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The ep/eA study at the LHC and FCC – new impactful goals for the community

2023 input to ESPPW
S

W
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ep-physics empowering pp/pA/AA-physics (LHC and FCC)
improving the ATLAS, CMS, LHCb and ALICE discovery potential with results from a high-energy DIS physics programme

proton and nuclear structure from EIC and HERA to LHeC and FCC-eh
novel QCD with high-energy DIS physics: what do we discover when breaking protons and nuclear matter in smaller pieces

developing a general-purpose ep/eA detector for LHeC and FCC-eh
critical detector R&D (DRD collaborations), integrate in the FCC framework, one detector for joint ep/pp/eA/pA/AA physics

developing a sustainable LHeC and FCC-eh collider programme
design the interaction region, power and cost, coherent collider parameters & run plan, beam optimization, …

2024 2025

§ typically 2-3 conveners 
per theme

§ annual ep/eA 
workshops (WS)

§ final thematic 
workshop with closing 
reports to inform the 
upcoming Strategy 
process with impactful 
information (TWS)

§ inform the community 
with regular ep/eA
Newsletters

§ everybody is welcome 
to join

general-purpose high-energy physics programme: precision physics and searches
enabling direct discoveries and measurements in EW, Higgs and top physics with high-energy DIS collisions

Coordination Panel: N. Armesto, M. Boonekamp, O. Brüning, D. Britzger, J. D’Hondt (spokesperson), M. D’Onofrio,   
C. Gwenlan, U. Klein, P. Newman, Y. Papaphilippou, C. Schwanenberger, Y. Yamazaki
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Rich e-p physics programme developed in the past decade; highlights include: 
• PDFs, strong coupling constant, low-x measurements (see previous talk)
• W mass, top mass, on other precision measurements in EWK and Top sectors 
• Higgs measurements – very rich programme to determine couplings at <% precision 
• Searches for new physics, including prompt and long-lived new scalars from Higgs, 

SUSY particles, heavy sterile neutrinos, dark photons and more
• High-energy and high-density measurements of heavy ion collisions

Lot done and published, but much more can be done to exploit the e-p opportunity! 
• CDR updated: https://arxiv.org/abs/2007.14491à 300+ pages document, ~300 authors among 

experimentalists and theorists, + documents submitted for the European Strategy of PP 2020 and 
Snowmass 2021

Introduction: eh-eA precision and search programme  

this talk

31/10/2023 ep/eA kick-off

The eh programmes of LHC and FCC are designed to operate synchronously with hh, 
offering the best way to exploit the expensive hadron beams we (will) have (see also WP3)
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• Complementary to HL-LHC W mass precision 
measurement uses dedicated dataset at low <mu> 

LHeC will provide ultimate PDF for additional precision for pp

ep/eA kick-off ATL-PHYS-PUB-2018-026

A simultaneous determination of MW and MZ is displayed in Fig. 3.52 (left). Although the
precision of these two mass parameters is only moderate, a meaningful test of the high-energy
behaviour of electroweak theory is obtained by using GF as additional input: The high precision
of the GF measurement [336] yields a very shallow error ellipse and a precise test of the SM
can be performed with only NC and CC DIS cross sections alone. Such a fit determines and
simultaneously tests the high-energy behaviour of electroweak theory, while using only low-
energy parameters ↵ and GF as input (plus values for masses like Mt and MH needed for loop
corrections).
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Figure 3.52: Simultaneous determination of the top-quark mass Mt and W -boson mass MW from
LHeC-60 or LHeC-50 data (left). Simultaneous determination of the W -boson and Z-boson masses from
LHeC-60 or LHeC-50 data (right).

3.3.4 Further mass determinations

Inclusive DIS data are sensitive to the top-quark mass Mt indirectly through radiative correc-
tions. Mt-dependent terms are dominantly due to corrections from the gauge boson self-energy
corrections. They are contained in the ⇢ and  parameters and in the correction factor �r.
The leading contributions are proportional to M

2
t . This allows for an indirect determination

of the top-quark mass using LHeC inclusive DIS data, and a determination of Mt will yield an
uncertainty of �Mt = 1.8 GeV to 2.2 GeV. Assuming an uncorrelated uncertainty of the DIS
data of 0.25 % the uncertainty of Mt becomes as small as

�Mt = 1.1 to 1.4 GeV (3.41)

for 60 and 50GeV electron beams, respectively. This would represent a very precise indirect
determination of the top-quark mass from purely electroweak corrections and thus being fully
complementary to measurements based on real t-quark production, which often su↵er from
sizeable QCD corrections. The precision achievable in this way will be competitive with indirect
determinations from global EW fits after the HL-LHC [337].

More generally, and to some extent depending on the choice of the renormalisation scheme, the

leading self-energy corrections are proportional to M
2
t

M
2
W

and thus a simultaneous determination

of Mt and MW is desirable. The prospects for a simultaneous determination of Mt and MW

is displayed in Fig. 3.52 (right). It is remarkable that the precision of the LHeC is superior

98

31/10/2023

EWK Precision physics at e-p: highlights 

• MW and MZ will be measurable at unprecedent precision at the LHeC and FCC-eh 
• very relevant, as well as the top mass, for new physics constraints 

Smallest uncertainties (0.5%) 
from a single experiment 
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ep/eA kick-off31/10/2023

EWK Precision physics at e-p: highlights (2) 

• LHeC/FCC-eh will contribute to sin2qeff precision measurements directly and indirectly
• Direct measurements using higher-order loop corrections

• simultaneous fits made with PDFs  
• Indirect: improving precision of HL-LHC studies 

• Use F-B Asymmetry measurements 

from the LEP+SLD combination 12 [338]. It is found that these parameters can be determined
with very high experimental precision.

