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Dark photons are predicted by various new physics models and are being intensively studied in a variety
of experiments. In the first part of this paper, we obtain partial wave unitarity constraints on the dark photon
parameter space from the allowed VV → VV scattering processes in the limit of large center-of-mass
energy, where V ¼ W, Z. In the second part of the paper, searches are performed using the expected
differential rates with a realistic detector simulation including a comprehensive set of background processes
on dilepton and dilepton plus a photon events at the High Luminosity LHC. In these searches, sensitive
differential distributions are used in an optimized way to determine the sensitivity to dark photon parameter
space. It is shown that remarkable sensitivity to the dark photon model is achieved, and kinetic mixing
strength can be probed down to ð1.4 − 10Þ × 10−4 for dark photon mass between 15 GeV to 2 TeV. We also
investigate the sensitivity of a future muon collider suggested by the muon accelerator program (MAP) to
the dark photon model at different center-of-mass energies. It is shown that a future muon collider is able to
reach a sensitivity to kinetic mixing at the order of 10−4.
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I. INTRODUCTION

Hidden sector states show up in several extensions of the
Standard Model (SM) [1–8] to explain thermal relic WIMP
dark matter [9–12], electroweak baryogenesis [13], hier-
archy and naturalness [14–16]. The hunt for dark sector
physics and hidden sector degrees of freedom are one of the
major components of the physics program at the High
Luminosity LHC (HL-LHC) and future colliders, such as
future circular collider (FCC) [17–19], lepton colliders
[20–22], and future muon collider [23–25].
In general, physics of dark sector could be characterized

by the dark sector particle content and the mediators that
connect the dark states to the SM fields. The interactions
between the SM and dark sector content could be written
either in terms of renormalizable or non-renormalizable
operators [26]. The approach of non-renormalizable oper-
ators is suitable when the masses of dark sector mediators
are larger than the energy scale of the process under
consideration. In such a case, the mediators can be
integrated out, and the interactions can be described in
terms of contact non-renormalizable operators. On the
contrary, if the mediators are light with respect to the
energy scale of the process in the experiment, they can be

produced on shell, and the interactions could be described
in terms of renormalizable operators, which is the
approach, we follow in the present work. So far, substantial
study has been performed to search for dark photon (ZD),
which is a hypothetical massive vector boson mediating the
interactions of dark matter particles [27–40]. Dark photon
does not directly couple to SM fields; however, it can
receive a small coupling to the electromagnetic current
from the kinetic mixing between the ZD and SM hyper-
charge. This coupling, which is tiny with respect to that of
the SM photon by a factor labeled ϵ, would provide a
possibility through which ZD can be produced in the
laboratory, and also it allows ZD to decay into visible
SM particles [26]. The kinetic mixing ϵ is an arbitrary
parameter; however, special ranges of ϵ are interesting,
which come from the loop level effects of heavier particles.
Particularly, quantum effects of a heavy state that carries
both SM hypercharge and Uð1ÞD charge typically generate
ϵ ∼ 10−4–10−2 [41–43]. Therefore, probing ϵ in the moti-
vated region is one of the main goals of searches in dark
sector physics. The value of kinetic mixing ϵ determines the
dark photon lifetime. For small kinetic mixing values, ZD
has a long lifetime, so therefore it decays at a macroscopic
distance from the point it is produced [3]. In this work, the
concentration is on values of the kinetic mixing with mZD

above ∼20 GeV that the dark photons decay promptly.
Clarification of the open questions in the SM and the

observed consistency between the current LHC data and
SM predictions has increased the desire to HL-LHC and
has revived the interest of the community into a multi-TeV
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muon collider program [23–25]. One of the marvelous
advantages of utilizing muon beams is less radiation than
electrons in a circular collider. While there are challenges
such as the difficulties of achieving high intensity and low
emittance muon beams, recent developments as well as
potential alternative ways to achieve high intensity muon
beams may lead to overcome the present limitations in the
coming few years. Therefore, multi-TeV muon colliders
could provide a new way to reach the energy frontier and to
allow direct production of new heavy states.
In the first part of this paper, we derive constraints on

dark photon interactions from partial wave unitarity,
examining the allowed VV → VV scattering processes in
the limit of large center-of-mass energies, where V ¼ W, Z.
The second part of the article is dedicated to collider
searches for the dark sector. Dilepton production and
dilepton production in association with a photon at the
HL-LHC are revisited as processes to probe dark photon.
Drell-Yan process at the HL-LHC has been already used in
Refs. [3,44,45] in search for dark photon. In the present
work, instead of repeating their analyses, a more detailed
study using the expected differential rates including real-
istic detector effects and all sources of background proc-
esses is performed. As a complementary channel, a study is
also carried out using dilepton production plus a photon at
the HL-LHC. For this process, a test statistic is performed
on the invariant mass of final state to derive sensitivity.
Then, for the first time, the Drell-Yan process at a multi-
TeV muon collider is used to probe the dark sector. Due to
the high energy and precision, the future multi-TeV muon
colliders offer a golden opportunity to probe dark photon
parameter space.
The organization of this paper is as follows. Section II

briefly describes the theoretical framework. Section III is
dedicated to obtain the unitarity constraints using the
VV → VV scatterings at high energies. In Sec. IV, we

describe the analyses for determining the potential of
HL-LHC to probe dark photons using the Drell-Yan and
Drell-Yan in association with a photon in proton-proton
collisions at

ffiffiffi
s

p ¼ 14 TeV using 3000 fb−1 integrated
luminosity of data. In Sec. IV, we also obtain prospects
of a future multi-TeV muon collider at different center-of-
mass energies and discuss the impact this has on our limit
projections. Section V contains our conclusions.

