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Electron-proton colliders are a suitable laboratory to study certain classes of physics and are in
general complementary to the proton-proton and electron-positron colliders. In this overview we
present an updated summary of selected topics relating to searches for beyond the Standard Model
physics in electron-proton collisions. We will focus in particular on the Large Hadron electron
Collider, and the possible electron-hadron mode of the Future Circular Collider.
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1. Introduction

2. Selected topics
An important number of phenomenological BSM studies at electron-proton colliders have
been carried out, a recent and reasonable complete list of these studies can be found in ref. [8].
The BSM scenarios under consideration include leptoquarks, e-q compositeness, anomalous gauge
bosons and top couplings. Many of these results have been produced in the last years, and the
rate is increasing, demonstrating the BSM community craving for new input. We do not attempt
to summarize all the existing results in a brief overview talk but rather focus on a few selected
examples. These will show the complementarity and advantages between the proton-proton and
electron-proton colliders.
2.1 Leptoquarks
The persisting anomalies in lepton flavor universality observables at LHCb motivate theory
explanations with 3rd generation scalar or vector particles, the so-called leptoquarks. Their phenomenology is similar in many ways to R-parity violating SUSY scenarios. Recent limits from
ATLAS require for the leptoquarks to be heavier than 1.5 TeV for 1,2 generations [9], with the
comparable CMS limits being 1 TeV [10].
In the collision of electrons and protons a leptoquark that couples to the first generation of
SM fermions can be singly produced as s channel resonance. With low amounts of background the
characteristic kinematics of the final state can be well tested and also allow the measurements of
spin, quantum numbers, and the flavor structure of its couplings. A recent article discussing this
class of physics is ref. [11].
2.2 Light and almost mass-degenerate Higgsinos
The long-standing dark matter problem can be solved by weakly interacting massive particles
(WIMPs), for which viable candidates are the neutral components of the super partners of the Higgs
1
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One of the most important tasks of high-energy particle physics these days are precision measurements of the Higgs boson properties, which was discovered and is being scrutinized at the
Large Hadron Collider (LHC) with presently ∼ 5% precision. The latter will remain limited by
systematic uncertainties, relating among others to the PDF measurements [1].
A new generation of machines colliding electrons and protons could help with both, Higgs precision measurements [2, 3, 4] and improving the PDF sets, thereby enhancing the LHC precision:
the Large Hadron electron Collider (LHeC) [5] which can run concurrently to the LHC at ∼1.2 TeV
centre-of-mass energy with a total integrated luminosity of 1 ab−1 , and the electron-proton mode
of the Future Circular Collider (FCC-he), with a foreseen center-of-mass energy above 3 TeV and
total luminosities of up to 3.5 ab−1 [6, 7].
Below, we will discuss a selection of opportunities that the LHeC and FCC-he will bring for
searches for Beyond the SM (BSM) physics. Its most prominent aspects for BSM scenarios with
low production rates, e.g. from vector boson fusion, are its clean and (almost) pile up free detector
environment and the low SM background production rates.
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doublet, called Higgsinos. Among these supersymmetric particles, radiative corrections render the
charged component heavier than the neutral one, which remains stable on cosmological time scales
due to the absence of a decay channel as long as R parity is conserved.
At proton-proton colliders, the Higgsinos can be produced via vector boson fusion. The
almost-prompt decays of the charged components can be measured in principle via a soft pion
and lots of missing energy, however, in practice it is unfeasible to detect the pion in the QCD backgrounds. At an electron-proton collider the almost-prompt chargino decay can be searched for via
disappearing track analyses. It is also possible to detect the soft pion in the final state, and with
the clear background and excellent vertexing its displacement or impact parameter could be measurable for distances as small as ∼ 100µm. Thus, what looks like hadronic noise at pp colliders
is in principle detectable at ep colliders. The LHeC and the FCC-he can test these scenarios for
Higgsino masses up to 180 GeV and 410 GeV, respectively.
2.3 The dark vector portal
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Figure 2: Sensitivity of dark photon searches in ep collisions via displaced dark photon decays. The contour
lines (at the 90% confidence level) consider a pt cut on the final state hadrons of 5 GeV. Different assumptions
on efficiency (100% and 20% for the solid and dashed lines, respectively) and number of backgrounds (zero
and 100 background events for the blue and red areas, respectively) shown. See ref. [13] for details.
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Figure 1: Regions in the mass-lifetime Higgsino parameter plane where more than 10 or 100 events with at
least one displaced decay are observed at the LHeC (left) and FCC-he (right). Light shading indicates the
uncertainty in the predicted number of events due to different modelling assumptions. The black curves are
the optimistic and pessimistic projected bounds from HL-LHC disappearing track searches, see ref. [12] for
details.

