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Future ep colliders:
LHeC:   60 GeV x 7 TeV, 𝑠 = 1.35 TeV 
FCCeh:  60 GeV x 50 TeV, 𝑠 = 3.5 TeV

~ 1 ab–1

concurrent running periods with LHC (arXiv:1810.13022)
Energy recovery LINAC 

D. Pellegrini et al., Phys. Rev. ST Accel. Beams 18, 121004

LHeC detector → see  Yuji Yamazaki, #737

BSM Physics limited by cm energy, but
low background 
very low pileup
much improved pdf → see C. Gwenlan, #731
polarized e– beam
→ precision measurements, 
→ new regions of challenging phase space

unexplored by pp colliders

LHeC CDR, 2012: J.Phys.G 39 (2012) 075001, (1206.2913)
new updated version (white paper) just submitted

https://arxiv.org/abs/1810.13022v1
https://journals.aps.org/prab/abstract/10.1103/PhysRevSTAB.18.121004
https://doi.org/10.1088/0954-3899/39/7/075001
https://doi.org/10.1088/0954-3899/39/7/075001
https://doi.org/10.1088/0954-3899/39/7/075001


Outline, selected topics

Leptoquarks
¤ unexplored phase space at pp colliders, high mass at FCC-eh

BSM Higgs
¤ heavy scalar

o neutral scalars, 2HDM-III, FV 𝑏 �̅�, NMSSM

¤ charged Higgs, 
o Georgi-Machacek model
o 𝑒!𝑝 → 𝜈 𝐻"𝑞, 𝐻"→ 𝑐,𝑏, 2HDM, 𝐻" → 𝑠 𝑐, 𝑠 𝑢,  NMSSM

¤ H → Long-lived light particles

¤ !Higgs self-coupling
H→ invisible

→ see U. Klein, #734

¤ top-Higgs interaction → see D. Britzger, #733

SUSY
¤ electroweakinos in compressed scenario, displaced vertex and Long-lived particles 

Heavy fermions
¤ heavy neutrinos
¤ Heavy fermions: excited fermions, Vector-like fermions
¤ colour-octet leptons

Dark photons
Axion-Like Particles
Anomalous Triple Gauge Couplings → see D. Britzger, #733

Quark substructure (quark radius < 10–19 m at LHeC, 100 fb–1)
Lepton-quark compositeness
Charged Lepton-flavour violation (via Z’: ep → t j, µ j) )
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 Long history: 
¤ Pati-Salam model, 

technicolor, 
Grand Unified Theories, 
compositeness models

 B decay anomalies

¤ lepton non-universality?

¤ 𝑆., ( %𝑅/) sensitive to 𝑅0
(∗)

¤ 𝑆4, 𝑅/ sensitive to 𝑅5
(∗)

¤ vector LQ’s

 !𝑅! allows for the possibility of RH neutrinos
(3 generations)

3.8 sigma excess 
with respect to the SM values,

2 sigma excess 

2.5  sigma deficiency 

Leptoquarks
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I. Doršner et al., 1603.04993

A. Angelescu et al., JHEP 10 (2018) 183, (1808.08179) 

S. Mandal, N. Sinha and M. Mitra, Phys.Rev.D 98 (2018) 9, 095004
(arXiv:1807.06455)

https://arxiv.org/abs/1603.04993
https://doi.org/10.1007/JHEP10(2018)183
https://doi.org/10.1103/PhysRevD.98.095004


Leptoquarks: direct s-channel production at ep colliders

 very sensitive to LQ-e-q coupling, up to 2 orders of 
magnitude below e.m. strength 4𝜋𝛼~ 0.3

 ... and to LQ properties, if discovered
¤ fermion number, charge, much more sensitive

than at LHC,  from sign and size of asymmetry
(need both e+ and e−, coupling to 𝑞 or "𝑞)