II. THEORETICAL FRAMEWORK

Dark sectors commonly comprise one or more mediator
states, which couple to the SM through a portal. The portal
describing the interactions of dark sector with SM is
dependent on the spin and parity of mediators. In general,
the mediator can be a fermion, a vector, a scalar, or a
pseudoscalar. In this work, we restrict ourselves to a simple
dark photon model based on the extension of the SM gauge
group to SUð3ÞC × SUð2ÞL × SUð2ÞY × Uð1ÞD, where
there is a kinetic mixing between a dark Abelian gauge
symmetry, Uð1ÞD and the SM Uð1ÞY . In such an approach,
a dark Higgs field S with nonzero vacuum expectation
value is used to break the new dark Uð1ÞD symmetry. The
related gauge terms in the Lagrangian are

L ⊃ −
1

4
ẐDμνẐ

μν
D −

1

4
B̂μνB̂

μν þ 1

2

ϵ

cos θW
Ẑμν
D B̂μν; ð1Þ

where the hatted fields are gauge eigenstates, Ẑμν
D ¼ ∂

μẐν
D −

∂
νẐμ

D and B̂μν ¼ ∂
μB̂ν − ∂

νB̂μ, denote the dark photon and
SM hypercharge field strengths, respectively. cos θW is the
cosine of Weinberg angle, and ϵ is the kinetic mixing
parameter. Themass eigenstates of gauge boson are obtained
by performing a rotation on the three neutral components of
the gauge fields B̂; ẐD, andW3 where a new mixing angle α
appears:

tan α ¼ 1 − δ2 − η2sin2θW − Signð1 − δ2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4η2sin2θW þ ð1 − η2sin2θW − δ2Þ2

p
2η sin θW

; ð2Þ

where

η ¼ ϵ

cos θW
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

cos2 θW

q ; ð3Þ

and δ relates the dark vector mass to SM Z-boson mass
before mixing; i.e., m2

ZD;0
≡ δ2 ×m2

Z;0, where mZD;0 and
mZ;0 are the dark photon and SM Z-boson masses before
mixing. θW is the Weinberg angle.
More details of the formulating of the model can be

found in Refs. [3,26]. The interaction between Z; ZD-boson
and the SM fermions has a form of gZðDÞff̄ZμðDÞf̄γμf, where

gZff̄ ¼
g

cos θW
ðcos αðT3cos2θW − Ysin2θWÞ

þ η sin α sin θWYÞ;
gZDff̄ ¼

g
cos θW

ð− sin αðT3cos2θW − Ysin2θWÞ

þ η cos α sin θWYÞ; ð4Þ

where f is the left- or right-handed fermion, and Y and T3

are the third component of hypercharge and weak isospin of
the fermion f, respectively. The potential describing the
SM Higgs and the dark Higgs sector has the following
form:
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VðH; SÞ ¼ −μ2jHj2 þ λjHj4 − μ2SjSj2 þ λSjSj4
þ κHSjHj2jSj2; ð5Þ

where S is the singlet dark Higgs field, and the SM Higgs
doublet is denoted by H. The dark Higgs S and SM Higgs
fields are linked through a renormalizable parameter κHS.
Requiring the stability of the potential at large field values

points to the requirement λ; λS > 0 and κHS ≥ −2
ffiffiffiffiffiffiffi
λλS

p
[46]. The constraint obtained from the requirement of
perturbative unitarity leads to κHS ≤ 8π [47]. Indirect
and direct constraints on dark Higgs mass and the corre-
sponding mixing have been obtained in Ref. [48]. After
spontaneous symmetry breaking, the mixing between the
dark Higgs and SM Higgs is defined by θh angle, which is
related to κHS in Eq. (5) via the following relation:

tan θh ¼
λv2 − λSv2S − Signðλv2 − λSv2SÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2v4 þ λ2Sv

4
S þ v2v2Sðκ2HS − 2λλSÞ

p
κHSvvS

; ð6Þ

where v and vS are the vacuum expectation values of the
SM Higgs and the singlet scalar, which generates dark
Higgs mass. For small mixing angles [3],

tan θh ≈
κHS

2
×

vvS
λSv2S − λv2

: ð7Þ

There are several extensive experimental and phenom-
enological studies on searching for dark photon. The LHCb
experiment searches are done for both promptlike and long-
lived dark photons using the events produced in proton-
proton collisions at a center-of-mass energy of 13 TeV [30].
The search is based on the dimuon decays using data
corresponding to an integrated luminosity of 5.5 fb−1. No
evidence for dark photon has been found, and stringent
exclusion limits at 90% confidence level are determined on
the kinetic mixing strength on the mass region 0.214 <
mZD

< 0.740 GeV and 10.6 < mZD
< 30 GeV. Another

search has been performed by the CMS collaboration for
a narrow resonance decaying to a dimuon pair using
proton-proton collision data corresponding to an integrated
luminosity of 137 fb−1 [27]. No deviation from the SM
prediction has been observed in the explored mass ranges.
Constraints on the kinetic mixing have been derived over
the mass region of dark photon in the range of 30–75 GeV
and 110–200 GeV.
In Ref. [3], it has been shown that the direct Drell-Yan

production provides high sensitivity to dark photon and can
probe ϵ ≥ 9 × 10−4 at the HL-LHC and ϵ ≥ 4 × 10−4 at the
FCC-hh with

ffiffiffi
s

p ¼ 100 TeV. Indirect constraints from the
global fits to electroweak precision observables from the
measurements at LEP, Tevatron, and the LHC have been
also obtained in Ref. [3] which excludes ϵ≳ 3 × 10−2 for
5≲mZD

≲ 100 GeV. There are bounds on dark photon
parameters from beam-dump experiments [49–51], fixed-
target experiments [52], and rare meson decays [53]. In
Ref. [54], an estimate for a dark photon search at the LHeC
and FCC-he through the dark photon displaced decays into
two charged particles and in a mass range of 10 to 700MeV
has been studied. The LHeC (FCC-he) can exclude dark

photons in the considered mass range with ϵ larger than
2 × 10−5ð10−5Þ.
In the next section, limits on dark photon interactions

from partial wave unitarity are derived from the VV → VV
scattering processes.

