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Abstract
Many theories about dark matter have emerged due to its strong theoretical appeal in explaining

astrophysical phenomena. However, experimental and theoretical particle physics have yet not

provided evidence that dark matter is part of the observable Universe. Our work aims to investigate

the interaction between Standard Model (SM) fermions and different species of dark matter (DM)

particles in high-energy collisions through interaction of a new massive vector mediator, Z ′. The

production of scalar and fermion DM pairs via fermion annihilation into the new vector boson is

investigated near a resonance, where a SM signal from hard photon emission is considered as initial

state radiation, namely a mono-photon production. Values of coupling constants between the DM

and the SM particles are mapped in contrast to the Planck satellite data for thermal relic density

DM computed in the correct framework for the relic density near a resonance, where a weaker

suppression of the relic density is expected. We show for the CLIC and LHC kinematic regimes

that certain mass ranges and coupling constants of these DM particles are in agreement with the

expected relic density near a resonance and are not excluded by collider and astrophysical limits.
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I. INTRODUCTION

The Standard Model (SM) of the elementary particle interactions has been tested for

a variety of phenomena in particle physics at great precision. Nevertheless, there is no

(currently) particle in the SM that satisfies the characteristics of the dark matter (DM),

i.e., a suitable candidate to explain astrophysical phenomena in the Universe. Neutrinos, for

example, known to have non-zero mass [1], would be an ideal candidate for DM, however their

mass is too small to account for large structure formation [2, 3]. It is reasonable, therefore,

to conceive extensions of the SM that could include new particles and interactions that are

consistent with an even more complete description of nature. Several studies have been

proposed to investigate the DM and to decipher its origin and nature [2–9], where distinct

approaches aim to understand how DM interacts, with itself and with the SM particles, and

what could be the possible mechanisms of detecting it.

Following Refs. [3, 10, 11], our work assumes that the interaction of any Weakly Interac-

tive Massive Particle (WIMP) with the SM is mediated by a new massive gauge boson, which

we will indicate hereafter by Z ′. This Z ′ boson then acts as a mediator in the production

of primordial DM until the freeze-out is reached [12]. A higher mass mediator is preferred

due to strong experimental constraints in the search for a resonance at lower masses, so we

will show that a massive vector mediator on the TeV scale would be accessible even with

the restrictions imposed on phase space by the current collider searches. Unlike the cases

analyzed in Refs. [10, 11], we do not assume, a priori, any effective model and proceed

with the calculation of the total cross section, σtot, using the Feynman rules obtained from

the model Lagrangian. Furthermore, in all the processes described in this work, DM is

elastically scattered, but inelastic or scatterings described with form factors could also be

analyzed [13, 14]. Hence, we are not only interested in parameters related to the final state

of the particles, such as their mass and spin, but also assume characteristics for a mediator

Z ′ and their couplings with the initial state fermions, ψ, and the DM particle, χ, in final

state. By including a mediator in the process, ψψ̄ → Z ′ → χχ̄, we increase the number of

parameters involved and, thus, evaluate a better theoretical agreement of the model with

the current experimental data.

In this work we explore the Z ′ production in electron-positron annihilation (e+e−) at

CLIC at
√
s = 3 TeV and for proton-proton (pp) collisions at the LHC at

√
s = 14 TeV.
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Considering the limits already imposed by the searches performed by the ATLAS and the

CMS Collaboration of DM mediator mass above 2 TeV, we focus this study in a Z ′ mass of

3 TeV in both CLIC and LHC. This choice allow us to investigate the DM production near

the Z ′ resonance where the event rate should be enhanced by the resonance cross section.

As a result, one has to properly account for the viability of the DM candidate by accounting

for the expected relic density, and this calculation cannot rely on the usual framework away

from resonances. As shown in Ref. [15, 16], the proper treatment of the relic density near

a resonance results in a weaker reduction of the expected relic density. Hence, we compare

our predictions with the proper evaluation of the relic density for DM species.

If DM was produced by a thermal process on which a freeze-out has occurred [12], then

we could attempt to recreate it with the use of particle colliders with sufficient high energies.

An arbitrary coupling of DM with ordinary matter is hence assumed, expressed in the form

of a gauge coupling gχ, which could represent a direct DM coupling to leptons and quarks

[3] or interposed by a massive mediator [17–19]. Nonetheless, the detection of DM particles

poses a major experimental challenge, since DM-related couplings are expected to be very

weak [20], e.g., as much or even more than those with neutrinos, and exclusion limits have

been recently imposed on massive vector mediators up to the TeV scale [21–23]. In general,

searches in high energy colliders focus in the observation of DM signatures in the form of

missing transverse momentum or missing transverse energy [24–26]. Such a signal would

occur if the DM particles are invisible to the detector or a possible charged DM particle has

a sufficiently long lifetime to pass through the detector volume and leave a characteristic

trace of charged particles, decaying shortly thereafter into particles too light to generate any

signs on the detector calorimeters. Alternatively, the production of DM may be detected

by the emission of SM particles in the initial interaction state, where only SM particles are

involved. Searches known as mono-X may indicate the associated production of jets, vector

bosons (H,Z), photons, among others. For instance, the future experiments at CLIC will

be especially sensitive to wide searches of DM in mono-photon production [27]. Hence, we

investigate the DM production via massive vector mediator in mono-photon processes at

high-energy colliders.

