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We examine the potential of the e"p - e~ y*p > e W~¢'X (y* is the Weizsacker-Williams photon)
reaction to probe the non-standard W+W~y couplings at the Large Hadron electron Collider (LHeC)
and the Future Circular Collider-hadron electron (FCC-he). Using the effective Lagrangian approach with
various values of the center-of-mass energy and integrated luminosity, we find 95% confidence level
bounds on the anomalous coupling Ak), and A, parameters. We assume center-of-mass energies of
the electron-proton system /s = 1.30,1.98,7.07,10 TeV and luminosities £ = 10 — 1000 fb~!. The

Keywords: best limits obtained from the process e”"p — e"y*p — e”W~¢'X on the anomalous Ak, and %,
Models beyond the standard model couplings are Akj, =|0.00069| and A, =[—0.0099, 0.0054]. These bounds show that the process under
W bosons

consideration is a very promising option to probe the non-standard Ak, and X, couplings at the LHeC
and the FCC-he. Our results also provide complementary information on other results for Ak, and A,
couplings.
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Triple gauge boson couplings
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1. Introduction

The Standard Model (SM) of Elementary Particle Physics [1-3]
is extremely predictive and has been tested in numerous aspects
with impressive precision. The SM is a very powerful tool to pre-
dict the characteristics, the behavior and the interactions of the
elementary particles. Therefore, it is very important to measure
particle properties and interactions in the most accurate way pos-
sible to better understand the SM, to refine it and to test its
global consistency. The anomalous Triple-Gauge-Boson Couplings
(aTGC) and anomalous Quartic Gauge Boson Couplings (aQGC) of
the W* bosons: WTW~y, WrW~Z, WZy, Wyy, WHW~yy,
WTW~Zy, WrW~ZZ and WTW~WTW ™ are key elements in
the search for the new physics beyond the SM (BSM) since any
discrepancy in the measured value with respect to the predicted
value could reveal new phenomena other than the SM.

The anomalous contribution to the WtW ~y vertex, i.e., Ak,
and A, parameters, has been studied for the ATLAS [4], CMS [5],
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CDF [6], DO [7], ALEP, DELPHI, L3, OPAL [8] and TESLA [9] exper-
iments. With respect to the anomalous Akj, and A, couplings,
our bounds compared favorably with those reported by the ATLAS,
CMS, CDF, DO, ALEP, DELPHI, L3, OPAL and TESLA [9] Collabora-
tions (see Table 1), respectively. Furthermore, our bounds on Ak,
and A, are competitive with the phenomenological limits which
are obtained assuming the parameters of the Large Hadron Collider
(LHC) [10], the Large Hadron electron Collider (LHeC) [11], the In-
ternational Linear Collider (ILC) [13], the Circular Electron Positron
Collider (CEPC) [12] and the Compact Linear Collider (CLIC) [14].
Our bounds on the aTGC are discussed in Subsection 3.2. For other
experimental and phenomenological reports on Ak, and 1,, see
Table 1 as well as Refs. [15-32].

A new possibility anticipated for future e™p colliders is to op-
erate this machine as ye and yp collisions. This can be done by
converting incoming electrons or protons into an intense beam of
high-energy photons. e~ p colliders can also provide the opportu-
nity to examine y*e and y*p modes with quasi-real photons.

In this work, we have investigated the process e"p — e~ y*p —
e~ W~q'X through the subprocess y*p — W~q’ at e p colliders.
Here, y* photons in the initial state are obtained by the Equiv-
alent Photon Approximation (EPA) [33-35]. The EPA assumes that
quasi-real photons emitted from the electrons have a low virtuality
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Table 1

Summary of experimental and phenomenological bounds at 95% C.L. on the aTGC Ak) and A, from the present

and future colliders.

