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Introduction

2. Supersymmetry
In the search for electroweakinos, one region of parameter space which is not easily accessible
at the LHC is in the so-called compressed scenario, where the NLSP, a chargino, neutralino or
slepton, is close in mass to the LSP. This scenario is difficult to investigate at the LHC because the
decay products are soft and not reconstructed, and the signal is kinematically similar to the SM
background. At 𝑒 𝑝 colliders, the production process is 𝑒 − 𝑝 → 𝑒 − 𝑗 𝜒˜ 𝜒.
˜ A case study [4], based
on BDT signal optimization and fast detector simulation with Delphes, assumes that 𝜒˜ 0 is a Bino
while 𝜒˜ 1± / 𝜒˜ 20 are Wino’s, and that the mass difference between the ℓ˜ and the 𝜒˜ 1± / 𝜒˜ 20 is 35 GeV. This
allows the slepton to be produced on-shell. Assuming nearly degenerate 𝜒˜ 1± , 𝜒˜ 20 and the LSP, 𝜒˜ 10 , a
limit of ∼ 450 GeV on the mass of 𝜒˜ is obtained at FCC-eh with 1 ab−1 , as shown in Fig. 1 (left).
This is comparable, or somewhat higher than what we can hope to obtain at HL-LHC (∼ 400 GeV).
In a decoupled scenario (a heavy slepton), the production cross section is lower and the limit at
LHeC would be ∼ 2𝜎 [5] for a mass of 115 GeV.
High sensitivity of 𝑒 𝑝 colliders has also been shown for other scenarios of supersymmetry: in
R-parity violating (RPV) resonant production of sbottom, 𝑒 − 𝑝 → 𝑏˜ ∗ → 𝜇− 𝑗, for which present
0 , 𝜆0
0
0
bounds 𝜆113
123 < 0.18 and 𝜆 231 , 𝜆 232 < 0.45, considerably improvement by an order of magnitude
can be obtained with just 1 fb−1 at the LHeC for low 𝑏˜ mass [6]. This can also be interpreted as a
scalar LQ production and decay with generation mixing.
Another RPV study searches for prompt decay of low-mass gluinos, a region of parameter
space called "stealth SUSY", for which the signal is composed of multiple soft jets, and which is
therefore difficult to study at 𝑝 𝑝 colliders. A 95% exclusion limit can be obtained at LHeC, with 1
ab−1 and 1% syst. error, for masses in the range 50-70 GeV [7].
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Although limited by their center-of-mass energy, electron-proton colliders present some important characteristics which can be exploited in the search for Beyond-Standard-Model (BSM)
physics: the absence of gluon-exchange, which is omnipresent at 𝑝 𝑝 colliders, implies very low
backgrounds and nearly negligible pile-up; the possibility of polarized electron beams allows for detailed electroweak studies; parton distribution functions (PDF’s) will be dramatically improved [1],
allowing for much reduced theoretical uncertainties in searches for new physics. Given the lack of
discovery, up to now, of BSM physics at high energy scales at 𝑝 𝑝 colliders, it becomes important
to complement the search of new physics by precision measurements and by exploring challenging
regions of parameter space at 𝑒 𝑝 colliders,
A conceptual design report (CDR) on the physics, machine and detector of a next-generation
electron-proton collider was published in 2012 [2], and an updated version has very recently been
released [3]. At the LHeC, a 60 GeV electron beam, produced in an energy-recovery Linac, collides
with the 7 TeV LHC proton beam. The center-of-mass (cm) energy is 1.30 TeV. At the FCC-eh, the
collision is with the 50 TeV proton beam of the FCC-hh accelerator, and the cm energy is 3.5 TeV.
There is a rich program of BSM physics of which a few selected topics are discussed here,
More information on the LHeC/FCC-eh physics, accelerator and detector, can be found in these
proceedings.
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It should be mentioned that, with the much improved PDF’s obtained at LHeC, various LHC
results can be re-interpreted and better mass limits obtained, such as for heavy gluinos [1, 8].
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Figure 1: Left: Significance [4] as a function of the mass of 𝜒˜ 1± and 𝜒˜ 20 for the compressed slepton scenario
at the FCC-eh with unpolarized beams and integrated luminosities of 1 ab−1 and 2.5 ab−1 ; Right: Exclusion
limits on Higgsino masses as a function of their lifetime. Coloured regions denote where 10 or 100 events
with at least one LLP decay are observed. For details, see [9].