This paper is organized as follows: in section II we describe the theoretical modeling of

the Z ′ mediator, with the respective motivations for a scalar and fermion final DM states.

Here we assume that the DM in the final state composes all the DM relic abundance observed

3



by the PLANCK satellite [28], nonetheless a richer dark sector can be studied in the TeV

scale in a subsequent analysis, as proposed by [29]. Section III presents the calculation of

the relic density at the resonance for the comparison with our results in high-energy colliders

to evaluate the regions where DM production is still possible. In section IV we discuss how

this model could be perceived with a ISR assuming a hard-photon emitted by the incoming

fermions [30] and present the results obtained for the mass and coupling constant regions

available at the high-energy CLIC and LHC colliders. Finally, we present our conclusions

in section V.

II. THEORETICAL FRAMEWORK

Extensions of the SM can usually be studied using effective, simplified, or (so to say)

complete models [1, 3]. Still, we can make several claims regarding the nature of the kind of

New Physics we expect to find even with the simplest effective models [31]. These models are

a starting point for studying New Physics, given their simplicity on describing the particles

and interactions involved using only a small number of parameters that can be directly

related to experimental observations, such as: mass of the particles involved, their decay

widths, production cross sections of these new processes, among others [32]. One can apply

a simplified model in trying to explain some New Physics results through functions of the

variables involved in its description, excluding certain values based on different experimental

constraints [33].

We start with interaction Lagrangians describing a SM extension with a new renormaliz-

able symmetry group Uχ(1) acting as a vector portal for DM. The use of a Uχ(1) symmetry

for investigating interactions between DM and SM has been widely proposed [1, 17, 34, 35]

and very tightly constrained at low and high masses have been imposed mostly by collider

experiments (e.g., see Refs. [36, 37]). This work explores a framework to probe the limits

and to analyze parameters for the DM thermal production through a process that involves

interactions of the SM with the dark sector mediated by a new massive boson mediator

(Z ′) described with a Breit-Wigner (BW) resonance. Such mediator couples to scalar and

fermion fields as candidates for DM. Feynman diagrams representing the s-channel Z ′
µ ex-

change with a DM candidates, χ, are shown in Figure 1, where gr/l and gχ are the couplings

of this vector boson to the SM and the different DM fields, respectively. Here we treat
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two different possibilities for the final state; details of the implications of the simultaneous

existence of these final states for DM and possible interactions between them are beyond

the scope of this work. These possible states would be an aspect of a even more complete

model where further studies could be performed with a experimental observation. We then

focus on the evaluation of the cross section and in turn analyze the parameter space more

comprehensively.

A. Tree-level process with s-channel resonance

Let ψ be any SM fermion spinor and Z ′
µ a real vector field corresponding to an on-shell

massive vector boson coupling scalar particles representing the DM fields [Figure 1 (left)].

An interaction Lagrangian of this s-channel can be written as

Lscalar
int = −1

4F
µνFµν + 1

2M
2
Z′Z ′µZ ′

µ + ψ̄γµ (glPL + grPR)ψZ ′
µ + gχ

(
χ†∂µχ− χ∂µχ

†
)
Z ′µ, (1)

where we use MZ′ for the mediator mass and γµ are the usual Dirac matrices. Besides that,

Z ′
µ indicates a real vector field with field tensor given by Fµν ≡ ∂µZ

′
ν − ∂νZ

′
µ, which, along

with the mass element defined by the term 1
2M

2
Z′Z ′µZ ′

µ, composes the kinetic term of the

Z ′ boson. The PL and PR operators refer to left and right-handed operators, respectively,

defined by PL ≡ 1
2(1 − γ5) and PR ≡ 1

2(1 + γ5), with gl and gr representing chiral coupling

magnitudes. The final DM scalar state is well motivated both in simplified effective models

and more complete models containing sometimes a Higgs doublet [9, 38, 39] that can act as

a mediator between or be the main composition of a dark sector. In most of the literature,

masses below a few GeV are largely excluded by different experimental DM detection path-

ways [40–42], hence we discuss the production of scalar DM where the final state mass is on

the TeV scale.

