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ABSTRACT: We study the phenomenology of leptophilic Z’ gauge bosons at the future
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Moreover, if these U(1) models are classically scale-invariant, the phase transition at the
U(1) symmetry-breaking scale tends to be strongly first-order with ultra-supercooling,
and leads to observable stochastic gravitational wave signatures. We find that the future
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Explorer, can be complementary to the collider experiments, probing higher Z’' masses up
to O(10* TeV), while being consistent with naturalness and perturbativity considerations.
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1 Introduction

High-energy colliders have immensely enriched our understanding of nature at the most
fundamental level. The Large Hadron Collider (LHC), in particular, has enabled the
exploration of energy scales as high as several TeV, and has consolidated the robustness of
the Standard Model (SM). However, the primary pursuit of the LHC, namely, finding beyond-
the-SM (BSM) phenomena, remains elusive. Despite tremendous efforts of theoretical and
experimental works to address the empirical and theoretical shortcomings of the SM, no
sign of BSM physics has been observed so far, and stringent bounds (up to several TeV)
have been placed on their mass scale [1]. Given all these constraints, one might wonder
whether the scale of BSM physics must lie beyond the energy scales accessible at the LHC.

There is one notable loophole in this general argument for hadron colliders, viz., if the
new resonance is electrically neutral and couples only to the SM leptons at leading order.
Most of the LHC (and Tevatron) bounds coming from resonance searches do not directly
apply to such a neutral leptophilic sector. The relevant collider constraints in this case



mainly come from LEP (or from LHC via higher-order processes), and are generally much
weaker than the direct LHC constraints applicable for hadrophilic resonances. The LEP
constraints from resonance searches are typically around the 100 GeV scale, limited by its
center-of-mass energy of /s = 209 GeV, whereas the LEP contact interaction bounds for
heavier particles are at most in the TeV range (for O(1) couplings) [2, 3]. Therefore, future
lepton colliders, such as the proposed e*e™ colliders like ILC [4], CEPC [5], FCC-ee [6], and
CLIC [7], or a high-energy pu*u~ collider [8-11], are uniquely capable of probing leptophilic
BSM particles to unprecedented mass and coupling values. In this paper, we will focus on
leptophilic neutral gauge bosons (Z’) as a case study to illustrate this point.

At first sight, new neutral gauge bosons, especially coupling only to leptons and not to
quarks at tree level, may look artificial. However, there are good symmetry reasons that can
motivate such a scenario. First of all, the presence of additional Abelian symmetries like U(1)
is quite natural and can be motivated by Grand Unified Theories, string compactifications,
extra dimensional models, solutions of the gauge hierarchy problem, and so on [12], which
always come with the corresponding Z’' bosons after the U(1)-symmetry breaking. As for
the leptophilic nature of Z’, it is well-known that the classical SM Lagrangian already
contains the accidental global symmetry U(1). x U(1), x U(1), associated with conserved
lepton number for each family. A simple U(1) gauge extension of the SM allows us to
promote U(1)r,-r, (where o, 8 = e,u,7 with o # ) to an anomaly-free local gauge
symmetry [13-15]. The associated Z’ gauge bosons are naturally leptophilic, with couplings
to quarks induced only at the loop level. Therefore, the most stringent dijet constraints
on heavy Z’ coming from Tevatron and LHC [16] are not applicable in this scenario, thus
opening up a large swath of parameter space in the Z’ mass-coupling plane.! In this paper,
we target this currently unexplored leptophilic Z’ parameter space and study the future
lepton collider prospects of probing this well-motivated BSM scenario. We consider all
possible production channels (both resonance and off-resonance, associated production with
photons, and final-state radiation) to carve out the future lepton collider sensitivity in
the Z' parameter space. Taking /s = 3TeV electron/muon collider with an integrated
luminosity of 1 ab™! as a case study, we find up to three orders of magnitude improvement
over the existing constraints for the Z’ coupling sensitivity reach over a broad mass range.

Another interesting and complementary aspect of the leptophilic U(1) models we study
here is the cosmological phase transition of the U(1)-symmetry-breaking scalar field. If the
symmetry is classically conformal [23], the tree-level potential is flat due to scale-invariance,
and thermal corrections can easily dominate and make the phase transition strongly first
order [24], leading to a potentially observable stochastic gravitational wave (GW) signal.
The conformal invariance is motivated as a possible solution to the gauge hierarchy problem
in the SM. It is well-known that the fermion masses in the SM are protected by chiral
symmetry, i.e. in the limit of m; — 0, radiative corrections dmy also vanish to all orders in
perturbation theory [25]. However, this is not the case for the Higgs boson mass, where
the radiative correction dmy does not vanish in the limit of mj; — 0. It leads to the puzzle
of the stabilization of the weak scale against large radiative corrections — the so-called
gauge hierarchy problem [26, 27]. This can, in principle, be evaded in a classical conformal

'Such a leptophilic Z’ can also serve as a portal to the dark sector, with very interesting phenome-
nology [17-22].



theory [28], where all the mass scales (including the electroweak scale) are generated by
dimensional transmutation using the Coleman-Weinberg mechanism [29]. However, this
mechanism cannot be applied directly to the SM Higgs sector since the predicted Higgs
mass is too low, and moreover, the Coleman-Weinberg effective potential in the SM becomes
unbounded from below [30]. Instead, the U(1) models provide a viable alternative to realize
the conformal invariance [31-36]. We study the interconnection and the complementarity of
our collider signals with the GW signal in classically conformal versions of the leptophilic
U(1)L,-1, models. We show that the current GW data from alLIGO-aVIRGO [37] already
excludes a portion of the U(1)r_ 1, 5 model parameter space at high M/ values not accessible
to colliders, whereas the next-generation GW experiments in the mHz-kHz regime, such
as nARES [38], LISA [39], DECIGO [40], BBO [41], ET [42], and CE [43] will further
extend the sensitivity reach to our Z’' parameter space of interest. We also comment on the
possibility of explaining the recent Pulsar Timing Array observations of stochastic GW at
nHz frequencies [44-47] in these models.

The rest of the paper is organized as follows. In section 2, we briefly discuss the
leptophilic Z’ models under consideration and summarize the existing bounds on the model
parameter space. In section 3, we analyze various production channels for the Z’ boson at
future lepton colliders, and summarize the sensitivity limits. In section 4, we study the GW
signals in a conformal version of the U(1) models. Our conclusions are given in section 5.

2 Leptophilic Z’ and current constraints

2.1 U(1)r,-1, models

Within the particle content of the SM, it is possible to gauge one of the three combinations
of Lo — Lg (o, B = e, u, T), without introducing an anomaly [13-15]. This surprising feature
is the main motivation behind the minimal BSM framework considered here, with the SM
gauge symmetry extended by an extra leptophilic U(1)r_ Ly such that only two lepton
flavors @ and (8 are oppositely charged, while all other SM fields are neutral under this
U(1) gauge symmetry. It is interesting to note that although we can formally consider
the anomaly-free combination U(1)z,-r, x U(1)r,—r, x U(1)L,-L,, the decomposition
Lo—L; = (Lc—L,)+ (L, — L7) shows that not all of their generators are independent
and only two of the lepton number differences can be gauged. The question then arises of
which subgroup should be chosen. The L, — L. option is the most popular of the three,
because (a) it predicts the neutrino mass matrix to be L, — L, symmetric, which (with a
small symmetry-breaking effect) fits the observed neutrino oscillation data very well [48-52],
and (b) it provides a simple solution to the muon g — 2 anomaly [53-55]. See refs. [56-74]
for various phenomenological studies of the U(1)r,r, model. The other two combinations
U(1)r,—z, and U(1)r, 1, have also been considered in various contexts [75-80]. Here we
will be agnostic of the possible flavor-gauge connection, and will primarily focus on the future
lepton collider phenomenology of each of the three combinations of U(1)r, 1, 5 separately.

In the minimal setup, the U(1)r, -1, gauge symmetry is spontaneously broken by the
vacuum expectation value (VEV) of a complex scalar field ®, which is neutral under the SM



’GaugegroupH Le‘Lu‘LT‘eR‘,uR‘TR‘H‘(I)‘
SU(3). 1 1 1 1 1 1 |11
SU(2)r 2 2 2 1 1 1 /2]|1
U(l)y 2l -3|-3|-1|-1]-1|%]0

Ul)r, L, 0 1 | —-110 1 | —-1]01|2

Table 1. Particle content and charges in the U(1), _z, model as an example of the U(1)r, 1,
models. Here L, = (vr,fr)L and H stand for the SU(2), lepton and Higgs doublets, respectively.

gauge group but charged under U(1)r,,1,; see table 1 for the charge assignments in the
L, — L; case as an example. The relevant terms in the effective Lagrangian are given by

_ _ _ _ 1
—Lr,-L, 3QIZL(La’Y“La—Lﬁ’V“Lﬂ-i-ﬁRa’Y“fRa—5R67”666)+§M%/ZLZ/“7 (2.1)

where the Z’ mass is given by Mz = 2¢'ve (with ve being the VEV of ®; see section 4.1).
Here we do not consider the kinetic mixing of ZL with the SM B, field, or mass mixing
with the Z, field, i.e., the terms in the Lagrangian [81-83]

Luix = —eZ"™ By, + M*Z'"Z,, , (2.2)

where By, and Z,,, are the field-strength tensors for U(1)y and U(1)L,- L, respectively.
The mass mixing term is naturally absent in our case because the Higgs boson of one
group is not charged under the second group; see table 1. The kinetic mixing term can be
forbidden at the tree level by the introduction of a discrete symmetry « <> 5 [15, 84] under
which By, — By, and Z,,, — —Z,,,. But this is held only by the gauge interaction part of
the QED and is softly broken by the lepton mass terms (mq # mg), which will generate
an unavoidable finite kinetic mixing by radiative corrections. It can be evaluated from the
mixing between B, and Z;, induced by lepton loop as [85]:

Y VA
I(¢*) =

- q - q

2 2

8eg’ /1 my, —z(1—x)q
= d 1—2x)1 . 2.3
1672 Jo v 2(1—z)log mj —x(l —x)q? (2:3)

Note that this contribution is finite. For our subsequent collider study, the relevant parameter
space is My > 100 GeV. Restricting the ¢? scale accordingly, we find the induced kinetic
mixing to be € <4 x 107 for U(1)z,—r, and <2 x 107 for U(1)z,—z,. Therefore, we can
safely neglect it in our analysis.

