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We investigate the discovery potential of multi-TeV muon colliders for a heavy dark Z boson (Zp) with a
mass above 1 TeV, via the associated production process u™u~ — Zpy. This process enables precise
reconstruction of M through the photon recoil mass (11,.,;;). Focusing on the Zp, — jjX and Zp, — ete™
decay modes, we present strategies to achieve high sensitivity to the kinetic mixing parameter ¢ at 3, 6, and
10 TeV muon colliders with integrated luminosities of 1, 4, and 10 ab™!, respectively, assuming that Zp,
decays exclusively into Standard Model particles. We apply mass-dependent cuts on i and m,, to
account for the energy-dependent detector response. For heavier M, the associated photon becomes less
energetic, leading to better photon energy resolution and enabling more stringent . cuts. Conversely,
for lighter M, the lower-energy electron pair from Zp — e* e~ allows tighter invariant mass (m,,) cuts.
By combining these complementary m,...;- and m,,-based selections across both the jjX and ete™
channels, we achieve sensitivity to £ down to O(1073) as M 7, approaches /s, substantially surpassing the
projected reach of a 100 TeV proton-proton collider. Even if Zp, decays into dark-sector particles, the recoil
mass method remains effective, highlighting muon colliders as powerful facilities for exploring heavy dark

¥ and Jeonghyeon Song

L

sectors.

DOI: 10.1103/pm8d-ts6e

I. INTRODUCTION

Our Universe is described by the Standard Model (SM)
of particle physics, which has been thoroughly tested and
confirmed, culminating in the landmark discovery of the
Higgs boson at the Large Hadron Collider (LHC) in 2012
[1,2]. Despite this achievement, major unresolved puzzles
persist: the fundamental properties of dark matter and dark
energy, the origin of neutrino masses, and the matter-
antimatter asymmetry. These profound questions strongly
suggest that the SM is incomplete, motivating the search for
new particles and interactions predicted by beyond the
Standard Model (BSM) theories. High-energy collider

“Contact author: cheung @phys.nthu.edu.tw
Contact author: jhkim1216@kias.re kr
*Contact author: soojinlee957 @ gmail.com
SContact author: prasenjit.sanyal01 @ gmail.com
IContact author: jhsong @konkuk.ac.kr

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2025,/112(9)/095010(18)

095010-1

experiments offer a controlled and precisely instrumented
environment for these investigations. Yet, despite extensive
efforts, the LHC has not uncovered direct evidence of BSM
particles, underscoring the complexity of such probes.

In light of this challenge, a new paradigm emerged: the
dark sector. Instead of assuming that new particles carry
SM gauge charges, this scenario envisions them residing in
a separate sector that interacts with our visible world only
through a portal. One of the most compelling and minimal
portals is realized by a dark U(1) gauge boson Zp, which
couples to the SM through kinetic mixing with a SM
Abelian gauge boson [3-7]. This approach minimally
extends the gauge principle and introduces a dimension-
four mixing operator. If the dark sector particles are heavier
than Zp,, ensuring Zp, decays exclusively into SM particles,
then the Zy, phenomenology depends only on its mass Mz
and the kinetic mixing parameter e.

Extensive experimental efforts have tightly constrained
the lighter Zp mass range through a combination of fixed-
target, beam-dump, and collider experiments, as well as
astrophysical observations. For I MeV < M, < 30 MeV,
a wide range of ¢ > O(107?) is excluded at the 26 level by
supernova bounds [8], beam-dump experiments such as

Published by the American Physical Society
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E774 [9], CHARM [10], v-Cal [11,12], and E141 [13], as
well as by NA64(e) [14], NA48/2 [15], and (g—2),
measurements [16].

For 30 MeV <M, < O(1) GeV, current collider
experiments including NA48/2 [17], Al [18], BABAR
[19], KLOE [20,21], and LHCDb [22] have excluded the
values of & above approximately O(107*). These bounds
will be further improved by upcoming experiments such as
Belle II [23] and the upgraded LHCb [24,25]. Numerous
beam-dump experiments—including E137 [26-28],
CHARM [29], and NuCal [11,12]—also provide strong
constraints in the range &~ O(107)-0O(1077). These
constraints will be extended by future facilities [30],
including NA62 [31], NA64 [14], FASER/FASER2
[32,33], SeaQuest [34], HPS [35], AWAKE [36], and
MESA [37,38].

For M7 2 O(10) GeV, the strongest current limits
come from running hadron colliders, notably CMS [39],
which constrains My < 200 GeV. The High-Luminosity
LHC (HL-LHC) is expected to extend the reach to
My ~1 TeV. Looking ahead, future e*e™ facilities such
as FCC-ee [40], ILC [41,42], and CEPC [43] offer
significant projected sensitivity for M, ~ O(100) GeV.
In particular, the recoil-mass technique against an ISR
photon at future ete™ colliders shows promising reach
[42,44]. Future hadron colliders will also contribute sub-
stantially in this mass window; for example, FCC-hh at
V/s =100 TeV with L, = 3 ab~! is projected to probe
indirect effects via electroweak precision observables [45],
reaching sensitivities down to e~ O(1073) for
My €110,80] GeV.

However, for a heavy Zp with a mass above 1 TeV,
existing constraints are much weaker. Most previous
studies have focused on proton—proton (pp) colliders
through the Drell-Yan process. At the HL-LHC, with an
integrated luminosity of £, = 3 ab~!, the projected sen-
sitivity reaches & ~ 1072 and & ~ 0.1 for M 7, = 1 TeV and
2.4 TeV, respectively. A future 100 TeV pp collider with
3 ab~! could improve these limits to & ~4 x 1073 and
e~ 3 x 1072 for the same mass benchmarks [45]. Even at
the canonical luminosity of 30 ab~!, the gain remains
modest. In the background-dominated regime, the sensi-

tivity limit scales as & « E;,i/ 4. since the signal cross
section itself grows as o 2. Consequently, increasing
the luminosity from 3 ab™! to 30 ab~! improves the reach
only to about 0.56¢; ,,-1. Furthermore, as My increases,
the production cross section falls sharply due to the rapid
decline of partonic luminosities at large v/3, which strongly
suppresses the Drell-Yan process [46]: see Fig. 8. Given
that a 100 TeV pp collider also remains a distant prospect,
it is therefore imperative to explore alternative approaches
for probing such heavy Zp masses.

A multi-TeV muon collider (MuC) [47-49] offers a
promising solution. Capable of achieving multi-TeV

center-of-mass (c.m.) energies in a relatively clean envi-
ronment, the MuC can fully exploit its collision energy for
BSM searches [50-54]. Previous studies have shown that
MuCs excel at probing heavy new particles, surpassing
hadron colliders in their kinematic reach [55-58]. Recent
progress in muon beam cooling [59,60] and in managing
beam-induced backgrounds (BIBs) [61,62] has made the
MuC increasingly realistic. Although indirect effects of a
dark Z at a MuC have been investigated for moderate
masses below about 1.5 TeV [63], direct search strategies
for a heavy Zp at multi-TeV MuCs remain largely
unexplored.

One of the most powerful techniques to enhance the
discovery potential of a MuC for the heavy Zy, is the recoil
mass (Mg.o;) method, which takes full advantage of the
known initial-state kinematics in lepton collisions [64—75].
In particular, the associated production channel p*u~ —
Zpy is promising: the known c.m. energy and the measured
photon energy E, determine M, via mZ ., = s — 2\/sE,,
without assumptions about how Zp, decays. This recoil
mass technique cannot be employed at hadron colliders
due to unknown initial parton energies. Furthermore, the
Zp — eTe” decay mode provides a complementary mass
reconstruction method through the e®e™ invariant mass
m,,. In contrast, the Zp — p*u~ decay mode suffers from
larger backgrounds than the Zp — ete” mode, due to
t-channel and vector boson fusion (VBF) processes at the
MuC. Therefore, we do not consider the Zp, — p* u~ decay
mode in this analysis.