Model Aky Ay CL Reference
SM 0 0 [1-3]
Experimental limit Aky Ay C. L Reference
ATLAS Collaboration [-0.061, 0.064] [-0.013, 0.013] 95% [4]

CMS Collaboration [-0.044, 0.063] [-0.011, 0.011] 95% [5]

CDF Collaboration [-0.158, 0.255] [-0.034, 0.042] 95% [6]

DO Collaboration [-0.158, 0.255] [-0.034, 0.042] 95% [7]

ALEP, DELPHI, L3, OPAL [-0.099, 0.066] [-0.059, 0.017] 95% [8]
Phenomenological limit Aky Ay CL Reference
LHC [-0.182, 0.793] [-0.065, 0.065] 95% [10]
LHeC [[-0.0016, 0.0024] [-0.0040, 0.0043] 95% [11]
CEPC [-0.00045, 0.00045] [-0.00033, 0.00033] 95% [12]

ILC [-0.00037, 0.00037] [-0.00051, 0.00051] 95% [13]

CLIC [-0.00007, 0.00007] [-0.00004, 0.00004] 95% [14]

and scatter with small angles from the beam pipe. Their virtual-
ity is very low and it is a good approximation to assume that
they are on the mass shell. Therefore, when an electron emits a
quasi-real photon, it should also be scattered with a small an-
gle and scattered intact electrons should exit the central detector
without being detected. For a y*p collision, one of the forward
regions of the central detector has a significant lack of energy.
The region which is lacking particles defines a forward large ra-
pidity gap. Usual e~ p deep inelastic processes can be rejected by
applying a selection cut on this quantity. Another experimental
signature is provided by the forward detectors. When an intact
electron is scattered with a large pseudorapidity, it escapes de-
tection from the central detectors. However, since its energy is
lower than the beam energy, its trajectory decouples from the
beam path into the very forward region. Forward detectors can
detect particles with a large pseudorapidity, and the detection of
scattered electrons and protons by the forward detectors provides
a characteristic signature. The detection of the photon induced re-
actions involves a missing energy signature production in addition
to the above signatures. Finally, the operation of forward detectors
in conjunction with central detectors with precise timing can effi-
ciently reduce backgrounds. 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 [36,37].

The measurement of the W W ~y vertex at the future LHeC at
CERN is discussed through the process e”p — e~ v, j in Ref. [11].
Although the e™p — e~ v, j process is very similar to the e"p —
e~ y*p — e~ W~q' X process examined in this study, there are sig-
nificant differences between the two. Since the photons contained
in this process can have high virtuality, scattered electrons are de-
tected by central detectors as seen in equation 4 on page 4 of their
study. We understand that the basic cut on leptons in the final
state is ARy > 0.4.

As explained above, the two studies are quite different. While
two leptons (an electron and a muon) in the final state in Ref. [11]
are detected by central detectors, only one electron in the final
state is detected in our study. The photon emitted by the electron
is detected by forward detectors because the virtuality of the pho-
tons emitted from the electrons is very low. While the virtuality
of photons is small, they are considered to be quasi-real. In the
process considered in Ref. [11], the photons emitted are not real.

These studies underline the importance of measuring the
anomalous Ak, and A, gauge couplings in several different chan-
nels, contexts and colliders. For instance, measurements can be
made in hadron-hadron, lepton-lepton and hadron-lepton colliders,
such as the LHC, the CLIC and the Future Circular Collider (FCC) at
CERN. Furthermore, these colliders will be very useful operating

in the e”y, yy, e"y* y*p and y*y* modes. One characteristic
that distinguishes the FCC from the linear colliders is that the FCC
studies and explores the feasibility of different particle collider sce-
narios in order to significantly increase the energy and luminosity
as compared to existing colliders. It aims to complement existing
technical designs for linear colliders.