III. UNITARITY CONSTRAINTS

Violation of the partial wave unitarity indicates that new
fundamental degrees of freedom or new composite states
must be present around or below the scale of unitarity
violation to preserve a physical behavior of scattering
amplitudes. Unitarity requirement imposes consistency
conditions on the theory parameters to be valid up to a
given energy scale. On the other hand, for given values of
the dark photon parameters, unitarity imposes an upper
bound on the energy scale at which the theory is valid. We
obtain constraints on the kinetic mixing from the partial
wave unitarity, examining VV → VV scattering processes
in the limit of large center-of-mass energy. A natural
version of the unitarity requirement is [55]

jReða0Þj ≤
1

2
; ð8Þ

where a0 is corresponding to the J ¼ 0 partial wave:

a0 ¼
1

32π

Z þ1

−1
Mðcos θÞd cos θ: ð9Þ

There are several s- and t-channel diagrams containing
the exchange of a dark photon ZD, Z, γ, and Higgs boson
combined with the four-point interaction for the elastic
scattering of WþW− → WþW−. Representative Feynman
diagrams for WþW− → WþW− scattering are depicted in
Fig. 1. In addition to ZD, there are contributions from dark
Higgs boson to the WþW− → WþW− scattering. These
contributions are expected to be small in the low mass
region of dark Higgs boson as the coupling of dark Higgs
with WþW− is proportional to m2

W sin θh=v [48]. At low
mass region mS ≲ 10 GeV, any value of θh above ∼10−4
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has been excluded from LHCb [56,57], BNL-E949 [58],
CHARM [59], LSND [60], and MicroBooNE [61] experi-
ments. A summary of the reach from the present and
proposed experiments for a dark Higgs boson are depicted
in Ref. [62]. As a result, the contribution of light dark Higgs

in the partial wave amplitude a0 is suppressed by a factor
of ðm2

W sin θh=vÞ2 ≲Oð10−6Þ.
Total amplitude for all contributing diagrams in the high

energy limit has the following form:

Mtotal ¼ −
g2m2

H

4m2
W

�
s

s −m2
H
þ

s
2
ð1 − cos θÞ

s
2
ð1 − cos θÞ þm2

H

�
−
sin2θhs
2v2

ð1þ cos θÞ − sin2θhm2
S

v2

�
s

s −m2
S
þ

s
2
ð1 − cos θÞ

s
2
ð1 − cos θÞ þm2

S

�

−
g2s
4m4

W
sin2αcos2θW

�
3s
2
cos θ þ 3m2

ZD

2
ð1þ cos θÞ þ s

4
ðcos2θ − 3Þ − 8m2

W cos θ

�
; ð10Þ

where s is the center-of-mass energy, θ is the scattering angle,mH is SM Higgs boson mass,mS is dark Higgs mass, andmW
is W boson mass. After integration over cos θ from −1 to 1, we find:

Z þ1

−1
Mtotald cos θ ¼ −

g2m2
H

4m2
W

�
2s

s−m2
H
þ 2−

2m2
H

s
ln

�
1þ s

m2
H

��
−
sin2θhs
v2

−
sin2θhm2

S

v2

�
2s

s−m2
S
þ 2−

2m2
S

s
ln

�
1þ s

m2
S

��

−
g2s
4m4

W
sin2αcos2θW

�
3m2

ZD
−
4

3
s

�
: ð11Þ

As it can be seen, the scattering amplitude grows as the
center-of-mass energy increases. It is notable that the term
proportional to s arises from the diagram where dark
photon ZD is exchanged. The contribution of dark photon
leads to unitarity violation at high energies. The partial
wave amplitude a0 in the high energy limit where
m2

S; m
2
H ≪ s becomes

a0 ¼ −
m2

H

8πv2
−

s
32πv2m2

W
sin2 α cos2 θW

�
3m2

ZD
−
4

3
s

�

−
sin2 θhm2

S

8πv2
−
sin2 θhs
32πv2

: ð12Þ

Applying the partial wave unitarity condition in Eq. (8),
one finds upper limits on ϵ for different masses of the dark
photon. In the left panel of Fig. 2, the upper limit on kinetic
mixing strength ϵ versus the center-of-mass energy for four
choices of the dark photon mass and for two cases of ðθh ¼
0.001; mS ¼ 1 GeVÞ (top) and ðθh ¼ 0.1; mS ¼ 200 GeVÞ
(bottom) is presented. As expected, the constraint on ϵ gets
tighter as

ffiffiffi
s

p
grows. Among different masses, for mZD

close to the Z boson mass, the best sensitivity is achieved;
however, with increasing mZD

, weaker bounds on ϵ are
obtained. In the right plot of Fig. 2, an upper constraint on ϵ
in terms of dark photon mass for three assumptions of
center-of-mass energies of

ffiffiffi
s

p ¼ 0.1Ecm; 0.5Ecm and Ecm
is presented. In deriving the limits, the value of Ecm is set to
13 TeV. The higher

ffiffiffi
s

p
the stronger limit on ϵ. We find that

for mZD
≲ 50 GeV, with the center-of-mass energy offfiffiffi

s
p ¼ 13 TeV, any value of ϵ above 10−3 is excluded by
the unitarity conditions. From a comparison of top and
bottom plots in Fig. 2, no significant dependence on the
dark Higgs and the mixing angle is observed, which is
expected in particular at low mass values. At the end of this
section, it is worth mentioning that the bounds derived from
ZZ → ZZ are found to be 2 orders of magnitude looser than
those obtained from WW → WW, and at lowest order,
ZDZD → ZDZD process provides no constraints on ϵ since
the amplitude has no dependence on ϵ.

IV. COLLIDER SEARCHES

The planned HL-LHC at 14 TeV with an integrated
luminosity of 3000 fb−1, future hadron and electron-positron
colliders, and multi-TeV muon colliders provide excellent

+W

-W

+W

-W

*γ Z /  ,DZ

H,S

H,S

+W

-W

+W

-W

+W

-W

+W

-W

FIG. 1. Representative Feynman diagrams contributing to
WþW− → WþW− scattering. In this figure, H is the SM Higgs
boson, and ZD is dark photon.
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opportunities to explore dark photon. In this section, we
revisit the potential of the HL-LHC to probe the dark photon
using Drell-Yan and Drell-Yan associated with a photon. We
also present the prospect of amulti-TeV futuremuon collider
to probe dark photon through Drell-Yan process. In all of the
analyses presented in this section, ϵ andmZD

are probed, and
it is assumed that the dark Higgs is heavy and themixing κHS

is set to a very small value (κHS ∼ 10−10).