¤ spin, (scalar of vector) from angular distribution
¤ chiral structure, with polarized beams 𝑒!"𝑝 𝑣𝑠 𝑒#"𝑝

 scalar LQ possible interpretation as R-parity violating 
squark decay

 contact term for high mass
(mass scale of contact interaction ~ 65 TeV at LHeC)
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At pp colliders, scalar LQ pair production (𝑔 → 𝐿𝑄 𝐿𝑄) is independent of LQ-l-q coupling
• upper limits on LQ mass, as a function of BR to charged lepton channel
• less stringent constraints when b is small
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Charged Higgs, Georgi-Machacek model

 Extended Higgs sector, with isospin triplets, 
satisfying custodial symmetry 

è 𝜌 = "$
%

"&
% #$% &$

= 1 at tree level

 Higgs bidoublet and two triplets (one real 
and one complex) arranged as a bitriplet

 physical spectrum includes fiveplet 
𝐻'((, 𝐻'(, 𝐻'), 𝐻'*, 𝐻'** which does not 

couple to fermions 
è only produced by VBS

 parameters:
¤ mass of H5

¤ mixing angle 𝑠6 = sin 𝜃6

Analysis based on Delphes detector
simulation and BDT signal optimization
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G.A., H. Sun and K. Wang, Phys.Rev.D 97 (2018) 11, 116005 (1712.07505)

(see U. Klein, #734, for Higgs physics studies)

https://doi.org/10.1103/PhysRevD.97.116005


Charged Higgs

 𝑒*𝑝 → 𝜈𝐻±±𝑞, 𝐻±± → 𝑊±𝑊± in GM model

¤ LHeC: 2−3s at LHeC for 𝑀6& < 300 GeV and sin 𝜃6 < 0.2
¤ more sensitivity for small sin 𝜃6 at FCC−eh, unpolarized and polarized beams

 𝑒*𝑝 → 𝜈𝐻(𝑞, 𝐻( → 𝑐/𝑏 in 2HDM, type III

¤ flavour-violating decays, with FCNC’s controlled in Yukawa Lagrangian
¤ 3s with 100 fb–1 for mass 100-200 GeV

(at LHC, strong limit on B(t→ H+ b), assuming B(H+ → cb)=1, or B(H+ → cs) =1)

 𝑒*𝑏 → 𝜈𝐻(𝑏, 𝐻± → 𝑠𝑐 + 𝑠𝑢 in NMSSM at FCC-eh

¤ additional singlet S, looking for light charged Higgs
¤ 4.4(2.2)s with 1 ab–1 for mass of 114(121) GeV
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H. Sun, et al., Phys.Rev.D 96 (2017) 9, 095003,  (1710.06284)

J. Hernandez-Sanchez et al., Proceedings, CHARGED2016, (1612.06316) 

A.P. Das et al., arXiv:1806.08361

CMS limit

https://doi.org/10.1103/PhysRevD.96.095003
https://inspirehep.net/literature/1504991
http://arxiv.org/abs/1806.08361


Heavy neutrinos
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(𝑒"𝑝 → 𝑁 + 𝑗; 𝑁 → 𝜇"𝑊; 𝑊 → 2𝑗)

S. Antusch, E. Cazzato and O. Fischer, Int.J.Mod.Phys.A 32 (2017) 14, 1750078 (1612.02728)

 𝑒A𝑝 → ℓA + 3𝑗
¤ LFV final states (Majorana neutrinos): 𝑒'𝑝 → 𝜇' + 3𝑗
¤ in low-scale see-saw models with 2 sterile neutrinos

with weak mixing with SM neutrinos
→ long lifetime

S. Antusch, O. Fischer and A. Hammad, JHEP 03 (2020) 110, (1908.02852)
S. Mondal and S. K. Rai, Phys.Rev.D 94 (2016) 3, 033008 (1605.04508)

o displaced vertex
• BDT analysis
• tracking resolution: 8 µm
• displacement ~ 40 µm

¤ effective Lagrangian parametrization
L. Duarte, G. A. Gonzalez-Sprinberg and O. A. Sampayo, 

Phys.Rev.D 91 (2015) 5, 053007 (1412.1433)

o sizable lepton number violating 
effects for effective couplings 
of order 1

¤ discriminate between scalar and vector effective 
interaction using polarized electrons

