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We study LHC searches for an extension of the Standard Model (SM) by exploiting an additional
Abelian UDð1Þ gauge symmetry and a complex scalar Higgs portal. As the scalar is charged under this
gauge symmetry, a vector dark matter (VDM) candidate can satisfy the observed relic abundance and limits
from direct dark matter (DM) searches. The ATLAS and CMS experiments have developed a broad search
program for the DM candidates, including associate production of Higgs boson, Z boson, and top quark
that couple to DM. In this paper, we perform an extensive analysis to constrain the model by using these
experiments at LHC. It can be seen that the LHC results can exclude some parts of the parameter space that
are still allowed by relic density and the direct detection searches. Using the LHC results, all scalar Higgs
portal masses are excluded for the light VDM. Furthermore, exclusion limits on the parameter space of the
model by using the new results of the CMS and ATLAS Collaborations for a new light Higgs boson with
mass ∼95 GeV are provided.
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I. INTRODUCTION

The existence of dark matter (DM) is largely known
through a variety of astrophysical and cosmological experi-
ments [1]. Although it is measured to be about 26.4% of the
total energy density of the Universe via indirect observa-
tions, the true nature of DM particles is still unknown.
However, we know that DM must be electrically neutral
and does not interact with ordinary baryonic matter.
The main effects caused by DM are gravitational, but the

existence of a weakly interacting massive particle (WIMP)
is often hypothesised, since it leads to the correct relic
density for nonrelativistic matter in the early Universe
(WIMP miracle) [2]. In general, the dark sector can interact
with the Standard Model (SM) particles through the Higgs
portal [3]. We consider a Uð1Þ extension of SM in which a
scalar mediated between SM and the dark sector and a
vector can play the role of a DM particle. Experiments
around the world seek to unravel the nature of DM with
different strategies. One of these strategies is to search at
particle colliders. Such dark particles could be produced in

particle colliders and detected as the large missing trans-
verse momentum produced in association with the SM
particles. To have a realistic model, it must satisfy different
available constraints from the DM abundance via standard
thermal freeze-out processes, direct detection experiments,
and the LHC searches for the DM particles. In this regard,
we perform an analysis on the model, focusing on relic
density, direct detection, and several searches on associate
production of Higgs boson, Z gauge boson, and top quark
with the DM particle. In particular, we determine the region
of parameter space that can be excluded by the searches at
LHC. Some of the LHC analyses have reported the data
and background event yields in different signal regions. It
enables us to find the limits on the DM signal yields
by some statistical methods. By implementing the signal
selections in an event generator, one can find the DM signal
yields in different points of the parameter space. This yield
is compared to the limits extracted from the LHC analyses
to decide whether a point is allowed or excluded.
The recent results, reported by the CMS and ATLAS

Collaborations, indicate an excess in the γγ and ττ final states
consistent with a light Higgs boson (∼95 GeV) [4–5]. They
provide interesting hints for new physics. Motivated by
these results, we perform a study to constrain the model by
considering a 95 GeV light Higgs boson.
To explain the model and analysis, the paper is organized

as follows. In Sec. II, we introduce the model under
consideration. In Secs. III and IV, the allowed parameter
space of the model is probed by considering the relic
density of DM and direct detection experiments. We
present the method and the main results for the LHC
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constraints on the model by a list of processes in Sec. V. In
Sec. VI, the excluded region in the light of the newly
observed 95 GeV light Higgs boson is reported. We also
study indirect constraint from the H.E.S.S. experiment on
the DM candidate in Sec. VII. Finally, Sec. VIII concludes
the paper.

II. THE MODEL

For the reader’s convenience, we briefly introduce the
main characteristics of the model that is fully developed in
Ref. [6]. We extend the SM by a dark sector where the
UDð1Þ Abelian gauge symmetry is spontaneously broken
by the dark Higgs mechanism. We introduce a complex
scalar S which has a unit charge under UDð1Þ and the
UDð1Þ gauge field Vμ. These new fields are singlet under
the SM gauge group. We also consider an additional Z2

symmetry, under which the vector field Vμ and the scalar
field S transform as follows:

