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CrossMark
Abstract
We study the cross-section of production of a single W~ boson in association
with a neutrino through the process e p — e v*p — 1, Wp. Additionally, we
obtain limits on the anomalous couplings Ak, and A, of the W' W™ vertex at
the Large Hadron electron Collider (LHeC) and the future circular collider
hadron-electron (FCC-he). The impact of the polarized beam due to the
electron is also analyzed. Our best limits for Ax., and A, at the 95% C.L. are:
Ak, = £0.0017, A, = £0.0053 (unpolarized electron beam) and
Ak, = £0.0013, A, = £0.0046 (polarized electron beam) identifying the
W~ boson through the hadronic decay channel. In addition, the e y* — 1, W~
collision is one of the clean, pure and simple processes to probe the W W~y
coupling without the complications of QCD backgrounds.
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1. Introduction

The standard model (SM) [1-3] of elementary particle physics based on the gauge group
SU(2)., x U(1)y, describes the electroweak interactions as being mediated by the v-photon,
the Z-boson and the W*-bosons.

The W*-bosons are among the heaviest particles known of the SM. Although the
properties of the W*-boson have been studied for many years, measuring its mass, as well as
its anomalous couplings with high precision remains a great challenge and an important
objective to prove the unification of the electromagnetic and weak interactions in the SM.
High precision measurement of the properties of these bosons has made these particles one of
the most attractive particles for new physics research.

It is worth mentioning that it is very important to measure the masses of the W*-bosons,
as well as its anomalous couplings, as accurately as possible to better understand the Higgs
boson, refine the SM and test its global consistency.

As we mentioned above, an outstanding feature of the SM is the self coupling of the
gauge bosons, that is WW~, WWZ, WZ~, Wy, WWryy, WWZry, WWZZ and WWWW. 1t is thus
of great importance to test the anomalous triple-gauge-boson couplings (aTGC) and anom-
alous quartic-gauge-boson couplings (aQGC). Furthermore, the aTGC and aQGC are a very
important element in the search for the new physics beyond the SM (BSM), because any
difference of the measured value with respect to the predicted could unveil new phenomena
other than the SM. For these and other reasons, is very important to studying the gauge
bosons self-interactions. In this paper we focus on measurements of the charged triple gauge
boson couplings, Ax.,, and A, i.e. those of form WW~. These aTGC have been bounded by
measurements of gauge boson pair production WW performed at the LEP, the Tevatron and
the LHC. Limits on these couplings have been obtained from hadron collider experiments
UAZ2 experiment at the CERN [4], CDF and DO experiments at the Fermilab Tevatron [5-10].
CLEO Collaboration obtain measurements on the anomalous WW~ coupling of the process
B(b — s7v) [11]. In the case of lepton colliders experiments, the ALEP, DELPHI, L3 and
OPAL experiments at the LEP [12], as well as the TESLA [13] experiments have also
obtained bounds on anomalous couplings WW~. More recently, the ATLAS and CMS col-
laborations at the Large Hadron Collider (LHC) of CERN have obtained limits on the aTGC
Ak, and \,, respectively.

The physics program of the future linear colliders such as the international linear collider
(ILC) [19] and the compact linear collider CLIC [20], as well as of the future lepton-hadron
circular colliders (FCC) at CERN, that is the LHeC [21-24] and the FCC-he [25], operating
as ete” and e p colliders, also contemplate the study of anomalous couplings Ak, and A,
operating in the collisions e™y, vy, e™v*, v*v*, yp and v*p modes.

The v, W~ production at the e~ p colliders contains a lot of information on the existence of
trilinear self-couplings among W7 W™~ gauge bosons. These couplings are a consequence of
the non-Abelian gauge structure of the SM, predict the existence of the triple couplings
W7'W~ v [1-3]. As we mentioned above, the W W~ triple gauge boson vertex is accessible
at the present and future colliders such as the LHC, LHeC, FCC-he and the CLIC at CERN
for the post LHC era, as well as at the ILC, CEPC and FCC-ee.

Under these arguments, in this paper, we study and present our results on the cross-
section of the process e p — e v*p — 1, W p. In addition, we obtain model-independent
limits on the anomalous electromagnetic couplings A, and A, of the W W~ vertex for the
high-energies of the center-of mass energies /s = 1.30, 1.98, 7.07, 10 TeV and high-
luminosities £ = 10 — 1000 fb! of the LHeC and the FCC-he [21-23, 25, 28, 29]. Addi-
tionally, we consider unpolarized and polarized electron beams, as well as the systematic
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Table 1. Updated summary on the comparison of experimental and phenomenological
bounds at 95% C.L. on the aTGC Ak, and A, from the present and future colliders.

Model Ak, Ay C.L.  References

SM 0 0 [1-3]

Experimental limit Ak Ay C. L.  References

ATLAS Collaboration [-0.061, 0.064] [—0.013, 0.013] 95% [14]

CMS Collaboration [—0.044, 0.063] [-0.011, 0.011] 95% [15]

CDF Collaboration [-0.158, 0.255] [—0.034, 0.042] 95% [9]

DO Collaboration [-0.158, 0.255] [—0.034, 0.042] 95% [10]

ALEP, DELPHI, L3, OPAL [—0.099, 0.066] [—0.059, 0.017] 95% [12]

Phenomenological limit Ak, A, C. L. References

LHC [—0.0058, 0.0058] [-0.0011, 0.0011]  95% [16]

HL-LHC [-0.014, 0.014] [-0.0033, 0.0033]  95% [16]

LHeC [—0.0016, 0.0024] [-0.0040, 0.0043]  95% [17]

FCC-he [—0.00069, [-0.0099, 0.0054]  95% [18]
0.000 69]

CEPC [—0.00045, [—0.00033, 95% [16]
0.000 45] 0.000 33]

ILC [—0.00037, [—0.00051, 95% [26]
0.000 37] 0.000 51]

CLIC [—0.00007, [—0.00004, 95% [27]
0.000 07] 0.000 04]

uncertainties dsys = 0%, 1%, 5%, 10% [30, 31] and leptonic and hadronic decays of the W-
boson.

A updated summary of experimental and phenomenological limits at 95% C.L. on the
aTGC Ak, and A, from the present and future colliders is given in table 1. See [32-46] for
other limits on the anomalous W*W v couplings in different contexts.