While the recoil mass method is well established, many
analyses typically employ universal, mass-independent
cuts on both m; and m,, without accounting for energy
resolution effects at the detector level. Building on
approaches used in previous studies [19,42,76-83], we
employ M - and /s-dependent mass cuts optimized for
MuC environments. Since a heavier Zp, is produced with a
softer accompanying photon—and photon energy resolu-
tion generally improves at lower energies [64]—we impose
tighter m,e.; selections for larger M, using the resolution
parameters implemented in the latest Delphes [84] muon-
collider detector card. This strategy significantly enhances
the € sensitivity in the heavier mass regime. Meanwhile, for
the Zp — eTe™ channel, a lighter Zp produces a lower-
energy electron pair, enabling tighter m,, cuts. Therefore,
the interplay of m...;- and m,,-based selections ensures
robust coverage across a broad My range. Combined with
the increasing cross section of u*u~ — Zpy as My
approaches /s, our method opens a powerful new channel
for probing heavy Zp, which represents our primary
contribution.

The organization of this paper is as follows. In Sec. II, we
briefly review the theory of kinetically mixed U(1),.
Drawing on the characteristic features of the heavy dark
Z, we identify the golden channels to probe Zp at a multi-
TeV MuC. Section III discusses mass reconstruction
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techniques in detail, including the introduction of M, - and
\/s-dependent resolutions for m,..; and m,,. In Sec. IV, we
present our event selection, applying mass-dependent cuts
for both m..,; and m,, and demonstrating the resulting
improvements in & sensitivity. We then offer sensitivity
projections for various MuC energies, highlighting the
complementarity of the jjX and e*e™ decay modes across
different M regimes, and compare our results with other
future pp colliders. Finally, we conclude in Sec. V,
summarizing our findings and discussing the implications
for future dark sector searches.

II. THEORY OF HEAVY DARK Z AND
IDENTIFICATION OF GOLDEN DISCOVERY
CHANNELS AT MUON COLLIDERS

In this section, we briefly review the theoretical frame-
work of the dark Z boson Zp, which emerges from kinetic
mixing with the SM hypercharge gauge field Eﬂ. The
relevant Lagrangian terms are given by [6]

1. . 1~ - le~ -
L o- ZBWB”” - ZZDWZ’]‘)” - EQZD””BW
1 oo
+ EM%)’OZ’]‘DZDM, (1)

where B = 0"B* — 0" B* and Z}y = 0*Z¥% — 0" Zt,. Here,
cw = cos Oy denotes the cosine of the Weinberg angle Oy .
For convenience, we introduce the simplified notation
s, =sinx, ¢, = cosx, and ¢, = tan x. To probe parameter
regions that remain relatively unexplored by current and
future collider experiments, we focus on a heavy dark Z
scenario with small kinetic mixing
My €[1,10] TeV, e< 107" (2)
The mass term in Eq. (1) can originate from a
Stueckelberg mechanism [85] or a dark Higgs mechanism
6,45]], but its underlying source does not critically impact
our main conclusions. For heavy masses satisfying Eq. (2),
we introduce a small mass ratio parameter

P20 « 1, (3)
D.,0

B =

where m, o = gv/(2cy) with v ~ 246 GeV.
The field redefinition of

82 ~
()G -
B* £ 1 B
w

diagonalizes the kinetic terms of the gauge bosons. After
the electroweak symmetry breaking, the mass-squared
matrix in the basis of (A¥, Zf, Zf; ;) becomes

0 0 0
My =Mp,| 0 &,
0 twﬁ%né' 1

twone | +O(55,6%),  (5)

which clearly shows a massless photon.
The physical Z and Zp mass eigenstates are obtained
through the mixing matrix

V4 Co Sa Z
()= o)) o
ZD —Sa  Cq ZD,O
where the mixing angle « is given by

a = —tybye + O(Se). (7)

The masses of the physical Z and Zp, are

1
my = mZ,O |:1 — Et%Végngz + O((S;‘n82):| s

1
MZD = MD,O |:1 + El‘%v(s%lé’z + 0(5382)] . (8)
Thus, Z and Z, are canonically normalized and have well-
defined masses.

The interaction Lagrangian for Z and Zp couplings to
SM fermions is parametrized by

g . 7 g . -
~Lhy = G2 T e W, Zhf . ()
W Cw

The normalized couplings are given by

Oh = Ty — Qpsiy — (Tsp — Q) 056> + O(54e7),
W = (Tsp = Qp)tw + O(8%), (10)

where 737 and Q are the third component of weak isospin
and the electric charge for the fermion f, respectively.
Through the Z and Zp mixing in Eq. (6), the dark Z also
couples to WHW~ and ZH, where H is the 125 GeV
Higgs boson.

With these interaction vertices established, we now turn
to the decay channels of Zp. To facilitate a direct com-
parison with existing LHC sensitivity limits, we do not
consider Zp decays into BSM states such as dark matter
[75,86]. Instead, we focus solely on decays into SM
particles, following the same setup employed in the
conventional LHC searches [19,22,87-98]. This approach
allows us to clearly demonstrate the improved ¢ sensitivity
at a multi-TeV MuC.

For M > 1 TeV, the dominant Zp, decays are into SM
fermion pairs, including top quarks. However, the relative
importance of a specific decay channel differs significantly
from that of the SM Z boson. For instance, the ratios
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AUL

92 _ 420,548,

UL

9z
~ER NI
1 t
?f,? = ~2.37, %‘; = 0 ~-1.02, (11)
gz SwCw g7 25 — 1

show that neutrino modes are relatively suppressed,
whereas the decay into an -electron-positron pair is
enhanced.

The branching ratios remain nearly constant for
My >1TeV

> Br(Zp— qq)~0.40. Br(Zp—17)~0.13,
q

> Br(Zp—v,0,)~0.074, Y Br(Zp—£+7)~0.36,
4 4
Br(Zp— WTW™)~0.019, Br(Zp—ZH)~0.013, (12)

where g =u, d, ¢, s, b, and £ =e, u, 7. At masses
My > 1 TeV, the branching ratios into different lepton
flavors become equal. We note that the suppression of the
neutrino decay mode, combined with the enhancement of
the charged lepton decay channel, distinguishes the heavy
Zp from the SM Z boson.

In light of these patterns, we focus on two key decay

modes at the MuC

Zp = jj+ X, Zp — eTe . (13)
The inclusive dijet mode combines multiple hadronic final
states (qg, t77~, 17, and WTW™), maximizing the signal
event yield and enhancing sensitivity. For our analysis of
the leptonic decay, we focus on the e™ e~ final state rather
than the u*u~ channel. The y*u~ channel faces significant
backgrounds from #-channel and VBF processes that
produce muons in the final state. At a multi-TeV muon
collider, background processes involving diagrams with
direct connections to the initial- and final-state muon lines
have greatly enhanced cross sections. The e™e™ final state,
in contrast, does not suffer from this #z-channel enhance-
ment. To avoid these large backgrounds, we do not consider
the Zp — putu~ channel in this study.

We now examine the production of a heavy dark Z boson
at a multi-TeV MuC. Direct production via an s-channel
resonance, uu~ — Zp, is inefficient as it requires the c.m.
energy to be tuned to the boson’s mass, /s ~M Zo-
Although initial-state radiation (ISR) can broaden the
accessible mass range, this effect is less pronounced for
muons than for electrons, limiting this approach at a MuC.
Instead, associated production with SM particles through
2 — 2 or 2 — 3 processes is more promising. This strategy
offers two key advantages. First, it enables the exploration
of a wide mass range with M 7y < \/E Second, the

additional hard SM particles in the final state provide a
powerful tool for suppressing the beam-induced back-
ground (BIB).