Assuming the couplings of the electron are given by the SM, the anomalous form factors for
the two quark families can be determined and results are displayed in Fig. 3.54 (right). Since
these measurements represent unique determinations of parameters sensitive to the light-quark
couplings, we can compare only with nowadays measurements of the parameters for heavy-quarks
of the same charge and it is found that the LHeC will provide high-precision determinations of
the ⇢

0
NC and 

0
NC parameters.

A meaningful test of the SM can be performed by determining the e↵ective coupling parameters
as a function of the momentum transfer. In case of 

0
NC, this is equivalent to measuring the

running of the e↵ective weak mixing angle, sin ✓
e↵
W(µ) (see also Sec. 3.3.7). However, DIS is quite

complementary to other measurements since the process is mediated by space-like momentum
transfer, i.e. q

2 = �Q
2

< 0 with q being the boson four-momentum. Prospects for a determi-
nation of ⇢

0
NC or 

0
NC at di↵erent Q

2 values are displayed in Fig. 3.55 and compared to results
obtaind by H1. The value of 

0
NC(µ) can be easily translated to a measurement of sin ✓

e↵
W(µ).
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Figure 3.55: Test of the scale dependence of the anomalous ⇢ and  parameters for two di↵erent LHeC
scenarios. For the case of LHeC-60, i.e. Ee = 60GeV, we assume an uncorrelated uncertainty of 0.25 %.
The uncertainties of the parameter 

0
NC,f can be interpreted as sensitivity to the scale-dependence of the

weak mixing angle, sin ✓
e↵
W(µ).

From Fig. 3.55 one can conclude that this quantity can be determind with a precision of up to
0.1 % and better than 1% over a wide kinematic range of about 25 <

p
Q2 < 700 GeV.

3.3.7 The e↵ective weak mixing angle sin2 ✓e↵,`
W

The leptonic e↵ective weak mixing angle is defined as sin2
✓
e↵,`

W (µ2) = NC,`(µ2)sin2
✓W. Due to

its high sensitivity to loop corrections it represents an ideal quantity for precision tests of the
Standard Model. Its value is scheme dependent and it exhibits a scale dependence. Near the

12Since in the LEP+SLD analysis the values of ⇢NC and NCsin
2
✓W are determined, we compare only the

size of the uncertainties in these figures. Furthermore it shall be noted, that LEP is mainly sensitive to the
parameters of leptons or heavy quarks, while LHeC data is more sensitive to light quarks (u,d,s), and thus the
LHeC measurements are highly complementary.
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8D. Britzger – LHeC/FCC-eh/PERLE Workshop

The weak mixing angle
Weak mixing angle 
● sin²θw in neutral-current vector couplings (only)

sin2θW + PDF  ?t
● Comparison to Z-pole data 
● At future DIS facilities:

Most precise single measurement possible
● Note: need theory to map sin²θW to effective 

leptonic weak mixing angle

Δsin²θ
w
 (FCC-eh)  =  ±0.00011

=  ±0.00010
(exp)

  ±0.00004
(PDF)

 Δsin²θ
w
 (LHeC-50)  =  ±0.00021 

 Δsin²θ
w
 (LHeC-60)  =  ±0.00015

 Δsin²θ
w
 (FCC-eh+LHeC) =  ±0.000086

Precisions: < 1 · 10−5 if PDF 
uncertainties are improved 

already with LHeC
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- Christian Schwanenberger -Top, EWK, Higgs, BSM Physics at LHeC/FCC-he EPIPHANY 2023

Scale Dependence of sin2θW

8

➞ probe large range of scale dependence

FCC-eh

LHeC

arXiv:2203.06237

EWK

This and more in arXiv:2203.06237 
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ep/eA kick-off31/10/2023

Top precision physics at e-p: highlights

• Production dominated by single top processes 
• In addition, photoproduction of top-pairs

• Can do precision measurements and measurements 
of rare processes

20D. Britzger – LHeC/FCC-eh/PERLE Workshop

Top quark production in ep
CC DIS single-top quark production NC (γp) top-quark pair production

LHeC σ~ 1.9pb
FCC-eh σ~15.3pb

LHeC σ ~ 0.05pb
FCC-eh σ ~ 1.14pb

Other channels are:  top-quark pair in DIS (~0.6pb @ FCC-eh), single-top in DIS and γp 
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21D. Britzger – LHeC/FCC-eh/PERLE Workshop

|V
tb

| in charged-current single-top production

Direct measurement of |Vtb|

Cut-based pseudo-analysis in hadronic channel 
incl. backgrounds 
 → Estimated precision on Vtb  below 1% precision
 → Limits on anomalous Wtb couplings: < 0.01

t

b

W

b

W j

j

FCC-eh

|V
ts,td

|<0.04 (@FCC-eh)

Direct measurements of Vtb
Precision below 1%
Limits on anomalous Wtb couplings: < 0.01 
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ep/eA kick-off31/10/2023

