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The proposed Large Hadron electron Collider (LHeC), with a center-of-mass energy of /s ~ 1.3 TeV,
provides a clean and sensitive environment to probe the top quark’s neutral current interactions with the
Z boson via e~ p — e~ tf. We investigate the precision with which the Standard Model (SM) #7Z couplings
—the vector and axial-vector components (AC;y, AC;4) can be measured, along with possible new physics
effects parametrized by higher-dimensional operators inducing weak electric and magnetic dipolelike
interactions (C,y, C,4). Focusing on the semileptonic decay channel, where either the top quark decays
leptonically to a positively charged lepton (£ = e™, u™) and the antitop hadronically, or vice versa, we
utilize the azimuthal angle difference A¢,-,+ between the scattered electron and the charged lepton £~ as
the key observable to derive projected constraints. Using a one-parameter multibin y? analysis of the
differential A¢h,-,+ distribution, the constraints on AC,, improve from O(107") at 50 fb~! to O(1072) at
1000 fb~!, while the improvement for AC,, remains within the same order of magnitude, O(10"). These
results correspond to average relative precisions of approximately 8% and 68%, respectively, with respect
to their SM values. The anomalous tensor couplings C,y and C,, are constrained at the O(107!) level even
at low luminosity and improve moderately with increasing luminosity. While the two-parameter analysis
broadens the allowed regions due to parameter correlations, it maintains competitive sensitivity,
particularly for the SM-like couplings. Throughout, we assume a systematic uncertainty of 6, = 5% in
all analyses, and all results are quoted at the 95% confidence level. These results demonstrate the LHeC’s
potential to provide complementary and competitive sensitivity to top-Z couplings compared to current and

future hadron and lepton collider capabilities.

DOI: 10.1103/fp7y-m31y

I. INTRODUCTION

The top quark, being the heaviest particle in the Standard
Model (SM), plays a crucial role in probing the mechanism of
electroweak symmetry breaking (EWSB) and in searching for
physics beyond the SM (BSM). Precise measurements of top
quark couplings, particularly its neutral current interactions
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with the Z boson, offer a sensitive window into new physics,
as such interactions can be significantly modified by effects
from higher-dimensional operators or heavy new states [1-8].

The production of top-quark pairs in association with a
Z boson (#1Z) has been actively studied at the Large Hadron
Collider (LHC), both theoretically and experimentally. The
ATLAS and CMS Collaborations have reported increasingly
precise measurements of the 17Z production cross section at
/s = 13 TeV in multilepton final states [5-10,10], which
are consistent with SM predictions [11-13], yet still allow
room for moderate deviations that could arise from new
physics. Effective field theory (EFT) approaches have been
employed to constrain anomalous t7Z couplings [14-17],
including those arising from weak electric and magnetic
dipole moment operators [1,18]. Next-to-leading order
(NLO) QCD calculations provide precise predictions for
inclusive and differential cross sections, which are essential
for interpreting experimental measurements [3].

Published by the American Physical Society
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Future electron-proton colliders such as the proposed
Large Hadron electron Collider (LHeC) offer a promising
avenue to complement hadron and lepton collider programs
[19-21]. With a center-of-mass energy of /s ~ 1.3 TeV and
clean experimental environment, the LHeC is expected to
provide unique sensitivity to electroweak couplings [22-24].
Unlike the LHC, where the QCD-dominated environment
suffers from high pileup and complex hadronic backgrounds
that obscure event reconstruction, the e~ p collisions at the
LHeC occur in an ultraclean setting with negligible pileup,
low hadronic noise, and well-controlled initial-state kin-
ematics—thus enabling far more precise reconstruction of
observables [25-30], and significantly enhanced sensitivity
to subtle deviations in the 77Z couplings through neutral
current processes such as e~ p — e~ ff.

In the SM, the interaction of the top quark with the
Z boson is governed by a vector and axial-vector structure,
reflecting the chiral nature of the electroweak interaction.
The relevant interaction term in the SM Lagrangian is given
by

SM g
1Z =2 cos By,

' (CW - Cr)iz, (1)

where C})! = § —sin’ Oy ~ 0.192 and CT}' = ] denote the
vector and axial- vector couplings of the top quark to the Z
boson, with the weak mixing angle 6y corresponding
to sin? @y ~ 0.231.

In this work, we aim to study the sensitivity of the
{tZ vertex to possible deviations from this structure. Such
deviations can arise from higher-dimensional operators that
encode the effects of new physics at higher-energy scales.
In particular, the f7Z vertex is sensitive to anomalous weak
dipole moments of the top quark, which induce tensorial
interactions beyond the SM. These corrections are typically
captured in an effective field theory framework through
terms of the form 76**q,Z,,, corresponding to magnetic and
electric dipole operators. Precise measurements of these
couplings therefore provide a direct probe of new physics
in the top-quark electroweak sector, complementary to
direct searches at high-energy colliders.

The structure of this article is as follows. In Sec. II, we
present the theoretical formalism based on the interaction
Lagrangian used to study the sensitivity of the 7Z cou-
plings within both the Standard Model and its extensions.
The corresponding studies on signal and background
processes in the e~ p collider environment are detailed in
Sec. III. In Sec. IV, we present the analysis methodology
and the results of our study. Finally, we summarize and
conclude our findings in Sec. V.