With these arguments, we determine the production cross-
section as well as model-independent bounds for the non-standard
WTW ™y couplings at the LHeC and the Future Circular Collider-
hadron electron (FCC-he) [36-41] through the e”"p — e~ y*p —
e"W™q'X reaction, where y* is the quasi-real photon in the
Weizsacker-Williams Approximation (WWA) and X represents the
proton remnants after deep inelastic scattering. We use projec-
tions for runs at center-of-mass energies of 1.30,1.98,7.07 TeV
and 10 TeV and total integrated luminosities of 10, 30, 50, 70, 100,
300, 500,700 and 1000 b1, respectively. In addition, to charac-
terize possible deviations from the SM predictions on the anoma-
lous Ak, and A, couplings, we employ the effective Lagrange
technique where the SM is extended by a set of dimension-six op-
erators.

The rest of this paper is organized as follows: In Sect. 2, a
brief review of the operators in effective Lagrangian is provided. In
Sect. 3, we compute the total cross-section and derive bounds for
the anomalous Ak, and A, couplings at the LHeC and the FCC-he.
In Sect. 4, we present our conclusions.

2. A brief review of the non-standard W* W ~y couplings

Deviations from the SM prediction are usually parameterized
by an effective Lagrangian which contains a series of higher-
dimensional effective operators suppressed by the scale of new
physics A in addition to the renormalizable part of the SM.

For the analysis of anomalous WTW ™~y couplings, we use
the Hagiwara, Ishihara, Szalapski and Zeppenfeld (HISZ) basis first
introduced by Hagiwara et al. in Ref. [42] for our effective La-
grangian. A useful discussion for the choice of basis and alternative
choices is given in [43].

In order to analyze the bounds on the non-standard W+tW~y
couplings Ak, and A, through the process e”p — e~ y*p —
e~ W~q'X, we adopt the effective Lagrangian:

(6)
C.
ﬁeff :ﬁ(;\)/,-i'ZﬁO;G)-i-h.C., (1)
i

where ['(53\)/1 denotes the renormalizable SM Lagrangian and the

non-SM part contains the O,.(G) gauge-invariant operators of mass
dimension-six. The index i runs over all operators of the given
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mass dimension. The mass scale is set by A, and the coefficients C;
are the dimensionless parameters determined once the full theory
is known.

The effective Lagrangian relevant to the analysis of aTGC reads:

1
Loff = F[CW(’)W +CsO0p + CwwwOwww
+ CrwwCiww + Cir Ow +h.c.]. (2)

Three of them are the independent C and P conserving opera-
tors:

Ow = (D, @) W (D, ), 3)
Op = (D, ®) B (D, ), (4)
Owww = Tr[WMUW”pWﬁ]. (5)

D, is the covariant derivative, ® is the Higgs doublet field and
f?,w, and VAVM are the U(1)y and SU(2); gauge field strength
tensors. The coefficients of the operators Cyw /A2, Cp/A2 and
Cwww /A? are zero in the SM.

If we allow for C and/or P violation, the two remaining opera-
tors are:

Owww =Tr[V~VWVAVW’VAV‘;], (6)
—I- 2
Oy = (Du®) W (D, ®). (7)
There are therefore three C and P conserving dimension-six op-
erators and two operators that violate C and/or P.

Based on this methodology, the effective Lagrangian to describe
the WTW ™y coupling can be parameterized as [17,44]:

Lwwy = —igwwy 8] Wl,wha” —wrwla,)

A

ey WLW, A 4 2w, wiave ]
MW

+igy WEW, 0"V +08"VH)

—igl eMPT(W L3, W, —0,W LWV,

~ A o~

+RyWEW, vﬂ”+éw§“wv”v5, (8)
where gwwy =e, Vyy =09,Vy — 3V, with V), =W, A,. The
first three terms of the above equation respect C and P, and the
remaining four terms violate C and/or P. Electromagnetic gauge in-
variance implies that g} =1 and g} = g’ = 0. There are thus two
independent C and P conserving parameters: k), and Ay ; two C
and/or P violating parameters: K, and Xy.

In this study, we focus on the g%’, ky and A, parameters that
are CP-conserving. In the SM, their values are g{ =ky =1 and
Ay =0 at the tree level.