This work is organized as follows: in section 2 we give an overview of the operators in
the effective Lagrangian. In section 3 we derive limits on the anomalous couplings Ax., and
A, at the LHeC and the FCC-he. In section 4 we present our conclusions.

2. Effective field theory (EFT) approach to non-standard WW- couplings

An appropriate approach and model-independent for describing possible new physics effects
is based on EFT approach. In this approach, all the heavy degrees of freedom are integrated
out to obtain effective interactions between the SM particles. This is justified since the related
observables have so far not shown any significant deviation from the SM predictions.

We start from the EFT approach to study the process e p — e v*p — 1, Wp, as well as
to determine limits on the aTGC Ak, and A,. In this regard, our starting point is the
Lagrangian of the EFT of the SM which can be expanded as:
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£:£SM+Z%Q+ ..... + hec., (1)

where the coefficients C; are dimensionless and parameterize the strength with which the new
physics couples to the SM particles, while A is some characteristic heavy scale of the system.
The O; are the dimension-6 operators constructed with the light fields.

To define our notation we quote here the operators relevant for e p — e v*p — 1, Wp
with anomalous couplings Ak, and \,, which can be written as:

1
L= F[CW Ow + CpOp + Cwww Owww + h.c.], 2

where the three independent dimension-6 operators Oy, Op and Oyww that C and P
conserving are specified as follows:

Ow = (D,)'W" (D, ), )
Op = (D, ®)'B" (D, ), “)
Owww = Tr[W" ' W, W,,. (5)

Here D,, and ® are the covariant derivative and the Higgs doublet field, while I§W and Vf{,y are
the field strength tensors, respectively. It is appropriate to mention that in the decoupling limit
A — oo and the coefficients Gy /A%, Cz /A2, and Cyyw /A* of equation (2) are zero.

With all these elements given above, the EFT approach to anomalous couplings A, and
A, is based on the Lagrangian [33, 47]:

, : Ay
Lyw = igwwﬂ,[gp(wjy WHAY — WIVWIA,) + k) W W AR + M—”ZW;,,, WV“A”/’], (6)
w

where all the terms of equation (6) C and P conserving and W, = §,W," — 9, W, , while the
overall coupling constant is defined as gy, = e. On the other hand, the electromagnetic
gauge invariance implies that g’ = 1, while x, = 1 and A\ = 0 in the SM.

The EFT approach using here allows us calculate the parameters Ax., and A, in terms of
the coefficients of the three dimension-6 operators given by equation (2). These coefficients
are related to the aTGC Anv and )\, [34, 48, 49] as:

Ky =1+ AR, @)

where specifically Ak, is given by:

Ali,y = CW + CB, (8)

Ay = Cwww. )

On the other hand, the vertex function approach is the momentum-space analog of the
EFT approach given by equation (6). In this context, the vertex function approach which C
and P conserving and that is consistent with gauge and Lorentz invariance of the SM, is
parameterized [33] as:
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Thoy’ = el8,,(py = Pyl + 8,(Py — Py + &, (3 — Pv + DKy (8,03, — 8,P3,)

Ay
+ W(Plppzﬂpsy = P1P2pP3 — 8u Py - P3P, — P3 t PiPy,)
W

= 8,(P3 - P12y, — Py - PaP3,) — 8,(Py - PaPs, — Py - P3Py
(10)

In this equation the first three terms corresponds to the SM couplings, while the terms with
Ak, and A, correspond to the contribution of the aTGC.

3. Cross-section of the process e " p—e~v*p—-ve W™ p and limits on the
anomalous couplings Ak, and )\,

3.1. Cross-section of the process e~ p—e~ v*p—-v. W™ p at the LHeC and the FCC-he

The LHeC and the FCC-he are proposed, designed and planned colliders to carry out e p
collisions at center-of-mass energies /s = 1.30, 1.97, 7.07 and 10 TeV, that is to say with a
four main stage research region [21-23, 25, 28, 29]. The e p colliders can also be operated as
e v*, v*p and ~*y colliders. This enables the investigation of the e* interactions where the
emitted quasi-real photon ~* is scattered with small angles from the beam pipe of e~ [50-55].
Since these photons have a low virtuality, they are almost on the mass shell. These processes
can be described by the equivalent photon approximation (EPA) [53, 56, 57], using the
Weizsacker—Williams approximation. The EPA has a lot of advantages such as providing the
skill to reach crude numerical predictions via simple formulae. Furthermore, it may princi-
pally ease the experimental analysis because it enables one to directly achieve a rough cross-
section for e™y* — X process via the examination of the main process e p — e Xp where X
represents objects produced in the final state. The production of high mass objects is parti-
cularly interesting at the e™ p colliders and the production rate of massive objects is limited by
the photon luminosity at high invariant mass while the ey* process at the e~ p colliders arises
from quasi-real photon emitted from the incoming beams. In many studies, new physics
investigations are examined by using the EPA [73, 58-72, 74-78].

Another very important element in our study corresponds to the impact of the polar-
ization of the electron beam. About this, in the baseline LHeC and FCC-he design, the
electron beam can be polarized up to 80%. By selecting different beam polarizations it is
possible to enhance or suppress different physical processes. In the particular case of the
process e p — e y*p — 1, Wp, the chiral nature of the weak coupling to fermions can
result in significant possible enhancements in 1, W~ production. Starting from this, the
polarized e~ beam combined with the clean experimental environment provided by the LHeC
and the FCC-he will allow to improve strongly the potential of searches for the W W™ triple
gauge boson vertex. With these arguments, we consider polarized electron beam in our study.
The expression for the total cross-section for an arbitrary degree of longitudinal e~ beam
polarization is given by [79]:

Oey = 0¢y - (L = Pp), 0o + 0,7 =20, (1)

where 0., 0, and o, represent the right, left and without electron beam polarization,
respectively and P,- is the polarization degree of the electron.

The schematic diagram corresponding to the process e p — e~y p — 1, Wp is given in
figure 1. While the representative leading order Feynman diagrams for the subprocess
~v¥*e~ — 1, W~ are depicted in figure 2. We based our calculations on electron-photon fluxes
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p p

e W

Figure 1. A schematic diagram for the process e p — e v*p — 1, Wp.