Before we move on to the experimental constraints and lepton collider searches for the
new U(1) gauge boson, we first present its decay and lifetime properties. The partial decay
width of Z' — ¢/~ for a single lepton flavor is given by

12

_ g le% 4m§
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Figure 1. Dependence of Z’ decay width I'z/ (solid contours) and the corresponding proper decay
length 17/ (dashed contours) on its mass My and gauge coupling ¢’ in the U(1), 1, model.

The U(1)r,—1 5 gauge involves only two lepton flavors, with the allowed Z " decay channels as®

Z' = U3ty Uiy, Vala, VaVg . (2.5)

Considering Mz > my, we can safely ignore the lepton mass in eq. (2.4), and obtain the

total width of Z’ as ( )g? 2
2Ny + N,)g g
T;MZ/ - 47TMZ" (26)

where Ny, = N, = 2 for two lepton flavors. Note that each neutrino flavor only contributes
half to eq. (2.4) because of its left-handed chirality. Here we do not consider the potential

le ~

Z' interactions with right-handed neutrinos or with dark sector.

In figure 1, we present the Z’ decay width with respect to its mass Mz and the
corresponding gauge coupling ¢’. We see that for the parameter region of our current
interest, i.e., Mz € [10,10%] GeV with ¢’ € [1073,1], the Z’ decay width spans the range
~ [107%,10%] GeV. The proper decay length can be estimated by

oy 2
=2.5x 104 nm (10 ) <100 Gev) , (2.7)

C
CTy —
T

A g Mz

shown as red dashed lines in figure 1. We see that Z’ will decay promptly in the parameter
space of our interest, which can potentially leave direct or indirect signals at colliders. Based
on this knowledge, we will focus on the Z’ production followed by its prompt decay in the
rest of this work.

2.2 Current laboratory bounds on the model parameters

In this section, we summarize the existing constraints on the U(1)r, — L gauge boson
mass Mz and coupling ¢’, as shown in figure 2 and explained below. This is the most
comprehensive set of constraints on these models available to date for our region of interest,

2The coupling of Z’ to the third lepton flavor is induced at loop level via v — Z’ mixing, which is however
suppressed by mj B/Mé/ [85].



i.e., for Mz > 10 GeV; for other constraints relevant in the low-mass regime, see e.g., the
summary plots in refs. [86, 87]. All the constraints shown here are at 95% confidence level
(CL), unless otherwise specified.

o (g — 2)4: the new interaction between Z’ and the SM leptons will give a contribution
to the anomalous magnetic dipole moment a; = (g — 2)¢/2 of the corresponding
leptons as [88, 89

(2.8)

g /1 mz*(1 — ) N g"*m?
0

Aay >~ ~— o~
W= g miz? + M2,(1—xz) ~ 1272M}

for Mz > my. For a., although the experimental value is known very precisely [90],
the SM prediction [91] relies on the measurement of the fine-structure constant
using the recoil velocity/frequency of atoms that absorb a photon, and currently
there is a 5.50 discrepancy between the measurements using Rubidium-87 [92] and
Cesium-133 [93]. When translated into Aa,, they give

Aa, — { (4.84+3.0) x 1073 (Rb) (2.9)

(—8.84£3.6) x 10713 (Cs) ~

Since the correction from Z’ loop is of positive sign (cf. eq. (2.8)), we use the Rb-
measurement and show the 95% CL upper limit in figure 2 (labeled as (g — 2).), which
goes like ¢’ < 2.2 x 1072Mz/GeV, and is applicable to the U(1)z, . models.

As for a,, the Muon g — 2 Collaboration combined the recent Fermilab measure-
ments [94, 95] with the old Brookhaven E821 result [96], and obtained a 5.00 deviation
from the world average of the SM expectation [97]:

Aa, = (2.49 £0.48) x 1077 (2.10)

This discrepancy is reduced to only about 2, if the ab initio lattice simulation result
from BMW Collaboration [98] is used for the SM result. However, this claim is
being independently verified by other lattice groups [99-103], and until the issue is
settled, we prefer to use eq. (2.10) to derive the 95% CL-preferred region in the Z’
parameter space, as shown by the orange-shaded band in figure 2. Moreover, it gives
a 50 exclusion bound of ¢’ < 7.6 x 107Ms/GeV, applicable to both U(1)z,—z, and
U(1)r, -z, models.

In comparison, a, is known relatively poorly. The current experimental limits are

[—0.052,0.013] ( DELPHI 95% CL [104] )
ar =14 [-0.057,0.024] ( ATLAS 95% CL [105] ) . (2.11)
0.00115:025 ( CMS 68% CL [106] )

A global analysis of LEP and SLD data on the 7-lepton pair production in an effective
field theory framework yields a slightly tighter constraint: a, = [—0.007,0.005] at 95%
CL level [107]. An even better bound of |a,| < 1.8 x 1073 at 95% CL was obtained
recently using the full LHC Run 2 data on tau-pair production [108]. Taking the



leading one-loop QED result for the SM prediction, a®™ = /27 ~ 1.16 x 1073 [109],
we get a 95% CL bound on |Aa,| < 6.4 x 10™%, which translates into a rather weak
bound of ¢’ < 0.15M 4/ /GeV, applicable to U(1)r,—r, models. This, however, falls
outside the range shown in figure 2.

e Neutrino trident production: another strong bound comes from the production of a
muon-antimuon pair in the scattering of muon neutrinos in the Coulomb field of a target
nucleus, e.g., neutrino trident production [110]. A combination of measurements of
the trident cross-section from CHARM-II [111], CCFR [112] and NuTeV [113] imposes
a bound of ¢’ < 1.9 x 1073M//GeV on the U(1)z,_r, and U(1)g,—r, models [114],
as shown in figure 2 by the purple shaded region. This trident bound rules out the
region preferred by the (g — 2), anomaly in the entire high mass range.?

o Neutrino scattering: the interaction between Z’' and electrons contributes to the
elastic v, + e~ — v, + e~ scattering process in U(1)z, 1, models [20, 79]. Using the
ve — e elastic scattering cross-section measurement from LSND [116], we obtain a 95%
CL bound of ¢’ < 3 x 1073Mz /GeV [20], as shown in figure 2 by blue shaded area.
Similarly, the v.e™ scattering cross-section has been measured by TEXONO [117],
which sets a limit of ¢’ < 1.7 x 1073My//GeV [79, 87, 118]. This constraint is shown
by the green shaded region in figure 2.

e IceCube: the Z’' couplings with SM neutrinos and electrons will introduce non-
standard neutrino interactions (NSI), which impact the neutrino-matter effective
potential [119, 120]. The NSI can be parametrized as e,5 = ¢'*/v2GrM%,, where
Gp ~ 1.166 x 107> GeV~2 is the Fermi constant. Using the 8-year IceCube DeepCore
data, a preliminary 90% CL bound on |e;r —¢&,,| < 2.1 x 1072 has been obtained [121],
which is stronger by a factor of few from the published limits from IceCube [122]
and ANTARES [123], and by almost an order of magnitude stronger than the Super-
Kamiokande limit [124]. The NSI constraint translates into a bound of ¢ < 5.9 x
10~*My /GeV, which applies to the U(1)r,—r, and U(1)z,_z, models, as shown in
figure 2 by the navy blue shaded region.

e LEP: the coupling of Z’ to electrons is strongly constrained by the measured cross-
section for the processes ete™ — ¢T¢~ at the LEP-2 experiment [2]. For My >
Vs = 209 GeV, we use the four-fermion contact interaction bounds, expressed as
g’ <0.044M7, /(200 GeV) [125]. For My < 209 GeV, the four-fermion description is
no longer valid, and a conservative limit of ¢’ < 0.04 is used [20]. These limits apply to
the U(1)z, -z, and U(1)r,—r, models, as shown in figure 2 by the red shaded regions.
For the U(1)r, 1, model, the LEP-1 measurement of the four-fermion final-state at
the Z pole [126] was used to derive a constraint on Z’ from Z — p*p~Z' decay, as
well as from the universality of Z — eTe™ and Z — putu~ [55], as collectively shown
by the red curves in figure 2 bottom panel.

3There still exists some allowed parameter space in the U(1)r, .—L, model that can explain the (g — 2),
anomaly for a lighter M, ~ 10-100MeV and g’ ~ 1073 [65]. This region can be probed in low-energy
experiments like NA64-e [115].



When the Z’ couples to electrons, LEP-2 measurements of mono-photon events
associated with large missing transverse energy at the Z pole [127, 128] can also
be used to set stringent limits on the coupling of Z’ to neutrinos. We show the
mono-photon limits recast from ref. [129] as the magenta shaded region.

+ LHC: there exist dedicated searches for the Z’ boson in the context of the U(1)r,r,
model by both ATLAS and CMS collaborations [130, 131] using the Z’ production
from the final-state radiation of p or 7 leptons in the Drell-Yan process. This is
shown by the salmon (grey) shaded region for ATLAS (CMS) in figure 2, which is the
most stringent limit to date in most of the searched mass ranges. The olive-dashed
and brown-dashed curves are limit from 4¢ search [132] and 3¢ search [133] recast in
ref. [134].

A search based on Z’ — pu"u~ has been performed by the LHCb collaboration
(similar searches were also done by BABAR [135] and Belle [136]), which applies to
the U(1)z, -z, and U(1)r, 1, models [137]. Similarly, Belle II has performed searches
for the Z’' boson using invisible Z’ decays in ete™ — ptu~ 2" [138] and also using
visible Z' decay to 77~ resonance in ete” — uTpT 7777 [139]. These limits are
applicable to the U(1) L,—L, case, but only for Mz < 10GeV, and hence, are not
shown here.

Measurement of BR(Z — pu*pu~7777) by the CMS collaboration [140] will also
be relevant for the U(1)z,r, model; however, no limit on the Z’ contribution has
been set by this analysis. We have also checked that the constraint on the v/Z-Z’
kinetic mixing induced by the lepton loops [141, 142] from the direct pp — ¢4~ (v)
searches at the LHC [143] are rather weak and do not show up in the range of our
interest in figure 2.