For a DM particle characterized as a Majorana fermion [Figure 1 (center)], the interaction

Lagrangian has the form

Lfermion
int = −1

4F
µνFµν+ 1

2M
2
Z′Z ′µZ ′

µ+
[
ψ̄γµ (glPL + grPR)ψ + χ̄γµ (gχPL + gχPR)χ

]
Z ′
µ, (2)

where we adopt gl/r ̸= gχ and gχ,r = gχ,l = gχ due to the Majorana condition for the spinor

components. Moreover, we see that the interaction of the Z ′ boson with the DM field is

given by the operators in the last term of Equation 2, which also contains the adjoint spinor
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FIG. 1. Feynman diagrams for the interaction of SM fermions, ψ, with a scalar (left), fermion

(center), and vector (right) DM, χ, field through a Z ′ boson. The couplings gr/l and gχ represents

the coupling of the Z ′ boson with the SM and the DM fields, respectively.

for the DM particle χ̄ and once again the chiral operators and couplings. Fermion DM is

well motivated through the literature and seen as one of the main candidates for WIMP

DM in many different models [1, 2, 34, 37]. For instance, a well-studied case in minimal

supersymmetric models (MSSM) [43] would be the existence of a long lived particle (LLP)

in the form of a neutralino, the Dirac or Majorana fermion coming from the symmetry of the

neutral mediators of the SM. Furthermore, universal extra-dimensional models [44] as well

as models with sterile neutrino [45] introduce candidates in the form of a fermion final state,

sometimes discussed in another mass scale though. We emphasize that we deal with masses

at the TeV scale, an accessible mass window in searches at high-energy collider experiments.

B. Production cross section and decay widths

The cross sections for the three process in Figure 1 are obtained with the help of

FeynCalc [46] and FeynArts [47] packages available for the Wolfram Mathematica software

[48]. From the Lagrangians and Feynman diagrams, scattering amplitudes are obtained

and evaluated using Feynman rules and appropriate kinematic variables for these packages.

Once the expression for the total cross section of the process 2 → 2 is obtained, the mass

and couplings of the particles involved in the process are treated as free parameters and

evaluated separately.

The total cross section, σtot, for a process 2 → 2 in the center-of-momentum (CM) frame
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can be calculated in terms of the Mandelstam variables,

dσ
dt = 1

16π
1

s(s− 4m2
ψ) |M (s, t)|2 . (3)

where s and t are the squared of momenta in s and t channels and mψ is the SM fermion

mass and we take the limit with massless initial fermions. Here we perform the average

over the spin of the initial states of those processes and the square of weighted scattering

amplitude over all initial spin states. Hence, we employ the CM framework to analyze the

available phase space based on the possible couplings of Z ′
µ and the DM particles. Finally,

the cross section for these processes result in:

σ̂scalar =
g2
χ (g2

l + g2
r)
[
s(s− 4m2

χ)
]3/2

192πs2
[
(s−M2

Z′)2 + Γ2M2
Z′

] , (4a)

σ̂fermion =
g2
χ

√
s− 4m2

χ

[
g2
l

(
s−m2

χ

)
+ 6glgrm2

χ + g2
r

(
s−m2

χ

)]
48π

√
s
[
(s−M2

Z′)2 + Γ2M2
Z′

] . (4b)

The terms for the BW width (Γ2M2
Z′) in the denominator of the scattering amplitudes

correspond to the mediator exchange of a s-channel resonance.

As we will deal with the cross section of a process involving a massive vector mediator,

we need to compute the decay widths. The Z ′ decay into both species of DM particles are

evaluated to determine the decay width, Γi, at which it can decay into two DM particles of

identical masses mχ. The calculation is performed in the same way as for any 1 → 2 + 3

process, where the decay width Γ takes the form:

Γa→b+c = |p⃗f |
8πM2

|M1→2|2

3 , (5)

resulting in the respective decays widths for each DM final state:

Γscalar =
g2
χ

(
M2

Z′ − 4m2
χ

)√
1 − 4m2

χ/M
2
Z′

48πMZ′
, (6)

Γfermion =

[
g2
lχ

(
M2

Z′ −m2
χ

)
+ 6glχgrχm2

χ + g2
rχ

(
M2

Z′ −m2
χ

)]√
1 − 4m2

χ/M
2
Z′

24πMZ′
. (7)

We can separate the SM coupling in three different types due to the nature of the mediator.

From left and right projection operators, the Z ′ mediator can be vector, axial-vector, or

chiral, with coupling constants according to Table I, where we use glχ = grχ = 1 in the

fermion case [10].
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C. Initial-state photon radiation

The experimental detection of DM is a hard task given the unknown characteristics of

its interaction with ordinary matter, hence ways of detecting it is a topic of intense research

[49], typically leading to the search of events with missing transverse energy (MET), /⃗ET .

One way of observing a DM event with MET is to consider the emission of SM particles

as initial state radiation (ISR). As such, different particles can be emitted from the initial

colliding particles, collectively known as mono-X searches. The search for a photon as ISR

is natural as electromagnetic radiation is perhaps one of the simplest to be measured with

precision at experiments in particle colliders. Also, it can have a very broad spectrum,

on scales from keV to TeV, depending on the invisible event that one want to characterize

[35, 50–52].

