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1 Introduction

The identification of dark matter (DM) is one of the most important current problems
in astroparticle physics, given the overwhelming observational evidence for it on many
different length scales. Aside from visible sector candidates for DM such as the weakly
interacting massive particle (WIMP), one may have dark matter arising from the hidden
sector. Here we discuss experimental limits on a model containing such a candidate that
arises from the extension of the electroweak sector of the Standard Model (SM) along with
an additional U(1)X gauge group of the hidden sector which kinetically mixes with the
gauge field of the hypercharge U(1)Y [1, 2]. For this, we consider a well motivated extension
with the Stueckelberg mechanism as the source of mass generation for the extra gauge
boson. As noted, the communication between the hidden and the visible sectors arises due
to kinetic mixing of U(1)X and U(1)Y . In this case, transition to the canonical basis requires
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diagonalization of a 3 × 3 mass matrix for the gauge fields involving U(1)X ,U(1)Y and the
gauge field for the neutral component of the group SU(2)L. In the canonical basis one finds
one massless field which is the photon and two massive fields which can be identified as the
Z boson and a massive dark field. This massive dark field can be viewed as a dark photon,
Z ′, since it is associated with a U(1)X factor and mixes with the SM photon. In this work,
Z ′ will take on a wide range of masses, from sub-GeV to multi-TeV values. In the canonical
basis, Z ′ will have interactions with the visible sector quarks and leptons while the Z boson
will also have interactions with the dark fermions which carry U(1)X quantum numbers.
Thus communication exists between the hidden and the visible sectors due to the exchange
of Z ′ and the exchange of Z. Several recent works in this framework can be found in [3–6].
For an overview of heavy Z ′ models see ref. [7] and of dark photons see ref. [8].

We will discuss the Stueckelberg model in more detail in section 2. However, here we
give a brief review of the mechanism for easy reference. Thus, let us consider the Lagrangian
with an abelian vector boson Cµ coupled to a pseudo-scalar σ so that

L = −1
4CµνC

µν − 1
2(mCµ + ∂µσ)(mCµ + ∂µσ) . (1.1)

This Lagrangian is gauge invariant under the transformations δCµ = ∂µε and δσ = −mε.
Using the gauge fixing term Lgf = − 1

2ξ (∂µAµ + ξmσ)2, the resulting Lagrangian has
the form

Ltot = −1
4CµνC

µν − m2

2 CµC
µ − 1

2ξ (∂µC
µ)2 − 1

2∂µσ∂
µσ − ξ

m2

2 σ2. (1.2)

Here one finds that Cµ is massive and decoupled from σ. We can include couplings with
matter in the usual way using the interaction term Lint = gAµJµ along with the constraint
∂µJµ = 0.

As noted earlier, in this work we will consider a Stueckelberg extension of the SM. In
the analysis, we use the coupling that Z ′ has with the SM fermions to derive constraints
on the model parameters based on searches at the LHC as well as precision measurements
of SM processes using Contur, a new tool to set exclusion limits. Further, DM searches
from direct and indirect detection experiments add more constraints which also depend
on the coupling between Z ′ and the dark fermions. The analysis covers a wide range of
the Z ′ mass, from the sub-GeV to multi-TeV mass range, and we discuss the parameter
space remaining after the multitude of constraints from a variety of experiments have been
imposed. We also perform a detailed analysis for a potential discovery of Z ′ at the high
luminosity LHC (HL-LHC) and discuss the mass reach of future forward detectors in the
sub-GeV mass region of the Z ′ boson. Several precision calculations have been performed for
LHC production of a heavy Z ′ [9, 10] and for tt̄ production with Z ′ and W ′ [11–13]. In this
work, our calculation is done at the NLO level without including the resummation effects.

The outline of the remainder of the paper is as follows: in section 2 we define the
hidden sector model and its communication with the visible sector and specifically of the
Z ′ with the Standard Model particles and with the dark fermion in the hidden sector.
In section 3 we list the different collider and dark matter direct and indirect detection
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experiments whose limits are recasted and used to constrain our model which we show in
section 4. In section 5 we give a detailed LHC analysis for a potential discovery of a TeV
mass Z ′. The sensitivity reach at forward detectors for a sub-GeV dark photon is discussed
in section 6. Conclusions are given in section 7. Further details related to the model are
given in appendix A while exclusion limits from Contur are shown in appendix B.

2 Dark photons in the Stueckelberg extension of the Standard Model

We give now a brief account of the extension of the electroweak sector of the Standard
Model with an extra U(1)X . The gauge content and matter content of this sector consist of
the gauge field Cµ and the dark Dirac fermion D. We will assume a kinetic mixing of the
U(1)X gauge field with the hypercharge gauge field of the SM as well as a Stueckelberg mass
growth of the U(1)X gauge field and for generality we allow a mass mixing of the U(1)X
gauge field with the U(1)Y field. Thus, the extended electroweak sector has the following
Lagrangian [14]

L = LSM + ∆L, (2.1)

where ∆L is the extended part of the Lagrangian given by

∆L = −1
4CµνC

µν + iD̄γµ∂µD − mDD̄D

− δ

2CµνB
µν − 1

2(∂µσ +M1Cµ +M2Bµ)2

+ gXQXD̄γµDCµ. (2.2)

Here the first line gives the free part of the Lagrangian for the U(1)X gauge boson Cµ

and the hidden sector Dirac fermion D, the second line gives the kinetic mixing and the
Stueckelberg mass mixing for Cµ with the hypercharge gauge field Bµ, and the last line
gives the interaction of Cµ with the Dirac fermion D. To obtain the mass eigenstates, we
diagonalize ∆L along with the Standard Model mass matrix for the gauge fields Bµ and
Aµ

3 , where the latter is the third component of the SU(2)L gauge field Aµ
a (a = 1, 2, 3). This

requires diagonalizing a 3 × 3 matrix involving the fields Cµ, Bµ, Aµ
3 and in the eigen-frame

where both the kinetic and the mass squared matrices are diagonalized, one has the gauge
bosons Aµ

γ , Z
µ, Z ′µ corresponding to the particles γ, Z, Z ′ where γ is the photon, Z is

the Z-boson, and Z ′ is the dark photon. In the canonically diagonalized frame the new
interactions are given by

∆Lint = D̄γµ(gZ′Z ′
µ + gZZµ + gγA

γ
µ)D + g2

2 cos θ ψ̄fγ
µ(v′

f − γ5a
′
f )Z ′

µψf . (2.3)

Here f stands for SM quarks and leptons. For the case when the kinetic mixing or
Stueckelberg mass mixing is small, one has gZ′ # gXQX , so gZ′ is of normal size. It is given
together with the couplings gZ and gγ in appendix A. The dark photon can have vector
and axial vector couplings with the fermions f in the visible sector (quarks and leptons)

v′
f = − cosψ[(tanψ − sδ sin θ)T3f − 2 sin2 θ(−sδ csc θ + tanψ)Qf ],

a′
f = − cosψ(tanψ − sδ sin θ)T3f .

