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LHeC and FCC-eh (Linac-Ring Collider )

Sookhyun Lee, DIS 2023

LHeC
● √s ~ 1.3 TeV 
● Polarisation up to Pe ~ 80%
● Up to 1 ab-1 integrated luminosity

Electron ring attached to HL-LHC
● Energy recovery linac (ERL): 
Ee = 60 GeV (or 50 GeV)

● ESPPU: ERL is a "high-priority future 
initiative" for CERN

Future electron-proton collider at CERN: LHeC

ERL "landscape"

LHeC
• Operated synchronously with HL-LHC  

√s =1.2 TeV, Ee (= 50 GeV) × Ep (=7 TeV) 

• Time scale: 2035+
• Luminosity: 1034 cm-2 s-1

FCC-eh
• Operated synchronously with FCC-hh

√s =3.5 TeV, Ee (= 60 GeV) × Ep (=50 TeV) 

• Time scale: 2050+

Injector

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

Matching/splitter (30m)
IP line Detector

Linac 1 (1008m)

Linac 2 (1008m)
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Loss compensation 1 (140m)Loss compensation 2 (90m)

Matching/splitter (31m)

Matching/combiner (31m)

Matching/combiner (31m)

60	GeV	ERL	

50	GeV	ERL	 Arc	2,4,6	
(3142m)	

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
depend on Ee. Studies of the interaction region design, presented in this paper, show that one

2The 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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LHeC/FCC-eh kinematics

Sookhyun Lee, DIS 2023

LHeC kinematic plane
LHeC

● Rich physics program at all scales
● See further talks:

BSM G. Azuelos
Higgs U. Klein
Heavy Ion H. Mäntysaari
QCD C. Gewlan
Detector Y. Yamazaki

Top and EW physics 
● high Q2 is important
● high luminosity is important

→ Intense electron beam from ERL
Talks on ERL

● LHeC: B. Holzer
● PERLE: B. Hounsell

• Clean and high resolution QCD factory 
with ep/eA at energy frontier 

• Rich physics at all scales, precision and 
discovery 

• Strengthen LHC/FCC program while 
keeping energy cost low with ERL 
technology

• Top and EW and Higgs physics:
require high Q2 and high luminosity 

Lint = 1-3 ab-1 (2000×HERA!) 

See talks:
IR and Detectors (Paul Newman, Tues )
Overview, and Higgs and BSM physics (Nestor Armesto, 
Wed 11.50)
Proton structure/precision QCD (Francesco Giuli, Thurs 
17.10)
Diffraction/forward physics (Anna Stasto, Thurs 17.30)
High energy QCD and eA (Claire Gwenlan, Thurs 17.50)
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Charged Current (CC)
DIS single top-quark production

Sookhyun Lee, DIS 2023

• σ = 1.89pb (LHeC)
σ = 15.3pb (FCC-eh) with Ee=60 GeV

• CKM matrix (!"#); Wtb couplings, !"$, !"%

Neutral Current (NC)
top-quark pair photoproduction
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Abstract We study the accuracy with which the low-
est order CP conserving anomalous Wtb couplings in
the single top quark production at the proposed large
hadron electron collider (LHeC) can be probed. The
one dimensional distribution of various kinematic ob-
servables at the parton level MC and their asymmetries
arising due to the presence of anomalous couplings both
in the hadronic and leptonic W decay is examined.

We find that at 95 % C.L. the anomalous coupling
associated with the left handed vector current can be
measured at an accuracy of the order of ⇠ 10

�2�10

�3,
while those associated with the right handed vector and
left as well as right handed tensor currents have sensi-
tivity at the order of ⇠ 10

�1 � 10

�2 for the systematic
uncertainty varying between 10%-1% at an integrated
luminosity of 100 fb�1. A comprehensive analysis of the
combined covariance matrix derived from all one dimen-
sional distributions of kinematical observables is used
to compute the errors in anomalous couplings.

Keywords top, effective theory, anomalous couplings,
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1 Introduction

The top quark provides an excellent opportunity for the
study of electroweak symmetry breaking mechanism as
well as to provide glimpse of new physics (NP) beyond
the standard model (SM). The top quark decays almost
exclusively in the t ! bW+ channel.

The kinematic distributions of its decayed particles
from top quark provide the information about the Wtb
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vertex and associated new physics potentiality with the
top quark production mechanism.

1 2

Fig. 1 Single anti-top quark produc-
tion through charge current at the e-
p collider.The blobs at vertices 1 and
2 show the effective W�

¯t¯b couplings,
which includes the SM contribution.
Further W� decays into hadronic
mode via light quarks (j ⌘ ū, d, c̄, s)
or leptonic mode (l� ⌘ e�, µ�) with
missing energy.
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Top production in ep

• σ = 0.05pb (LHeC)
σ = 1.14pb (FCC-eh) with Ee=60 GeV

• Top charge and anomalous form factors6ICHEP20, Prague, Czech Republic Daniel Britzger – Top+EW at LHeC

Top quark production in ep

CC DIS single-top quark production NC &'p) top-quark pair production

LHeC:�σ
tot
~1.9pb�� LHeC:�σ

tot
�~�0.05pb

Other channels are: top-pair in DIS (~0.02pb), single-top in DIS and γp
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SM :  !"#$%& ≅ 1, 
$%)= $+& = $+) = 0

• Wtb couplings via single top production at LHeC

• Direct access to anomalous couplings

• Clean measurements and suppressed background 
from strong interaction initiated processes
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at tree level. Their non-vanishing values are generated
at the one loop level [4]. Wtb anomalous couplings f

i

are
constrained from flavor physics. The magnitudes of the
right-handed vector and tensor couplings can be indi-
rectly constrained from the measured branching ratio of
the b ! s� process. Current 95% C.L. bounds based on
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Fig. 2 Single anti-top quark production cross section at the
LHeC with the variation of electron energy Ee and fixed
proton energy Ep = 7 TeV. The top two curves depict the
cross-section for e�p ! ⌫e ¯t from the 80 % polarized and
unpolarized e� beam, respectively. The third and the fifth
curve corresponds to the branching of the unpolarized cross-
section into hadronic and leptonic decay modes of W�. The
first and the third curve from the below corresponds to the
cross-section for e�p ! ¯t ⌫e b branching to the leptonic and
hadronic decay modes of W�, respectively.

