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Future colliders
• Hadron colliders

– High luminosity LHC (HL-LHC);

– High energy LHC (HE-LHC);

– Future Circular Collider for hadrons (FCC-hh);

• Electron-positron colliders

– International Linear Collider (ILC);

– Compact Linear Collider (CLIC);

– Future Circular Collider for electrons and positrons

(FCC-ee);

– Chinese Electron-Positron Collider (CEPC).

• Electron-hadron colliders

– HL-LHeC, HE-LHeC, and FCC-eh.

e� with low Q2
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1. Deep Inelastic 
Scattering and HERA



• In 1955

– Scattering of the electron o↵ proton with Ee = 0.2 GeV

=)
– Finite proton radius of ' 0.74 fm.

• SLAC-MIT experiment in 1968

– Ee = 10 GeV

– Proton structure function F2(x,Q2
) at fixed Bjorken

x as a function of Q2
was measured.

– partons!

• SLAC in 1978

– Polarization asymmetry in e�p scattering

=)
– RH weak isospin charged of the electron is zero.
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HERA (construction from 1984 to 1992)

H1 and ZEUS: two collider experiments in operation 
since 1992 for 15 years.

First electron-proton collider



• A unique lepton proton collider

• Ee = 27.5 GeV, Ep = 920 GeV =) p
s ' 0.3 TeV

• Physics data taking: 1992-2007

• HERA I

– 1992-2000

– unpolarized lepton beams, mainly with e+.

• HERA II

– 2003-2007

– the luminosity was increased

– polarized e± data were taken with about equal amounts in terms of

charge and polarization states.

one of main physics goals: measure structure of the proton to 1/1000 of proton size.

Missing: h1h1, h1h2, h2h2, H
+
H

�
, H

±
h1, H

±
h2

Missing: h1h1, h1h2, h2h2

significance Z

for �34 = 0

MS mono-Z mono-� mono-W

(no-cut) (E�

T
> 10 GeV, |⌘| < 2.5) (no-cut)

60 8.13 13.91 17.88

70 5.60 9.09 12.35

200 0.40 0.43 0.86

MS mono-Z mono-� mono-W mono-WW

(no-cut) (E�

T
> 10 GeV, |⌘| < 2.5) (no-cut) (no-cut)

50 4.34 6.92 120.47 90.66

70 1.56 1.87 77.85 68.23

200 0.10 0.07 9.35 14.81

• One DM particle, h1.
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HERA delivered
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Figure 1: Luminosity delivered by HERA to each of the collider experiments, H1 and ZEUS,
as a function of the number of days of operation. HERA was operated in an initial phase
(HERA I), 1992-2000, with unpolarised lepton beams, mainly with e+. In the upgraded
phase (HERA II), 2003-2007, the luminosity was increased and polarised e± data were taken
with about equal amounts in terms of charge and polarisation states. The operation of
HERA ended with two runs at 450GeV (LER) and 575GeV (MER) proton beam energy, in
2007.

experiment which was surrounded by spin rotators, a pair of dipole magnets flipping the spin from
transverse to longitudinal orientation and back. In the first phase of HERA the collider experiments
were not equipped with spin rotators. Polarisation effects, for unpolarised protons, result only from
weak boson exchange at high Q2 as the interference of Z0-photon exchange in neutral current scattering
occurs at at a size of order 10−4Q2/GeV2. Thus, the spin rotators around H1 and ZEUS were installed
only for the luminosity upgrade phase, HERA II. For HERMES, depolarising effects from the coils of H1
and ZEUS were compensated during HERA I with special magnets near the beam axis. Although the
compensating magnets had to be removed when the focusing magnets were installed for the luminosity
upgrade, HERA still achieved longitudinal e± beam polarisations with luminosity weighted means of
typically 30% and maximum values of up to 40− 50 %.

Eventually both H1 and ZEUS achieved total data collection efficiencies of 70-80% and collected
large e±p data samples corresponding to integrated luminosities of nearly 500 pb−1 each, as is illustrated
in Figure 1. The HERA operations ended with efficient low proton beam energy runs, in which 13 pb−1

at Ep = 460 GeV and 7 pb−1 at an intermediate energy of 575 GeV were collected in only three months.
This would have taken about a year in the old, HERA I, configuration.

Physics at HERA would have profited from further running. Also one would have wished to accel-
erate deuterons at HERA in order to study the structure of the neutron in the new kinematic range, as
was proposed in 2003 [24]. Nevertheless, the 16 years of data taking and analysis so far have already had
a great impact on the understanding of the partonic structure of the proton and on the development of
the theory of strong interaction dynamics. After the final publications, expected in a few years’ time,
the HERA programme will have spanned nearly three decades of exciting physics and experimentation
with the participation of perhaps a thousand experts.
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Main results of HERA
• Structure Functions and Parton Distributions 


• QCD: Measurements of αs in Inclusive DIS 


• Jet Measurements


• Heavy Flavors 


• Electroweak Measurements: CC vs. NC


• New physics Searches: leptoquarks 



Next ep collider design?

• the need for higher energy 


• the need for much higher luminosity 



Next ep collider design?

• the need for higher energy 


• the need for much higher luminosity 

LHeC: the most feasible!



2. LHeC design

2

LHeC and'FCC6he

energy'recovery'LINAC

e– beam:'60'GeV
Lint⟶ 1'ab61

operating'synchronously:
• with'HL8LHC:''''''''''''''''''''''''''''''
p'beam:'7'TeV,'√s'='1.3'TeV

• and/or'later'with'FCC8hh:''''''''''''
p'beam:'50'TeV,'√s=3.5'TeV

C. Gwenlan, High Q2 Physics at the LHeC

see'talk'by'M.'Klein



CERN-OPEN-2012-015
LHeC-Note-2012-002 GEN
Geneva, June 13, 2012

���e

A Large Hadron Electron Collider at CERN

Report on the Physics and Design
Concepts for Machine and Detector

LHeC Study Group

First CDR in 2012



Allowing some options

• Ep = 7 TeV and Ee = 60 � 140 GeV

• design luminosity 10
33
/cm

2
/s

• The electron accelerator?

LHeC either as a ring-ring or as a linac-ring collider.

e
�
with low Q

2
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• Two electron beam accelerator designs

– RR option: a ring mounted on top of the LHC;

– LR option: Energy Recovery Linac in a racetrack con-

figuration;

• LHeC is designed to run simultaneously with pp at the

HL-LHC.

• LR option was favored.

e� with low Q2
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Injector

Arc 1,3,5 (3142m) Arc 2,4,6 (3142m)

Matching/splitter (30m)
IP line Detector

Linac 1 (1008m)
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Figure 4: Schematic view of the default LHeC racetrack configuration. Each linac accelerates the beam to 10GeV,
which leads to a 60GeV electron energy at the interaction point after three passes through the opposite linear structures
of 60 cavity-cryo modules each. The arc radius is about 1 km, mainly determined by the synchrotron radiation loss of
the 60GeV beam which is decelerated for recovering the beam power after having passed the IP. The default tunnel
circumference is 1/3 that of the LHC. The tunnel is designed to be tangential to IP2. Detailed civil engineering
considerations are described in the CDR.

where Ne = 109 is the number of electrons per bunch, Np = 1.7 · 1011 the number of protons per
bunch, f = 1/� = 40MHz the bunch frequency with the bunch distance � = 25ns, ✏p = 3.7µm the
normalized proton transverse beam emittance and �

⇤ = 0.1m the value of the proton beta function
at the IP, assumed to be equal in x and y. The just quoted numbers are taken from the CDR.
They correspond to the nominal LHC proton beam parameters and lead to a peak luminosity of
1033 cm�2s�1. The electron beam current is given as

Ie = eNef =
P

Ee

, (2)

where Ie is given in mA, P is the electron beam power, in MW, and Ee the electron beam energy
in GeV. From the values above one derives that the current to reach 1033 cm�2s�1 under the quoted
conditions is Ie = 6.4mA. This corresponds to 384MW beam power at Ee = 60GeV. Given a
100MW wall-plug power limit for the design this can only be realized in an energy recovery mode.
This implies CW operation which can be realized with SC cavity gradients of about 20MV/m for
two linacs of 1 km length each. The configuration considered in the CDR uses P0 = 24MW linac
grid power, which assumes an ERL e�ciency of ⌘ = 0.94 and P = P0/(1� ⌘). A total of 78MW is
foreseen assuming a cryogenics power consumption of 21MW, which may be reduced with a quality
factor Q0 of the superconducting (SC) cavities exceeding the assumed 2.5 · 1010, and 23MW for the
compensation of synchrotron losses in the return arcs. The quality of the SC cavity and mastering
the ERL technique are critical to the success of the LHeC.

