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Abstract Global fits explore different parameter regions of
a given model and apply constraints obtained at many energy
scales. This makes it challenging to perform global fits of
simplified models, which may not be valid at high energies.
In this study, we derive a unitarity bound for a simplified vec-
tor dark matter model with an s-channel vector mediator and
apply it to global fits of this model with GAMBIT in order
to correctly interpret missing energy searches at the LHC.
Two parameter space regions emerge as consistent with all
experimental constraints, corresponding to different annihi-
lation modes of the dark matter. We show that although these
models are subject to strong validity constraints, they are
currently most strongly constrained by measurements less
sensitive to the high-energy behaviour of the theory. Under-
standing when these models cannot be consistently studied
will become increasingly relevant as they are applied to LHC
Run 3 data.
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1 Introduction

As successful a theory as the Standard Model (SM) has
been, there are many reasons for expecting it to exist within
an even more descriptive particle theory. One of these rea-
sons for beyond-Standard Model (BSM) physics is a num-
ber of astrophysical and cosmological observations that may
require additional unseen matter [1–3]. The WIMP hypothe-
sis postulates that this matter consists of a Weakly-Interacting
Massive Particle, and is a popular theory as it may explain the
observed cosmological relic abundance of dark matter (DM)
[4] and be strongly constrained by near-future experiments
[5].

WIMP candidates are present in many UV-complete the-
ories including supersymmetric and extra-dimensional mod-
els. Rather than focus on these UV-complete theories, this
study will instead focus on a simplified model. These are
a class of effective theories where the particle that medi-
ates interactions between DM and SM particles is explicitly
included. In the limit of large mediator masses, the traditional
DM effective theory is recovered. These models have been
reviewed in detail in many works, including Refs. [5–12].
They have become the preferred method for modelling the
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simultaneous impact of low and high energy probes [13–15].
Studies of these models are often grouped to include multi-
ple simplified models with different mediator and DM spins.
This work will instead focus on a single model, in which a
vector DM candidate interacts with a vector mediator in the
s-channel. Details of this model are discussed in Sect. 2. For
global fits of models with scalar or fermion DM candidates,
we refer the reader to the previous work in this series [16].

Models containing new vector particles can come with
additional theoretical challenges in the high energy limit of
the theory, arising from the requirement of unitarity of the
scattering matrix. Unitarity violation is a sign that the theory
must be extended for it to be theoretically consistent; for
example, unitarity violation in SM gauge boson interactions
gave one of the early theoretical limits on the mass of the
Higgs boson [17]. Likewise, unitarity arguments have been
used to place an upper bound on the mass of DM particles
that obtain their relic abundance through thermal freeze-out
[18].

Vector DM simplified models have been studied in detail
for both high and low energy experiments. For direct detec-
tion constraints, it has been shown that additional non-
relativistic effective operators may arise in these models
[19,20], and that the use of polarized targets may distinguish
between fermion and vector DM candidates [21]. Assum-
ing a detection of signal events at the XENONnT experi-
ment, prospects for finding these models during Run III of
the Large Hadron Collider (LHC) in dijet searches [22] and
mono-jet searches [23] have been studied along with relic
density limits [24].

In this work, we derive a unitarity bound from the self-
scattering of vector DM and show the similarity in constraint
between this and the requirement of a physical decay width
of the mediator. We follow this with a global fit of this model
usingGAMBIT v2.4, including the decay width and unitarity
requirements in our calculations.

This paper is structured as follows. In Sect. 2, we describe
the simplified model that we study, and the reasons behind
the choice of couplings. In Sect. 3, we derive a unitarity
bound on this model. Section 4 describes the set of experi-
mental constraints we use to perform a global fit of this model
and Sect. 5 provides our results. Finally, Sect. 6 briefly dis-
cusses the potential to observe these particles at near-future
experiments and presents our conclusions. The samples from
our scans, the corresponding GAMBIT plotting scripts and
a detailed unitarity bound proof can be downloaded from
Zenodo [25].