the CLEO data give
��fR

1

��  4.0⇥ 10

�3 at the 2-� level
[5–7]. The branching ratio (BR) BR(b ! s�) is com-
puted by neglecting |f

i

|2 terms in the matrix element
squared and assuming only one anomalous coupling to
be non-zero at a time. The upper and lower limits for
|V

tb

| fL

1

, fR

1

, fL

2

and fR

2

obtained from the B decays
are �0.13  |V

tb

|�fL

1

 0.03, �0.0007  fR

1

 0.0025,
�0.0015  fL

2

 0.0004 and �0.15  fR

2

 0.57 ,
respectively [8]. If more than one coupling are taken
non-zero simultaneously, their magnitudes in principle
are not bound by b ! s� alone and the limits can be
very different. Combining the analysis on B

d,s

=

¯B
d,s

mixing and B ! X
s

l+l�, authors of reference [9] con-
strained Wtb couplings within an effective field theory
framework.

The sensitivity of anomalous Wtb couplings can also
be measured from W± helicity distributions arising from
top decays to their dominant Wb mode in the top pair
production processes [10]. It can also be measured from
the observed single top quark production cross section
through W -boson exchange and has both the linear and
quadratic terms in the effective couplings. Although the
single top production in the SM is comparable to the
t¯t pair production, it is quite challenging to make the
extraction due to considerable backgrounds at the Teva-
tron [11, 12] and the LHC [13, 14]. DØ with 5.4 fb�1

data reported a combined analysis of W boson helic-
ity studies and the single top quark production cross
section exclusively through Wtb vertex. This sets up-

Fig. 3 Variation of the single anti-top quark production
cross section with the effective Wtb couplings (taking one
anomalous coupling at a time with SM ) at the production
and decay vertices, for fixed Ep = 7 TeV and Ee = 60 GeV.

per limits on anomalous Wtb couplings at 95 % C.L.
viz.

��fL

2

��  0.224,
��fR

1

��  0.548,
��fR

2

��  0.347 (given
in Table 1 of reference [15]). Sensitivity of the anoma-
lous Wtb couplings on the cross-section of the associ-
ated tW production are also studied at LHC through
�p collision at

p
s =14 TeV for various luminosities and

acceptance criterion [16]. The study of coefficients of
dimension six operators affecting Wtb couplings from
electroweak precision measurements [17, 18], suggest
that the upper limits on these couplings are one order of
magnitude weaker, to those obtained directly from the
helicity fraction study of the top decay at NLO QCD
[19].

The sensitivity of the effective couplings in (1) can
be studied through one-dimensional distributions of kine-
matic observables. These distributions manifest a cer-
tain amount of associated asymmetry depending on the
specific Lorentz structure, which can then be used as a
discriminator to constraint these anomalous couplings.
Based on associated asymmetries generated from the
measured angular distributions of cos ✓⇤ defined in [20],
the ATLAS collaboration [21] set limits on single anoma-
lous couplings at 95% C.L. to be �0.44  Re

�
fR

1

�


0.48, �0.24  Re

�
fL

2

�
 0.21 and �0.49  Re

�
fR

2

�


0.15. A combined constraint on anomalous couplings
from CMS and ATLAS [22] shows the sensitivity of
these couplings with respect to the helicity fraction in
the top quark decays. Constraints on Wtb vertex based
on the angular asymmetries constructed from ATLAS
data and the t-channel single top cross section in CMS

0The cosine of the angle ✓⇤ between the momentum direc-
tion of the charged lepton from the W-boson decay and the
reversed momentum direction of the b quark from top-quark
decay, both boosted into the W-boson rest frame.

• Wtb couplings via single top production at LHeC

• Hadronic and leptonic decays studied using 
DELPHE and analysis cuts with !"= 60 GeV

#$% ≡ 1 + Δ#$%
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9

Fig. 5 Normalized distributions of ��/ET j1
, ��/ET b̄, ��/ET W , ��bW , cos ✓b̄ j1

and �⌘b̄ j1
for hadronic decay mode of

W�, corresponding to SM and an anomalous coupling of 0.5. Here j1 is the highest pT jet. The normalized distributions
corresponding to |Vtb|�fL

1 = ±0.5 is identical to that of SM. All kinematic observables are measured in lab frame.
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Abstract We study the accuracy with which the low-
est order CP conserving anomalous Wtb couplings in
the single top quark production at the proposed large
hadron electron collider (LHeC) can be probed. The
one dimensional distribution of various kinematic ob-
servables at the parton level MC and their asymmetries
arising due to the presence of anomalous couplings both
in the hadronic and leptonic W decay is examined.

We find that at 95 % C.L. the anomalous coupling
associated with the left handed vector current can be
measured at an accuracy of the order of ⇠ 10
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�3,
while those associated with the right handed vector and
left as well as right handed tensor currents have sensi-
tivity at the order of ⇠ 10
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�2 for the systematic
uncertainty varying between 10%-1% at an integrated
luminosity of 100 fb�1. A comprehensive analysis of the
combined covariance matrix derived from all one dimen-
sional distributions of kinematical observables is used
to compute the errors in anomalous couplings.
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1 Introduction

The top quark provides an excellent opportunity for the
study of electroweak symmetry breaking mechanism as
well as to provide glimpse of new physics (NP) beyond
the standard model (SM). The top quark decays almost
exclusively in the t ! bW+ channel.

The kinematic distributions of its decayed particles
from top quark provide the information about the Wtb
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vertex and associated new physics potentiality with the
top quark production mechanism.
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Fig. 1 Single anti-top quark produc-
tion through charge current at the e-
p collider.The blobs at vertices 1 and
2 show the effective W�

¯t¯b couplings,
which includes the SM contribution.
Further W� decays into hadronic
mode via light quarks (j ⌘ ū, d, c̄, s)
or leptonic mode (l� ⌘ e�, µ�) with
missing energy.