The luminosity may be further enhanced because the proton beam brightness, Np/✏p, is expected
to be larger by a factor of 2.5 than here assumed, the electron current may be doubled based on
an enlarged Q0 value and �

⇤ could be reduced to 5 cm. If all these improvements were realized the
LHeC would be an ep collider with a luminosity of 1034 cm�2s�1 enhancing substantially its Higgs
and BSM physics potential. Small corrections to Eq. 1 as are discussed in the CDR, may be an
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• Default LHeC racetrack configuration.  
• Each linac accelerates the beam to 10 GeV.  
• After 3 passes, we have 60 GeV electron energy. 

Electron accelerator
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Figure 1: An rz cross section of the LHeC detector in its baseline design with the solenoid and dipole magnets
placed between the electromagnetic and the hadronic calorimeters. The interaction point is surrounded by a central
tracker system, complemented by large forward and backward tracker telescopes, and followed by sets of calorimeters,
see text. The detector dimensions are ⇡ 13.6m longitudinally to the beam and ⇡ 9.3m in diameter, which may be
compared with the CMS dimensions of 21⇥ 15m2.

is �/E = 8.5/
q
E/GeV � 0.3%. The hadronic energy resolution, from a first combined LAr and

scintillator tile calorimeter simulation is �/E = 32/
q
E/GeV � 8.6%.

The CDR [5] also contains designs for forward and backward tagging devices for di↵ractive and
neutron physics and for photo-production and luminosity measurements, respectively. The radiation
level at the LHeC is much lower than in pp, and the ep cross section is low enough for the experiment
not to su↵er from any pile-up, which are the two most demanding constraints for the ATLAS and
CMS detectors and their upgrades for the HL-LHC. The choice of components for the LHeC detector
can rely on the experience obtained at HERA, at the LHC, including its detector upgrades currently
being developed, and also on detector development studies for the ILC. The detector development,
while requiring prototyping, may therefore proceed without an extended R&D program.

The time schedule of the LHeC project is given by the LHC and its upgrade project, which
demand a detector to be ready within about 10 � 12 years. A first installation study was made
considering pre-mounting the detector at the surface, lowering and installing it at IP2. The detector
is small enough to fit into the L3 magnet structure of 11.2m diameter, which is still resident in IP2
and would be available as mechanical support. Based on the design, as detailed in the CDR, it is
estimated that the whole installation can be done in 30months, which appears to be compliant with
the operations currently foreseen in the LS3 shutdown in the early twenties.

3

Asymmetric detector!

We can distinguish forward from backward
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hourglass reduction factor of 0.9, a luminosity enlargement for e
�
p from pinch e↵ects of 1.35, and

perhaps a reduction to 2/3 if a clearing gap was introduced for fast ion stability. Table 4.2 presents
LHeC parameters, including, in parentheses, values for the increased luminosity version.

parameter [unit] LHeC
species e

�
p, 208Pb82+

beam energy (/nucleon) [GeV] 60 7000, 2760
bunch spacing [ns] 25, 100 25, 100
bunch intensity (nucleon) [1010] 0.1 (0.2), 0.4 17 (22), 2.5
beam current [mA] 6.4 (12.8) 860 (1110), 6
rms bunch length [mm] 0.6 75.5
polarization [%] 90 none, none
normalized rms emittance [µm] 50 3.75 (2.0), 1.5
geometric rms emittance [nm] 0.43 0.50 (0.31)
IP beta function �

⇤
x,y

[m] 0.12 (0.032) 0.1 (0.05)
IP spot size [µm] 7.2 (3.7) 7.2 (3.7)
synchrotron tune Qs — 1.9⇥ 10�3

hadron beam-beam parameter 0.0001 (0.0002)
lepton disruption parameter D 6 (30)
crossing angle 0 (detector-integrated dipole)
hourglass reduction factor Hhg 0.91 (0.67)
pinch enhancement factor HD 1.35
CM energy [TeV] 1300, 810
luminosity / nucleon [1033 cm�2s�1] 1 (10), 0.2

Table 1: LHeC ep and eA collider parameters. The numbers give the default CDR values, with optimum values for
maximum ep luminosity in parentheses and values for the ePb configuration separated by a comma.

4.3 Components and frequency choice

In the CDR [5], designs of the magnets, RF, cryogenic and further components have been considered
in quite some detail. Main parameters for both the RR and the LR configurations are summarized
in Tab. 4.3. The total number of magnets (dipoles and quadrupoles excluding the few special IR
magnets) and cavities is 4160 for the ring and 5978 for the linac case. The majority are the 3080 (3504)
normal conducting dipole magnets of 5.4 (4)m length for the ring (linac return arcs), for which short
model prototypes have been successfully built, testing di↵erent magnet concepts at BINP Novosibirsk
and at CERN as is described in the CDR. The number of high quality cavities for the two linacs
is 960, possibly grouped in 120 cavity-cryo modules. This is an order of magnitude less than is
required for the ILC. For the RF frequency values significantly below 1GHz are suggested by beam
dynamics studies, RF power considerations with NbTi grain and operating temperature e↵ects and
synchrotron loss compensation systems. The specific value has to be a multiple of the LHC bunch
frequency and was recently chosen to be 802MHz for genuine synergy with the HL-LHC higher
harmonic RF system. The cryogenics system for the linac critically depends on the cooling power
per cavity, which for the draft design is assumed to be 32W at a temperature of 2K. This leads
to a cryogenics system with a total electric grid power of 21MW. The development of a cavity-cryo
module for the LHeC is directed to achieve a high Q0 value and to reduce the dissipated heat per
cavity, which will reduce the dimension of the cryogenics system.

10

2012 CDR



CERN-ACC-Note-2020-0002
Geneva, July 28, 2020

���e

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. G

2020 CDR



Cost saving



Figure 2.1: Cost estimate for the civil engineering work for the tunnel, rf galleries and shafts for the
LHeC at 1/5 of the LHC circumference (left), at 1/3 (middle) and the FCC-eh (right). The unit costs
and percentages are consistent with FCC and CLIC unit prices. The estimate is considered reliable to
30 %. The cost estimates include: Site investigations: 2 %, Preliminary design, tender documents and
project changes: 12 % and the Contractors profit: 3 %. Surface site work is not included, which for LHeC
exists with IP2.

Parameter Unit LHeC option

1/3 LHC 1/4 LHC 1/5 LHC 1/6 LHC

Circumference m 9000 6750 5332 4500
Arc radius m · 2⇡ 1058 737 536 427
Linac length m · 2 1025 909 829 758
Spreader and recombiner length m · 4 76 76 76 76
Electron energy GeV 61.1 54.2 49.1 45.2

Table 2.2: Scaling of the electron beam energy, linac and further accelerator element dimensions with
the choice of the total circumference in units 1/n of the LHC circumference. For comparison, the CERN
SPS has a circumference of 6.9 km, only somewhat larger than 1/4 of that of the LHC.

2.4 Luminosity

The luminosity L for the LHeC in its linac-ring configuration is determined as

L =
NeNpnpfrev�p

4⇡✏p�
⇤ ·

3Y

i=1

Hi, (2.1)

where Ne(p) is the number of electrons (protons) per bunch, np the number of proton bunches
in the LHC, frev the revolution frequency in the LHC [the bunch spacing in a batch is given
by �, equal to 25 ns for protons in the LHC] and �p the relativistic factor Ep/Mp of the proton
beam. Further, ✏p denotes the normalised proton transverse beam emittance and �

⇤ the proton
beta function at the IP, assumed to be equal in x and y. The luminosity is moderated by the
hourglass factor, H1 = Hgeo ' 0.9, the pinch or beam-beam correction factor, H2 = Hb�b ' 1.3,
and the filling factor H3 = Hcoll ' 0.8, should an ion clearing gap in the electron beam be
required. This justifies taking the product of these factors. As the product is close to unity, the
factors are not listed for simplicity in the subsequent tables.
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Figure 2.2: Schematic view of the three-turn LHeC configuration with two oppositely positioned electron
linacs and three arcs housed in the same tunnel. Two configurations are shown: Outer: Default Ee =
60 GeV with linacs of about 1 km length and 1 km arc radius leading to an ERL circumference of about
9 km, or 1/3 of the LHC length. Inner: Sketch for Ee = 50 GeV with linacs of about 0.8 km length and
0.55 km arc radius leading to an ERL circumference of 5.4 km, or 1/5 of the LHC length, which is smaller
than the size of the SPS. The 1/5 circumference configuration is flexible: it entails the possibility to
stage the project as funds of physics dictate by using only partially equipped linacs, and it also permits
upgrading to somewhat higher energies if one admits increased synchrotron power losses and operates at
higher gradients.