The BIB is a distinctive challenge at MuCs, arising from
the decays of muons in the beamline. The decay products—
primarily high-energy electrons and positrons—and their
subsequent synchrotron radiation photons interact with
machine elements, producing secondary particles. To
protect the detector, tungsten nozzles are placed around
the interaction point, which absorb most of the high-energy
decay products but in turn become a source of lower-energy
background particles that enter the detector volume [99].
These cascades produce large fluxes of secondary photons,
neutrons, electrons/positrons (e®), charged hadrons, and
Bethe-Heitler muons [99,100]. The resulting background
exhibits high multiplicity and a broad timing distribution,
with many particles arriving out of time with respect to the
bunch crossing, which allows for significant suppression
using precision timing detectors [99].

Owing to the shielding nozzles (and the resulting timing
profile), most BIB particles that reach the detector are both
relatively soft and largely out of time. The flux is
dominated by photons and electrons with mean momenta
of only a few MeV; charged and neutral hadrons have mean
momenta of about half a GeV, while only the comparatively
rare Bethe-Heitler muons exhibit higher mean momenta
near 14 GeV [100]. Consequently, under selections that
require high-p7, in-time SM objects in the central detector,
BIB does not constitute a significant physics background,
its primary impact is on detector occupancy rather than
irreducible contamination.

Motivated by these considerations, we examine three
primary production channels

uhtum — Zpy. (14)
ﬂ+”_ — Zpuu, (15)
phpm = Zpptuo, (16)

where v includes all three flavors. Note that the gt u~ —
ZpZ™) production channel is also possible and is partially
included in the processes of Eqs. (15) and (16). We do not
consider Z*) — jj and Z(*) - eTe™ to avoid combinato-
rial ambiguities arising from identical final states produced
by both Zp and Z decays. Thus, we focus exclusively on
the three production channels listed above.

Figure 1 shows the parton-level cross sections (normal-
ized by %) as a function of M, at /s = 3 TeV (left) and
/s = 10 TeV (right), obtained using MadGraph5-aMC@NLO
[101] version 3.5.1. For the Zpy and Zpu™u~ channels, we
require p7* > 10 GeV and |n, | < 2.5, while for the Zpvo
channel we impose EF* > 20 GeV.

At both 3 TeV and 10 TeV MuC energies, the u" 'y~ —
Zpy channel typically yields the largest cross section,
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FIG. 1. Cross sections of heavy dark Z production as a function of My through uum = Zpy (red), utu~ — Zpvw (blue), and
wru™ — Zputpu~ (green) at MuCs with /s = 3 TeV (left) and /s = 10 TeV (right). The cross sections are normalized by &2.

followed by u™p~ — Zpvo and then ptu~ — Zpu™p~.
As M approaches /s, the Zpy cross section rises sharply
because the photon becomes softer, effectively reducing the
process to a 2 — 1 configuration. This behavior contrasts
with Drell-Yan process at pp colliders, pp — Zp,
where higher My values result in significantly smaller
cross sections due to the limited parton distribution
functions at large momentum fractions. For instance, at a
100 TeV pp collider, 6(pp — Zp)/e* = 140,0.5,0.03 pb
for M =1,5,10 TeV, respectively. We note, however,
that as m, nears \/E at the MuC, the requirement of a hard
initial-state radiation photon (e.g., p} > 10 GeV) severely
constrains the available phase space, causing the produc-
tion cross section to drop precipitously.

The second largest cross sections occur for
utu~ = Zpuvw, which benefits from three neutrino flavors
and VBF contributions at high energies [102]. In contrast,
utpu~ — Zputu~ is suppressed due to the absence of a
Z-7-7Zp, vertex, which is required for neutral-current VBF
processes.

Combining these insights on production and decay, we
identify two “golden” discovery modes for heavy Zy, at the
MuC: utp~ — Zpy followed by Zp—jj+X or
Zp — eTe”. These channels provide the strongest pros-
pects for discovering a heavy dark Z at future multi-
TeV MuCs.

Finally, let us make brief comments on the subtle
differences in the behavior of the production cross sections
for the three proposed production channels, as My
approaches +/s. The presented cross sections are calculated
after imposing minimal kinematic cuts: for "y~ — Zpy,
P> 10 GeV and |n,| <2.5; for utu~ — Zpuu~, pp >
10 GeV and |7,/ <25; and for pu*u~ — Zpur,
Ess > 20 GeV. These kinematic cuts restrict the available
phase space differently depending on the production
process.

In particular, the universal condition EFsS > 20 GeV for
both the 3 TeV and 10 TeV MuCs leads to the apparent

difference in the behavior of the Zpvw cross section as My
approaches /s. At the 3 TeV MuC, this cut acts as a
relatively stringent requirement, significantly suppressing
the cross section for higher M, values and causing it to
decline well before reaching the kinematic limit at /s. In
contrast, at the 10 TeV MuC, the same 20 GeV missing-
energy cut is relatively mild compared to the total collision
energy, allowing the cross section to extend much closer to
the kinematic threshold at M7 =~ /s.

Nevertheless, the ErTniss cut results in a consistent quali-
tative behavior: as M, approaches /s, the cross section
for utu~ — Zpvo decreases more rapidly than for
utu~ = Zpputu~. This trend is readily apparent for the
3 TeV case in Fig. 1; to better illustrate this feature for the
10 TeV case where it is less clear, we include a zoomed-in
panel in the right-hand plot.

III. PRECISION MEASUREMENT OF HEAVY
DARK Z MASS AT MUON COLLIDERS

A. Experimental conditions of muon colliders

This subsection outlines the experimental parameters
and simulation setup for our analysis. We consider three
multi-TeV MuC scenarios:'

(i) /s =3 TeV with Lo, = 1 ab™';

(i) /s =6 TeV with L, =4 ab™'; and

(iii) /s = 10 TeV with L, = 10 ab™'.

Tn a recent update, the International Muon Collider Collabo-
ration identified /s = 3 TeV and 10 TeV as the principal staging
options, and a 6 TeV machine is no longer considered a primary
scenario [103]. Nonetheless, we include the 6 TeV configuration,
which has been extensively explored in the literature [66,99,104—
109], as it provides a valuable interpolation between the 3 and
10 TeV benchmarks. Including this intermediate point helps
clarify a key trend for our analysis: as /s increases at a fixed
My, the initial-state radiation photon becomes harder, which
degrades the recoil-mass resolution. This effect partially offsets
the gains from higher c.m. energy, and the 6 TeV results sharpen
the interpretation of this scaling behavior.
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The integrated-luminosity benchmarks are taken from
representative parameter sets used in recent MuC
design and phenomenology studies [55,104,105,110].
They reflect a comprehensive machine optimization for
each energy scale.

The  detector response is  simulated using
Delphes version 3.5.1 [84] with the delphes card
MuonColliderDet . tcl configuration card. This setup
provides a parametric approximation of detector perfor-
mance and is a standard choice for phenomenological
studies at MuCs [55,103,105]. We acknowledge that
this general parametrization does not yet implement the
specific details of the latest detector concepts currently
under development, namely MAIA [111,112] and
MUSIC [103,111]. However, as a final detector design
has not yet been selected, the Delphes framework provides an
effective and robust baseline for assessing physics sensi-
tivity. The projections presented in our study are therefore
concept-agnostic and can be readily reinterpreted for any
specific detector architecture once its parameters are
finalized.