Within the SM,
the Wtb vertex
is purely left-handed,
and its ampli-
tude is given by
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Maskawa (CKM)
matrix element V
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related to weak
interaction between
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quark and as-
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rectly constrained from the measured branching ratio of
the b ! s� process. Current 95% C.L. bounds based on
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- j1: hardest pT jet 
- Distributions normalized to unity

• Wtb couplings via single top production at LHeC

• Hadronic and leptonic decays studied using 
DELPHE and analysis cuts with !"= 60 GeV

Hadronic channel; best sensitivity
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the first time to achieve an accuracy of the order of the actual SM value of |V SM

ts | = 0.04108+0.0030

�0.0057

as derived from an indirect global CKM matrix fit [481], and will therefore represent a direct
high precision measurement of this important top quark property. In these studies, upper limits
at the 2� level down to |Vts| < 0.06, and |Vtd| < 0.06 can be achieved.

5.3.2 Top Quark Polarisation

Single top quarks produced via the e+p ! t⌫̄ processes possess a high degree of spin polarisation
in terms of a basis which decomposes the top quark spin in its rest frame along the direction of
the incoming e beam [482]. It has been investigated for

p
s = 1.6 TeV in e+p scattering, that the

spin fraction defined as the ratio of the polarised cross section to the unpolarised one, reaches
96% allowing a detailed study of the polarisation and the spin of the top quark. Exploring the
angle between the momentum direction of the charged lepton from top quark decay and the spin
quantisation axis in the top quark rest frame, anomalous Wtb couplings can be tested. Assuming
a total systematic uncertainty of 10% the expected sensitivity for

p
s = 1.6 TeV reaches ±3%

for fL
2

, and ±7% for fR
2

as defined in Eq. (5.15).

5.3.3 Top-� and Top-Z Couplings

The LHeC is particularly well suited to measure the tt̄� vertex, since in photoproducton of top
quark pairs (see Fig. 5.12, right) the highly energetic incoming photon only couples to the top
quark, and therefore the cross section directly depends on the tt̄� vertex. This provides a direct
measurement of the coupling between the top quark and the photon and therefore of another
important top quark property, the top quark charge. In contrast, at the LHC the tt̄� vertex
vertex is probed in tt̄� production, where the final state photon can also be produced from other
vertices than the tt̄� vertex, such as from initial state radiation or from radiation o↵ charged
top quark decay products.

The LHeC also provides a high potential for measuring the tt̄� magnetic and electric dipole
moments (MDM and EDM, respectively) in tt̄ production [474]. In an e↵ective Lagrangian

Figure 5.13: Expected sensitivities on the SM and anomalous Wtb couplings, as a function of the
integrated luminosity [473].

132

Hadronic channel

EPJC 75 (2015) 577, arXiv:1307.1688, 
Dutta, Goyal, Kumar, Mellado, 
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Probing the CKM matrix element Vtd and Vts at the ep colliders Hao Sun

hadronization is then performed. A modified version of Pythia should be used to simulate an au-
thentic electron proton collisions. Delphes [8] is used for detector simulation. The detector is
assumed based on the LHeC detector design [9, 10].

3. THE MEASUREMENT POTENTIAL

In order to present our results on the future reach of the ep colliders including systematical
uncertainties, we adopt the final definition of significance as follows

SS = Ns/
q

Nb +(DB ⇥Nb)2 (3.1)

where DB refers to the corresponding percentage systematic uncertainties. For our signal channels,
we have taken DB = 5%. For the electron polarization effects, we consider it to be 80%. The 2s
limits of the Vtx value as functions of the luminosities are summarized in Fig.3. The limits from
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Figure 3: The 2s limit of the Vtx value as functions of the luminosities for different signal channels.

Signal.4 is ignored due to its poor search potential. The first two figures in Fig.3 are for the Vtd

measurement. The dashed red(solid volet) curves are for Signal.1(2) and dashed black curve is for
Signal.3 respectively. We find even at the LHeC, the limits we obtained are much lower than the
current direct limits from the LHC experiment (see the upper dash-dotted curve in this figures),
and comparable to, or lower than the Vtd limit achieved from other phenomenological study [4]
(see the middle dash-dotted curve in the first two figures in Fig.3). The measurement potential is
much improved at the FCC-eh. The situation is almost the same for the measurement of Vts which
are shown in the last two figures in Fig.3. In this case, these three channels show nice feature to
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Figure 1: Feynman diagrams for different signal channels that involving Vtx vertex.

related channel at the ep colliders, where the signals are

Signal.1 : pe� ! net̄ ! neW�b̄ ! ne`
�n`b̄,

Signal.2 : pe� ! neW�b ! ne`
�n`b,

Signal.3 : pe� ! net̄ ! neW�j ! ne`
�n`j,

Signal.4 : pe� ! neW�j ! ne`
�n`j. (2.1)

The Feynman diagrams that involving at least one Vtx vertex are shown in Fig.1. In order to
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Figure 2: Signal production rate for different channels.

compare the production rate for different signal channels, we present some numerical results in
Fig.2. Some basic cuts are applied here, like the transverse momentum of jets pb(j)

T should be
larger than 20(10) GeV. The W boson is, here, not asked to be decayed. To show the pure signal
contributions from the Vtx vertex, we do like this: we produce the production rate with Rd(s) equal
exactly zero and obtain the cross section that we expect (sRx=0

Expect). By varying the R parameter, we

2

PoS DIS 2018 (2018) 167, H. Sun 

• Direct measurements of Vtd and Vts

• Top-pair production background suppressed 
• Probing SM predictions directly for the first time

Vtd and  Vts

SM arXiv:1501.05013 

LHC arXiv:1709.07887 
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• Photoproduction of top-quark pairs
• Clean measurements thanks to absence of 

final state radiation

- Christian Schwanenberger -Top, EWK, Higgs, BSM Physics at LHeC/FCC-he EPIPHANY 2023
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Figure 13: Allowed regions for the top quark dipole moments  and e at (a),(b) the LHeC and
(c),(d) the FCC-he. Panels (a), (c) display a global view, (b), (d) a magnified one. Annular regions:
regions allowed at 68% C.L. by a top-pair tagged-photoproduction cross-section measurement, in
photoproduction region PhPI (10), with experimental uncertainties 12% (dark green), 15% (light
green), and 18% (yellow). Light-blue area: region allowed by the measurements of the branching
ratio and CP asymmetry of B ! Xs� decays, from inequalities (57), (70) with (60), (72). Darker-
blue area: same as previous, but with (61), (73).

comparison of figure 13 with figure 5 of [16] (see also figure 71 of [1]), obtained at the parton level
and in the EPA. The region allowed by B ! Xs� in figure 5 of [16] covers a region of approximately
�2.4 <  < 0.3 largely shifted towards negative values. That was because 104BRexpB ! Xs� =
3.43 was about 10% larger than 104BRtheoB ! Xs� = 3.15 and then large negative values of
 would increase the theoretical value and bring it closer to the experiment (see eq. (55)). In
figure 13 the situation has reversed and now 104BRexpB ! Xs� = 3.32 is about 1% smaller than
104BRtheoB ! Xs� = 3.36 and then  tends to lean somewhat toward positive values. On the
other hand, the 18% error region allowed by top-pair photoproduction in figure 5 [16] presents the
shape of a corona roughly 0.1 in thickness, whereas now in figure 13 the thickness is about 0.15
for the same 18% experimental uncertainty. This loss of sensitivity is due to the transition from
parton-level to detector-level simulations, and was to be expected.

