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Gauge anomalous quantum field theories are inconsistent as full UV theories since they lead to the
breaking of Lorentz invariance or unitarity, as well as nonrenormalizability. It is well known, however, that
they can be interpreted as effective field theories (EFT) with a cutoff. The latter cannot be made arbitrarily
large, and it is related to the energy scale at which additional fermions with suitable gauge charges enter,
rendering the full model anomaly free. A nondecoupling effect that remains in the EFT is the appearance of
anomalous loop-induced triple-gauge couplings, encapsulating information from the full UV theory. In this
work, we take as an example an Abelian gauge symmetry U (1):4 under which second-generation leptons
are axially charged, leading to an EFT that consists of the Standard Model (SM) with an additional massive
Z' gauge boson. As a consequence, there are triple-gauge couplings involving the Z' and electroweak SM
gauge bosons via mixed gauge anomalies. We study the possibility of probing these loop suppressed
anomalous couplings at hadron and lepton colliders, with Z'-lepton couplings allowed by current
experimental bounds, finding that due to the large SM backgrounds and small signal, the HL-LHC is
incapable of this task. The 100 TeV pp collider at £ = 20 ab~! on the other hand could probe anomalous
couplings for m, € [150,800] GeV and obtain discovery significances for m, € [230,330] GeV. Lepton
colliders are also well suited for probing these anomalous couplings. In particular, we show that a muon
collider running at the Z’ resonance and an electron-positron collider such as CLIC with /s = 3 TeV can
be complimentary in probing the anomalous couplings for my € [100,700] GeV, with CLIC sensitive to

discovery for m, € [125,225] GeV.
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I. INTRODUCTION

Interactions among three electroweak (EW) gauge
bosons dominated by one-loop triangle Feynman diagrams
have been actively searched for at LEP [1], Tevatron [2-4],
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and the LHC [5-7]. In the Standard Model (SM) and at
energies /s = 2my, with my the Z gauge boson mass, the
top quark contribution in the loop dominates due to its
much larger mass in comparison with the rest of the
fermionic matter content. These vertices peak at /s = 2m,
and fall as 1/s at large energiesl due to the anomaly-free
nature of the SM. Even at their peak values, considering the
production of an off-shell gauge boson and its subsequent
decay via the loop-induced vertices to two gauge bosons,
neither of the past nor current colliders at the their largest
projected luminosities are able to probe these triple-gauge
couplings [8,9].

A possible window into probing triple-gauge couplings
opens up when considering quantum gauge anomalous
Abelian extensions of the SM as low-energy effective

"The Z*yy falls as 1/s? at \/5 > m,.
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theories with a natural cutoff. This happens, for example, in
the case that part of the SM matter content is at least axially
charged under the new Abelian gauge group. In that case,
the mixed gauge anomalies provided by the loop-induced
vertices of the new Abelian gauge boson to two EW SM
gauge bosons may, under certain kinematical conditions,
allow for an enhancement in the production of gauge
bosons via triple-gauge couplings. It is well known that
theories with gauge anomalies are sick, since in fact gauge
symmetry is explicitly broken at the quantum level as
shown by the violations of the Ward identities, ultimately
leading to the breaking of unitarity or Lorentz invariance
and nonrenormalizability [10]. Part of the sickness can be
solved considering that the Abelian gauge group is sponta-
neously broken by the vacuum expectation value of a Higgs
(®), making the associated Z’ gauge boson massive.” The
issue of renormalizability however remains and implies that
the theory can only be regarded as an effective theory with a
cutoff A that cannot be made arbitrarily large without
suffering a loss of calculability. In fact, at energies of the
order of A, new physics must enter into the theory rendering
the full model anomaly free. This new physics can usually be
interpreted in the form of additional fermions, sometimes
referred to as spectators, whose charges under the Abelian
gauge group are such that they lead to a cancellation of the
anomalous terms from the axially charged SM matter
content. At low energies, in the effective theory where the
spectator fermions have been integrated out, their non-
decoupling effect remains in the form of a Wess-Zumino-
Witten (WZW) term in the effective action [11], and a
freedom exists in the coefficients that enter the WZW term
related to the regularization scheme adopted.3 Given that we
do not want the anomaly to affect the SM gauge groups, we
adopt what is known as the covariant regularization scheme,
which in conjunction with the Wess-Zumino consistency
condition, fixes the value of the WZW coefficients [12,13].
In this way, all gauge anomalous effects are transferred to the
7' modified Ward identity. We show that it is precisely this
anomaly-induced triple-gauge boson vertex, via the Z’
longitudinal polarization, that may lead to an enhancement
in the searched signals.

In order to consider an explicit example, we study the
case of a muonic U(1),, under which muons and their
corresponding neutrinos are axially charged. This scenario
was part of a previous work [14], in which dark matter
phenomenology played a major role. For our current study,
however, to maximize the signal we do not consider a DM
particle, and any missing energy signal in our collider
studies comes from neutrinos. Focusing on the anomalous

?Abelian gauge groups allow the possibility of keeping the Z'
in the low energy effective theory via a small gauge coupling,
while for the non-Abelian case, the Z' mass is fixed by the group
structure and of the order of (®).

*In fact there is a one-to-one correspondence between the
WZW coefficients and a momentum shift in the loop.

triple-gauge boson vertices Z'ZZ, Z'yy, and Z'Zy and
implementing them in MadGraph [15], we study the ability
of different colliders in probing these anomalous triple-
gauge couplings taking into account, as a first approxima-
tion, only the irreducible SM backgrounds. We look first
at hadron colliders, focusing on the High-Luminosity
LHC (HL-LHC) at /s = 14 TeV and the 100 TeV hadron
collider and study their ability to test the anomalous triple-
gauge couplings. Afterwards, we move into leptonic col-
liders, considering a muon collider running at /s = my
and the e e collider CLIC at /s = 3 TeV.

This paper is organized as follows. In Sec. II, we do a
brief introduction into the specific effective model consid-
ered and the anomalous triple-gauge vertices that we focus
on for collider studies. In Sec. III, we study the ability of
hadron colliders, the HL-LHC, and the 100 TeV, in probing
anomalous triple-gauge couplings. In Sec. IV, we show that
lepton colliders, u™p~ and e e™, have a much better chance
in probing these couplings, and finally in Sec. V, we give
our conclusions.

II. ANOMALOUS U (1),’, EFFECTIVE THEORY
AND EVENT SIMULATION

We consider a model where only the leptons of the
second generation are charged under a gauge symmetry
U(1),, and the new interaction for the muon in the mass
basis is axial [14]. All remaining SM fields, including the
SM Higgs, are neutral under U (1)/’4.4 We assume that the
U(1), symmetry is broken by some scalar field with a
nonzero vacuum expectation value, and we define at some
smaller scale the effective theory of the SM gauge field and
matter content along with a massive gauge vector boson Z'.
The effective field theories (EFT) can be trusted up to an
energy scale of order A <647°my/(3g,9%y) [10,13],
which for the values we consider is of the order of
800 TeV. Within this framework, the Higgs field that
triggers the spontaneous breaking of the U(1);, is supposed
to have a sufficiently large mass to be integrated out
from the effective theory,5

1 1
L=Lgy— Zz;wz’#” +5 m%,Z,7""
+ 9BV ULy = 9P Y Vur Z), (1)

where Z,, = 0,7, — 0,7, stands for the Z'-field strength,
gy = 0,9 is the coupling strength for the interactions of
the muon and neutrino which have charge Q,, under U(1),,
g denotes the U(1),, coupling, and my is the mass of the Z'
gauge boson. The Z’ — v, interaction is set to maintain the

*Recent studies with muon-philic models have been pub-
lished in [16-18].