A crucial aspect of our detector-level simulation is the
energy resolution of photons, electrons, and positrons,
since the analysis relies on reconstructing the Zp mass
from their measured energies. The energy resolution of a
photon, AE,, at the detector is parametrized as

AE, a c
5 JE2"%E 7

r VE y

where EJ, is measured in GeV and & denotes
addition in quadrature. In the delphes card
MuonColliderDet.tcl, the parameters are set to
b =0.01 and ¢ = 0, while a varies with pseudorapidity:
a=0.156 for |n,| <0.78, a = 0.175 for 0.78 < |5,| < 0.83,
and a = 0.151 for 0.83 < |»,| < 2.5. The energy resolution
parameters for electrons and positrons in the Delphes card are
set to be identical to those for photons.

Finally, we address the treatment of the BIB in our
analysis. As detailed earlier, the primary impact of the soft,
out-of-time BIB is on detector occupancy rather than
creating an irreducible physics background for high-pr,
in-time objects. To account for the residual BIB in our fast
simulation, we therefore adopt a simplified strategy based
on fiducial acceptance. We restrict all reconstructed objects
to the central, better-protected region of the detector (e.g.,
|| < 2.5), consistent with the geometric coverage implied
by the shielding-nozzle design. This approach is sufficient
for the high-energy, central signatures considered in this
analysis.

B. Resolution of the heavy dark Z mass

Having identified two golden channels in the previous
section, we now address a key component of our analysis:

the precise measurement of the heavy Zp mass. Accurate
determination of M is essential for efficient background
suppression, thereby forming the backbone of our analysis
strategy.

A common approach to measuring My is to use the
resonance peak in the invariant mass of the Zp decay
products. For the Z, — eTe™ channel, the invariant mass
of the electron-positron pair (m,,) directly provides this
resonance. However, this method does not work for the
inclusive dijet mode from Zp — tf, Zp —» vz, and
Zp = WHw-.

Fortunately, the Zp production channel associated with a
photon offers a powerful alternative: measuring the recoil
mass of the photon, m,...;. For the process

= (p1) + 1" (p2) = Zo(pz,) +r(py),  (18)

Mo 18 defined by
m?ecoil - (pl +p2— py)2 = M%D =85 — 2\/EE N (19)

where the last equality holds in the c.m. frame. Thus,
the heavy dark Z mass is uniquely determined by +/s
and the photon energy. This recoil mass technique is a
well-established method for BSM searches at lepton col-
liders [64-75].

While some existing studies employ a fixed mass
window cut—for instance, | ecoil e — Mz, | < 10 GeV—
regardless of the M value [66], this approach can be
suboptimal. The widths of the reconstructed recoil mass
(Myeeoi) and invariant mass (m,,) distributions vary sig-
nificantly with both M and /s. This variation is a direct
consequence of the energy-dependent detector response, as
the energy resolution for photons, electrons, and positrons
depends on their respective energies.

Consequently, a fixed cut is not universally optimal
across the entire mass range. If the actual mass resolution
for a given mass is wider than the cut, signal efficiency is
unnecessarily lost. Conversely, if the resolution is narrower,
the cut is too permissive and accepts excess background. In
either case, the signal significance is degraded.

Figure 2 illustrates this point by presenting the normal-
ized distributions of m,..; (blue) and m,, (orange) for the
process uu~ — Zp(— eTe”)y through fast detector-level
simulations. The results are shown for /s =3 TeV
(upper panels) and /s = 10 TeV (lower panels). For this
simulation, parton-level events were generated using
MadGraph5-aMC@NLO [101] and subsequently processed with
Pythia 8.307 [113] for parton showering and hadronization.
The final detector response was then simulated with Delphes.

We first observe that the m.; distribution is much
broader for lighter M (corresponding to higher-energy
photons) and becomes sharper for heavier M, (corre-
sponding to lower-energy photons). For example, at a
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FIG. 2. Normalized distributions of the recoil mass 7, (blue) and the e*e™ invariant mass m,, (orange) for u™u~ — Zp(— eTe™)y
at /s = 3 TeV (upper panels) and /s = 10 TeV (lower panels) MuC.

10 TeV MuC, we find AE, = 50 GeV for M =1 TeV,
compared to only AE, 2 GeV for M = 9.8 TeV.

Obviously, the m,, distribution exhibits the opposite
trend, becoming broader for heavier M Zp» a8 shown in
Fig. 2. Another distinctive feature is its increasingly
asymmetric shape with a pronounced tail toward lower
values, as M increases. To illustrate this asymmetry in
detail, Fig. 3 shows the m,, distribution for M = 6 TeV
at a 10 TeV MuC. Several factors contribute to this
behavior: the energy and momentum resolution at the
detector degrades for more energetic electrons and posi-
trons; bremsstrahlung losses become more significant at
higher energies, shifting the measured energies downward;
and final-state radiation (FSR) is particularly pronounced
for electrons and positrons due to their low mass.
Collectively, these effects lead to a broader distribution
with a shift toward lower reconstructed masses as My
increases.

These contrasting behaviors of the my..,; and m,,
distributions emphasize the importance of adopting differ-
ent mass window cuts for each observable, tailored to Mz .
For the selection on the m,.,; and m,, mass windows,
parametrized by

|mrecoil - MZD| < 2Amrecoih |mee - MZDl < 2Amee’

(20)

we adjust Ante,; and Am,, as functions of M, and /s to
improve the ¢ sensitivity across the full mass range.

0.06

0.05 |

0.04 4

0.03 |

0.02 |

Normalized number of events

0.01 -

0.00 -
5.4

5.5

6.0 6.1

5.6 5.7 5.8
Mee [TeV]

5.9

FIG. 3. Normalized distributions of the m,, invariant mass for
urum — Zpy with M = 6 TeV at the 10 TeV MuC.
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To estimate the optimal mass resolutions, Am,..,; and
Am,,, we performed fast detector-level simulations at
multiple M benchmark points for MuC energies of 3,
6, and 10 TeV [55,105,114,115], following the same
procedure detailed in the discussion of Fig. 2. For each
combination of M, and \/s, we define the resolution as the
standard deviation of a Gaussian function fitted to the
corresponding m,.,; or m,, distribution.

However, this simple Gaussian fit is complicated by the
m,, distribution’s long, asymmetric tail toward lower mass
values, which artificially inflates the fitted standard
deviation. To address this, we restrict the Gaussian fit to
a window of +25% around the true My . This strategy
mitigates the impact of the tail while accurately capturing
the core of the distribution; its validity is supported by the
alignment of the distribution’s peak with the true M . The
signal efficiency of this method is 52% for M, = 6 TeV at
10 TeV MuC, and the other benchmarks have similar
efficiency.

Figure 4 displays the extracted Am,...; and Am,, values
as functions of M for MuC energies of 3, 6, and 10 TeV.
The Am,, values show negligible dependence on /s within
their respective kinematically allowed regions; for clarity,
we therefore plot only the 10 TeV case.

Several key trends are apparent in the figure. At a given
/8, Amy..; decreases with increasing M 7, For a fixed
My, , however, a higher collider energy \/s yields a larger
Am .o, implying that the 3 TeV MuC offers better
precision for masses within its kinematic reach. In contrast,
Am,, increases with M , reflecting the reduced detector
performance for higher-energy electron pairs. Notably, the
curves for Am,, and Am,...; at a given /s intersect near
My =~ /s/2. This crossover suggests a natural division in

0.20

AMyrecoil at 10 TeV
0.15r AMyecoi at 6 TeV T

AMyecoi at 3 TeV
0.10

Am [TeV]

Amee, combined
0.05

0.00.

Mgz, [TeV]

FIG. 4. Amy,; and Am,,, the standard deviations obtained
from Gaussian fits to the m.,; and m,, distributions, as a
function of My at the 3 TeV, 6 TeV, and 10 TeV MuC.

the mass range, indicating which of the two observables is
likely to be more powerful for discovery.