A. Dilepton production through dark photon
at the LHC

One of the processes that provides an excellent sensitivity
to dark photon is the Drell-Yan production process,
pp → ZD. Among the decay modes of ZD, the hadronic
decay mode of ZD is the major decay channel; however, due
to large contribution of multijet background, it is hard to
achieve good sensitivity. On the other hand, the leptonic
decay mode of ZD has smaller background, and lepton
reconstruction and identification efficiency and energy

resolution are much better than those for jets. In
Ref. [3,44,45], the HL-LHC potential to search for ZD have
been estimated using the Drell-Yan process in the presence
of dark photon. In this section, it is shown that the jΔηj ¼
jηlþ − ηl− j distribution is a sensitive variable to search for
dark photon inpp → ZD → lþ þ l−.We consider themain
sources of background processes and take into account a
CMS-like detector effects to probe the parameter space of
dark photon. The dominant SMbackgrounds to the assumed
signal process are SM Drell-Yan pp → Z=γ� → lþ þ l−;
production of two massive gauge bosons WW;WZ; ZZ
where the W and Z bosons can decay leptonically and/or
hadronically; Drell-Yan production of τþτ− with their
subsequent decays to electron and muon pairs; tt̄ in
particular in the dileptonic decay mode; single top in tW-
channel; and misidentified contribution where jets are
misidentified as leptons.
Consider the lepton pair production through an inter-

mediate ZD; Z boson or a photon in proton-proton

FIG. 2. Left: the upper limit on ϵ is shown versus
ffiffiffi
s

p
formZD

¼ 20, 80, 200, and 400 GeVassuming ðθh ¼ 0.001; mS ¼ 1 GeVÞ (top)
and ðθh ¼ 0.1; mS ¼ 200 GeVÞ (bottom). Right: upper bound on ϵ in terms of mZD

for three choices of center-of-mass energies offfiffiffi
s

p ¼ 0.1Ecm; 0.5Ecm and Ecm, where Ecm is assumed to be 13 TeV. The bounds are shown for ðθh ¼ 0.001; mS ¼ 1 GeVÞ (top) and
ðθh ¼ 0.1; mS ¼ 200 GeVÞ (bottom).
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collisions at the LHC. The cross section and differential
cross sections can be factorized as follows:

dσðpp → lþl−Þ
dmll

¼
X
q;q̄

Z
dx1dx2fqðx1; QÞfq̄ðx2; QÞ

×
dσ̂ðqq̄ → lþl−Þ

dmll
; ð13Þ

where mll is the invariant mass of dilepton, x1;2 are the
momentum fractions of the quark q and anti-quark q̄
partons in the protons, and fq;q̄ðxi;QÞ are the proton
parton distribution functions, which are dependent on a
factorization scale Q. The invariant mass is related to the
center-of-mass energy viamll ¼ ffiffiffî

s
p ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

x1x2S
p

, where
ffiffiffî
s

p
and

ffiffiffi
S

p
are the partonic center-of-mass energy and center-

of-mass energy, respectively. The cross section of dilepton
production consists of terms arising from exchange of
γ; Z; ZD, as well as the interference terms [63]:

dσðpp → lþl−Þ
dmll

¼ dσγγ
dmll

þ dσZZ
dmll

þ dσZDZD

dmll
þ 2

dσγZ
dmll

þ 2
dσγZD

dmll
þ 2

dσZZD

dmll
: ð14Þ

The differential cross section of pure signal reads

dσZDZD

dmll
¼
X
q;q̄

dηlþdηl−x1fqðx1Þx2fq̄ðx2Þ
2ffiffiffî
s

p dσ̂ZDZD

dΔη
; ð15Þ

where

dσ̂ZDZD

dΔη
¼ 1

32πNccosh2
Δη
2

ŝ
ðŝ −m2

ZD
Þ2 þm2

ZD
Γ2
ZD

×
X2
i¼0

cqi

�
−

e−
Δη
2

2 cosh Δη
2

�i

; ð16Þ

where NC ¼ 3, ΓZD
is the total width of dark photon. The

partonic differential cross section for the interference terms
has the following form:

dσ̂ij
dΔη

¼ ŝ
32πNc

ðŝ −m2
i Þðŝ −m2

jÞ þmimjΓiΓj

½ðŝ −m2
i Þ2 þm2

iΓ2
i �½ðŝ −m2

jÞ2 þm2
jΓ2

j �

× cq2;ij
1

cosh2 Δη
2

�
−

e−
Δη
2

2 cosh Δη
2

�2

; ð17Þ

where i;j¼γ;Z;ZD and the cq0;1;2 coefficients are defined as

cq0 ¼ ½ðgVq Þ2 þ ðgAqÞ2�:½ðgVl Þ2 þ ðgAlÞ2� − 4gVq gAqgVlg
A
l ;

cq1 ¼ 2cq0;

cq2 ¼ ½ðgVq Þ2 þ ðgAqÞ2�:½ðgVl Þ2 þ ðgAlÞ2�;
cq2;ij ¼ 2½gVq;igVq;j þ gAq;jg

A
q;j�:½gVl;igVl;j þ gAl;jg

A
l;j�; ð18Þ

The vector and axial couplings gV;Ai for leptons and quarks
to γ, Z, and ZD are

γ∶gVf ¼ eQf; gAf ¼ 0;

Z∶gVf ¼
e

sinθW cosθW

�
cosα

�
T3

2
−Qfsin2θW

�

−ηsinαsinθW

�
T3

2
−Qf

��
;

Z∶gAf ¼
e

sinθW cosθW
ðcosα−ηsinαsinθWÞ

T3

2
;

ZD∶gVf ¼
e

sinθW cosθW

�
−sinα

�
T3

2
−Qfsin2θW

�

−ηcosαsinθW

�
T3

2
−Qf

��
;

ZD∶gAf ¼
e

sinθW cosθW
ð−sinα−ηcosαsinθWÞ

T3

2
; ð19Þ

where Qf is fermion electric charge. Because the main
irreducible background; i.e., Drell-Yan has exactly the
same initial and final states as signal, and there is
interference between signal and background at tree level
appeared in Eq. (14) by σγZD

and σZZD
. In Fig. 3, the

normalized differential partonic cross section for signalþ
background and for Drell-Yan only is depicted. The signal
curves belong to two choices of mZD

¼ 50 and 1200 GeV
with ϵ ¼ 0.05. As one can see, at large Δη values, the

FIG. 3. The differential partonic cross section of jΔηj ¼ jηlþ −
ηl− j for the SM, mZD