(1) (2)

Figure 2. Feynman diagrams contributing to the subprocess y*e~ — 1, W—.

through the subprocess e™y* — 1, W~. In addition, it is evident the contribution of elastic
process with an intact proton in the final state.

Finally, the total cross-section is obtained by folding the elementary cross-section with
the photon distribution function:

oep = ep = uWp) = [£e@oEr* - uWdr (12)

where &(e v* — 1,W™) is the cross-section for the reaction e v* — 1, W~, and the
distribution function f.«(x) of the EPA photons which are emitted by protons is given by

[53, 80]:
a ok 0%
) = —{[1 = ] [so[—;;*) - ga(—"““)], (13)

2
L) 0 9

where x = E, /E, and Q2,.x is the maximum virtuality of the photon. For our calculations, we
use Qrﬁax = 2 GeV?. The minimum value of the Qrznin is:
m>x2

Omin = ——. (14)
1 —x
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From equation (13), the function ¢ is given by:

1 3 1 y(I —b)
OH=1+ —In(1 + =) + > - +
y 1 — b + 9) 3 bk
+c+ )| In|l—— |+ 22— | 15
el 4)[ ( 110 S o (1>
where explicitly y, a, b and ¢ are as follows:
2
X
= , 16
YS9 (16)
1+ ,ui 4m§
o + 2~ 706, a7
4 Qo
4m§
b=1-— =~ —-3.96, (18)
0
=1
c W ~ 0.028. (19)

In order to perform our calculations in an efficient way, we used a numerical method. The
numerical integration is performed using the CalcHEP packages [80].

The present LHeC and the FCC-he are planned to generate e p collisions at energies
from 1.30to 10 TeV [42, 65]. The LHeC is a suggested deep inelastic electron—nucleon
scattering machine which has been planned to collide electrons with an energy from 60 GeV
to possibly 140 GeV, with protons with an energy of 7 TeV. In addition, the FCC-he is
designed for collider electrons with an energy from 250 to 500 GeV, with protons with an
energy of 50 TeV. The LHeC and the FCC-he physics programs will enable fundamentally
new insights beyond the capabilities of the LHC for the anomalous coupling W*W . In
addition, the flexibility and large accessible energy range provides a wide range of possibi-
lities to measure the new physics using very different approaches.

It is appropriate to mention that the phenomenological investigations at e p colliders
generally contain deep inelastic scattering reactions where the colliding proton dissociates
into partons. Although inelastic processes have been more examined in literature, exclusive
~v*p and v*y* processes have been less probed. Exclusive processes can be distinguished
from completely inelastic processes due to some experimental signatures. First, after the
photon emission in v*p collisions, proton is scattered with a small angle and escape detection
from the central detectors. This gives rise to a missing energy signature called the forward
large-rapidity gap, in the corresponding forward region of the central detector. Also, another
experimental signature can be implemented by forward particle tagging. These detectors are
to tag the protons with some energy fraction loss. Deflected protons and their energy loss will
be detected by the forward detectors mentioned above but other products in the final state will
go to the central detector. Finally, operation of forward detectors in conjunction with central
detectors with precise timing, can efficiently reduce backgrounds. In this context, LHeC
Collaboration has a program of forward physics with extra detectors located in a region
between a few tens up to several hundreds of meters from the interaction point [21].

The high-luminosity and the low backgrounds of QCD give access to the process
ep— e v*p — 1,Wp at all energies. Furthermore, the clean experimental environment

7



J. Phys. G: Nucl. Part. Phys. 47 (2020) 055005

A Gutiérrez-Rodriguez et al

a(pb)

05

= 10TeV

7.07TeV
- 1.98 TeV

= 1.30TeV

Figure 3. The total cross sections of the process e p — e~y p — 1, Wp as a function
of Am/ for center-of-mass energies of /s = 1.30, 1.98, 7.07, 10 TeV at the LHeC and

the FCC-he.

5 —10TeV
I 7.07 TeV 1
i ——1.98TeV 1
2 —1.30TeV
5
& L ]
S
1
05| —
I L 1 1 1 1]
-0.2 -0.1 0.0 0.1 0.2
A

Figure 4. Same as in figure 3, but for \,.

and the good knowledge of the initial state allow precise measurements of the cross-section of
the 1, W~ signal, as well as of Ax, and \,, respectively.

Figure 3 shows the total cross-sections of the process e p — ¢ v*p — 1, Wp as a
function of Ak, for center-of-mass energies of s = 1.30, 1.98, 7.07, 10 TeV at the LHeC
and the FCC-he. The mechanism e p — e v*p — 1,Wp is dominant at /5 = 10 TeV
reaching a cross-section of 20 pb. A similar study on the cross-sections of the process
ep — e v*p — 1, Wp as a function of \, is presented in figure 4. In this case, the cross-
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section obtained is of 5 pb at center-of-mass energy of /s = 10 TeV. In general, this process
can be identified at all the energy stages of the LHeC and the FCC-he.

From figure 3 (and similarly in figure 7), in the case of 1.30 and 1.98 TeV where the
center-of-mass energies are relatively low, there is an asymmetry of the cross-section values
relative to the negative and positive values of the anomalous couplings Ax., and A,. This is
due to the cross terms of the anomalous couplings with SM terms It is observed that this
asymmetry decreased significantly due to the reduction of the effect of the SM in increasing
center-of-mass energies.

3.2. Limits on the anomalous couplings Ax., and )\, at the LHeC and the FCC-he

One of the main purposes of this paper is to determine the best measurements of the
anomalous couplings Ak, and A, at the LHeC and the FCC-he. To carry out this purpose, we
adopted a x? analysis. The y? function for our fit is defined as similar [81-84]:

2
osm — 0sm(VS, Ak, Ay)

OSM+/ (651)2 + (6sys)2

where ogsm(v/5, Ak, A,) and ogy are the cross-section in the presence of beyond SM

1
JNoyr
systematic eITor. The number of events is given by
Nem = Line X ogm X BR(IWT — gq’, Iv;), where L, is the integrated luminosity and
[ = e, p. We values assume for the systematic uncertainties of 6Sys = 0%, 1%, 5% and 10%
[30, 31]. For single W~ production at the LHeC and the FCC-he we classify their decay
products according to the decomposition of W. In this paper, we consider that the W~ boson
decay leptonically or hadronically for the signal. Thus, we assume that the branching ratios
for W~ decays are: BR(W~ — ¢q’) = 0.674 for hadronic decays and BR(W~ — [v) = 0.213
for light leptonic decays.