In summary, the dependence of Am,; and Am,, on
both M and /s underscores the need for mass-dependent
selection strategies when searching for heavy dark Z at a
multi-TeV MuC. By applying appropriately tuned mass
windows for different M hypotheses, we can substan-
tially enhance signal sensitivity.

IV. SIGNAL AND BACKGROUND ANALYSIS

In Sec. II, we identified two efficient discovery channels
for the heavy Zp at multi-TeV MuCs

W = Zp(= jjX)y, (21)
utum = Zp(— ete)y. (22)

This section presents a comprehensive analysis of these
channels, including background processes, simulation
methodologies, and sensitivity projections.

A. Background processes and simulation methodology

The primary processes are uu~ — jjy for the inclusive
dijet mode and u*u~ — ete~y for the eTe~ mode. The
limited detector coverage within || < 2.5 introduces addi-
tional background channels for both signal modes, includ-
ing ptum > WW7y, ptum -ty ptpm - iy,
and utu~ — ZZy.

To assess these background processes, we calculated
their parton-level cross sections using MadGraph5-aMC@NLO
[101] version 3.5.1, with the results presented in Table 1.
For each background at the 3, 6, and 10 TeV MuC
energies, a sample of 5 x 10° events was generated. The
following generator-level cuts were applied: all final-state
photons, jets, electrons, and taus were required to be within
7] <2.5. A minimum transverse momentum of p; >
20 GeV was required for photons. For jets, electrons,
and taus, an asymmetric py cut was imposed, with the
leading particle (ordered by descending py) required to

TABLE 1. Parton-level background cross sections at 3 TeV,
6 TeV, and 10 TeV MuCs. Cuts were applied requiring
ph>20 GeV, pi =100 GeV, pi“™ >20 GeV, and
|11”»,e‘,| < 2.5.

Background cross sections in units of tb

Processes Vs=3TeV /s=6TeV /s=10TeV
Wt > jjy 50110 140 10 5.44
wtum = etey 9.31 2.75 1.10
urtym > Wrwmy  255x10 1.01 x 10 4.86
urpm =ttty 5.37 1.63 6.67 x 10~
utum = iy 3.24 1.07 4.58 x 107!
wrpum = ZZy 2.25 830x 107" 3.82 x 107!
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have pr > 100 GeV and the subleading particle to
have pr > 20 GeV.

The results indicate that cross sections decrease with
increasing c.m. energy across all background processes.
The ™y~ — jjy process exhibits the highest cross section
at all collision energies. Although p*u~ — WTW~y has
the second-largest cross section, its contribution is to be
suppressed by the branching ratios of W — jj or W — ev.
For the eTe™ mode, utpu~ — ete”y is the dominant
background process. The u™p~ — 777y process has a
slightly smaller cross section than ytu~ — e*e™y due to
the heavier tau mass. The utu~ — tty and u*u~ — ZZy
processes have relatively low cross sections.

We note that VBF processes can also contribute as
potential background sources, namely the charged-current
process u"u~ — v,0,Zy and the neutral-current process
utu~ — utu~Zy. However, both channels exhibit distinct
kinematic features that set them apart from the signal. The
charged-current process is characterized by significant
missing transverse energy EFS from the final-state neu-
trinos—a feature absent in our signal—and can thus be
suppressed by vetoing events with large EF*. The neutral-
current process produces highly energetic forward muons.
Identification of these muons, whose momenta can peak
around 2 TeV at a 10 TeV MuC [109], would be feasible
using proposed forward muon detectors [55,72,116], ena-
bling efficient rejection of such events. Given these power-
ful rejection methods, the VBF backgrounds were not
included in our analysis.

Building on these parton-level insights, we performed
fast detector simulations for both signal and background
events using the Delphes framework. Jet reconstruction was
carried out with the inclusive Valencia algorithm [117,118],
implemented within the Fasget package [119], using a jet
radius of R = 0.5 and a transverse-momentum threshold of

pr > 20 GeV. The Valencia algorithm is particularly well
suited for high-energy lepton-collider environments,
as its beam-jet concept effectively mitigates contamination
from ISR photons and beam-induced backgrounds.
For electrons and photons, we followed the default
reconstruction settings of the Delphes muon-collider detector
card (delphes card MuonColliderDet.tcl).

B. Inclusive two-jet signal analysis

We first analyze the inclusive dijet mode,
utu= = Zp(— jjX)y, implementing the following basic
selection criteria for both signal and background events:

(i) Events must contain at least two jets (N; > 2) and

one photon (N, >1), each with p; > 20 GeV
and || < 2.5.
(ii) The leading jet j; (ordered by descending pr) must
satisfy pJ! > 100 GeV.
(iii)) A lepton veto is applied, rejecting any event con-
taining an electron or muon with py > 20 GeV and
In| <2.5 (i.e., requiring N, = N, = 0).
The lepton veto ensures orthogonality between the dijet and
et e samples, enabling an independent analysis of the two
channels.

To optimize background suppression in the inclusive
dijet mode, we examine two key kinematic observables: the
photon recoil mass m,..,; and the leading jet invariant mass
m; . Figure 5 displays these distributions for both signal
and backgrounds at the 3 TeV MuC after applying the basic
selection. For the signal benchmarks, we set ¢ = 0.01 and
examine My values of 1, 2, and 2.7 TeV in the myeqy;
distribution, while considering M = 1,2.9 TeV for the
m; distribution. The background contributions are pre-
sented as stacked histograms to facilitate direct comparison
with the signal.

VS =3TeV VS =3Tev
100 10t
T =jy coa Asfx;;(;o\./on HE T =)y
+- == Mz,=2.9Te' ut T -sWwy
BT SWWy 1000 x o(e = 0.01) i
T otty Mz,=1.0 TeV HtuTotty
HrpToTTY HFTuTsTTY

prtuT-zzy

do / dMyrecoil [fb / 10 GeV]

Mrecoil [TeV]

FIG. 5.

Distributions of the recoil mass of the photon, 1., (left) and the invariant mass of the leading jet, m;

utuT-zzy

do / dm;, [fb /5 GeV]

80 120
m;, [GeV]

s (right), for the signal

and backgrounds at the 3 TeV MuC after basic selection. For the signal (red solid lines) with ¢ = 0.01, we consider Mz = 1 TeV,
2 TeV, and 2.7 TeV in the myq; distribution, and Mz = 1 TeV (solid) and 2.9 TeV (dashed) in the m; distribution. Backgrounds are

shown as stacked histograms for direct comparison.
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The m,...; distribution reveals distinct features between
signal and background events. The signal shows a char-
acteristic narrow peak that becomes sharper for higher M
values. In contrast, the background distributions remain
nearly flat within the signal peak region. This clear
distinction suggests an effective strategy: applying an
optimized m,; cut around the signal peak.

The m; distribution provides complementary discrimi-
nation power. For signal events, we observe substantial,
nonzero, and smooth m; values. In addition, the typical
m;, increases with My , as illustrated by comparing the
distributions for Mz = 1 TeV and 2.9 TeV. These features
arise from the characteristic behavior of high-energy jets,
where the differential cross section follows do/ dm? ~
ay/m3In(E3/m3) [120]. In contrast, the background m;,
distributions exhibit distinctive peaks near my,, my, and m,.
These peaks originate from highly collimated decay prod-
ucts (R < 0.4) reconstructed as single jets from W, Z, and
top quark decays, respectively. Among the background
processes, the u" = — W W~y channel produces the most
prominent peak at m; =~ my. Therefore, vetoing events
with m; in the vicinity of my, effectively suppresses this
background contribution.

To quantify the effectiveness of our selection strategy, we
present the cut-flow of cross sections for y*u~ — Zp(—
jjX)y at a 3 TeV MuC in Table II. This table also
includes the signal significance S, calculated for a total
integrated luminosity of £, = 1 ab~!, using the following
formula [121]:

5= \/2 {(ns +n,)ln (%) - ns], (23)

where n, and n;, denote the number of signal and back-
ground events, respectively.