The three dimension-six operators given by Eq. (2) are related
to the WTW~y aTGC via [18,42,45]:

ky =1+ Aky, (9)
with
m2
Ak, = —2(Cw + Cp) (10)
VT 2A2 ’
3g2m?
y=T2WCWWW- (11)

From the effective Lagrangian given in Eq. (8), the Feynman
rule for the anomalous W™ W ~y vertex function that is the most

p X

I+

Vo AA<
w Y
q q
6]
* ! ~*
Y an—— 4 RVYY r
/ " v
q I+ !
q 7% q_ | W ql
3) u (4)

Fig. 2. Feynman diagrams contributing to the sub-process y*q — W~q’.

generally CP-conserving and consistent with gauge and Lorentz in-
variance of the SM is given by [17]:

ww

Fp,v,o V= e[g;w(pl —D2)p + &vp (P2 — P3)p + Eop(P3 — P1v

+ Aky (gp;LPBV - gupPBu)

A
+ —g (plpp2up3v — P1vD2pP3u
MW

— &uv(P2 - P3P1p — P3 - P1P2p)
— &vp(P3 - P1P2p — P1 - P2P3u)
— 8up(P1 - P2P3v —pz-papw))], (12)

where pi represents the momentum of the photon and p; and
p3 symbolize the momenta of W bosons. The first three terms
in Eq. (12) correspond to the SM couplings, while the terms with
Aky and 1, give rise to the anomalous triple gauge boson cou-
plings.

As shown in Table 1, several searches on these anomalous Ak,
and A, couplings of WtW ~y vertex were performed by the LEP,
Tevatron and LHC experiments.

3. Cross-section of the processe™p — e~ y*p — e~ W~q’'X and
bounds on the anomalous Ak and A, couplings at the LHeC and
the FCC-he

3.1. Cross-section of the processe™p — e~ y*p — e~ W~q'X at the
LHeC and the FCC-he

At the LHeC and the FCC-he, the aTGC can be directly probed
via single-W®* production. We therefore focus on the process
e p— e y*p— e W qX as well as its corresponding sub-
processes (see Figs. 1 and 2):

y*u— Wtd - ITyd, (13)
yiu— Whs—ITys, (14)
y*c—> Whs—ITygs, (15)
y*c— Wtd - ITvd, (16)
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Table 2

The total cross-sections of Signal (S) and Background (Bsy) for the three kinematic cuts used in the analysis of the process e"p — e~ y*p — e " W~q’'X for /s =

1.30,1.98,7.07,10 TeV at the LHeC and the FCC-he.

o p—e y*p—>e W q'X) (pb)

LHeC V/5=1.30TeV V5=1.98 Tev
Cuts S+Bsm ()»y =0.3) S+Bsm (Al(y =1) Bsm S+Bsm ()\.y =0.3) S+Bsm (Al(y =1) Bsm
cuts 1 1.848 2.910 1772 3.717 5.929 3.445
cuts 2 0.958 1.853 0.883 2121 4.003 1.853
cuts 3 0.683 1375 0.612 1.559 3.013 1319
FCC-he J5=17.07 TeV Vs=10 TeV
Cuts S+Bsm (A =0.3) S+Bsm (Aky =1) Bsm S+Bsm (Ay =0.3) S+Bsm (Aky =1) Bsm
cuts 1 18.834 25.884 13.975 32110 39.909 20.858
cuts 2 13.199 19.260 8.507 24.497 30523 13.291
cuts 3 10.481 14.850 6.210 20.180 23.773 9.837
y*t_i — WTu — My, (17) To numerically evaluate the total cross-section, we use CTEQG6L1
_ ~ ~ 7 ctrhut ; W _
yid— WHE - [Ty, (18) [ 3].for the partop distribution functions and the W .W y ver
- i . tex is embedded in CalcHEP package [72] together with the en-
y's—>WTc—1I"yc, (19) ergy spectrum of the photon. For all calculations in this paper,
Y5 — Wi — T, (20) we assume that the center-of-mass energies of the electron-proton
- - - system are 1.30, 1.98, 7.07 and 10 TeV, respectively. In addition,
v*h — WHE = [Ty, ey ¥ pectivey

where I =e™, u™; vy=ve, v, and y* is the quasi-real photon in
the WWA. It is worth noting that in Eqs. (13)-(21), we take into
account interactions between different flavors of the quarks due to
off-diagonal elements of the Cabibbo-Kobayashi-Maskawa matrix.