II. FORMALISM

To study potential deviations from the SM in the
1tZ vertex, we consider a general Lorentz-invariant

parametrization that includes both the SM-like vector
and axial-vector couplings as well as anomalous dipole
interactions arising from dimension-six operators, C; with
ie{1V,1A,2V,2A}. The effective interaction Lagrangian
1s written as [1,2,31,32]

Liz D 3 cos QWE[Y”(ACW —AC47°)
iot*q, .
(Cov - zcm} 1z, )
mz

In this expression, AC;y and AC;, include possible
deviations from the SM vector and axial-vector couplings,
while C,y (CP-even) and C,, (CP-odd) represent anoma-
lous weak magnetic and electric dipole couplings, which
are zero at tree level in the SM and typically arise from
higher-dimensional operators. Here, g, denotes the four-
momentum transfer carried by the Z boson, 6#* = % [, "],
and the dipole terms are normalized by the electroweak
scale A = mz. Hence, the working Lagrangian for this
study is taken as L, = Ly + L7, Where Lgy denotes
the full SM Lagrangian. This Lagrangian is implemented in
the FeynRules package [33] to construct the necessary
model files.

In the context of effective field theory (EFT), the effects
of new physics arising from higher-dimensional operators
O;; can be modeled through the effective Lagrangian,

eft - 'CSM + ZAnU4 OU’ (3)

where n > 4, C;; are the corresponding Wilson coefficients
(WCs), and A denotes the energy scale up to which the EFT
description remains valid. In the Warsaw basis, the higher-

dimensional operators relevant to the f7Z interaction are
[31,34]

Qct1)pB,,,
tW - lell/»[ t)¢ Hvo

=(0
= (
O(/n = (¢"iD,h) (i),
Oy = (¢ iD,h)(0r Q).
Oy = (#1iD,7'$) (017 Q) (4)

where Q and ¢ denote the left-handed top-bottom quark
doublet and the right-handed top-quark singlet, respec-
tively. The 7/ are the Pauli matrices and ¢ is the Higgs
doublet, with ¢ = iz%¢ its charge-conjugated counterpart.
The couplings in Lagrangian (2) can be expressed in terms
of the effective parameters c,z, c/,, Cgr» and Ch0
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2
v
ACIV = FRE[—ngt - C;Q]’

2
v
ACIA = P?{e[—c(p, + C;Q],

V202

A2 Ciz,

V202,

Gy = Con = Az G (5)
where v ~246 GeV is the Higgs vacuum expectation
value. The effective parameters above are, in turn, related
to the WCs C;; of the higher-dimensional operators O);; and
given as [35]

ciz = Re(=sinby - C,p + cosOy - Cpy), (6)
cl, =3m(=sinby - Cg+cosOy - Cry),  (7)
¢ = Coo- (8)
0= Cy0 = Cpo ©)

From Eq. (6) and Eq. (7), it is evident that the weak
magnetic and electric dipole moments of the top quark arise
from the real and imaginary parts of the Wilson coefficient
combination (C,z, C,y), respectively. On the other hand,
¢y and cyq contribute to modifications of the top quark’s
neutral current interactions with the Z boson.

The 95% confidence level (CL) bounds on the relevant
WCs, assuming A =1 TeV, have been derived by the
CMS and ATLAS Collaborations at /s = 13 TeV. These
constraints are obtained from EFT interpretations of top
quark pair production with a Z boson (f7Z) using various
channels and observables. CMS has reported constraints
based on two datasets with different integrated luminosities
and analysis channels. For an integrated luminosity of £ =
77.5 fb~! in the 3¢ channel [6], using the observables p%
(transverse momentum of the Z boson) and cos &7, (cosine
of the angle between the negatively charged lepton and the
Z boson direction in the Z boson rest frame), the 95% CL
bounds are

cp/ N> €[0.3,5.4],
ciz/N2€[-1.1,1.1],

Cy0/ N> €[~4.0,0.0],
/A2 e[-1.2,12].

For £ =138 fb~! in the 77Z, Z — bb channel [7], the
updated 95% CL bounds are

cp/ N2 E€[-12,6.3],
ciz/ A2 €[-1.0,1.1].

Cj0/ N €[-6.6,8.7),

ATLAS has provided constraints based on an £ = 140 fb~!
[8]. These bounds are derived using an EFT interpretation
with Bayesian statistics, employing a multimodal Gaussian
likelihood function. The analysis uses fiducial 7Z cross

sections and normalized differential distributions at the
parton level in the combined 37 and 4¢ final states. The
observables include the transverse momentum of the Z boson
(p%), the absolute rapidity of the Z boson (|y?|), cos 8
(defined as above), the transverse momentum of the top
quark (p}), the azimuthal separation between the 7 system
and the Z boson (|A¢ z|), and the absolute rapidity of the
t1Z system (|]y"?]). The 95% CL bounds, obtained from
quadratic fits where each WC is constrained independently
while fixing others to zero, are

e/ N2 E€[-2.2,1.6],
¢/ N2 €[0.06,0.13],

Cjo/ N> €[-1.16,-0.45),
¢l /A €[-0.01,0.01].

These experimental bounds serve as benchmarks for
evaluating the sensitivity of the LHeC in probing fZ
couplings through signal and background analyses based
on the sensitive observables discussed in the following
sections.