L. Duarte, G. Zapata and O. A. Sampayo, 
Eur.Phys.J.C 78 (2018) 5, 352, (1802.07620)

¤ Left-Right Symmetric model: 𝑒'𝑝 → 𝑒( + 3𝑗
M. Lindner, et al., JHEP 06 (2016) 140 (1604.08596)

o depends on charge misID, can cover regions inaccessible in other 
searches

https://doi.org/10.1142/S0217751X17500786
https://doi.org/10.1007/JHEP03(2020)110
https://doi.org/10.1103/PhysRevD.91.053007
https://doi.org/10.1140/epjc/s10052-018-5833-x
https://doi.org/10.1007/JHEP06(2016)140


Electroweakinos in compressed scenarios
 compressed scenario (small ∆𝑚( 78𝜒,

± 𝜒!), 𝜒,))) 
¤ assume ~ degenerate BC𝜒4

± 𝜒/8 (Wino)
¤ difficult to investigate at LHC because of soft decay products and large background

¤ sleptons, %ℓ, could be also NLSP

 study based on BDT
¤ benchmark: ∆𝑚 = 𝑚9ℓ −𝑚;<'

± ,;<)
* = 35 GeV

𝑚;<'
± ,;<)

* −𝑚;<'
* = 1 GeV

C𝜒48 is Bino, C𝜒4
±, C𝜒/8 are Wino

¤ limits on C𝜒 mass, 1 ab–1

o LHeC: ~ 220 GeV, with 5% syst. uncertainty
≳ LHC limit

o FCCeh: ~ 450 GeV, with 5% syst. uncertainty
o HL-LHC: ~ 400 GeV
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G. A., M. D'Onofrio, S. Iwamoto and K. Wang, 
Phys.Rev.D 101 (2020) 9, 095015 (1912.03823)

https://doi.org/10.1103/PhysRevD.101.095015


𝜇

𝑒1𝑝 → *𝑏 → 𝜇𝑞

more SUSY

 Light Higgsinos in compressed spectrum
C. Han et al., Phys.Rev.D 98 (2018) 11, 115003 (1802.03679)

¤ decoupled scenario (heavy slepton)
¤ LHeC: 2s for mass=115 GeV, 1 ab–1

 RPV, resonant production of !𝑏
S. Kuday, Korean Phys.Soc. 64 (2014) 1783, (1304.2124)  

(also R. Zhang et al., with 150 GeV e- beam)

¤ constraints on ;𝐿 ;𝑄>𝐷 couplings 𝜆′,,- , 𝜆′,!- , 𝜆′!-, , 𝜆′!-!
o present bounds: 

𝜆,,-. = 𝜆,!-. < 0.18, 𝜆!-,. = 𝜆!-!. < 0.45(Barbier et al.)

o couplings can be considerably extended with 1 fb–1 for low !𝑏 mass

 prompt decay of low mass gluinos: 50-70 GeV
D. Curtin, K. Deshpande, O. Fischer and J. Zurita, Phys.Rev.D 99 (2019) 5, 055011, (1812.01568) 

¤ RPV or “stealth” SUSY, multiple soft jets è hadronic noise at LHC
¤ 95% exclusion with simple cuts, at LHeC, 1 ab–1, with 1% syst. error

 improved interpretation of LHC mass limit for gluinos, 
given very low pdf uncertainty. (1211.5102)
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https://doi.org/10.1103/PhysRevD.98.115003
https://doi.org/10.3938/jkps.64.0
https://doi.org/10.1103/PhysRevD.99.055011


 long-lived Higgsinos
¤ compressed scenario: small mixing, small mass 

splitting
o long lifetime of chargino/neutralino
o look for displaced vertex 

( C𝜒±→ ⁄𝑒± ⁄𝜇± 𝜋± + C𝜒8)
or large impact parameter 

( C𝜒8→ 1 charged particle)

Long-lived particles
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D. Curtin, K. Deshpande, O. Fischer and J. Zurita, JHEP 07 (2018) 024, (1712.07135)

LLP: predicted in hidden sector models
Very clean enviroment allows for reconstruction of soft  displaced final states