26

• Semi-leptonic weak decay mode, most sensitive

• Realistic analysis with SMEFT + full QED + parton

shower + hadronization + fast detector simulation 

• Pseudo-data with experimental uncertainties of 

12% (dark green), 15% (light green), and 18% 

(yellow) 

• Corona thickness increase from 0.1 (parton-level) 

to 0.15 (detector-level) for 18% uncertainty 
- Christian Schwanenberger -Top, EWK, Higgs, BSM Physics at LHeC/FCC-he EPIPHANY 2023
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Electroweak physics in DIS

Sookhyun Lee, DIS 2023

• Electron/positron beam 
polarizations of ±80%

• Precision determination of 
parameters in NC+CC 

• Weak-mixing angle

• Gauge boson masses

• NC/CC couplings of the 
gauge bosons

EW MEASUREMENTS
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Figure 3.5: Single differential cross sections for unpolarised e+p and e�p NC and CC DIS for FCC-
eh in comparison to HERA measurements and LHeC expectations. The lepton beam polarisations of
±80 % will considerably change the expected NC cross section in regions where gZ and pure Z exchange
becomes important, whereas the CC cross section scales linearly with the lepton beam polarisation.

from e+e�, ep or pp̄/pp data have all similar uncertainties, the FCC-eh will provide a measurement with
unprecedented precision. Uncertainties smaller than about 1 % are expected. Due to the gZ interference
term, DIS data provide also access to the sign of the coupling parameters, and thus FCC-eh does not
exhibit any ambiguity as it is the case for the Z-pole measurements.

Also electron coupling parameters are accessible at the FCC-eh and a determination of heavy-
quark couplings can be explored if additional flavour-dependent final states are observed, e.g. in charm-
production or b-quark production. Even if these parameters will only be measured with uncertainties
similar to those of the high-precision measurements at the Z pole, FCC-eh will allow a unique measure-
ment of the scale-dependence of the weak neutral current couplings in a single experiment. For instance,
a considerable precision for Q2 dependent measurements of the light-quark weak neutral-current cou-

plings can be expected in the range of
q

Q2 from a few 10 GeV up to about 1.5 TeV with uncertainties
down to a few permille. At low scales such measurements are limited by the dominating contribution of
the pure photon exchange, and at high scales by the kinematic limit and the integrated luminosity.

More explicitly, the effective weak neutral current couplings can be expressed in terms of the ⇢
and  parameters:

gAf =
p

⇢fI
3
L,f , (3.9)

gV f =
p

⇢f

⇣
I3
L,f � 2Qff sin

2✓W

⌘
. (3.10)

⇢ and  receive Q2 dependent higher-order radiative corrections [66]. The determination of the vector
and axial-vector couplings can be translated into a determination of the effective weak mixing angle,
sin2 ✓e↵

w = f sin
2✓W . For sin2 ✓e↵

w , an ultimate precision of down to 1.0 · 10�3 can be achieved when
using FCC-eh inclusive DIS data. More meaningful flavour specific measurements and measurements in
conjunction with the ⇢ parameters, yield more conservative estimates. By exploiting the Q2 dependence
of the inclusive DIS data, a unique scale-dependent measurement of the effective weak mixing angle
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Electroweak physics

Simulated NC and CC DIS data

● Luminosity of 1 ab-1 expected
● Full set of systematic uncertainties

In the following

perform PDF determination + electroweak parameters

→ see also talk by C. Gwenlan on PDFs
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Neutral Current inclusive DIS  

Sookhyun Lee, DIS 2023

• Independent SM parameters:
• !,#$,#% + PDFs

where

Chapter 5

Electroweak and Top Quark Physics

5.1 Electroweak Physics with Inclusive DIS data

With the discovery of the Standard Model (SM) Higgs boson at the CERN LHC experiments
and subsequent measurements of its properties, all fundamental parameters of the SM have now
been measured directly and with remarkable precision. To further establish the validity of the
theory of electroweak interactions [25,414–417], validate the mechanism of electroweak symmetry
breaking and the nature of the Higgs sector [418–420], new electroweak measurements have to
be performed at highest precision. Such high-precision measurements can be considered as a
portal to new physics, since non-SM contributions, as for instance loop-insertions, may cause
significant deviations for some precisely measurable and calculable observables. At the LHeC,
the greatly enlarged kinematic reach to higher mass scales in comparison to HERA [421–423]
and the large targeted luminosity will enable electroweak measurements in ep scattering with
higher precision than ever before.

In this section the sensitivity of inclusive DIS cross sections to electroweak parameters is dis-
cussed. An extended analysis and a more comprehensive discussion is found in Ref. [424], and
some aspects are described in the following. The direct production of W and Z bosons is
discussed in the subsequent section.