¼ 50 and 1200 GeV assuming ϵ ¼ 0.05.
The SM expectation is depicted by the green curve, and the
orange and blue curves present the SMþ ZD with mZD

¼ 50 and
1200 GeV, respectively.
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dilepton production rate gets separated from the SM Drell-
Yan process and goes up visibly above the SM. This
discrepancy is expected to be more important at large ŝ,
which is corresponding to large mZD

. Therefore, more
sensitivity to heavy dark photons is expected. In the
following, this difference in shape is used to probe the
dark photon parameter space.
The dark photon signal events are simulated with the

MadGraph5-aMC@NLOMonte Carlo generator [64–66], and an
already available Universal FeynRules Output (UFO)
model [67].1 The parton level events are passed through
PYTHIA8 [68] to perform parton shower, hadronization and
decay of unstable particles. As mentioned, the effects of
detector are simulated with DELPHES3.3.2 package [69]. The
simulated samples for background processes are also
generated in a similar fashion. The selection of events is
designed to identify opposite-sign charged lepton events
compatible with the dilepton events arising from dark
photon while suppressing the contribution of background
processes. The analysis concentrates on events with prompt
ZD decays and not on displaced dark photon. In order to
trigger the events, one can either rely on the single lepton or
double lepton triggers. The charged lepton transverse
momentum requirements are applied to satisfy the double
lepton triggers. The leading lepton is required to have
pT > 25 GeV, and the second lepton must have
pT > 20 GeV. Pseudorapidity ranges are chosen to cover
regions of good reconstruction quality. For electrons and
muons, it is required that jηj < 2.4. The leptons are
required to satisfy isolation criteria. The relative isolation
for a charged lepton defined as

RelIso ¼
PΔRðl;kÞ<0.3

k pTðkÞ
pTðlÞ

; ð20Þ

where in the numerator, the sum is over the transverse
momenta of particles residing inside a cone with a radius of
R ¼ 0.3, except the charged lepton. For both electrons and
muons, it is required RelIso < 0.15. In addition,
ΔRðlþ;l−Þ is required to be larger than 0.3. To reduce
the contribution of low-mass resonances and charged
leptons from hadrons decays, the invariant mass of dilepton
is required to be larger than 10 GeV. Furthermore, the
transverse momentum of the lepton pair must satisfy pll

T >
30 GeV to reduce background contributions from non-
prompt leptons. In order to reduce background contribu-
tions from VZ (V ¼ W, Z) production, events with a third,
loosely identified charged lepton with pT > 10 GeV are
discarded. For further background suppression, the magni-
tude of missing transverse momentum is required to be less
than 20 GeV, and events containing any b jet with pT >
30 GeV and jηj < 2.4 are discarded. This helps reduce the

contributions from tt̄ and single top tW channel. The
normalized distribution of jηlþ − ηl− j for dark photon with
ϵ ¼ 0.01; mZD

¼ 200 GeV and for the main background
processes after the above cuts are depicted in Fig. 4.
In order to obtain the projected sensitivity for the dark

photon parameters, we define a χ2 statistic over the jΔηj
distribution as follows:

χ2ðϵ; mZD
Þ ¼

X
i∈bins

ðNi
SMþDPðϵ; mZD

Þ − Ni
SMÞ2

ðδiÞ2 ; ð21Þ

where Ni
SMþDPðϵ; mZD

Þ denotes the number of events in the
ith bin, after the selection cuts described above, and Ni

SM is
the SM prediction. The uncertainties δi are both statistical
and systematic uncertainties. Systematic uncertainties are
taken from a CMS experiment analysis, where a differential
cross section of Drell-Yan has been measured in both
electron and muon channels [70]. The systematic uncer-
tainties are considered differently in three mass regions of
low mass (below 40 GeV), Z-boson peak region, and high
mass region (above 200 GeV). In this work, on the electron
and the muon channels, the systematic uncertainties related
to the electron channel are applied. Since the uncertainties
related to the electron channel are larger than the muon
one, this makes the estimate of the sensitivities more
conservative.
Confidence level intervals are then calculated using

1 − CL ¼
Z

∞

χ2
fmðxÞdx; χ2 ¼ χ2ðϵ; mZD

Þ; ð22Þ

where fmðxÞ is the χ2 distribution of m degrees of freedom
evaluated considering the number of free parameters and
the number of total bins. In order to increase the sensitivity,

FIG. 4. The normalized distribution of jΔηj ¼ jηlþ − ηl− j for
dark photon signal with mZD

¼ 200 GeV and for the main
background processes of Drell-Yan, tt̄, and diboson.

1http://insti.physics.sunysb.edu/curtin/hahm_mg.html.
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an additional cut is imposed on the dilepton invariant mass
mll so that the best sensitivity is achieved. For each mZD

,
it is required the lepton pair in each event to satisfy:
Δ1 < jmll −mZD

j < Δ2, where Δ1;2 are optimized sepa-
rately for each value of mZD

to obtain the best limit on ϵ.
The scan is performed using the χ2 statistic calculated at an
integrated luminosity of L ¼ 3000 fb−1, and the allowed
region evaluated in the ϵ −mZD

plane at 95% confidence
level is depicted in Fig. 5. For the ZD mass range of 15 GeV
to 2 TeV (except 60–100 GeV), any value of ϵ above
ð1.4 − 10Þ × 10−4 can be excluded using this analysis.

B. Dark photon production associated
with a photon at the LHC

Within the SM, studying Z boson production in asso-
ciation with a photon at the LHC plays an important role as
it provides crucial tests of the electroweak sector. The Z þ γ
measurements are used to search for the effects of new
physics beyond the SM such as direct couplings of Z
bosons to photons. There are measurements for the inclu-
sive and differential Z þ γ production cross sections using
different datasets collected at center-of-mass energies and
in lþl−, νν, and bb̄ channels by the ATLAS and CMS
collaborations [71–74]. Compared to the bb̄þ γ and ννþ γ
channels, the lþl− þ γ channel provides the possibility for
cross section measurements with lower background con-
tributions and less uncertainties from systematic sources.