New physics in the Top sector at e-p: highlights

• Measurements of rare processes: FCNC
• Excellent complementarities with ee and pp 

colliders, i.e. tàq g/Z

23D. Britzger – LHeC/FCC-eh/PERLE Workshop

Search for anomalous FCNC 
t-quark Xavor changing neutral currents

 → Highly suppressed in SM
● Study tqγ and tqZ effective FCNC
● Expected limits vs. √s and int. luminosity

L ~ 1ab-1 
BR (t qZ)→

BR (t qγ)→

I. Cakir, Yilmaz, Denizli, Senol, Karadeniz, O. Cakir,
Adv. High Energy Phys. 2017, 1572053 (2017)

LHeC FCC-eh

LHeC
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24D. Britzger – LHeC/FCC-eh/PERLE Workshop

Top quark branching fractions
Top quark branching fractions

● Searches for FCNC
● 95% C.L.

Compare future experiments
● FCC-ee
● FCC-hh
● FCC-eh

● LHeC
● HL-LHC (3000 fb-1)
● ILC/CLIC
+ various theory predictions

pp, ep and ee
● LHeC complements HL-LHC in '30s
● FCC ee/hh/eh compete

√√
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- Christian Schwanenberger -Top, EWK, Higgs, BSM Physics at LHeC/FCC-he EPIPHANY 2023

Higgs Analyses

31

CC(e-p): 196 fb (LHeC)

• no pile-up

• clean final state 

• small systematic uncertainties

DELPHES

Higgs

ep/eA kick-off31/10/2023

Higgs precision physics at e-p: highlights

• Production of Higgs boson via Vector-Boson-Scattering, 
considerably large cross section

• Precision measurements of Higgs couplings:
• Profit of clean environment (pile-up free)
• Characterized by low background rates 
• Small systematic uncertainties achievable 

• For b and c (e.g. at the LHeC): 
• Signal strength µ constraints to 0.8% (bb) and 7.4% (cc)

Parameter Unit LHeC HE-LHeC FCC-eh FCC-eh

Ep TeV 7 13.5 20 50
p

s TeV 1.30 1.77 2.2 3.46
�CC (P = �0.8) fb 197 372 516 1038
�NC (P = �0.8) fb 24 48 70 149
�CC (P = 0) fb 110 206 289 577
�NC (P = 0) fb 20 41 64 127
HH in CC fb 0.02 0.07 0.13 0.46

Table 5.1: Total cross sections, in fb, for inclusive Higgs production, MH = 125 GeV, in charged and
neutral current deep inelastic e

�
p scattering for an Ee = 60GeV electron beam and four di↵erent proton

beam energies, Ep, for LHeC, HE-LHeC and two values for FCC-eh. The c.m.s. energy squared in ep is
s = 4EeEp. The last row shows the double-Higgs CC production cross sections in fb. The calculations are
at LO QCD using the CTEQ6L1 PDF [477] and the default scale of MadGraph [478] with dependencies
due to scale choices of 5-10 %.

Channel Fraction No. of events at FCC-eh

Charged Current Neutral Current

bb 0.581 1 208 000 175 000
W

+
W

� 0.215 447 000 64 000
gg 0.082 171 000 25 000
⌧

+
⌧

� 0.063 131 000 20 000
cc 0.029 60 000 9 000
ZZ 0.026 54 000 7 900
�� 0.0023 5 000 700

Z� 0.0015 3 000 450
µ

+
µ

� 0.0002 400 70

� [pb] 1.04 0.15

Table 5.2: Total event rates for SM Higgs decays in the charged (ep ! ⌫HX) and neutral (ep ! eHX)
current production of the Higgs boson in polarised (P = �0.8) electron-proton deep inelastic scattering
at the FCC-eh, for an integrated luminosity of 2 ab�1. The branching fractions are taken from [480]. The
estimates are at LO QCD using the CTEQ6L1 PDF and the default scale of MadGraph, see setup in
Tab. 5.1.

cross sections, including the decay of the Higgs boson into a pair of particles Ai can be written
as

�
i

CC = �CC ·
�i

�H

and �
i

NC = �NC ·
�i

�H

. (5.1)

Here the ratio of the partial to the total Higgs decay width defines the branching ratio, bri,
for each decay into AiĀi. The ep Higgs production cross section and the O(1) ab�1 luminosity
prospects enable to consider the seven most frequent SM Higgs decays, i.e. those into fermions
(bb̄, cc̄, ⌧

+
⌧

�) and into gauge particles (WW, ZZ, gg, ��) with high precision at the LHeC
and its higher energy versions.

In ep one obtains constraints on the Higgs production characteristics from CC and NC scattering,
which probe uniquely either the HWW and the HZZ production, respectively. Event by event
via the selection of the final state lepton which is either an electron (NC DIS) or missing energy
(CC DIS) those production vertices can be uniquely distinguished, in contrast to pp. In e

+
e
�,

at the ILC, one has considered operation at 250 GeV and separately at 500 GeV to optimise
the HZZ versus the HWW sensitive production cross section measurements [481]. For CLIC

143

A large dataset of Higgs events for 
precision measurements (+100k events 
for hàbbbar and +5k for hàccbar)
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ep/eA kick-off31/10/2023

Higgs precision physics at e-p: highlights (2)
• Very promising prospects in most 

channels 
• HL-LHC and LHeC competitive with 

e+e- colliders as well 

• Sensitivity to charm-, W- and 
gluon-couplings could be re-
evaluated with new tools i.e.
developed at ATLAS/CMS (e.g. b/c-
tagging, jet-taggers etc). 