For the detailed cut-flow analysis, we examine two
benchmark points: M, =1 TeV and 2.7 TeV, both with
€ = 0.01. Since the selection efficiencies up to the m;, cut

TABLE II.

are nearly identical for both masses, we present the
complete cut-flow only for the M, =1 TeV case and
show just the final result for M, = 2.7 TeV to avoid
repetition. All relevant background processes are included,
with the exception of the negligible y*u~ — ZZy channel.

The cut-flow results in Table II demonstrate the
progressive improvement of our signal selection. After
basic selection, the jjy and W W~y backgrounds domi-
nate, yielding a low initial signal significance of approx-
imately 0.045¢. The W veto, defined by the requirement
|m; —my| > 20 GeV, is moderately effective and elimi-
nates approximately 67% of the W W~y background. The
most substantial improvement comes from the m,; cut,
which significantly suppresses all backgrounds while
largely preserving the signal, demonstrating the power of
the recoil mass as a discriminating variable.

The signal significance after the final selection based on
the m.; variable is strongly dependent on the value of
My, . For the M; =1 TeV benchmark with e = 0.01, the
significance is only about 0.24¢, far below the detection
threshold. In contrast, the heavier M, = 2.7 TeV case
shows a dramatic enhancement, reaching a significance of
3.960, which approaches the level required for discovery.
This substantial improvement is a direct consequence of the
superior mass resolution at higher masses; at the 3 TeV
MuC, Amye,; improves from 16.3 GeV for M, = 1 TeV
to just 1.66 GeV for My = 2.7 TeV. Thus, for a fixed c.m.
energy, heavier Zp signal hypotheses achieve a higher
discovery significance.

To explore the effects of higher c.m. energy, we extend
our analysis to a 10 TeV MuC with an integrated luminosity
of 10 ab~!. The detailed cut-flow, showing cross sections
and the resulting signal significance, is presented in
Table III. As with the 3 TeV analysis, the negligible ZZy
background is omitted.

Our analysis at 10 TeV examines two benchmark hypoth-
eses, Mz =1 TeV and 9.7 TeV, both with ¢ = 0.01. The
results show a striking contrast between the low-mass and
high-mass scenarios. For the Mz = 1 TeV benchmark, the

Cut-flow of cross sections (in units of fb) and the corresponding significance for the signal process p™u~ = Zp(— jjX)y

with e = 0.01 for M =1 TeV and 2.7 TeV at the 3 TeV MuC. The significance S; ;-1 is calculated assuming a total integrated
luminosity of 1 ab™!. The basic selection criteria are described in the text, and note that the Am,...; and Am,, values depend on M Zn-

Cut-flow of cross sections (fb) for uTu~ — Zp(— jjX)y at a 3 TeV MuC with £, = 1 ab~!

My, =1TeVande = 0.01

Cut Zn(= i) iir WHWy Ty tiy S1 b

Basic Selection 7.69 x 1073 1.42 x 10 1.15 x 10 1.08 1.86 447 x 1072

lm;, —my| > 20 GeV 6.34 x 1073 1.20 x 10 3.75 1.08 1.51 4.64 x 1072

[Mrecon = Mz, | < 28140 3.47 x 1073 9.37 x 1072 8.47 x 1072 1.01 x 1072 1.29 x 1072 2.40 x 107!
Mz =27 TeVande = 0.01

[Miecoit — Mz, | < 2Amyecon 3.12 x 1072 3.32x 1072 6.22 x 1073 4201073 7.72 x 1073 3.96
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TABLE IIL

Cut-flow of the cross sections (in units of fb) and the corresponding significance for the signal process y™u~ = Zp(—

jiX)y with e = 0.01 and M, = 1,9.7 TeV at the 10 TeV MuC. The significance S, -1 is calculated assuming a total integrated
luminosity of 10 ab~!. The basic selection criteria are described in the text, and note that the Ant,...; and Am,, values depend on M Zo-

Cut-flow of cross sections [fb] for u"u~ — Zp(— jjX)y at a 10 TeV MuC with L, = 10 ab™!

My, =1TeVande = 0.01

Cut Zn(— ji)r Jiy WWw=y Ty 1ty S10ab-!

Basic Selection 5.09 x 1074 1.21 1.86 1.37 x 107! 291 x 107! 2.69 x 102

|mj1 — mW| > 20 GeV 4.02 x 1074 9.25 x 107! 5.14 x 107! 1.33 x 107! 2.78 x 107! 2.93 x 1072

[Myecoit = Mz, | < 2AM ey 2.28 x 107 455 %1072 9.00 x 1072 449 x 1073 9.23 x 1073 5.85 x 1072
My = 9.7 TeVand e = 0.01

[Mrecoin — MZD| < 2AMeeon 1.18 x 1072 3.18 x 1073 943 x 1074 395 % 1074 1.20 x 1073 12.4

final significance is just 0.058¢ at 10 TeV, illustrating the
challenge of probing low-mass states at higher-energy
colliders. Conversely, the M, = 9.7 TeV search demon-
strates the unique potential of high-energy MuCs, achieving
a significance of 12.4¢. This remarkable improvement stems
from a combination of three factors: a larger signal cross
section (see Fig. 1); a much-improved mass resolution
Am .o (see Fig. 4); and the ten-fold increase in integrated
luminosity. These results underscore the complementarity of
different collider energies for exploring the M, parameter
space, with high-energy MuCs excelling at searches for
heavy new particles.

C. Analysis of the Zy, — e*e~ channel

We now analyze the ete” mode,
utu™ - Zp(— ete )y, beginning with the application
of the following basic selection criteria:

(i) Events must contain exactly two electrons (N, = 2)

and at least one photon (N, > 1), each satisfying
pr > 20 GeV and || < 2.5.

Vs =3TeV

10%:

T —eey
ptuT-wwy
utpT-TTy
uruT-zzy

10 x o(e = 0.01)
Mz,=1 TeV

10 x o(¢ =0.01)
Mz,=2 TeV

do / dmee [fb / 10 GeV]

1.5
Mee [TeV]

2.0

(i) The leading electron e; (ordered by descending p7)

is required to have p7' > 100 GeV.

(iii) A jet and muon veto is applied, rejecting any event

that contains a jet or a muon with pr > 20 GeV and
In| <2.5 (i.e., requiring N; = N, = 0).
This veto ensures that the eTe™ sample is distinct and
orthogonal to the inclusive dijet sample.

To optimize our background suppression strategy in the
ete™ mode, we examine two key kinematic observables:
the invariant mass of the electron-positron pair (m,,) and
the total energy of the e*e”y system (E,,,). Figure 6
presents these distributions for both signal and back-
grounds at the 3 TeV MuC after applying the basic
selection. Note that the recoil mass distribution is nearly
identical to that in the jjX mode, as shown in Fig. 5. In
Fig. 6, we consider the signal with € = 0.01 for three mass
hypotheses (M = 1,2,2.7 TeV) in the m,, distribution
and two mass hypotheses (M = 1,2.7 TeV) in the E,,,
distribution.

Vs =3TeV

10 Kt uT—eey 1000 x o(e = 0.01)
— Ut -Wwwy Mz,=1TeV
2 - . 100X o(e=0.01)
R et €223 Mp,=27 Tev
P utu=-2Zy ’
un
~
Q
=,
>
3
Ly
o
~
S
o

15 2.0
Ecey [TeV]

FIG. 6. Distributions of the invariant mass of the e* ¢~ pair (left) and the total energy of the e™ e~y system, E,,,, (right) for the signal
and backgrounds at the 3 TeV MuC after the basic selection. For the signal (red solid lines), we set € = 0.01 and consider M =
1,2,2.7 TeV for the m,, distribution, and M = 1,2.7 TeV for the E,,, distribution. Backgrounds are shown as stacked histograms for

direct comparison.
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20 for Zp(— jjX)y at MuC

1071
Vs =3TeV,£=1ab™?
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Vs =10TeV, £ =10ab™ !
w 1072p
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FIG. 7.