Vμ → −Vμ; S → S�: ð2:1Þ

Because of the imposed Z2 symmetry under which only
the dark gauge boson Vμ is odd, kinetic mixing between the
gauge bosons of theUDð1Þ and toUð1ÞY is not possible and
two sectors will not mix at any order of perturbation theory;
therefore, the field renormalization constants are defined
independently in each sector [7–9]. Therefore, the vector
field Vμ can be considered as a DM candidate. The total
Lagrangian of the model is given by

L ¼ LSM −
1

4
VμνVμν þ ðD0

μSÞ�ðD0μSÞ − VðH; SÞ; ð2:2Þ

where LSM is the SM Lagrangian without the Higgs
potential term and the covariant derivative and field
strength of Vμ are given as

D0
μS ¼ ð∂μ þ igvVμÞS;
Vμν ¼ ∂μVν − ∂νVμ:

The potential, which is renormalizable and invariant under
gauge and Z2 symmetry, is

VðH; SÞ ¼ −μ2HH†H − μ2SS
�Sþ λHðH†HÞ2

þ λSðS�SÞ2 þ λSHðS�SÞðH†HÞ: ð2:3Þ

The quartic interaction, λSHðS�SÞðH†HÞ, is the only con-
nection between the dark sector and the SM. The SMHiggs
field as well as dark scalar field can receive vacuum
expectation values, breaking the electroweak and UDð1Þ
symmetries, respectively. In this gauge, we write down the
Higgs field as

H ¼ 1ffiffiffi
2

p
�

0

ν1 þ h1

�
ð2:4Þ

and S as

S ¼ ν2 þ h2: ð2:5Þ

ν1 and ν2 are vacuum expectation values of Higgs fields in
which we suppose ν1 ¼ 246 GeV. After the electroweak
symmetry breaking [6], the parameters of the model are
given by

ν2 ¼
MV

gv
; sin α ¼ ν1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ν21 þ ν22
p ;

λH ¼ cos2αM2
H1

þ sin2αM2
H2

2ν21
;

λS ¼
sin2αM2

H1
þ cos2αM2

H2

2ν22
;

λSH ¼ ðM2
H2

−M2
H1
Þ sin α cos α

ν1ν2
; ð2:6Þ

where α is the mixing angle between weak eigenstates and
mass eigenstates. The mass eigenstates of Higgs fields can
be written as follows:

M2
H2;H1

¼ λHν
2
1þλSν

2
2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλHν21−λSν

2
2Þ2þλ2SHν

2
1ν

2
2

q
;

ð2:7Þ

where we suppose MH1
¼ 125 GeV. It is remarkable that

this construction is rather minimal, in the sense that only
three new free parameters are added: coupling gv and new
mass parameters MH2

and MV .
We also have studied various theoretical and experimen-

tal constraints on the parameter space of the model. For
theoretical constraints, we must consider constraints such
as perturbativity, unitarity, and positivity of the potential. In
this regard, we suppose all theoretical conditions that have
been discussed in [6]. For experimental constraints, we
consider invisible Higgs decay, relic density, and direct
detection bounds. The constraints for invisible Higgs decay
are completely similar to [6], but for two other constraints,
we extend the studied parameter space.

III. RELIC DENSITY

The evolution of the number density of DM particles
ðnXÞ with time is governed by the Boltzmann equation

ṅX þ 3HnX ¼ −hσannνreli½n2X − ðneqX Þ2�; ð3:1Þ

whereH is the Hubble parameter and neqX ∼ ðmXTÞ3=2e−mX=T

is the particle density before particles get out of equilibrium.
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The dominant Feynman diagrams for DM production proc-
esses are shown in Fig. 1. In this regard, we calculate the relic
density numerically for thevector darkmatter (VDM)particle
by implementing the model into MICROMEGAS [10]. The
allowed range of parameter space corresponding to observed
DM relic density (according to the data of the Planck
Collaboration [11]) is depicted in Fig. 2. As can be seen,
there are three mass regions with the correct relic density:
(i)MV ∼MH2

=2, (ii)MV ≲MH2
, and (iii)MV > MH2

[9]. In
the first case, what is clear is that DM annihilates resonantly
via H2, then the latter decays into SM states (the strip in the
figure), and a small mixing angle (α) makes the resonant
s-channel annihilation less effective. In the second case,
VV → H2H2 annihilation becomes relevant. Of course,
whenMV < MH2

, due to the thermal tail with high velocity,
the correct relic density can be obtained fromRef. [12]. In the
third case, DM annihilates into lighterH2 states. But what is
very clear is that the mass window for the resonance and
forbidden region (the first and second cases) is quite limited,
whereas the case ofMV > MH2

involves much more param-
eter space. So, themost allowed points of themodel are in the
region of 60 < MV < 2000 GeV and 0.1 < gv < 1. Of
course, forMV < 60 GeV the sin α < 0.44 constraint is also
one of the reasons that limited the parameter space [13,14].