Radiative corrections to the tree-level DM process are necessary to account for DM pro-

duction via mono-photon process. While most of the studies in the literature are given in

terms of an approximation with a soft photon or calculated numerically for a 3 → 2 pro-

cess, we choose here to account for the radiative correction with emission of a hard photon

as discussed in Ref. [30]. This framework proposes a factorization in terms of lower order

processes where ψψ̄ reactions generate a final state with the emission of a hard photon in

the event. This particular approach uses a rigorous calculation of higher order corrections

together with a more precise evaluation of the phase space of the emitted photon. Such pre-

cautions are necessary due to the high energy involved and the emitted photon itself, which

would disqualify a process containing only one ISR of a low energy or soft collinear photon,

as in the Weizsäcker-Williams (WW) approximation [10, 53]. We employ this framework

by using the appropriate factorization to obtain the total cross section for a mono-photon

process, as represented in Figure 2:

σ′
tot(ψψ̄ → Z ′γ → γχχ̄) = σ̂tot(ψψ̄ → Z ′ → χχ̄)(1 + δ), (8)

with σ̂ given by Equation 4 integrated over the scattering amplitude squared for each DM

species and

δ = 2α
π

{(
−1 + 2 log

√
ŝ

mψ

)[
log xmin

γ + 13
12 +

∫ xmax
γ

xmin
γ

dxγ ξ(xγ)
]

− 17
36 + π2

6

}
, (9)

ξ(xγ) = 1
xγ

(
1 − xγ +

x2
γ

2

)
σ̂(ŝ− ŝxγ)

σ̂(ŝ) , (10)
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FIG. 2. A representation of a Feynman diagram with the emission of a photon as ISR, in red

wiggly line, in the case of fermion DM production.

where α = 1/137 is the electromagnetic fine structure constant, qγ is the momentum carried

by the photon from ISR, and σ̂(
√
ŝ) is the total cross section of the 2 → 2 process, with

energy
√
ŝ. Function ξ(xγ) takes into account the available center-of-mass energy for pro-

ducing the DM pair plus a hard photon, which decreases for more energetic photons. This

can be seen in Figure 3 (top panel) where the function ξ(xγ) is shown, which depends on

the partonic cross section with and without ISR, for both DM species. The shape of the

distribution is very similar in all three cases, although the fermion DM a little enhancement

in the tail towards high xγ. A typical photon spectrum in particle detectors starts at a few

GeV where isolation and reconstruction efficiencies are above 90%.

Considering a usual efficiency turn-on curve in trigger selection, we employ xγ = qγ/Ebeam

with a minimum photon energy of 60 GeV, or xγ = 0.04 for a beam of 1.5 TeV, motivated by

the identification capabilities expected at CLIC dp [27] and assessed in the LHC experiments

[54]. Figure 3 (bottom panel) shows the distribution of the ratio between the total cross

sections with and without ISR in terms of the minimum photon energy xmin
γ , which illustrate

the contribution of the δ term in Equation 8. Although the shape of ξ(xγ) decreases rapidly

with increasing photon energy fraction, the radiative corrections improve the production

cross section at higher photon energies up to ∼7%, which is independent of the dark sector

parameters, such as masses and coupling constants. Also, the dip structure occurring around

xmin
γ ≈ 0.02 reveals the effect of the corrections for very low photon energies. The ratio

achieves a value of 1 at xmin
γ ≈ 0.06, starting point where the radiative corrections increase
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FIG. 3. Top: correction ξ(xγ) in terms of the photon energy fraction, which account for radiative

corrections. The slope shows the different contributions of such corrections, increasing δ at very low

photon energies and rapidly decreasing for more energetic photons. Bottom: the ratio of the cross

section with ISR, σ′
tot, and without ISR, σ̂tot that represents the value 1 + δ carrying all radiative

corrections. In both cases the cross sections are computed with MZ′ = 3 TeV and mχ = 1 GeV.

the total cross section. Although the chosen value of 0.04 as minimum photon energy in

this study is located in a region where the cross section is slightly suppressed, we aim

to investigate the kinematic region expected for the photon identification in experiments,

especially at CLIC dp.

As shown in Ref. [55], the production cross section of DM pairs plus hard photon are

O(fb), making its observation possible with an integrated luminosity of the order of ab−1.

Similar simulations also indicate high visibility in the emission and consequent detection of

mono-photons from invisible decays, with significant cross section and transverse momentum

fraction of the emitted photon [51]. The detection of such mono-photon event can be made
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with the usual signature of high-pT photon plus MET, where MET will peak around the

resonance mass of the mediator.