II1. SIGNAL AND BACKGROUND SIMULATION

To probe the sensitivities of the 7Z couplings as in the
Lagrangian (2) within the ¢~ p environment, we simulate
signal events through the neutral-current (NC) process
e~ p — e~ tt, with representative Feynman diagrams shown
in Fig. 1. In the SM, this process proceeds via a #-channel
exchange of y and Z bosons emitted from the incoming
electron line, as illustrated in the leading-order diagrams in
Fig. 1(a). The contribution from new physics affecting the
11Z coupling, as introduced in Lagrangian (2), is shown in
Fig. 1(b). All simulations are performed at parton level
using electron and proton beam energies of E, = 60 GeV
and E, =7 TeV, respectively, corresponding to a center-
of-mass energy of /s~ 1.3 TeV, as proposed for the
LHeC [19], using the MADGRAPH5__aMC@NLO package
[36]. We consider an electron beam polarized at —80%.

g t g t
t t
t t
Z/y Z
e e e e
(a) (b)
FIG. 1. Representative leading-order Feynman diagrams for the

process e~ p — e~ t1: (a) the SM contributions mediated by y and
Z bosons, and (b) the new physics contribution probing the #7Z
coupling, where the ¢7Z vertex is defined in Lagrangian (2).
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With the top (antitop) quark decaying exclusively
through the W*bh (W~b) channel, with a branching ratio
of BR(t - W*b) = BR(f » W™b) ~ 100%, the final state
topology of ¢ events is determined by the decay modes of
the W= bosons. This gives rise to three distinct final states;
fully hadronic (Wt — jj), semileptonic (Wt — ¢+0,/jj
and W= — jj/¢"v,), and dileptonic (W* — ¢*v,), where
¢ = e, u. A comparative study of the SM and representative
BSM couplings (= 0.5) across all three final states is
summarized in Table I. For each new physics benchmark,
only one coupling is set to 0.5, while the others are fixed to
zero. The total cross section includes contributions from
both the SM and its interference with the new physics. As
observed, the cross section for the semileptonic channel is
subdominant, while the fully hadronic channel is dominant.
This is primarily due to the larger BR of the W boson
decaying hadronically (W — jj), which is approximately
67%, compared to leptonic decays (W — £v,), which
occur with a BR of about 11% per lepton flavor. The
dileptonic channel yields the lowest cross section, differing
by roughly an order of magnitude, since it requires both
W bosons to decay leptonically.

For all event samples, the following generator-level cuts
were applied to ensure well-separated and detectable final-
state objects; transverse momentum p%. > 20 GeV for light
jets and p% > 10 GeV for charged leptons, pseudorapidity
Injl <5 for jets and -5<u, <25 for Ileptons.
Additionally, a minimum angular separation of AR > 0.4
was required between any pair of final-state objects (jets

and/or leptons), where AR = +/(An)? + (A¢)* combines
the differences in pseudorapidity and azimuthal angle.
Among the three channels, the semileptonic final state was
chosen for our detailed analysis. This channel provides a
balanced compromise: it benefits from a moderate branching
ratio, offers cleaner reconstruction compared to the fully
hadronic channel (which suffers from large QCD multijet
backgrounds), and retains more statistics than the dileptonic
channel (which is suppressed by the leptonic branching ratio
of both W bosons). Moreover, the presence of exactly one
charged lepton in the final state significantly improves the

TABLE L Cross sections ¢ in fb for the process e”p — e~ ff in
the semileptonic, hadronic, and dileptonic final states. The first
row shows the SM prediction. The remaining rows correspond to
new physics scenarios where one t7Z coupling is set to = 0.5
while the other three couplings are fixed to zero. Note that SM-
new physics interference is included in all cross section estimates.

Coupling Semileptonic Hadronic Dileptonic
SM signal 4.39 6.60 0.73
AC,y =05 5.54 8.33 0.92
AC, =05 9.34 14.1 1.56
Cyy =05 7.06 10.6 1.18
Cyy =05 7.16 10.8 1.19

For E, = 60 GeV, Ep =7 TeV

FIG. 2. Total cross section for the process e~ p — e~ tf in the
semileptonic final state, shown as a function of each 77Z coupling
parameter C;, with all other couplings set to zero. The results are
obtained for /s ~ 1.3 TeV at the LHeC.

event selection efficiency and helps in suppressing reducible
backgrounds, making it optimal for probing the f7Z cou-
plings in the e~ p environment.

The signal process is given by e~ p — e~ tf, where t —
b(W* — ¢*v,/jj) and T — b(W~ — jj/¢"b,). In Fig. 2,
we show the total cross section for this process as a function
of each individual #7Z coupling parameter C;, varied one at
a time while keeping all others fixed to zero. The cross
section exhibits a characteristic parabolic dependence on
each coupling, resulting from the interplay between the
linear interference terms (from SM-BSM interference) and
the purely quadratic BSM contributions. Notably, for
values —2.917 < ACyy <0 and -1.001 < ACy, <0,
the cross section decreases further below the SM predic-
tion. This reduction arises from destructive interference
between the SM amplitude and the contributions from
modified coupling values. As the deviations grow larger,
the quadratic terms become increasingly significant, lead-
ing to a reversal in the trend and an eventual increase in the
total cross section. Since C,y and C,, arise from momen-
tum-dependent, higher-dimensional operators, smaller val-
ues of these couplings are sufficient to produce the same
cross section as larger values of the SM-like couplings
AC]V and AC]A.