In this type of y*p interactions, the emitted quasi-real pho-
ton y* is scattered with small angles from the beam pipe of e~
[33,46-50]. As these photons have low virtuality, they are almost
on the mass shell. These processes can be described by the EPA
[33-35] using the WWA. The EPA has many advantages such as
reaching crude numerical predictions via simple formulae. Further-
more, it may principally ease the experimental analysis because it
enables directly achieving a rough cross-section for the y*p — X
process via the examination of the main process e"p — e~ Xp
where X represents objects produced in the final state. The pro-
duction of high mass objects is particularly interesting at the e™p
colliders, and the rate of this production is limited by the pho-
ton luminosity at high invariant mass while the y*p process at
the e~ p colliders arises from quasi-real photon emitted from the
incoming beams. Moreover, using the EPA, new physics searches
BSM have been theoretically and experimentally examined at the
LEP, the Tevatron and the LHC [51-71].

In the EPA, the energy spectrum of the photons emitted from
electron beams is given by the following analytical formula [33,
72]:

2 2
Qmax MmeX1 (1- Qmm)

{[1—x1+x%/2

f}’e (X]) - Ee ]l ( mm ) - Qém Qmax
2 xl e + Qmax
- —[1 - —] lo (72}52 . Qém)]’ (22)

where x1 = Eyx/Ee is the energy fraction transferred from the
electron to the photon and Q2,, =2 GeV? is maximum virtual-

ity of the photon. The minimum value of the Qmm is given by:
m2x?
Qmm —1_ X1 (23)

Therefore, the total cross-section of the e”p — e " y*p —
e~ W—q'X reaction is determined by:

o p—e y'p—>e WX
= / fre @6 (v q— W™ q")dx;. (24)

we apply basic cuts to reduce the background and optimize the
signal. The cuts we have chosen are the default values in e~ p
colliders [11,21,36]. To apply realistic cut values, there is no exper-
imental process that uses our process to investigate the anomalous
WTW ™y couplings in e~ p colliders. However, there are two stud-
ies related to the anomalous W+W =y couplings in e~ p colliders.
In the first study Ref. [11], the following cuts were used:

pr; > 20GeV, pr, >10GeV, (25)

mjl <5, Inel <5. (26)

One noticeable situation here is that they do not apply any cuts
on the missing energy in calculations.
In the second study [21], we can assume the cuts are given by:

pr; > 20 GeV, pr, >20GeV, pr, >50GeV, (27)

[njl <3.5, [nel <3.5. (28)

As seen from the above studies, the applied cuts for particles in
the final states of the examined processes are different from each
other, and we benefited from these cuts to reduce the backgrounds
and optimize the signal in our study.

We also obtained a simple cutflow of both signal and back-
ground for four different values of the center-of-mass, making a
grouping for the cuts [11,21] as follows:

Cuts 1:[njl <5, |nel<2.5, (29)
Cuts 2:pr; > 20GeV, (30)
Cuts 3:pr, >20GeV, pr, >20GeV. (31)

We show the total cross-sections of Signal (S) and Background
(Bsm) for the kinematic cuts given by Egs. (29)-(31) for the anal-
ysis of the process e"p — e~ y*p — e~ W~q’'X for 1.30, 1.98, 7.07
and 10 TeV in Table 2. We consider parton-level simulations in our
calculations.