(2.4)
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Here sδ = sinh δ, T3f is the third component of isospin, Qf is the electric charge for the
fermion f and θ and ψ are angles defined in appendix A. Here we also note that the
couplings of Zµ and Aγ

µ in the canonically diagonalized basis are also modified and are
given by [2]

∆L′
SM = g2

2 cos θ ψ̄fγ
µ
[
(vf − γ5af )Zµ

]
ψf + eψ̄fγ

µQfA
γ
µψf , (2.5)

where the modifications appear in the definition of the vector coupling vf and the axial-vector
coupling af which are given by

vf = cosψ[(1 + sδ tanψ sin θ)T3f − 2 sin2 θ(1 + sδ csc θ tanψ)Qf ],
af = cosψ(1 + sδ tanψ sin θ)T3f .

(2.6)

Here eqs. (2.4) and (2.6) are written with the assumption of zero mass mixing, i.e. M2 = 0,
which we take to be the case throughout this work. We note in passing that in the literature
the dark photon refers to a vector boson from an extra U(1) gauge field that has kinetic
mixing with a massless SM photon. In this case the dark photon does not mix with the Z

boson and so has no coupling to neutrinos. The Stueckelberg analysis is different in that
here, the extra U(1) gauge field mixes with the SM hypercharge U(1)Y gauge field and
since U(1)Y gauge field has mixing with the gauge field for the neutral component of the
SU(2)L triplet due to the SM Higgs mechanism one has in general a mass matrix which
mixes the three neutral fields. The resulting massive Z ′ has couplings to all SM fermions
just as the Z boson does. This is mentioned in order to draw a distinction between the two
approaches. For related works and extensions see [15–19].

3 Experimental constraints

In this section we list the different experiments and methods used in our analysis to constrain
the parameter space of the Stueckelberg dark photon model. The experimental limits we
use pertain to the Z ′ as well as to the dark fermion DM which we turn into constraints on
the model parameter space in the kinetic mixing-dark photon mass plane. The constraints
are also sensitive to the Z ′ decay channels, i.e., visible decays to SM fermions and invisible
decays to the dark fermion which we will refer to as dark decays.

The scan of the model parameter space and calculation of the relevant observables re-
quires a tool chain which we describe next. The Stueckelberg extension of the SM with a dark
sector is implemented in SARAH [20, 21] which produces the necessary SPheno [22, 23] model
files for spectrum generation. SARAH also automatically writes the CalcHep/CompHep [24, 25]
files used by micrOMEGAs [26] and the UFO [27] files needed by MadGraph5_aMC@NLO [28].
There are more necessary tools that have been used which we will refer to later in the paper.

3.1 Fiducial measurements of SM processes using Contur

Hundreds of differential cross section measurements were performed during the first two
runs of the LHC. These measurements, even though intended to test the SM of particle
physics, can still be used to investigate physics beyond the SM (BSM) due to their model-
independent nature. A software called Contur or “Constraints On New Theories Using
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Rivet” [29, 30] scans the SM analyses implemented in the Rivet (Robust Independent
Validation of Experiment and Theory) toolkit [31] to check whether a BSM signal is already
excluded, and if so, at which significance. Contur performs a χ2 test statistic to evaluate
the likelihood of the BSM model taking the experimental uncertainties into account. The
considered hypotheses are SM-only and SM+BSM. The CLs technique [32, 33] is then
used to derive the confidence level exclusion on the BSM theory at a given point of the
parameter space. This procedure is then repeated for each set of parameter values resulting
in a map of CL exclusions (more information about Contur and its statistical method used
to perform the exclusion procedure can be found in [34]). Many studies were performed
using the Contur toolkit to check different BSM scenarios [35–38] and it was shown that
limits from precision measurements of SM processes can be more constraining than BSM
searches at the LHC in some parts of the parameter space [39]. In this work, we use Contur
to set limits on the parameter space of our model. The signal cross section was calculated
at leading order using Herwig [40] for a center of mass energy of 7, 8, and 13TeV. Details
about the LHC analyses that contributed to the exclusions are given in appendix B. We
consider four cases in which the Z ′ is either heavy or light, and whether it decays only
to visible final states or to dark fermions as well. Furthermore, since Z ′ mixes with Z,
contributions to the Z boson mass and width are expected, so additional LEP constraints
are included [41–43].

3.2 LHC searches: dijet, dilepton and monojet limits

We call Z ′ heavy if its mass is greater than the Z boson mass and light if it’s smaller.
Models with an extra neutral gauge boson Z ′ are extensively tested and constrained by a
myriad of collider searches. ATLAS and CMS experiments have searched for a heavy Z ′

resonance and set stringent bounds on the ratio mZ′/gX , with gX being the gauge coupling
for a particular U(1)X extension of the SM. Searches for light Z ′ in the mass range of 1 to
∼ 80GeV have been carried out by CMS, LHCb and BaBar. Lighter masses have also been
investigated at beam dump experiments.

For heavy Z ′, ATLAS and CMS collaborations have looked for an excess of events in
the dijet invariant mass corresponding to the decay of a heavy vector resonance [44–52]
with up to 139 fb−1 of data at 13TeV. Since no significant excess has been found, limits
were set on the coupling and Z ′ mass based on a simplified model with a Lagrangian

Lsimp = −1
4FµνF

µν − 1
2M

2AµA
µ − ψ̄

(!
i
γµ∂µ +mD

)
ψ

+Aµψ̄(gV + γ5gA)γµψ + gqAµq̄γ
µq, (3.1)

where Aµ is the new massive vector boson field with mass M and Fµν is its field strength,
ψ is the Dirac fermion with mass mD, gV (gA) are the vector (axial vector) coupling of Aµ

with the Dirac fermion and gq is the coupling of the vector boson with the SM quarks. The
relevant part of the Lagrangian here is the term gqAµq̄γµq. A comparison between the
theoretical and observed cross sections using the simplified model of eq. (3.1) is translated to
constraints on gq. We recast the obtained limits to our model parameters as constraints on
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the kinetic mixing δ in the case where Z ′ does not decay to dark fermions, i.e., mZ′ < 2mD.
To do so, we follow the procedure in refs. [53, 54] and construct the log-likelihood

lnL = −2
[
(v′2

f + a′2
f )2 × BR(Z ′ → qq̄)2

g4q

]

, (3.2)

where we have ignored the term in the vertex proportional to m2
f/m

2
Z′ . The terms in the

numerator of eq. (3.2) have a non-trivial dependence on the kinetic mixing and is determined
as the one minimizing the log-likelihood function.