Christian Schwanenberger

BSM physics at the LHeC and the FCC-eh

Portal models to test generic dark sectors as benchmarks as discussed at the update of the
European Strategy for Particle Physics. One benchmark model is the so-called vector portal, given
by an additional U(1)X symmetry that mixes with the SM U(1) gauge factor:
Lvector = −

ε
F 0 Bµν
2 cos θW µν

(2.1)

2.4 The scalar portal
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Figure 3: Sensitivity contour at the LHeC and FCChe to the displaced decays of long-lived scalar particles h2 that are pair produced from the decays of
a SM-like Higgs boson h1 . The contours are for 3
events each, and consider displacements larger than
50µm to be free of background.
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Another generic dark sector benchmark model is given by the so-called scalar portal. In this
model class, an additional scalar particle S is postulated which can mix with the SM Higgs doublet
and thus acquires suppressed interactions with the SM particles:
Lscalar = (µS + λ S2 )H † H

(2.2)

In general, the mass eigenstate can have a range of masses and decay into pairs of SM particles
that are kinematically available. If it is lighter than the Higgs boson, its suppressed decay rate
gives rise to long life times of the scalar. The prospects of a Higgs boson decaying into two scalar
particles which in turn decay promptly into 2 b-jets each was studied in [14]. It was found that the
sensitivities at the LHeC are much better than the HL-LHC performance.
A recast1 from exotic Higgs decays into long-lived light scalar particles was done, using ref.
[12]. The analysis considers Higgs decays into a pair of long-lived scalar particles S with masses
around 20 GeV. The scalars decay into the heaviest SM fermion: S → f f¯. Under the assumption
that final state particles with transverse momenta above 400 MeV and a displacement > 50 µm
can be detected with 100% efficiency, it was shown that the LHeC and the FCC-he are sensitive
1 O.

Fischer, unpublished.
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This model contains a vector mediator also referred to as the dark photon, and arises naturally in
models with light thermal Dark Matter. It brings a new mass scale in the MeV-GeV range and new
physics which is feebly-coupled to SM.
Searches for displaced vertices of the long lived dark photon at the ep colliders were discussed
in ref. [13]. It was found that for masses between ∼ 10 MeV and below ∼ 1 GeV the signature allows to test parts of the parameter space that are difficult to impossible to test in other experiments,
like LHCb, beamdump, or low energy electron-positron colliders, cf. fig. 2.
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to this signature for masses up to 15 and 35 GeV, respectively, and mixings below 10−7 and 10−8 ,
respectively, cf. fig. 3.
The prospects to study heavy scalar particles that mix with the Higgs boson and decay into
two vector bosons was studied in ref. [15]. Therein it was shown that for masses below about
500 GeV the sensitivity of the LHeC are better compared with the HL-LHC due to the smaller
backgrounds, while for masses around and above one TeV the pp collider becomes more sensitive.
This is particular interesting because of the “Madala hypothesis”, which posits the existence of a
heavy scalar with a mass around 300 GeV, cf. e.g. ref. [16].

Pseudo-scalar portals feature pseudo scalars that have interactions with the field strength tensors of the SM gauge group:
a
(2.3)
Lps = F̃µν F µν
fa
A prominent example are axions, which couple to the gluon field strength and are a possible solution to the strong CP problem. Searches for axions and axion-like particles (ALPs) in the mass
range from GeV to the TeV range are possible at colliders. Recently, the search for ALPs via
the diphoton signature, which allows for the determination of the ALP mass, was discussed at the
LHeC and FCC-he [17]. It was found that the ep colliders have some prospective advantages over
the current LHC limits.
2.6 Sterile neutrinos
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Figure 4: Sensitivity of the sterile neutrino searches
(at 95% C.L.) and the displaced vertex searches (at
95% C.L.) compared to the current exclusion limits
from ATLAS [18], LHCb [19], LEP [20], and MEG
[21]. For details, see ref. [22].
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Sterile neutrinos represent a well-motivated class of BSM physics, which aim at generating
the light neutrino masses and can thus explain the observed neutrino oscillations. Recently, a
comprehensive overview over the possible searches for sterile neutrinos at ee, ep, and pp colliders
was given in ref. [23] and the complementarities were outlined.
For masses below mW the heavy neutrino mass eigenstates are long lived and can be searched
for via their displaced decays in the clean detector environment of the LHeC or the FCC-he. For
√
masses at the weak scale up to s the prospects of discovering sterile neutrinos via lepton-flavor
violating sigantures with jets are much better compared to the corresponding proton-proton collider, cf. 4. Another opportunity with ep colliders is the explicit reconstruction of sterile neutrino
parameters by observing heavy neutrino-antineutrino observations [24].
4
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2.5 The pseudo scalar portal
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2.7 Not discussed recent topics
Again, the above represents a small sample of the variety of studies on BSM at ep colliders.
Further subjects that were recently studied entail, e.g.: Light Sleptons and EWkinos2 ; Lorentz
invariance breaking [25]; Doubly-charged Higgs bosons [26]; The Light gluino gap [27]; Leptoquarks and heavy neutrinos [28]; Prompt EWkinos [29]; Effective Majorana Neutrinos [30];
Charged scalar bosons [31]; Georgi-Machacheck model [31]; Extended Higgs sectors [32]; Light
charged Higgs bosons [33].

The above scenarios make it plain that electron proton colliders are essential to fully exploit
the potential of proton-proton colliders, via improving PDF sets or via their complementarity. They
offer a variety of opportunities for BSM searches, in particular for particles with long life times and
for signals that are buried in hadronic backgrounds, and in general for new physics that resides on
a mass scale around the ditop threshold.
The key features of the ep collider which bring about these advantages are the excellent tracking of the detectors, which is made possible by the clean environment and the negligibly small
amount of pile up. Moreover, the luminosity is considerable and comparable to the HL-LHC,
which enables to study all physics that can be produced via vector boson fusion, such as the Higgs.
To conclude: ep colliders are complementary to pp and bring many new opportunities.
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