The electron beam current is given as

Ie = eNef , (2.2)

where f is the bunch frequency 1/�. The current for the LHeC is limited by the charge delivery
of the source. In the new default design we have Ie = 20mA which results from a charge of
500 pC for the bunch frequency of 40 MHz. It is one of the tasks of the PERLE facility to
investigate the stability of the 3-turn ERL configuration in view of the challenge for each cavity
to hold the sixfold current due to the simultaneous acceleration and deceleration of bunches at
three di↵erent beam energies each.

2.4.1 Electron-Proton Collisions

The design parameters of the luminosity were recently provided in a note describing the FCC-eh
configuration [35], including the LHeC. Tab. 2.3 represents an update comprising in addition
the initial 30GeV configuration and the lower energy version of the FCC-hh based on the LHC
magnets2. For the LHeC, as noted above, we assume Ee = 50GeV while for FCC-eh we retain
60 GeV. Since the source limits the electron current, the peak luminosity may be taken not to

2 The low energy FCC-pp collider, as of today, uses a 6T LHC magnet in a 100 km tunnel. If, sometime in
the coming decades, high field magnets become available based on HTS technology, then a 20TeV proton beam
energy may even be achievable in the LHC tunnel. To this extent the low energy FCC considered here and an
HTS based HE-LHC would be comparable options in terms of their energy reach.
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depend on Ee. Studies of the interaction region design, presented in this paper, show that one
may be confident of reaching a �

⇤ of 10 cm but it will be a challenge to reach even smaller values.
Similarly, it will be quite a challenge to operate with a current much beyond 20 mA. That has
nevertheless been considered [36] for a possible dedicated LHeC operation mode for a few years
following the pp operation program.

Parameter Unit LHeC FCC-eh

CDR Run 5 Run 6 Dedicated Ep=20 TeV Ep=50 TeV

Ee GeV 60 30 50 50 60 60
Np 1011 1.7 2.2 2.2 2.2 1 1
✏p µm 3.7 2.5 2.5 2.5 2.2 2.2
Ie mA 6.4 15 20 50 20 20
Ne 109 1 2.3 3.1 7.8 3.1 3.1
�

⇤ cm 10 10 7 7 12 15
Luminosity 1033 cm�2s�1 1 5 9 23 8 15

Table 2.3: Summary of luminosity parameter values for the LHeC and FCC-eh. Left: CDR from 2012;
Middle: LHeC in three stages, an initial run, possibly during Run 5 of the LHC, the 50 GeV operation
during Run 6, both concurrently with the LHC, and a final, dedicated, stand-alone ep phase; Right:
FCC-eh with a 20 and a 50 TeV proton beam, in synchronous operation.

The peak luminosity values exceed those at HERA by 2–3 orders of magnitude. The operation
of HERA in its first, extended running period, 1992-2000, provided an integrated luminosity
of about 0.1 fb�1 for the collider experiments H1 and ZEUS. This may now be expected to be
taken in a day of initial LHeC operation.

2.4.2 Electron-Ion Collisions

The design parameters and luminosity were also provided recently [35] for collisions of electrons
and lead nuclei (fully stripped 208Pb82+ ions). Tab. 2.4 is an update of the numbers presented
there for consistency with the Run 6 LHeC configuration in Tab. 2.3 and with the addition
of parameters corresponding to the Ep = 20TeV FCC-hh configuration. Further discussion of
this operating mode and motivations for the parameter choices in this table are provided in
Section 10.3.

One can expect the average luminosity during fills to be about 50% of the peak in Tab. 2.4
and we assume an overall operational e�ciency of 50%. Then, a year of eA operation, possibly
composed by combining shorter periods of operation, would have the potential to provide an
integrated data set of about 5 (25) fb�1 for the LHeC (FCC-eh), respectively. This exceeds
the HERA electron-proton luminosity value by about tenfold for the LHeC and much more at
FCC-eh while the fixed target nuclear DIS experiment kinematics is extended by 3–4 orders of
magnitude. These energy frontier electron-ion configurations therefore have the unique potential
to radically modify our present view of nuclear structure and parton dynamics. This is discussed
in Chapter 4.
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3. Advantages of the LHeC 
over the LHC: 

no gluon-gluon fusion



3-1. Small signal  
but much smaller 

backgrounds

3. Advantages of the LHeC over the LHC



Very large production cross sections at the LHC
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LHeC: only through VBF

can be performed uniquely due to the important contributions of valence quarks in the initial
state. Also scale dependent measurements of weak interactions can be performed over a large
range in

p
Q2, which provides an interesting portal to BSM physics. The W boson mass can be

determined with very small experimental uncertainties, such that theoretical uncertainties are
expected to become more important than experimental uncertainties. While the parameters of
the PDFs are determined together with the EW parameters in the present study, it is found
that the PDFs do not induce a limitation of the uncertainties. Considering the dominating
top-quark mass dependence of higher-order electroweak e↵ects, one can realise that the LHeC
will be competitive with the global electroweak fit after the HL-LHC era [185,435].

Besides proving its own remarkable prospect on high-precision electroweak physics, the LHeC
will further significantly improve the electroweak measurements in pp collisions at the LHC by
reducing the presently sizeable influence of PDF and ↵s uncertainties. This is discussed in Sec. 9.

5.2 Direct W and Z Production and Anomalous Triple Gauge
Couplings

5.2.1 Direct W and Z Production

The direct production of single W and Z bosons as a crucial signal represents an important
channel for EW precision measurements. The production of W bosons has been measured atp

s ' 320 GeV at HERA [447–449]. With the full e
±
p data set collected by the H1 and ZEUS

experiments together, corresponding to an integrated luminosity of about L ⇠ 1 fb�1, a few
dozens of W boson event candidates have been identified in the e, µ or ⌧ decay channel.

Detailed studies of direct W/Z production in ep collisions at higher centre-of-mass energies have
been presented in the past, see Refs. [450–452]. These theoretical studies were performed for
a proton beam energy of Ep = 8 TeV and electron beam energies of Ee = 55 GeV or 100GeV,
which correspond to a very similar centre-of-mass energy as the LHeC. Measurements at the
LHeC will benefit considerably from the large integrated luminosity, in comparison to earlier
projections.

The W or Z direct production in e
�
p collisions can be classified into five processes

e
�
p ! e

�
W

+
j, e

�
p ! e

�
W

�
j,

e
�
p ! ⌫

�
e W

�
j, e

�
p ! ⌫

�
e Zj (5.12)

and

e
�
p ! e

�
Zj, (5.13)

where j denotes the hadronic the final state (i.e. the forward jet). According to the above
classification, the four processes in Eq. (5.12) can be used to study Tripe Gauge Couplings
(TGCs), e.g. WW� and WWZ couplings, since some contributing diagrams represent Vector
Boson Fusion (VBF) processes. The process shown in Eq. (5.13) does not contain any TGC
vertex. The processes for positron-proton collisions can be easily derived from Eqs. (5.12)
and (5.13), but are not discussed further here due to the small integrated luminosity of the
LHeC e

+
p data.

The MadGraph5 v2.4.2 program [367] is employed for matrix element calculation and event gen-
eration and the PDF NNPDF23 nlo as 0119 qed [453] is used. Technical cuts on the transverse
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momentum of the outgoing scattered lepton, p
`

T
, of 10 GeV or alternatively 5 GeV, are imposed

and other basic cuts are p
j

T
> 20 GeV, |⌘e,j | < 5 and �Rej < 0.4. The resulting Standard Model

total cross sections of the above processes are listed in Tab. 5.3.