Unlike the simplified model of eq. (3.1), our model is not leptophobic and we have an
important decay channel to leptons. So our Z ′ can have dilepton decays which introduce
stringent constraints on the model parameter space. The dilepton channel is cleaner than
the dijet since the latter is contaminated by large QCD multijet background. Therefore,
the dilepton constraints are much more severe. In constraining the Stueckelberg model,
we use the most recent ATLAS dilepton search with Drell-Yan processes [55]. In recasting
limits from dilepton searches, we include possible interference effects with SM processes
involving Z and γ mediators using a modified version of the code ZPEED [56].

For mZ′ ≥ 2mD, the Z ′ → DD̄ channel opens up which means that the branching
ratios to leptons and quarks become smaller. So we expect in this case weaker dilepton
and dijet limits. However, monojet searches, pp → DD̄+jet, become relevant, i.e., missing
energy recoiling against a hard jet. For this, we use the most recent ATLAS and CMS
monojet searches [57, 58] to constrain the model parameter space. We updated the monojet
module in micrOMEGAs [59] with the most recent ATLAS and CMS data and used it as our
recasting tool.

For light Z ′, searches in the dimuon channel was carried out by CMS [60] as well as
LHCb [61, 62], where the latter investigated prompt and long-lived Z ′. The null results
from these experiments are translated into constraints on the kinetic mixing coefficient for
a dark photon model, i.e., a Z ′ which kinetically mixes only with the SM photon. To recast
those limits to our model, we implemented the Stueckelberg model in DarkCast [63, 64]
which has a large repository of the most up-to-date searches on dark photons.

3.3 BaBar, electron bremsstrahlung and beam dump experiments
Along with the LHC constraints, many other experiments have investigated a light Z ′ and
set constraints on the kinetic mixing in a simple dark photon model. BaBar analyzed
Z ′ production and decay to visible final states from e+e− annihilation, e+e− → Z ′ →
e+e− (µ+µ−) [65] and to invisible final states [66]. Furthermore, electron bremsstrahlung
experiments such as APEX [67] and A1 [68] studied the production and decay of Z ′ to e+e−

while NA64 [69] studied invisible decays of Z ′. Beam dump experiments such as E137 [70],
E141 [71], E774 [72], KEK [73], and Orsay [74] have studied long-lived dark photons. All
these limits are part of DarkCast which we use as our recasting tool in this mass range.

3.4 Relic density constraints
Not only is our scan of the parameter space over a wide range of Z ′ mass but also over a
wide range of the kinetic mixing coefficient. This adds a complexity related to the fact that
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for small δ, the dark sector, comprised of dark fermions and Z ′, may not be in thermal
equilibrium with the SM. This means that one can assume the standard treatment of the
freeze-out scenario adopted in codes like micrOMEGAs and darkSUSY [75] only in the case
where δ is large enough to maintain thermal equilibrium. The Boltzmann equation for the
number density of D is given by

dnD

dt
+ 3HnD = C[fD], (3.3)

where C[fD] is the collision term containing DM number-changing processes such as
DD̄ → ff̄ and DD̄ → Z ′Z ′. For DM lighter than the Z ′ mediator, the freeze-out DM
relic density is set by the annihilation processes into SM fermions. This processes is
proportional to ∼ (δgX)2. However, for DM heavier than Z ′, the process DD̄ → Z ′Z ′,
which is proportional to g4X , becomes kinematically accessible and will set the final DM
relic density. In the freeze-out scenario and considering a Maxwell-Boltzmann phase space
distribution, the collision term is given by

C[fD] = −〈σv〉(n2
D − n2

D eq), (3.4)

with the thermally averaged cross section given by

〈σv〉 = 1
K2(x)2

∫ ∞

1
ds̃ 4x

√
s̃ (s̃ − 1)K1(2

√
s̃x)σDD̄→XX , (3.5)

where the dimensionless parameters are x= mD/T and s̃=s/(4m2
D). We use micrOMEGAs [26,

59] to determine the DM relic density in the region where the pure freeze-out mechanism
is valid. In our scan, we accept points whose relic density is less than or equal to that
measured by the Planck collaboration [76]

(Ωh2)Planck = 0.120± 0.001, (3.6)

i.e., fDM = (Ωh2)D/(Ωh2)Planck ≤ 1, which keeps the door open for multi-component DM
scenarios.

In the very small kinetic mixing regime, the dark species will never reach thermal
equilibrium with the SM sector. Despite this, annihilation processes of the type ff̄ → DD̄

and ff̄ → Z ′ can gradually populate the dark sector and set the DM relic density via the
freeze-in mechanism [77]. The situation becomes more involved if the coupling gX among
the dark species becomes large enough so that the dark sector reaches thermal equilibrium,
i.e., D and Z ′ enter thermal equilibrium. In this case, the processes DD̄ ↔ Z ′Z ′ become
important and one needs to track the number density of Z ′ as well. Therefore, the calculation
of the relic density now requires solving the coupled Boltzmann equations

dnD

dt
+ 3HnD = −1

2〈σv〉DD̄→ff̄ (n2
D − n2

D eq) − 1
2〈σv〉DD̄→Z′Z′

(

n2
D − n2

D eq
n2
Z′

n2
Z′ eq

)

− 1
2〈σv〉DD̄→Z′n2

D + 〈Γ〉Z′→DD̄nZ′ , (3.7)
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dnZ′

dt
+ 3HnZ′ = −〈σv〉Z′Z′→DD̄

(

n2
Z′ − n2

Z′ eq
n2
D

n2
D eq

)

+ 1
2〈σv〉ff̄→Z′n2

feq

− 〈Γ〉Z′→ff̄nZ′ − 〈Γ〉Z′→DD̄

(

nZ′ − nZ′ eq
n2
D

n2
D eq

)

. (3.8)

This treatment is not part of micrOMEGAs freeze-in routine [78] and so we use our own
numerical calculations with the help of MATLAB ode15s to determine the DM relic density
in the case when thermal equilibrium cannot be guaranteed. The criteria we use to make
this judgment is based on comparing the DM annihilation rate, nD〈σv〉DD̄→ff̄ , and/or the
Z ′ decay rate, 〈ΓZ′↔ff̄ 〉, to the Hubble parameter H(T ). If the rates of both or any of
these processes are larger than H(T ) then a thermal equilibrium is established between the
two sectors and micrOMEGAs’s freeze-out routine is able to handle this scenario.

One final comment regarding the validity of eqs. (3.7) and (3.8) is in order. In writing
the Boltzmann equations in terms of the number density, one assumes a well-defined phase
space distribution (a Maxwell-Boltzmann distribution in this case). This is justified if
kinetic equilibrium can be maintained till after chemical decoupling of DM species. In
the standard freeze-out scenario, kinetic equilibrium is maintained through efficient elastic
scattering of DM with SM particles. However, when the coupling between DM and the
visible sector becomes small, elastic scattering may become inefficient causing early kinetic
decoupling. In our model, kinetic equilibrium can still hold and this is attributed to the
dark sector itself. Once produced, dark matter self-interactions can bring their momentum
distribution to a thermal distribution thus allowing one to use the Boltzmann equations for
number density (see figure 2 in ref. [79]). Furthermore, DM-Z ′ elastic scattering is strong
enough (owing to the large gauge coupling gX in the dark sector) to also keep Z ′ in kinetic
equilibrium. One can then avoid solving the full phase space Boltzmann equations and
instead consider the number density equations.