A new Higgs might be not required, and the Z’' mass could
also be produced by the Stiickelberg mechanism.
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EW symmetry. No tree-level kinetic mixing term among
the SM EW gauge bosons and the Z’ is assumed.

From the Lagrangian in Eq. (1) we derive the partial
decay widths of the Z’ boson at leading order,

gimz
7 =) =22 (g n )
! - gﬁmzr
INVARSTIMES Sy (3)

where z, = m’/m2,. If the channels in Eqgs. (2) and (3)
saturate the total width, the branching ratio into muonic
neutrinos is BR(Z' - v,7,) =1 up to corrections O(z,,).
The ratio between the total decay width, I'y/, and the Z’
mass in terms of the coupling g, is

2
2z _% )
my 8r

Notice that the muon mass cannot be generated as usual
via EW symmetry breaking within this model. With the
muon both charged electromagnetically and under the U(1);,
gauge symmetry, the ordinary muon Yukawa interaction
would explicitly break U (1);‘ It is possible to recover this
interaction at low energy from a higher-dimensional oper-
ator which combines the ordinary Yukawa interaction and a
SM singlet Higgs field that induces the spontaneous break-
ing of the U(1),, symmetry. A discussion about this issue is
presented in Sec. 2 of Ref. [14].

It is crucial to note here that this effective theory contains
gauge anomalies which result naively in the breakdown of
gauge invariance and/or unitarity with the consequent
appearance of inconsistencies at the quantum level. The
source of these anomalies is traced back to the vector-axial
nature of the leptonic current coupled to the new gauge
boson and the fact that it is only the second generation of
leptons which is charged under the new gauge symmetry. In
the effective theory, the gauge anomalies generate, in
particular, anomalous triple-gauge boson couplings involv-
ing the U(1), and SM gauge bosons, known as mixed
anomalies. Since gauge anomalies must be certainly absent
in the full UV theory, new fermions are required to cancel
all the anomalies present at low energies.” These new
fermions in turn affect the effective theory through their
effects on the triple-gauge boson couplings via the
WZW term.

The anomalous Z'VV triple-gauge couplings between Z’
and two EW gauge bosons, see Fig. 1, have the general
form consistent with Lorentz symmetry given by the
Rosenberg parametrization [19],

®See Sec. 5.1 of Ref. [14] for details regarding the anomalies
cancellation.

v

FIG. 1. Triple-gauge boson coupling between Z’' and two EW
bosons V, V. Momenta labels and indices match Eq. (5).

AVAV, 1 ~ ~
A/%ﬂ‘zjv = - 2_”29/9\/9‘7 [Alea/wppa + A2€a/wpqa
+ AseappP*d’ Py + Asapyp“d’ 4,

+ A5€aﬁyppaqﬂpy + A6€aﬂvppaqﬂ%l] ’ (5)

where p and ¢ are the EW gauge boson momenta, ¢, gy, gy
are the gauge coupling constants, and the form factors A;
with i =3, ..., 6 are fixed by the fermion loop diagrams
and include the nontrivial dependence with external
momenta,

Ai: Z tfli(pz,cf,p-q,mf), i:3,...,6, (6)
fzﬂvl/y

where /; are integrals over Feynman parameters of the loop,
and we sum over the U(1),-charged fermions in the EFT
with their relevant combination of EW x U(1); group
charges 7;. The form factors A; in the loop amplitudes
have been regularized by requiring the EW gauge sym-
metry to be anomaly free in the EFT, ie., by imposing the
corresponding Ward identities [20],

PrAZYY + imyAZGY = 0, (7)
ALY + imyAZYG = 0, (8)

where the second terms on the left correspond to the
Goldstone boson contributions, which are present only for
massive gauge bosons and are calculated by replacing the

"The method of Rosenberg [19] exploits physical conditions in
order to determine the regularized form factors A; and A, in term
of the finite form factors As,...,Ag which can be calculated
directly in four dimensions. In this way, one does not have to rely
on dimensional regularization for the divergent form factors and
bypasses the problem of defining y5 and the antisymmetric Levi-
Civita tensor in dimensions d > 4 (for further details see, for
example, Appendix B of [8]).

115010-3



ANIBAL D. MEDINA et al.

PHYS. REV. D 111, 115010 (2025)

external vector by its corresponding scalar Goldstone in the
triangle diagram. This form is known as the covariant
anomaly in the literature and corresponds to a specific
choice in the WZW terms or in the shift-symmetry freedom
of the loop momentum. The form factors A, and A, we
obtain from Egs. (7) and (8) will generally depend on the
nondivergent form factors A;, external momenta contrac-
tions, and if present, Goldstone amplitudes. Therefore, the
structure of the triple-gauge couplings we want to simulate
depends on the integrals over the Feynman parameters and
has a complicated dependence on external momenta. The
explicit form of the vertices we simulated are given in the
Appendix. The U(1); mixed Ward identity reads,

T 1 ~ ~
(P + q)pAgﬂ‘;V = _2_7[29/9\/9\7(’41 _A2>€aﬂ/wpaqﬂ’ (9)

with the coupling constants g,y = e if V =y and g, = g,/2
if V =Z, where g, = \/g} + ¢35, with g; and g, the SM
coupling constants of U(1), and SU(2),, respectively, and
for simplicity, in this expression, we are considering the
light fermion mass m, = 0.

Examining the vertex as expressed in Eq. (5) for the
Z'VV coupling and recalling that it is the longitudinal
component of Z’ the one sensitive to the anomaly, as is clear
via the anomalous Ward identity Eq. (9), one can see that
only the transverse components of the SM gauge bosons in
the vertex will provide a nonvanishing contribution at high
energies. This can be checked explicitly in the signals of
interest either when the Z’ is replaced by the longitudinal
part of its propagator in s-channel production or when it
appears as an on-shell final state particle via its longitudinal
polarization.

In our analysis, we simulate both signal and background
processes at parton level with MadGraph [15], in which the
model used to generate events is given in the Universal
Feynrules Output (UFO) format [21]. We first implement
our model by adding the tree-level Z'uy and Z'v,u,
couplings to the SM Lagrangian via Feynrules [22] and
exporting it in UFO format. The anomalous couplings in
our model include both the SM fermion loops and the
nondecoupling effects and therefore cannot be written in
terms of a Lagrangian. Instead, we directly modify the UFO
files to add the anomalous couplings with their correspond-
ing form factors.®

In processes where the Lorentz-invariant factors p?, g2,
and p - g are fixed (p and ¢ stand for the EW gauge boson
momenta), we can treat the loop integrals as external inputs,
which can be computed by an external software and then
feed them to MadGraph via the param card of the process.
This is the case for on-shell diboson production at lepton

*In the implementation of the form factors, we neglect the
Goldstone terms in the Ward identities [Eqs. (7) and (8)] since
those result to be proportional to mﬁ

colliders at a fixed energy. For more general processes, we
need to compute the /; integrals on the fly during event
simulation for any given point in phase space, which is
needed for hadron colliders, for example, in LHC simu-
lations where partonic center-of-mass energy is not fixed
and integration over the parton distribution functions is
necessary. We construct custom functions for numeric
evaluation of these integrals in Fortran, which are imple-
mented into the UFO file structure by including the triple-
boson vertices in the form of Eq. (5) with the corresponding
form factors. We also verified that the numerical results
given by our code are consistent with more precise
dedicated software such as LoopTools [23]. The implemen-
tation of the latter, however, was much slower in con-
junction with the event generation, and therefore, we
decided to use our own code.