III. CALCULATION OF THE DM RELIC DENSITY NEAR A RESONANCE

The DM abundance and, consequently, the cross sections involved in its primordial pro-

duction, are typically calculated taking into account processes in equilibrium and away from

poles or production resonances of a given species. When considering a resonant production

processes, like the one investigated in this work, one cannot simply apply the usual solution

of the Boltzmann equation in terms of ⟨σv⟩. As described in Ref. [15], one can write ⟨σv⟩ as

a non-relativistic BW resonance (like it is the case for a cold DM candidate in the LCDM

model) in the following form

⟨σv⟩res = 16π
m2
χ

(2J + 1)
(2S + 1)2x

3/2π1/2 MZ′ΓZ′

m2
χ

Bi(1 −Bi)Fl(zR;x), (11)

where x = mχ/T and

Fl(zR;x) = Re i
π

∫ ∞

0

(1 + ϵ)1/2e−xϵ

(1 + 2ϵ)(zR − ϵ)dϵ. (12)

The quantities J and Bi are, respectively, the spin and resonance branching fraction of the

initial state1, whereas S and mχ are the spin and mass of the DM particle, respectively. We

also introduce the energy per unit mass of the process as a whole,

ϵ =
s−m2

χ

m2
χ

, (13)

and an auxiliary variable in terms of the masses and decay widths of the particles involved

zR =
M2

Z′ −m2
χ

m2
χ

+ i
MZ′ΓZ′

m2
χ

. (14)

This expression allows us to numerically estimate the dimensionless density parameter re-

ferring to the primordial DM fraction as [15, 56]

ΩDMh
2 ≈ 8.76 × 10−11 GeV−2

[∫ Tf

T0
g1/2

∗ ⟨σv⟩res
dT
mχ

]−1

, (15)

1 Note that we consider the annihilation of DM particles into SM ones via the resonant mediator Z ′ in the

relic density calculation, that is, in the cosmological context of this equation, the initial state particles

are the DM candidates themselves.
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FIG. 4. Profile of the thermal average, Σ(zR;x), near the Z ′ resonance for l = 0, 1, 2.

being T0 and Tf the current and at freeze-out temperatures, respectively, and g∗ are the

particles degrees of freedom in the same epoch.

We can also check the profile of the thermal average near the resonance computed in the

proper framework for the expansion of the Breit-Wigner cross section. As we can see in

Figure 4, the profile defined as

Σ(zR;x) = 2x3/2π−1/2Fl(zR;x) (16)

shows the relative masses where the enhancement in the thermal average occurs near the Z ′

resonance, for relative masses above 0.8. For relative masses below threshold the thermal

average is very similar if compared to the usual, non-resonant calculation of the thermal

average. The enhancement peak is positioned at DM masses below the resonance mass

given that fact that there is enough thermal energy to produce a heavier resonance during

the equilibrium phase. Also, the profile does not extend beyond the resonance mass since

we are taking into account a narrow resonances for the Z ′ boson for both scalar and fermion

DM (both ΓZ′/MZ′ ∼ 10−2). DM particle with masses above the resonance mass would be

possible for wider resonances, where low energy tail would allow a non-zero thermal average

for DM particles with relative mass above the resonance mass. As a result, we consider in

this study mχ masses with relative mass in the range 0.8 < 2mχ/MZ′ < 1.0 in order to

probe the region where the thermal average is enhanced by the Z ′ resonance: together with

the relic density, results will contain a (red dashed) line delimiting the threshold relative to

2mχ/MZ′ = 0.8.

Taking for instance a resonance of 3 TeV, the threshold of mχ with enough thermal energy
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FIG. 5. Dimensionless density parameter Ωχ for DM produced by a resonance with mass MZ′

(Z ′ mass) and DM pairs with mass mχ taken for e+e− collisions at
√
s = 3 TeV. The hatched

area shows the DM overabundance than the observed CDM abundance, which is excluded. The

diagonal solid line represents the kinematic limit with mχ = MZ′/2. For this plot, gr = 0.01 and

gχ = 1. The red dashed line shows the threshold of the mχ to produce the resonance with thermal

energy.

to produce a Z ′ starts at 1350 GeV – we use this mass value as reference. Furthermore,

the production process with ISR photon needs to probe the enhanced region above
√
s =

0.8MZ′ . Thus, the reduced beam energy resulting from the photon emission cannot go below

this threshold if we want to investigate the mass region near the Z ′ resonance, restricting

the photon energy for possible searches of DM production. In this work we consider a

photon irradiation from an incoming fermion with energies ranging from 60 GeV up to

0.2MZ′ , allowing to evaluate the production cross section where the relic density will be

lesser suppressed near the resonance.