2 Model

The general form of the Lagrangian for a simplified model
of vector DM Xμ coupled to quarks via a mediator Vμ with

vector and axial-vector couplings is [23]

LBSM = −1

2
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μν + m2

DMX†
μX

μ − 1

4
F ′

μνF
′μν

−1

2
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μ − h3Vμq̄γ μq − h4Vμq̄γ μγ 5q

−λDM

2
(X†

μX
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4
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2
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+b7εμνρσ (X†μ∂νXρ)V σ + h.c.], (1)

where Xμν is the field strength tensor for the vector DM, and
F ′

μν for the mediator.
To reduce the complexity of this simplified model and

the dimensionality of the corresponding parameter space,
we make a number of simplifying assumptions. First, we
neglect any four-field interactions, which are expected to be
irrelevant for phenomenology, and therefore set the couplings
λDM, λM, b3 and b4 to zero. Furthermore, we assume that the
simplified model conserves CP symmetry, which requires
the real components of b6 and b7 in Eq. (1) to vanish. Finally,
to preserve the SM gauge structure, we concentrate on vector-
like couplings of the mediator to SM quarks and set h4 = 0.

With these restrictions, one finds that the imaginary com-
ponents of b6 and b7 only give rise to interactions that vanish
in the limit of zero momentum transfer, leading to strongly
suppressed constraints from direct detection experiments.
Including these couplings in our global fits would therefore
lead to rather trivial results, while at the same time requir-
ing significant additional work in order to correctly treat the
non-relativistic effective operators O19 and O20 introduced
in Ref. [20] and the interference between different operators
in the simulation of LHC events. We therefore neglect these
couplings in the present work and focus on the two interac-
tion terms proportional to h3 and b5.

Therefore, the Lagrangian of the model we adopt is

LBSM = −1

2
X†

μνX
μν + m2

DMX†
μX

μ

−1

4
F ′

μνF
′μν − 1

2
m2

MVμV
μ + gqVμq̄γ μq

−igDM

(
X†

ν∂μX
ν − (∂μX

†ν)Xν

)
Vμ, (2)

where we choose to label the quark coupling as gq and the DM
coupling as gDM to agree with our previous work [16]. Both
couplings can be taken as purely real since any imaginary
phase can be absorbed into a redefinition of the fields.

Perturbative unitarity breaks down in large regions of the
parameter space of this model due to the poor high energy
behaviour of the longitudinal polarized modes of the vec-
tor DM. Following the same approach as Ref. [26], here we
derive an approximate unitarity bound for this model in terms
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of the Mandelstam variable s, from scattering of vector DM

s �
√

48πm2
DM

gDM
. (3)

Section 3 derives this relation, and Sect. 4.4 describes
how unitarity was imposed on simulated collider events in
our global scan. In Appendix A, we present the equivalent
bound if the b6 and b7 couplings of Eq. (1) are included
alongside the b5 coupling.

The onshell decay width of the mediator to a pair of DM
particles, V → XX , is


DM =
g2

DM

√
1 − 4m2

DM
m2

M

192πmMm4
DM

×
(
m6

M − 8m4
Mm2

DM + 28m2
Mm4

DM − 48m6
DM

)
,

(4)

and the width to a given pair i of SM quarks, V → qiqi , is


qi =
g2

q

√
1 − 4m2

qi
m2

M

4πmM

(
m2

M + 2m2
qi

)
. (5)

The total width of the mediator should not exceed the medi-
ator mass, or else the perturbative description of DM inter-
actions via mediator exchange is expected to break down.

3 Unitarity violation

3.1 Forming unitarity constraints from partial waves

Unitarity bounds are formed from partial wave analysis of the
scattering of vector DM particles. For examples on the use of
this method, see e.g. Refs. [17,26,27]. From the requirement
of partial wave unitarity, the scattering amplitude must obey
the bounds

0 ≤ Im(MJ
ii ) ≤ 1, (6)

and

|Re(MJ
ii )| ≤ 1

2
. (7)

Here MJ
ii is the full scattering matrix element between 2-

particle states i where the initial and final state particles are
the same (hence the repeated index i), for the J th partial
wave. Tree-level amplitudes are generally used to form these
bounds, assuming that the higher orders do not provide sig-
nificant corrections to the amplitude. In this way, the resulting

bound may be interpreted as a “perturbative unitarity” bound.
In the case of zero initial and final total spin,

MJ
ii (s) = 1

32π
βi i

∫ 1

−1
d cos θ P J (cos θ)Mi i (s, cos θ). (8)

Here P J (x) is the Legendre polynomial of order J , θ is the
scattering angle and s is the square of the centre-of-mass
energy. An additional factor of 1/

√
2 must be applied to the

right hand side for each initial or final state with identical
particles. The term βi i is a kinematic factor, which for a final
state of equal mass DM particles becomes

βi i =
√

(s − (m1 + m2)2)(s − (m1 − m2)2)

s

=
√
s − 4m2

DM

s
.