5.1.1 Electroweak e↵ects in inclusive NC and CC DIS cross sections

Electroweak NC interactions in inclusive e±p DIS are mediated by exchange of a virtual photon
(�) or a Z boson in the t-channel, while CC DIS is mediated exclusively by W -boson exchange
as a purely weak process. Inclusive NC DIS cross sections are expressed in terms of generalised
structure functions F̃±

2

, xF̃±
3

and F̃±
L

at EW leading order (LO) as

d2�NC(e±p)

dxdQ2

=
2⇡↵2

xQ4

h
Y

+

F̃±
2

(x, Q2) ⌥ Y�xF̃±
3

(x, Q2) � y2F̃±
L(x, Q2)

i
, (5.1)

where ↵ denotes the fine structure constant. The terms Y± = 1 ± (1 � y)2, with y = Q2/sx,
describe the helicity dependence of the process. The generalised structure functions are separated
into contributions from pure �- and Z-exchange and their interference [97, 136]:

F̃±
2

= F
2

� (ge
V ± Peg

e
A)ZF �Z

2

+ [(ge
V ge

V + ge
Age

A) ± 2Peg
e
V ge

A] 2

ZFZ
2

, (5.2)

F̃±
3

= �(ge
A ± Peg

e
V )ZF �Z

3

+ [2ge
V ge

A ± Pe(g
e
V ge

V + ge
Age

A)] 2

ZFZ
3

. (5.3)
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Similar expressions hold for F̃L. In the naive quark-parton model, which corresponds to the LO
QCD approximation, the structure functions are calculated as

h
F

2

, F �Z
2

, FZ
2

i
= x

X

q

⇥
Q2

q , 2Qqg
q
V , gq

V gq
V + gq

Agq
A

⇤
{q + q̄} , (5.4)

x
h
F �Z

3

, FZ
3

i
= x

X

q

⇥
2Qqg

q
A, 2gq

V gq
A

⇤
{q � q̄} , (5.5)

representing two independent combinations of the quark and anti-quark momentum distribu-
tions, xq and xq̄. In Eq. (5.3), the quantities gf

V and gf
A stand for the vector and axial-vector

couplings of a fermion (f = e or f = q for electron or quark) to the Z boson, and the coe�cient
Z accounts for the Z-boson propagator including the normalisation of the weak couplings. Both
parameters are fully calculable from the electroweak theory. The (e↵ective) coupling parame-
ters depend on the electric charge, Qf and the third component of the weak-isospin, I3

L,f . Using

sin2✓
W

= 1 � M2

W

M2

Z

, one can write

gf
V =

p
⇢
NC,f

�
I3

L,f � 2Qf
NC,f sin2✓

W

�
, and (5.6)

gf
A =

p
⇢
NC,f I3

L,f with f = (e, u, d) . (5.7)

The parameters ⇢
NC,f and 

NC,f are calculated as real parts of complex form factors which
include the higher-order loop corrections [425–427]. They contain non-leading flavour-specific
components.

Predictions for CC DIS are written in terms of the CC structure functions W
2

, xW
3

and WL and
higher-order electroweak e↵ects are collected in two form factors ⇢

CC,eq and ⇢
CC,eq̄ [428,429].

In this study, the on-shell scheme is adopted for the calculation of higher-order corrections.
This means that the independent parameters are chosen as the fine structure constant ↵ and
the masses of the weak bosons, the Higgs boson and the fermions. The weak mixing angle is
then fixed and G

F

is a prediction, whose higher-order corrections are included in the well-known
correction factor �r [430–432] (see discussion of further contributions in Ref. [136]).

The predicted single-di↵erential inclusive NC and CC DIS cross sections for polarised e�p scat-
tering as a function of Q2 are displayed in Fig. 5.1. For NC DIS and at higher Q2, electroweak
e↵ects are important through �Z interference and pure Z-exchange terms and the polarisation
of the LHeC electron beam of Pe = ±0.8 will considerably alter the cross sections. For CC DIS,
the cross section scales linearly with Pe. Two di↵erent electron beam energies are displayed in
Fig. 5.1, and albeit the impact of a reduction from Ee = 60 to 50GeV appears to be small, a
larger electron beam energy would yield higher precision for the measurement of electroweak
parameters, since these are predominantly sensitive to the cross sections at highest scales, as
will be shown in the following.

5.1.2 Methodology of a combined EW and QCD fit

A complete electroweak analysis of DIS data has to consider PDFs together with electroweak
parameters [434]. In this study, the uncertainties of electroweak parameters are obtained in
a combined fit of electroweak parameters and the PDFs, and the inclusive NC and CC DIS
pseudodata (see Sec. 4.3.2) are explored as input data. The PDFs are parameterised with 13
parameters at a starting scale Q2

0

and NNLO DGLAP evolution is applied [47, 48]. In this
way, uncertainties from the PDFs are taken into account, which is very reasonable, since the
PDFs will predominantly be determined from those LHeC data in the future. The details of
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Z normalization

NC couplings

in quark-parton model

in SM

the inelasticity. The factors Y± = 1 ± (1 � y)2 encode the helicity dependence of the
underlying lepton quark hard-scattering process. The generalized structure functions can
be separated into contributions from pure �- and Z-exchange, and their interference [33]:

F̃±
2

= F
2

� (geV ± Peg
e
A){ZF

�Z
2

+ [(geV g
e
V + geAg

e
A)± 2Peg

e
V g

e
A]{2

ZF
Z
2

, (2)

F̃±
3

= � (geA ± Peg
e
V ){ZF

�Z
3

+ [2geV g
e
A ± Pe(g

e
V g

e
V + geAg

e
A)]{2

ZF
Z
3

, (3)

where Pe is the degree of longitudinal polarization (Pe = �1 for a purely left-handed
polarized electron beam). A similar decomposition exists for F̃L. The naive quark-parton
model corresponds to the LO approximation of Quantum Chromodynamics (QCD). In this
approximation the structure functions are calculated from quark and anti-quark parton
distribution functions, q(x) and q̄(x):

h
F
2

, F �Z
2

, FZ
2

i
= x

X

q

⇥
Q2

q, 2Qqg
q
V , g

q
V g

q
V + gqAg

q
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x
h
F �Z
3

, FZ
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X

q

[2Qqg
q
A, 2g

q
V g

q
A] {q � q̄} . (5)

In Eqs. (2) and (3), the coe�cient {Z accounts for the Z-boson propagator and the
normalization of the weak, relative to the electromagnetic, interaction. It is calculated,
at LO, as

{Z(Q
2) =

Q2

Q2 +m2

Z

1

4 sin2✓W cos2 ✓W
=

Q2

Q2 +m2

Z

G
F

m2

Z

2
p
2⇡↵

. (6)

Thus, depending on the choice of independent theory parameters, the normalization of {Z

is fixed by an input value for sin2✓W , or, alternatively, using the Fermi coupling constant
G

F

. The first option where sin2✓W = 1 � cos2 ✓W = 1 � m2

W/m2

Z is fixed, is called the
on-shell scheme, while the second option with G

F

as input parameter is known as the
modified on-shell scheme.