Following recommendations in the literature [37, 57], the coupling of the mediator with

the SM is fixed: gr/l = 0.01 for the ℓℓZ ′ coupling in e+e− collisions and gr/l = 0.10 for

the qq̄Z ′ coupling in pp collisions, whereas the coupling of Z ′ with the dark sector is set at

gχ = 1. Figures 5 and 6 show how the DM overabundance regions, behave in the mass scans

mχ ×MZ′ , parameterized by the dimensionless density Ωχ obtained with Equation 15. The

region that comprises the limit with Ωχh
2 ≥ 0.120 corresponds to the hatched area and is

used in all results indicating the region of excess primordial DM production. We note that

the regions in the mass scan differ significantly from those shown in other works that do
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FIG. 6. Same as Figure 5, but for pp collisions at
√
s = 14 TeV and with gr = 0.10.

not take into account processes near or at the resonance peak of a massive mediator, even

though numerically calculated for analogous processes [36, 37, 58]. These results show that

the proper calculation of these limits is essential to evaluate the available regions to probe

the masses of the mediator and the DM particles taking into account the limits obtained

from astrophysical observations. While all mass region is mostly excluded for CLIC energy

regime (Figure 5), the results are more significant for the LHC kinematics, where much small

region of the phase space are excluded for scalar DM and completely accessible for fermion

DM.

Figures 7 and 8 present the scans for couplings gr × gχ, showing very similar exclusion

regions for either the DM species and coupling possibilities as stated in Table I. One can

see that the excluded regions in e+e− and pp collisions are quite different. The region of

overabundance for e+e− collisions seen in Figure 5 occurs because of the smaller value of

gr = 0.01 chosen for the Z ′ coupling to SM leptons, which is largely accessible with varying

the DM and mediator masses. The same does not happen for the LHC energy regime, where

the gr = 0.1 lies close to the limit of overabundance of the relic density.

TABLE I. Categorization of SM couplings following the definition given in Ref. [10].

Coupling type Definition

Vector gl = gr

Axial-Vetor gl = −gr

Right (chiral) gl = 0
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FIG. 7. Dimensionless density parameter Ωχ for DM produced by a resonance with mass MZ′ =

3 TeV and decaying into DM pairs of mass 1350 GeV in e+e− collisions at 3 TeV. The values shown

here were obtained using Equation 15. The region with a cross section smaller than that needed

to produce the observed CDM abundance is shown beveled in black. We have vector couplings in

the first row, axial-vector couplings in the second, and chiral (right) in the third one.
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FIG. 8. Same as Figure 7, but for pp collisions at 14 TeV.

IV. RESULTS AND DISCUSSION

The DM production is very distinctive between lepton and hadron colliders given the

available beam energies and detector coverage. We investigate the feasibility of DM pro-
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duction at CLIC and the LHC considering the calorimeter detectors planned/available for

photon isolation and reconstruction. Hence, we scan the parameter space and find exclusion

regions based on the relic density abundance, which shows possible scenarios in the dark

sector by means of the sensibility for different species of DM particles. One of the advan-

tage of using particle colliders for the DM searches is that detectors may be designed to be

multipurpose, that is, they make it possible to measure a large number of observables within

the expected production processes. Furthermore, the high integrated luminosity (
∫

Ldt)

achieved in such colliders reduce the statistical uncertainties for the search of evidence of

New Physics. This huge number of events comes together, however, with a large number of

background events, but may be subtracted from experimental data with a set of selection

criteria and good control of uncertainties and systematic errors, which can be simulated and

studied separately [3].

A. Kinematics in lepton and hadron colliders

We start investigating the partonic cross section of DM particle production (Equation 4)

in e+e− annihilation at CLIC [59, 60] at
√
s = 3 TeV and next pp collisions at the LHC at

√
s = 14 TeV, with the initial state fermion mass mψ = me and mψ = mup, respectively.

The predictions for CLIC are straightforward given the beam-beam annihilation and reso-

nance production. The mono-photon production in e+e− collisions is easily obtained by the

convolution of the partonic cross section and the photon in ISR,

σ′
tot(e+e− → Z ′γ → γχχ̄) = σ̂tot(ψψ̄ → Z ′ → χχ̄)(1 + δ). (17)

On the other hand, one needs to employ collinear factorization for a typical Drell-Yan-like

process to evaluate the cross section in pp collisions, as shown in Figure 9. In this framework

we have for the cross section given by

σtot =
1∫

0

1∫
τ/x1

Pq,q̄(x1, x2)σ̂tot(qq̄ → Z ′ → χχ̄)δ(τs−M2
Z′) dx2dx1, (18)

where xi are the longitudinal momentum fractions of the proton carried by the partons with

τ = x1x2 = M2
Z′/s and

Pq,q̄(x1, x2) =
Nf∑
q=1

[
fq(x1, Q

2)fq̄(x2, Q
2) + fq̄(x1, Q

2)fq(x2, Q
2)
]
, (19)
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FIG. 9. A representation of a Drell-Yan-like process mediated by a massive resonance and decaying

into DM final states. The same representation is used for different DM species; here shown for the

fermion DM case.

is the probability that each quark has a fraction xi of the total proton momentum. In this

work we use the parametrization NNPDF31_lo_as_0118 [61] to model the parton density

functions (PDF) within LHAPDF [62], where we consider contributions from u, d, and s

quarks. Considering that we are interested in the cross section near the resonance, we can

write the hadronic cross section as function of τ , such as

M2 dσ

dM2

∣∣∣∣∣
M=MZ′

= τ
∫ 1

τ
fq(x1, Q

2)fq̄(τ/x1, Q2)σ̂tot(τs)
dx1

x1
, (20)

with the mass fixed at the dark mediator mass.