LHeC: 1ab-1,    7 TeV Ep
HE LHeC: 2ab-1,  13 TeV Ep
FCC-eh:    2ab-1, 50 TeV Ep
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Figure 5.19: Electron-jet invariant mass distribution for the Higgs to invisible decay signal (normalized
to 100% branching ratio) and the stacked backgrounds for an integrated luminosity of 1 ab�1 at the
LHeC after all selection cuts.

variable for the signal and background (both area normalised). An optimization on the statistical
significance is found at the BDT score > 0.25, and the resulting mass distribution is shown
in Fig. 5.21. With 1 ab�1 of integrated luminosity, a two � sensitivity of 5.5% is obtained
consistent with the previous results. For a comparison, an estimate of 3.5 % is given for a HL-
LHC sensitivity study on this channel [514]. The result on the LHeC may be further improved
in the future with a refined BDT analysis when one introduces extra parameters, beyond those
initially introduced with the cut based analysis.
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Figure 5.20: BDT output score distribution for
the Higgs to invisible decay signal and the stacked
backgrounds (both area normalized) at the LHeC.
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Figure 5.21: Electron-jet invariant mass distri-
bution for the Higgs to invisible decay signal (nor-
malized to 100% branching ratio) and the stacked
backgrounds for an integrated luminosity of 1 ab�1

at the LHeC after the BDT score cut of 0.25.

In these initial studies no systematic uncertainties were considered. This may be justified with
the very a clean environment of electron-hadron collider, in which precise measurements of W

and Z production will be made, for example in their decays to muons, for accurately controlling

164

Figure 6.2: Sensitivity contours for displaced vertex searches for Higgs decays into long-lived scalar
particles (LLP), which are pair produced from decays of the Higgs boson and decay themselves via scalar
mixing into fully visible final states. Left: As a function of the LLP lifetime for a fixed mass from
Ref. [535]. Right: For a specific model, where lifetime and production rate of the LLP are governed by
the scalar mixing angle. The contours are for 3 events and consider displacements larger than 50µm to
be free of background.

state. A shape analysis on the di↵erential cross sections shows in some cases improvements with
respect to the high-luminosity LHC forecasts.

6.2.5 Exotic Higgs boson decays

The LHeC sensitivity to an invisibly decaying Higgs boson was investigated in Ref. [513]. Therein
the focus is on the neutral current production channel due to the enhanced number of observ-
ables compared to the charged current counterpart. The signal contains one electron, one jet
and large missing energy. A cut-based parton level analysis yields the estimated sensitivity of
Br(h !invisible) = 6 % at 2� level. Exotic decays of the Higgs boson into a pair of light spin-0
particles referred to as � was discussed in Ref. [534]. The studied signature is a final state with
4 b-quarks, which is well motivated in models where the scalars can mix with the Higgs doublet,
and su↵ers from multiple backgrounds at the LHC. The analysis is carried out at the parton
level, where simple selection requirements render the signature nearly free of SM background
and makes � with masses in the range [20, 60] GeV testable for a hV V (V = W, Z) coupling
strength relative to the SM at a few per-mille level and at 95 % confidence level.

The prospects of testing exotic Higgs decays into pairs of light long-lived particles at the LHeC
were studied in Ref. [535] where it was shown that proper lifetimes as small as µm could be
tested, which is significantly better compared to the LHC. This is shown in Fig. 6.2 (left). This
information can be interpreted in a model where the long-lived particles are light scalars that mix
with the Higgs doublet, where both, production and decay, are governed by this scalar mixing
angle. The area in the mass-mixing parameter space that give rise to at least 3 observable
events with a displaced vertex are shown in Fig. 6.1. It is apparent that mixings as small as
sin2

↵ ⇠ 10�7 can be tested at the LHeC for scalar masses between 5 and 15 GeV (Ref. [Fischer
et al., input for ESPP]).

170

• Processes of interests with high potential include: 
• Couplings with potential DM candidates (pp+ep)

• Use electron-jet invariant mass and BDT techniques

• di-higgs and higgs self-coupling:
• Promising studies in the past to be updated!
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3.2. FUTURE PROSPECTS 35

Fig. 3.8: Expected relative precision of the k parameters and 95% CL upper limits on the
branching ratios to invisible and untagged particles for the various colliders. All values are
given in %. For the hadron colliders, a constraint |kV |  1 is applied, and all future colliders are
combined with HL-LHC. For colliders with several proposed energy stages it is also assumed
that data taken in later years are combined with data taken earlier. Figure is from Ref. [39].

hadron colliders uncertainties on the Higgs production cross section are included. For decay
branching ratios only the parametric uncertainties are included while the intrinsic uncertainties
are neglected, see discussion in Ref. [39] and Sect. 3.2.3.