Systematic uncertainties play a key role in the measurement of physical quantities such as
the anomalous Ak, and ), couplings. Systematic uncertainties, on the other hand, arise from
uncertainties associated with the nature of the measurement apparatus, assumptions made by
the experimenter, or the model used to make inferences based on the observed data. Common
systematic uncertainties include uncertainties that arise from the calibration of the measure-
ment device, the probability of detection of a given type of interaction often called the
acceptance of the detector, and parameters of the model used. In this sense, an important
aspect of our study is the incorporation of theoretical uncertainties as there may be several
experimental and systematic uncertainty sources when identifying to the W-boson. The most
common sources of systematic uncertainties are: trigger efficiency, selection efficiency,
background, luminosity, parton distribution functions (PDFs).

It may be assumed that the LHeC and the FCC-he will be built in the coming years and
substantially improves the precision achieved in the hadron electron ring accelerator analysis,
reducing the systematic uncertainties for the trigger efficiency, selection efficiency, back-
ground, luminosity, PDF for the LHeC and even more for the FCC-he.

We examine in figures 5 and 6 the impact of center-of-mass energies /s = 1.30, 1.98,
7.07, 10 TeV and the luminosities £ = 10, 50, 100, 500, 1000 fb'! on the anomalous cou-
plings Ar. and \,. The expected measurement for both Ak, and A, is 1072 for 7.07, 10 TeV
and 100, 500, 1000 fb'!, respectively. For other energy stages of the LHeC, the expected
measurements on Ak, and A, are an order of magnitude weaker. However, for all the energy

X2 (AH’W )\7) =

(20)

interactions and in the SM, respectively. 6y = is the statistical error and Oy is the

9
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CMS Bound

— Akx107"!

s =130 Tev

- Akx107"

s =1.98 Tev

- Akx107"!

s =7.07 Tev

10 fo~" - Ao
50fb™ oo 1
m— 100 fb~’
500 fb™" — s =10Tev
— 1000 b~ — Akx1072
-10 -‘5 6 é 10
Ak

Figure 5. Comparison of precisions at the LHeC and the FCC-he to the anomalous
coupling Ax, for center-of-mass energies s = 1.30, 1.98, 1.07, 10 TeV and
luminosities £ = 10, 50, 100, 500, 1000 fb!.  We  consider the  process
e p — e v¥p — 1, W p. We include the CMS bound.

and luminosity stages of the LHeC and the FCC-he the measurements on Ak, and A, are
accessible.

In tables 2-5, we present the sensitivities on the anomalous Ak, and A, couplings
through the process e p — e y*p — 1, Wp at the LHeC and the FCC-he including the
systematic uncertainties of §Sys:0%, 1%, 5%, 10% [30, 31], unpolarized and polarized
electron beams and with leptonic and hadronic decays of the W-boson.

Estimations of the one-parameter limits on the anomalous Ax., and X, couplings given in
equations (8) and (9) are presented in table 2, where one of the anomalous couplings is fixed
to zero. In table 2, we consider the leptonic and hadronic decay channels of the process
e p — e v*p — 1,Wp at the LHeC with /s = 1.30, 1.98 TeV and integrated luminosities
L = 10, 30, 50, 70, 100 fb'!. A similar estimation for the anomalous couplings Ali7 and A,
is presented in table 3, where in this case /s = 7.07, 10 TeV at the FCC-he with integrated
luminosities £ = 100, 300, 500, 700, 1000 f& !, respectively. From these tables, it is clear
that in the leptonic channel the limits on the Ak, and A, are of the order of magnitude of few
times 1073 to 1072, However, due to the larger branching ratio, the hadronic channel can
improve the constraints by a factor of two or three with respect to the leptonic channel.

From table 3, our best limits for the anomalous couplings Ax., and A, at the FCC-he are
the following.
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CMS Bound

— Ax107"

s =130 Tev

— Ax107"

s =1.98 Tev

— Ax107"
—— s =7.07 Tev
10 fbo™' A10
50fb™ oo 1
m— 100 fb~"
500 fb™" — s =10Tev
— 1000 b~ — Ax1072
-10 5 0 5 10
A

Figure 6. Same as in figure 5, but for A,.

(i) Limits on Ak, and A, for /s = 7.07 TeV, £ = 1000 fb! and P,- = 0%:

. 10.0033], 95% C.L. leptonic,
77 10.0019], 95% C.L., hadronic, @1

~10.0098|, 95% C.L., leptonic,
7 10.0073|, 95% C.L., hadronic. (22)

(i) Limits on Ak, and ), for /s = 10 TeV, £ = 1000 fb! and P,- = 0%:
o |0.0031|, 95% C.L., leptonic,
77710.0017|, 95% C.L., hadronic, (23)

_ |0.0071|, 95% C.L., leptonic,
77710.0053|, 95% C.L., hadronic. (24)

The limits given in equations (21)-(24) are consistent with the corresponding ones of
table 1 for the anomalous couplings Ax., and A,

3.3. Impact of the polarized electron beam on the cross-section of the process
e poe v'p-oveW™ p at the LHeC and the FCC-he

In the previous sub-sections, the results for the cross-section of the process
ep — e y*p — 1,Wp, as well as of the anomalous parameters Ax., and \, are presented

11
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Table 2. Estimations of the 95% C.L. prospects for the anomalous couplings A, and A, in the leptonic and hadronic decay channels of the process
e p — ev*p — 1,Wp at the LHeC with /s = 1.30, 1.98 TeV and integrated luminosities of £ = 10, 30, 50, 70, 100 fbo'!. All the limits for
Ak,(A,) are obtained while the other coupling is fixed to their SM value of zero.