Process Ee = 50GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV
p

e

T
> 10 GeV p

e

T
> 10 GeV p

e

T
> 5 GeV

e
�

W
+
j 1.00 pb 1.18 pb 1.60 pb

e
�

W
�

j 0.930 pb 1.11 pb 1.41 pb
⌫

�
e

W
�

j 0.796 pb 0.956 pb 0.956 pb
⌫

�
e

Zj 0.412 pb 0.502 pb 0.502 pb
e
�

Zj 0.177 pb 0.204 pb 0.242 pb

Table 5.3: The SM predictions of direct W and Z production cross sections in e
�

p collisions for di↵erent
collider beam energy options, Ee, and final state forward electron transverse momentum cut, p

e

T
. Two

di↵erent electron beam energy options are considered, Ee = 50GeV and 60 GeV.

The process with the largest production cross section in e
�
p scattering is the single W

+ boson
production. This will be the optimal channel of both the SM measurement and new physics
probes in the EW sector. Also, this channel is experimentally preferred since the W

+ is produced
in NC scattering, so the beam electron is measured in the detector, and the W -boson has opposite
charge to the beam lepton and thus in a leptonic decay an opposite charge lepton and missing
transverse momentum is observed. Altogether, it is expected that a few million of direct W -
boson events are measured at LHeC.

Several 105 direct Z events are measured, which corresponds approximately to the size of the
event sample of the SLD experiment [436], but at the LHeC these Z bosons are predominantly
produced in VBF events.

All these total cross sections increase significantly with smaller transverse momentum of the
outgoing scattered lepton. Therefore it will become important to decrease that threshold with
dedicated electron taggers, see Chapter 12.

5.2.2 Anomalous Triple Gauge Couplings

The measurement of gauge boson production processes provides a precise measurement of the
triple gauge boson vertex. The measurement is sensitive to new physics contributions in anoma-
lous Tripe Gauge Couplings (aTGC). The LHeC has advantages of a higher centre-of-mass
energy and easier kinematic analysis in the measurement of aTGCs.

In the e↵ective field theory language, aTGCs in the Lagrangian are generally parameterised as

LTGC/gWWV = ig1,V (W+
µ⌫W

�
µ V⌫ �W

�
µ⌫W

+
µ V⌫) + iV W

+
µ W

�
⌫ Vµ⌫ +

i�V

M
2
W

W
+
µ⌫W

�
⌫⇢V⇢µ

+g
V

5 ✏µ⌫⇢�(W+
µ

 !
@ ⇢W

�
⌫ )V� � g

V

4 W
+
µ W

�
⌫ (@µV⌫ + @⌫Vµ)

+i̃V W
+
µ W

�
⌫ Ṽµ⌫ +

i�̃V

M
2
W

W
+
�µ

W
�
µ⌫ Ṽ⌫�, (5.14)

where V = �, Z. The gauge couplings gWW� = �e, gWWZ = �e cot ✓W and the weak mixing

angle ✓W are from the SM. Ṽµ⌫ and A
 !
@ µB are defined as Ṽµ⌫ = 1

2✏µ⌫⇢�V⇢�, A
 !
@ µB = A(@µB)�

(@µA)B, respectively. There are five aTGCs (g1,Z , V , and �V ) conserving the C and CP
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Single top production at ep colliders

Figure 5.11: The 95% C.L. exclusion limit on the ��-�� plane. The purple dashed contour is the
projected LHeC exclusion limit with 1 ab�1 integrated luminosity [459]. The blue, green and red contours
are current bounds from LHC [462,463] and LEP [464].

of ��ej at parton-level and assuming an electron beam energy of Ee = 60GeV. When comparing
with the current LHC (blue and green) and LEP (red) bounds, the LHeC has the potential
to significantly improve the constraints, in particular on the �� parameter. The polarised
electron beam is found to improve the aTGC measurement [458, 461]. In consideration of the
realistic analysis at detector level, one expects 2-3 ab�1 integrated luminosity to achieve same
results [459].

One uncertainty in the aTGC measurement at the (HL-)LHC comes from the PDF uncertainty.
Future LHeC PDF measurement will improve the precision of aTGC measurement in the x '
O(10�2) region.

5.3 Top Quark Physics

SM top quark production at a future ep collider is dominated by single top quark production,
mainly via CC DIS production. An example graph is shown in Fig. 5.12 (left). The total cross
section is 1.89 pb at the LHeC [465] and with an electron beam energy of 60GeV, and an LHC
proton beam of 7 TeV, leading to a centre-of-mass energy of 1.3 TeV, respectively. The other
important top quark production mode is tt̄ photoproduction with a total cross section of 0.05 pb
at the LHeC [466]. An example graph is shown in Fig. 5.12 (right). This makes a future LHeC a
top quark factory and an ideal tool to study top quarks with a high precision, and to analyse in
particular their electroweak interaction. Selected highlights in top quark physics are summarised
here.

5.3.1 Wtq Couplings

The top quark couplings with gauge bosons can be modified significantly in models with new
top (or third generation) partners, such as in some extensions of the minimal supersymmetric
standard model, in little Higgs models, top-color models, top seesaw, top compositeness, and
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top quark pair production at ep colliders

Figure 5.12: Example graphs for CC DIS top quark production (left) and top quark photoproduction
(right).

others. Testing them is therefore of utmost importance to find out whether there are other
sources of electroweak symmetry breaking that are di↵erent from the standard Higgs mechanism.

One flagship measurement is the direct measurement of the CKM matrix element |Vtb|, i.e.
without making any model assumptions such as on the unitarity of the CKM matrix or the
number of quark generations. An elaborate analysis of the single top quark CC DIS process
at the LHeC including a detailed detector simulation using the DELPHES package [467] shows
that already at 100 fb�1 of integrated luminosity an uncertainty of 1% can be expected. This
compares to a total uncertainty of 4.1 % of the currently most accurate result at the LHC Run-I
performed by the CMS experiment [468].

The same analysis [465] can also be used to search for anomalous left- and right-handed Wtb

vector (fL

1 , f
R

1 ) and tensor (fL

2 , f
R

2 ) couplings analyzing the following e↵ective Lagrangian:

LWtb = � gp
2
b̄�

µ
Vtb(f

L

1 PL � f
R

1 PR)tW�
µ � gp

2
b̄
i�

µ⌫
q⌫

MW

(fL

2 PL � f
R

2 PR)tW�
µ + h.c. (5.15)

In the SM f
L

1 = 1 and f
R

1 = f
L

2 = f
R

2 = 0. The e↵ect of anomalous Wtb couplings is consistently
evaluated in the production and the decay of the antitop quark, cf. Fig. 5.12 (left).5 Using
hadronic top quark decays only, the expected accuracies in a measurement of these couplings as
a function of the integrated luminosity are presented in Fig. 5.13, derived from expected 95%
C.L. limits on the cross section yields. The couplings can be measured with accuracies of 1 %
for the SM f

L

1 coupling determining |Vtb| (as discussed above) and of 4 % for f
L

2 , 9 % for f
R

2 ,
and 14% for f

R

1 at 1 ab�1.

Similarly, the CKM matrix elements |Vtx| (x = d, s) can be extracted using a parameterisation of
deviations from their SM values with very high precision through W boson and bottom (light)
quark associated production channels, where the W boson and b-jet (light jet j = d, s) final
states can be produced via s-channel single top quark decay or t-channel top quark exchange as
outlined in [470]. As an example, analysing the processes

Signal 1: pe
� ! ⌫et̄ ! ⌫eW

�
b̄ ! ⌫e`

�
⌫`b̄

Signal 2: pe
� ! ⌫eW

�
b ! ⌫e`

�
⌫`b

Signal 3: pe
� ! ⌫et̄ ! ⌫eW

�
j ! ⌫e`

�
⌫`j

5Further studies of the top quark charged current coupling can be found in [469]There, a more general frame-
work is employed using the full basis of SU(2)L ⇥ U(1) operators, including the relevant four-fermion ones.
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Sensitive to the FCNC in top quark decays 

Figure 5.19: Summary of 95% C.L. limits on top quark branching fractions in searches for FCNC in
top quark production or decays. The LHeC results (black lines) are compared to current LHC limits
(blue and red dots), to HL-LHC predictions with 3000 fb�1 at

p
s = 14TeV [185] (magenta lines), and

to predictions from a future ILC collider with 500 fb�1 at
p

s = 250GeV [481, 482] (green lines). The
results are also compared to various theory predictions (hached areas).

the properties of the heaviest elementary particle known to date, and of the top quark sector in
general.
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [30]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [31]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [32–34], while the exclusive calculation is available at NNLO [35]. The pertur-
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Figure 1.9: Variation of the NLO K-factor with the trilinear coupling for
p

s = 14 TeV [70].