Even with so many existing studies of the U(1)r,-r, gauge boson as listed above, a
large parameter space is allowed around the electroweak scale and remains to be explored
at future colliders, shown by the blank region in figure 2. We capitalize on this opportunity,
and focus on the direct and indirect searches of the Z’ boson at future lepton colliders to
extend the sensitivity coverage to higher masses and/or smaller couplings.

3 Z’' phenomenology at future lepton colliders

In this section, we will explore the details of the Z’-boson phenomenology in the U(1)r,, 1,
gauge model at future ete™ and putp~ colliders. An earlier study of the U(1)g .—L, scenario
exists for a /s = 3 TeV muon collider [63]; see also refs. [144-146] for related recent works.
More careful considerations of the SM backgrounds, especially from the vector-boson fusion
(VBF), will be examined in this work. In addition, we will extend our study to the U(1)z,-r,
and U(1)z,—r. scenarios at both muon and electron-positron colliders. For concreteness and
fair comparison, we will fix the center-of-mass energy at /s = 3 TeV for both electron [7]
and muon [10] collider options, unless otherwise specified.
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3.1 The Z’ resonance production

A pronounced signal for Z’ boson at a high-energy lepton collider can come from the direct
lepton-pair annihilation, as shown in figure 3(a). Due to its short-lived nature in the
parameter space of our interest [cf. figure 1], the Z’ will decay promptly before entering
the detector. In the beam-lepton decay channel, we have extra t-channel diagrams with
Z'" exchange, similar to the Bhabha scattering, as shown in figure 3(b). Two types of SM
background will contribute to these dilepton final states. The first type comes from the
same mechanism with annihilation or ¢-channel exchange but with the SM photon or Z
boson. The second type comes from the lepton pair production through 2-to-4 processes,
00~ — 00~ + 74~ (vp), in which the two forward/backward leptons are undetected,
mainly induced by the neutral or charged current (NC or CC) VBF, as shown in figures 3(c)
and 3(d). They can fake the signal for the case with large initial state radiation (ISR). We
note that, the diboson production in figure 3(e) and the three-body production 74~ Z in
figure 3(f), as well as many other crossing diagrams with ¢7¢~ + v final states, though
potentially sizable, have rather different kinematics from the signal and can be effectively
separated out, as we will comment on later.

The characteristic feature of the resonance signal is the invariant mass peak obtained
via the single s-channel cross-section

14 s

Mgy =9 .
o Mz) = s A T MLTS,

(3.1)

At the peak s = M %/, ignoring the interference and phase space acceptance, the rate is

dominated by
127 Br; Bry

o(v/5 = My) = = (3.2)

where Br;y) is the Z' decay branching fraction to the initial (final) state i (f). In reality,
the annihilation energy (the “partonic” collision energy v/3) is different from the designed
collider energy (1/s) due to the beam energy spread, and is typically lower mostly because
of the ISR. Assuming a parton distribution function fy(x) for the contributing leptons with
an energy fraction x, the observed cross-section at a given collider energy /s > My is

1 T
o(\/5) = / dz fu(w)o(s, M) ~ 127 Br; Bry —2- f; (M%,/s) , (3.3)
0 MZ’
where the narrow-width approximation (NWA) has been adopted with the on-shell condition
§=1xs~ M. (3.4)

In figure 4, we present the signal and background cross-sections for the lepton-pair
production at high-energy electron and muon colliders in both the SM and the U(1)r, -1,
extended model, including the ISR effects for the resonance production. In the U(1)r, -1,
model, we fix ¢ = 0.1 and My = 0.5/2/5 TeV to demonstrate the features when the Z’
mass is fully below the collider energy /s and when it is being crossed as /s increases. Here,
on the left panel, we take the ete™/utu~ — 7777 as representatives for the processes
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Figure 4. Lepton-pair production cross-section versus the electron/muon collider energy in the
SM and U(1)r,, -1, models. We take the 717~ production as a representative for processes with
final-state leptons different from initial beams on the left panel, while the one with the same initial-
and final-state lepton flavors is shown on the right panel. The pre-selection cuts in eq. (3.5) have
been applied here.

with final-state leptons different from initial-beam flavors, which probe the U(1)z, _r, and
U(1)p, -, models, respectively. The U(1)r,_r, can be probed with either ete™ — putpu~

or utu~ — ete™ scatterings, which show similar behaviors as ete™ /utu™ — 7777 or via
the Bhabha scatterings ee™ — eTe™ and utp~ — p ", as shown on the right panel. In

the rest of our simulation, we have imposed the universal pre-selection cuts (PSCs)
7 > 30 GeV, |ng| < 2.44, ARy > 0.3 (3.5)

for final-state leptons, which are essential to regulate collinear divergence in the Bhabha
scattering and to simulate the detector acceptance. The lepton pseudo-rapidity cut |n,| <
2.44 corresponds to the detector coverage within 10° < 6 < 170°. The signal cross-sections
are calculated using WHIZARD [147, 148] and cross-checked using MadGraph [149], after
interfacing with the UFO model files generated using FeynRules [150]. The QED ISRs are
treated with WHIZARD, which resums soft photons to all orders and hard-collinear ones
up to the third order [147, 148].

In figure 4, we see two types of behavior of the curves. The downward-going curves
with the 1/s behavior correspond to the annihilation or regulated ¢-channel processes. The
cross-section difference for the SM annihilation processes between the two panels is from the
additional t-channel contributions in the same initial-final flavor case, {74~ — (T4~ (¢ =
e, i). When /s ~ My, we see a big enhancement in the lepton-pair cross-section due to
the resonant production. Off the resonance when /s > My, there is still an enhancement
peaked at M ({T¢~) ~ My, due to the ISR, namely, the “radiative return” [151]. For
My > /s on the other hand, the first two diagrams in figure 3 both contribute to the
signal, with the cross-section scaling as o ~ 1/M2,.

In contrast, the upward-going curves in figure 4 indicate the NC and CC VBF processes,
mediated by v/Z and W bosons, respectively. The VBF backgrounds for both NC and
CC are calculated with the WHIZARD fixed-order (FO) calculation. Since the photon-
photon initiated processes dominate the NC contribution, we verified the above calculations
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Figure 5. Lepton-pair annihilation cross-sections versus the new gauge boson mass My at a
Vs = 3 TeV muon collider. Left: with PSCs in eq. (3.5). Right: with the optimization cuts
|M.; — Mz/| < 0.05Mz (dashed curves), and in addition, |y &+ yz/| < 0.2 (solid curves). We also
include the number of events on the right y-axis, which corresponds to an integrated luminosity
L=1ab" '

with MadGraph’s equivalent photon approximation (EPA) [152], i.e., improved Weizsacker-
Williams approximation [153]. The VBF channels serve as a significant part of the SM
background, in particular in the off-resonance region. With the collider energy at /s = 3 TeV
of our interest, we see the VBF cross-section can even dominate the lepton-pair production,
in both electron and muon collider scenarios. With respect to the NC VBF cross-sections for
electron colliders, the muon ones are generally smaller, due to their large mass, which reduces
the photon radiations. A similar situation occurs in the ISR annihilation cross-section as
well. In comparison, the CC VBF cross-sections for the lepton pair production at electron
and muon colliders are largely the same, as both lepton masses are negligible with respect
to the W-boson one. We have also included the Higgs decay H — 77, which yields about
271b at 30 TeV. The notable larger cross-section at lower energies in the second panel than
in the first for CC VBF is owing to additional channels for the same initial- and final-state
flavor, as well as the three-body contribution ¢t¢~ — ¢7¢~ Z in figure 3(f). As to be shown
with optimization cuts later, these are only appreciable near the threshold for a heavy Z’.
Although the backgrounds from 2-body [cf. figure 3(e)] and 3-body [cf. figure 3(f)] processes
are sizable, they still fall below the SM s-channel contribution. Furthermore, they could
be effectively separated from the signal by examining the large pr(£74~) as opposed to
pr(£T47) = 0 for the signal.

In the left panel of figure 5, we present the lepton-pair annihilation cross-sections versus
the gauge boson mass Mz in the U(1)r, 1, model, with gauge coupling fixed as g’ = 0.1,
with the same cuts as in figure 4. We see that when My < /s, the cross-section increases
while approaching the resonant energy. In contrast, for Mz > /s, we see the U(1)r_ - Ls
cross-section asymptotically approaches to the SM one, scaled as o ~ 1 /M%/, suggesting the
limitation of the direct probe of heavy Z’ at a lepton collider. In the right panel, we show
the asymptotic behavior of the cross-sections when /s — My, with the optimal cuts as
labeled on the plot. In both panels, we also include the SM background cross-sections from
the direct annihilation, as well as from the NC and CC VBF processes, for comparison.
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Figure 6. Normalized kinematic distributions for the invariant mass M, , and rapidity y,, of the
lepton pair, as well as the transverse momentum p? and angle cosine cos 6.+ of the positively-
charged final-state 7 lepton in the pu*p~ — 777~ scattering at a /s = 3 TeV muon collider. Here
we have fixed Mz = 500 GeV and g’ = 0.1 for the signal.

We take p* i~ — 7777 process as an example to probe the U(1)z, — 1, model. Even with
potentially larger SM background cross-sections, we can still hope to separate the Z’ signal
from the backgrounds based on their kinematic features. The normalized distributions of
invariant mass M, and rapidity y,, for the final-state lepton pairs, as well as the transverse
momentum p? and cosine angle cos 0.+ for the positively-charged final-state lepton with
respect to the et /u™ direction are shown in figure 6 for both signal and backgrounds, with
PSCs in eq. (3.5). For the U(1) gauge model, we take Mz = 500 GeV and ¢’ = 0.1 for
demonstration.