95% C.L. V5= 130TeV Js= 198 TeV
Osys = 0%
Parameter L {6hH Leptonic channel Hadronic channel Leptonic channel Hadronic channel
10 [—0.0607, 0.0571] [—0.0336, 0.0325] [—0.0499, 0.0473] [—0.0277, 0.0269]
30 [—0.0345, 0.0333] [—0.0192, 0.0189] [—0.0285, 0.0276] [—0.0159, 0.0156]
AV 50 [—0.0266, 0.0259] [—0.0149, 0.0146] [—0.0220, 0.0214] [—0.0123, 0.0121]
70 [—0.0224, 0.0219] [—0.0125, 0.0124] [—0.0185, 0.0181] [—0.0103, 0.0102]
100 [—0.0187, 0.0184] [—0.0105, 0.0104] [—0.0155, 0.0152] [—0.0086, 0.0086]
10 [—0.1546, 0.1546] [—0.1159, 0.1159] [—0.1022, 0.1022] [—0.0766, 0.0766]
30 [-0.1175, 0.1175] [—0.0881, 0.0881] [—0.0777, 0.0777] [—0.0582, 0.0582]
Ay 50 [—0.1034, 0.1034] [—0.0775, 0.0775] [—0.0684, 0.0684] [—0.0512, 0.0512]
70 [—0.0950, 0.0950] [—0.0712, 0.0712] [—0.0628, 0.0628] [—0.0471, 0.0471]
100 [—0.0869, 0.0869] [—0.0652, 0.0652] [—0.0575, 0.0575] [—0.0431, 0.0431]
Osys = 1%

Ak, 100 [—0.0260, 0.0253] [—0.0208, 0.0203] [—0.0240, 0.0233] [—0.0203, 0.0198]
A 100 [—0.1022, 0.1022] [—0.0914, 0.0914] [—0.0714, 0.0715] [—0.0656, 0.0657]
Osys = 5%

AV 100 [—0.0953, 0.0867] [—0.0938, 0.0855] [—0.0971, 0.0877] [—0.0961, 0.0869]
Ay 100 [—0.1919, 0.1919] [—0.1905, 0.1905] [—0.1405, 0.1406] [—0.1398, 0.1399]
Osys = 10%

Ak, 100 [—0.1988, 0.1643] [—0.1980, 0.1637] [—0.2050, 0.1666] [0.2044, 0.1662]
A, 100 [—0.2692, 0.2692] [—0.2687, 0.2687] [—0.1977, 0.1977] [—0.1974, 0.1975]
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Table 3. Estimations of the 95% C.L. prospects for the anomalous couplings A, and A, in the leptonic and hadronic decay channels of the process
e p — e y*p — 1, Wp at the FCC-he with s = 7.07, 10 TeV and integrated luminosities of £ = 100, 300, 500, 700, 1000 fb'!. All the limits
for Ak,(\,) are obtained while the other coupling is fixed to their SM value of zero.

95% C.L. JVs=17.07TeV Js= 10TeV
Osys = 0%
Parameter L {6hH Leptonic channel Hadronic channel Leptonic channel Hadronic channel
100 [—0.0107, 0.0106] [—0.0059, 0.0059] [—0.0100, 0.0099] [—0.0055, 0.0055]
300 [—0.0061, 0.0061] [—0.0034, 0.0034] [—0.0057, 0.0057] [—0.0032, 0.0032]
AV 500 [—0.0047, 0.0047] [—0.0026, 0.0026] [—0.0044, 0.0044] [—0.0025, 0.0025]
700 [—0.0040, 0.0040] [—0.0022, 0.0022] [—0.0037, 0.0037] [—0.0021, 0.0021]
1000 [—0.0033, 0.0033] [—0.0019, 0.0019] [—0.0031, 0.0031] [—0.0017, 0.0017]
100 [—0.0175, 0.0175] [—0.0131, 0.0131] [—0.0127, 0.0127] [—0.0095, 0.0095]
300 [—0.0133, 0.0133] [—0.0099, 0.0099] [—0.0096, 0.0096] [—0.0072, 0.0072]
Ay 500 [-0.0117, 0.0117] [—0.0088, 0.0088] [—0.0085, 0.0085] [—0.0063, 0.0063]
700 [—0.0107, 0.0107] [—0.0080, 0.0080] [—0.0078, 0.0078] [—0.0058, 0.0058]
1000 [—0.0098, 0.0098] [—0.0073, 0.0073] [—0.0071, 0.0071] [—0.0053, 0.0053]
Osys = 1%

Ak, 1000 [—0.0193, 0.0188] [—0.0192, 0.0186] [—0.0216, 0.0210] [—0.0199, 0.0194]
Ay 1000 [—0.0234, 0.0234] [—0.0233, 0.0233] [—0.0176, 0.0176] [—0.0175, 0.0175]
Osys = 5%

AV 1000 [—0.1007, 0.1088] [—0.1006, 0.1088] [—0.1022, 0.0892] [—0.1018, 0.0889]
Ay 1000 [—0.0519, 0.0519] [—0.0519, 0.0519] [—0.0391, 0.0391] [—0.0391, 0.0391]
Osys = 10%

Ak, 1000 [—0.2200, 0.1689] [—0.2200, 0.1689] [—0.2245, 0.1689] [—0.2243, 0.1687]
Ay 1000 [—0.0735, 0.0735] [—0.0735, 0.0735] [—0.0553, 0.0553] [—0.0553, 0.0553]
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Table 4. Estimations of the 95% C.L. prospects for the anomalous couplings A, and A, in the leptonic and hadronic decay channels of the process
e p — ev*p — 1,Wp at the LHeC with /s = 1.30, 1.98 TeV and integrated luminosities of £ = 10, 30, 50, 70, 100 fbo'!. All the limits for