Table 2 also shows that the S/Bsy ratio increases after each
applied cut and the total cross-section of the S plus Bgy with
Aky =1 is larger when the kinematic cuts given by Egs. (29)-(31)
are applied. We therefore get better limitations for Ak, than for
Ay

! In Figs. 3 and 4, we plot the total cross sections of the e”p —
e~ y*p — e"Wq'X process. These graphs describe the behavior
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50|
r 1.98 TeV
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5
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5
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Fig. 3. The total cross-sections of the process e"p — e~ y*p — v.W ™ p as a func-
tion of Ak, for center-of-mass energies of /s =1.30,1.98,7.07,10 TeV at the
LHeC and the FCC-he.

F T T T T T T T
F — 1.30TeV
50 - .
i 1.98 TeV
7.07 TeV
- 10TeV
10|
) [
o L
5 5+ -
Q! \_’-——‘/"’ ]
0.5 :‘ ] RERPPPe feeepeedenageny, Seeveeny Joeoy boooy ro-d ]
-0.6 -04 -0.2 0.0 0.2 0.4 0.6
A

Fig.4. Same as in Fig. 3, but for A,.

of the total cross-section o (Aky, Ay, 4/s) in the context of effec-
tive Lagrangians and as a function of the anomalous parameters
Aky /Xy, maintaining the fixed center-of-mass energy of the col-
lider assumed for values /s = 1.30,1.98,7.07 and 10 TeV. The
total cross-section o (Aky, Ay, 4/s) increases to a value of the or-
der of ~ 90 pb (70 pb) on a scale of center-of-mass energies of
1.30 up to 10 TeV. We conclude from this analysis that the total
cross-section of single W-boson production depends significantly
on the center-of-mass energy of the collider as well as on the
anomalous parameters Ak and A,. This means that the effec-
tive area of the collision increases for very high energy ranges. The
aTGC and the parameters of the colliders both tend to increase the
cross-section of the single production W-boson. However, as seen
in Fig. 3, the effect of interference can lower the cross-section for
negative values of Aky,.

3.2. Bounds on the non-standard Ak, and A, couplings at the LHeC
and the FCC-he

A model-independent fit procedure to determine the precision
of a quantity is based on the construction of a x? function from
all observables. The x?2 function to obtain our bounds on the non-
standard Ak and A, couplings at the 95% Confidence Level (C.L.)
can thus be expressed as [15,74-78]:

USM_UNP(\/E» AK}/,)L)/)>2 (32)

OSM,/ ((Sst)z + (55y5)2

XZ(AK)/, Ay) = (

osym is the SM cross-section and oyp(+/s, Aky, Ay) is the cross-
section containing both the non-standard and SM contributions.
Sst = «/1\}TM is the statistical error and 8sys is the systematic error.
The number of events is given by Nsy = Line X Osym.

The systematic uncertainties play a key role in the measure-
ment of physical quantities such as the anomalous Ak, and i,
couplings. Systematic uncertainties arise from the nature of the
measurement apparatus, from assumptions made by the experi-
menter or from the model used to make inferences based on the
observed data. In this sense, an important aspect of our study is
the incorporation of systematic uncertainies when identifying the
W -boson. Some of the most common sources of systematic uncer-
tainties are: Background, Luminosity and PDF (Parton Distribution
Functions). In our study, we considered the impact of a few repre-
sentative values of a total systematic uncertainties.

We made our calculations taking into account the basic accep-
tance cuts given by Egs. (29)-(31) for the LHeC and the FCC-he to
reduce the background and optimize the sensitivity of the signal.
In addition, we consider the systematic uncertainties given by the
representative values 8sys = 0%, 1%, 5%, 10% [79,80].

We may assume that the LHeC and the FCC-he will be built in
the coming years which will substantially improve the precision
achieved in the Hadron Electron Ring Accelerator (HERA) analysis
by reducing the systematic uncertainties for the Trigger efficiency,
Selection efficiency, Background, Luminosity and PDF for the LHeC,
and even more for the FCC-eh.