The dominant backgrounds contributing to this final
state include:

(i) e p — e tW~b or e"tW™b (single top production);
(ii) e~p — e"Wtbbjj (nonresonant W production);
(iii) e~p — e"WTW~bb (diboson with heavy flavor);
(iv) and other reducible backgrounds involving jets

misidentified as leptons or b-jets.
We note that, after applying mistagging probabilities of
€. = 0.1 for charm jets and ¢; = 0.01 for light-flavor jets
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being misidentified as b-jets, the contribution of the
corresponding background processes becomes negligible.
Furthermore, a b-tagging efficiency of 70% is assumed
uniformly for both the signal and the dominant background
channels.

To enhance the signal-to-background ratio, we apply a
set of optimized selection cuts targeting the kinematic
features of the final-state b-jets and invariant mass dis-
tributions. Specifically, we require the transverse momen-
tum of b-jets to satisfy ph >20 GeV, with their
pseudorapidity constrained by 7, > —3.5, while the scat-
tered electron is required to lie within -5 <7, < 1. To
distinguish the scattered e~ from the e~ originating from
top-quark decay, electrons are sorted by 7, as the scattered
electron typically has the highest #. For the hadronically
decaying W boson, we impose an invariant mass window of
60 GeV < mj; < 100 GeV. To reconstruct the hadroni-
cally decaying top and antitop quarks, we further demand
my;i > 90 GeV.

To evaluate the effectiveness of the selection strategy, we
compute the local statistical significance, denoted as Ngp,
using the signal (§) and background (B) event yields at a
given integrated luminosity £. The significance is calcu-
lated according to the expression [37],

S
 V/S+B+(5, 57+ (5, B)?

NSD

(10)

Here, 6, represents the combined systematic and statistical
uncertainty, which we take to be 5% for our benchmark
integrated luminosity of £ = 50 fb~! (and 1000 fb~!) at
the LHeC. The signal and background event yields are
given by S = 6% - £ and B = 6® - L, where ¢° and ¢® are
the respective cross sections.

In Table 1L, for £ = 50 fb~! and 1000 fb~!, we show the
complete cutflow, beginning with the generator-level selec-
tions and progressing through the final set of optimized
cuts. The table presents the corresponding event yields for
the SM signal and dominant background processes at each
stage. The statistical significance, calculated using Eq. (10),
is shown in the last row.

In Sec. IV, we construct sensitive kinematic observables
and estimate bounds on the BSM parameters by performing

TABLE IL

a y*> minimization, using both one-bin and multibin
analyses of these differential distributions.

IV. ANALYSIS AND RESULTS

In future e~ p colliders, the initial-state energy asymme-
try between the electron and proton beams leads to
distinctive angular correlations in the final state
[3,22,25,30,37-40]. In particular, the difference in azimu-
thal angle distributions of the scattered electron and one of
the final-state leptons or jets originating from the top or
antitop quark decay are sensitive to new physics effects in
the ¢7Z couplings. These correlations provide a promising
avenue to probe deviations from the SM through kinematic
observables constructed from final-state momenta. As
shown in Fig. 3, the observable A¢,-,+ defined as the
azimuthal angle difference between the scattered electron
and the lepton originating from the top (£%) or antitop
quark (£7) decay exhibits notable sensitivity to deviations
in the #7Z couplings, compared to other possible kinematic
pairings. We further exploit this sensitivity by performing a
x> analysis on the corresponding differential distributions,
considering both one-bin and multibin strategies to extract
bounds on the BSM parameters. As noted in Ref. [37], the
one-bin (inclusive) y* analysis evaluates the total cross
section summed over all bins, thus providing an overall
measure of deviations. In contrast, the multibin (differ-
ential) analysis retains the shape information of the dis-
tribution, allowing for a bin-by-bin comparison with the
background and yielding improved sensitivity to the BSM
couplings through their distinct kinematic behavior.

The y? is defined as

= zn: apM(C) — o\ ?
A(Fk ’
BSM

where 6> (C;) denotes the predicted cross section in the
presence of BSM couplings C;, and o, " represents the SM
expectation in the kth bin of a distribution. The total y? is
obtained by adding y? of the two channels, i.e., y2, =
X7~ +x%-. In this analysis, we consider only the SM
signal as the expected distribution, ie., o} " = oM.

(11)

Cutflow for the SM signal and dominant backgrounds normalized to the luminosity

L = 50(1000) tb~!, and assuming a b-tagging efficiency of 70%. The final column corresponds to the optimized
selection cuts; =5 <7,- < 1,17, > =3.5,60 < m;; <100 GeV, and < 90 GeV. The local significance Ngp with a
systematic uncertainty of §; = 5% for the SM signal and backgrounds is shown in the last row.

Process Generation level p’} > 20 GeV Optimized cuts
SM signal 108 (2153) 98 (1967) 79 (1587)
e~ p — e tWb (No top line) 152 (3049) 44 (885) 17 (340)
e~p — e W+bbjj (No top/W~ line) 149 (2972) 37 (737) 0.1 (1.9)
e~ p— e " WtW~bb (No top line) 1.1 (21) 0.2 (5) 0.1 (3)
Nsp (6, = 5%) 4.2 (6.5) 6.6 (14) 7.5 (17.2)
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For E;=60 GeV, Ep=7 TeV
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Normalized differential distributions of the azimuthal angle difference A¢,-,+ between the final-state scattered electron e~ and

the charged lepton £+, compared with the SM signal. The distributions are shown for benchmark BSM scenarios with coupling values C;:
(a) and (b) correspond to varying one coupling at a time (C; = 0.5, others set to zero); (c¢) and (d) correspond to two couplings set

simultaneously to 1.0, with the remaining set to zero.