Ak,(A,) are obtained while the other coupling is fixed to their SM value of zero. We considered polarized electron beam with P, = —80%.
95% C.L. V5= 130TeV Js= 198 TeV
Osys = 0%
Parameter L {6hH Leptonic channel Hadronic channel Leptonic channel Hadronic channel
10 [—0.0449, 0.0429] [—0.0249, 0.0243] [—0.0369, 0.0355] [—0.0205, 0.0201]
30 [—0.0256, 0.0250] [—0.0143, 0.0141] [—0.0211, 0.0206] [—0.0118, 0.0117]
AV 50 [—0.0198, 0.0194] [—0.0110, 0.0109] [—0.0163, 0.0160] [—0.0091, 0.0090]
70 [—0.0167, 0.0164] [—0.0093, 0.0092] [—0.0137, 0.0135] [—0.0076, 0.0076]
100 [—0.0139, 0.0138] [—0.0078, 0.0077] [—0.0113, 0.0113] [—0.0064, 0.0064]
10 [—0.1335, 0.1335] [—0.1001, 0.1001] [—0.0882, 0.0882] [—0.0661, 0.0661]
30 [—0.1014, 0.1014] [—0.0760, 0.0760] [—0.0670, 0.0670] [—0.0502, 0.0502]
Ay 50 [—0.0892, 0.0892] [—0.0669, 0.0669] [—0.0590, 0.0590] [—0.0442, 0.0442]
70 [—0.0820, 0.0820] [—0.0615, 0.0615] [—0.0542, 0.0542] [—0.0406, 0.0406]
100 [—0.0750, 0.0750] [—0.0562, 0.0562] [—0.0496, 0.0496] [—0.0372, 0.0372]
Osys = 1%

Ak, 100 [—0.0227, 0.0222] [—0.0195, 0.0191] [—0.0216, 0.0211] [—0.0194, 0.0190]
A 100 [—0.0956, 0.0956] [—0.0887, 0.0887] [—0.0678, 0.0678] [—0.0643, 0.0643]
Osys = 5%

AV 100 [—0.0943, 0.0859] [—0.0935, 0.0852] [—0.0964, 0.0871] [—0.0958, 0.0866]
Ay 100 [—0.1910, 0.1910] [—0.1902, 0.1902] [—0.1401, 0.1401] [—0.1397, 0.1397]
Osys = 10%

Ak, 100 [—0.1983, 0.1639] [—0.1978, 0.1636] [—0.2045, 0.1663] [0.2042, 0.1661]
A, 100 [—0.2686, 0.2686] [—0.2687, 0.2687] [—0.1975, 0.1975] [—0.1974, 0.1974]
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Table 5. Estimations of the 95% C.L. prospects for the anomalous couplings A, and A, in the leptonic and hadronic decay channels of the process
e p — e y*p — 1, Wp at the FCC-he with s = 7.07, 10 TeV and integrated luminosities of £ = 100, 300, 500, 700, 1000 fb'!. All the limits

for Ak,(\,) are obtained while the other coupling is fixed to their SM value of zero. We considered polarized electron beam with P, = —80%.
95% C.L. JVs=17.07TeV Js= 10TeV
Osys = 0%
Parameter L {6hH Leptonic channel Hadronic channel Leptonic channel Hadronic channel
100 [—0.0080, 0.0079] [—0.0044, 0.0044] [—0.0074, 0.0074] [—0.0041, 0.0041]
300 [—0.0045, 0.0045] [—0.0025, 0.0025] [—0.0042, 0.0042] [—0.0024, 0.0024]
AV 500 [—0.0035, 0.0035] [—0.0020, 0.0020] [—0.0033, 0.0033] [—0.0018, 0.0018]
700 [—0.0030, 0.0030] [—0.0016, 0.0016] [—0.0028, 0.0028] [—0.0015, 0.0015]
1000 [—0.0025, 0.0025] [—0.0014, 0.0014] [—0.0023, 0.0023] [—0.0013, 0.0013]
100 [—0.0151, 0.0151] [—0.0113, 0.0113] [—0.0110, 0.0110] [—0.0082, 0.0082]
300 [—0.0115, 0.0115] [—0.0086, 0.0086] [—0.0083, 0.0083] [—0.0062, 0.0062]
Ay 500 [—0.0101, 0.0101] [—0.0075, 0.0075] [—0.0073, 0.0073] [—0.0055, 0.0055]
700 [—0.0093, 0.0093] [—0.0069, 0.0069] [—0.0067, 0.0067] [—0.0050, 0.0050]
1000 [—0.0085, 0.0085] [—0.0063, 0.0063] [—0.0061, 0.0061] [—0.0046, 0.0046]
Osys = 1%

Ak, 1000 [—0.0192, 0.0187] [—0.0190, 0.0186] [—0.0192, 0.0187] [—0.0191, 0.0186]
Ay 1000 [—0.0233, 0.0233] [—0.0232, 0.0232] [—0.0175, 0.0175] [—0.0175, 0.0175]
Osys = 5%

AV 1000 [—0.1007, 0.0886] [—0.1007, 0.0886] [—0.1017, 0.0888] [—-0.1016, 0.0887]
Ay 1000 [—0.0519, 0.0519] [—0.0519, 0.0519] [—0.0391, 0.0391] [—0.0391, 0.0391]
Osys = 10%

Ak, 1000 [—0.2204, 0.1687] [—0.2204, 0.1687] [—0.2244, 0.1686] [—0.2243, 0.1685]
Ay 1000 [—0.0734, 0.0734] [—0.0734, 0.0734] [—0.0553, 0.0553] [—0.0553, 0.0553]

G00SS0 (0202) L "SAUd "Med “JoNN 1O ‘shud T

[e j8 zenBlpoy-zaugnny v



J. Phys. G: Nucl. Part. Phys. 47 (2020) 055005 A Gutiérrez-Rodriguez et al

FT T T T T T [
| —— 10TeV i
| 7.07TeV |
10| 1.98 TeV |
i —— 1.30TeV ]
5 | 4
= L i
2

c ] ]
10 ]
05| ]
£l 1 | 1 | 1 | | | (|

-3 2 1 0 1 2 3

Ak

Figure 7. Same as in figure 3, but with polarized electron beam.

with unpolarized electron beam. In this sub-section we discuss the impact of the polarized
electron beam in the cross-section and in the anomalous parameters of the aforementioned
process.

It is worth noting that a polarized electron beam provides a method to investigate the SM
and to diagnose new physics BSM. Proper selection of the electron beam polarization may,
therefore be used to enhance the new physics signal and also to considerably suppress
backgrounds. We select beam polarization as P,- = —80% to enhance our physical process.
In addition, as we already mentioned in subsection A, the chiral nature of the weak coupling
to fermions results in significant possible enhancements in v, W~ production, as indicated in
figures 7 and 8.

Our results for joint variation of the cross-section with the Ak, or A, couplings are
shown in figures 7 and 8. In each case, we consider the four center-of-mass energies stages of
the FCC-he with their respective integrated luminosities.