The underlying process and hadronization of partonic
final states is simulated with Pythia [24]. Fast detector
simulation is performed with Delphes [25] by using col-
lider-specific cards. For LHC processes, we use the default
ATLAS card. For the e"e™ collider, we use the CLIC card
included for the 3 TeV stage, and for the muon collider, we
use a hybrid of CLIC and FCC-hh cards that matches the
current expected performance of the detectors [26]. In all of
our analyses, we simulate signal at LO in the anomalous
couplings and consider only irreducible backgrounds. As
we see in the LHC case, this turns out to be an optimistic
approach which however will not change the conclusions
on their capabilities. For the futuristic hadronic and leptonic
cases, it seems reasonable to consider only the irreducible
backgrounds given the current uncertainties of the actual
experimental setups.

As shown in [14], the strongest current bounds on the
model under consideration come from neutrino trident
production. Thus, in order to maximize the cross sections
for the signal, we use throughout our analysis the largest
g, value allowed by neutrino trident constraints [27,28],
given by

g =03 7Z (10)

v

where v ~ 246 GeV is the electroweak symmetry breaking
vacuum expectation value. For the values my € [100,
1000] GeV, we consider the couplings g;** € [0.22,2.2].

II1. STUDIES AND IMPLEMENTATION
AT HADRON COLLIDERS

It seems natural first attempting to probe the anomalous
triple-gauge couplings at hadron colliders since the LHC is
currently the only available high-energy collider taking
data. Furthermore, it is easier to reach larger values for the
center-of-mass energy in collisions at hadron colliders than
at lepton colliders due to the small percentage energy lost to
synchrotron radiation. In this section, we consider the High
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my [GeV]

FIG. 2. Production cross sections of Z’ and an EW boson at the
LHC at 14 TeV. These processes are calculated from diagrams
involving the anomalous gauge couplings. For each m value, g,
is chosen to saturate the trident bound, see Eq. (10).

Luminosity LHC (HL-LHC) at /s = 14 TeV and integrated
luminosity of £ = 3 ab~! and the futuristic 100 TeV collider
with a maximal integrated luminosity of £ = 20 ab~!, the
latter as the highest energy hadron collider currently in
consideration to be built in the future.

A. Discovery prospects for the HL-LHC

At the LHC, anomalous couplings could potentially be
probed in pp — y*/Z*/W* — VZ' processes, where V is
an EW boson. We first use the UFO model described in
Sec. II to estimate the inclusive VZ' production cross
sections with MadGraph. Choosing g, to saturate the neutrino
trident bound, Eq. (10), we show in Fig. 2 the cross section
for V. =y, Z in the 100—-1000 GeV range for the expected
final center-of-mass collision energy of /s = 14 TeV at
the LHC. In addition, our model also allows for Z'W+
production, with the anomalous Z'WW coupling being of
similar size as the Z'ZZ coupling. We expect a similar reach
for both couplings and focus on the neutral channels. We
observe that the Z'Z cross section dominates across the
explored mass range. With the expected integrated lumi-
nosity value of £ = 3 ab~! for the full LHC lifetime, we
see that, in order to have at least O(10) signal events, Z’ has
to be below 300 GeV. In what follows, we define simple
search strategies for each production channel in order to
estimate the signal significance.

A standard search strategy for the anomalous couplings
involves reconstructing both the Z’ boson through its decay
products and the accompanying EW boson. The Z’ decay is
dominated by the putu~ channel, identifiable as a mass
resonance, or it could decay into 7,v, which produces
missing transverse energy in the event. We focus in the
dominant Z" — utu~ decay channel, since a selection
window around the resonance invariant mass is expected

to yield larger significances. The search strategy also
depends on the reconstruction of the EW boson, either
by its direct observation if it is a photon or through its decay
products if it is a Z. In the following subsections, we show
some estimated sensitivity prospects for the ZZ' and yZ'
channels at the HL-LHC. We work in an optimistic scenario
with mz = 200 GeV and g, = 0.445 which saturates the
neutrino trident bound. In Sec. IIT A 1, we show prospects
for the Z'y production in the 2 + y decay channel, while in
Sec. IIT A 2 we show our analysis for the Z'Z production in
the 24 4 2j channel.

1.pp —»y*/Z" - Z'y - u*p~y channel

With the setup described in Sec. II, we simulate the
signal pp —» Z'y - uTpy and the irreducible back-
grounds. In order to make the simulation more efficient,
we impose pr, > 10 GeV, pr, > 10 GeV, || < 2.5,
AR,, > 0.4, AR, > 04, and m,, €(100,300) GeV at
the parton level. After detector simulation, we apply the
following cuts to both samples:

(i) Photon selection: at least 1 photon with pg, >

60 GeV and |7,| < 2.5
(i1)) Muon pair selection: at least 2 muons with
pry > 10 GeV, [|n,| < 2.4, and AR,, > 0.4, form-
ing pairs of opposite charges with AR,+,- > 0.4
(iii) Z' reconstruction: at least one of the muon pairs
has [m,+,- —mz| <10 GeV
We estimate the expected number of signal (S) and back-
ground (B) events after applying these cuts and show the
corresponding cutflow in Table I. We obtain an estimated
significance of S/v/B = 0.08 for this analysis.

In addition, interference between signal and background
diagrams could potentially be sizable for this process since
the Z' considered is not too heavy and there could be
interference, in particular, with the SM process pp — Zy
with a t-channel quark exchange. We compute these
interference terms in MadGraph by generating pp —
uTu"y at a fixed order of gﬁ in the squared amplitude of
the process, which forces only interference terms in the
cross section calculation. After applying the same cuts to
the interference events as for the signal and background
events, we obtain that interference terms are negative and of
similar magnitude as the signal, which undermines even
more our expectations for this channel at the LHC.

2.pp > v /Z* - Z'Z — p*u~jj channel

We use again the setup described in Sec. II and
simulate the signal pp = Z'Z — u*u~jj along with the
irreducible backgrounds. In order to make the simula-
tion more efficient, we apply the following parton-level
cuts: pr; > 20 GeV, pr, > 10 GeV, || <5, |n,| < 2.5,
AR,,>0.4, AR;,>0.4, AR;;>0.4, m;€(70,110) GeV,
and m,, € (100, 300) GeV, where j stands for a quark or
gluon in the partonic final state. During detector simulation,

115010-5



ANIBAL D. MEDINA et al.

PHYS. REV. D 111, 115010 (2025)

TABLE I. Cutflow for the number of signal and background
events in the Z'y channel at 14 TeV at the LHC. Events are
normalized using the calculated cross sections for pp — Z'y —
utu~y including the parton-level cuts, with a total integrated
luminosity of £ =3 ab~!. Signal is simulated with my, =
200 GeV and g, = 0.445.

Signal Background
Generator level cuts 7.91 1.17 x 10°
Photon sel. 6.49 6.27 x 10*
Muon pair sel. 3.83 2.92 x 10*
Z' reco. 3.20 1.62 x 10°

TABLE II. Cutflow for the number of signal and background
events in the pp — Z'Z — p*u~ jj channel at 14 TeV at the LHC.
Events are normalized using the estimated cross sections with a
total integrated luminosity of £ = 3 ab~!. Signal is simulated
with my = 200 GeV and g, = 0.445.

Signal Background
Generator-level cuts 8.33 2.98 x 10°
Jets sel. 6.88 2.50 x 10°
Muon pair sel. 3.71 1.52 x 10°
Z reco. 1.63 6.02 x 103
7' reco. 1.43 1.28 x 10*

jets are reconstructed with the anti-k; algorithm with
AR = 0.5. We impose the following requirements to both
samples:
(i) Jets selection: at least 2 reconstructed jets with
prj > 20 GeV, |n;| <5 and AR;; > 0.4

(ii) Muon pair selection: at least 2 muons with
pry > 10 GeV, |n,| < 2.4 and AR, > 0.4, forming
pairs of opposite charges with AR+,- > 0.4

(ili) Z reconstruction: at least one pair of jets with
|m;; —my| <10 GeV

(iv) Z' reconstruction: at least one muon pair with

|m:,~ —mzy| <10 GeV

Note that the third cut is necessary to reduce the large
QCD background from dijet production, however also
suppressing possible vector boson fusion contributions
via triple-gauge anomalous couplings.