The calculated bounds at 95% CL. for the aTGC Ak), and
Ay are shown in Table 3. We have considered only one of the
anomalous couplings to be non zero at any given time, while
the other anomalous coupling is taken to zero. The bounds are
computed and displayed separately for /s = 1.30,1.98,7.07, 10
Tev, £ = 10,30, 50,70, 100, 300, 500, 700, 1000 fb~! and Bsys =
0%, 1%, 5%, 10%. As shown, our limits worsen as the systematic un-
certainty value increases. The limits on Ak, do not change much,
however, if the center-of-mass energy increases.

The /s =10 TeV and £ =1000 fb~! selection has significantly
better sensitivity on the aTGC Ak and X, :

Ak, =10.00069|, 95%C.L.,

Ay =[—0.0099, 0.0054], 95%C.L. (33)

Our bounds on anomalous Akj and A, couplings compare fa-
vorably with those reported by the ATLAS [4], CMS [5], CDF [6],
DO [7], ALEP, DELPH]I, L3, OPAL [8] and TESLA [9] experiments (see
Table 1). In addition, our bounds on Ak, and A, are competitive
with the phenomenological limits obtained using the assumed pa-
rameters of the LHC [10], the LHeC [11], the ILC [13], the CEPC [12]
and the CLIC [14] as well as those of Refs. [15-32].

At the LHeC, sensitivities of ©(10~3) can be reached with in-
tegrated luminosities of 10, 50 and 100 fb~!. This is illustrated in
Figs. 5 and 6 where we show the combined limits on Ak and i,
that can be reached in e"p — e~ y*p — e~ W ¢’ X. The sensitiv-
ity bounds which can be obtained at the LHeC depend significantly
on the center-of-mass and the luminosity.

Figs. 7-8 show the 95% C.L. limits expected from e”W~q'X
production on non-standard W*W ~y couplings. In these figures,
we presented combined contour limits in the Ak, — A, plane at
the FCC-he with 100, 500 and 1000 fb~!, and /s =7.07,10 TeV in
the HISZ scenario. All of these contour limits are consistent with
the corresponding bounds given in Table 3.

4. Conclusions

We have studied and derived possible bounds on the aTGC
Ak, and 1, with the e"p — e~ y*p — e~ W™ q'X reaction, where



Table 3
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The expected 95% C.L. bounds for the anomalous couplings Ak, and A, through the process e”p — e~ y*p — e~ W™q’X for /5 =1.30,1.98,7.07,10 TeV and L =
10, 30, 50, 70, 100, 300, 500, 700, 1000 fb~! at the LHeC and the FCC-he. The bounds for each parameter are calculated while fixing the other parameters to zero.