(9)

In the high-energy limit (s → ∞), βi i approaches 1. As the
zeroth order usually dominates, it is often sufficient to study

M0
i i (s) = βi i

64π

∫ 1

−1
d cos θMi i (s, cos θ). (10)

In the following derivation, we consider the self-scattering
of DM, rather than DM with its antiparticle. The particle-
antiparticle scattering via s-channel mediator exchange will
also face poor behaviour at high energies, however this will
be effectively covered anyway by our additional requirement
that the perturbative description of the off-shell decay width
of the mediator (including to DM particle-antiparticle pairs)
does not break down.

The tree level amplitude of DM self-scattering has con-
tributions from t and u channel processes (see Fig. 1), which
can be derived separately, and summed together. This is most
easily understood in the centre of mass frame, where for
incoming particles (with momenta p(1) and p(2)) and outgo-
ing particles (with momenta p(3) and p(4)),

p(1) = (
E, 0, 0, P

)

p(2) = (
E, 0, 0,−P

)

p(3) = (
E, P sin θ, 0, P cos θ

)

p(4) = (
E,−P sin θ, 0,−P cos θ

)
. (11)

Here E = Ecm
2 is the incoming particle energy and P is the

magnitude of the incoming momentum of each particle. The
longitudinal polarisations will most strongly violate unitarity,
and so it is sufficient to solely form a bound from evaluat-
ing the amplitude for incoming longitudinally polarised DM
particles. In the centre of mass frame, these are

ε(1) = 1

mDM

(
P, 0, 0, E

)
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Fig. 1 t-channel (left) and u-channel (right) diagrams relevant for per-
turbative unitarity bounds

ε(2) = 1
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)
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)
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)
. (12)

The amplitude for t-channel DM-DM scattering at tree-level
is

M = g2
DM
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where
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= (
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)
. (14)

Evaluating this amplitude in the centre of mass frame gives

Mt = −g2
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M

)

×
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(
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)
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Similarly, the scattering amplitude for u-channel DM DM
scattering at tree-level is

Mu = −g2
DM

m4
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(
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M

)

×
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)
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3.2 Unitarity bound

The total amplitude of the scattering process is

Mi i (s, cos θ) = Mt + Mu . (17)

Performing the integral in Eq. (10) and substituting into
Eq. (7) gives the bound on parameters to satisfy unitarity
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2
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Since unitarity is increasingly violated as the collision energy
increases, the limit s � m2

DM is often taken in the literature.
If this limit is taken, this bound simplifies to

s �
√

48πm2
DM

gDM
. (19)

The validity of this limit breaks down for small DM masses
and large couplings. In these cases, the complete bound
Eq. (18) should be used.

Even though the unitarity requirement above has been
derived for the case of DM self-scattering, the resulting
bound can be interpreted more generally as the energy scale
where the interactions between DM particles and the vec-
tor mediator become unphysical. We will therefore apply
the unitarity bound from Eq. (18) to any process in which
a pair of DM particles is produced, with

√
s being replaced

by the invariant mass of the DM pair minv. In particular, this
requirement will be implemented in our simulation of LHC
monojet events (see Sect. 4), where we will discard any event
that violates the unitarity bound. In other words, we apply
LHC constraints only on those regions of phase space where
the simplified model predictions can be trusted, and set con-
servative bounds otherwise.

It is worth noting that formDM < mM/2, we expect mono-
jet production to proceed dominantly via an on-shell media-
tor, such that minv ≈ mM. Hence, for

m2
M �

√
48πm2

DM

gDM
, (20)

virtually all events will be removed by the unitarity require-
ment such that the LHC mono-jet bounds are effectively
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absent. However, parameter points in this region typically
also violate the requirement on the decay width from Eq. (21),
such that they would be excluded from the analysis anyway.

3.3 Physical decay widths

Alongside unitarity violation, another indication that the
model breaks down is that the decay width of the mediator
becomes large, indicating the inapplicability of perturbation
theory to the underlying scattering process. When the media-
tor is on-shell, this can be interpreted as a bound on the decay
width


(mM) ≤ mM. (21)

We reject all points in parameter space that do not satisfy this
bound. In the following we require that an analogous inequal-
ity also holds for the off-shell decay width when replacing
mM by

√
s:


(
√
s) ≤ √

s. (22)

In the high energy limit, the bound on the off-shell decay
width results in the requirement

s ≤
√

192πm2
DM

gDM
. (23)

This differs from Eq. (18) by a factor of 2 (the unitarity
bound being the stricter of the two). When assuming high
collision energies, it is therefore clear to see that the uni-
tarity bound and off-shell decay width bound are practically
interchangeable. Figure 2 shows a comparison between the
unitarity constraint with and without taking the high-energy
limit, for a representative choice of parameters, along with
the exclusion from requiring that the off-shell decay width
is physical. The similarity between the unitarity and decay
width conditions would suggest that for the choice of param-
eters shown, very little difference would be observed if the
two were interchanged.