The production cross section in pp collisions needs to incorporate the photon ISR within

the partonic cross section σ̂tot given that the momentum loss by the quark after the photon

emission has to be taken into account. Thus, the corresponding production cross section in

pp collisions has the form:

σ′
tot(pp → Z ′γ → γχχ̄) ≡ M2 dσ

dM2

∣∣∣∣∣
M=MZ′

= τ
∫ 1

τ
fq(x1, Q

2)fq̄(τ/x1, Q2)σ̂′
tot(τs)

dx1

x1
,

(21)

σ̂′
tot(qq̄ → Z ′γ → γχχ̄) = σ̂tot(qq̄ → Z ′ → χχ̄)(1 + δ). (22)

We are interested in the SM signal coming from the mono-photon production mechanism

in order to observe such an event in the electromagnetic calorimeters. Thus, the photon

spectrum is the main experimental signature for searching the DM production. In Figure 10
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FIG. 10. Differential distributions for the ISR factorized cross section as function of the photon

energy fraction xγ = qγ/Ebeam, normalized by the total integrated cross section. Here we use

MZ′ = 3 TeV and mχ = 1350 GeV.

we show the normalized differential cross section for both e+e− and pp collisions as function

of the photon energy fraction for the three DM species considered in this work. One can

clearly see that the fermion DM case produces a harder photon spectrum than the scalar

DM case within the photon energy range near the resonance, which could be a hint for DM

production as a experimental signature. Beyond 0.1 the normalized cross section tends to

1.

B. DM parameter scan

As we are mainly interested in the DM observation via production by resonances in the

s-channel, Figures 11 and 12 show the mass scan in terms of the DM production near the

mediator resonance of mass MZ′ decaying into DM particles of mass mχ for both e+e− and pp

collisions. Given that CLIC will operate with a fixed energy, we scan the masses in Figure 11

with the resonant cross section with
√
s at the Z ′ peak at 3 TeV and varying mχ. Apart from
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FIG. 11. Scan of the total cross section with ISR contributions as a function of the particle masses

χ of DM (mχ) and boson Z ′ (MZ′) for processes involving e+e− collisions. The red dashed line

draws the threshold for probing the mass range near the resonance where the relic density is lesser

suppressed.

the kinematical limit of mχ ≤ MZ′/2, the photon ISR limits the grow of the cross section

with mχ, producing a slightly decreasing upper bound in mχ beyond MZ′ > 3 TeV. Instead,

LHC probes different invariant masses and the cross section in Figure 12 is then free to vary

with both MZ′ and mχ, and the restriction imposed but the ISR appears as a decreasing

cross section right below the diagonal for mχ = MZ′/2. As stated before, the coupling of the

mediator with the SM is fixed with gr/l = 0.01(0.1) for the ℓℓZ ′(qq̄Z ′) coupling and gχ = 1.

The hatched areas show the regions with relic overabundance and thus excluded. The

red dashed line show the region with a minimum mχ in agreement with the relic calculation

near the Z ′ resonance, where we note that the cross section for scalar and fermion DM are

of the same order of magnitude. As we can see in Figure 11, almost all the mass region is

excluded for the CLIC energy regime by the relic overabundance, leaving a tiny mass range

available very close to the Z ′ peak. The results for the LHC, on the other hand, show a much

lesser stringent exclusion region or both scalar and fermion DM. Hence, the allowed region

above the red dashed line results in a fully available mχ for fermion DM, but a restricted

mass range for scalar DM, mostly below MZ′ of 4 TeV.

Considering the potential for observation at particle colliders, if any, one can see very

distinctive possibilities within the DM species. The scalar and fermion DM have a significant

cross section for smaller mχ and MZ′ masses. However, according to Refs. [36, 37], massive
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FIG. 12. Same as Figure 11, but for pp collisions at 14 TeV and gr = 0.1.

mediators in the region below 2 TeV are already excluded with a 95% confidence level, which

favors searches for regions of even higher masses. Besides, a reasonable prediction for the

number of expected events needs to take into account the efficiency of identifying invisible

end states and the impact of background signals, which are neglected in this work given

the specifics of each detector. Hence, the observed event rate will be reduced from these

predictions, but still competitive for observation.