3.5 Dark matter direct detection
Experiments on DM direct detection involve the scattering of a DM particle off the nucleus
of a heavy material such as xenon. The voluminous experimental apparatus operates for
a period of time looking for an excess of nuclear recoil events as a result of DM-nucleon
spin-independent (SI) or spin-dependent (SD) scattering. The differential event rate is
given by

dR

dER
(ER) =

ρDM
2mDµ2

r
fDMσDnF

2(ER)η(ER, t), (3.9)

where ρDM is the DM density at the Sun’s location, µr is the DM-nucleon reduced mass,
F (ER) is the nuclear form factor, η(ER, t) contains all astrophysical information

η(ER, t) =
∫

|v|>vmin
d3v1

v
f(v), (3.10)

with f(v) the DM velocity distribution and

vmin =
√

mNER

2µ2
r

. (3.11)
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The DM-nucleon cross section, fDMσDn, refers to either the SI or SD cross section. The SD
cross section in our model is suppressed compared to the SI one. Furthermore, experimental
constraints on SD are much weaker than those on SI and therefore we do not discuss them
any further. We calculate fDMσSI and the total event rate using micrOMEGAs [80] which we
also use to recast limits from several experiments such as CDMSlite [81], CRESST-II [82],
CRESST-III [83], DarkSide 50 [84], LUX 2016 [85], PICO-60 [86, 87], PandaX [88, 89]
and Xenon1T [90]. We also take into account the most recent limits from LUX-ZEPLIN
(LZ) [91]. Note that there are two diagrams contributing to the SI cross section: the Z

and Z ′ exchange diagrams. Since setting M2 = 0 would prevent DM from acquiring a
millicharge, diagrams with photon exchange are absent as well as the ones with a Higgs
since, unlike a Higgs portal model, our DM has no coupling to the Higgs.

3.6 Dark matter indirect detection

Even though the DM particles have achieved a constant comoving number density, annihi-
lation of DM particles into the SM can still happen today especially in regions with large
density. The annihilation processes can result in γ ray emissions, charged particles (such
as electrons, positrons or even composite particles such as antiprotons and antideuterons)
as well as neutrinos. The detection of charged particles cannot be easily attributed to
DM annihilation since it is difficult to trace back the origin of those particles as they are
deflected by magnetic fields. However, γ ray photons are not affected by magnetic fields
and can be an important tool in DM indirect detection. The well known gamma ray excess
at the center of our galaxy [92] is an example but it remains debatable as the galaxy center
is a rich source of gamma rays from other astrophysical sources.

As DM annihilate into SM particles, charged final states can radiate off photons which
are the source of prompt γ ray emission. Photons can also come from the decay of pions
after final state quarks have hadronized. The differential photon flux due to DM annihilation
for an observation region dΩ is given by

dφ

dE dΩ(Eγ) =
r&
4π

1
4

(
ρDM
mD

)2
J
∑

i

f2
DM〈σv〉i

dNi

dEγ
, (3.12)

where r& is the location of the Sun in the galactic plane, the J factor contains astrophysical
information and the photon spectrum dNi/dEγ due to annihilation to some final state i

is determined by PYTHIA [93]. The annihilation cross section as well as the photon flux is
calculated using micrOMEGAs where tabulated results of dNi/dEγ from PYTHIA can be found.
The results are compared to the 6 years of data from the Fermi-LAT collaboration [94].
Notice that the photon flux is proportional to f2

DM which can help evade those constraints
in the case of multicomponent DM, i.e., for fDM , 1.

To determine the constraints on the DM thermally averaged annihilation cross section
from the Fermi-LAT measurements, we use the published data of 15 Milky Way dwarf
spheroidal galaxies (dSphs) from the Fermi-LAT collaboration [94]. The published six-year
Pass 8 data pertain to the measured photon flux and the bin-by-bin test statistic for each of
the dSphs considered in the analysis. Taking the LAT likelihood for target i as Li(µ,θi|Di),
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Figure 1. The 90% upper limits on the thermally averaged cross section using the Fermi-LAT
data [94] for Z ′Z ′ final state. We show the limits for different gX values (left panel) and different
mZ′ (right panel) with the 1σ uncertainty band.

where µ contains the DM model parameters, θi are the nuisance parameters and Di are the
gamma ray data, we construct the combined likelihood of 15 dSphs as

L(µ,θ|D) =
∏

i

Li(µ,θi|Di). (3.13)

Then we define the test statistic

qs = −2 ln
[
L(µ0, θ̂|D)
L(µ̂, θ̂|D)

]

, (3.14)

which determines the significance of the DM hypothesis. In our definition, µ0 represents
the theory parameters under the null hypothesis while the hatted variables are the best fit
parameters under the DM hypothesis. The upper limit on 〈σv〉 is determined for qs = 2.71
which represents a 90% quantile of a χ2 distribution. We present in figure 1 the obtained
upper limits for two cases: varying gX (left panel) and varying mZ′ (right panel). For the
DD̄ → Z ′Z ′ channel, we notice a strong dependence on gX and milder dependence on mZ′ .

The right panel of figure 1 shows two sharp dips in the upper limits for mZ′ = 400GeV
and 800GeV. Notice the dips occur at mD = mZ′/2 which corresponds to the resonance
region for the process DD̄ → ff̄ . In this case, the annihilation cross section becomes
very large which results in a large photon flux. Therefore, the analysis of Fermi-LAT data
produces very stringent bounds in this region and so the upper limit on 〈σv〉 becomes very
small, i.e., more stringent as can be seen from the dips. The limits we present in figure 1
will be translated into constraints on the kinetic mixing and dark photon mass.

4 Exclusion limits

In this section we give the exclusion limits on the Stueckelberg Z ′ model from the various
experimental constraints discussed in the previous section. The results pertain to the heavy
and light Z ′ for a wide range of kinetic mixing. Before we discuss the results, note that
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Figure 2. Exclusion limits from LHC analyses, LEP, DM relic density, direct and indirect detection
experiments in the kinetic mixing-Z ′ mass plane for mD = 2mZ′ (left panel) and mD = 1.5mZ′

(right panel). The dashed black contour shows the projected reach of HL-LHC in the dilepton
channel. Note that the region bordered by a red solid (dashed) line represents the 95% (68%) CL
from Contur.

the mZ′ in our model is not a free parameter as it depends on the kinetic mixing δ and
the mass parameter M1. In the case of vanishing mass mixing, recall that the Z ′ mass is
m2

Z′ = (q ± p)/2, where [2]

p =
√[

M2
1 c

2
δ +

v2

4
(
g2Y c

2
δ + g22

)]2
− M2

1 v
2c2δ(g2Y + g22), (4.1)

q = M2
1 c

2
δ +

v2

4
(
g2Y c

2
δ + g22

)
. (4.2)

The positive sign in m2
Z′ corresponds to a heavy Z ′ while the negative is for a light Z ′.