At the HL-LHC the Higgs boson couplings can be determined with an accuracy of O(1�
3%) in most cases, under the assumption |kV |  1. Ratios of couplings are (mostly) model
independent, and an accuracy of O(1�3%) is expected in many cases [23]. Based on analyses
of final states with large Emiss

T , produced in Higgs VBF and V H (V =W and Z) processes, BRinv
values of 1.9% will be probed at 95% CL. The constraint from the k-fit on the BR to untagged
final states is 4.0% at 95% CL. The HE-LHC improves the precision typically by a factor of
two, although much of the improvement comes from the assumption of a further reduction by a
factor of two in the theoretical uncertainty, scheme S20 [23].

Lepton colliders allow a measurement of the ZH total production cross section, indepen-
dently of its decay making use of the collision energy constraint. This measurement, together
with measurements where the decay products of the Higgs boson are identified, can be inter-
preted as a nearly model-independent measurement of the total decay width. Therefore the
constraint |kV |  1, used for hadron colliders, is not needed for lepton colliders.

Future e+e� colliders improve the accuracy on Higgs coupling determination typically
by factors between 2 and 10, except for kt , kg , kµ and kZg where no substantial improvement
compared to HL-LHC is seen. LHeC achieves a significant improvement for kW , kZ and kb. At
e+e� colliders, the couplings to vector bosons will be probed with a few 0.1% accuracy. Higgs
boson couplings to b-quarks can be measured with an accuracy between 0.5% and 1.0%, a factor
of 2 � 4 better than at the HL-LHC. The coupling to the charm quark, not easily accessible at
HL-LHC, is expected to be measured with an accuracy of O(1%). The various e+e� colliders
do not differ significantly in their initial energy stages.

ep/eA kick-off31/10/2023

Higgs precision physics at e-p: highlights (3)
• More generally, the ESPPU studies have shown the potential of the Higgs precision 

measurements at the LHeC and FCC-eh in the searches for new physics 
• Employing Kappa framework (coupling strength modified parameters) to parameterise 

possible deviations from SM couplings 
From the ES Briefing Book: uncertainties on ki

Dividing these expressions by the SM cross section predictions one obtains the variations of the
relative signal strengths, µ

i, for charged and neutral currents and their  dependence

µ
i

CC = 
2
W 

2
i

1P
j


2
j
brj

and µ
i

NC = 
2
Z

2
i

1P
j


2
j
brj

. (7.10)

With seven decay channels considered in CC and NC, one finds that for each of the ep collider
configurations there exist eight constraints on W and Z and two on the other five  parameters.
Using the signal strength uncertainties as listed in Tab. 7.4 fits to all seven channels, in NC and
CC, are performed in a minimisation procedure to determine the resulting uncertainties for
the  parameters. These are done separately for each of the ep collider configurations with
results listed in Tab. 7.5. A naive expectation would have been that � ' �µ/2. Comparing the
results, for example for LHeC (top rows), of the signal strengths (Tab. 7.4) with the  fit results
(Tab. 7.5) one observes that this relation holds approximately for the gg, ⌧⌧, cc̄, �� channels.
However, due to the dominance of H ! bb̄ in the total H width and owing to the presence of the
WWH and ZZH couplings in the initial state, there occurs a reshu✏ing of the precisions in the
joint fit: b is relatively less precise than µbb while both W and Z become more precise than
naively estimated, even when one takes into account that the H ! WW decay in CC measures


4
W

. The seven channel results are displayed in Fig. 7.13.
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Figure 7.13: Summary of uncertainties of Higgs couplings from ep for the seven most abundant decay
channels, for LHeC (gold), FCC-eh at 20 TeV proton energy (brown) and for Ep = 50TeV (blue).

Setup bb̄ WW gg ⌧⌧ cc ZZ ��

LHeC 1.9 0.70 3.5 3.1 3.8 1.2 6.8
HE-LHeC 1.0 0.38 1.8 1.6 1.9 0.6 3.5
FCC-eh 0.60 0.22 1.1 0.93 1.2 0.35 2.1

Table 7.5: Summary of  uncertainty values as obtained from separate fits to the signal strength
uncertainty estimates for the seven most abundant Higgs decay channels, in charged and neutral currents
for the LHeC, the HE-LHeC and the FCC-eh, see text.

In the electroweak theory there is an interesting relation between the ratio of the W and Z
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Very high precision thanks to clean 
environment in luminous region and to 
the combination of CC and NC DIS

Combinations with HL-LHC/pp to be 
further evaluated!

Better quantified: arXiv:2007.14491 
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• ep collider is ideal to study common features of electrons 
and quarks with EW / VBF production, LQ, forward 
objects, long-lived particles. Aims:   
• Explore new and/or challenging scenarios 
• Characterize hints for new physics if some excess or deviations 

from the SM are found at pp colliders 

• Differences and complementarities with pp colliders 
• promising aspects: small background due to absence of QCD 

interaction between e and p, very low pileup 
• difficult aspects: low production rate for NP processes

• Several models target in recent years, but more to be 
considered à further involvement of theory community to 
test their models systematically for e-p (LHeC and FCC-eh)
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latter could decay into a DM pair. As such, precision measurements of the Branching Ratio (BR) of the428
Higgs boson decaying into invisible particles can be turned into exclusion limits on the spin-independent429
WIMP–nucleon scattering cross section. This is illustrated in Figure 7 (right): 90% confidence level limits430
for a simplified model with the Higgs boson decaying to Majorana DM particles are compared to current431
and future DM direct detection experiments. Low-energy e+e� colliders are particularly competitive in432
this scenario thanks to unprecedented precision expected in measuring Higgs couplings, whilst hadron433
colliders remain competitive thanks to the large datasets and high production rates.434
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Fig. 8.15: Summary of 2� sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [447,485]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [486]. For CEPC estimates, without considering systematic uncertainties, see [487]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [488]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [489] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and
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Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

Figure 7. Left: Exclusion reach for axial-vector simplified models at future colliders assuming a DM mass
of MDM = 1 GeV. Right: Results from searches for invisible decays of the Higgs boson, compared to
constraints of current and future direct detection experiments on the spin-independent WIMP–nucleon
scattering cross section (31).