For the 2 — 2 annihilation processes in the SM, the invariant mass is primarily peaked
around the collision energy M., = /s, with a long tail at lower energies from the ISR. In
contrast, for the Z’ signal, a resonance peak shows up at M, = Mz < /s as a result of
the so-called “radiative return”, indicating the potential to discover this new Z’ particle,
with the signal rate scaled as the coupling strength ¢’2. In comparison with the annihilation
case, we see the distributions of the VBF channels, including both NC and CC, die out
very quickly at the high invariant mass, as the parton luminosity decreases as 1/M2,. As
such, the SM VBF backgrounds would possess less of a problem for a large M. We adopt
an invariant mass selection cut to optimize the search for My as

| My — Mz1| < 0.05Mz (10 GeV) for resonance Mz < \/s;

3.6
My > 0.95+/s for off shell Mz > +/s. (3.6)
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U)r,—L, Signal SM backgrounds
My [TeV] 05| 2 | 5 | Annihilation | CC VBF | NC VBF
o [fb] ‘ ptp™ — 7t

Eq. (3.5) 22.5 | 50.9 | 15.0 13.8 61.3 510

0.475 < My /TeV < 0.525 | 11.1 5.86-1072 | 6.48-1072 2.31
1.59 < |yr-| < 1.99 9.6 5.07-1072 | 3.00-1073 | 8.78 - 1072
1.9 < My /TeV < 2.1 40.7 0.214 2.10-107! | 2.49-1072
0.20 < |y--| < 0.60 39.1 0.205 8.30-1072 | 1.30- 1072
My > 0.95\/s 11.0 11.0 6.05-1072 | 1.76 - 1072

Table 2. The cut-flow table 777~ pair production at a /s = 3 TeV muon collider. The gauge
coupling is fixed at ¢’ = 0.1.

for final-state tau (electron or muon) leptons, respectively. Here, the final-state tau requires
a reconstruction from the tau decay products, in which case we consider a looser mass
window as 0.05M,, while the final-state electrons and muons can be well observed in the
detector, in which we take a 10 GeV mass window [7].

Another characteristic feature comes from the observation that the dominant configura-
tion in the radiative return is from a leading single photon radiation. The kinematics can
be determined through the 2-to-2 scattering process

p(p1) + 1 (p2) = Z'(pzr) +1(py) - (3.7)
The final-state momenta can be parameterized in terms of the photon transverse momentum
pr and pseudo-rapidity n as
py = (pr coshn, pr, pr sinhn)

_ . (3.8)
pz = (v/s — pr coshn, —pr, —pr sinhn)

where we have employed the momentum conservation p; + pa = pzr +p = (V/5, 0, 0). With
the on-shell condition pQZ, =M %/, we obtain the photon transverse momentum as

B s — M2,
~ 2y/scoshn’

The final-state Z’-boson rapidity can be analytically determined as

pr (3.9)

1 p%, + p%, 1 se'l + M%,e*"

R T A /Ay P i A 3.10
y(n) 5108 % —pd, 2 08 e + MZ,en ( )

In the spirit of “radiative return” with a collinear photon, we have |n| — oo (i.e., pr — 0),
the Z’ rapidity becomes

ly(%00)| = yzr = log(v/5/Mz). (3.11)
In this case, the momentum fraction carried by the photon becomes
h M2,
F=1— =TSN ilmee M (3.12)

V's/2 5
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while the beam lepton carries a fraction x = M%, /s, corresponding to the on-shell condition
in eq. (3.4). This is remarkable since it predicts the mono-chromatic value of the rapidity
of Z' for a given mass at a fixed collider energy, which would single out the resonant
signal over the continuum SM background. Examining the lepton-pair rapidity distribution
in figure 6, we see in the annihilation processes that the 500 GeV Z’ signal peaks at
lyrr| = log(y/s/Mz) ~ 1.79, whereas the SM contribution is primarily peaked around
yr+ ~ 0, and the VBF processes are spread out. This motivates us to impose a rapidity
selection cut, for a given hypothetical My,

[yrr £yz| < 0.2, (3.13)

to increase the signal-to-background ratio further, which is shown on the right panel of
figure 5 by the solid curves.

However, there is an additional complication. For Mz < /s, yz = logcot(0/2), which
results in

tan(0/2) ~ My /+/s. (3.14)
Assuming the minimal detector acceptance in the polar angle being about 10° (|n,| < 2.44),
then a particle of a mass M < 0.088+/s would mostly escape from the detection into the
beam pipe, which leads to a missing particle of mass M = (261,872,2615) GeV at a collider
of /s =(3,10,30) TeV. As a caveat, this rapidity optimization cut in eq. (3.13) would not
be applicable when Mz < 0.088/s as yz goes beyond the detector acceptance.

In table 2, we demonstrate our cut-flow strategy with ¢’ = 0.1 and My = 0.5, 2 and
5TeV as examples. We see that the cuts are highly effective in preserving the signal. The
cut on My, is effective for both annihilation and VBF backgrounds, while that on ., is
more on reducing VBF background, by orders of magnitude. The cross-sections for both
signal and backgrounds with optimization cuts |My — Mz/| < 0.05Mz and subsequently
lyer £ yz/| < 0.2 (which only applies when M/, > 261 GeV) at a /s = 3 TeV muon collider
are also shown in figure 5 (right panel).

3.2 Off-shell Z’ production

When My > /s, the Z’' resonance cannot be produced directly on-shell at a collider.
However, the off-shell Z’-mediated diagrams, both in the s- and t-channels, as shown
in figures 3(a) and 3(b) respectively, are expected to interfere with the SM ones, which
yields a modification to the final-state lepton distribution with respect to the SM ones
at the order of s/M %,. In such a way, an indirect sensitivity to the Z’ boson can be
placed based on precision measurements, e.g., the forward-backward asymmetry (FBA). In
figure 7, we show the cosine angle distributions of the final-state lepton in the s-channel
utu~ — v/Z/Z" — 777~ and the s/t-channel p*p~ RILIEIN w T processes, with the
benchmark values of Mz =5 TeV and ¢’ = 0.1, and with the same pre-selection cuts as
in eq. (3.5). We see that in the s-channel scattering u*u~ — 7777, the additional Z’
mediated process not only changes the shape of angle distribution, but also enhances the
total rate. In the Bhabha-like scattering u*pu~ — p*pu~, the total rate largely remains
unchanged, mainly due to the dominant ¢-channel y-mediated background, while the FBA
gets modified. Later, we will perform a bin-by-bin angular distribution analysis in both
cases, which implicitly includes the FBA information.

~15 —



10°
1 1.22 1.08
[ 120 Ratio 1.06
1201 10" 1.04
1.16 =
= = 1.02
= 10[ 1 — .
0 11‘1 < 10% 100
<& 1.12 S )
2z gf 110 g 0.98 Ratio
= 1.08 = 102k
i ) -1.0 0.5 0.0 0.5 = 10 0”9_61.0 _05 0.0 L .
< 6 ANV A S B pop e
5 =3 TeV 10t Vs =3TeV
Al —q Vs=3TeV  { 0 —sM
—My=5TV, ¢ =0.1 100 ) ) —My =5 TCV’ g/ =0.1
9 A . !
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
€0 0+ cos 0+

Figure 7. The cosine angle distribution for the final-state leptons in the off-shell s-channel
uwru~ — ~/Z/Z" — 777~ (left) and s/t-channel pu*pu~ 2217 utp~ (right) scatterings. The
Z' signal comes from the difference between the SM and the Z’ model, with the relative size of

(S + B)/B shown in the corresponding inset.
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Figure 8. Representative Feynman diagrams for lepton-pair production associated with a photon
at a lepton collider.

3.3 Z’ + v associated production

In the ISR for the resonance production as explored above, the soft or collinear photons are
unobservable in the detector. In contrast, a radiated photon can be detected as long as it
is within the acceptance of the electromagnetic calorimeter. We show the corresponding
Feynman diagrams in figure 8, including channels with the same or different initial- and
final-state lepton flavors. Different from the channels in figure 3, the resolved photon here

requires additional acceptance, which we choose as
pr>30 GeV, |y <244, AR, > 0.3, (3.15)

on top of the PSCs in eq. (3.5). Although the total signal rate will be smaller due to the
additional hard photon radiation, the unique kinematics may help signal identification and
property studies.

In figure 9, we show the cross-sections for the Z’ + v production with both signal and
SM backgrounds with the pre-selection cuts in eq. (3.5) plus eq. (3.15). As before, the signal
and SM annihilation cross-sections are calculated with WHIZARD and cross-checked with
MadGraph. The NC VBF is taken with the MadGraph EPA, while the CC VBF is done
with the WHIZARD FO calculation. Similar to the direct Z’' production via ISR in the last
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Figure 9. The cross-sections for ete /utu~ — 7777y (left) and eTe (utp~) —
efe”(utp”)y (right).

section, there is a sharp peak around /s &~ M/, as a result of the resonant production and
decay of Z' — £t¢~~. We also get notable resonance enhancements when /s > My, while
the additional resolved photon requires a slightly larger collider energy /s ~ Ez + E,.
Different from the direct production channel, we see the VBF cross-sections, as well as the
other higher-order diagrams WTW ~«, ZZ~, are significantly suppressed, as a result of
both one additional electric gauge coupling and the photon selection cuts. As a result, the
SM background mainly comes from the diagrams in figure 8 with a v/Z mediation.

In figure 10 (left), we show the Z’ + v cross-section at a 3 TeV muon collider as a
function of the Z’' mass, with the gauge coupling fixed at ¢’ = 0.1. We have used the
PSCs in eq. (3.5) together with eq. (3.15). In comparison with the single Z’ production
in figure 5, the Z’ + v cross-section gets reduced by about one order of magnitude, with a
similar situation to the SM annihilation background. The NC/CC VBF backgrounds get a
two/one-order of magnitude reduction.

In figure 11, we show the distributions of the lepton-pair invariant mass M, rapidity
Y-+, the cosine angle of the 77, as well as the transverse momentum for 7 and photon 7,
with Mz = 500 GeV for demonstration. As before, we get resonance peak at M, = My,
which motivates an optimization cut |M,; — M| < 0.05Mz:, with the cut efficiency shown
in table 3, and signal and background cross-sections shown in figure 10 (right). Meanwhile,
we also see minor side peaks in the rapidity distributions around |y(n)| ~ 1.67, which can
be directly read from eq. (3.10) with the boundary condition |n| = 2.44. But the spreading
is much wider than the inclusive Z’ channel, due to the hard photon recoiling.

3.4 Mono-photon final state

For the model under consideration, besides the charged-lepton channels, the Z’ can also
decay into neutrinos, with the corresponding flavors. Although this decay mode will result
in missing momentum, the additional photon radiation, as shown in figure 12, will help to
trigger the events and reconstruct the missing mass.