20 for Zp(—» e* e~ )y at MuC
10!

Vs =3TeV,L=1ab™!
Vs =6TeV,L=4ab™!
Vs =10TeV, £ =10ab?

w 1072

Mrecoil CUt

Mrecoil CUt

10—31 L L L L L L L L

Mz, [TeV]

20 sensitivity contours for detecting a dark Z boson at different MuC energies through the processes utu~ — Zp(— jjX)y

(left) and ptu~ — Zp(— e*e™)y (right). The results for the 3 TeV MuC with L, = 1 ab~!, 6 TeV MuC with L, = 4 ab~!, and
10 TeV MuC with £,,, = 10 ab~! are shown in blue, orange, and green, respectively. For the e* e~ mode, solid lines denote results based
on the m.; cut, while dashed lines denote those based on the m,, cut.

The m,, distribution exhibits clear signal features: a
resonance peak of which the width increases with M . In
contrast, the background m,, distribution remains smooth
across the signal region, indicating that a narrow m,, cut
can effectively suppress background while preserving
signal efficiency.

The E,,, distribution reveals another distinctive feature:
both the signal and the irreducible background
(u"u~ — ete7y) peak at y/s. This behavior occurs because
these processes produce only e*e”y in the final state,
retaining most of the collision energy despite small losses
to FSR. In contrast, reducible background processes, which
produce additional particles, exhibit significant energy loss
in the eTe ™y system. This characteristic suggests that
requiring E,,, > 0.94/s would efficiently suppress all the
reducible backgrounds.

To quantify the impact of the E,,, cut, we present a
preliminary cut-flow analysis in Table IV for the
process utu~ — Zp(— eTe )y at a 3 TeV MuC with
L =1 ab-!. We examine two benchmark points with
€=001: Mz =1TeV and My =2.7 TeV. After the

basic selection, the irreducible background ytu~ — etey

dominates, exceeding the signal by factors of approxi-
mately 1000 and 100 for My =1TeV and
Mz = 2.7 TeV, respectively. The reducible background
utum — WTWy also exceeds the signal, although it is
smaller than the irreducible contribution. The E,,, >
0.94/s cut proves highly effective in suppressing the
reducible u"u~ — W W~y background, reducing its cross
section by approximately 94%.

With the preliminary cuts established, a crucial question
arises: should we apply a cut on m,..;, m,,, or both? The
choice is nontrivial since the optimized mass window cuts
for my..,; and m,, show opposite behaviors with respect to
My, . For a comparative analysis of these final selection
strategies, Table V presents the signal significance of three
different final selections: (1) m .y cut only, (2) m,, cut
only, and (3) combined cut applying both conditions. The
basic selection and E,,, > 0.94/s cut from Table IV have
been applied.

For lighter Zy, (M7, = 1 TeV), the m,, cut alone proves
most efficient, yielding a significance 2.2 times that
achieved with the m,; cut alone. This aligns with the
opposite behavior of Am..; and Am,, with respect to

TABLE IV. Preliminary cut-flow of cross sections (in units of fb) for the signal process u™u~ — Zp(— eTe™)y with € = 0.01 for
My, =1 TeV and 2.7 TeV at the 3 TeV MuC. The significance S} ,,-1 is calculated assuming an integrated luminosity of 1 ab~! and the

basic selection criteria are described in the text.

Preliminary cut-flow of cross sections [fb] for y*u~ — Zp(— eTe™)y at a 3 TeV MuC with £, = 1 ab™!

Backgrounds My =1TeV My =27 TeV
Cut eteTy Ww=y Zp(— eteT)y Spapt Zp(— eteT)y St
Basic Selection 2.14 1.32 x 107! 1.10 x 1073 2.28 x 1072 1.07 x 1072 2.22 x 107!
E,, >09/s 2.11 7.85x 1073 1.09 x 1073 2.37 x 1072 1.06 x 1072 2.30 x 107!
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TABLE V. Signal cross sections and significances for y*u~ — Zp(— eTe”)y at a 3 TeV MuC with L, = 1 ab~!, shown for
Mz, =1TeVand M = 2.7 TeV. We fixed e = 0.01. Results are presented after basic selection, E,,, > 0.94/s cut, and three final
selection criteria: (i) M. cut; (ii) m,, cut; (iii) combined cut applying both conditions.

Final selection results for y*u~ — Zp(— eTe™)y at a 3 TeV MuC with £, = 1 ab~!

Mpecoil CUL m,, cut Combined
Osig [1b] S1 b Osig [1b] S1ab Osig [1b] Sp b
My =1TeV 6.01 x 1074 1.69 x 107! 6.88 x 1074 3.75 x 107! 3.79 x 10~ 3.04 x 107!
My =27 TeV 591 x 1073 2.12 571 x 1073 7.37 x 107! 3.23x 1073 1.61

My, as illustrated in Fig. 4. Notably, the m,, cut also
outperforms the combined cut, achieving a significance
about 20% higher.

For heavier Zp, (M7, = 2.7 TeV), the situation reverses.
The m,..; cut alone is most effective, achieving a signifi-
cance of approximately 2.41¢ for € = 0.01. This value is
2.9 times that obtained with the m,, cut alone and 1.4 times
that achieved with the combined cut.

D. Combined results

In this final subsection, we present comprehensive
results of 26 and 50 sensitivity projections in the
(M, . &) parameter space by combining the inclusive dijet
and e"e” modes. Our analysis is based on detector-level
simulations, as described in the previous sections. To
systematically explore the parameter space, we selected
12, 12, and 20 benchmark values of M, for the 3, 6, and
10 TeV MuC configurations, respectively, all at a fixed
coupling of ¢ = 0.01. For each M benchmark point, we
generated 5 x 10* signal events. Since ¢ affects only the
total signal rate while preserving the distribution shapes, we
can efficiently explore the full (M, , ¢) parameter space by
scaling the signal cross section according to &.

We first present the 2o sensitivity contours in Fig. 7,
shown separately for the Z, — jjX mode (left panel) and
Zp — eTe” mode (right panel). We examine three MuC
configurations: /s =3 TeV with L =1 ab~! (blue),
Vs =6TeV with L, =4 ab~' (orange), and /s =
10 TeV with £, = 10 ab™! (green).

For the jjX mode, the results are based on the cut-flow
outlined in Table II. Our analysis reveals two universal
trends. First, the e sensitivity limit as a function of My
exhibits a consistent shape across all c.m. energies, improv-
ing rapidly with increasing M . This enhancement stems
from the increasing cross section and tighter m.; cuts for
heavier M, . Second, the & sensitivity extends to higher
My values as the collision energy increases, a direct
consequence of the expanded kinematic phase space.

For the e"e™ mode, we present two sets of results: one
based on the m,..,; cut (solid lines) and another on the m,,
cut (dashed lines). Both cuts yield similar trends in €
sensitivity, improving as M increases. The m,, cut

enhances ¢ sensitivity for heavier My , even though our
optimized cut on the m,, distribution becomes weaker. This
is primarily due to the increased signal cross section for
heavier Zp masses, as shown in Fig. 1.