8 FEEBLY INTERACTING PARTICLES

BSM theories extending the SM with a hidden sector populated by feebly interacting particles (or FIPs) are435
gaining significant attention as they can provide, depending on the model’s implementation, an explanation436
for the origin of neutrino masses, matter–antimatter asymmetry in the Universe and cosmological inflation,437
as well as insights into the EWK hierarchy and the strong CP problem. A comprehensive overview of the438
vast program at both current and future collider-based, fixed-target, and beam-dump experiments can be439
found in Refs. (31; 51). In this review, the focus is on the minimal “portal” framework introduced in the440
references above. In these models, the FIPs, which are not charged under the SM gauge groups, interact441
with the SM through portals that can be classified based on the type and dimension of the mediator. The442
most studied cases, listed in Table 8 according to the operator’s spin, are the vector, Higgs, axion, and443
neutrino portals:444
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latter could decay into a DM pair. As such, precision measurements of the Branching Ratio (BR) of the428
Higgs boson decaying into invisible particles can be turned into exclusion limits on the spin-independent429
WIMP–nucleon scattering cross section. This is illustrated in Figure 7 (right): 90% confidence level limits430
for a simplified model with the Higgs boson decaying to Majorana DM particles are compared to current431
and future DM direct detection experiments. Low-energy e+e� colliders are particularly competitive in432
this scenario thanks to unprecedented precision expected in measuring Higgs couplings, whilst hadron433
colliders remain competitive thanks to the large datasets and high production rates.434
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model are taken from [447,485]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [486]. For CEPC estimates, without considering systematic uncertainties, see [487]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [488]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [489] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and
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Figure 7. Left: Exclusion reach for axial-vector simplified models at future colliders assuming a DM mass
of MDM = 1 GeV. Right: Results from searches for invisible decays of the Higgs boson, compared to
constraints of current and future direct detection experiments on the spin-independent WIMP–nucleon
scattering cross section (31).
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as well as insights into the EWK hierarchy and the strong CP problem. A comprehensive overview of the438
vast program at both current and future collider-based, fixed-target, and beam-dump experiments can be439
found in Refs. (31; 51). In this review, the focus is on the minimal “portal” framework introduced in the440
references above. In these models, the FIPs, which are not charged under the SM gauge groups, interact441
with the SM through portals that can be classified based on the type and dimension of the mediator. The442
most studied cases, listed in Table 8 according to the operator’s spin, are the vector, Higgs, axion, and443
neutrino portals:444

Portal Coupling
Vector (Dark Vector, Aµ) � ✏

2 cos ✓W
F 0
µ⌫B

µ⌫

Scalar (Dark Higgs, S) (µS + �HSS2)H†H

Pseudo-scalar (Axion, a) a

fa
Fµ⌫F̃µ⌫ , a

fa
Gi,µ⌫G̃

µ⌫

i
, @µa

fa
 �µ�5 

Fermion (Sterile Neutrino, N ) yNLHN

445

Frontiers 14

In review

p

e�

X

� 0

e�

�

p X

e�

e�

� 0

Figure 1: Feynman diagrams for the dark photon production processes in electron-proton collisions. Here p and X denotes a parton
from the beam proton before and after the scattering process, respectively.

Figure 2: Production cross section for dark photons, via the process e�p ! e��0X, with X denoting a number of hadrons. The
dashed and solid line represents the lower transverse momentum cut on X to be 5 and 10 GeV, respectively.

comparable (larger) cross section and results in larger (smaller) angles for the �0 emission. We expect that
these processes could potentially increase the signal strength. Nonetheless, a quantitative statement requires a
dedicated analysis, which is beyond the scope of this paper.

The signal is given by the process e�p ! e�X�0, where X denotes the final state hadrons, and the dark
photon �0 decays into two charged fermions. This process is shown schematically in Fig. 3. In general in collisions
with low momentum transfer the scattering angles of the electron and X are small compared to the respective
beams. Therefore the electron and proton beams are used to define the backward and forward hemispheres of the
detector, which are optimized for low energy electromagnetic radiation and high energy hadrons, respectively.