A cutflow in terms of the number of events is given in
Table II. The estimated significance for this analysis is
S/+/B ~0.01. We also investigate if interference effects are
sizable in the Z'Z channel and find that in this case the
interference is also destructive and of the order of 10% of
the signal after applying the cuts.

It is clear from the results in the different channels
investigated that the HL-LHC is incapable of probing the
anomalous triple-gauge couplings. Even when the signal-
to-background ratio is improved by more than two orders of
magnitude after applying the search strategy (for the Z'y

channel), the extremely large initial difference between the
small number of signal events (due to the loop nature of the
involved couplings) and the large backgrounds lead to
negligible significances. Lastly, we analyze the possibilities
of what is at the moment the highest energy hadron collider
under consideration, the 100 TeV proton-proton collider.

B. The 100 TeV proton-proton collider capabilities

There have been many studies involving the research and
development (R&D) of a pp collider at a collision energy
of /s = 100 TeV as well as potential BSM signals that this
collider may probe [29,30]. In what follows, we consider
the potential of the 100 TeV collider in probing anomalous
triple-gauge couplings, using the Delphes FCC-hh card [31].

Applying the same search strategy as in the LHC for the
7'Z channel, we obtain a significance of S/ \/1_3 ~ 0.17 for
my =200 GeV at £ = 20 ab~! and similar small signifi-
cances for other Z’' masses. In contrast, for the Z'y channel,
a substantial improvement can be made due to the larger
available energy, by demanding a higher p; cut on
the photon than in the previous LHC study for this
channel. We scan over my, between 100 GeV and
1000 GeV with g, satisfying the neutrino trident bound,
applying the same cuts as in the LHC analysis except for
the cut in the p; of the photon, which is chosen to
maximize the signal significance, and the di-muon invariant
mass window. For the latter cut, we choose |m,+,- —
mz| < 10 GeV for my <400 GeV and |m,,- —my| <
0.1m, for m, > 400 GeV. This is consistent with the
narrow resonance at lower masses, while enhancing the
signal acceptance for heavier masses that exhibit a broader
resonance. In addition, at generator level, we simulate
events with a cut in prp, in order to make the simulation
process more efficient. We ensure that the final pz, cut
adopted in the analysis is at least 100 GeV larger than the
generator-level cut. The background is strongly sup-
pressed by the cuts of the search strategy which prevents
the computation of the corresponding efficiency with
enough precision unless a very large amount of events
is simulated. Instead, we adopt a conservative approach
for the estimation of the background efficiencies, by
adding +10 to the number of simulated events that pass
the detector-level cuts By, where 6 = /B, The values
of pr, cuts that maximize the significance are between
pry > 300 GeV for my =100 GeV and pr, > 1700 GeV
for my = 1000 GeV. Luminosities required for exclu-
sion, evidence, and discovery-level significances are
shown in Fig. 3. We see that the lowest necessary
luminosities for any of the significance levels are
achieved for mz ~ 300 GeV. Note that in the range of
my €[230,330] discovery significances would be pos-
sible at the maximum projected luminosities of the
100 TeV pp collider. At the same luminosity, evidence
can be found for my €[150,800] GeV, and we could
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FIG. 3. Integrated luminosity required for exclusion, 3¢ and 56

significance for pp — Z'y = puTpu~y with /s = 100 TeV. The
dashed black line represents the estimated maximal luminosity of
20 ab~! for the FCC-hh.

exclude almost the whole range of Z' masses analyzed.
For mz €[100,200] GeV, the background starts to
increase, in particular, as we move closer to the Z gauge
boson mass due to the Zy background, implying a larger
necessary luminosity. For masses near my =~ 400 GeV,
both prescriptions for the di-muon mass window are
inefficient, either too sharp or too wide when compared
with the total width of I'y =~ 12 GeV, leading to an
increase in the required luminosity and a step in the
curves. A more adequate choice of window width could
partially reduce the required luminosity and soften the
transition between the two regimes; however, this would
correspond to an actual fine tuning and we decide not to
pursue it further. For larger masses, we observe that by
taking an invariant mass window centered at the Z’
resonance but whose size increases with m,, we are
able to mitigate an otherwise sharp increment in the
required luminosity due to the smaller values of the signal
cross section at larger masses.

A cutflow for m, = 300 GeV is shown in Table III.
Generator-level cuts include pr, > 400 GeV in both signal
and background events, and photon selection cuts include
Pry > 650 GeV. The significance for discovery in this case

TABLE 1II. Cutflow for pp—>Zy—>utuy at /s=
100 TeV and total integrated luminosity of £ = 20 ab~'. Signal
is simulated at mz = 300 GeV and g, saturating the neutrino
trident bound.

Signal Background
Generator-level cuts 156 6.51 x 10*
Photon sel. 78.2 7.80 x 103
Muon pair sel. 66.6 6.28 x 103
7' reco. 51.7 76.4

is 5.4 for the maximal expected luminosity of £ = 20 ab™!,
and evidence could be obtained for £ = 6 ab~!.

IV. STUDIES AND IMPLEMENTATION
AT LEPTON COLLIDERS

Lepton colliders provide a cleaner environment in com-
parison with hadron colliders due to the weakness of the EW
interactions, and moreover, since leptons are elementary
particles,” there is a much better handle in the energy of the
colliding particles which is basically fixed by construction.
As we see, the latter capability will be crucial in probing the
anomalous triple-gauge couplings. We consider two types of
lepton colliders: muon (u" ™) and electron-positron (e*e™)
colliders. Both are futuristic in the sense that the colliding
energies and luminosities considered have not been accom-
plished for e*e™ colliders, and no muon collider has ever
been built due to the technical difficulty in what is known as
the cooling of muons. There have been however serious
considerations and studies pushing forward the R&D for
both types of lepton colliders, and their construction after the
end of the LHC era s quite feasible [35—41]. In what follows,
we show that both colliders can be useful in probing the
anomalous triple-gauge coupling for the model under con-
sideration,'® in different m, mass ranges, implying an
advantage over the hadron collider counterpart.

A. Muon colliders expectations at
probing anomalous triple-gauge couplings

A current candidate for a sub-TeV muon collider is at the
Higgs mass, /s = my ~ 125 GeV, where resonant Higgs
production is dominant, and several of its decay channels
can be studied with precision [39,42]. We showed in our
previous work that in such facility it is also quite easy (with
a L ~0(10) fb~") to discover a Z' coupled to muons via
tree-level couplings in the y*u~ — Z™* — ptu~ channel
[14]. Furthermore, it would be, in principle, also possible to
test the nonvectorial nature of the Z'uu couplings by
measuring the forward-backward asymmetry of the muon
pair produced. If such asymmetry is discovered, it would
strengthen the hypothesis of a nonzero axial coupling and
the possibility of anomalous triple-gauge couplings.

In order to assess the exclusion and/or discovery reach of
the anomalous gauge couplings at a muon collider, we
explore different signals given by ZZ or Zy production and
their possible decay channels. After generating signal and
background events with the setup described in Sec. II, we

Due to the electromagnetic cloud surrounding charged
leptons, they can also be studied using the parton distribution
function formalism, see [32-34] as a phenomenological example
in colliders. We checked that these effects are negligible in our
case.

""We verified that interference between signal and SM is
negligible, and therefore, we do not take it into account in the
following.
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FIG. 4. Cross section of y*u~ — ZZ as a function of /s for
different Z' masses, and gy set to saturate the neutrino trident
bound for each mass. Background coming from SM is simulated
at LO.

apply some basic cuts depending on the target final state, as
described below.