4.1 Heavy Z′ bosons

We first consider the case of a heavy Z ′ with mD > 2mZ′ , whose decay width to SM
fermions is given by

ΓZ′→ff̄ = Nc g22
48π cos2 θmZ′

√√√√1 −
4m2

f

m2
Z′

[

v′2
f + a′2

f +
2m2

f

m2
Z′

(
v′2
f − 2a′2

f

)]

, (4.3)

where Nc = 3 for quarks, 1 for leptons and 1/2 for neutrinos. In figure 2 we show the
relevant constraints in the kinetic mixing-Z ′ mass plane which include dijet and dilepton
searches from ATLAS and CMS as well as the LEP constraint. We also show constraints
from direct detection experiments (Xenon1T and LZ), Fermi-LAT and the DM relic density.
The latter only appears in the left panel for reasons we discuss thereafter. The figure also
exhibits the 95% and 68% CL regions obtained from Contur using precision measurements
of SM processes. We identify in figure 12 of appendix B the different analyses pools giving
the highest sensitivity for exclusion. In this figure we plot M1 rather than mZ′ .

In plotting figure 2, we chose mD = 2mZ′ (left panel) and mD = 1.5mZ′ (right panel)
which means that Z ′ has no dark decays and the process DD̄ → Z ′Z ′ is kinematically
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Figure 3. Limits from DM direct and indirect detection experiments, relic density and LHC
constraints from ATLAS dilepton, dijet and monojet searches at 139 fb−1 for mD = mZ′/4 and
gX = 0.1 (left panel) and gX = 1.0 (right panel). The 95% CL and 68% CL contours from Contur
and LEP constraint are also shown.

allowed. As a result, the DM relic density is set by the latter annihilation process and so
we expect the relic density to have mild to no dependence on the kinetic mixing δ. In fact,
for a fixed mZ′ , the relic density is solely determined by gX which we take here to be 1.0 in
the left panel. The gold-colored area in the left panel of figure 2 shows the region excluded
by the relic density. One can see that for a fixed mZ′ changing δ has no effect on the relic
density. But this begins to change for δ ! 0.3 as the boundary starts curving rightward for
larger mZ′ . The reason is that mZ′ is not an independent parameter. According to eqs. (4.1)
and (4.2), mZ′ depends on the scanning parameters M1 and δ. For small δ, mZ′ ≈ M1, but
for larger values, mZ′ . M1. In this case, the kinetic mixing starts affecting the relic density
because it causes the Z ′ mass to change. Larger mZ′ means that the process DD̄ → Z ′Z ′

becomes less efficient and so DM does not readily depletes causing the relic density to shoot
up. The relic density constraint disappears from the right panel for the choice mD = 1.5mZ′

and gX = 2.0 since in this case all points have a relic density smaller than eq. (3.6). As
one can clearly see from figure 2, DM (in)direct detection and dilepton searches as well as
the DM relic density (for the left panel) are the most constraining limits on the parameter
space. However, there remains parts of the parameter space that can still be explored as
seen from the right panel. We draw the projected reach in the kinetic mixing-mass plane
at HL-LHC in the dilepton channel (black dashed curve). We will explore in section 5 the
discovery potential of HL-LHC as a validity of this region drawn here. One more comment
is in order regarding the Contur limits from precision measurements of SM processes. As
seen from figure 2, those limits are very competitive and are more stringent than the dijet
limits and come close to the reach of the dilepton limits near 1TeV.

We now allow Z ′ to decay to the dark fermions by taking mD = mZ′/4, thus opening a
new decay channel with a decay width

ΓZ′→DD̄ = mZ′

12π g
2
X(R11 − sδR21)2

√

1 − 4m2
D

m2
Z′

(

1 + 2m2
D

m2
Z′

)

. (4.4)
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Figure 4. Constraints on the Stueckelberg model in the DM-Z ′ mass plane for two choices of δ
and gX . Limits from direct detection experiments, monojet and dilepton searches as well as the
relic density constraint eliminate most of the parameter space except near the resonance region for
smaller δ and gX (left panel).

This will weaken the limits from dilepton and dijet searches as one can clearly see from
figure 3, with the left panel corresponding to gX = 0.1 and the right one to gX = 1.0.
The LEP constraint as well as limits from precision calculations of SM processes obtained
from Contur are added along with limits from direct and indirect detection experiments.
Assuming thermal production of DM, the final DM relic density for this setup is set by
annihilation to SM fermions since now DD̄ → Z ′Z ′ is not accessible. The processes
DD̄ → ff̄ depend on δ2g2X and so the relic density can only be satisfied for large enough
δ as shown in figure 3. This region, however, is already excluded by LEP and dilepton
searches. Even for larger gX , the yellow region opens up but is still not enough to evade
LHC constraints. One can thus see that this parameter space is completely ruled out. But
this only corresponds to the DM-Z ′ mass relation used here. So it is important to check
other values by scanning over mD and mZ′ instead.

Figure 4 shows the different experimental constraints in the DM-Z ′ mass plane for a
specific choice of δ and gX . In addition to the previous limits, monojet searches become
relevant here and are also included. In the left panel of figure 4 one can see that most
of the parameter space is excluded except for a narrow region along the diagonal which
corresponds to the resonant decay Z ′ → DD̄. The relic density constraint misses this region
because the annihilation channel DD̄ → ff̄ proceeds on-shell which efficiently depletes the
DM density. In the right panel of figure 4 we exhibit the constraints for higher values of δ
and gX . In this case the monojet and dilepton constraints become very strong that they
exclude all the parameter space including the resonance region.

The important takeaway here is that the Stueckelberg parameter space is severely
constrained for the case of dark decays of Z ′. This is due to DM-related constraints, i.e.,
the relic density as well as direct and indirect detection experiments. The only available
window is near the resonance region for smaller couplings. For heavier DM mass, no Z ′ dark
decays occur and the process DD̄ → Z ′Z ′ become available which constitutes an important
channel for depletion of the DM abundance. For a large choice of gX , the relic density
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Figure 5. The different recasted experimental constraints from LEP, BaBar, CMS, LHCb and
(in)direct detection experiments for the light Z ′ case. We also show the 95% CL (solid line) and the
68% CL (dashed line) excluded regions from Contur as well as the relic density constraint. Here
mD = 2mZ′ and so the limits correspond to the case of Z ′ decaying to SM fermions only and no
dark decays of the Z ′.

constraint can be severely weakened but it does not come with out a cost. The Fermi-LAT
constraint becomes stronger but would still allow a considerable part of the parameter
space to still be open. One can see here that the combination of all these constraints points
to a thermalized dark sector, i.e., a sector in which its constituent species are in thermal
equilibrium. In other words, the DM relic density is controlled by annihilation within the
dark sector itself rather than annihilation into SM fermions.