Characteristic for the DIS production process of the dark photon are the small scattering angles of the de-
flected electron and parton from the beam interaction, which are, however, still within the geometric acceptance
of the LHeC and FCC-he detectors. The �0 is typically emitted from the electron and has a very small emission
angle. We find in our numerical simulation that the decay products, the fermion pair, carry a low momentum,
and a transverse momentum that is roughly twice the dark photon mass. For m�0 > 10 MeV, the resulting
transverse momentum together with the magnetic field in the detector with B = 3.5 T yields a gyroradius for
electrons that is larger than the radius of the beam pipe (which is asymmetric: on three sides 2.2 cm and 11 cm

Figure 3: Sketch of the signal signature of a displaced dark photon decay. The proton (electron) beam is denoted by the larger
(smaller) arrow from left to right (from right to left). The position of the primary vertex is inferred from the hadronic final state
X and the scattered electron e. From the primary vertex (labeled “PV” ) inside the interaction region the dark photon �0 emerges
and decays after some finite distance into the two charged particles f+ and f�.

4

Covering regions complementary to pp 
and ee / low-energy experiments
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ep/eA kick-off31/10/2023

Searches for new physics at e-p: highlights (4)
• Hidden, dark sectors at e-p: populated by feebly interacting (and long-lived) particles 
• At LHeC and FCC-eh, one can reconstruct displaced vertices and as such be sensitive to 
non-promptly decaying, light new particles

• Benchmarks agreed by the community 

• E.g. heavy sterile neutrinos

Canepa, D’Onofrio New Physics at the Energy Frontier

latter could decay into a DM pair. As such, precision measurements of the Branching Ratio (BR) of the428
Higgs boson decaying into invisible particles can be turned into exclusion limits on the spin-independent429
WIMP–nucleon scattering cross section. This is illustrated in Figure 7 (right): 90% confidence level limits430
for a simplified model with the Higgs boson decaying to Majorana DM particles are compared to current431
and future DM direct detection experiments. Low-energy e+e� colliders are particularly competitive in432
this scenario thanks to unprecedented precision expected in measuring Higgs couplings, whilst hadron433
colliders remain competitive thanks to the large datasets and high production rates.434
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Fig. 8.15: Summary of 2� sensitivity to axial-vector and scalar simplified models at future
colliders for a DM mass of MDM = 1 GeV and for the couplings shown in the figure. References
and details on the estimates included in these plots can be found in the text.

model are taken from [447,485]. For the lepton colliders, the CLIC monophoton estimates were
provided privately by the CLICdp collaboration and all other lepton collider estimates are taken
from [486]. For CEPC estimates, without considering systematic uncertainties, see [487]. It is
clear from these estimates that future colliders can provide sensitive probes of DM, potentially
revealing evidence for invisible particle production, even for very massive mediators.

Searches at high-energy hadron colliders have the best reach for the visible decays of
multi-TeV mediator particles. Going beyond the HL-LHC reach for those same resonances
in the mass region between 10 GeV and 1 TeV is still possible with an increased dataset at
hadron colliders (see Sect. 8.6 and e.g. Ref. [488]), but it is inherently more challenging than
for lepton colliders. It is often the case that signatures of sub-TeV resonances at hadron col-
liders are indistinguishable from those of their high-rate backgrounds, especially considering
the impact of simultaneous pp interactions on searches for hadronically decaying resonances at
high-luminosity hadron colliders. Since it is generally not possible to record all events in their
entirety for further analysis, as doing so would saturate the experiment data-acquisition and
trigger systems, maintaining the sensitivity for sub-TeV resonances at hadron colliders requires
the employment of specific data-taking and analysis techniques [489] (see also Chapter 11).

The discovery of invisible particles at a collider experiment does not imply that those
invisible particles constitute the cosmological dark matter; for that, it would be necessary to
compare collider results to direct and indirect detection experiment, as well as to astrophysical
observations (e.g. the dark matter relic density). The comparison of the sensitivity of experi-
ments at future colliders and direct/indirect detection experiments searching for dark matter for
the models in this section can be found in Chapter 9.

8.6 Feebly-interacting particles
Unknown particles or interactions are needed to explain a number of observed phenomena and
outstanding questions in particle physics, astrophysics and cosmology. While there is a vast
landscape of theoretical models that try to address these puzzles, on the experimental side most
of the efforts have so far concentrated on the search for new particles with sizeable couplings
to SM particles and masses above the EW scale. An alternative possibility, largely unexplored,
is that particles responsible for the still unexplained phenomena are below the EW scale and

9.3. DARK MATTER AND DARK SECTORS AT COLLIDERS 149

1 10 102 310
mχ [GeV]

−5010

−4910

−4810

10−47

−4610

−4510

10−44

σ
(χ

-n
uc

le
on

)[
cm

2 ]
SI

Direct searches, Majorana DM
Higgs Portal model

Collider limits at 95% CL, direct detection limits at 90% CL

XENON1T

PRL 121 (2018) 111302
XENON1T

PandaX

PRL 117 (2016) 121303
PandaX

LUX PRL 118 (2017) 021303
LUX

DarkSide-Argo (proj.)

DarkSide-Argo EPPSU submission

DarkSide-Argo (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)

Higgs PPG, arXiv:1905.03764
HL-LHC, BR<2.6

Higgs PPG, arXiv:1905.03764
HL-LHC+LHeC, BR<2.3

Higgs PPG, arXiv:1905.03764

CEPC, FCC-ee240, ILC250: BR<0.3%

Higgs PPG, arXiv:1905.03764
FCC-ee/eh/hh, BR<0.025

1 10 102 310
mχ [GeV]

−4810

10−47

−4610

−4510

10−44

−4310

10−42

σ
(χ
-n
uc
le
on
)[
cm

2 ]
SI

Direct searches, Scalar DM

XEN
ON1

T

PRL 121 (2018) 111302
XENON1T

Pand
aX

PRL 117 (2016) 121303
PandaX

DarkSide-50
PRL 121 (2018) 081307
DarkSide-50

LUX

PRL 118 (2017) 021303
LUX

DarkSide-Argo (proj.)