We simulate ZZ production events at parton level, via an
s-channel Z’, for different Z’ masses and colliding muon
energies (y/s) in order to estimate the inclusive cross
section of this process, as well as the irreducible SM
background at LO, u"u~ — ZZ. Results are shown in
Fig. 4, where the ZZ production cross section is calculated
with MadGraph as a function of /s for four different m,
values and fixing g, to the maximum value allowed by the
neutrino trident bound, see Eq. (10). In this plot, one can
see the resonance peak at /s = my; then, for intermediate
energies, there is a power-law decay up to roughly
\/s = 100my, where the cross sections reach a constant
value that depends on the Z' mass and the muon mass as
677 &« ma/m3,. In fact, due to the choice of the coupling g,
saturating the trident bound, all benchmarks go to the same
constant cross section asymptotic value. This behavior can
be easily understood by calculating, respectively, the
longitudinal (o), transverse (o), and interference contri-
butions (o 1) from the Z’ propagator to the ZZ production,
which are given by

4 4 2 A2 /32
- - 1-4
O-L:%ZS(AI_AZ)Z m: ( mz/s) ’
2(4n) Mz \J1=4m2/s(1—m2 /s)?
(11)
oo gﬁgé (A —A)2 m;24 (1—4m%/s)3/2
0 (4n)s

2 ki
MzS\J1—4m2/s(1—m2 /s)?

(12)

4 4 4 2 3/2
1-
gﬂgz ( mZ /S) |:3 4%1”2

GT_6(4”)5\/1—4m,%/s(1—m%,/s)2 g

N 4m;24m%(A3 + As)?(6mZ + mé,)

S2

2
m
+ m%(As 4+ As)? — (A3 + As) TZ((’”Q

+3m%) (A3 + As) + 4(4A; +A5)mi)} . (13)

Analyzing these expressions in the /s > my limit and
using that in such limiting case A, and A, scale as constants
while A3 and As scale as 1/s (see Appendix), one can see
that the transverse and interference contributions scale as
or ~mZz/s* and oy ~m;/(m% xs), while the longi-
tudinal contribution goes to a constant o; ~ m2/m3,. We
see that the interference term is suppressed by the muon
mass and s and thus can be neglected. The transverse term,
while it is suppressed by s, is proportional to m%, whereas
the longitudinal term goes quickly to a small constant since
it is proportional to mﬁ.“ So what ends up happening is that
after the resonant peak the transverse component dominates
but quickly drops as 1/s* until its value is similar to the
constant longitudinal contribution which then dominates
the total cross section. This behavior is illustrated in Fig. 5
for mz = 200 GeV. Similar conclusions are obtained for
the Zy final state.

The cross section behavior cannot be extended up to
arbitrary high energies since, as described in Sec. II, our
EFT is equipped with a cutoff related to the energy at which
the spectator fermions kick in. In anomaly-free theories, the
cross section is generically expected to decrease with s to
some power, and since the SM is an anomaly-free theory, a
similar dependence at large energies is expected for SM
backgrounds. Though the case of a constant signal cross
section along with background cross sections that drop with
powers of s is encouraging for probing our model at large
energies, it turns out that the anomalous signal cross section
tends to stabilize at energies that are too large and
correspond to values too small to be probed at a muon
collider.

There is an interesting alternative in the case that the Z’
shows up in the final states Z'Z or Z'y, produced through an
s channel mediated by Z or y. Focusing in the Z'Z final
state, and considering the longitudinal polarization for the
7' which should dominate at large s due to the anomaly, we
obtain the following expressions for the Z} Z production
cross section mediated by y and Z:

"The appearance of m,% is crucial for the axial nature of the
coupling of the Z’ gauge boson to the muons.
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FIG. 5. Cross section for the process u™u~ — Z'* - ZZ with
mz =200 GeV and g, = 0.445. We plot in blue (red) the
transverse (longitudinal) contributions from the Z’' propagator
and in black the total cross section.

OpL = 649,249%(;‘1 -4,
" 2((0 =m% /s +m2, /s)? — 4m2, /5)3/?
3(477)5”1%/

, (14)

Ozc = 9;249(2(1&1 —Az)z
(1 =483 +854) (1 —=m3/s + m2, /5)2 —4m, /)2
48(4r)>m2, (1-m%/s)* '

(15)

where Sy = sin 6y, with 0y, the weak mixing angle. Notice
that both contributions provide in the /s > m, limit a
constant cross section that scales as ¢; o« 1/ m%,, with no
muon mass suppression as was the case for an intermediate
Z'. The limiting cross section is indeed larger, and it is
reached at smaller /s values than the previous asymptotic
value obtained when Z’ was the intermediate state, opening
the possibility of detection at reasonable values of /s for
which the SM background has already dropped enough.
Similar conclusions can be drawn for the Z'y final state.
Unfortunately, in addition to the production of Z'Z and Z'y
mediated by the anomalous triple-gauge bosons couplings,
there is also a new physics (NP) tree-level contribution with a
muon exchanged in the ¢ channel that completely dominates
the cross section. Since in our model the Z’ only couples to
muons (and muonic neutrinos), there is no such tree-level
contribution in a e"e™ collider, which renders it a unique
tool to probe the anomalous triple-gauge bosons couplings
as we see later. In the next subsection, we show that muon
colliders still can be a powerful tool if the Z’ is resonantly
produced. We work under the assumption that an anomalous
Z' coupled to muons has been discovered, either at the LHC
or at a sub-TeV muon collider, and we consider a muon
collider in which the collision energy is tuned to the Z' mass.

X

Besides providing the maximum value for the signal cross
section, the Z’ production at resonance and its subsequent
decay via the anomalous triple-gauge coupling is indepen-
dent of gﬂ,12 so that constraints on this coupling have no
impact on the prospects of the resonant search.

B. Resonant production at muon colliders

In the following, we explore the ZZ production in a
muon collider at the Z’ resonance, /s = m . Although we
show plots with larger luminosities, we take as a sensible
choice for the maximum luminosity attainable at a muon
collider the value of 1 ab=! [37], which should roughly
correspond to a muon collider running for 20 years at
energies of order the Z' masses considered in this work.
Among the possible decay channels of the Z bosons, we
concentrate on Z — jj and Z — eTe”. Decays to 777"
have a branching ratio comparable to e e~ but may suffer
from lower tau reconstruction efficiencies with respect to
electrons and therefore are expected to yield less significant
results. Furthermore, final states that involve u™u~ are
suppressed with respect to tree-level diagrams that produce
one or two Z' decaying into muons. Since we want to study
signals in which the main NP contribution arises from
anomalous decays, we ignore this decay channel. Finally,
invisible Z — vv decays are also possible, resulting in
missing energy in the process, but since Z reconstruction is
needed in order to characterize the anomalous couplings,
we do not consider these decay channels. We are left with
three possible final states: 4, 4e, and 2¢2j. We analyze
each channel separately, simulating the signal and irreduc-
ible backgrounds as described in Sec. II.

For the 4; final state, we scan over /s = my between
200 GeV and 1000 GeV. Jets are reconstructed using the ky
algorithm with R = 0.5, and we apply the following cuts:

(i) At least 4 jets with pr; > 20 GeV, n; <5

(i) At least 2 pairs of jets satisfying |m;; —my| <

10 GeV

Luminosities required for exclusion, evidence, and
discovery-level significances are shown in Fig. 6 in terms
of my. We see that for the three significance levels
considered the minimum required luminosity is reached
at mzy ~500 GeV, and the sensitivity of this search
quickly degrades for small masses due to the increase in
the background cross section and the decrease in the signal
cross section close to the ZZ production threshold. For
large masses, the sensitivity also drops, but more slowly
since in this case the background cross section is decreas-
ing. With a maximum luminosity of 1 ab~!, it is possible
to exclude masses between 280 GeV and 800 GeV and
reach evidence level in the m, range of roughly 380 GeV

"The cross section depends only on BR(Z' — u*u~) and
BR(Z' — CD) with CD either ZZ, Zy, both branching ratios
independent of g, [14].
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FIG. 6. Luminosity required for exclusion, 3¢ and 5o signifi-
cance for resonant u*u~ — Z' — ZZ — 4j production.

to 700 GeV. Finally, discovery-level significance seems
unreachable at the maximum estimated luminosity.