The uncertainty Ao, incorporates both statistical and
systematic contributions at a given integrated luminosity
L, and is given by

65M+Bkg
Aak — kT + (5362M+Bkg)2' (12)

We assume a systematic uncertainty of 6, = 5% in our
analysis, and the A¢,-,+ distributions are divided into n =
30 equally spaced bins.

The dependence of the inclusive and differential cross
sections on the BSM couplings introduced in Lagrangian
(2) can be modeled as a quadratic function [32,37,41,42],

GBM(C) = oM+ "CiA + Y CCiBy;. (13)
i i,j

where A; denoting the linear coefficients arising from
SM-EFT interference, and B;; representing the quadratic
contributions purely from EFT operators. Based on this
formalism, we present the results from both one-parameter
and two-parameter scans in the following subsection. Note
that the limits at ATLAS and CMS presented in Sec. II are
obtained from quadratic fits analogous to Eq. (13), under
the assumption that each parameter is varied independently.

A. One-parameter analysis

To probe the sensitivity of individual BSM couplings at
the LHeC, we begin with a one-parameter analysis, where a
single coupling C; is varied and all others are fixed to zero.
This provides a baseline estimate of the reach and helps
isolate the impact of each parameter on the f7Z production
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E,=60 GeV, E,=7 TeV, L=50 fb'
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351 B
3 - -
25 B
= 2r 1
1.5 B
1 - -
05 B

Coa

(d)

FIG. 4. The y* distributions obtained from the un-normalized A¢, .+ distribution, used as a sensitive observable for individual 7Z
coupling parameters. The comparison is shown for the inclusive (web-blue) and differential (web-gray) cases, where the former
corresponds to a single-bin (integrated) analysis and the latter to a multibin (n-bin) analysis. The results are presented for /s ~ 1.3 TeV
and £ = 50 fb~!, using a threshold of y? ~ 4 to indicate the 95% confidence level, assuming &, = 5%.

process. Figure 3 shows the normalized sensitive Ag
distributions for selected benchmark scenarios. Panels
(a) and (b) illustrate cases with C; = 0.5, highlighting
deviations from the SM induced by individual couplings.

We then quantify the statistical sensitivity using a y*
analysis, defined in Eq. (11), with predicted cross sections
obtained from Eq. (13). The un-normalized A¢ distribution
serves as the sensitive observable. Two analysis strategies
are employed; the inclusive case, which uses the integrated
cross section (single-bin), and the differential case, which
utilizes the full distribution across n bins. The resulting >
distributions are shown in Fig. 4 for /s~ 1.3 TeV and
L =50 fb~!, with a threshold of y*> ~ 4 corresponding to
the 95% CL.

In the inclusive analysis, the y? distributions exhibit
degeneracies with no unique global minima for all BSM
parameters. This behavior originates from the quadratic
terms ;. C;C;B;; in Eq. (13), which can cause multiple
coupling values to produce similar total cross sections,
thereby obscuring distinct parameter determination. The
interference terms, linear in C; and represented by A;, are
insufficient in the inclusive case to break these degener-
acies. These observations are consistent with the features of
the total cross section shown in Fig. 2.

By contrast, the differential analysis leverages the full
shape information of the un-normalized A¢ distributions,
which is more sensitive to subtle changes in the coupling
parameters. This additional sensitivity effectively lifts the
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Projected 95% CL constraints on the individual BSM couplings as a function of the integrated luminosity, ranging from

10 fb~! to 1000 fb~', obtained from the one-parameter analysis using the inclusive-level (inclusive) and differential-level (multibin)
approach, assuming §; = 5%. The results illustrate the improvement in sensitivity with increasing luminosity.

degeneracies present in the inclusive approach for parameters
such as AC;y and AC,,, providing well-defined minima in
the y> profiles. Furthermore, the sensitivity breaks the
bifurcated structure in ACy, and AC;, observed in the
inclusive approach. This highlights the enhanced discrimi-
nating power obtained by utilizing differential observables
rather than integrated rates alone. The allowed regions for the
BSM couplings show a significant gain in sensitivity when
moving from the inclusive to the differential analysis. The
parameter space tightens by 46.7% for AC,y and 45.7% for
ACy 4, with the differential analysis eliminating the bifurcation
observed for both couplings. The couplings C,y and Cyy
show negligible change in the allowed parameter space at the
luminosity of 50 fb~! when moving from the inclusive to the
differential analysis, mainly due to the limited statistics at
lower luminosities, which reduce the sensitivity of the differ-
ential distributions and lead to comparable limits in both cases.

Figure 5 shows the projected constraints on the BSM
couplings as a function of the integrated luminosity
ranging from 10 fb~! to 1000 fb~!, at 95% confidence
level. The allowed parameter space for all BSM couplings
decreases with increasing luminosity. In particular, the
constraints on AC;y and AC;, exhibit a bifurcated
structure for luminosities above ~20-25 fb~!, as shown
for the inclusive analysis in panels (a) and (b). Notably, the
multibin analysis outperforms the inclusive analysis across
the entire luminosity range for the vector and axial
couplings, whereas the inclusive analysis dominates for
Coy and C,, for luminosities below ~100 fb~' and
50 fb~!, respectively, as shown in panels (c) and (d)
of Fig. 5.