4 Constraints

Interactions between DM and SM quarks are constrained by
many different measurements of astrophysical, cosmological
and particle physics processes.

We use likelihoods, implemented inGAMBIT2.4, for DM
direct and indirect detection experiments, collider searches at
the ATLAS and CMS experiments, and the measurement of
the DM relic abundance. We generate the necessary model-
specific GAMBIT module functions (including those used to
store spectrum and decay information [28]) using the GAM-
BIT Universal Model Machine (GUM) [29]. This includes
interfaces to backend codes that contain physics calculations
for each DM observable. We apply the perturbative unitarity

Fig. 2 Comparison between unitarity violation and unphysical decay
widths for a demonstrative choice of parameters (s = 108 GeV2,
mM = √

s, gq = 0, and varying mDM and gDM). The requirement
of a physical off-shell decay width (red) excludes a smaller region than
the requirement of unitarity (green), but follows a similar trend. Taking
the high-energy limit of the unitarity bound is a consistently stricter cut
on the parameter space (blue)

and physical off-shell decay width constraints described in
Sect. 3.2 to the calculation of collider signals, to ensure that
calculations are accurate and the resulting limits are conser-
vative; this is detailed in Sect. 4.4. We reject parameter points
that fail the requirement of a physical on-shell decay width
of the mediator, before calculating their likelihood contribu-
tions.

Table 1 provides a summary of each likelihood that we
include that is sensitive to BSM physics. For each likeli-
hood, we provide either: lnLbg, the value that the likelihood
takes purely from the SM, or lnLmax, the best-case likeli-
hood that can be achieved when parameters exactly match
their centrally measured values.

For a detailed description of the implementation of each
likelihood in GAMBIT, we refer the reader to the previous
work in this series [16]. We provide brief summaries of each
likelihood in the following subsections.

4.1 Relic density

We use GUM to generate the CalcHEP v3.6.27 [55,56]
model files that are supplied to micrOMEGAs v3.6.9.2
[57]. The relic density of DM is obtained with the DarkBit
interface which uses micrOMEGAs to solve the Boltzmann
equation for the number density of DM particles in ther-
mal equilibrium, assuming a standard cosmological history.
To form a likelihood from the relic abundance, we compare

123



  692 Page 6 of 13 Eur. Phys. J. C           (2023) 83:692 

Table 1 All likelihoods included in our fits. We give the SM-only (i.e.
background-only) log-likelihood ln Lbg for those that search for events
above an SM background. For the rest, we give the highest achiev-
able value of the log-likelihood ln Lmax, where the predicted value of
the chosen observable or a nuisance parameter is exactly equal to its
measured value

Experiment ln Lbg ln Lmax

CDMSlite [30] −16.68

CRESST-II [31] −27.59

CRESST-III [32] −27.22

DarkSide 50 [33] −0.09

LUX 2016 [34] −1.47

PICO-60 [35,36] −1.496

PandaX [37–39] −6.121

XENON1T [40] −3.651

LZ 2022 [41] −4.636

LHC Dijets [42–50] 0

ATLAS monojet [51] 0

CMS monojet [52] 0

Fermi-LAT [53] −33.245

Planck 2018: �h2 [54] 5.989

Nuisances (see Table 2) −5.995

the calculated density to the Planck 2018 measurement of
�DM,obs h2 = 0.120±0.001 [54] with a 1% theoretical error
added in quadrature with the quoted Planck uncertainty.

We study both cases where the DM candidate is a sub-
component of the observed relic abundance and where it
fully saturates the abundance. When requiring that it satu-
rates the relic abundance, we use the Planck measurement to
define a Gaussian likelihood based on the predicted WIMP
abundance. When allowing it to form a subcomponent, we
modify this likelihood to be flat for predicted densities below
the measurement; details can be found in Ref. [58].

4.2 Direct detection

The parameters of a simplified DM model can be translated to
the coefficients of the relevant operators in a non-relativistic
EFT for WIMP-nucleon scattering, cN

i (q2). The single rele-
vant operator and its coefficient for the vector DM simplified
model in this study is [23].

cN
1 = −2gqgV

DM

m2
M

, (24)

which was supplied to DDCalc v2.2.0 [59,60], to compute
the differential cross-section and target element of interest.
We do not include the effect of operator mixing from run-
ning as it has been shown to have little effect for pure vector
couplings of the mediator to quarks [13].