We provide an example of the cutflow for m, =
500 GeV in Table IV fora £ = 1 ab~!. Although the signal
cross section is larger at m, = 400 GeV, the smaller
background and, in particular, the acceptance after cuts
imply a larger significance for the signal at m, = 500 GeV.

Another possible decay product of the pair ZZ is a pair of
electrons and a pair of jets, the 2e2; channel. This channel
has the advantage that it is relativity easy to reconstruct:
an electron pair is expected to come from a Z decay and
the jets from the other one. The SM backgrounds for
the process utu~ — ZZ are important, but the main
contribution comes from a t-channel exchange of a muon,
whereas our signal is an s channel. This suggests the
possibility to use a cut on the pseudo-rapidity n of the
electron pair, to exploit the different angular distribution of
the signal.

The signal cross sections for the resonant production of
the Z', decaying to a pair ZZ with semileptonic decay, are
shown in Fig. 7, with the corresponding SM background.
We can see that the signal cross section is almost two orders

TABLE 1IV. Cutflow for yu~ — ZZ — 4 searches at my =
/s = 500 GeV and luminosity £ = 1 ab~!. Cuts are described in
the main text. Initial number of events and number of events
surviving each cut are provided for signal and background in the
second and third columns. Relative acceptances for signal and
background are given in the fourth and fifth columns, respectively.

Relative Relative
acceptance acceptance for
Signal ~ Background for signal  background
Initial 4.95x10° 2.28 x 10° e
4j sel. 3.02x10% 125 x 10° 0.610 0.547
Z windows 1.02 x 10* 6.70 x 10* 0.336 0.0537

10? T T T T T T T 3
Background {

—— Signal

putpu= — 72— 727 — eejj

—2 1 1 1 1 1 1 1

200 300 400 500 600 700 800 900 1000

Vs [GeV]

FIG. 7. Signal and background cross sections for resonant
Uty - 7' - ZZ — e*e™ jj production.

of magnitude lower than the background cross section and
is maximal for the masses my = 300400 GeV.

For the analysis we applied the following cuts:

(i) Selection cuts: at least 1 jet with py; > 20 GeV and
Inj| <5,atleast 1 e* and 1 e~ with py, > 10 GeV
and |, <5

(i) At least one pair of electrons with |m,+,- — my| <
10 GeV and |1,+,-| < 1

(iii) Invariant mass of the sum of jets (hadronic)
30 GeV < mjes < 110 GeV

As an illustration, we provide an example of the cutflows
for the mass of m, =400 GeV in the Table V for the
dedicated search of the eejj signal in the Muon Collider.
The total integrated luminosity is set at 1 ab™".

We show in Fig. 8 for the resonant ZZ production decaying
into ete” plus two jets, as a function of /s = my, the
required luminosities for exclusion, 3¢ evidence and 5o
discovery. In this channel, note that a luminosity of 3 ab™!
would be required to achieve a 3¢ significance for Z' masses
ranging from 300 GeV to 800 GeV, and a luminosity of
4 ab~! would be needed to reach the coveted 5¢ discovery
threshold for Z' masses between 400 GeV and 600 GeV.

TABLE V. Cutflow for the number of signal and background
events for the resonant channel ™y~ — Z' - ZZ — eTe™jj at
the muon collider. Events are normalized using the estimated
cross sections with a total integrated luminosity of £ =1 ab~!.
Signal is simulated with m, = 400 GeV. The selection cuts are
described in the text.

Signal Background
Initial 427.3 19165.0
Selection cuts 294.0 11608.2
|- —my| < 10 GeV 259.2 7991.8
[ore-] < 1 191.4 3376.9
30 GeV < mje < 110 GeV 123.3 1929.9
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FIG. 8. Luminosity required for exclusion, 3¢ and 5o signifi-

cance for resonant u"u~ — Z' — ZZ — eTe” jj production.

These values for the luminosities are most likely beyond the
capability reach of a muon collider running at /s = m, for
the Z' masses considered. For the more sensible choice of
maximal luminosity of 1 ab™! we see that we could, in
principle, only put exclusion limits for m, € [280, 850] GeV.

Finally, for the 4¢ final state, we perform an analysis
similar to the 4 case, simulating signal and background
and selecting events that contain two pairs of opposite-sign
electrons that satisfy |m,+,- — mz| < 10 GeV. We see that,
due to the low branching ratio of Z — ee compared to
Z — jj, the significance is not higher than S/v/B ~ 0.36
for my, = 400 GeV.

We do not consider the channels with resonant produc-
tion of Zy because its cross sections are about four orders of
magnitude lower than their respective backgrounds, and
possible cuts are not efficient enough to get a significance
larger than 0.8¢ with a total luminosity of 1 ab~!, in
particular, due to the irreducible SM Zy background. As we
see in the next subsection, this changes if instead of the Z
boson in the final state we have the Z’, making the invariant
mass cut window around m, more efficient in discrimi-
nating against the background.

C. Nonresonant production at e*e~ collider

As mentioned previously, anomalous triple-gauge cou-
plings can also be probed at future electron-positron col-
liders, such as the proposed FCC-ee [43,44], ILC [45,46],
CLIC [40,41], and CEPC [47,48]. In these colliders, the
processes eTe” — Z*/y* - Z'Z and eTem — Z*/y* —
Z'y, with the Z’' decaying to a pair of muons, provide
potential windows to explore triple-gauge couplings. The
7' production is via nonresonant process, and thus, the signal
cross section depends on the coupling g,. As mentioned
before, we use the largest g, value allowed by neutrino trident
constraints, as described in Eq. (10).

We consider the nonresonant production of Z'Z and Z'y
through the anomalous coupling of three gauge bosons,
with Z' decaying into muons and Z decaying into jets to
maximize the signal cross sections. Figure 9 displays the
cross sections for both the signals and background proc-
esses with the default set of cuts provided by MadGraph,
considering different Z' masses and couplings consistent
with trident bounds. Note that for all considered Z’, the
cross section vanishes at threshold and increases mono-
tonically with the center-of-mass energy until it becomes
nearly constant. This behavior, which can be understood
from Eqgs. (14) and (15), arises from the anomaly and its
apparent violation of unitarity. An interesting aspect
already mentioned at the end of Sec. IVA is that the rise
to a constant cross section in this case happens at a much
smaller value of /s than for the case in which the Z’ was as
an intermediate state in the propagator, compare Fig. 4 with
Fig. 9. In contrast, the main SM backgrounds decrease
with /s. Hence, to improve the signal-to-background ratio,
higher center-of-mass energies are advantageous. For this
reason, we focus on the CLIC collider, which is projected to
reach /s = 3 TeV with an integrated luminosity of up to
5ab~! [40,41] (5 ab~! in 7 years with 708 fb~!/year).
Notice that the asymptotic value of the signal cross section
is larger for Z'y than for the case of Z'Z in the final state by
roughly an order of magnitude. However, the background is
also roughly an order of magnitude larger.

l.eter - Z' )y > 7'Z

At high energies, the cross section does not seem to vary
much with the Z' mass. However, the background cross
section is two orders of magnitude larger than the signal,
making it necessary to apply additional cuts to enhance
the signal-to-background ratio. Specifically, we impose a
window on the invariant mass of the final-state muon pair,
|m,: - —mzy| < 10 GeV," as well as the angular cut
In,+,~| < 1, which takes advantage of the distinct angular
distributions of the signal and background. Finally, we
apply a cut on the invariant mass of the jet sys-
tem, 40 GeV < mjys < 110 GeV.