The o(e"p — e y*p — 1,Wp) curves as a function of each of the anomalous cou-
plings, setting the other to its SM value of zero, is shown in figures 7 and 8. In this case we
consider polarized electron beam with P,- = —80%. The following results for the cross-
section of the process o (e p — e y*p — 1, W p) are obtained: o (~/s, Ak,) = 30 pb for
-3 < ARy, <3 and o(Js,A) =10pb for —2 < Ak, <2, in both cases with
Vs = 10 TeV. From these figures a difference of a factor of 4-10 for the minimum and
maximum center-of-mass energies of 1.30—10 TeV is obtained.

3.4. Impact of the polarized electron beam on the limits of the anomalous couplings Ax., and X,
at the LHeC and the FCC-he

In this sub-section, we presented a model-independent global fit on the anomalous couplings
Ak, and \,. To carry out this, we made use of the total cross-section for the process
e p — e y*p — 1,Wp in e p collisions. The results of the fit for the four FCC-he energy
stages with their respective luminosities are shown in figures 9 and 10.

Figures 9 and 10 show the summary plot illustrating the limits that can be obtained of the
process e p — e y*p — 1, W p on the couplings Ak, and \,. We consider the following
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Figure 8. Same as in figure 4, but with polarized electron beam.
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Figure 9. Same as in figure 5, but with polarized electron beam.

center-of-mass  energies, luminosities and polarization of the electron beam
Js = 130,198, 1.07, 10 TeV, L = 10, 50, 100, 500, 1000 fb-! and P, = —80%,
respectively. For comparison, on the same panel we give the constraints from CMS (gray)
Collaborations at the LHC.
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Figure 10. Same as in figure 6, but with polarized electron beam.

To complement our study on the anomalous parameters Ax., and A, through the process
e p — e v*p — 1,Wp with polarized electron beam and considering the parameters of the
LHeC and the FCC-he, we give limits for the anomalous couplings of the W -boson in
tables 4 and 5. These limits show the best measurement is compared with the unpolarized case
illustrated in tables 2 and 3.

The following limits are set on the couplings Ak, and A, at the FCC-he and with
polarized electron beam when one parameter is allowed to vary and the others are set to their
SM values of zero.

(i) Limits on Ax, and X, for /s = 7.07 TeV, £ = 1000 fo'! and P, = —80%:
_10.0025], 95% C.L., leptonic,

Ak. =
"7 10.0014|, 95% C.L., hadronic, 25)
_10.0085|, 95% C.L., leptonic,
7710.0063|, 95% C.L., hadronic. (26)

(i) Limits on Ak, and A, for /s = 10 TeV, £ = 1000 fb! and P,- = —80%:
_10.0023], 95% C.L., leptonic,

A =
" 7 10.0013], 95% C.L., hadronic, 7
~10.0061|, 95% C.L., leptonic,
77 10.0046], 95% C.L., hadronic. 28)
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A direct comparison of the results shown in the equations (21)—(24) for the unpolarized case
and equations (25)-(28) for the case with polarized electron beam for the anomalous
couplings Ak, and A\, clearly shows that the polarized electron beam effect translates into a
factor of 1.35 in the measurement of Ax., and A,.

An important observation on the bounds for Ax., and A, given in tables 2-5 and that
represent the bounds with increasing 6, values at the FCC-he are almost unchanged with
respect to the values luminosity and for the center-of-mass energy values. The reason for this
situation is the dy which is much smaller than the gy

On the other hand, it is appropriate to mention that the limits shown in tables 2-5 are
competitive with the experimental and phenomenological limits obtained by the ATLAS,
CMS, CDF, DO, ALEP, DELPHI, L3 and OPAL Collaborations, as well as by the LHC, HL-
LHC and the LHeC which are shown in table 1. However, are weaker by O(10-2 — 10~
orders of magnitude than those of the FCC-he, CEPC, ILC and CLIC.

3.5. Quantitative comparison of various colliders to probing the aTGC Ak, and \,

In this subsection, we present a quantitative comparison of various present and future col-
liders in context of limit on the aTGC with our results to probe the aTGC Ak, and \,. We
compare our results for the aTGC with other ways to probe the anomalous vertex WW- at the
future lepton colliders, such as the ILC, CEPC and CLIC, as well as at the LHC, HL-LHC,
LHeC and the FCC-he (see table 1). In this regard, the authors of [27], specifically estimated
bounds on the anomalous WW~ couplings through the processes ete”™ — WHW-,
ete” — ety*e and eTe” — e + y*y*em — Wy y*W— with unpolarized and polarized
electron beams at the CLIC. This paper shows that its obtained limits on the anomalous
couplings through the above mentioned processes can highly improve the present exper-
imental limits. Its limits obtained for Ax. and A, are of the order of 10~ for the unpolarized
case and of 10 for the polarized case (see tables 2, 3 of [27]). For our case, we consider the
process e p — ey p — 1, W p and our best limits are obtained for the FCC-he. We con-
sider £L = 1 ab'@/5 = 7.07, 10 TeV with unpolarized and polarized electron beam based
on future FCC-he data. Our limits for Ak, and A, might reach up to O( 1073) level in the
most ideal with 1ab~! set data and Osys = 0% for the leptonic and hadronic channels,
respectively. Although the conditions for the study of the aTGC are different, our results are
competitive with those from [27], as well as of the ATLAS, CMS, CDF, DO, ALEP,
DELPHI, L3 and OPAL Collaborations, reported in table 1. More recently in [26], using the
reactions of single W production and W*W~ double production, that is to say
ete” — e*Wy, and eTe” — WHW, it is expected that the sensitivities would be improved
at the ILC, due to the larger luminosity, higher energy and polarized electron beams. In [16], a
detailed study on the aTGC is carried out through the e*e” — W'W process for the
J5 =240 GeV and £ =5 ab~' of the CEPC. With these parameters can collect a total
number of 8.6 x 107 events of W pairs, with 45%, 44% and 11% decaying, respectively, in
the hadronic, semi-leptonic and leptonic channels. In addition, for their study on the aTGC
they use the five kinematical angles in the ete™ — W'W ™ process to constrain the aTGC and
relevant dimension-six operators at the CEPC up to the order of magnitude of 10~* at 95% C.
L. From the comparison of our study via the e p — e y*p — 1, W p process at the LHeC
and the FCC-he with respect to the process ete™ — W'W at the CEPC, these last results
indicate an improvement in the measurements for the aTGC. Our predictions indicate that the
aTGC can be measured more weakly at the LHeC and the FCC-he by an order of magnitude
less than in comparison with the predictions of the CEPC. However, better than the ATLAS,
CMS, CDF, DO, ALEP, DELPHI, L3 and OPAL Collaborations. Moreover, one of the
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advantages of the v*p collision modes and as a consequence of the processes studied in our
paper is that they can isolate WW~ couplings from WWZ couplings. Additionally, these
processes have a very clean experimental environment, since they have no interference with
weak and strong interactions. It is worth mentioning that in our study we consider systematic
uncertainties of g3 = 0%, 1%, 5%, 10%, while in the case of the processes studied in
[16, 26, 27] these are not taken into account. On the other hand, the bounds on the aTGC from
e p — e~ WHj scattering might reach up to O(1073) level with the £ = (2 — 3)ab! data set
at the future LHeC [17] (see table 2). While the constraints on the aTGC of pp — WTW~ at
the LHC-14 [16] with a luminosity of 300 fb! and 3000 fb' are obtained
|Ak,| =58 x 1073, |A\y| = 1.1 x 1073 and |Ak,| = 1.4 x 1072, [A,| = 3.3 x 1073 (see
table 4). Through a comparison of our results with those of LHeC and LHC-14, it is found
that our results are competitive, and in some cases our results improve those of LHeC and
HL-LHC. On the other hand, it is expected that the unprecedented energy of pp collisions at
the HE-LHC will significantly improve sensitivity to the scale of multi-TeV over LHC and
HL-LHC. However, the experimental environment is expected to be challenging at the HE-
LHC, primarily due to a significant increase of the number of pp collisions. The HE-LHC is
planned to be operated at a center-of-mass energy of /s = 27 TeV with 800 pile-up colli-
sions at the peak luminosity. Such extreme pile-up conditions are expected to be particularly
challenging for identifying hadronically decaying W/Z boson.