We can take advantage of the “recoil mass” [154] defined as

Mr2ec0il = (pl + D2 _p'y)2 =S5—= 2\/5E'y . (316)
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Figure 10. Left: the pre-selection cross-section of 77 + v associated production versus the Z’-boson
mass My at a 3 TeV muon collider. Right: the same cross-section, but with additional invariant
mass cut | M, — Mz/| < 0.05My:.

U(l)LMfLT Signal SM
My [TeV] 05 | 2 [ 5 | Annihilation | CC VBF | NC VBF
o [fb] pru” =1ty
Egs. (3.5) and (3.15) 8.37 | 14.6 | 5.26 4.93 2.29 1.14
0.475 < My /TeV < 0.525 | 3.95 2.16-1072 | 6.95-1073 | 4.85-1072
1.9 < My /TeV < 2.1 10.4 6.95-1072 | 1.21-1072 | 2.70-1073
My > 0.95/s 1.14 0.40 2.50-107° | 1.08-1073

Table 3. The cut-flow table for 777~ pair production at a /s = 3 TeV muon collider. The gauge
coupling is fixed at ¢’ = 0.1.

For the on-shell Z’ production, the photon energy will be monochromatic and the recoil
mass will lead to a mass peak at the Z’ resonance, in spite of the Z’ decay final states.

Similarly as before, the pre-selection cuts as eq. (3.15) together with Myecon = Myy >
150 GeV (to remove the on-shell Z — vv background) are imposed. The photon energy
is monochromatic near E, = (s — M%,)/2+/s ~ 1460 GeV for Mz = 500 GeV. Thus, the
missing neutrinos lead to the recoil mass, as the reconstructed resonance peak around
Miecoit = Mz. Based on this observable, we can optimize the signal-background ratio with
an additional cut |Miecon — Mz/| < 10 GeV, with the efficiency demonstrated in table 4.
The cross-sections for the signal and background are shown in figure 13.

3.5 Four-lepton final states

The discussions thus far rely on the fact that the Z’ couples to the initial e or u* beam
particles at a collider. In the scenario that the Z’ does not have coupling to the initial
beam particles, it can still be produced through the radiation of the final-state particle, as
shown in figure 14. Take the U(1)z,_7, model at an e*e™ collider as an example. The

signal processes under consideration come from

A TR TN S A T T TR VN VAN T it S Sl S sl (3.17)

In comparison with the scenario where Z’ directly couples to the initial beam particle, the
sensitivity is expected to be much weaker, as a result of the smaller production cross-section
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Figure 12. Feynman diagrams for the mono-photon signal and background at a high-energy
lepton collider.
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Figure 13. The cross-sections for the mono-photon signal p*pu~ — vy and SM background with
cuts in eq. (3.15) and |M;econ — Mz/| < 10 GeV.

Ul)r, L, Signal SM
Mz [TeV] 0.5 2 5 Annihilation
o [fb] P = vy
Iny| < 2.44,p} > 30 GeV | 1.61-10% | 1.62-10% | 1.60-103 || 1.61-103
0.475 < Mhyecon/TeV < 0.525 | 7.00 0.39
1.9 < Myecoin/TeV < 2.1 38.6 22.5
Myecoit > 0.951/s 837 839

Table 4. The cut-flow table for mono-photon production at a /s = 3 TeV muon collider. The
gauge coupling is fixed at ¢’ = 0.1.

o+ o+
Z/ 6/7’ gl/f
v/Z Ve ias

I 0=

Figure 14. Feynman diagrams for four-lepton production via Z’ (which does not couple to the
beam particles).

and relatively higher SM background. As before, we take eq. (3.5) as pre-selection cuts and
optimize with an invariant mass cut |My — Mz/| < 10 GeV for electron/muon (0.05M 2 for
T) pairs to present the sensitivity projections. We note that the leading SM background
is from ete™ — ZZ(y*~*) — £T¢~ £T¢~. Thus we can significantly enhance the signal
sensitivity by removing this Z/v* contribution with a cut M (¢'t¢'~) > 150 GeV for the
lepton pair, which may be lowered and adjusted when very close to the threshold.

In fact, there are other contributions with Z’ radiating off the final state neutrinos:
ete” — Z* — vvZ' — vorTr~. Similarly, we could further improve the sensitivity by
including the additional decay channels Z' — v,,, v;v-. One could utilize the recoil mass
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variable from the accompanying charged leptons to reconstruct the Z’ resonant signal in
this invisible decay mode. However, we expect such a larger background in the missing
neutrino channels that we will not perform a comprehensive analysis here.

3.6 Sensitivity summary

Now we will combine the sensitivities from all the channels discussed above and will
summarize our results for the direct and indirect searches of the leptophilic Z’ model at
high-energy lepton colliders.

For the direct on-shell Z’ resonance production, we use the statistical significance metric

S S
- VSTBY &S+ B2’

(3.18)

and use S = 2 as the 20 sensitivity limit (equivalent to 95% CL) in presenting our projections.
Here, the systematic uncertainty is assumed to be § = 0.1% [154]. The S and B correspond
to the signal and background events, respectively:

G — NSM+Z' _ SM _ EE(JSM-i-Z’ — oM

I

3.19
B:NSM:&CUSM, ( )

with € as the reconstruction efficiency. For illustration, we take a /s = 3 TeV electron/muon
collider with an integrated luminosity of £ =1 ab~!. For electron and muon final states,
the reconstruction efficiency can reach above 95% at lepton colliders [155], and even close
to 100% [7]. In comparison, the tau identification efficiency can reach above 70% [156] (and
potentially 80% [157]) at lepton colliders. In this work, we follow the treatment in ref. [63]
to apply e, = 100% detection efficiency for electron and muon final-state events, while
er = 70% for the final-state tau events, in addition to the larger invariant mass window cut
as in eq. (3.6).

For the indirect off-shell Z production with My > /s, we take the cosine angle
distribution with 20 even bins, as shown in figure 7. We perform a bin-by-bin analysis with
the y2-sensitivity defined as

52
2 _ i 9
X ;&+&+$@+&V’ (3.20)

where S; and B; respectively indicate the corresponding signal and background events in
the i*" bin. We then use x? = 4 to obtain the 95% CL sensitivity limit.

The electron and muon collider sensitivities to the leptophilic Z’ models are summarized
in figure 15 for /s = 3 TeV with the optimal cuts discussed above. The general features
for the on-shell and off-shell probes of the Z’ parameter space are very similar, with the
main difference arising from the tau final-state cut and sub-dominant differences from
electron/muon beam mass effect and tau reconstruction efficiency with respect to the
electron/muon ones.

In each of the three cases of U(l)La,Lﬂ, the strongest probe at large Z’ mass, i.e.,
Mz 2 300 GeV, comes from the lepton pair production through direct on-shell resonance
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Figure 15. The 95% CL sensitivity for the U(1)r,_1, models at \/s = 3 TeV electron and muon
colliders. The grey-shaded regions show the current exclusion limits [cf. figure 2]. We have also shown
the projected sensitivity from pp — 3¢/4¢ at HL-LHC [158] by the black/green dot-dashed curves.

decay with ISR, which reaches sensitivities down to ¢’ ~ 1072 when Mz ~ /s = 3 TeV.
The U(1)r,—, model incorporates the best sensitivity among these three models, while
the U(1)r,—r, sensitivity is slightly less due to the lower tau reconstruction efficiency, and
the U(1), L, sensitivity is further reduced because of the additional signal suppression
from the ISR owing to the larger muon mass. In the low Z’ mass regime, the lepton-pair
channel loses the constraining power because of two factors: first, the VBF background,
especially the NC one, takes over in the low mass region. Second, we have employed
a rapidity optimization cut |y, £ yz/| < 0.2, where yz = log(v/s/Mz), to improve the
signal-to-background ratio, which loses effectiveness, when the yz: goes beyond the detector
acceptance. As a consequence, the £7¢~~ associated production channel takes over in this
regime, which was also observed in ref. [63]. In this regime, the mono-photon channel v~y
with the recoil mass can reach a similar sensitivity as shown in figure 15. In comparison
between the electron and muon beams, the muon collider gets a slightly better sensitivity,
due to the lower SM background induced by the larger muon mass in the photon radiation
as figure 12 shown. A similar situation happens to the photon associated production channel
as well.

When My goes above the collider energy +/s, the resonance Z’' can be only produced
off-shell. We have applied a bin-by-bin analysis based on the final-state angular distributions
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for both s- and t-channel processes, which provides an indirect probe to the Z’ coupling
around 1072 ~ 10! up to My < 10 TeV, which improves upon the existing LEP contact
interaction bound by roughly two orders of magnitude. In general, we see that the ¢-channel
Bhabha scattering gives a stronger probe than the s-channel annihilation, due to the
modification of the FBA as shown in figure 7. The 7 final state, which can be only produced
through the s channel, gives a slightly worse sensitivity, as a consequence of the lower
reconstruction efficiency than electrons and muons.

In the scenario that the gauge boson Z’ does not couple to the initial beam leptons, e.g.,
for the U(1)z, -, Z' search at the electron collider, we focus on the four-lepton production
channel, which can potentially produce the Z’ boson through the final-state radiation, e.g.,
ete” = utu (2" — ptp~ /7H77). A similar analysis based on the signal-to-background
ratio has been performed, which shows a weaker sensitivity, around 5 x 1072 ~ 1 for
100 GeV < Mz <1 TeV, as shown in figure 15. It is driven by the smaller production rate,
as well as a relatively larger SM background.

To summarize, in comparison with the existing constraints, the future high-energy
lepton colliders provide a great potential to probe extended regions of the leptophilic Z’
parameter space for Mz > M.

4 Gravitational wave signal

As alluded to in section 1, the U(1)-extended gauge model, if classically conformal or
scale-invariant, guarantees the phase transition associated with its spontaneous breaking
to be strongly first-order, and thus may lead to an observable GW signal [159-167]. The
GW signal is not only complementary to the searches at future lepton colliders discussed
above, but can also probe an extended (M, ¢') parameter space well beyond the reach of
colliders. In this section, we explore the predictions for the GW signal in the conformal
U(1)L,-r, models, and show the complementarity with the collider constraints discussed
above. For technical details of the formalism to compute the GW spectrum from strong
first-order phase transition (SFOPT), see e.g. ref. [168].