Figure 1.10: Higgs boson pair invariant mass distributions at 14 TeV for (left) positive small values
of ∑∏ and (right) larger or negative values of ∑∏ [70].

In Figs. 1.10 and 1.11 we show the mH H distribution for various values of ∑∏. The results in
Fig. 1.11 are distributions normalised to the total cross section for the corresponding value of ∑∏.
The ratio plots show the ratio to the Standard Model result. A characteristic dip develops in the mH H

distribution around ∑∏ = 2.4, which is the value of maximal destructive interference between dia-
grams containing the trilinear coupling (triangle-type contributions) and “background" diagrams
(box-type contributions). We provide results for a denser spacing of ∑∏ values around this point.
For ∑∏ < °1 and ∑∏ > 5 the triangle-type contributions dominate increasingly, leading to a shape
where the low-mH H region is more and more enhanced. In the transverse momentum distribution
of one (any) of the Higgs bosons, shown in Fig. 1.12, effects of the destructive interference around
∑∏ = 2.4 are also visible, however they are less pronounced.

Fig. 1.13 shows the Higgs boson pair invariant mass distribution at NLO as a function of ∑∏ as a
3-dimensional heat map, where the dip in the mH H distribution for ∑∏ values close to 2.4 is again
visible.

To summarise, we have presented in this section full NLO QCD results for Higgs boson pair
production for various values of the trilinear Higgs boson coupling. We have provided total cross
sections for 13, 14 and 27 TeV, and differential results at 14 TeV, including scale uncertainties. The
matrix elements have been implemented in the POWHEG-BOX-V2 Monte Carlo framework and the
corresponding generator is publicly available.

A combination of the NLO result with full top quark mass dependence presented in this section
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [30]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [31]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [32–34], while the exclusive calculation is available at NNLO [35]. The pertur-
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Figure 1.9: Variation of the NLO K-factor with the trilinear coupling for
p

s = 14 TeV [70].

Figure 1.10: Higgs boson pair invariant mass distributions at 14 TeV for (left) positive small values
of ∑∏ and (right) larger or negative values of ∑∏ [70].

In Figs. 1.10 and 1.11 we show the mH H distribution for various values of ∑∏. The results in
Fig. 1.11 are distributions normalised to the total cross section for the corresponding value of ∑∏.
The ratio plots show the ratio to the Standard Model result. A characteristic dip develops in the mH H

distribution around ∑∏ = 2.4, which is the value of maximal destructive interference between dia-
grams containing the trilinear coupling (triangle-type contributions) and “background" diagrams
(box-type contributions). We provide results for a denser spacing of ∑∏ values around this point.
For ∑∏ < °1 and ∑∏ > 5 the triangle-type contributions dominate increasingly, leading to a shape
where the low-mH H region is more and more enhanced. In the transverse momentum distribution
of one (any) of the Higgs bosons, shown in Fig. 1.12, effects of the destructive interference around
∑∏ = 2.4 are also visible, however they are less pronounced.

Fig. 1.13 shows the Higgs boson pair invariant mass distribution at NLO as a function of ∑∏ as a
3-dimensional heat map, where the dip in the mH H distribution for ∑∏ values close to 2.4 is again
visible.

To summarise, we have presented in this section full NLO QCD results for Higgs boson pair
production for various values of the trilinear Higgs boson coupling. We have provided total cross
sections for 13, 14 and 27 TeV, and differential results at 14 TeV, including scale uncertainties. The
matrix elements have been implemented in the POWHEG-BOX-V2 Monte Carlo framework and the
corresponding generator is publicly available.

A combination of the NLO result with full top quark mass dependence presented in this section
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Figure 1.1: Diagrams contributing to Higgs pair production: (a) gluon fusion, (b) vector-boson fu-
sion, (c) double Higgs-strahlung and (d) double Higgs bremsstrahlung off top quarks. The trilinear
Higgs coupling contribution is marked in red.

including partial finite top quark mass effects [30]. Very recently, also the third order corrections
have been computed in the heavy top quark limit [31]. The QCD corrections increase the total cross
section by about a factor of two with respect to the LO prediction, and they will be discussed in
more detail in the following section.

Vector-boson fusion. The vector-boson fusion (VBF) qq ! H H qq is the second-largest produc-
tion mechanism, and it is dominated by t-channel W and Z exchange in analogy to single Higgs
production. It involves continuum diagrams originating from two Higgs radiations off the virtual
W or Z bosons, and diagrams in which a single Higgs boson (off-shell) splits into a Higgs pair
(Fig. 1.1b). The QCD corrections are only known in the structure-function approach, i.e. where
only the t-channel W and Z exchange is taken into account and interference effects for external
quarks of the same flavor are neglected. This approximation is valid at the level of a percent similar
to the single Higgs case. Within this approach the QCD corrections to the total cross section are
known up to N3LO [32–34], while the exclusive calculation is available at NNLO [35]. The pertur-
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Figure 1.9: Variation of the NLO K-factor with the trilinear coupling for
p

s = 14 TeV [70].

Figure 1.10: Higgs boson pair invariant mass distributions at 14 TeV for (left) positive small values
of ∑∏ and (right) larger or negative values of ∑∏ [70].

In Figs. 1.10 and 1.11 we show the mH H distribution for various values of ∑∏. The results in
Fig. 1.11 are distributions normalised to the total cross section for the corresponding value of ∑∏.
The ratio plots show the ratio to the Standard Model result. A characteristic dip develops in the mH H

distribution around ∑∏ = 2.4, which is the value of maximal destructive interference between dia-
grams containing the trilinear coupling (triangle-type contributions) and “background" diagrams
(box-type contributions). We provide results for a denser spacing of ∑∏ values around this point.
For ∑∏ < °1 and ∑∏ > 5 the triangle-type contributions dominate increasingly, leading to a shape
where the low-mH H region is more and more enhanced. In the transverse momentum distribution
of one (any) of the Higgs bosons, shown in Fig. 1.12, effects of the destructive interference around
∑∏ = 2.4 are also visible, however they are less pronounced.

Fig. 1.13 shows the Higgs boson pair invariant mass distribution at NLO as a function of ∑∏ as a
3-dimensional heat map, where the dip in the mH H distribution for ∑∏ values close to 2.4 is again
visible.

To summarise, we have presented in this section full NLO QCD results for Higgs boson pair
production for various values of the trilinear Higgs boson coupling. We have provided total cross
sections for 13, 14 and 27 TeV, and differential results at 14 TeV, including scale uncertainties. The
matrix elements have been implemented in the POWHEG-BOX-V2 Monte Carlo framework and the
corresponding generator is publicly available.

A combination of the NLO result with full top quark mass dependence presented in this section
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4. What can we do 
with the LHeC?



• Parton Distributions - Resolving the Substructure of the 
Proton 


• Exploration of Quantum Chromodynamics 


• Determination of the strong coupling constant 


• Discovery of New Strong Interaction Dynamics at Small 
x 

4-1 PDF and QCD 
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Figure 5.4: Weak NC vector and axial-vector couplings of u-type (left) and d-type quarks (right) at 68 %
confidence level (C.L.) for simulated LHeC data with Ee = 50GeV. The LHeC expectation is compared
with results from the combined LEP+SLD experiments [436], a single measurement from D0 [437] and
one from H1 [415]. The standard model expectations are diplayed by a red star, partially hidden by the
LHeC prospects.

The subleading contributions to self-energy corrections have a Higgs-boson mass dependence

and are proportional to log
M

2
H

M
2
W

. When fixing all other EW parameters the Higgs boson mass

could be constrained indirectly through these loop corrections with an experimental uncertainty
of �mH =+29

�23 to +24
�20 GeV for di↵erent LHeC scenarios, which is again similar to the indirect

constraints from a global electroweak fit [433], but not competitive with direct measurements.