Assume 5-16 µm tracking resolution, 
50-400 MeV single track reconstruction 

excluded at HL_LHC

limits from disappearing track 
searches at HL-LHC

https://doi.org/10.1007/JHEP07(2018)024


 Higgs to LLP: 𝐻 → 𝑋𝑋
¤ light X mixing with h
¤ 𝑋 → 𝑏/𝑏

Long-lived particles
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At FCC-eh:

D. Curtin, K. Deshpande, O. Fischer and J. Zurita, JHEP 07 (2018) 024, (1712.07135)

https://doi.org/10.1007/JHEP07(2018)024


Dark sector

28 juillet 2020 13G. Azuelos - BSM at LHeC/FCC-eh - ICHEP-2020

𝑒1𝛾 → 𝑒1𝑎,
𝑎 → 𝛾𝛾

C-X Yue, M-Z liu and Y-C Guo,  
Phys.Rev.D 100 (2019) 1, 015020 (1904.10657)

exclude 10 GeV – 1(3) TeV 
at LHeC(FCC-eh)

Dark photons
Additional U(1)X, with weak kinematic mixing of U(1)Y

¤ SM photon couples to dark fermions
¤ dark photon couples to electric charge of SM 

fermions
o expect very low mass: decays to e/µ/q pairs
o weak mixing à long lifetime à displaced 

vertex

Figure 8.9: Left: Dominant production diagram of triplet fermion pairs via their gauge interactions.
Right: Prospects of displaced vertex searches from charged fermion triplet ⌃±. The blue and green shaded
regions denote the expected observability of 10 (100) events, dashed lines denote HL-LHC exclusion
sensitivity, and the red line is connected to the light neutrino properties. For details, see text and
Ref. [625].
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Figure 8.10: Feynman diagrams for the dark photon production processes in electron-proton collisions.
Here X denotes the final state hadrons after the scattering process.

An SM-extending U(1)X predicts an additional gauge boson that naturally mixes with the U(1)Y4821

factor of the SM kinetically [627]. This kinetic mixing lets the SM photon couple to fermions that4822

carry the dark charge X, and the other gauge boson to the electric charge. Both interactions4823

are suppressed by the mixing parameter ✏. In most models the additional gauge boson also4824

receives a mass, possibly from spontaneous breaking of the U(1)X , and the corresponding mass4825

eigenstate is called a dark photon. Dark photons typically have masses around the GeV scale4826

and their interactions are QED-like, scaled with the small mixing parameter ✏. It can decay to4827

pairs of leptons, hadrons, or quarks, which can give rise to a displaced vertex signal due to its4828

long lifetime.4829

The prospects for the dark photon searches via their displaced decays in ep collisions are pre-4830

sented in Ref. [628]. The dark photon production process targeted in this search is depicted in4831

Fig. 8.10. The signal is given by the process e
�
p ! e

�
X�

0, where X denotes the final state4832

hadrons, and the dark photon �
0 decays into two charged fermions or mesons.4833

The most relevant performance characteristics of the LHeC are the very good tracking resolution4834

and the very low level of background, which allow the detection of a secondary vertex with a4835

displacement of O(0.1) mm.4836

The resulting sensitivity contours in the mass-mixing parameter space are shown in Fig. 8.11,4837

where the di↵erent colours correspond to di↵erent assumptions on the irreducible background4838

and the solid and dashed lines consider di↵erent signal reconstruction e�ciencies. Also shown4839
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Figure 8.11: Projected sensitivity of dark photon searches at the LHeC via displaced dark photon
decays from Ref. [628]. The sensitivity contour lines are at the 90 % confidence level after a transverse
momentum cut on the final state hadrons of 5 GeV. The blue and red areas denote the assumption of
zero and 100 background events, respectively, the solid and dashed lines correspond to a reconstruction
e�ciency of 100% and 20 %, respectively. See Ref. [628] for details.