Relative to the limits at 50 fb~!, the bounds at 1000 fb~!
improve by 78.5%, 78.9%, 54%, and 60% for ACy, AC|4,
C,y, and C,,, respectively.
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FIG. 6. Allowed parameter space at 95% CL from the two-parameter fit, based on a multibin y? analysis in the differential case, which
utilizes the full shape of the A¢,-,+ distribution across multiple bins, assuming §; = 5%. Results are shown for integrated luminosities

of 50 fb~!, 500 fb~!, and 1000 fb~! at \/s ~ 1.3 TeV.

B. Two-parameter analysis

To capture the effects of parameter correlations and
possible interference, we next perform a two-parameter
analysis. In this approach, two couplings are varied
simultaneously while the remaining couplings are set to
zero. This setup provides a more realistic projection by
allowing degeneracies and correlations among the cou-
plings to manifest features that typically arise in global fits.
Panel (c) and (d) of Fig. 3 show the normalized Ag,- =
distributions for benchmark scenarios in which two cou-
plings are simultaneously set to 1.0. These illustrate the
potential distortions introduced by correlated BSM effects.
As observed in the one-parameter analysis, the multibin
approach yields stronger constraints on the BSM couplings.
Therefore, we adopt and present results based exclusively
on the multibin analysis in what follows.

Using the linear and quadratic coefficients extracted
from the one-parameter fits of Eq. (13), we determine the
off-diagonal EFT quadratic coefficients B;; for i # j. The
allowed parameter space from the two-parameter analysis is

shown in Fig. 6, based on the multibin y*> method applied to
the unnormalized A¢ distributions. Representative results
are presented for integrated luminosities of 50 fb~!,
500 fb~!, and 1000 fb~!, with the confidence regions
defined by y? ~ 6, corresponding to the 95% CL.

We observe that AC;y, exhibits a strong negative
correlation with AC;,, as seen in panel (a) of Fig. 6,
and a weak correlation with C,, and C,, [panels (b) and
(c)]. Similarly, AC,, is weakly correlated to the anomalous
weak magnetic and electric dipole couplings across all
luminosities, as seen in panels (d) and (e). In contrast, C,y,
and C,4 [panel (f)] shows strong correlations across all
luminosity scenarios. As expected, the contours shrink with
increasing luminosity, reflecting improved statistical
sensitivity.

Compared to the one-parameter analysis, the two-param-
eter fit yields significantly broader allowed regions due to
correlations between parameters. Considering the bounds
for AC,y and AC,, from the two-parameter analysis as
shown in Fig. 6(a), (b), and (d), and for C,y and C,, from
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TABLE III.  The 95% CL limits on the BSM couplings and Wilson coefficients (with A = 1 TeV), extracted from
a multibin y? analysis of the A¢, - distribution in the differential case, which leverages the full shape of the
observable across multiple bins. Assuming 6, = 5%, results from the one-parameter analysis are shown for £ =
50 fb~! and 1000 fb~!, while the two-parameter analysis includes £ = 50 fb~!, 500 fb~!, and 1000 fb~"'.

One-parameter analysis Two-parameter analysis

PHYS. REV. D 112, 115008 (2025)

BSM coupling 50 fb! 1000 fb~! 50 fb! 500 fb~! 1000 fb~!
ACy [-0.733,0.482]  [-0.137,0.125] [-1.617,0.875] [-0.702,0.502]  [-0.585,0.424]
AC4 [-0.224,0.155]  [-0.042,0.039] [-0.738,0.286] [-0.233,0.163]  [-0.184,0.139]
Cyy [-0.316,0.314]  [-0.145,0.141] [-0.483,0.474] [-0.307,0.295] [-0.253,0.242]
Cou [-0.299,0.296]  [-0.119,0.120] [-0.475,0.461] [-0.264,0.258]  [-0.190,0.188]
Wilson coefficient

c¢[/A2(TeV*2) [-5.263,7.907] [-1.355,1.479] [-9.593,19.458] [-5.494,7.725] [-4.652,6.354]
c;Q/Az(TeV*z) [-2.702,4.205] [-0.711,0.785] [—4.866,7.263] [-2.801,3.875] [-2.355,3.313]
c,Z/Az(TeV*z) [-3.692,3.669] [—1.694,1.648] [-5.644,5.539] [-3.587,3.447]  [-2.956,2.828]
c{Z/A2(TeV_2) [-3.494,3.459]  [-1.390, 1.402] [-5.550,5.387] [-3.085,3.015] [-2.220,2.197]

panels (d) and (e), respectively, the allowed parameter
space at 50 fb~! (1000 fb~!) enlarges by 105.8% (288.5%),
168.4% (300.0%), 52.4% (72.4%), and 56.7% (58.3%) for
ACy, ACy,, Cyy, and C,y, respectively, when transition-
ing from the one-parameter to two-parameter analysis. The
corresponding constraints on the BSM couplings and WCs,
with A =1 TeV [using Eq. (5)], are summarized in
Table III for both the one- and two-parameter analyses
across the selected luminosities.