We calculate direct detection likelihoods from the most
recent XENON1T analysis [40], LUX 2016 [34], PandaX
2016, 2017 and 4T [37–39], CDMSlite [30], CRESST-II
and CRESST-III [31,32], PICO-60 2017 and 2019 [35,36],
DarkSide-50 [33] and LZ [41].1

4.3 Indirect detection

The model we study has two primary DM annihilation chan-
nels, annihilation to mediators and to quarks. Annihilation to
a pair of mediators occurs as an s-wave process, and will be
the primary annihilation channel when kinematically allowed
(mDM > mM). When this channel is closed, the annihilation
will occur to a pair of quarks, through the suppressed p-
wave channel. We do not include p-wave contributions to
the gamma-ray flux as they should not be large enough to
impact searches toward dwarf spheroidals for the model we
consider.

We compute the annihilation cross-section withCalcHEP,
using the GUM interface to generate the required CalcHEP
model files. We use the combined analysis of 15 dwarf
spheroidal galaxies, Pass-8, performed by the Fermi-LAT
Collaboration over 6 years of data taking [53], using gam-
Like v1.0.1 to compute the likelihood through its interface to
DarkBit. DM annihilations at the centre of our galaxy are an
alternative to dwarf spheroidal measurements. Since Fermi-
LAT Galactic Centre limits are not as robust as limits from
dwarf spheroidals, we do not include them in this study. We
do however briefly comment on the future impact of CTA
observations on the parameter space of this model in Sect. 6.

4.4 Monojet searches at the LHC

One of the primary channels via which to search for the model
at colliders is the creation of a pair of final state WIMPs in
association with a jet created by initial state radiation. This
gives a signature of a single jet plus missing transverse energy
( /ET). We include the most current monojet searches from
CMS and ATLAS searches with 137 fb−1 [52] and 139 fb−1

[51] of Run II integrated luminosity respectively.
To calculate the total production cross-section σ and the

product of the efficiency and acceptance for passing the
analysis kinematic selections εA, we perform simulation
of Monte Carlo events with MadGraph_aMC@NLO [61]
(v3.1.1), interfaced to Pythia v8.3 [62] for parton show-
ering and hadronization. To form the quantity εA we pass
these events through MadAnalysis 5 [63] and implement
the ATLAS and CMS monojet analyses. Rather than perform
this calculation for each parameter sample, we precompute
a grid of cross sections (σ ) and εA factors in advance, and
interpolate them at runtime using ColliderBit [64].

1 The description of how LZ is implemented is provided in Ref. [16].
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An additional analysis cut is added to our implementations
of the ATLAS and CMS kinematic selections, to remove any
events which would violate the unitarity bound presented in
Sect. 3, replacing

√
s with the invariant mass of the DM pair.

When this cut becomes strong enough, there is a significant
drop in the predicted acceptance of the analysis, and we can
no longer make any sensible predictions regarding collider
constraints. If no simulated events pass the unitarity cut, we
expect the parameter point to be unobservable at the LHC
and simply assign the background-only likelihood.

The interpolation grid we use is as follows:

– mediator mass: 17 values, 50 GeV–10 TeV
– DM/mediator mass ratio: 16 values, 0.01–50
– quark-mediator coupling: 5 values, 0.01-−1.0
– DM-mediator coupling: 7 values, 0.01-−3.0

The grids for the mediator mass and couplings were cho-
sen to be approximately equally spaced in log-space. The
ratio of DM and mediator masses is more effective than the
DM mass as a grid variable as it allows us to choose a grid
with a higher density of points across the resonance region,
where we expect rapid changes in predictions. Below the DM
mass/mediator mass ratio of 0.01, we assume that we can
safely extrapolate to small DM masses as the predicted sig-
nal should not vary significantly. After removing any points
with DM masses above the limits of our scan, this gives a
total number of 6370 grid points.

4.5 Searches for dijet resonances

The presence of a mediating particle in the model may gener-
ate dijet events at colliders, with an invariant mass of approx-
imately the mediator mass. Dijet resonance searches pro-
vide robust constraints on DM simplified models, where the
extremely high multijet background must be removed with
clever kinematic analysis cuts.

The cross-section for the production of a dijet resonance
can be approximated as the product of the cross-section of
mediator production and the branching ratio of the mediator
into quarks, assuming that the narrow width approximation
holds. When the ratio of the mediator decay width to mass is
high, this approximation breaks down, and our treatment of
dijet searches would become dubious. We briefly investigate
the dependence of the model exclusion on this assumption in
Sect. 5.