The vector and axial-vector coupling constants of the lepton or quark to the Z-boson, gfV
and gfA (with f = e, q and q = u, d) in Eqs. (2) and (3), are given by the SM electroweak
theory. They depend on the electric charge, Qf , in units of the positron charge, and on
the third component of the weak-isospin of the fermion, I3

L,f . They are given, at LO, by

gfA = I3
L,f , (7)

gfV = I3
L,f � 2Qf sin

2✓W . (8)

The CC DIS cross section is written, in the LO approximation, as
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Scale dependence of weak mixing angle

Sookhyun Lee, DIS 2023

• Most high energy data 
measured at Z-pole

• Existing low energy data with 
large uncertainties 

• LHeC/FCC-ep together 
access a wide range of scale 
at energy frontier

• Test of SM, potential discovery 
of BSM

Precision electroweak physics at the LHeC and FCC-eh
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Figure 5: Present and future measurements of the running of the weak mixing angle in the MS
scheme as a function of `. The prospected uncertainties from the LHeC and FCC-eh are displayed.
All future facilities are displayed with green markers and have an arbitrary vertical o�set for better
visibility, whereas the /-pole measurements are horizontally displaced. (Credits/courtesy: J. Erler,
R. Ferro-Hernandez and X. Zheng; updated from Ref. [24, 25]).

running of the weak mixing angle in the range from about 30 GeV up to the TeV scale with
considerable precision. Experiments at the LHeC and FCC-eh would represent the first
measurements, where the running is directly tested in a single experiment, and the first
indication for a scale dependence at the electroweak scale and above.

4.6 Precision electroweak physics with charged currents

Precision electroweak physics in charged-current interactions is a poorly studied field, since
measurements of charged currents have commonly only low precision due to the presence
of a neutrino that escapes undetected. In contrast, in DIS, the kinematic variables &2, G
and H can be meaured from the incoming electron beam and the hadronic final state also for
charged-current DIS, which allows for precise measurements in a large kinematic region.

Similar to the NC case, EW corrections are included in the cross section calculation through
two form factors dCC,4@ and dCC,4@̄ [17, 26, 27]. We perform a study for their determinations,
by introducing corresponding multiplicative anomalous form factors d0CC,4@ and d0CC,4@̄ [17],
which are unity in the SM.

The prospected uncertainties of d0CC,4@ and d0CC,4@̄ are determined in a PDF+d0CC,4@+d
0
CC,4@̄

fit and are displayed in Fig. 6 (left) at a confidence interval of 68 %. It is observed that
virtual corrections in CC interactions can be tested at the per mille level, greatly exceeding
the pioneering measurements from H1 [17].

10
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• Fit sin$%&+ PDFs
• Comparison to Z-pole data

On shell scheme:

sin$%& ≡ 1 − *+,
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Figure 5.8: Expected uncertainties of the weak mixing angle determined in sub-regions of Q2. Two
scenarios for the simulation of LHeC inclusive NC/CC DIS data are considered.
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Figure 5.9: Left: anomalous modifications of the charged current form factors ⇢0
CC,eq and ⇢0

CC,eq̄

for di↵erent LHeC scenarios in comparison with the H1 measurement [423]. Right: scale dependent
measurement of the anomalous modification of the charged current form factor ⇢0

CC

(Q2), assuming
⇢0
CC,eq = ⇢0

CC,eq̄ = ⇢0
CC

.

5.1.9 Conclusion

With LHeC inclusive NC and CC DIS data, unique measurements of electroweak parameters can
be performed with highest precision. Since inclusive DIS is mediated through space-like momen-
tum transfer (t-channel exchange) the results are often complementary to other experiments,
such as pp or e+e� collider experiments, where measurements are performed in the time-like
regime and most often at the Z peak. Among many other quantities, measurements of the weak
couplings of the light quarks, u and d, or their anomalous form factors ⇢0

NC,u/d and 0
NC,u/d,

126

Δsin²θw (FCC-eh)  =  ±0.00011
=  ±0.00010(exp) ±0.00004(PDF)

Δsin²θw (LHeC-50)  =  ±0.00021 
Δsin²θw (LHeC-60)  =  ±0.00015
Δsin²θw (FCC-eh+LHeC) =  ±0.000086

Britzger, Klein, Spiesberger
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• Currently Large theory uncertainty originates from 
knowledge of PDFs 

Credit: LHCb
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W-boson mass

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

CT10 CT14 MMHT2014
14 |⌘` | < 2.4 16.0 (10.6 � 12.0) 17.3 (11.4 � 13.0) 15.4 (10.7 � 11.1)
14 |⌘` | < 4 11.9 (8.8 � 8.0) 12.4 (9.2 � 8.4) 10.3 (9.0 � 5.1)
27 |⌘` | < 2.4 18.3 (10.2 � 15.1) 18.8 (10.5 � 15.5) 16.5 (9.4 � 13.5)
27 |⌘` | < 4 12.3 (7.5 � 9.8) 12.7 (8.2 � 9.7) 11.4 (7.9 � 8.3)

14+27 |⌘` | < 4 10.1 (6.3 � 7.9) 10.1 (6.9 � 7.4) 8.6 (6.5 � 5.5)

p
s [TeV] Lepton acceptance Uncertainty in mW [MeV]

HL-LHC LHeC
14 |⌘` | < 2.4 11.5 (10.0 � 5.8 ) 10.2 (9.9 � 2.2)
14 |⌘` | < 4 9.3 (8.6 � 3.7) 8.7 (8.5 � 1.6)

Table 3: Measurement uncertainty for di�erent lepton acceptance regions, centre-of-mass energies and PDF sets,
combined fits to the p`T and mT distributions, and for 200 pb�1collected at each energy. The numbers quoted for
0 < |⌘` | < 2.4 correspond to the combination of the four pseudorapidity bins in this range. In each case, the first
number corresponds to the sum of statistical and PDF uncertainties, and the numbers between parentheses are the
statistical and PDF components, respectively.
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Precision electroweak physics at the LHeC and FCC-eh
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Figure 3: Left: Prospected uncertainties for the determination of dNC, 5 and sin2\e�
W,✓ , expressed

in terms of anomalous form factors d0NC, 5 and ^05 , in comparison with achieved uncertainties from
the LEP/SLD combination at a confidence level of 68 %. Right: Prospected uncertainties for <,

when determined in the on-shell scheme in comparison with direct measurements.