To further quantify the interplay among the parameters,
we estimate the statistical correlations between the BSM
couplings. We adopt the Hessian method [43,44], comput-
ing the Hessian matrix, H,;, of the x* function in Eq. (11),
evaluated at a point C" near the global minimum (best fit).
The Hessian is defined as [45]

02 )(2

The covariance matrix, C; j» 1s then obtained as the
inverse of the Hessian, i.e., C;; = [H™'];;. From this, the
correlation matrix is extracted as

e 15
S (15)

Pij =

The correlation matrix shown in Fig. 7 summarizes the
interplay between the couplings. It is evident that a strong
inverse correlation exists between AC;y and AC,,, sug-
gesting that constraining one will aid in constraining the
other. A slight correlation of C,, with both ACyy (—=10%)
and AC;, (10%) indicate minimal interplay in their
sensitivities. Additionally, C,y shows minimal correlations
with ACy (=9.9%) and AC, (9.8%), while it remains
strongly correlated with AC,, (77%). These correlations

= 3000 o (14) .ref.lect the extent to which the uncertaiqty in eagh parameter
iZjle=ct is influenced by the others in the multidimensional param-
eter space.
1.00 In both the one- and two-parameter analyses, we have
5 adopted a conservative approach by varying individual or
g 0-75 pairs of BSM coupling parameters at a time, while keeping
0.50 the remaining coefficients fixed, assuming they are already
< tightly constrained by existing data. This strategy enables a
g 0.25 clearer interpretation of the effects of specific parameters.
- 0.00 However, for more realistic projections, a comprehensive
. global analysis involving multiple nonzero parameters is
é F—0.25 essential. In the following subsection, we present the results
L _0.50 of a multiparameter simultaneous fit, where all couplings
are allowed to vary simultaneously.
5 -0.1 --0.75
-~1.00 C. Multiparameter simultaneous analysis

ACyy

AC 1A Cz v CZA

FIG. 7. Correlations between BSM couplings in the two-
parameter case, extracted from the multibin > analysis. Results
are shown for §, = 5% at /s ~ 1.3 TeV.

In order to obtain robust constraints on the BSM
couplings, we perform a multiparameter analysis by simul-
taneously varying all parameters and extracting the pos-
terior distributions after marginalization using a Markov
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FIG. 8. Marginalised one-dimensional and two-dimensional
projections at 95% CL from the MCMC analysis are shown in
a triangular array for the anomalous couplings, using the binned
Ag¢,- = distribution with ; = 5%, for integrated luminosities of
50 fb~!, 500 fb~!, and 1000 fb~' at \/s ~ 1.3 TeV.

Chain Monte Carlo (MCMC) approach. The analysis is
based on the binned A¢,-,+ distributions, incorporating a
systematic uncertainty of J; =5%. We employ the
GetDist package [46] to carry out the marginalization
and to obtain the posterior projections and credible intervals
for the BSM couplings. This approach allows for a more
realistic estimation of parameter constraints by properly
accounting for correlations and degeneracies among the
couplings in the multidimensional parameter space.
Figure 8 shows the one- and two-dimensional margin-
alized posterior distributions for the anomalous couplings
ACy, ACy4, Cyy, and C,,. The shaded regions indicate the
95% CL constraints, shown for three different integrated

luminosities; 50 fb~!, 500 fb~!, and 1000 fb~!. The corre-
sponding simultaneous limits on the couplings are summa-
rized in Table IV.

The diagonal panels of Fig. 8 display the marginalized
one-dimensional posterior distributions, which become
progressively narrower with increasing luminosity, reflect-
ing improved sensitivity. In particular, the constraints on
AC,y and AC, 4 become significantly tighter at 1000 fb~!,
indicating strong sensitivity to these couplings.

The off-diagonal panels show the two-dimensional credi-
ble regions for each pair of couplings. Compared to the two-
parameter y” analysis in Fig. 6, the MCMC approach
provides a more comprehensive exploration of the param-
eter space by fully marginalizing over all other couplings.
As a result, the credible contours obtained from MCMC
are generally broader than those from the two-parameter
projections, which assume all other couplings are fixed to
their SM values. While the correlations observed in the
MCMC results are somewhat weaker at 50 fb~! of lumi-
nosity, they remain qualitatively consistent for the higher
luminosities with those seen in the two-parameter analysis.

Quantitatively, the multiparameter analysis yields
broader confidence intervals for the couplings C,y, and
C,, compared to the two-parameter results, as expected
when correlations among all parameters are taken into
account. In contrast, the simultaneous limits obtained for
AC,y and AC,, are slightly tighter than those of the two-
parameter analysis. These differences arise because, in the
multiparameter fit, the confidence interval for each cou-
pling is obtained after marginalizing over all others,
whereas in the two-parameter case, both parameters are
allowed to vary simultaneously, and the limits correspond
to their maximum allowed ranges without marginalization.

V. SUMMARY AND CONCLUSIONS

In this study, we have investigated the sensitivity of
future e~ p colliders, such as the LHeC, to both precision
deviations in the SM 7Z couplings (AC;y, ACy4) and

TABLEIV. The 95% CL limits on the BSM couplings and corresponding Wilson coefficients (with A = 1 TeV),
obtained from the MCMC analysis using the binned Ag,-,+ distribution. Simultaneous constraints are shown for
8, = 5% and integrated luminosities of £ = 50 fb~!, 500 fb~!, and 1000 fb~'.