Ssys = 0%
Parameter L /5 =1.30 TeV /5 =1.98 TeV L /5 =7.07 TeV J5=10TeV
(fb~") (fb~")
Aky 10 [-0.0290, 0.0283] [-0.0195, 0.0191] 100 [-0.0027, 0.0027] [-0.0021, 0.0021]
30 [-0.0166, 0.0164] [-0.0112, 0.0111] 300 [-0.0015, 0.0015] [-0.0012, 0.0012]
50 [-0.0128, 0.0127] [-0.0087, 0.0086] 500 [-0.0012, 0.0012] [-0.0009, 0.0009]
70 [-0.0108, 0.0107] [-0.0973, 0.0072] 700 [-0.0010, 0.0010] [-0.0008, 0.0008]
100 [-0.0091, 0.0090] [-0.0061, 0.0061] 1000 [-0.0008, 0.0008] [-0.0006, 0.0006]
Ay 10 [-0.1783, 0.1280] [-0.1122, 0.0822] 100 [-0.0217, 0.0153] [-0.0154, 0.0110]
30 [-0.1427, 0.0923] [-0.0895, 0.0595] 300 [-0.0174, 0.0110] [-0.0124, 0.0079]
50 [-0.1293, 0.0789] [-0.0810, 0.0509] 500 [-0.0158, 0.0094] [-0.0112, 0.0068]
70 [-0.1214, 0.0710] [-0.0759, 0.0459] 700 [-0.0148, 0.0084] [-0.0105, 0.0061]
100 [-0.1137, 0.0634] [-0.0710, 0.0410] 1000 [-0.0139, 0.0075] [-0.0099, 0.0054]
Ssys = 1%
Aky 100 [-0.0244, 0.0244] [-0.0233, 0.0228] 1000 [-0.0219, 0.0214] [-0.0218, 0.0213]
Ay 100 [-0.1662, 0.1159] [-0.1209, 0.0908] 1000 [-0.0545, 0.0481] [-0.0435, 0.0391]
8sys = 5%
Aky 100 [-0.1186, 0.1076] [-0.1176, 0.1061] 1000 [-0.1152, 0.1025] [-0.1142, 0.1019]
Ay 100 [-0.3256, 0.2753] [-0.2458, 0.2158] 1000 [-0.1177, 0.1113] [-0.0944, 0.0900]
Ssys = 10%
Aky 100 [-0.2519, 0.2063] [-0.2512, 0.2034] 1000 [-0.2495, 0.1957] [0.2482, 0.1943]
Ay 100 [-0.4488, 0.3985] [-0.3409, 0.3109] 1000 [-0.1651, 0.1587] [-0.1326, 0.1282]
003" ‘ ‘ ‘ "] 002}
— 101 —10fb™"
50 fo! 50 fb-!
—100 o' —100 fb™"'
0.02 1
0.01}
0.01} 1
5 o0.00f 1 5 0.00
-0.01} 1
-0.01
-0.02 1
-003p, ‘ ‘ ‘ i -0.02f
-0.2 -0.1 0.0 0.1 0.2 -0.10 -0.05 0.00 0.05 0.10

A

Fig. 5. Two-dimensional limits on the aTGC parameters for the combinations 1, —
Ak, through the process e"p — e~ y*p — e~ W~¢'X for /s =1.30 TeV at the
LHeC. Contours for the expected 95% C.L. are shown in red, green and blue with
£=10,50,100 fb~!, respectively.

y* is the quasi-real photon in the WWA, together with the to-
tal cross-section using £ = 10 — 1000 fb~' of e~p collisions,
A/s =1.30,1.98,7.07,10 TeV at the LHeC and the FCC-he, and
8sys = 0%, 1%, 5%, 10%.

The bounds obtained from our analysis on the Ak, and Ay
parameters are comparable to the previous most stringent limits
from other single-boson and diboson analyses. Furthermore, our
results indicate (see Figs. 3-8 and Tables 2-3) that the e”p —
e"y*p — e"W~q' X process is potentially suitable to probe the
non-standard W+W~y couplings at the LHeC and the FCC-he
with cleaner environments than those for the case of hadron col-
liders.

A

Fig. 6. The same as in Fig. 5, but for /s =1.98 TeV and £ = 10,50, 100 fb~", re-
spectively.

As this topic is worthwhile yet underexplored, theoretical and
phenomenological interest is of great importance in order to mo-
tivate experimental collaborations to measure this very intriguing
sector of QED. A prominent advantage of the e”p — e”y*p —
e"W™¢'X process is that it isolates anomalous WTW~y cou-
plings, thus allowing the study of WTW~y couplings indepen-
dently from WTW=Z and WTW~yy.
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Fig. 7. Two-dimensional limits on the aTGC parameters for the combinations A, —
Ak, through the process e"p — e~ y*p — e~ W~ q'X for /s =7.07 TeV at the
FCC-he. Contours for the expected 95% C.L. are shown in red, green and blue with
£ =100, 500, 1000 b, respectively.
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Fig. 8. The same as in Fig. 7, but for /s =10 TeV and £ = 100,500, 1000 fb~!,
respectively.
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