4.2 Light Z′ bosons

In this section we present the experimental limits on our model for the light Z ′ case, i.e.,
mZ′ < mZ . For this mass range, limits from BaBar and LHCb become important. Since
most of the limits are in the δ < 0.01 region, one can safely take M1 ≈ mZ′ so that the
vector and axial-vector couplings reduce to the simple forms

v′
f # sin θW

1 − (mZ′/mZ)2

[

2Qf (sin2 θW − 1) + m2
Z′

m2
Z

(2Qf − T3f )
]

δ, (4.5)

a′
f # m2

Z′

m2
Z′ − m2

Z

sin θWT3fδ. (4.6)

Also in the small δ limit, (R11 − sδR21) ∼ 1 so that gZ′ = gXQX(R11 − sδR21) ∼ gXQX ,
where we take QX = 1. This approximation is implemented in DarkCast to derive the
experimental upper limits for our model in the kinetic mixing-mass plane as shown in figure 5.

One can see in figure 5 that for mZ′ > 1GeV the parameter space is excluded assuming
that gX is large enough to produce a thermal dark sector. Again here the channel DD̄ →
Z ′Z ′ is responsible for setting the DM relic density. Now we allow the dark photon to decay to
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Figure 6. Constraints from various visible and invisible limits for a Stueckelberg dark photon in
the mass range less than the Z boson mass. The left panel corresponds to gX = 0.1 and the right for
gX = 1.0 and with the common assumption that mD = mZ′/4. The light blue region corresponds
to the relic density constraint.

DM by settingmD = mZ′/4. In this case, DM annihilation viaDD̄ → ff̄ becomes important
and since we are considering small values of δ as shown in figure 6, thermal equilibrium
between the dark sector and the visible sector cannot be guaranteed. One can easily check
this by comparing nD〈σv〉DD̄→ff̄ to the Hubble parameter H, where nD〈σv〉DD̄→ff̄ < H

for all temperatures means the two sectors have not reached thermal equilibrium.1 To
determine the DM relic density, we numerically solve the coupled Boltzmann equations,
eqs. (3.7) and (3.8), assuming the freeze-in mechanism. In other words, owing to the
small value of the kinetic mixing, we assume that DM has a negligible initial abundance in
the early universe and that this abundance gradually increases due to annihilation of SM
particles, i.e., ff̄ → DD̄ and ff̄ → Z ′. In figure 6, we show in light blue the relic density
constraint for two values of gX along with the numerous limits from other experiments.
We notice that the available parameter space grows with increasing gX due to increased
DM depletion.

Note how the limits change as we increase the value of gX going from the left panel
to the right. Since the main experiments look into the decays of Z ′ (visible and invisible
decays), it is important to properly model such decays especially that in this mass region,
hadronic decays of the dark photon can no longer be simply the sum of the decays to qq̄.
Here we have used DarkCast to accurately determine the dark photon branching ratios.
This is shown in figure 7 for the cases of no dark decays (left panel) and with dark decays
for gX = 0.1 (middle panel) and gX = 1.0 (right panel).

Overall, we arrive here at the same conclusion we drew in the heavy Z ′ case. For
a kinetically mixed dark photon with dark decays, the parameter space is severely con-
strained while more available parameter space remains for the case of DM heavier than the
mediator Z ′.

1Note that one should also compare neq
f 〈σv〉ff̄→Z′ to H(T ).
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Figure 7. Branching fractions of the Stueckelberg dark photon calculated using DarkCast. In the
figure legends, νν represents the sum of all three generations of neutrinos, ‘Hadrons’ represents
the sum of all the branching ratios of the hadronic channels. The left panel shows the branching
fractions when there’s no dark decays while the middle and right panels show the case of dark decays
for gX = 0.1 and gX = 1.0, respectively. Since we take mD = mZ′/4, the hidden sector decays are
present for any Z ′ mass. The analysis shows the strong effect of gX on the branching ratio in the
hidden sector from minimal at gX = 0.1 to dominant at gX = 1.0.

5 Discovery potential of the Stueckelberg Z ′ boson at the HL-LHC

The Z ′ mass reach projected at HL-LHC and exhibited in figure 2 shows that a 1TeV Z ′

with δ ∼ O(10−2) and heavier can be probed. In this section, we perform a detailed analysis
for potential discovery of a Stueckelberg Z ′ with a TeV scale mass at HL-LHC. Here we
focus on the dilepton channel which, despite having a lower cross section than the dijet
channel, is clean and one can reconstruct the dilepton invariant mass with much less SM
background. However, the challenge here is the naturally small production cross section
due to a TeV mass Z ′ and a small kinetic mixing.

The production cross section of a Stueckelberg Z ′ is evaluated at NLO. To do so, we
implement the model in FeynRules [95] interfaced with NLOCT [96] and FeynArts [97]. The
obtained UFO files are used in MadGraph5_aMC@NLO to determine the LO and NLO cross
section of pp → Z ′ → /+/− (see ref. [98] for a model-independent analysis of W ′ and Z ′

production at the LHC). The LO and NLO cross section of the process as a function of
mZ′ is shown in figure 8 for three values of δ. The K factor defined as K = σNLO/σLO is
shown in the bottom panel. We notice a factor of ∼ 1.5 increase from the LO prediction
for mZ′ ∼ 2TeV.

The signal Monte Carlo events are generated at LO using MadGraph5 and the cross
section is scaled accordingly using the obtained K factors. The dilepton final state has several
sources of SM backgrounds. The dominant ones are: diboson (mainly WW ), Z/γ∗+jets,
dilepton from off-shell vector boson decay, tt̄, single top and top associated production with
a vector boson. Background and signal events are generated with MadGraph5 and showered
with PYTHIA8 [99, 100] (adding ISR and FSR jets and ignoring multiparticle interactions).
Detector effects are included using Delphes [101] which implements FastJet [102] for jet
clustering with the anti-kt [103] algorithm and jet radius R = 0.4.

The event preselection is based on a recent analysis by the ATLAS collaboration [55].
Electrons with a transverse energy of ET > 30GeV and located within |η| < 2.47 are
selected, while muons with a transverse momentum pT > 30GeV and |η| < 2.5 are kept.
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Figure 8. The LHC production cross section of a Stueckelberg Z ′ as a function of mZ′ in the
dilepton channel at √

s = 14TeV. The cross section is calculated at LO and NLO for three values of
the kinetic mixing δ. The K factor is shown in the bottom plot.