Therefore, in addition to dilepton production from dark
photon, lþl−γ channel with its clean final state and under-
control systematic sources can be used to probe dark
photon physics. In this section, the focus is on search
for dark photon in pp → lþl−γ considering a realistic
CMS-like detector effects and the main sources of back-
ground processes.
The dominant background to the lþl−γ signal comes

from the SM lþl−γ events. Other background contribu-
tions arise from tt̄γ (with one or both top quarks decaying
semileptonically), VV, VVγ (where V ¼ W, Z) (including
W and Z bosons decays to final states involving τ-leptons).
There are contributions to the background composition
from events containing Higgs boson with H → Z þ γ
decays where Z → lþl−, which is found to be negligible
after the full selection described below.
Similar to the previous analysis described in Sec. IVA,

the signal and background processes are generated using
MadGraph5-aMC@NLO event generator, then PYTHIA8 to per-
form parton shower, hadronization, and decay of unstable
particles, and the impact of a CMS-like detector is
simulated with DELPHES3.3.2.
Signal events are selected by requiring the existence of a

photon together with a same-flavor lepton (e or μ) pair. The
contributions from background events coming from proc-
esses producing nonprompt leptons or photons are signifi-
cantly suppressed by applying isolation requirements on
the photon candidate and the two leptons. Similar trigger
requirements and isolation criteria as described in the
Drell-Yan analysis are imposed on the leptons. Photon
candidate is required to have a pseudorapidity in the range
jηj < 2.5 and to have a transverse momentum greater than
20 GeV and the relative isolation RelIso < 0.15 as defined
in Eq. (20). Events containing additional photons with
pT > 20 GeV, jηj < 2.5 and RelIso < 0.2 are rejected. In
addition to the above requirements, photon candidates are
required to be well separated from all electrons and muons
in the event by ΔRðl�; γÞ > 0.3, and lepton candidates are
required to be separated from each other in the event by
ΔRðl−;lþÞ > 0.3. The magnitude of missing transverse
momentum vector is required to be less than 20 GeV, which
helps reduce the background containing neutrino(s) in the
final state. To further suppress the contribution from tt̄þ γ,
VVγ, and single top plus a photon, events that have any jet
with pT > 30 GeV and jηj < 2.4 are rejected. For the sake
of reducing the contribution of backgrounds from low-mass
resonances, charged leptons from hadrons decays, mis-
identified photon, and Z boson decays, a lower cut is
applied on the invariant mass of dilepton. The concentration
in this analysis is on the dark photon mass region above
200 GeV where the misidentified background contribution
is suppressed. The signal efficiency for mZD

¼ 400 GeV
and ϵ ¼ 0.01 is 2.0%. The efficiencies of SM lþl−γ, tt̄γ,
WWγ, ZZγ, WZγ are 1.97%, 0.006%, 0.51%, and 1.03%,
1.58%, respectively.

FIG. 5. Future projection constraints on ϵ −mZD
parameters at

95% CL from dark photon Drell-Yan production and dilepton
production in association with a photon at the HL-LHC with
3 ab−1 are depicted as red dashed and blue dot-dashed lines,
respectively. The black solid curve shows the observed upper
limits on the kinetic mixing ϵ at 90% CL as a function of the dark
photon mass using dimuon final state in proton-proton collision
data collected by the CMS experiment at

ffiffiffi
s

p ¼ 13 TeV with an
integrated luminosity of 137 fb−1 [27]. The projection of the
CMS experiment results from dimuon channel to an integrated
luminosity of 3 ab−1 is also presented as the green solid curve.
Bounds at 95% CL from the electroweak observables are
presented as purple shaded region [3].
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Furthermore, there are background events from
Drell-Yanþ jets process containing nonprompt photons,
for example, arising from π0 or η0 decays. The probability
for a jet misidentified as a photon varies with the mis-
identified photon transverse momentum and is of the order
of ∼10−3ð10−5Þ for low (high) pT jets [75]. Its contribution
is estimated to be less than 3% of the total background
contribution in the signal region. We neglect this back-
ground in the analysis; nevertheless, a dedicated and a
detailed detector simulation has to be performed to esti-
mate it.
In order to assess the sensitivity, having obtained the

predicted signal, a profile likelihood ratio test statistic is
constructed over an optimised range of mllγ. The con-
straints on the kinetic mixing versus the dark photon mass
at 95% CL are presented in Fig. 5 as dot-dashed blue curve.
An overall systematic uncertainty from Ref. [76] is con-
sidered in extracting the limits. The limit is obtained using
an integrated luminosity of 3 ab−1. As can be seen, in the
high mass region mZD

≥ 200 GeV, kinetic mixing param-
eter ϵ can be excluded for any value above ∼10−4.

C. Projection of ZD → μ+ μ− measurement at HL-LHC

In Ref. [27], CMS collaboration has performed a search
for a dark photon decaying to a pair of muons ZD →
μþ þ μ− using data recorded at a center-of-mass energy of
13 TeV. The search has been done in the mass ranges of
45–75 GeV and 110–200 GeV using an integrated lumi-
nosity of 137 fb−1. It should be indicated that the search in
the mass range of 11.5–45.0 GeV has been carried out with
96.6 fb−1 data collected using high rate dimuon triggers.
The result of this search is shown in Fig. 5 as black solid
curve. The limits obtained using high rate dimuon triggers
for the mass range of 11.5–45.0 GeV is separated from
those derived with the standard triggers by a vertical pink
line. For the ZD mass range of 11.5–75 GeV (110–
200 GeV), any value of kinetic mixing parameter above
ð1 − 2Þ × 10−3ðð2 − 5Þ × 10−3Þ has been excluded by this
analysis. An extrapolation of the expected results to an
integrated luminosity of 3 ab−1 is performed, which are
presented in Fig. 5 as green solid curve. As seen, increasing
the integrated luminosity to HL-LHC benchmark would
improve the constraints on kinetic mixing parameter ϵ by a
factor of ∼6–7.
We note that stronger limits from the Drell-Yan ZD

production using a shape analysis on Δη distribution (red
dashed curve in Fig. 5) is achieved as compared to the
extrapolation of CMS experiment results (green solid curve
in Fig. 5). Different behavior ofΔη distribution with respect
to the SM background in particular for heavy dark photons
is the main reasons for this potential improvement. It is
notable that performing the shape analysis on Δη distri-
bution with only dimuon channel loosens the constraints
around 15%–25% depending on the dark photon mass. It is

found that at large ZD masses mZD
≳ 800 GeV, the

resulting limits from dark photon Drell-Yan are comparable
with those derived from lþl−γ signature. In the dark
photon mass region 200 to 800 GeV, lþl−γ limits are
slightly weaker than those of ZD production.