compared to direct measurements. The prospected uncertainties in <, are summarized
in Tab. 3 and displayed in Fig. 3. We find, that at the FCC-eh, the value of <, can be
determined from the inclusive DIS data with an uncertainty of

�<, = ± 4.5 MeV . (11)

The expectations for the LHeC are discussed in Refs. [2, 4]. From a simultaneous analysis
of LHeC and FCC-eh data, the prospected uncertainty is �<, = ± 3.6 MeV. It is observed
that the measurements at the LHeC or FCC-eh yield smaller uncertainties than any direct
measurement today, as well as the indirect constraints from the global electroweak fit [19–
21]. However, additional theoretical uncertaities will have to be taken into account at that
level of precision, and, for instance, the uncertainty due to the uncertainty of the top-quark
mass, �<C = ±0.5 GeV, will contribute with an uncertainty of about �<, = 2.5 MeV for
the LHeC analysis. Also the interpretation of the value of <, is non-trivial. In a dedicated
study it was found that the dominant contributions arise from the weak mixing angle in the
NC vector couplings, whereas the sensitivity from the ,-boson propagator in the CC DIS
cross sections is comparatively small.

4.4 The oblique parameters Y, Z and [

Additional contributions from modifications of the SM can generically be considered in
terms of the oblique parameters (, ) and * [22], which represent non-SM contributions
to the gauge boson self energies, and are particularly suitable to describe the e�ects due to
new heavy particles. We perform fits of two of these parameters together with parameters
of the PDFs. The prospected uncertainties of two oblique parameters are displayed in

8
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Neutral Current DIS
Electroweak light-quark couplings

Sookhyun Lee, DIS 2023

• Precision per mille level –
largely inaccessible in e+e-

• Complementary to lepton 
coupling  

• PDFs are not a limiting 
factor for EW couplings

• Scale dependence 
('running') can be tested 
with high precision

Precision electroweak physics at the LHeC and FCC-eh

comparatively small, since the PDFs are predominantly constrained from low-&2 data. In
contrast, high-&2 data are particularly sensitive to EW parameters.

The results from FCC-eh pseudo data will be compared with expectations from LHeC [4].
These are available for two electron-beam energy configurations of 50 or 60 GeV and will
be termed LHeC-50 and LHeC-60, respectively.

4. Precision electroweak physics with inclusive NC and CC DIS

In the following results from the PDF+EW fits to the simulated FCC-eh pseudo-data are
presented. The expected uncertainties include the experimental uncertainties and PDF-
related uncertainties.

4.1 Weak-neutral-current couplings of the first generation quarks

The couplings of fermions to weak-neutral-currents can generically be considered as free
parameters. While the couplings of the leptons and heavy quarks were measured at
LEP/SLD with high precision [15], the couplings of the first generation quarks have
sizeable experimental uncertainties still today. In the Standard Model, these couplings are
determined as vector and axial-vector couplings (c.f. eqs. (7) and (8)). A meaningful test
of the Standard Model is performed by determining 6+ and 6� and comparing them with
the SM prediction. High experimental precision is desirable, since in the SM higher-order
corrections modify the vector and axial-vector couplings, and new physics may alter these
virtual corrections.
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Figure 1: Prospected uncertainties of the weak-neutral-current vector and axial-vector couplings
of first generation quarks (up-type, and down-type) to the /-boson at 68 % confidence level. Left:
down-type quarks. Right: up-type quarks. The prospected uncertainties are compared with results
from LEP+SLD [15], D0 [16] and H1 [17]. The SM expectations are at the crossing of the horizontal
and vertical lines.
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• EW theory provides precise predictions for charged currents, but they are poorly measured in 
other processes
→ neutrino escapes undetected

Anomalous form factors 
in Charged Current DIS

• In DIS, the kinematics of charged currents are completely measured from final state and incoming electron

→ Weak couplings of the W-boson measured at a couple per mille level– even their scale dependence

arXiv:2203.06237 
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Direct W and Z productions

Sookhyun Lee, DIS 2023

• Through 5 production channels
• Total cross sections:   ! (#$% → '$() ~ 15pb

! (#$% → ')() ~ 14pb
! (#$% → *()    ~ 5pb

Direct W and Z production

e-p → νe + V + X e-p → e- + V + X

Total cross sections:  e-p→ W+X ~O(14pb)
e-p→ W-X    ~O(15pb)
e-p→ ZX    ~O(5pb)
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• 5 anomalous TGCs [Δg#$, Δ&', ('] 

• 3 are independent

Anomalous Triple Gauge Couplings 
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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 [467]. The blue, green and red contours
are current bounds from LHC [470,471] and LEP [472].

realistic analysis at detector level, one expects 2-3 ab�1 integrated luminosity to achieve same
results [467].

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. A leading-order Feynman diagram is displayed in Fig. 5.12
(left). The total cross section for single top quark production is 1.89 pb at the LHeC [473] and
a centre-of-mass energy of 1.3TeV, i.e. with an electron beam energy of 60 GeV and an LHC
proton beam of 7 TeV. The second important production mode for top quarks at the LHeC is
photoproduction of top-antitop quark pairs (tt̄), where a total cross section of 0.05 pb is expected
at the LHeC [474]. Figure 5.12 (right) shows an example Feynman diagram. 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 to 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 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 highlight at the LHeC is the direct measurement of the CKM matrix element |Vtb|. Such
a measurement can be done without making any model assumptions, like for instance on the
unitarity of the CKM matrix or the number of quark generations. An elaborate analysis of the

130
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*+, → *+./01 2
34analysis of Δ567 at parton level 

• Above Vector Boson Fusion process sensitive to WW9
couplings; WWZ suppressed due to Z mass (no interference)

• LHeC-60 significantly improves constraints on Δ&;
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distributions and the current status of aTGC measurement.
In Sec. III, we discuss the phenomenology of this collider
search, which includes event selection and reconstruction,W
polarization analysis, and azimuthal angle correlation analy-
sis. In Sec. IV, we give the numerical analysis results with the
χ2 method. In the last section, we give a brief conclusion.