We implement dijet limits provided by ATLAS and CMS
[42–50] by scaling of the published limits of the mediator-
quark coupling by the branching ratio into quarks, following
the same approach as Refs. [16,65]. These published limits
are interpolated in mM for each parameter point, and the
likelihood is formed from the most constraining search for

Table 2 List of model and nuisance parameters and their corresponding
scan ranges

Parameters Range

DM mass, mDM [50, 10,000]GeV

Mediator mass, mM [50, 10,000]GeV

quark-mediator coupling, gq [0.01, 1.0]
mediator-DM coupling (vector), gV

DM [0.01, 3.0]
Nuisance parameters Value (±3σ range)

Local DM density, ρ0 [0.2, 0.8]GeV cm−3

Most probable DM speed, vpeak 240(24) km s−1

Galactic escape speed, vesc 528(75) km s−1

a given mediator mass. The combined coupling upper limits
are provided in Fig. 1 of Ref. [16].

In the absence of tree-level couplings of the mediator to
leptons, couplings at loop level may still be generated through
kinetic mixing, and the model may be observable at dilepton
searches. Despite the tight constraints on dilepton signatures
for vector mediated simplified models, the loop suppression
of these lepton couplings will prevent dilepton constraints
on the quark coupling being any stronger than dijet limits.
For this reason we do not include dilepton constraints in this
study. For a discussion on the lepton couplings generated
through kinetic mixing, we refer the reader to Refs. [26,66].

4.6 Nuisance parameter likelihoods

Along with the model parameters in the model we study, we
also include a set of nuisance parameters which are used in
each of our astrophysical likelihoods. A complete list of these
parameters is given in Table 2.

We treat the local DM density ρ0 following the stan-
dard procedure in DarkBit, where ρ0 is assumed to be log-
normally distributed, centred around ρ0 = 0.40 GeV cm−3

and with an error σρ0 = 0.15 GeV cm−3. The scan range of
ρ0 is asymmetric to reflect this distribution. 3σ ranges for all
other nuisance parameters are provided in Table 2.

We treat the Milky Way halo in the same way as in
several of our previous DM studies [16,60,67], where the
DM velocity is assumed to follow a Maxwell-Boltzmann
distribution. The peak velocity and Galactic escape veloc-
ity uncertainties are described by Gaussian likelihoods with
vpeak = 240 ± 8 km s−1 [68] and vesc = 528 ± 25 km s−1

(based on Gaia data [69]), respectively.

5 Results

We have performed a comprehensive scan of the model
parameter space using the differential evolution sampler
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Table 3 Approximate best-fit points for each scan. � ln L values are defined as ln L − ln Lideal, where the ideal likelihood is the combination of
background-only and maximum possible likelihoods detailed in Table 1

Relic Density Best Fit mDM (GeV) Best Fit mM (GeV) Best Fit gq Best Fit gV
DM � ln L

Upper limit 4950 9960 0.010 1.041 0.00

All DM 4570 9210 0.016 0.763 –0.45

Fig. 3 Profile likelihood, profiled over couplings. The measured DM relic abundance is taken as an upper limit (left) or to be composed entirely
of the vector DM candidate (right). 1σ and 2σ contours are shown in white, with the star representing the best-fit point

Diver v1.0.4 [70] with a convergence threshold of 10−6

and a population of 20,000, with an additional scan for DM
masses below 2 TeV to improve sampling. We carried out
two separate scans for the case where the observed DM relic
density is taken as an upper limit or as a two-sided mea-
surement. Unlike the previous study in this series [16], scans
with a capped LHC likelihood were not performed, as any
small preferences over the background-only hypothesis in
mono-jet searches were not found to occur within the sur-
viving parameter space of the scan. A scan with a capped
LHC likelihood would therefore produce results that were
indistinguishable from its uncapped equivalent.

Table 2 provides the full list of parameters and scan ranges.
We adopt the same choice of scan ranges and sampling
distributions of the masses and couplings as those in Ref.
[16]. Very small couplings are avoided in order to focus
on regions where unitarity violation may be relevant. The
coupling upper bounds are of order unity in order to keep
the decay width of the mediator from becoming excessively
large. The range of masses was chosen to focus on regions
where it was expected that both collider searches and direct
and indirect searches may be complementary. The parameter
points that give the best likelihoods are given in Table 3.