The applied cuts are as follows:

(i) Selection cuts: at least 1 jet with py; > 20 GeV, and

at least 1 y* and 1 = with pg,» > 10 GeV

PThis earlier reach in /s to a constant cross section provides a
further reassurance that the effective theory is under control at
the energies considered since /s < A.

“The decay width of the Z' increases as 'y o gﬁmz/ x m}
[see Eq. (10)]. This causes the Z' resonance to broaden as m
increases, leaving less signal within a 10 GeV window, which
results in a lower significance at higher masses. Another
possibility would be to use an invariant mass window with a
width proportional to I' to avoid losing signal events, but in that
case, less background is removed. Ultimately, the significance
does not improve significantly with this new window, so we
chose a fixed-width window, which is easier to implement.

115010-11



ANIBAL D. MEDINA et al.

PHYS. REV. D 111, 115010 (2025)

10" g

[ ete™ = Z'Z — pujj
10° 3

Background
mz = 200 GeV
my = 300 GeV
myz = 400 GeV
myz = 500 GeV

107" E

o [fb]
T

1072 3

1 1
3000 4000 5000

Vs [GeV]

1
2000

1
1000

=
(=]
T

ete™ — Z'y — ppry

10° f —— Background =
— — mgy = 200 GeV
é —— my = 300 GeV
& 107 F— = 400 GeV E

myz = 500 GeV

1
4000 5000

1
3000

Vs [GeV]

1 1
1000 2000

FIG.9. Signal and background cross section for the process eTe™ — Z* /y* — Z'Z (left) and eTe™ — Z*/y* — Z'y (right) as function

of /s, for different m, values.

(ii) At least a pair of muons with |m,:, —mz| <
10 GeV and |7+, < 1

(iii) Invariant mass of the sum of jets (hadronic)
40 GeV < mje < 110 GeV

As an example, we provide the cutflows for the mass of
myz = 200 GeV in the Table VI for the dedicated search of
the upjj signal in CLIC. The total integrated luminosity is
set as 5 ab~!.

In Fig. 10, we show the discovery and exclusion regions
as a function of my based on the cuts mentioned earlier.
The sharp increase in necessary luminosity at my <
150 GeV is due to the loss in efficiency in the [m,,- —
mz| < 10 GeV cut from the eTe™ — Zjj background.
Note that discovery at 5¢ is attainable with CLIC at its
highest projected luminosity for m, € [125,200] GeV and
30 evidence can be obtained up to my <430 GeV.
Moreover, the mass range my € [100, 500] GeV could also
be excluded at 95% C.L. In a sense e'e™ collider
nonresonant searches for triple-gauge anomalous couplings
within our model are complementary to resonant pu~
collider searches, since both colliders turn out to be able to
probe different ranges of Z’ masses at 3¢, with e* ¢~ in the

TABLE VI. Cutflow for the number of signal and background
events in the ee™ — Z'Z — pujj channel at 3 TeV at CLIC.
Events are normalized using the estimated cross sections with a
total integrated luminosity of £ =5 ab~!. Signal is simulated
with mz =200 GeV and g, = 0.445. The selection cuts are
described in the text.

Signal Background
Generator-level cuts 9.55 1022.4
Selection cuts 8.79 901.28
|- —mzy| < 10 GeV 8.01 12.03
40 GeV < mjes < 110 GeV 7.22 6.95
7,0, < 1 5.18 0.265

100 GeV < my <430 GeV while u*u~ probing the range
myz € [380,700] GeV, the latter as can be seen in Fig. 6.

2.ete” - 72y > Zly
In addition to the cuts on the Z' mass window and the
angular distribution, we require the final photon to have a
transverse momentum greater than 1.2 TeV, which we find
to be the optimal cut. This cut leverages the fact that, for the
signal, the photon should carry half of the collision energy
since it is a two-to-two process, whereas this is not the case
for the main Drell-Yan background.
The applied cuts are as follows:
(i) Selection cuts: at least 1 photon with pz, > 20 GeV,
at least 1 y* and 1 = with pz,= > 10 GeV
(ii) At least one pair of muons with |m,:,- —mzy| <
10 GeV and |n,+,-| <1

10*

T
=)
Q
ete™ = Z'Z — upjj — 30
— 50
103 1 1 1 1 1
100 200 300 400 500 600 700
my: [GGV}
FIG. 10. Integrated luminosity required for exclusion, 3¢ and

50 significance, for the process ete™ — Z*/y* — Z'Z, with
\/s =3 TeV. The dashed black line represents the estimated
maximal luminosity CLIC will achieve.
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TABLE VII.  Cutflow for the number of signal and background
events in the ete™ — Z'y —» puy channel at 3 TeV at CLIC.
Events are normalized using the estimated cross sections with a
total integrated luminosity of £ =5 ab~!. Signal is simulated
with my =200 GeV and g, = 0.445. The selection cuts are
described in the text.

Signal Background
Generator-level cuts 46.49 12841
Selection cuts 39.73 10253.2
[m,+ - —mzy| < 10 GeV 36.05 79.4
|17”+lf| <1 25.78 18.2
pry > 1200 GeV 19.28 8.8

(iii) Transverse momentum of the leading photon
pry > 1.2 TeV

As an example, we provide the cutflows for the mass of
myz = 200 GeV in the Table VII for the dedicated search of
the pupy signal at CLIC. The total integrated luminosity is
set as 5 ab~!.

In Fig. 11, we present the discovery and exclusion
regions as a function of my, based on the cuts mentioned
earlier. Once again, a sharp increase in the necessary
luminosity is observed for mz < 150 GeV due to the loss
in efficiency in the Z' mass window cut from the ete™ —
Zy background. We see that there exists the possibility of
discovery at CLIC for my € [125,225] GeV. Interestingly,
there is an abrupt change in the significance for my, =
300-350 GeV that can be traced back to the requirement
on the photon transverse momenta, pr,. There are two
main sources for the SM background, e*e™ — Zy and
ete” — utuTy. We checked that imposing the pr, >
1.2 TeV cut before the di-muon invariant mass cut leads

10

ok
=
Q
Vs =3 TeV
3 L -
107 ¢ —— Excl. ]
ete” = Z'y = ppy —— 30 ]
— 50
1 1 1 1 1
100 200 300 400 500 600 700
myz [GeV]
FIG. 11. Integrated luminosity required for exclusion, 3¢ and

5¢ significance, for the process ete™ — Z*/y* — Z'y, with
\/s =3 TeV. The dashed black line represents the estimated
maximal luminosity CLIC will achieve.

to a strong suppression for the eTe™ — u™ "y background,
shifting its peak in the di-muon invariant mass to values of
order My R 300-350 GeV, thus leaking more back-
ground once the |m,+,- —my| < 10 GeV cut is imposed
for mz €[300,350] GeV. This explains the shifts in the
significances that are appreciated in Fig. 11. Evidence (30)
for the anomalous triple-gauge couplings can be obtained
in the range 100 GeV < my <400 GeV, slightly smaller
than in the Z'Z final state case. Exclusions for the
maximum coupling values allowed by trident could be
achieved for m, € [100, 540] GeV.

V. CONCLUSION

We have studied the capabilities of current and future
hadron and lepton (e*e™ and p'u~) colliders at probing
triple-gauge couplings from mixed quantum gauge anoma-
lies in an Abelian U(1), EFT extension of the SM model,
under which second generation leptons are charged. In the
EFT besides the SM particle content, we also have the
associated Z' from the spontaneous breaking of the U(1),,
and the nondecoupled gauge anomalous couplings involv-
ing the longitudinal Z’ polarization. The latter, loop-
induced in nature, can potentially lead to nonunitarity
behaviors in cross sections in some energy ranges.