4.1 Effective potential and thermal corrections

Imposing the classically conformal invariance, the tree-level scalar potential at zero temper-
ature is given as

Viree = A (HTH)? + \(@T®)2 — N(T®)(HTH), (4.1)

where H is the SM Higgs doublet, ® = (¢ + iG)/v/2 is an SM-singlet complex scalar field
which is responsible for the U(1)-symmetry breaking (see table 1), and we have assumed
A, A, N > 0. The quadratic mass terms (like 2 HTH) are absent in eq. (4.1) due to the
conformal invariance. In this case, the U(1) symmetry breaking is achieved radiatively, i.e.,
a non-zero VEV of ®, (®) = vg/v/2, arises purely from the renormalization group (RG)
running of the quartic coupling A, as in the original Coleman-Weinberg model [29]. This
consequently gives mass to the U(1) gauge boson, My = 2¢’vg, as well as the tree-level mass
term for the SM Higgs boson through the quartic term X, i.e. m2 = Nv3 = 2Agv? [31, 32).
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The negative sign in the last term of eq. (4.1) ensures that the induced squared mass for
the Higgs doublet is negative, and the electroweak symmetry breaking is driven in the same
way as in the SM.

For vg > v, the symmetry breaking occurs first along the ¢ direction. Following the
Gildener-Weinberg approach [169], the zero-temperature effective potential for ¢ can be

written as [170, 171]

Vo(6.1) = OGO, (42)

where t = log(¢/u), with p being the renormalization scale, and

G(t) = exp[— /O t dt’fy(t’)} . (4.3)

The anomalous dimension in the Landau gauge? is given by

- 3272

() 9%(t), (4.4)
with as = 24 [31, 177]. The gauge coupling strength a, = ¢”?/4r and quartic coupling
strength ay = /4w obey the following RG equations

dag/ dOt)\(t)

2 ¢ 2
T g () T

= a103(t) + Smar(t)y(t) + agoz;/ (t), (4.5)

where b = 16/3, a; = 10, and a3 = 48 [31].> Setting the renormalization scale u to be
the VEV vg at the potential minimum ¢ = vg (i.e p = vg), or equivalently, ¢t = 0, the
stationary condition

dVv —t qv
= =22 =, (4.6)
d¢ d=vs VP dt t=0
leads us to the relation
a1 (0) + agazl(O) + 8ma(0) = 0. (4.7)

Thus a)(0) can be determined by oy (0), and therefore, the scalar sector has only two free
parameters, vy and ay (0), which can be traded for the gauge boson mass Mz and the
gauge coupling ¢’ evaluated at u = vg. One can then analytically solve the running of the
couplings, and hence, the scalar potential [31]:

max(t)
(1 - %%’(O)t)

As for the finite-temperature effects on the effective scalar potential, since the time

Vo(o,t) = T ot (4.8)

evolution has two scales in it, ¢ and T (with 7" being the temperature of the Universe), we
replace the renormalization scale parameter ¢ with u = log(A/vg), where A = max(¢,T")

4The issues concerning the gauge-dependence and impact on GW predictions have been addressed in
refs. [172-176].

"We have checked using SARAH [178] that only the value of b is different for the U(1)r,-r, case from the
U(1)p—r case.
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Figure 16. Effective potential at different temperatures T' > T, (dot-dashed), T' = T, (dashed) and
T =T, (solid), for a fixed Mz = 765 GeV.

represents the largest energy scale in the system. The finite-temperature, one-loop effective
potential is then given by

‘/eff(gba T) = Vb(¢7 u) + VT(¢7 T) + Vdaisy(gb’ T) ) (49)

where V} is given by eq. (4.8), and V7 is the thermal contribution from bosonic one-loop [159]:
374 MZ.(¢)

VT(¢7T) - 27_(_2 ‘]B ( T2 9 (410)

where the bosonic thermal function is
Jp(zx) :/ dz 2% log [l—exp(—\/zz—l—:x)} . (4.11)
0

To improve the perturbative analysis beyond leading-order, we include in eq. (4.9) the
corrections due to the resummation of daisy diagrams [179]:
T

Vdaisy((baT) = 127

(M3 (9) — M3 (6, T)] (4.12)

where the field- and temperature-dependent gauge boson masses are given by®

Mz (9) =296,  Mp(d,T)=\/ME(¢) +1%(T), (4.13)
where Iz (T) = 2¢'T is the thermal mass of the longitudinal component of the Z’ boson.

4.2 Strong first-order phase transition
To study the cosmological evolution of the effective potential (4.9), it is useful to approximate
it as [159]

Var(6,0) = Phn(u)é’ + 26”067, (1.14)

SHere, we have neglected the contribution from the A-term to the thermal loop, since it is much smaller
than the one from gauge interaction.
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T 2w

has a unique minimum at ¢ = 0. For T' < vg, the self-coupling Aeg around ¢ < T becomes

b
with Mg = 4may(u)/ (1 Doy (O)u) w2/ [cf. eq. (4.8)]. For T' > vy, the effective potential

negative, and therefore, ¢ = 0 becomes a false vacuum. This takes place at the critical
temperature T, ~ (2/3)¢g've. We show the evolution of the effective potential at a few
representative temperatures versus the field strength normalized by vg in figure 16 (where
for illustration, we take My = 765 GeV, which gives T, = 263 GeV). For temperatures
T > T, the true minimum is at Vog = 0, as shown by the dot-dashed curve. At T = T,
(dashed curve), the two minima are degenerate. As the temperature of the Universe drops
below T, the minimum at ¢ = 0 becomes the false vacuum ¢, (solid curve). At the
nucleation temperature 7}, (to be defined below), the field ¢ which is trapped around the
false vacuum will tunnel to the true minimum, ¢gye [180]. This transition is first-order,
provided the transition rate exceeds the expansion rate of the Universe. In this case, the
transition triggers bubble nucleation, and subsequent GW production.
The nucleation rate per unit volume is given by [181, 182]

D(T) = [A(T)]* exp[-S(T)], (4.15)

where A is a pre-factor of mass dimension one (see below), and S is the Euclidean bounce
action. At zero temperature, the configuration minimizing the action is O(4)-symmetric,
and S =S4, where

[e9) 2
Sy = 271'2/0 dr 3 [; (jf) + Ve (0, 0)] ; (4.16)

and can be estimated using the saddle-point approximation from the equation of motion:

¢ 3d¢  OVer _

D e A 0 4.17
T A¢ ’ (4.17)
with the boundary conditions
d
Clr=0=0,  olr=o0)=0. (418)

In the above equation, the first condition is for the solution to be regular at the center of
the bubble, and the second one is to describe the initial false vacuum background far from
the bubble. The bubble nucleation rate is eventually well approximated at low T by I' = T'y,
where [cf. eq. (4.15)]
Iy ~ 1 <S4>2exp(—54) (4.19)
R \ 27 ’ ’
with R. ~ 1/T being the bubble radius in the low 7" limit.

At finite temperature, the field becomes periodic in the time coordinate (or in 1/7).
The configuration minimizing the action in this case is O(3)-symmetric. Moreover, at
sufficiently high temperatures, the minimum action configuration becomes constant in the
time direction and S = S3(7T")/T, where

do

So(r) = 4 [~ arr? [; (dT)Q N T)] | (4.20)
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where AVeg (6, T) = Veg(0,T) — Vet (Pfatse, T'). Eq. (4.20) represents bubble formation
through classical field excitation over the barrier, with the corresponding equation of motion

given by

2
¢  2do OVer _ (4.21)

ﬁ—i_rdr foler

with the same boundary conditions as in eq. (4.18). The solution to eq. (4.21) extremizes

the action (4.20) that gives the exponential suppression of the false vacuum decay rate [183].
From eq. (4.15), the nucleation rate I' = I's can be calculated as

3/2
[y ~T* (‘92?’7?) exp [—Si”i(FT)} . (4.22)
In practice, the exact solution with a non-trivial periodic bounce in the time coordinate,
which corresponds to quantum tunneling at finite temperature, is difficult to evaluate.
Following ref. [184], we have taken the minimum of the two actions S3 and Sy in our
numerical calculation of the bubble nucleation rate, i.e., I' & max(I's, I'y). For a discussion
of related theoretical uncertainties, see ref. [185].
The nucleation temperature is defined as the inverse time of creation of one bubble per
Hubble radius, i.e.,
I'(T)
H(T)* | p—r,
where the Hubble expansion rate at temperature T'is H(T') ~ 1.66,/g<T*/Mpi, with g, ~ 110
being the relativistic degrees of freedom at high temperatures,” and Mp; ~ 2.4 x 10'8 GeV

=1, (4.23)

being the reduced Planck mass.

The statistical analysis of the subsequent evolution of bubbles in the early Universe is
crucial for SFOPT [187]. The probability for a given point to remain in the false vacuum is
given by P(T) = exp|—I(T)] [188-191], where I(T') is the expected volume of true vacuum
bubbles per comoving volume:

T (4.24)

Ar (Tedr T(T) (T 4T\’
D=5 | Tram :

The change in the physical volume of the false vacuum, Vise = a®(t)P(T') (with a(t) being
the scale factor and t being the time), normalized to the Hubble rate, is given by [192]

1 dViagse dI(T)

s H(T) (3 + TdT) . (4.25)

We define the percolation temperature T}, as satisfying the condition I(7},) = 0.34 [187],
while ensuring that the volume of the false vacuum is decreasing, i.e., dlog Vse/ dt < 0,
so that percolation is possible despite the exponential expansion of the false vacuum.
Numerically, we find that the percolation temperature is only slightly smaller than the
nucleation temperature, which in turn is smaller than the critical temperature. Moreover,
as expected, both T, and T}, ~ T}, grow monotonically, as either of the model parameters,
My or ¢, increases. They are depicted in figure 17.

"In our numerical analysis, we take into account the temperature-dependence of g. [186].
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Figure 17. Variation of the temperatures T¢, T, and T}, (upper panels) and the phase transition
parameters « and §/H, (lower panels) with respect to the model parameters Mz, (left) and ¢’
(right), keeping the other ones fixed at the values shown in the plots. The red region on the right
panels corresponds to the lower limit on the gauge coupling below which the rate of phase transition
is not fast enough with respect to the Hubble rate H to achieve bubble nucleation.