5.1.5 Weak Neutral Current Couplings

The vector and axial-vector couplings of up-type and down-type quarks to the Z, g
q

V
and g

q

A
,

see Eq. (5.7), are determined in a fit of the four coupling parameters together with the PDFs.

Coupling PDG Expected uncertainties

parameter value LHeC-60 LHeC-60 (�uncor.=0.25%) LHeC-50

g
u

A
0.50 +0.04

�0.05 0.0022 0.0015 0.0035
g

d

A
�0.514 +0.050

�0.029 0.0055 0.0034 0.0083
g

u

V
0.18 ±0.05 0.0015 0.0010 0.0028

g
d

V
�0.35 +0.05

�0.06 0.0046 0.0027 0.0067

Table 5.1: Light-quark weak NC couplings (gu

A
,gd

A
,gu

V
,gd

V
) and their currently most precise values from

the PDG [181] compared with the prospected uncertainties for di↵erent LHeC scenarios. The LHeC
prospects are obtained in a simultaneous fit of the PDF parameters and all four coupling parameters
determined at a time.

The resulting uncertainties are collected in Tab. 5.1. The two-dimensional uncertainty contours
at 68% confidence level obtained from LHeC data with Ee = 50GeV are displayed in Fig. 5.4
for the two quark families and compared with available measurements. While all the current
determinations from e

+
e
�, ep or pp̄ data have a similar precision, the future LHeC data will

greatly improve the precision of the weak neutral-current couplings and expected uncertainties
are an order of magnitude smaller than the currently most precise ones [181]. An increased
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Figure 5.7: Comparison of the determination of sin2
✓
e↵,`

W (M2
Z) from LHeC inclusive DIS data with recent

averaged values. Results from LEP+SLC [436], Tevatron [438], LHC [439–442] and the world average
value [442] are all obtained from a combination of various separate measurements (not shown individually)
(see also Ref. [443] for additional discussions). For LHeC, the experimental and PDF uncertainties are
displayed.

specific contributions to NC,lept.. Such fits are summarised in Table 5.2 and a reasonable
precision is achieved with LHeC.

The measurement of the weak mixing angle can be performed in sub-regions of Q
2 due to the

wide kinematic range accessible at the LHeC. The relative uncertainties for the determination of
the weak mixing angle for di↵erent Q

2 intervals is displayed in Fig. 5.8. We find that the weak
mixing angle can be determined in the range of about 25 <

p
Q2 < 700 GeV with a precision

better than 0.1%. If a calculation of DIS cross sections including higher-order EW corrections
in the MS scheme is available, these relative uncertainties can be mapped into a test of the
running of the weak mixing angle. Note, that in DIS the scattering process is mediated by
boson exchange with spacelike momenta and is therefore complementary to other measurements
since the scale is µ

2 = �Q
2.

5.1.8 Electroweak e↵ects in charged-current scattering

The charged-current sector of the SM can be uniquely measured at high scales over many orders
of magnitude in Q

2 at the LHeC, due to the excellent tracking detectors, calorimetry, and high-
bandwidth triggers. Similarly as in the NC case, the form factors of the e↵ective couplings of
the fermions to the W boson can be measured. In the SM formalism, only two of these form
factors are present, ⇢CC,eq and ⇢CC,eq̄. We thus introduce two anomalous modifications to them,
⇢CC,(eq/eq̄) ! ⇢

0
CC,(eq/eq̄)⇢CC,(eq/eq̄) (see Ref. [415]). The prospects for the determination of these

parameters are displayed in Fig. 5.9, and it is found, that with the LHeC these parameters can
be determined with a precision up to 0.2–0.3%. Also their Q

2 dependence can be uniquely
studied with high precision up to

p
Q2 values of about 400 GeV.
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LHeC: Best for Anomalous Triple Gauge Couplings 

momentum of the outgoing scattered lepton, p
`

T
, of 10 GeV or alternatively 5 GeV, are imposed

and other basic cuts are p
j

T
> 20 GeV, |⌘e,j | < 5 and �Rej < 0.4. The resulting Standard Model

total cross sections of the above processes are listed in Tab. 5.3.

Process Ee = 50GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV Ee = 60GeV, Ep = 7TeV
p

e

T
> 10 GeV p

e

T
> 10 GeV p

e

T
> 5 GeV

e
�

W
+
j 1.00 pb 1.18 pb 1.60 pb

e
�

W
�

j 0.930 pb 1.11 pb 1.41 pb
⌫

�
e

W
�

j 0.796 pb 0.956 pb 0.956 pb
⌫

�
e

Zj 0.412 pb 0.502 pb 0.502 pb
e
�

Zj 0.177 pb 0.204 pb 0.242 pb

Table 5.3: The SM predictions of direct W and Z production cross sections in e
�

p collisions for di↵erent
collider beam energy options, Ee, and final state forward electron transverse momentum cut, p

e

T
. Two

di↵erent electron beam energy options are considered, Ee = 50GeV and 60 GeV.

The process with the largest production cross section in e
�
p scattering is the single W

+ boson
production. This will be the optimal channel of both the SM measurement and new physics
probes in the EW sector. Also, this channel is experimentally preferred since the W

+ is produced
in NC scattering, so the beam electron is measured in the detector, and the W -boson has opposite
charge to the beam lepton and thus in a leptonic decay an opposite charge lepton and missing
transverse momentum is observed. Altogether, it is expected that a few million of direct W -
boson events are measured at LHeC.

Several 105 direct Z events are measured, which corresponds approximately to the size of the
event sample of the SLD experiment [436], but at the LHeC these Z bosons are predominantly
produced in VBF events.

All these total cross sections increase significantly with smaller transverse momentum of the
outgoing scattered lepton. Therefore it will become important to decrease that threshold with
dedicated electron taggers, see Chapter 12.

5.2.2 Anomalous Triple Gauge Couplings

The measurement of gauge boson production processes provides a precise measurement of the
triple gauge boson vertex. The measurement is sensitive to new physics contributions in anoma-
lous Tripe Gauge Couplings (aTGC). The LHeC has advantages of a higher centre-of-mass
energy and easier kinematic analysis in the measurement of aTGCs.

In the e↵ective field theory language, aTGCs in the Lagrangian are generally parameterised as

LTGC/gWWV = ig1,V (W+
µ⌫W

�
µ V⌫ �W

�
µ⌫W

+
µ V⌫) + iV W

+
µ W

�
⌫ Vµ⌫ +

i�V

M
2
W

W
+
µ⌫W

�
⌫⇢V⇢µ

+g
V

5 ✏µ⌫⇢�(W+
µ

 !
@ ⇢W

�
⌫ )V� � g

V

4 W
+
µ W

�
⌫ (@µV⌫ + @⌫Vµ)

+i̃V W
+
µ W

�
⌫ Ṽµ⌫ +

i�̃V

M
2
W

W
+
�µ

W
�
µ⌫ Ṽ⌫�, (5.14)

where V = �, Z. The gauge couplings gWW� = �e, gWWZ = �e cot ✓W and the weak mixing

angle ✓W are from the SM. Ṽµ⌫ and A
 !
@ µB are defined as Ṽµ⌫ = 1

2✏µ⌫⇢�V⇢�, A
 !
@ µB = A(@µB)�

(@µA)B, respectively. There are five aTGCs (g1,Z , V , and �V ) conserving the C and CP
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charge to the beam lepton and thus in a leptonic decay an opposite charge lepton and missing
transverse momentum is observed. Altogether, it is expected that a few million of direct W -
boson events are measured at LHeC.

Several 105 direct Z events are measured, which corresponds approximately to the size of the
event sample of the SLD experiment [436], but at the LHeC these Z bosons are predominantly
produced in VBF events.

All these total cross sections increase significantly with smaller transverse momentum of the
outgoing scattered lepton. Therefore it will become important to decrease that threshold with
dedicated electron taggers, see Chapter 12.
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The measurement of gauge boson production processes provides a precise measurement of the
triple gauge boson vertex. The measurement is sensitive to new physics contributions in anoma-
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energy and easier kinematic analysis in the measurement of aTGCs.
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and other basic cuts are p
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total cross sections of the above processes are listed in Tab. 5.3.
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Table 5.3: The SM predictions of direct W and Z production cross sections in e
�

p collisions for di↵erent
collider beam energy options, Ee, and final state forward electron transverse momentum cut, p
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T
. Two

di↵erent electron beam energy options are considered, Ee = 50GeV and 60 GeV.