Focusing, in particular, on the Z'ZZ, Z'Zy, and Z'yy
couplings with the largest possible value allowed by
neutrino trident (tree-level constraint), we find that the
LHC in its high luminosity version cannot probe them due
to the small signals provided in comparison to the large
SM backgrounds. The situation greatly improves for the
100 TeV collider at its maximum considered luminosity of
L =20 ab™! for the Z'y channel, in particular. Evidence
can be obtain for my € [150, 800] GeV and even discovery
for m, €[230,330] GeV. Lepton colliders and particularly
a muon collider resonantly producing the Z’ with 1 ab~! of
integrated luminosity and an e* e~ collider such as CLIC at
its highest projected luminosity of 5 ab~! producing the Z’
in association with a photon or a Z are able to exclude Z’
masses in the range my € [280, 850] GeV for the former
and my € [100, 540] GeV for the latter. Evidence could be
approximately achieved for m, € [380,700] GeV for the
resonant muon collider, whereas for CLIC, evidence could
be found for my € [100,430] GeV. Interestingly enough,
50 discovery seems possible at CLIC in a range of Z’
masses my € [125,225] GeV (roughly), the exact numbers
depending on the anomalous coupling. These results
suggest that the sensitivities of the considered lepton
colliders are complementary, with the muon collider being
more suited to explore larger m, values and the ete™
collider allowing to probe masses as small as 100 GeV.
Finally, we would like to stress that it is in the Z’ production
atan e'e” with /s > m that the nonunitary nature of the
triple-gauge couplings allows one to exploit the constant
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behavior of the signal cross sections in contrast with the
suppressed behavior of the anomaly-free SM background.
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APPENDIX: TRIPLE-GAUGE
ANOMALOUS COUPLINGS

In the anomalous EFT, the three-point vertex function is
composed of two linearly divergent loop diagrams, where
the momentum integrated in one of the loops can be shifted
with respect to the other. Since the anomalies do not cancel
out, the resulting Ward identities depend on this choice of
momentum shift. In particular, there is no momentum shift
that fixes simultaneously all Ward identities to zero.

Let us consider the example of a U(l), xU (1)?
anomaly with the Z' coupling to two massless vectors at
loop level, via a massless fermion with U(1) and U(1)’
charges ¢, ¢/, respectively, and a heavier spectator of mass
M and U(1) and U(1)’ charges Q, Q', respectively, running
in the loop. The the resulting Ward identities are

2 0 20!
(p + k), A% = {% (w—2z)— Q ¢

M?*1y(M, p, k)

(A1)

2/ 2/
puv q°q 0°0
P i T

(w— 1>]eﬂf’m’mkm (A2)

0*0'
4n?

2 ./
ko, APR = — {%(Z +1)+ (z+ 1)} "o p ik, (A3)

where the momentum integrated in the loop is
I# = zp* + wk#. If the “covariant anomaly” choice is used,

which corresponds to setting w = —z =1, the Ward
identities for the U(1) gauge bosons are satisfied, both
in the UV and after decoupling the spectator fermions. The
Ward identity for Z’ is then

2 2N
., lag QO Q
(p+k)pAp" = {2”2 o leo(M p, k)
QZQ' v
27r e Piks, (A4)

and in the limit of the heavy spectator decoupling,
M? > p? k>, p -k, for which we get M*Iy(M, p,k) —
1/2, one obtains,

_q q o
(p -+ R = T4 i

Piks, (A5)
with no dependence on the spectator charges, which shows
that, with this choice of momentum shift, the Ward identities
in the EFT are independent of the UV physics. Other choices
of w, z, such as the “consistent anomaly” that makes the
Ward identities symmetrical among the three legs, do not
lead to this cancellation and add extra contributions to the
Ward identity of the Z’, which are identified with Wess-
Zumino-Witten counterterms. Requiring that the Ward
identities for the SM bosons are satisfied in the EFT then
is equivalent to setting a specific WZW counterterm that
cancels the shift-dependent terms in the Ward identities,
and therefore, there is a one-to-one correspondence between
the shift and the coefficients of the counterterms. In
particular, the covariant anomaly does not require such
WZW counterterms in the EFT, so they are set to zero in our
calculations.

We show in the following the explicit form of our triple-
gauge boson vertices using the Rosenberg parametrization
[19,20,49], which is necessary for the computation of
amplitudes. Let us recall that the most general expression
that is Lorentz covariant is given by the Rosenberg para-
metrization in Eq. (5). The convergent form factors
Az, ..., Ag are directly calculated from the loop integrals
of SM fermions. The form factors A;, A, contain the
divergent part of the loop integrals which are sensitive to
the choice of momentum shift. These factors are completely
fixed in our setup by imposing the Ward identities
corresponding to the EW gauge bosons as in Egs. (7)
and (8) and solving for A;, A,.

We then find that the Z'yy vertex reads

/ 1 ~ ~

Z o o
Apil =~ Y geé (A{”e(wpp *+ AY €qupd’
+ Ayyea/}uppaq/}pu + Aweaﬁyppaqﬁqy
+ AY €4pp 00" Py + A €appp“d’q,),  (A6)

with coefficients
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AT =20,1i(p.q.m,), i=3,...6, (A7)
Al = @Al + p - gAY, (A8)
AY = p*AY + p- gAY, (A9)

and vertex integrals

1 1—x
I3(P’vaf>:/ dx/ dy
0 0

X 9
y(1=y)p* +x(1=x)g* +2xy(p-q) —m}

(A10)
1 1—x
Is(p,q,mf)—/ dX/ dy
0 0

" -1
y(1=y)p* +x(1=x)g* +2xy(p-q) —m?’
(A1)
14(p.q.my) = =Is(q. p. my), (A12)
Is(p.q.my) = =I3(p, q.my). (A13)
The Z'Zy vertex reads
' 1 -~ -~
Ag/t%}/ = - 4_712ng€ (Alzyeamz/)pa + Agyeaﬂqua
+ AT oo pa’ Py + AV €apop®ala,
Z a V4 a
+ Asyeaﬁupp qﬂpy + A67€aﬁupp qﬂCIﬂ)’ (A14)

where the coefficients are

1
A7 =-20, <—§+2S%V)Ii(p,q,mﬂ), i=3,....6, (Al5)

A = PAT + p- gAY, (A16)

AY = p?AT 1 p - qAY. (A17)

The Z goldstone contribution vanishes since the corre-

sponding vertex Af,,G” includes only muons, which have

vectorlike couplings to y and axial couplings to G and Z/,
and therefore, the loop integral vanishes.
The Z'ZZ vertex reads

/ 1 ~ ~
AEMEZ = - @ g/g% (Alzzea;wppa + Agzea/wp qa

+ Agzeaﬁﬂppaqﬁpu + Az%zeaﬁﬂppaqﬂQV

+ Aszzeaﬁuppaqﬂpu + Agzeaﬁuppaqﬁ%l) ’ (AIS)
and the coefficients are
AZZ = |2 1 252 L 1
=120, _§+ Sy +7 i(p.q,my,)
+0,1,(p.q.0), i=3,..,6. (A19)
VA4 2422 zz 10 ,
AT = gAY+ p - gAT =5 mulo(p.g.my). (A20)
172z 24ZZ 2z 1@
AT = pPALY + p - qAS” + 5 mplo(p,q,m,).  (A21)
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where the integral in the goldstone contribution is

1 1—x
Io(p,q,mf)Z/ dX/ dy
0 0
—1

X .
y(1=y)p* +x(1=x)q* +2xy(p-q) —m7
(A22)
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