DarkSide-Argo EPPSU submission

DarkSide-Argo (proj.)

DARWIN-200 (proj.)

JCAP 11 (2016) 017

DARWIN-200 (proj.)

Higgs PPG, arXiv:1905.03764
HL-LHC: BR<2.6%

Higgs PPG, arXiv:1905.03764
HL-LHC+LHeC: BR<2.3%

Higgs PPG, arXiv:1905.03764

CEPC, FCC-ee240, ILC250: BR<0.3%

Higgs PPG, arXiv:1905.03764
FCC-ee/eh/hh: BR<0.025%

Higgs Portal model

Collider limits at 95% CL, direct detection limits at 90% CL

Fig. 9.3: Comparison of projected limits from future colliders (direct searches for invisible
decays of the Higgs boson) with constraints from current and future direct detection experiments
on the spin-independent WIMP–nucleon scattering cross section for a simplified model with
the Higgs boson decaying to invisible (DM) particles, either Majorana (top) or scalar (bottom).
Collider limits are shown at 95% CL and direct detection limits at 90% CL. Collider searches
and DD experiments exclude the areas above the curves.

Figure 7. Left: Exclusion reach for axial-vector simplified models at future colliders assuming a DM mass
of MDM = 1 GeV. Right: Results from searches for invisible decays of the Higgs boson, compared to
constraints of current and future direct detection experiments on the spin-independent WIMP–nucleon
scattering cross section (31).

8 FEEBLY INTERACTING PARTICLES

BSM theories extending the SM with a hidden sector populated by feebly interacting particles (or FIPs) are435
gaining significant attention as they can provide, depending on the model’s implementation, an explanation436
for the origin of neutrino masses, matter–antimatter asymmetry in the Universe and cosmological inflation,437
as well as insights into the EWK hierarchy and the strong CP problem. A comprehensive overview of the438
vast program at both current and future collider-based, fixed-target, and beam-dump experiments can be439
found in Refs. (31; 51). In this review, the focus is on the minimal “portal” framework introduced in the440
references above. In these models, the FIPs, which are not charged under the SM gauge groups, interact441
with the SM through portals that can be classified based on the type and dimension of the mediator. The442
most studied cases, listed in Table 8 according to the operator’s spin, are the vector, Higgs, axion, and443
neutrino portals:444
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eh-eA precision and search programme – Objectives and Challenges

CDR and dedicated studies have shown that the ep precision and search programme at 
LHeC and FCC-eh can be complementary to that of LHC and FCC: 
• High precision measurements of specific parameters (EWK, top, Higgs) 
• Searches in complementary phase space regions
Concrete objectives beyond the CDR should include studies on (few examples provided): 
• Precision and top measurements: EWK fundamental parameters, Vts couplings 
• Higgs: use modern tools and ID techniques from ATLAS/CMS to (re-)evaluate couplings 

with heavy flavour quarks, W bosons and gluons, top-Higgs couplings, exotics Higgs 
couplings (e.g. invisible decays); must-do: di-higgs and higgs self-coupling re-evaluation!

• BSM: short and medium lifetime for feebly interacting particles from hidden sectors, 
lepton-quark interactions, LFV processes 

Most important challenges to be addressed: engage with the community to systematically 
consider ep in evaluation of sensitivity for NP models, Higgs measurements etc

31/10/2023 ep/eA kick-off
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eh-eA precision and search programme – Methodology and Deliverables

Methodology: 
• Regular meetings (once a month), topical (precision, higgs, BSM) 
• Participation and discussion at main future colliders meetings, eg: 

• FCC-PED, FCC-LLP groups etc (currently mostly focused on ee and bit of pp) 
• Higgs and BSM workshops 

• Promotion of projects for students to perform feasibility studies 
• In this, provide initial settings, central repository with software and MC samples 

Potential collaborators: 
• ATLAS/CMS/LHCb/ALICE as well as Physics beyond collider experiments (could focus on 

complementarities for a start – phase space, lifetime etc. -, but also get inputs on tools that 
can be common – ID of b- and c-jet, tau reconstruction etc)

• Theory community 
Expected deliverables:

• document for European Strategy
• Topical papers (group could help in reviews, journal paper writing etc)

31/10/2023 ep/eA kick-off
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eh-eA precision and search programme – Organisation and Practical aspects

Mailing list: ep-eA-WG2-precision-and-searches@cern.ch
Anyone with a CERN account or a light account can register to this email list (as well as sign out). 
Subscribe/unsubscribe to the list via: https://e-groups.cern.ch/ (use the search option, and search for “ep-eA-WG” in 
all e-groups). 

Expected meetings: once a month, first meeting Jan-Feb 2024 

Indico page:  https://indico.cern.ch/category/17308/

Several opportunities for conference talks on the topics of precision, Higgs and BSM at 
major conferences  

Get in touch: Monica D'Onofrio, Uta Klein, Christian Schwanenberger

31/10/2023 ep/eA kick-off
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