The process with the largest production cross section in e
�
p scattering is the single W

+ boson
production. This will be the optimal channel of both the SM measurement and new physics
probes in the EW sector. Also, this channel is experimentally preferred since the W

+ is produced
in NC scattering, so the beam electron is measured in the detector, and the W -boson has opposite
charge to the beam lepton and thus in a leptonic decay an opposite charge lepton and missing
transverse momentum is observed. Altogether, it is expected that a few million of direct W -
boson events are measured at LHeC.

Several 105 direct Z events are measured, which corresponds approximately to the size of the
event sample of the SLD experiment [436], but at the LHeC these Z bosons are predominantly
produced in VBF events.

All these total cross sections increase significantly with smaller transverse momentum of the
outgoing scattered lepton. Therefore it will become important to decrease that threshold with
dedicated electron taggers, see Chapter 12.

5.2.2 Anomalous Triple Gauge Couplings

The measurement of gauge boson production processes provides a precise measurement of the
triple gauge boson vertex. The measurement is sensitive to new physics contributions in anoma-
lous Tripe Gauge Couplings (aTGC). The LHeC has advantages of a higher centre-of-mass
energy and easier kinematic analysis in the measurement of aTGCs.

In the e↵ective field theory language, aTGCs in the Lagrangian are generally parameterised as

LTGC/gWWV = ig1,V (W+
µ⌫W

�
µ V⌫ �W

�
µ⌫W

+
µ V⌫) + iV W

+
µ W

�
⌫ Vµ⌫ +

i�V

M
2
W

W
+
µ⌫W

�
⌫⇢V⇢µ

+g
V

5 ✏µ⌫⇢�(W+
µ

 !
@ ⇢W

�
⌫ )V� � g

V

4 W
+
µ W

�
⌫ (@µV⌫ + @⌫Vµ)

+i̃V W
+
µ W

�
⌫ Ṽµ⌫ +

i�̃V

M
2
W

W
+
�µ

W
�
µ⌫ Ṽ⌫�, (5.14)

where V = �, Z. The gauge couplings gWW� = �e, gWWZ = �e cot ✓W and the weak mixing

angle ✓W are from the SM. Ṽµ⌫ and A
 !
@ µB are defined as Ṽµ⌫ = 1

2✏µ⌫⇢�V⇢�, A
 !
@ µB = A(@µB)�

(@µA)B, respectively. There are five aTGCs (g1,Z , V , and �V ) conserving the C and CP
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Figure 5.11: The 95% C.L. exclusion limit on the ��-�� plane. The purple dashed contour is the
projected LHeC exclusion limit with 1 ab�1 integrated luminosity [459]. The blue, green and red contours
are current bounds from LHC [462,463] and LEP [464].

of ��ej at parton-level and assuming an electron beam energy of Ee = 60GeV. When comparing
with the current LHC (blue and green) and LEP (red) bounds, the LHeC has the potential
to significantly improve the constraints, in particular on the �� parameter. The polarised
electron beam is found to improve the aTGC measurement [458, 461]. In consideration of the
realistic analysis at detector level, one expects 2-3 ab�1 integrated luminosity to achieve same
results [459].

One uncertainty in the aTGC measurement at the (HL-)LHC comes from the PDF uncertainty.
Future LHeC PDF measurement will improve the precision of aTGC measurement in the x '
O(10�2) region.

5.3 Top Quark Physics

SM top quark production at a future ep collider is dominated by single top quark production,
mainly via CC DIS production. An example graph is shown in Fig. 5.12 (left). The total cross
section is 1.89 pb at the LHeC [465] and with an electron beam energy of 60GeV, and an LHC
proton beam of 7 TeV, leading to a centre-of-mass energy of 1.3 TeV, respectively. The other
important top quark production mode is tt̄ photoproduction with a total cross section of 0.05 pb
at the LHeC [466]. An example graph is shown in Fig. 5.12 (right). This makes a future LHeC a
top quark factory and an ideal tool to study top quarks with a high precision, and to analyse in
particular their electroweak interaction. Selected highlights in top quark physics are summarised
here.

5.3.1 Wtq Couplings

The top quark couplings with gauge bosons can be modified significantly in models with new
top (or third generation) partners, such as in some extensions of the minimal supersymmetric
standard model, in little Higgs models, top-color models, top seesaw, top compositeness, and
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• No gluon-gluon fusion


• VBF production is dominant!


• Separate NC from CC production 


• Higgs couplings with high precision

Higgs

! Higgs couplings with high precision

" particularly hVV coupling

" also bb and cc coupling

" CP properties of Higgs, via azimuthal 

distributions

! top-Higgs Yukawa coupling

! invisible Higgs

! trilinear couplings

" help HL-LHC
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Total cross sections, in fb, for inclusive Higgs production 

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

Ep TeV 7 13.5 20 50p
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 7.1: Total cross sections, in fb, for inclusive Higgs production, MH = 125 GeV, in charged and
neutral current deep inelastic e

�
p scattering for an unpolarised (P = 0) and polarised (P = �0.8)

Ee = 60 GeV electron beam and four di↵erent proton beam energies, Ep, for LHeC, HE-LHeC and two
FCC-eh versions. 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 [577] and
the default scale of MadGraph [367] with dependencies due to scale choices of 5-10 %.

Number of Events

Charged Current Neutral Current

Channel Fraction LHeC FCC-eh LHeC FCC-eh

bb 0.581 114 500 1 208 000 14 000 175 000
W

+
W

� 0.215 42 300 447 000 5 160 64 000
gg 0.082 16 150 171 000 2000 25 000
⌧

+
⌧

� 0.063 12 400 131 000 1 500 20 000
cc 0.029 5700 60 000 700 9 000
ZZ 0.026 5 100 54 000 620 7 900

�� 0.0023 450 5 000 55 700
Z� 0.0015 300 3 100 35 450
µ

+
µ

� 0.0002 40 410 5 70

� [pb] 0.197 1.04 0.024 0.15

Table 7.2: Total event rates, and cross sections, for SM Higgs decays in the charged (ep ! ⌫HX) and
neutral (ep ! eHX) current production in polarised (P = �0.8) electron-proton deep inelastic scattering
at LHeC (

p
s = 1.3 TeV) and FCC-eh (

p
s = 3.5 TeV), for an integrated luminosity of 1 and 2 ab�1,

respectively. The branching fractions are taken from [580]. The estimates are at LO QCD using the
CTEQ6L1 PDF and the default scale of MadGraph, see setup in Tab. 7.1.

7.3 Higgs Signal Strength Measurements

Standard Model Higgs production in deep inelastic ep scattering proceeds via Vector-Boson-
Fusion in either charged or neutral current scattering as it is illustrated in Fig. 1. The scattering
cross sections, including the decay of the Higgs boson into a pair of particles AiĀi can be written
as

�
i

CC = �CC · �i

�H

and �
i

NC = �NC · �i

�H

. (7.1)

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.
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Charm tagging at the LHC
• CMS: MVA–based 

discriminator PAS BTV-16-001


• displaced tracks 


• secondary vertices 


• soft leptons

• ATLAS: ATL-PHYS-
PUB-2015-001


• impact parameter 


• secondary-vertex 
(reconstruct b to c decay 
vertex)  


• calibration multi-jet events 
with reconstructed D 
mesons, t-tbar pairs

Tagging efficiency is too small at the LHC.



Charm tagging at the LHeC

e�ciency for R = 0.9 jets at a nominal impact parameter resolution. These tagging e�ciencies
can be considered as realistic but rather conservative in particular for the remaining light jet
e�ciency which is expected to be about 0.1 % at a b-jet e�ciency of 60% using LHC-style neural
network based taggers.