D. Prospects for a multi-TeV muon collider

Muon colliders are in particular noticed due to several
potential benefits such as availability of the full energy of
muons in collisions, clean environment compared to hadron
colliders, and significant mass suppressed synchrotron
radiation with respect to the electron-positron colliders.
They are excellent options, which allow us to scan the
Higgs boson resonance and to accurately measure its mass
and width. In addition, muon colliders are ideal to probe
new physics effects beyond the SM and to study narrow
resonances both as machines for precision and for explor-
atory purposes. The aim of this section is to present the
potential of a future muon collider in search for dark photon
and its ability to scan the dark photon parameter space.
We perform the search through the singly produced ZD

in the s channel via Drell-Yan production, i.e., μþ þ μ− →
lþ þ l− with l ¼ e, μ. The sensitivity of dilepton mea-
surements to dark photon can be obtained from dilepton
mass spectrum measurement or other differential distribu-
tions. Both in electron and muon colliders, photon radiation
is the effect that needs to be considered when a narrow
resonance is created in the annihilation channel. Such an
effect has been important in observation of J=ψ in electron-
positron collisions and in Z-boson production [77–79].
Photon radiation in dark photon production at μþμ−
collisions leads to the following modification factor in
the lowest order cross section:

�
ΓZD

mZD

�4α
π logð ffiffi

s
p

=mμÞ
; ð23Þ

where Γ is the width of dark photon, s is the center-of-mass
energy of the collision, and mμ is the muon mass. Such
QED effects have been accurately calculated for the
experiments at the large electron positron (LEP) collider
up to two-loop corrections [80]. As for the studies in muon
colliders, these corrections have been mentioned in studies
related to Higgs boson line shape and design of machine.
For example, the impact of this modification factor on
Higgs boson production rate is expected to be of the order
of 50% [81]. As seen in Eq. (23), this reduction factor
depends on the center-of-mass energy so that the higher

ffiffiffi
s

p
the larger suppression rate. For large dark photon masses
compared to Z boson mZD

> mZ and small values of the
strengths of kinetic mixing ϵ ≪ 1, ΓZD

=mZD
< ΓZ=mZ,

where ΓZ=mZ ¼ 0.02. Therefore, in this region of param-
eter space (mZD

> mZ and ϵ ≪ 1), the suppression factor
for Drell-Yan dark photon is greater than SM Drell-Yan,
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and as a result, more photon radiations are expected for SM
Drell-Yan. This effect shows up for instance in jp⃗ll

T j
distribution as more photon radiations give rise to further
imbalance in momentum of dilepton in the final state. In
this section, based on the difference between the shape of
SM Drell-Yan, which is the main irreducible background
and the dark photon signal in jp⃗ll

T j distribution, the
sensitivity to parameter space is derived.
According to the dilepton final state, there are different

SM background processes. The SM lþl− production,
WþW− when both of the W bosons decay leptonically,
ZZwhen at least one of the Z bosons decays to a lepton pair,
top quark pair in dilepton decay mode, and HZ when Z →
lþ þ l− are the main background processes. The back-
ground processes are generated using MadGraph5_aMC@NLO

to produce hard events. Showering, hadronization, and
decays of unstable particles are done with PYTHIA8. The
impact of detector is simulated using DELPHES3.5.0 consid-
ering the DELPHES card for muon collider.2 The analysis is
performed for two center-of-mass energies 1.5 and 6 TeV.
The signal final state is composed of two oppositely

charged same-flavour isolated leptons, electrons or muons,
compatible with a ZD boson decay. The cross section of
signal is much lower than that of the major reducible and
irreducible background processes, and therefore, an opti-
mum selection is needed to obtain a sample of sufficient
purity. To be consistent with the expected dark photon
signal topology, the selection requires leptons (e, μ) with
pT > 15 GeV and pseudorapidities of leptons are required
to be jηj < 2.5 for electrons and jηj < 3.0 for muons. Both
electrons and muons have to be isolated by applying similar
requirements on the RelIso variable to the LHC analysis as
defined in Eq. (20), presented in Sec. IVAwith a difference
of the size of isolation cone which is taken to be 0.1. In
addition, to ensure the charged leptons are well isolated, it
is required that ΔRðlþ;l−Þ > 0.3. To reduce background
processes containing neutrinos that appear as missing
energy in the final state, the magnitude of missing trans-
verse momentum is required to be less than 20 GeV, and the
invariant mass of the dilepton system is required to be
greater than 0.8 ×

ffiffiffi
s

p
. These suppress ZZ, top quark pair,

and WW background remarkably. As indicated, the signal
topology is characterized by a dilepton system; however,
due to photon radiations from initial state and/or final state,
the momentum of the dilepton system is not balanced, and a
deviation in total momentum is expected. In Fig. 6, the
magnitude of the total momentum of the dilepton system in
the transverse plane is presented for signal with mZD

¼
200 GeV and the strength of kinetic mixing of ϵ ¼ 0.01
and for the main irreducible SM Drell-Yan background,
WW, and ZZ processes. At

ffiffiffi
s

p ¼ 1.5 TeV, the efficiency
of signal for mZD

¼ 200 GeV and ϵ ¼ 0.01 is found to be

72.4%, and the efficiencies for background processes SM
Drell-Yan, WW, ZZ, top quark pair, HZ are, respectively,
72%, 0.5%, 0.02%, ≲10−4%, and 0.0.
As expected, the distribution of jp⃗ll

T j for dark photon
signal drops faster than the SMDrell-Yan. The distributions
of WW and ZZ background processes have a remarkable
tail at large values of jp⃗ll

T j because of the presence of
neutrinos, which cause larger imbalance in the total
momentum of the dilepton system. For the signal process,
the differential distribution for jp⃗ll