Although the overall sensitivity trend as a function of
My, is similar for selections based on either meqqi Or M.,
their quantitative performance differs significantly across
the mass range. For lighter M values, the m,, selection
consistently outperforms the m,..,; selection at all collider
energies. For M =1 TeV at the 3 TeV MuC, applying
the m,, cut improves the 2¢ sensitivity limit on € to 0.025,
compared to 0.036 from the m,..; cut. This advantage is
even more pronounced at 10 TeV, where the m,, selection
limit of & ~ 0.030 is approximately 2.8 times stronger than
the m.; selection’s limit of &=~0.085. These results
clearly demonstrate the superiority of the m,,-based selec-
tion for probing the low-mass Zp regime. Conversely, for
heavier M values, the m.; selection becomes more
effective.

An interesting observation is that the 2¢ sensitivity
contours for the m,, and m.., selections intersect near
My =~ ./s/2. Based on this feature, we implement the m1,,
selection for My < \/s/2 and the m.; selection for
Mz > /s/2 in the eTe™ mode.

Finally, we combine the two processes, u"u~ — Zp(—
JjjX)y and putp~ - Zp(— eTe7)y. Statistical independ-
ence between the two measurements is ensured by the
lepton veto in the inclusive dijet channel and the jet veto in
the eTe™ mode. Assuming the two processes are indepen-
dent, the combined significance can be expressed as

St = 1/Siix + See, where S;x (S,.) denotes the signifi-

cance from the jjX (e™e™) mode. This approach enables
efficient computation of the 26 and 5¢ sensitivity limits
across the entire parameter space.

Figure 8 presents our final combined sensitivity for the
jjX and eTe~ modes. The solid and dashed lines respec-
tively show the 20 and 5 sensitivity contours as a function
of Mz . The results for the MuC configurations at
3 TeV (L, =1ab™!), 6 TeV (L, =4ab '), and
10 TeV (L = 10 ab~!) are shown in blue, orange, and
green, respectively. For comparison, we also plot the
projected 26 sensitivity limits from studies of the HL-LHC
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Mgz, [TeV]
FIG. 8. 20 (solid lines) and 50 (dashed lines) sensitivity

contours for detecting a dark Z boson at different MuC
energies, combining the processes utu~ — Zp(— jjX)y and
utu™ — Zp(— ete)y. The results for the 3 TeV MuC with
Lo = 1 ab~!, 6 TeV with £,,, = 4 ab~!, and 10 TeV with £, =
10 ab™! are shown in blue, orange, and green, respectively. The
26 sensitivity limit of ¢ at the HL-LHC (/s = 14 TeV,
Lo =3 ab™!) and at a 100 TeV pp collider (L, =3 ab™!
and L, = 30 ab™!) are also shown.

(/s =14 TeV, L, = 3 ab™!) and a 100 TeV pp collider
[45]. Projections for the 100 TeV collider are shown for
integrated luminosities of both 3 ab~! and 30 ab™'. The
latter projection, which corresponds to the canonical
luminosity target for a future collider [122], is derived
by rescaling the 3 ab~! limit.

Our analysis demonstrates that combining different
decay modes slightly enhances the sensitivity to e. For
My =1TeV at the 3 TeV MuC, while the e*e™ decay
mode alone can probe down to & =2.46 x 1072 at 20
significance, combining the jjX and e*e™ modes improves
this limit to &=2.19 x 1072, representing an 11%
enhancement in sensitivity. At the 6 TeV and 10 TeV
MuC, combining the two channels for M, = 1 TeV yields
more modest improvements of approximately 3.5% and
2%, respectively.

For  the heaviest accessible cases (My =
/s — 100 GeV) at each collision energy, combining both
channels allows us to reach ¢ = 3.9 x 1073 at the 3 TeV
MuC, ¢ = 2.7 x 1073 at the 6 TeV MuC, and € = 2.1 x
1073 at the 10 TeV MuC. Relative to the ¢ sensitivity limit
in the e"e™ mode alone (see Fig. 7), the addition of the
inclusive dijet mode improves the sensitivity by approx-
imately 6.4%, 5.8%, and 4.8% at the 3 TeV, 6 TeV, and
10 TeV MuC, respectively.

Finally, we compare our results with the sensitivity
projections for the HL-LHC (/s = 14 TeV, L, = 3 ab™!)
and a 100 TeV pp collider (£, = 3 ab=!,30 ab~!) [45].
For M 7y = 1 TeV, the HL-LHC can achieve a

sensitivity limit of &=~ 1072, while the 100 TeV pp
collider reaches &=~2.1 x 1073(4.3 x 1073) for L =
30 ab™! (L, = 3 ab™"). For this relatively light M, both
hadron colliders outperform the MuC.

However, as My increases, the MuC demonstrates
significant advantages. Compared to the 3 TeV MuC,
the HL-LHC achieves similar & sensitivity at
My = 1.5TeV, while a 100 TeV pp collider reaches
this level at M, =2 TeV (with L, =3 ab™!) and at
My, =24 TeV (with L,,, = 30 ab™"). Beyond these mass
points, the sensitivity of both hadron colliders deteriorates
rapidly, with their reach limited to M, < 2.7 TeV. In
contrast, the multi-TeV MuC becomes increasingly effec-
tive at probing heavier My values within its kinematic
reach. This superior performance persists across different
MuC energies.

V. CONCLUSIONS

In this study, we have explored the discovery potential of
multi-TeV muon colliders (MuCs) for a heavy dark Z boson
(Zp) through the associated production channel
utu~ = Zpy. This production mechanism is central to our
approach, as it enables precise My reconstruction through
the recoil mass technique with well-measured photon
energy. We focused on two decay modes, Z, — jjX and
Zp — eTe™, and demonstrated that MuCs operating at 3, 6,
and 10 TeV with integrated luminosities of 1, 4, and 10 ab~!,
respectively, can significantly improve sensitivity to the
kinetic mixing parameter € over a broad Zp mass range—
particularly above 1 TeV—compared to hadron colliders.

A key advancement in our analysis is the implementation
of Mz _-dependent cuts on both the recoil mass (1,e..;) and
the electron-positron invariant mass (m,,). Instead of
employing fixed mass windows, our cuts are guided by
detector resolutions, Am,..,; and Am,,, which we deter-
mined as a function of both M, and \/s. This approach
accounts for the crucial fact that detector resolution
degrades for more energetic particles.

This energy dependence creates a powerful complemen-
tarity between the two analysis strategies. A lighter Zp
yields a highly energetic photon, enhancing Am.;, but
produces a less energetic eTe” pair, reducing Am,,.
Consequently, the m,,-based selection is superior for lower
Zp masses, while the m....;;-based selection becomes more
effective for heavier ones. Our optimized strategy leverages
this trade-off by applying an increasingly stringent m1...;
cut for heavy Zp signals, which is key to achieving high
sensitivity. For the Zp — eTe™ channel, we identified a
natural crossover in performance near M, = /s/2 in the
Zp — eTe™ channel, allowing us to deploy the optimal
selection in each mass regime and thereby maximize the
discovery potential across the entire spectrum.

The combination of jjX and eTe~ decay channels
further improves the overall sensitivity. While for
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My, <2 TeV, the sensitivity gains at MuCs are compa-
rable to those at the HL-LHC or a 100 TeV pp collider, our
strategy achieves & sensitivity down to O(1073) as M,
approaches /s, substantially outperforming any future
hadron colliders. These results demonstrate the fundamen-
tal advantages of MuCs—the ability to fully exploit the
c.m. energy and provide cleaner final states.

Looking ahead, these findings underscore the promise of
MuCs in probing heavy dark sectors that remain inacces-
sible at hadron colliders. The photon recoil mass technique
remains effective even when Zp decays into dark sector
particles. As detector simulations, reconstruction algo-
rithms, and statistical tools continue to advance, MuCs
will likely achieve even greater sensitivity. These develop-
ments establish the multi-TeV MuC as a pivotal facility for
deepening our understanding of the dark sector.
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