Events are required to contain at least two same flavor leptons. Candidate events with
two muons are required to have oppositely charged muons while such a requirement is not
forced on electrons because high ET electrons suffer from a higher probability of charge
misidentification. If an event contains more than two leptons, then the electrons (muons)
with the highest ET (pT ) are kept. If an event is found to contain two lepton pairs, then
the electron pair is retained because the ATLAS detector has a better resolution and higher
efficiency for electrons. Next, the dilepton invariant mass is reconstructed and a minimum
cut of 220GeV is applied as means to reject the overwhelming SM events near the Z

pole mass.

5.1 Cut-and-count analysis

We select two benchmarks (mZ′ , δ) which lie within the region of reach for HL-LHC. The
benchmarks (1TeV, 10−2) and (2TeV, 3 × 10−2) have NLO cross sections of 0.241 fb and
0.097 fb, respectively. For the cut-and-count analysis, we employ the kinematic variables

m%%, ET1, ET2, pT1, pT2, (5.1)

where the subscripts ‘1’ and ‘2’ indicate leading and subleading leptons, respectively. We
perform a cut-and-count analysis where different cuts based on the above kinematic variables
are implemented with the aim to maximize the S/

√
S +B figure of merit. Using 3000 fb−1

as the maximum integrated luminosity projected at HL-LHC, the figure of merit never
reaches the 5σ limit required for discovery. The main culprit here is the irreducible SM
dilepton background from off-shell decays of a vector boson. This is clear from figure 9
where we show the signal and background distribution in the invariant dilepton mass.
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Figure 9. The dilepton invariant mass distribution for the signal and background samples. The
analysis is for the case of two benchmarks discussed in the text, i.e., for (mZ′ , δ) cases (1TeV, 10−2)
and (2TeV, 3 × 10−2) using the cut-and-count method with cuts on the variables of eq. (5.1). This
method is found not efficient for discovery with a projected luminosity of 3000 fb−1 at HL-LHC. A
better technique is discussed in the next section.

5.2 Boosted decision tree analysis

To have a better discrimination between the SM background and the signal, we use a boosted
decision tree (BDT) which is part of the TMVA (Toolkit for Multivariate Analysis) [104, 105]
framework embedded in ROOT [106, 107]. We train a BDT on the signal and background
events using the above kinematic variables. The training phase is following by a testing
phase carried out on statistically independent Monte Carlo samples of the signal and
background events, where the algorithm determines a new kinematic variable called the
‘BDT response’. This variable is a powerful discriminant necessary to enhance S/

√
S +B.

To include the effect of uncertainties, we actually use

S
√
S +B + (δSS)2 + (δBB)2

(5.2)

as the figure of merit for a 5σ discovery. Here, δS (δB) represents the systematic uncertainty
in the signal (background) which we take to be 10% (20%).

We show in figure 10 the distribution of signal and background events in the new BDT
variable for the two benchmarks of choice. The lower panels indicate the effect of cuts on
the significance defined in eq. (5.2). One can see from the left panel that a cut on the
BDT response > 0.3 produces a 5σ significance for an integrated luminosity of 2200 fb−1,
while from the right panel a cut > 0.4 is required for discovery at an integrated luminosity
of 2050 fb−1. Note here that additional cuts are required to arrive at the desired results.
Along with the cut on the BDT response, we require m%% > 500GeV and ET1 > 350GeV
(left panel) and m%% > 1400GeV and pT2 > 350GeV (right panel).
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Figure 10. Signal and background event distribution in the ‘BDT response’ variable obtained after
training and testing the BDT on the background and signal samples. The model points are the
same as in figure 9. The bottom plots show the significance given by eq. (5.2) as a result of applying
cuts on the ‘BDT response’. Here, both model points are discoverable at the HL-LHC.

6 Detection of a Stueckelberg dark photon at the Forward Physics
Facility

As the kinetic mixing coefficient takes on smaller values, a dark photon becomes a long-lived
particle (LLP) which can still decay to the SM inside a detector after having traveled a
certain distance away from its production vertex. In the sub-GeV regime and aside from
direct production (for e.g. Bremsstrahlung [108] and Drell-Yan production [109]), a dark
photon can be produced from the decay of a SM particle such as a meson. Light mesons are
copiously produced in the forward region at the LHC and therefore constitute an important
tool to study BSM physics with dark photons as leading candidates. The Forward Physics
Facility (FPF) [110, 111] is intended to host several experiments which are able to capture
the multitude of particles near the beam line which are otherwise missed by the current
LHC experiments. So the FPF will be suited for studying and possibly detecting such
particles. In this section we discuss the sensitivity reach of forward detectors at HL-LHC
and future colliders in terms of discovering a Stueckelberg dark photon.

For our analysis, we consider the two production modes of a dark photon: direct
production and production via meson decays. The latter requires a good understanding of
the meson spectra, which has been studied and greatly improved over the years [112]. A
new numerical package called FORESEE [113] (FORward Experiment SEnsitivity Estimator)
allows users to implement their model and derive predictions on the sensitivity reach at
future forward detectors. The package also provides the meson spectra which is necessary
to determine the LLP flux generated from the decay of mesons. We implement our
Stueckelberg dark photon model in FORESEE and provide the long-lived dark photon lifetime,
its production rates and its decay branching ratios with the latter estimated using DarkCast
(see figure 7). After taking into account the detector geometry and acceptance cuts, the
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Figure 11. The predicted sensitivity reach as determined by FORESEE for future forward detectors:
FASER (orange line), FASER2 (red line), HE-LHC (brown line) and FCC (purple). Other experimen-
tal constraints are shown including CHARM [120], νCal [120–122], E137 [123], E141 [71], NA64 [124],
NA48 [125], BaBar [65, 66], HPS [126], LHCb [62], Belle-2 [127], SHiP [128], SeaQuest [120, 129]
and NA62 [120]. The pink band represents the relic density constraint consistent with eq. (3.6). To
ensure the dark photon will not decay to dark fermions, we set mD = 0.6mZ′ .

number of surviving signal events are counted and used in FORESEE to draw the contours
reflecting the sensitivity reach at forward detectors. We consider in this analysis the mass
reach at FASER [114–116], which is already installed at the LHC beam line, FASER 2 which
is planned for HL-LHC [117], as well as possible future detectors at HE-LHC [118] and at
the Future Circular Collider (FCC) [119]. The corresponding limits are shown in figure 11.

The projected limits are mainly derived from the dark photon decay channel Z ′ → e+e−

whose branching ratio becomes progressively smaller for larger Z ′ mass as hadronic decays
become more favorable. This means one can no longer reach a dark photon mass larger
than ∼ 0.5GeV when investigating dilepton final states. As one can see that there is a
major gain in the reach along the kinetic mixing axis when going from FASER to the other
future detectors. However, the gain is modest if one compares FASER2, HE-LHC and
FCC. The same is true along the mass axis, where the future detectors can probe larger
masses and major improvement from FASER is observed. The pink region is the part of
the parameter space where the DM relic density is satisfied, i.e., consistent with eq. (3.6).
Several phenomenological work has been put forth regarding light Z ′ at FASER [130–132]
and heavy Z ′ at future colliders [133].