T j can be written in the
following form:

dσðϵ;mZD
Þ

djp⃗ll
T j ¼ dσSM

djp⃗ll
T jþ ϵ

dσint:ðmZD
Þ

djp⃗ll
T j þ ϵ2

dσZD
ðmZD

Þ
djp⃗ll

T j ; ð24Þ

where dσint:ðmZD
Þ=djp⃗ll

T j and dσZD
ðmZD

Þ=djp⃗ll
T j are the

interference term and the pure dark photon contribution,
respectively. This allows us to scan the parameter space
(ϵ; mZD

) using a χ2 statistic on the jp⃗ll
T j distribution. The

scan with the χ2 statistic calculated at the center-of-mass
energies of 1.5 TeV and 6 TeV is performed using the
integrated luminosities of 0.2,1,2 ab−1, and 4 ab−1, respec-
tively, and contours evaluated in the (ϵ; mZD

) plane at
95% confidence level are shown in Fig. 7. The average
luminosities for a future muon collider as suggested by
the muon accelerator program [24] at

ffiffiffi
s

p ¼ 1.5 TeV andffiffiffi
s

p ¼6TeV are 1.25×1034 cm−2s−1 and 12×1034cm−2s−1,
respectively. The integrated luminosity of 2 ab−1 at

ffiffiffi
s

p ¼
1.5 TeV is corresponding to five years of data taking, and
the benchmark integrated luminosity of 4 ab−1 at

ffiffiffi
s

p ¼
6 TeV is taken from Ref. [25].

FIG. 6. Distributions of jp⃗ll
T j for dark photon signal with

mZD
¼ 200 GeV and the strength of kinetic mixing of 0.01 at a

center-of-mass energy of 1.5 TeV. The distributions for the main
irreducible SM Drell-Yan background as well asWW and ZZ are
depicted.

2https://github.com/delphes/delphes/blob/master/cards/
delphes_card_MuonColliderDet.tcl.
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As seen inFig. 7,multi-TeVcolliders at the center-of-mass
energies of 1.5TeVand 6TeVoffer sensitivity to ϵ ≳ 10−4 for
dark photonwithmass greater than200GeV to around1TeV.
This is the same order of magnitude as exclusion limits
achievablewith searches basedondirectZD production at the
HL-LHC as presented in Fig. 5. As a final comment, we
discuss some possible ideas to improve the search strategy
and boost the sensitivity. Extending the final state to the
hadronic decays of the dark photon in addition to the dilepton
final state could be used as a good way to increase the signal
statistics and improve the sensitivity. Exploiting multivariate
techniques such as boosted decision trees (BDTs) or neural
networks (NNs) by using effective discriminating variables
help distinguish the dark photon signal from the dominant
background sources, which would lead to obtain better
results. Polarization of the muon beams can be used as a
superior tool to probe dark photon and to handle background
processes from signal as they have different chiral structures.

V. CONCLUSIONS

Dark sector states show up in many extensions of the
Standard Model, which mainly serve as candidates for the
dark matter in the universe. A dark sector can be proposed
with an additional Uð1ÞD dark gauge symmetry. It can
interact with the SM through kinetic mixing with the
hypercharge gauge boson where a kinetic mixing parameter
ϵ dealswith the coupling strength of the dark photon and SM
particles. In this paper, firstly, we obtained bounds on dark
photon parameters from partial wave unitarity, examining
the allowedWW → WW scattering processes in the limit of
large center-of-mass energy. The contribution of dark Higgs
in the WW → WW is considered. The limits from unitarity

examination depends on the center-of-mass energy of the
WW scattering and found to be ϵ < 0.001 for mZD

≤
50 GeV and

ffiffiffi
s

p ¼ 13 TeV. The results depend on the dark
Higgs mass mS and its mixing angle θh with the SM Higgs
boson and are presented for small values of mixing angle θh.
The bounds are not sensitive to mS and θh because the dark
Higgs coupling with WW is suppressed by sin θh.
The second part of the paper presented collider searches

for dark photon. The presence of dark photon could lead to
deviations from the SM predicted total and differential
cross sections of processes like direct ZD and ZD produc-
tion associated with a photon, which are used in the present
work. These processes are golden channels for dark photon
searches providing that the dark Higgs boson mixing with
SM Higgs boson is small. Performing a fast detector
simulation with DELPHES package and taking into account
the main sources of background processes, scans were
performed to constrain the dark photon parameter space
using pp → ZD → lþl− and pp → lþl− þ γ. For ZD
production, it has been shown that the presence of dark
photon modifies the jΔηj ¼ jηlþ − ηl− j distribution using
analytical calculation. The jΔηj distribution enables us to
differentiate between signal and the main SM background
processes. With performing a χ2 fit on jΔηj distribution,
and limits on ϵ versus mZD

were derived at HL-LHC.
Excluding Z boson mass window, for dark photon mass
from 15–80 GeV and 200–2000 GeV, ϵ could be excluded
down to ð1.4 − 10Þ × 10−4. In lþl− þ γ search, a test
statistic is performed over the mllγ distribution to extract
the limits. For mZD

¼ 200 GeV to 2000 GeV, constraints
between 0.0002–0.001 obtained on ϵ at HL-LHC. The
lþl− þ γ channel is a complementary channel to ZD
production at the LHC in particular for large mass of dark
photon where less background contribution contribute in
the spectrum.
Finally, we showed that multi-TeV muon colliders with

the clean environment have excellent sensitivity to dark
photons. Using μþ þ μ− → lþ þ l− at

ffiffiffi
s

p ¼ 1.5 and
6 TeV, considering detector effects and major sources of
background, we showed that for mZD

above 200 GeV to
around 1000 GeV, ϵ can be probed down to almost
ð3 − 5Þ × 10−4. Multi-TeV muon collider approaches the
same sensitivity to dark photon as Drell-Yan process at the
HL-LHC. Our conclusions for the dark photon sensitivity
were based on a preliminary detector performance imple-
mented in DELPHES, which may differ from the ultimate
detector performance of possible muon colliders.
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FIG. 7. Constraints on ϵ −mZD
plane at 95% CL from a

muon collider at
ffiffiffi
s

p ¼ 1.5 and 6 TeV with the integrated
luminosities of (0.2,1,2) ab−1 and 4 ab−1, respectively. Limits
from the electroweak observables are given as purple shaded
region at 95% CL [3].
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