3. Long-Lived Particles and Dark Sector
The clean environment and low pileup at 𝑒 𝑝 colliders also allow to search for long-lived
particles (LLP) by looking for displaced vertices [9]. For example, for Higgsinos in compressed
scenarios, small mixing and small mass splitting could imply a long lifetime. By looking for
displaced vertices or a large impact parameter of a single low momentum track, one can be sensitive
to the signal of their decay. It is difficult to predict how well the background can be controlled, but,
assuming 5-16 𝜇m tracking resolution and 50-400 MeV single track reconstruction, and depending
on the number of single or double displaced vertices observed, a very significant improvement on the
reach can be obtained at LHeC or FCC-eh over the limits expected from disappearing track searches
at the HL-LHC, as shown in Fig. 1 (right). The search for LLP’s can also apply to an analysis of
light long-lived scalars with small mixing to the SM Higgs, yielding improved constraints on the
𝐵𝑅(𝐻 → 𝑋 𝑋) [10].
Electron-proton colliders can be used to search for heavy neutrinos, 𝑁, in the process 𝑒 − 𝑝 →
𝑁 − 𝑗; 𝑁 − ℓ − 𝑗 𝑗 [11]. In particular, in low-scale see-saw models with two sterile neutrinos, the mixing
with SM neutrinos is expected to be very weak, leading to a displaced vertex from the decay of the
heavy neutrino. A search [12, 13] for 𝑒 − 𝑝 → 𝜇− + 3 𝑗, based on BDT optimization, assuming a
tracking resolution of 8 𝜇m and a sensitivity of 40 𝜇m for the displacement of the vertex, shows that
the constraint on the mixing angles Θ2𝑒𝜇 and Θ2𝑒𝑒 can be very significantly improved over current
limits (Fig. 2, left). In a general effective Lagrangian model, sizable lepton-violating effects can
be investigated [14] for couplings of O(1). It has also been shown [15] that one could discriminate
between a scalar or vector effective interactions using polarized electrons. Also, in a Left-Right
Symmetric model, a distinctive signature 𝑒 − 𝑝 → 𝑒 + 𝑗, due to the Majorana nature of the neutrino,
can be investigated [16] in regions inaccessible by other searches, assuming good lepton-charge
identification.
Dark photons arise from an additional 𝑈 (1) with weak kinematical mixing with hypercharge.
Weak mixing and low mass imply decay to pairs of electrons, muons or light quarks, with long
3
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lifetime and consequently a displaced vertex. The excluded region of the mixing angle could be
improved, depending on the background and assumed efficiency [17].
Axion-like particles (ALP’s) are pseudoscalar particles which can act as a possible candidate
mediator to the dark sector. Some unexplored parameter space can be covered at 𝑒 𝑝 colliders for
not-so-low mass ALP’s [18].
To set these results in context, in the briefing book of the European Strategy update [19] it is
shown how 𝑒 𝑝 colliders can complement other searches for the dark sector: dark scalar mixing with
the Higgs boson, axion-like particles, limits on spin-independent wimp-nucleon coupling, based on
the Higgs portal model, with majorana or scalar DM.

4. Charged Higgs
As shown in [20], the measurement of the couplings of the SM Higgs can be performed with
remarkable precision at the LHeC and FCC-eh. Here, as an example of an extended BSM Higgs
sector, the Georgi-Machacek (GM) model, with higher isospin multiplets, built to satisfy explicitly
custodial symmetry at tree level, is considered. It contains a bidoublet and two triplets. The
physical states include a quintuplet which does not couple to fermions and which can therefore be
produced only by vector boson fusion. There are two basic parameters: the mass and the coupling.
An analysis [21] of the singly charged component of the Higgs quintuplet, using fast detector
simulation and BDT signal optimization, predicts a 95% sensitivity to coupling, as shown in Fig. 2
(right), to be compared with present limits from LHC (dashed curve). A similar analysis [22] has
been performed for the doubly-charged Higgs of the GM model.
In the context of a 2-Higgs-doublet model (2HDM), type III, the charged Higgs, produced
in the reaction 𝑒 − 𝑝 → 𝜈𝐻 − 𝑞, can decay in a flavor-violating process into quarks. It has been
shown [23] that a 3𝜎 limit can be obtained with 100 fb−1 of integrated luminosity at LHeC, on the
decay 𝐻 − → 𝑐𝑏
¯ for a Higgs mass of 100-200 GeV.
A search for a light charged Higgs of the NMSSM [24], containing an additional singlet 𝑆,
decaying as 𝐻 − → 𝑐𝑠
¯ or 𝑢𝑠
¯ can be constrained with 4.4 𝜎, for a mass of 114 GeV, with 1 ab−1 of
4
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Figure 2: Left: Sensitivity of the LFV lepton-trĳet searches and the displaced vertex searches (at 95 % C.L.)
[12] compared to the current exclusion limits from other colliders; Right: Limit Contours for the case of
singly charged Higgs for FCC-eh and LHeC [21]. An unpolarized beam and a 10% systematic uncertainty
for background yields is assumed.
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integrated luminosity at FCC-eh.

5. Leptoquarks

6. Conclusion
Thanks to clean environment, low pileup, the possibility of precision measurements at 𝑒 𝑝
colliders offers a rich program of BSM physics, of which selected searches have been discussed
here. The LHeC can probe sensitive regions of parameter space difficult of access at LHC and
complement results from the LHC whereas the FCC-eh opens the higher energy regime.
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