The strength of the phase transition is characterized by two quantities o and 5 defined
as follows: a = €,/ praq is the ratio of the vacuum energy density e, released in the transition
to the radiation energy density praq = 72¢+T4/30, both evaluated at T = T, (where T is
either 7, or Tp).8 The vacuum energy density is nothing but the free energy difference
between the true and false vacua [193], thus yielding

(4.26)

)

o = L (-1 + Td> Aijn
T=T

Prad dr

where AV is the temperature-dependent minimum of the effective potential AVyg defined
below eq. (4.20).

8Calculating o at T, is better, as it accounts for the entropy dilution between T}, and T}, although this
distinction becomes irrelevant for the GW signal when a > 1.
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The second important parameter is 3/ H,, where /3 is the (approximate) inverse timescale
of the phase transition and H, is the Hubble rate at T}:
I3 T dr

LI _ 4.2
o, T dT |r_r, (4.27)

For strong transitions, 3 is related to the average bubble radius R.: 8 = (87)Y/3/R, [164],°
where R, defines the characteristic length scale of transition and is given by [191, 192]

) ~1/3
b ﬁ;@ exp{—I(T)}] | (4.28)

*

R.= [T*

The variation of a and §/H, with the model parameters ¢’ and M is shown in figure 17.
We find that §/Hx* decreases (increases) with increasing My (¢'), whereas « has the
opposite behavior. Moreover, the change in « is more rapid than that in 5/H,. We also
find that the gauge coupling cannot be decreased arbitrarily, because below a certain value
(as shown by the red shaded region on the right panels of figure 17), the rate of transition
is not fast enough with respect to the Hubble rate H to achieve bubble nucleation.

4.3 Gravitational wave spectrum
The amplitude of the GW signal as a function of the frequency f is usually defined as
_ hj dpaw

~ pedlog f’

where h ~ 0.7 is the dimensionless Hubble parameter (defined in terms of today’s value of
H, Hy = 100h km/s/Mpc), pgw is the energy density released in the form of GWs, and
Pec = SHgM}%l ~ 1.05 x 1075h% GeV /cm? is the critical density of the Universe. The reason
for multiplying Qqw by h? is to make sure that the GW amplitude is not affected by the

h*Qew(f) (4.29)

experimental uncertainty [195] in the Hubble parameter Hy.

There are three different mechanisms for producing GWs in an SFOPT from the
expanding and colliding scalar-field bubbles, as well as from their interaction with the
thermal plasma. These are: (i) collisions of expanding bubble walls [196-206], compressional
modes (or sound waves) in the bulk plasma [207-213], and (iii) vortical motion (or magne-
tohydrodynamic turbulence) in the bulk plasma [214-220]. The total GW signal can be
approximated as a linear superposition of the signals generated from these three individual
sources, denoted respectively by € (bubble wall), Q (sound wave), and €, (turbulence):

W?Qaw(f) = B2 (f) + B2Qu(f) + h*Q(f) - (4.30)

The three contributions can be parameterized in a model-independent way in terms of a
set of characteristic SFOPT parameters, namely, « [cf. eq. (4.26)], 8/H, [cf. eq. (4.27)],
T.,,'% bubble-wall velocity v,,, and the three efficiency factors ks, ks, k¢ that characterize

“When identifying 8/H. with the average bubble radius, it is numerically found that taking T\ = T,
gives a more accurate result [194].
OWe will use T, = T, the nucleation temperature defined in eq. (4.23). For subtleties, see ref. [221].
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the fractions of the released vacuum energy that are converted into the energy of scalar
field gradients, sound waves and turbulence, respectively. The bubble-wall velocity in the
plasma rest-frame is given by [222]

[ AVinin f AV
s or — 1 v
UV = { QPrad QPrad J (431)

. )
APrad

where v; = (1 + v3a2 +2a)/V3(1 + a) is the Jouguet velocity [199, 223, 224]. As for
the efficiency factors, it is customary to express ks and x; in terms of another efficiency
factor ki, that characterizes the energy fraction converted into bulk kinetic energy and an
additional parameter ¢, i.e. [225]

Ks = Kkin » Kt = EKkin - (4.32)

While the precise numerical value of ¢ is still under debate, following refs. [210, 226], we will
use € = 1. The efficiency factor x; is taken from ref. [199] and kyiy is taken from ref. [224],
both of which were calculated in the so-called Jouguet detonation limit:

1 4 3«
= (o7 =22
"= 1+ 0.7150) (07 bt oy > ’

Rkin = \/a
0135 + v0.98 + a)

Each of the three contributions in eq. (4.30) is related to the SFOPT parameters discussed
above, as follows [227]:

(4.33)

h’2Q’L(f) == h2Q§eak (O{, H£7 T*7 /U’LU7 Hi) Sl(fﬂ fl) Y (434)

*

where i € {b, s,t}, the peak amplitudes are given as [226]

h2QpeakN167X10_5< Uy )2( 100 )1/3( Kpr )2< 0.11w,, )
b 8/H,) \g.(T.) l+a) \042+2)"

100 \/3 / kgea \2
h2QPeak ~ 9 65 x 10—6< Yw ) < ) ( s ) , 4.35
; o) o) \Tra (435)

hQQpeak:3.35x104< o )( 10 )1/3 (W)w
' B/H.) \gu(T) l+a/)

and the spectral shape functions are given as [226]

Sl fo) = (fb)m i 2.8:??/,;%)3-8] ’

Ss(f, fs) = (;)3 {M]m : (4.36)

Gl for o) = (?)3 i <1f/ft>r/3 (s

— 30 —



107%1

10-° 1077 1075 107* 107! 10! 103 1072 1077 107° 1073 107! 10! 10°

f [Hz] f [Hz]

Figure 18. The stochastic GW amplitude in the U(1)z, 1, models for different values of the
Z' mass My (left panel) and gauge coupling ¢’ (right panel), while keeping the other parameter
fixed at the value shown in the plot. The current constraints from al.IGO-aVIRGO, AN.g, as well
as the future sensitivities from planned GW experiments are shown for comparison. The recent
NANOGrav observations in the nHz regime are also shown.

Note that S, and Ss are normalized to unity at their respective peak frequencies f;, and fs,
whereas S; at f; depends on the Hubble frequency

. _ g*(T*))1/6 ( T, )
he = —H, =1.6x 102> mH < ) 4.37
a0 % 2 00 100 GeV (4.37)

And finally, the peak frequencies are given as

_ TN/ T 8/H 0.62v
o e () () (L) ()
Jo= 1610 mz(loo 100 GeV ) \ v /) \1.8— 0.1vy + 02 )

fo=1.9x 1072 mHz (9*(T*))1/6 ( I ) (/B/H*> , (4.38)

100 100 GeV ) \ oy

TN/ T B/H
e () () ()
Jo=27x10 mz(loo 100 Gev ) \ oy

Since there are only two free parameters in our model setup, namely, Mz (or vg) and ¢/,
we show in figure 18 how the total GW amplitude as a function of the GW frequency varies
with respect to these two model parameters. In the left panel, we fix ¢’ = 0.4 and show
the GW spectra for different values of Mz (or equivalently, the VEV vg). It is clear that
the whole spectrum shifts to higher frequencies with increasing M/, which is due to the
correlation of the symmetry-breaking scale with the nucleation temperature, which in turn
moves the peak frequency [cf. eq. (4.38)]. The peak amplitude increases with My, which is
mostly due to its correlation with «, and to a lesser extent, with 5/H, [cf. eq. (4.35) and
figure 17]. For very small My values, the peak amplitude again starts to increase because of
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the smaller g,. For comparison, we also show the current 95% CL constraint on the stochastic
GW amplitude from aLIGO-aVIRGO third run [37] (red shaded region on the upper right
corner), as well as the 95% CL constraint on ANeg < 0.18 from a joint BBN+CMB
analysis [228], which translates into an upper bound on h?Qaw < 5.6 x 107 5ANog [229]
(gray shaded region). The recent NANOGrav observation [44] is also shown in the upper left
corner, which can in principle be fitted in our model for a keV-scale My with ¢’ ~ 0.4; this
parameter space is however excluded by low-energy laboratory constraints [86, 87]. There is
a whole suite of proposed GW experiments at various frequencies (from nHz to kHz), such
as SKA [230], GATA/THEIA [231], MAGIS [232], AION [233], AEDGE [234], uARES [38],
LISA [39], TianQin [235], Taiji [236], DECIGO [40], BBO [41], ET [42], CE [43], as well as
recent proposals for high-frequency GW searches in the MHz-GHz regime [237-240]. The
projected sensitivities of a selected subset of these planned experiments are shown in figure 18
by the dashed/dot-dashed curves. The experiments above the mHz frequency are the most
relevant ones for us, since they will probe the region around or above electroweak-scale
My, complementary to the collider searches (see section 4.4).

In the right panel of figure 18, we show the GW spectra with vg = 1TeV for different
values of ¢’. As ¢ increases, a decreases and 3/H, increases (cf. figure 17). Therefore, the
peak amplitude goes down, while the peak frequency slightly shifts to higher values due
to the slow increase in 3/H,. This gives an upper bound on ¢’ for a given Mz when we
require that the GW amplitude is within the sensitivity range of a given experiment. On
the other hand, as ¢’ decreases, (I'/H*) at T, eventually becomes smaller than one, which
no longer allows bubble nucleation. This, in turn, gives a lower limit on ¢’ for a given My,
[cf. the red shaded region in figure 17 right panels] so that the first-order phase transition
can happen. We will exploit this feature in section 4.4 to show the model parameter space
accessible at future GW experiments.

