller

E of the signal: First, the massive neutralinos in the final
state absorb some of the center-of-mass energy, which thus
cannot be distributed into the momenta of the states.
Second, the signal process contains six states [four (mass-
less) neutrinos and two (massive) neutralinos] in the final
state which leave the detector without depositing energy.
Since the momenta of these six states will partially cancel,
the resulting E is smaller than for the backgrounds, where
the dominant component features only two neutrinos in the
final state. Thus, we use an upper cut E < 50 GeV to
suppress background events.
In the right panel of Fig. 14 we show the Δϕðlþ;l−Þ

distribution. The backgrounds feature on average larger
opening angles between the charged leptons than the
signal for the same reasons as why the signal spectra
feature rather small E. When producing only massless
neutrinos in addition to the charged leptons, the charged

leptons are produced approximately back to back if the
neutrinos are soft. Thus, we select events satisfying
Δϕðlþ;l−Þ < 0.8π.
Finally, as discussed for smuon searches in the

(μþμ− þ E) final state, much of the background stems
from t-channel processes while stau pairs are produced via
s-channel exchange of a photon or Z boson. Hence, we
select events with j cos θðl1Þj < 0.6.
We show the pðl1Þ distributions after these kinematic

cuts in Fig. 5. Similar to the smuon case in the (μþμ− þ E)
final state, we can immediately deduce that the benchmark
points shown are straightforward to probe at future col-
liders, except close to the kinematic threshold for stau pair
production, mτ̃ →

ffiffiffi
s

p
=2. Unlike the smuon case, most of

the constraining power will now come from events with
very soft leptons. This is because, as discussed above, stau
pair production gives rise to quite soft charged leptons, and
SM backgrounds in the (e%μ∓þE) final state are relatively
low at small lepton momenta.
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