II. aTGC AND W POLARIZATIONS

As stated in the Introduction, we focus on e−p →
e−W!j, which provides additional information on W
polarization as a handle besides the known azimuthal angle
dependence Δϕej. To measure the W polarization, we
choose the muonic decay subchannel,

e− þ p → e− þ jþW! → e− þ jþ μ! þ νμ: ð1Þ

We neglect the electronic and hadronic decay channel to
avoid combinatory backgrounds and additional irreducible
backgrounds. Detailed discussion on this can be found in
Sec. III.
The diagrams contributing to e−p → e−μþνμj are shown

in Fig. 1. If one computes the single TGC-only diagram as in
Fig. 1(a), the longitudinal polarized W dominates, and the
cross section is huge. On the other hand, it is well known
that the gauge symmetry unitarizes the scattering amplitudes,
which ensures the consistency condition of theories for a
spin-1 vector boson. In a theory with exact gauge symmetry
such as QED, the requirement that current associated with
the gauge symmetry is covariantly conserved leads to the
result that the longitudinal-polarized component of massless

vector-boson cancels and does not contribute to physical
processes as Ward-Takahashi identity,

∂μJμ ¼ 0 → qμhJμðqÞi ¼ 0: ð2Þ

This vanishing of contribution from longitudinal-polarized
component also occurs when the gauge symmetry is sponta-
neously broken but the contribution of longitudinal polarized
component is not exactly zero. Therefore, when all the
diagrams in Figs. 1(b)–1(f) are included, the gauge invari-
ance is restored by a large cancellation between the longi-
tudinal components. Such cancellation among the complete
gauge-invariant set of diagrams could reduce the cross
section by 2 orders of magnitude. Figure 2 shows a
comparison between cos θμW distributions of TGC contri-
butions and the complete set of diagrams,which confirms the
above argument. Hence, this differential cross section can
provide additional information on the process.
The triple gauge boson vertices with anomalous con-

tributions could be generally parametrized by the effective
Lagrangian as [8,9]

LTGC=gWWV

¼ ig1;VðWþ
μνW−

μVν −W−
μνWþ

μ VνÞ þ iκVWþ
μ W−

ν Vμν

þ iλV
M2

W
Wþ

μνW−
νρVρμ þ gV5 ϵμνρσðWþ

μ ∂
↔

ρW−
ν ÞVσ

− gV4W
þ
μ W−

ν ð∂μVν þ ∂νVμÞ

þ iκ̃VWþ
μ W−

ν Ṽμν þ
iλ̃V
M2

W
Wþ

λμW
−
μνṼνλ; ð3Þ

(a) (b) (c)

(d) (e) (f)

FIG. 1. Diagrams of e−p → e−μþνμj process. (a) is TGC contribution and (b)–(f) are backgrounds.
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sis. In Sec. IV, we give the numerical analysis results with the
χ2 method. In the last section, we give a brief conclusion.

II. aTGC AND W POLARIZATIONS

As stated in the Introduction, we focus on e−p →
e−W!j, which provides additional information on W
polarization as a handle besides the known azimuthal angle
dependence Δϕej. To measure the W polarization, we
choose the muonic decay subchannel,

e− þ p → e− þ jþW! → e− þ jþ μ! þ νμ: ð1Þ

We neglect the electronic and hadronic decay channel to
avoid combinatory backgrounds and additional irreducible
backgrounds. Detailed discussion on this can be found in
Sec. III.
The diagrams contributing to e−p → e−μþνμj are shown

in Fig. 1. If one computes the single TGC-only diagram as in
Fig. 1(a), the longitudinal polarized W dominates, and the
cross section is huge. On the other hand, it is well known
that the gauge symmetry unitarizes the scattering amplitudes,
which ensures the consistency condition of theories for a
spin-1 vector boson. In a theory with exact gauge symmetry
such as QED, the requirement that current associated with
the gauge symmetry is covariantly conserved leads to the
result that the longitudinal-polarized component of massless

vector-boson cancels and does not contribute to physical
processes as Ward-Takahashi identity,

∂μJμ ¼ 0 → qμhJμðqÞi ¼ 0: ð2Þ

This vanishing of contribution from longitudinal-polarized
component also occurs when the gauge symmetry is sponta-
neously broken but the contribution of longitudinal polarized
component is not exactly zero. Therefore, when all the
diagrams in Figs. 1(b)–1(f) are included, the gauge invari-
ance is restored by a large cancellation between the longi-
tudinal components. Such cancellation among the complete
gauge-invariant set of diagrams could reduce the cross
section by 2 orders of magnitude. Figure 2 shows a
comparison between cos θμW distributions of TGC contri-
butions and the complete set of diagrams,which confirms the
above argument. Hence, this differential cross section can
provide additional information on the process.
The triple gauge boson vertices with anomalous con-

tributions could be generally parametrized by the effective
Lagrangian as [8,9]

LTGC=gWWV

¼ ig1;VðWþ
μνW−

μVν −W−
μνWþ

μ VνÞ þ iκVWþ
μ W−

ν Vμν

þ iλV
M2

W
Wþ

μνW−
νρVρμ þ gV5 ϵμνρσðWþ

μ ∂
↔

ρW−
ν ÞVσ

− gV4W
þ
μ W−

ν ð∂μVν þ ∂νVμÞ

þ iκ̃VWþ
μ W−

ν Ṽμν þ
iλ̃V
M2

W
Wþ

λμW
−
μνṼνλ; ð3Þ
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FIG. 1. Diagrams of e−p → e−μþνμj process. (a) is TGC contribution and (b)–(f) are backgrounds.
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Summary

Sookhyun Lee, DIS 2023

• LHeC and FCC-eh
• Energy frontier electron hadron collider 

with !" = 50 GeV (LHeC) and 60 (FCC-eh) GeV 
synchronously run with HL-LHC (LHeC) and FCC-hh (FCC-eh)

• Top physics
• Rich top-physics with single top production, photoproduction of top-quark pairs and 

FCNC
• CKM third-row, MDM, EDM, electric charge, polarization, PDFs …

• Electroweak physics
• Precision measurements of fundamental EW parameters
• Weak mixing angle, W mass, anomalous couplings to light quarks and TGC
• Unprecedented precise determination of PDFs using LHeC data needed at HL-LHC
• Complementary to Z-pole and (planned) low energy data   



Thank you!
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