4.4 Complementarity with other laboratory constraints

To estimate the stochastic GW signal strength for the ongoing GW experiments and also
to obtain predictions for the future ones, we calculate the signal-to-noise ratio (SNR) p for
a given experiment by using its noise curve and by integrating over the observing time tqps
and accessible frequency range | fmin, fmax] [241-245]:

1/2
_ Fmax Qew(f)h? )
pP= [ndettobs /frnin df <W> . (4.39)

Here nget distinguishes between experiments aiming at detecting the GW by means of an
auto-correlation (nget = 1) or a cross-correlation (nge; = 2) measurement. For our numerical
analysis, we assume nget = 1 and take an observation period of tops = 1 year for each
experiment. To register a detection, we demand p > pyn for some chosen threshold SNR
value p,. With this standard, we present the potential discovery sensitivity with py, = 10
in the plane of (M, ¢') in figure 19 for three proposed experiments, namely, pARES [38]
(blue), LISA [39] (green), DECIGO [40] (grey) and CE [43] (red), which are chosen for
illustration in order to cover a wide frequency range, and hence, a wide range of M.
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Figure 19. Discovery sensitivity (with SNR > 10) of the future GW experiments pARES, LISA,
DECIGO and CE in the (Mg, ¢’) plane. The current constraint from al.IGO-aVIRGO run 3 (with
SNR > 0.1) is also shown. The most stringent laboratory constraints from LEP-2 and neutrino
trident experiments are shown for comparison (with the arrow pointing to the exclusion region),
along with the future collider sensitivity (dot-dashed line). The naturalness and perturbativity
(Landau pole) constraints are also shown; see section 4.5.

These sensitivities are equally applicable for any flavor combination of the U(1)r, -1,
models. For comparison, we also show the most stringent laboratory constraint, which
comes from LEP-2 for U(1),r,, and from neutrino trident for U(1)z, 1, [cf. figure 2],
as shown by the dashed/solid lines with the arrow pointing to the exclusion region. The
best sensitivity at high Z’ masses coming from the Bhabha channel at ete™ and putpu~
colliders [cf. figure 15] is shown by the dot-dashed line. We see that future GW experiments
have great potential for discovery and the theory parameter coverage corresponds up to
My =~ 4,000TeV. It extends the energy scale probe far beyond the collider regime, as
long as the gauge coupling is sizable to produce an observable GW signal. In fact, using
the existing upper limit on the GW amplitude from the third run of aLIGO-aVIRGO, we
can already exclude a tiny part of the high- My parameter space between 20 — 200 TeV, as
shown by the magenta region in figure 19. However, this is currently possible only for a
lower SNR threshold of p, = 0.1.

Additional correlations between the GW signal and the collider signals could stem
from the scalar sector of the model, depending on the strength of the quartic coupling
N(HTH)(®'®) in the scalar potential (4.1). This term induces a mixing between the SM
Higgs and the extra physical scalar ¢. This mixing in turn induces modifications in precision
electroweak observables, as well as in the SM Higgs signal strengths [246, 247]. The current
LHC constraints imply that the mixing angle sinf < 0.15 for a TeV-scale scalar [248],
and this can be significantly improved at a future lepton collider [249, 250]. One can also
directly search for the new scalar by its decay into SM fermions, gauge bosons or Higgs pairs.
For a summary of the current constraints and future prospects in the scalar mass-mixing
plane, see e.g. refs. [251, 252]. In addition, in the U(1) models considered here, the scalar
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can decay into a pair of Z’ bosons or into a pair of right-handed neutrino (in extended
models) [253], if kinematically allowed. Similarly, if the scalar and Z’ are light enough, they
can be pair-produced from the SM Higgs decay [254].

4.5 Theoretical constraints

As the original theory adheres to classical conformal principles and is established as a
massless theory, the self-energy corrections to the SM Higgs boson stem from modifications
to the mixing quartic coupling X' in eq. (4.1). This can be computed within the effective
Higgs potential as follows:

N 9.9 Bmix 2,2 2
%ﬁaz¢h-wﬁr¢h(mgw]+0), (4.40)
where the logarithmic divergence and terms not dependent on ¢ are all encapsulated in C'.
In the U(1)z,— L, model we have, the principal contribution to the S-function comes from

the two-loop diagrams involving the Z’ boson and leptons [32, 255]:

4, 2
99" my
82 7

Bmix O — where my = max{mga,mgﬁ}. (4.41)

By adding a counterterm, we renormalize the coupling X’ with the renormalization condition:

O* Vgt

oh20¢? = 2

h=0, ¢=v¢

where )\ is the renormalized coupling. This results in the following potential:

)\/ i 2
V&D—Wﬁ+@&ﬁﬁln%——3. (4.43)
4 8 (05
Substituting ¢ = ve, we obtain the SM Higgs mass correction as
3 27¢"*m2v?
2 _ 2 L)
5mh - _Zﬁmixv@ 39742 : (444)

If m? is much larger than the electroweak scale, we need a fine-tuning of the tree-level
Higgs mass m% =N v(% to reproduce the correct electroweak VEV. Therefore, we can
introduce a fine-tuning measure as r = mj3 /dm3. For instance, r = 0.1 indicates that we
need to fine-tune the tree-level Higgs mass squared at the 10% accuracy level. This is
indicated in figure 19 by the solid and dashed red curves for U(1)r, 1, and U(1)r, .,
respectively. The region to the right of these curves are disfavored by naturalness. However,
it is worth emphasizing that these naturalness constraints are subjective (r = 0.1 is just
an arbitrary choice), and should not be treated at the same level as the experimental
constraints. Nonetheless, we find from figure 19 that the future colliders should be able
to probe a large fraction of the Z’ parameter space allowed by naturalness and Landau
pole constraints.

Another theoretical constraint that typically appears for large couplings is the pertur-
bativity constraint. The requirement that the gauge coupling remains perturbative and
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does not blow up all the way up to the Planck scale is shown by the red dashed curve in
figure 19, where the region above it is disfavored. This is obtained from the RG running of
the gauge coupling in our model, cf. eq. (4.5). We note that this constraint can be relaxed
if there is some new physics between the Z’ scale and the Planck scale that might alter the
RG evolution.

5 Summary and conclusions

In this article, we studied the phenomenology of leptophilic Z’ gauge bosons around the
electroweak-scale mass range in the anomaly-free U(1)r, -1, models at the future high
energy ete” and upu~ colliders, as well as at gravitational wave observatories. The two
independent parameters of the model are the mass of the Z’' boson (Mz/) and its coupling
to the leptons (¢’). We first summarized the existing bounds on the model parameters from
low energy to collider searches in section 2.2. As depicted in figure 2, a large parameter
space with Mz 2 100 GeV and ¢’ up to O(0.1) is still unexplored.

In section 3, we analyzed in great detail the Z’ phenomenology at future lepton colliders.
We considered a representative collider center-of-mass energy of 3 TeV [7, 10]. For the
considered parameter space, the Z’' decays promptly. We considered various production
channels such as resonant production of Z’ via the radiative return, production in association
with an observable photon, and the scenario where Z’ is produced via the radiation of the
final-state lepton. As shown in the plots of figure 4 and figure 5, the resonant production
of Z' is characterized by a resonance peak at /s ~ My:. For /s > My the ISR effect
facilitates the on-shell Z’ production. The SM processes that mimic the signal are dilepton
production via s- or t-channel exchange of the photon and Z boson, as well as a 4-lepton
final state via electroweak VBF, where two forward-backward leptons remain undetected.
The VBF processes have a sizable contribution to the SM background, particularly in the
off-resonance region. The signal shows distinct kinematic features in the invariant dilepton
mass My, the rapidity yg, and the cosine angle of the final state leptons, which are used to
discriminate the Z’ signal from the SM background. We presented the 20 sensitivity limit
in (M, g') plane as shown in figure 15. We find that couplings down to ¢’ ~ 1073 can
be probed for My < /s, whereas in the off-shell regime My > /s, the sensitivity varies
between ¢’ ~ 0.01 — 0.1 for Mz ~ 3 — 10 TeV.

In section 3.3, we analyzed a complementary production mechanism of the Z’ in
association with an observable photon, i.e., ete™, u*u~ — Z'yv — £74~~ by demanding
photon acceptance cuts eq. (3.15). Similar to the Z’ production via ISR, it exhibits resonance
peak and enhancement in signal rate for /s > Mz . It is important to note that, because of
the identification of a final state photon, one can use the recoil mass M qcoi1 of the photon
to reconstruct the Z’ mass peak, regardless the decay, including the invisible mode to
a neutrino pair, leading to the spectacular mono-photon plus missing energy final state.
However, the signal rate for this case is smaller due to the radiation of an extra hard photon.
The annihilation processes mediated via «/Z are the primary background, and the VBF
processes are very much suppressed in this case, as shown in figure 9 and figure 10. With
the similar invariant mass cut, we select the signal events and calculate the 20 sensitivity
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limit. As the VBF background is suppressed, we do not use rapidity cut though there is
a wide peak at |yz|. The 20 sensitivity limit is shown by the magenta lines in figure 15.
This channel provides the best sensitivity for the L, — L, model in the mass range 100 to
300 GeV, whereas, for the L, — L and L, — L; models, the lower reconstruction efficiency
of final state 7 slightly reduces the sensitivity.

We have also considered the scenarios in which the Z’ does not couple to the beam
leptons, and therefore, cannot be produced via direct annihilation. Instead, the Z’ boson
can be produced as radiation off the final state leptons. Subsequent decay of Z’ to lepton
pair leads to a four-lepton final state that serves as the signal for this scenario. Using
the invariant mass cut as defined in eq. (3.6), we presented 20 limit shown by red and
orange curves in figure 15. Although this channel shows lower sensitivity due to a lower
signal rate and a relatively larger background, it is still promising for the search in such a
challenging model.

We further studied the cosmological implications of this model at the early universe
in section 4. Interestingly, if these U(1) models are classically conformally invariant, the
phase transition at the U(1) symmetry-breaking scale tends to be strongly first-order with
ultra-supercooling, leading to observable stochastic gravitational wave signatures. We
calculated the GW signals in a conformal version of the U(1)r,, -, models under discussion,
which are complementary to our collider signals. We observed in figure 19 that the GW
signal generated via SFOPT occurs for relatively large gauge coupling ¢’ € [0.35,0.55].
Depending on the frequency range of the GW detectors, we can probe Mz up to several
thousand TeV, well beyond the reach of colliders. In fact, the recent null results from
advanced LIGO-VIRGO run 3 on the stochastic GW searches have already ruled out a
small portion of the high-mass range My € [20 TeV, 1 PeV] and gauge coupling ranging
from ¢’ € [0.37,0.44]. We concluded that more parameter space will be susceptible to future
GW observatories like LISA, ptARES and Cosmic Explorer.

In summary, we showed the complementarity between future colliders and the GW
experiments in probing the Z’ parameter space preferred by naturalness and Landau
pole constraints.
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