7 Conclusion

In this work we have investigated the current constraints from collider experiments as well
as from DM direct and indirect detection experiments on a well motivated extension of the
electroweak sector of the Standard Model with a U(1)X gauge group. The U(1)X belongs
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to the hidden sector which also contains matter, that we assume to be a Dirac fermion field.
Although the hidden sector is neutral relative to the Standard Model gauge group, it can still
communicate with the visible sector via kinetic mixing and via Stueckelberg mass mixing.
We discussed the kinetic energy in the mass diagonal basis, where one finds a massive dark
photon or dark Z ′ which can interact with the quarks and leptons in the visible sector
with mixings characterized by the kinetic and mass mixing parameters. However, the dark
photon has regular size couplings with the dark fermion allowing for a dark freeze-out to
happen in the hidden sector, which generates the desired relic density for the dark fermions.
In the analysis we have recast all the relevant constraints for a wide range of Z ′ masses:
above and below the Z boson pole mass. For each case we considered both visible and
dark decays of Z ′, where our analysis shows that the model parameter space is severely
constrained for the case when a Z ′ decays to DM. The reason is that the region with a
large kinetic mixing is already excluded by the LHC and LEP and this region is important
to deplete the DM abundance via DD̄ → ff̄ when the latter process is the only active one
near freeze-out. However, for heavier DM masses, i.e., for mZ′ > 2mD, the dark photon
can no longer decay to DM, and the process DD̄ → Z ′Z ′ becomes the dominant channel
for DM annihilation. This process is proportional to g4X and so a large enough gX can
weaken the relic density constraint thus opening up the available parameter space. Note
that an increase in gX leads to more severe constraints from Xenon1T, LZ and Fermi-LAT.
However, this is compensated by a small fDM and a competition between fDM and gX can
go either way. In our analysis we see a slight increase in these constraints, but they are
well tamed in such a way that parts of the model parameter space remain viable. We have
also shown that unexplored regions of the parameter space can be accessible at HL-LHC
and in forward detectors at the LHC and at future colliders. For the HL-LHC, we have
carried out a detailed analysis for a potential discovery of a TeV mass scale Z ′ and showed
that one can observe a 5σ excess for a 1TeV or 2TeV Z ′ using BDTs. Furthermore, we
demonstrated the sensitivity reach of forward detectors for a sub-GeV dark photon at the
LHC (FASER) and at future colliders (HE-LHC and FCC).

Our analysis shows that the presence of a thermal hidden sector can weaken the current
constraints on dark Z ′ models while the available regions of the model parameter space
remain within reach of standard LHC searches as well as at forward detectors.
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A Rotation angles and dark matter couplings

Further details of the analysis presented in the main body of the paper are given in this
appendix. As noted in section 2, we have mixing of three vector bosons: Cµ, Bµ, Aµ

3 which
leads to diagonalization of both the kinetic energy matrix and the mass matrix involving the
fields. In general this results in a diagonalization of a 3× 3 vector boson mass-square matrix
M2 which, however, is symmetric and can be diagonalized by an orthogonal transformation
R so that

RTM2R = diag(m2
Z′ ,m2

Z , 0), (A.1)

where M2 is defined by eq. (21) of [2]. The three Euler angles θ,φ,ψ are given by

tanφ=−sinhδ, tanθ= gY
g2

coshδ cosφ, tan2ψ= 2m2
Z sinθ tanφ

m2
Z′ −m2

Z+(m2
Z′+m2

Z−m2
W )tan2φ ,

(A.2)
with the assumption of zero mass mixing. Thus, the couplings gZ , gγ and gZ′ that appear
in ∆Lint (see eq. (2.3)) are given by

gZ = gXQX(R12 − sδR22), gγ = gXQX(R13 − sδR23), gZ′ = gXQX(R11 − sδR21). (A.3)

B More on the exclusion plots from Contur

In this appendix, we give the exclusion plots from precision measurements of the SM
obtained using Contur. The plots are drawn for the parameters δ and M1 over which the
scan is made. The limits in these plots are then converted to the kinetic mixing-mZ′ plane
using m2

Z′ = (q ± p)/2 and eqs. (4.1) and (4.2). Let us begin by explaining the different
data pools used by Contur.

An event that passes the cuts of a specific measurement can also be accepted in
measurements that share similar final states. In order to avoid multiple counting of
such events, and due to the lack of information about the correlations between different
measurements, the analyses in Rivet are grouped into orthogonal pools based on three
criteria: the experiment that conducted the measurement, the center of mass energy,
and the considered final state. For each pool of analyses, a likelihood is built for every
distribution taking the correlation between its bins2 into account. The likelihoods of the
orthogonal histograms within the pool are then combined. Finally, Contur constructs the
total likelihood by combining the likelihoods of the different pools.

The plots in this appendix show the most sensitive pool at each point of the parameter
space for the different scenarios that we consider in this paper, i.e. heavy Z ′ bosons decaying
to SM fermions only (figure 12) or also DM (figure 13) as well as light Z ′ bosons decaying
to SM fermions only (figure 14) or also DM (figure 15).

2Note that this can only be done if the correlation information is provided by the experiment. If not,
Contur will only consider the most sensitive bin of the histogram.
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Figure 12. The breakdown of Contur’s most sensitive analysis pool for each scan point in the
heavy Z ′ case. The solid (dashed) white line corresponds to the 95% (68%) CL exclusion on the
kinetic mixing δ versus the M1 parameter. Here mD = 2mZ′ and so the limits correspond to the
case of Z ′ decaying to SM fermions only.
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Figure 13. The 95% CL (solid) and the 68% CL (dashed line) exclusions on the kinetic mixing
δ versus the M1 parameter for the case of heavy Z ′ invisible decay to DM fermions and for
different values of gX . The left panel corresponds to gX = 0.1 while the right panel corresponds to
gX = 1.0. We take mD = mZ′/4. The colored bins correspond to the pool of analyses giving the
dominant exclusion.
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Figure 14. The 95% CL (solid) and the 68% CL (dashed line) exclusions on the kinetic mixing δ
versus the M1 parameter. Here mD = 2mZ′ and so the limits correspond to the case of light Z ′

decaying to SM fermions only. The scan on δ is done in the range 10−5 to 1 and the colored bins
correspond to the analyses pool giving the dominant contribution.
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Figure 15. The 95% CL (solid) and the 68% CL (dashed line) exclusions on the kinetic mixing δ
versus the M1 parameter for the case of light Z ′ invisible decay to DM fermions with mD = mZ′/4
and for gX = 0.1 (left panel) and gX = 1.0 (right panel). The color-shading scheme specifies which
SM measurement has the dominant exclusion.
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