The profile likelihood from combined constraints on the
complex vector DM model is shown in Figs. 3 and 5. The
model prefers parameter regions where DM annihilation is
efficient, and there are two regions corresponding to the
two DM annihilation channels. Around the diagonal mM ≈

2mDM, the annihilation occurs close to a resonance into a pair
of quarks. For regions where mDM > mM, the annihilation
occurs as a t-channel process into a pair of mediator particles.
Below approximately 500 GeV, the annihilation may not be
great enough to prevent exclusion from direct detection con-
straints without leaving the limits of the scanned parameter
ranges.

This shape is highly similar to those presented for a scalar
DM candidate in Ref. [16]. This is because the strongest
limits come from the direct detection experiments, which
are dependent on the effective operators that are relevant,
and this model shares the same relevant operator as the scalar
DM model. The model survives for a greater proportion of
the parameter space than the scalar DM model, despite the
additional inclusion of PandaX-4T direct detection data in
this work. The small variation in the profile likelihood around
2 TeV is a sampling artifact, and does not reflect any physical
change in predictions.

In Fig. 4, we show how the profile likelihood changes if the
scan range were extended to masses up to 100 TeV. The res-
onance region closes off around 30–40 TeV as DM becomes
overabundant unless the couplings become non-perturbative.
The non-resonant region continues on with a largely flat like-
lihood. For DM masses well beyond 100 TeV, thermally pro-
duced DM will violate generic unitarity bounds [18].

Requiring that the DM relic abundance is saturated shrinks
the surviving region to mediator masses above 1 TeV for
the off-resonance region. For lower mediator masses, the
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Fig. 4 Profile likelihood, profiled over couplings, for DM and mediator
masses up to 105 GeV. The measured DM relic abundance is taken as
an upper limit. 1σ and 2σ contours are shown in white

non-relativistic effective coupling to nucleons is stronger
and therefore expected signal at direct detection experi-
ments is greater. Figure 6 (left) shows that at low mediator
masses, the likelihood is higher in parameter regions where
the model strongly underproduces DM to avoid tension with
these experiments. As the strength of the direct detection
constraints increases toward lower DM mass, the surviving
parameter region also has a lower bound on the DM mass that
may be seen in Fig. 6 (right). The surviving region along the
resonance does not depend strongly on whether the abun-
dance likelihood is taken as a one-sided upper limit or a
two-sided measurement. Measurements of dwarf spheroidal
galaxies do not appear to have any strong influence on the
profile likelihoods.

We find that, in the surviving parameter regions, the decay
width of the mediator is dominated by the partial width to
quarks. Limits from dijet searches prevent mediator-quark
couplings gq above roughly 0.1 for most of the parameter
space. This preference toward lower gq reduces the effect
of high decay widths, as the partial width to quarks is pro-
portional to g2

q. Figure 7 shows that within 2σ of the best-
fit point, the decay width of the mediator does not exceed
0.02mM, safely satisfying the narrow width requirement.

The effect of monojet searches cannot be seen directly on
the results of the profile likelihood. For any model param-
eters where monojet searches would have sensitivity, these
are strongly excluded by relic abundance limits and direct
detection searches. The combined global fit therefore does
not appear to be strongly affected by unitarity considerations.
This conclusion might however change when considering a
more general parameter space including also the couplings
b6 and b7.

The best fit for each scan lies along the resonance, at the
upper limits of the masses, and toward the lower limits of the
quark coupling. In these regions, the relic abundance, and
the strength of the direct detection signals are minimised.
When the DM candidate is allowed to be a subcomponent
of the observed DM density, this best fit point approximately
matches the background likelihood as the signals at any given
DM experiment are almost entirely negligible. We compute
an approximate p-value of the best-fit likelihood conditioned
on the ‘ideal’ scenario (sum of background-only and max
entries in Table 1) for 1–2 effective degrees of freedom. Fur-
ther explanation of the construction of this particular p-value
can be found in Ref. [71]. Neither case (saturated or sub-
dominant DM) is disfavoured, returning p-values of 0.3 and
above.

We limited the couplings to be no lower than 0.01, in order
to target parameter regions where unitarity violation was

Fig. 5 Profile likelihood, profiling over mediator and DM masses, for a relic abundance upper limit (top) and a saturated relic abundance (bottom).
1σ and 2σ contours are shown in white, with the star representing the best-fit point
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Fig. 6 DM relic abundance for the surviving parameter space, when taking the relic abundance measurement as an upper limit. We show the
abundance both against mediator mass (left) and against DM mass (right). 1σ and 2σ contours are shown in white

Fig. 7 Profile likelihood, as a function of the mediator width to mass
ratio, profiled over all model parameters. 1σ and 2σ confidence limits
are shown in black, with the red star representing the best-fit point

most likely to cause issues without introducing large hier-
archies between couplings. If the scan range was expanded
to include smaller gq, it can be seen from Fig. 5 how the size
of the surviving parameter space should increase. Expanding
the lower limit on gDM will only expand the surviving space
if gq is also expanded. For the parameters scanned over in this
work, the model is excluded for lower gDM, as there cannot
be sufficient annihilation of the thermal DM abundance.