The predicted cross section for scalar and fermion DM are similar in both e+e− and pp

collisions, around to 101–103 fb, which would be reduced considering detector efficiencies and

background rejection to the level applied in current data analyses, however the expected

event rate would be still consistent with the lack of observation as reported by the LHC

experiments. Furthermore, in the spectrum chosen for the hard photon emitted as ISR, we

noticed little variation in the absolute values of the cross section, despite the fact that there

is an evident kinematic constraint near the limit MZ′ = 2mχ, which indicates that, even in

the case of a higher order process, this ends up not disfavoring possible future observations.

In both e+e− and pp collisions the regions not excluded by the relic density are very

distinct and at very much different scales. Regions of DM production consistent with cos-

mological observations are strongly excluded for scalar DM due to the very nature of the

resonant production process applied here according to Ref. [15]. This can be seen in the

e+e− collisions at CLIC, while the restriction is much less stringent in pp collisions. Besides,

regions of low DM mass are not accessible in e+e− collisions – neglecting the low mχ masses

far from the resonance region –, the pp ones can access the higher DM mass region at TeV
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scale. The cross section, and correspondingly the event rate, is comparable within the scalar

and fermion DM, excluding a tiny region at higher DM mass in the scalar DM case, however

this exclusion region depends on the range of photon energy which drives how DM mass in

reachable in particle colliders.

Figures 13 and 14 present the distributions in terms of gr and gχ couplings with conven-

tional matter and the dark sector for e+e− and pp collisions taking into account the photon

ISR. We show the cross sections with mediator mass of MZ′ = 3 TeV and DM mass of

mχ = 1350 GeV so that we are able to see more clearly the regions where the DM mass near

the resonance allows the DM relic abundance production to conform with cosmological lim-

its. We can notice that a large part of the phase space for scalar DM is excluded by the relic

density, while the fermion DM is the one that presents the best observation opportunity due

to its higher cross section in the non-excluded region. In addition, we see a small effect by

changing the type of coupling between the SM particles and the dark mediator, potentially

because of the small contribution of the coupling constants in the cross sections. One can

noticed that the chiral coupling results in a slightly larger exclusion region given the nature

of the gl coupling in the cross sections and decay widths.

V. CONCLUSION

We present a simplified SM extension with a new renormalizable symmetry group Uχ(1)

acting as a vector portal for DM, which can be distinguished by the composition of its fields,

i.e., scalar or fermion, by two respective possible interaction Lagrangians. We evaluated the

relic density near the resonance of the Z ′ mediator for the first time in the literature, which

drives the exclusion regions in the mass and parameter scans. As a result, we are able to

define a region where the relic density is lesser suppressed, providing proper exclusion limits

for DM production mediated by a Z ′ vector boson at TeV scale, showing that our simplified

model are within the parameter space probed in the experimental and cosmological limits,

excluding a significant region of coupling constants.

The results show that the potential for DM observation in e+e− collisions is very chal-

lenging, with a tiny region still available for fermion DM very close to the resonance. For

pp collisions we can see that there is still a promising region for detection of resonances

that can serve as a portal for the DM production, especially for fermion DM as a candidate
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FIG. 13. Coupling scan showing the total cross section in e+e− collisions at
√
s = 3 TeV for each

type of coupling with the SM: vector (top), axial-vector (center), and chiral (bottom). On the

horizontal axis we can see the gχ coupling dependence of Z ′ with the dark sector. The DM particle

mass and the mediator are fixed at mχ = 1350 GeV and MZ′ = 3 TeV.

in the LHC energy regime under these assumptions. The calculation of the relic density

near a resonance region is an important factor for obtaining predictions for the LHC and we

showed that there still available regions for this resonance production in agreement with cos-

mological and collider constraints. This work aims to further narrow the parameter space,

especially the mass range of the mediator mass, to establish grounds for the search of massive
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FIG. 14. Same as Figure 13, but in pp collisions at
√
s = 14 TeV.

mediators in the resonant s-channel production. The search for New Physics, specifically

the production of DM in pp colliders, is promising, even in regions already covered by the

energy and luminosity of the LHC as well as in future accelerators.

Differently from what happens in direct and indirect searches, if any DM trace have been

detected in collider experiments, it would not be possible to state that the observed DM

would be the same that has its gravitational effects observed at cosmological levels. This is

because the time of flight of a particle to traverse all detector dependencies is not comparable

to the cosmological lifetime of a stable primordial DM particle. In addition, cross-analysis
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of data from different experiments almost always takes some dependence on specific DM

models, due to the difficulty of comparing such results independently [1, 63]. Furthermore,

the experimental viability of DM observation through these processes are focused in the use

of disappearing tracks, as already done by the experiments at theLHC [64]. Therefore, our

results show that searches of mono-photon production with large missing energy can be a

competitive experimental signature for observing evidence of DM particles at the LHC, with

the potential of characterizing the nature of a DM vector mediator in production near its

resonance.
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