for comparison are existing exclusion limits from di↵erent experiments, and the region that is4840

currently investigated by the LHCb collaboration [629].4841

The domain in parameter space tested in electron-proton collisions is complementary to other4842

present and planned experiments. In particular for masses below the di-muon threshold, searches4843

at the LHC are practically impossible. It is remarkable that dark photons in this mass range can4844

be part of a dark sector that explains the observed Dark Matter in the Universe via a freeze-in4845

mechanism, cf. e.g. Ref. [630].4846

8.4.4 Axion-like particles4847

The axion is the Goldstone boson related to a global U(1) symmetry, which is spontaneously4848

broken at the so-called Peccei-Quinn scale, assumed to be around the GUT scale. Its mass,4849

being inversely proportional to the Peccei-Quinn scale, is therefore usually in the sub-eV regime4850

and the axion provides a dynamical solution to the strong CP problem of the standard model.4851

Axions are a very attractive candidate for cold dark matter, despite their tiny mass.4852

Axion-like particles (ALP) are motivated by the original idea of the QCD axion and similarly,4853

they are good dark matter candidates. ALPs are pseudoscalar particles that are usually assumed4854

to be relatively light (i.e. with masses around and below one GeV) and couple to the QCD field4855

strength. In addition, they may have a number of further interactions, for instance they can4856

interact with the other fields of the SM and also mix with the pion. Particularly interesting is4857

the possibility to produce ALPs via vector boson fusion processes.4858

A recent study [631] has evaluated the prospects of detecting ALPs at the LHeC via the process4859

e
�
� ! e

�
a, as shown in the left panel of Fig. 8.12, in a model independent fashion. The4860

investigated signature is the decay a ! ��, which allows to test the e↵ective ALP-photon4861

coupling for ALPs with masses in the range of 10GeV < ma < 3 TeV. It was found that4862

sensitivities can improve current LHC bounds considerably, especially for ALP masses below4863

191

Axion-like particles (ALP)
pseudoscalar particles, (low) mass

motivated by QCD axion, 
possible dark matter mediator to dark sector
pNBG in composite models

→ decay into photons, leptons, hadrons

M. D'Onofrio, O. Fischer and Z. S. Wang, 
Phys.Rev.D 101 (2020) 1, 01502 (1909.02312)

https://doi.org/10.1103/PhysRevD.100.015020
https://doi.org/10.1103/PhysRevD.101.015020


Complementarity of ep colliders for dark sector
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Physics Briefing book, ESU, 1910.11755

Dark scalar mixing with Higgs boson

ALPs coupled to photons
Higgs portal for SI wimp-nucleon coupling

majorana DM

scalar DM
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Conclusion

Thanks to clean environment, low pileup, 
ep colliders offer a rich program of BSM physics, mostly based on 

precision measurements

The LHeC can probe sensitive regions of phase space difficult of 
access at LHC  and complement results from LHC

FCC-eh opens higher energy regime

Thank you



backup
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Vector-like quarks

 VLQ’s predicted in composite-Higgs models
¤ cancel quadratic divergences in Higgs mass (hierarchy problem)
¤ third generation coupling most important
¤ produced in pair at LHC è independent of coupling

 At LHeC/FCC-eh
¤ 𝑒*𝑝 → 𝑇 → 𝑡𝑍 𝜈/; 𝑡 → 𝑊𝑏 → 𝑗𝑗𝑏, 𝑍 → ℓ(ℓ*

Y-J Zhang, L. Han & Y-B Liu, Physics Letters B 768 (2017) 241

¤ 𝑒*𝑝 → 𝑇 → 𝑏𝑊( 𝜈/; 𝑊( → ℓ(�̅�ℓ
L. Han, Y-J Zhang & Y-B Liu, Physics Letters B 771 (2017) 106

¤ 𝑒*𝑝 → 𝑇 → 𝑡ℎ 𝜈/; 𝑡 → 𝑊𝑏 → 𝑗𝑗𝑏, ℎ → 𝑏𝑏 (also 𝑇 → 𝑏𝑊()
Y-B Liu, arXiv:1704.02059
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LHeC: (140 GeV polarized e- beam)
- generation mixing enhances cross section
- with 1/ab, 3s sensitivity to coupling: 

g*~ 0.1 even with no generation mixing

http://dx.doi.org/10.1016/j.physletb.2017.02.051
http://dx.doi.org/10.1016/j.physletb.2017.05.036
http://arxiv.org/abs/1704.02059v1