6 Discussion

In this work, we have derived a unitarity bound for a sim-
plified model with a vector DM candidate that interacts with
SM quarks via an s-channel vector mediator. We showed
that this unitarity bound is highly similar to the bound on

the model parameters one would require from the behaviour
of the off-shell decay width, which is another challenge that
plagues these theories. Applying this bound to simulated col-
lider events, we performed a global scan of this model with
GAMBIT. We found that in all of the simulated parame-
ter regions where the unitarity of the model may come into
question or the decay of the mediator becomes unphysical,
the model is excluded by experiments that are less sensitive
to the high energy behaviour of the theory. Since the model
exclusion most strongly comes from direct detection exper-
iments and relic abundance limits, the surviving parameter
space is split in two by the DM annihilation channels. The
overall result is a series of limits that are highly similar to,
but slightly weaker than, those found for corresponding scalar
and fermionic DM models in the previous study in this series
[16].

In the coming years, many experiments are expected to
take data that may be used to constrain the model that we
consider. In Fig. 8 we show the predicted number of signal
counts at the next-generation liquid Xenon direct detection
experiment, DARWIN [72]. Within the surviving parameter
space of the model, up to several hundred recoil events may
be observed. Depending on how effectively the background
can be rejected, a large portion of the surviving parameter
space in these scans may be ruled out in the absence of any
signal measurements.

We also checked the extent to which future observations
by the Cherenkov Telescope Array (CTA) would constrain
the model, using the same methods as in Ref. [16]. None of
the currently viable parameter space will be probed by CTA,
with the parameter space along the resonance region far out
of reach because the annihilations occur through the p-wave
suppressed channel to quarks.

Finally, we note that further constraints can be expected
from Run 3 of the LHC and the subsequent high-luminosity
phase, as well as future colliders. In order to correctly inter-
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Fig. 8 Predicted number of signal events in the DARWIN experiment,
coloured by the mediator mass. 1σ and 2σ profile likelihood contours
are shown in white

pret these constraints, it will become increasingly important
to understand the high-energy behaviour of simplified mod-
els.

Acknowledgements CC would like to acknowledge KIT for its support
and hospitality as a hosting university. This work was in part performed
using the Cambridge Service for Data Driven Discovery (CSD3), part
of which is operated by the University of Cambridge Research Com-
puting on behalf of the STFC DiRAC HPC Facility (www.dirac.ac.
uk). The DiRAC component of CSD3 was funded by BEIS capital
funding via STFC capital grants ST/P002307/1 and ST/R002452/1 and
STFC operations grant ST/R00689X/1. DiRAC is part of the National
e-Infrastructure. PS acknowledges funding support from the Australian
Research Council under Future Fellowship FT190100814. TEG and FK
were funded by the Deutsche Forschungsgemeinschaft (DFG) through
the Emmy Noether Grant No. KA 4662/1-1 and grant 396021762-TRR
257. MJW is supported by the ARC Centre of Excellence for Dark
Matter Particle Physics (CE200100008). This article made use of pippi
v2.2 [73].

Data Availability Statement This manuscript has associated data in a
data repository. [Authors’ comment: This supplementary repository is
provided by Zenodo (DOI: https://doi.org/10.5281/zenodo.7710586),
and contains all plotting scripts and data samples required to reproduce
the results shown in this study along with the full proof of equation A.1.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.
Funded by SCOAP3. SCOAP3 supports the goals of the International
Year of Basic Sciences for Sustainable Development.

Appendix A: Unitarity bound including b6 and b7
couplings

If the b6 and b7 couplings from Eq. (1) are allowed to be
nonzero, the unitarity bound becomes
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where b5 corresponds to the coupling gDM in the model we
adopt. For the proof of the relation, we refer the reader to the
supplementary Zenodo record for this study [25]. The b6 and
b7 couplings are split into their real and imaginary compo-
nents, with the CP-violating couplings left in for completion.
The imaginary component of the b7 cancels in the formation
of the bound. In the limit of high s, this simplifies to
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The term from the real component of the b7 coupling is inde-
pendent of s.
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