Coupling 50 tb~! 500 fb~! 1000 fb~!
AC,y [-1.318,0.592] [-0.543,0.372] [-0.443,0.318]
ACy, [~0.625.0.187] [~0.195,0.116] [~0.148,0.102]
Coy [~0.567,0.486] [~0.330,0.292] [~0.269,0.242]
Con [~0.552.0.488] [~0.253,0.243)] [~0.190, 0.186]
WC

Cpul N2 [~6.436, 16.054] [~4.032,6.098] [=3.470, 4.883]
Crol A2 [-3.346, 5.726] [=2.115,2.875] [~1.785,2.437]
¢/ N2 [~6.625.5.679] [~3.856,3.412) [=3.143,2.828)]
/A2 [~6.450,5.702] [~2.956,2.839] [~2.220,2.173]
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potential anomalous contributions from physics beyond the
SM (C,y, Cy4). We consider electron and proton beam
energies of E, = 60 GeV and E, = 7 TeV, corresponding
to a center-of-mass energy of /s~ 1.3 TeV, with the
electron beam polarized at —80%. Our analysis focused
on the neutral current process e~ p — e~ tf, considering the
semileptonic final state, which offers a clean experimental
signature with manageable backgrounds. We derived
95% confidence level bounds on the anomalous f7Z
coupling parameters using both inclusive and differential
cross section analyses, for both the one-parameter and two-
parameter scenarios. The results presented assume a fixed
systematic uncertainty of §; = 5%.

We demonstrate the potential of the azimuthal angle
distribution between the scattered electron and one of the
final-state leptons originating from the top-quark decays
(A@,-4+), to enhance sensitivity beyond what is achievable
with the total cross section alone.

The differential analysis improves sensitivity over the
inclusive case, tightening the allowed regions by approx-
imately 46.7% for AC;y, and 45.7% for ACy,. As the
integrated luminosity increases from 50 fb~! to 1000 fb~!,
the bounds on AC;y and AC;, improve by approximately
78.5% and 78.9%, whereas those on C,y and C,, improve
by 54% and 60%, respectively. The two-parameter analysis
results in broader allowed regions due to parameter
correlations, yielding constraints more than twice as loose
compared to the one-parameter case. In contrast, the
multiparameter analysis, which accounts for simultaneous
variation and marginalization over all couplings, produces
constraints that are generally broader than the two-
parameter results. This reflects the full impact of parameter
correlations and degeneracies in the multidimensional
space, providing a more conservative but realistic estimate
of the allowed parameter regions.

Translating the bounds on AC;y and ACy, into absolute
values of the couplings, defined as C;y = C5¥ + AC;y and
Ciy = CM + AC,,, we find that at 1000 fb~! (95% CL),
the couplings are constrained to

Ciy =0.1927013,  C1, =0.5001005,
corresponding to projected average relative precisions of
approximately 68% and 8%, respectively, with respect to
their SM values, based on the one-parameter analysis.

We have also obtained projected constraints on the
Wilson coefficients relevant to the #7Z couplings considered
in this study. Compared to our results, the earlier LHeC
projections reported in Ref. [39], which are based solely on
the total cross section as the observable, yield significantly
weaker bounds at twice the luminosity (100 fb~!) we have
considered. On the hand, our projected constraints on ¢,

Cpo at 1000 fb~! are significantly better than the future
projection at HL-LHC [47] (taken up to the quadratic term),

95% C.L. Intervals for Wilson coefficien

T T T T T
LHeC 1.3 TeV, 50 fb'} (This work) +—t
LHeC 1.3TeV, 1 ab (This work? bt

CMS 13 TeV, 77.5 fb | =
CMS 13 TeV, 138 o)
ATLAS 13 TeV, 140 fo! ——

-20 -15 -10 -5 0 5 10 15
Wilson Coefficient [TeV_z]

FIG. 9. The 95% CL intervals for the Wilson coefficients,
with A = 1 TeV, extracted from a multibin y? analysis of the
A¢,-,+ distribution in the differential case, which leverages the
full shape of the observable across multiple bins. Results are
shown for the one-parameter analysis at 50 fb~! (black) and
1000 fb=! (blue) for /s ~ 1.3 TeV, assuming &, = 5% (this
work). For comparison, observed limits from CMS at 77.5 fb~!
(green) and 138 fb~! (yellow), and from ATLAS at 140 tb~!
(red), are shown for /s = 13 TeV.

while ¢,; and ¢!, are comparable. The ILC [4] constraints
indicate stronger sensitivity to all WCs.

A comparative analysis of the projected 95% CL limits
on the WCs at the LHeC (this work), based on the one-
parameter analysis, and existing constraints from the LHC
experiments (ATLAS and CMS) is presented in Fig. 9. At
an integrated luminosity of 50 fb~!, the projected bounds
on ¢,z and ¢!, at the LHeC are generally weaker than
current LHC results, which benefit from higher statistics
and global fits involving multiple channels.

Interestingly, we find that the CMS constraints on ¢,
and ¢, at 138 fb~! are approximately 1.4 and 2.2 times
weaker than our projections, respectively, while the bounds
from CMS at 77.5 fb~! are generally stronger than ours. At
the high-luminosity phase of the LHeC with 1000 fb~!, the
sensitivity is expected to improve substantially, yielding
stronger constraints on c,, and Cyo than those from CMS,
and comparable constraints on ¢, and c!,. However, the
limits on ¢y, and ¢,z (cl;) remain slightly weaker than
those from ATLAS. These results reflect both the enhanced
kinematic reach and clean final states of the ¢~ p environ-
ment, as well as the differing sensitivities of various
observables to specific couplings.
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