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.50

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Legend

Jet Parameter R=0.5
Jet Parameter R=0.9
Jet Parameter R=0.7
Half Vertex Resolution (R=0.7)
Half Vertex Resolution (R=0.9)

B-jet efficiency vs light-jet efficincy

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.50

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Legend

Jet Parameter R=0.5
Jet Parameter R=0.9
Jet Parameter R=0.7
Half Vertex Resolution (R=0.7)
Half Vertex Resolution (R=0.9)

C-jet efficiency vs light-jet efficincy

light jet efficiency

ch
ar

m
je

t e
ffi

cie
nc

y

Figure 7.7: Expected average e�ciency to tag a b-jet (upper plot) and charm-jet (lower plot) versus the
light-jet e�ciency (x-axis) based on Tevatron-style jet tagging [598]. Events are selected at DELPHES
detector level using a CC multi-jet sample and for an integrated luminosity of 100 fb�1. The coloured
lines correspond to the choice of the anti-kt distance parameter R and di↵erent assumptions in the
impact parameter resolution of 10 (5) µm (nominal, no text added in legend), 5 (2.5) µm (Half Vertex
Resolution), 20 (10) µm (Double Vertex Resolution) for tracks with 0.5 < pT < 5 (> 5) GeV within
|⌘| < 3.5.

A series of BDT score tests has been performed using the preselected signal samples and CC
multi-jet as the main background sample to determine the optimal combination of the impact
resolution parameters while resolving the two jets from the Higgs decay in dependence of R.
The resulting number of H ! bb̄(cc̄) signal events versus the BDT score is illustrated in Fig. 7.8,
which shows the evident interplay between detector performance and the choice of jet parameters
R, where the R = 0.9 anti-kt jets show the worst performance. At a score of BDT=0, the highest
number of signal events are achieved for R = 0.5 anti-kt jets for both charm and beauty decays,
where the e↵ect of the impact resolution is much more stringent for the charm than for the beauty
tagging. Following Fig. 7.8, the complete BDT-based H ! bb̄(cc̄) analyses are performed for
anti-kt R = 0.5 jets and impact parameter resolution of 5 (2.5) µm (Half Vertex Resolution) for
tracks with 0.5 < pT < 5 (> 5) GeV within |⌘| < 3.5. The acceptance times e�ciency values are
about 28 % for the H ! bb̄ and about 11 % for the H ! cc̄ channel at BDT=0.
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Using Tevatron-like  
heavy flavor tagging techniques  
(No neural network for HFL tagging yet)

Significant improvement in charm jet tagging efficiency from 23-24% for a R = 0.9 to 
30% using R = 0.5 anti-kt jets and half nominal vertex resolution at light jet tagging 
efficiency 5%.



• Precision of coupling constants are estimated to be 


• assuming 1 ab-1 at LHeC. (Statistics error only.)  
➡ Big potential for measurements of Higgs coupling. 



• Leptoquarks 


• Charged Higgs 


• SUSY 


• Triple Gauge Couplings 


• Axion-Like Particles 

• Vector-Like Quarks 


• heavy fermions, 
neutrinos 


• Charged Higgs


• Neutral heavy higgs 


• long-lived particles 


• dark photons

4-4 BSM at the LHeC



Georgi-Machacek model

G.A., H. Sun and K. Wang, arXiv:1712.07505

• Extended Higgs sector, with isospin triplets, satisfying

the custodial symmetry at tree level

⇢ =
m

2
W

m
2
Z
cos ✓W

= 1

• Higgs bidoublet and two triplets (one real and one com-

plex) arranged as a bitriplet

• physical spectrum includes fiveplet without couplings to

fermions.

H
++
5 , H

+
5 , H

0
5 , H

�
5 , H

��
5 .

• only produced by VBF

8



G.A., H. Sun and K. Wang, arXiv:1712.07505

5

FIG. 5. The significance contour bands in the plane of produc-
tion cross section times branching ratio �(p e� ! je

�
H

±
5 )⇥

BR(H±
5 ! ZW

±) vs. M
H

±
5
, for the FCC-eh and LHeC with

unpolarized electron beams and luminosity of 1 ab�1. For
each band, the bottom (top) of the shaded region denotes the
significance curve with 0% (10%) systematic uncertainty on
the background.

background has a negligible e↵ect on the sensitivity of
the measurement. For the benchmark 600 GeV point at
the FCC-eh, considering 10% systematic uncertainty on
the background, the cross sections corresponding to the
2, 3, 5-� significances are 0.59, 0.95, 1.78 fb, respectively.
At the LHeC with 10% systematic uncertainty on the
background, for the 200 GeV benchmark point, the cross
sections corresponding to the 2-� significance is 3.69 fb.

FIG. 6. The significance contour bands in the plane of sin ✓H
vs. MH5 for the FCC-eh and LHeC with unpolarized electron
beams and luminosity of 1 ab�1. For each band, the bottom
(top) of the shaded region denotes the significance curve with
0% (10%) systematic uncertainty on the background. The
blue dotted curve gives the 95% CL limit on the singly charged
H

±
5 searches at the CMS from Ref. [14], while the blue dashed

curve denotes the 95% CL limit on the doubly charged H
±±
5

searches at the CMS from Ref. [15].

Fig. 6 shows the significance contour bands in the plane
of sin ✓H vs. the five-plet mass MH5 for the FCC-eh
and LHeC, with unpolarized electron beams and lumi-

nosity of 1 ab�1. Also shown are the current 95% CL
limits on the singly charged H

±
5

searches [14] and on the
doubly charged H

±±
5

searches [15] obtained by the CMS
Collaboration. At the FCC-eh with 10% systematic un-
certainty on the background, the 2 (5)-� limits on the
model parameter sin ✓H are found to be 0.15 (0.26) for
the benchmark 600 GeV mass. For the benchmark 200
GeV mass point at the LHeC, with 10% systematic un-
certainty on the background the 2-� limits on the sin ✓H
is 0.41. Compared with the current CMS limits from
the singly charged Higgs searches, based on 15.2 fb�1 of
data at 13 TeV, the LHeC 2-� limits are still stronger
for the lower masses, while the FCC-eh 2-� limits are
much stronger for all masses. The current doubly charged
Higgs searches by CMS, based on 35.9 fb�1 of data at 13
TeV, obtain similar limits for 200 GeV and for 1000 GeV
masses to those of the FCC-eh. However, the CMS limits
are much weaker for masses around 500 GeV. It is worth
emphasizing that we have assumed degenerate masses for
H

±±
5

and H
±
5

here, which may not be the case in a more
generic model.

As shown in the Fig. 2, at the FCC-eh for a given mass,
a -80% (+80%) polarization of electron beam increases
(decreases) the production cross section of the signal by a
factor of about 10% compared with the case of an unpo-
larized beam. It is found that with the same beam polar-
izations the cross section of backgrounds B1 and B2 will
also increase (decrease) by factors of about 10% and 25%,
respectively. Moreover, we find that the kinematical
distributions of some input observables such as ⌘(efwd),
pT (efwd), �⌘(efwd, jfwd), ��(efwd, jfwd), pT (efwd + jfwd),
are quite di↵erent in the two cases. It is therefore not pos-
sible to simply scale the cross sections to infer the limits
with polarized beams. For the benchmark M

H
±
5

= 600
GeV, after performing the full analysis with simulation
of both the signal and background data in the polarized
electron beam cases, we find at the FCC-eh with 1 ab�1

luminosity, the 2-� limits on the sin ✓H change only from
0.152 in the case of unpolarized beam to 0.157 (0.148) in
the cases of -80% (+80%) polarization. Therefore, beam
polarization has a very limited e↵ect on the sensitivity of
signal for this study.

IV. CONCLUSIONS

We develop the search strategy for the singly charged
5-plet Higgs in the Georgi-Machacek model at the ep col-
liders. The charged Higgs are produced by vector bo-
son fusion process, p e� ! j e

�
H

±
5
, and followed by the

decays of H
±
5

! ZW
± ! (l+l�) (jj). With a detec-

tor simulation, we adopt the BDT method to perform
the multivariate analysis and extract the potential signal
from the background. Assuming 10% uncertainty on the
background, at the FCC-eh with an unpolarized electron
beam and an integrated luminosity of 1 ab�1, we find the
2, 3, and 5-� limits on the production cross section times
branching ratio �(p e� ! je

�
H

±
5
) ⇥ BR(H±

5
! ZW

±)

The significance contour bands in the plane of production cross section times 
branching ratio  



7. Conclusions

• LHeC is an energy frontier collider. 
• Ordinary QCD physics shall be precise 

probed. 
• Higgs physics has a new window. 
• Some BSM models can be also probed.