With respect to our previous study on the WW~ couplings at the CLIC [85], we probe the
anomalous parameters Ak, and \, in the collisions vy, ¥y* and v*y* modes, through the
vy — WIW™, ety — ey y — e™W"WT and eTem — ety™yfe™ — e™W Wte™ signals.
Basing our results on futures CLIC data, the bounds for Ak, and A, might reach up to
O(1075 — 10%) level in the most ideal with 5ab ! set data. Therefore, our limits on the
anomalous couplings Ak, and A, indicate that the CLIC for its three energy stages can
measure these couplings to a level of precision that exceeds that of the LHC and HL-LHC, as
well as of the CDF, DO, ALEPH, DELPHI, L3, OPAL Collaborations by more than
O(1073 — 107?) order of magnitude. While in the case of LHeC, FCC-he, ILC and CEPC, the
CLIC results are exceeded in O(10~2 — 10~!) order of magnitude. See table 1 for a com-
parison of various proposed colliders to probe the aTGC Ak, and A,.

To conclude this subsection, it is worth mentioning that for the FCC-ee, the high
luminosity and the excellent energy calibration at the Z, WW, and ZH energies are building
blocks of a unique program. In addition, accumulating a larger amount of data, which is
designed up to 10 ab ' it is expected that the FCC-ee can improve constraints on the
aTGC [86, 87].

4. Conclusions

The production cross-section of the process e p — e y*p — 1, W p in the SM is 1.50 pb in
the case of unpolarized electron beam and of 3 pb for the case of polarized electron beam with
Vs = 10TeV as is shown in figures 3, 4 and 7, 8. In addition, one can see the
o(ep — e y*p — 1, Wp) increases monotonically with Ax.,, and the absolute value of \,
within the parameter region allowed by current experiments, this is enough to probe anom-
alous triple gauge couplings contributions. These couplings could reach O(10~3) when
Vs = 10TeV, £ = 1000 fo ! and &5y = 0%.

From the results in tables 2-5 and figures 3—10, we could see a significant improvement
in the measurement for Am and )\7 compared to the present ATLAS, CMS, CDF, DO, ALEP,
DELPHI, L3 and OPAL collaborations bounds (see table 1).
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We have presented new searches of anomalous W' W™ trilinear gauge boson couplings
from e"p — e v*p — 1, Wp channel analyzing (10 — 1000) fb'! of integrated luminosities
and center-of-mass energies /s = 1.30, 1.98, 7.07, 10 TeV, respectively. We set model-
independent limits on anomalous triple gauge couplings Ak, and A, for the final states 1, W~
at the 95% C.L.. Ak, = £0.0017, Ay = £0.0053 (unpolarized electron beam) and
Ak, = £0.0013, A, = £0.0046 (polarized electron beam) with /s = 10TeV,
£ = 1000 fo'! and Osys = 0% for both cases. The W -boson is identified through the
hadronic decays channel. In addition, it is worth mentioning that the impact of the polarized
electron beam translates into a factor of 1.35 with respect to the non-polarized case (see
tables 2-5).

Reference [17] is carried out entirely by using virtual photons as propagators. In our
study, the photons entering the main process are considered as quasi-real particles and the
EPA approach is used for distributions of photons.

In [18], the main process e p — e y*p — e W¢'X through the subprocess
v*p — W=q' is examined for the anomalous WW~ couplings. Here, it is assumed that the
photons scattered from electrons interact with the proton and form the subprocess
v*p — W=q' (see equations (11)—(19) in [18]). However, in this work, we suppose the main
process e p — e v p — v, Wp through the subprocess y*¢~ — 1, W™ is investigated to the
anomalous WW~ couplings. It can be seen from this analysis that the two processes are
completely different from each other.

In conclusion, the measurement of the e p — e~vy*p — 1, Wp channel at the LHeC and
the FCC-he would provide a promising opportunity to probe the anomalous couplings Ax.,
and )\, without the complications of other couplings especially QCD backgrounds, and
therefore improve our knowledge of the gauge sector. Furthermore, for future measurement of
Ak, and \,, we expect complementary studies with different electron beam polarizations, as
well as a more realistic detector-level analysis, will be very useful.
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