IV. DIRECT DETECTION

Before examining the constraints of LHC on the various
channels, let us turn our attention to the direct detection
(DD) of VDM in the model. At the tree level, a VDM
particle can interact elastically with a nucleon either
through H1 or via H2 exchange [15]. We use the
XENONnT and LUX-ZEPLIN (LZ) experiments results
to constrain the parameter space [16,17]. Also for
MV < 30 GeV, the results of the XENON1T experiment
are used [18]. Figure 3 shows the parameter space of the
model in agreement with the DD and relic density con-
straints. As it can be seen, for different values of the DM
mass, there are points that are protected from all the
presented phenomenological constraints.
It is necessary to mention that since we are motivated to

follow DM phenomenology at the LHC, we consider our
parameter space at the electroweak range (1–2000 GeV).
In this regard, we used the MICROMEGAS package to
calculate the relic density and direct detection constraints.
We set 1 × 106 points randomly and obtained those
consistent with the allowed relic density and direct
detection bound. The final results are shown in Figs. 2
and 3.

FIG. 1. The dominant Feynman diagrams for DM relic density production cross section.
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FIG. 2. The allowed range of parameter space consistent with
the DM relic density.
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V. THE LHC SEARCHES
AND THE DM CONSTRAINTS

The LHC experiments at CERN have done a long list of
searches for new physics beyond the SM (BSM) and also
measurements of SM cross sections and variables. Up to
this date, no sign of new physics or significant deviation
from the SM predictions has been reported. This lack of
experimental evidence for new physics can be used to
constrain any newly introduced extension of SM, e.g., the
proposed DM model. To produce the results of this section,
the event yields and uncertainties reported by the LHC
experiments are used to find the 95% and 68% confidence
level (CL) upper limit on the event yields of BSM.
The procedure is done using the tools provided in the
ROOT [19] analysis framework. It is based on a likelihood
ratio semi-Bayesian method [20,21]. The idea is to find the
maximum room for events from BSM, by comparing the
expected number of events from the SM and the observed
event yields in data. The authors have used a similar
method to constrain other physics BSM in Ref. [22].
To find the upper limits, 20% total statistical and

systematic uncertainty is assumed on DM signals. To make
sure the results do not depend on this value, the values of
15% and 25% are also used for this total uncertainty and the
changes in the results are found to be marginal. The found
maximum number of BSM events is divided by the
corresponding integrated luminosity to find the upper limit
on the cross section times the acceptance times the exper-
imental efficiency of the BSM in question. To continue, this
quantity is called the upper limit of the visible cross section
(σUL

vis ). For various channels, σ
UL
vis values are shown inTable I.

To generate the events MADGRAPH5AMC@NLOv.3.4.2 [23]
(MG) is used, but tomake themodel understandable byMG,
the introduced model is implemented in LANHEP [24]. The
output of this package can be used in MG, easily. The
analysis selections are implemented in MG to simulate
the experimental acceptance as accurately as possible. The
generated events are passed to PYTHIA8 [25] for patron
showering and hadronization. The experimental efficiency
within the acceptance is assumed to be 100%, which is an
optimistic assumption and ends up with conservative results

in the shown plots. To have a more realistic estimation of the
efficiencies, one needs to pass the generated events through
the full detector simulation and reconstruct the events in
detail, which is beyond the scope of this analysis. In most of
the LHC analyses, there are several signal regions (bins).
The event yields from SM prediction in different bins are
summed up and treated as a single bin analysis. The same is
done for the collision data, also. Special attention is paid to
have completely separated bins and one event has no chance
to appear in two different bins and be taken into account two
times. For each test point, the input parameters are set inMG
and 10000 events are generated to measure the production
cross section of that test point. The measured cross section
by MG is compared with σUL

vis . Only a test point with a
measured production cross section less than σUL

vis is consid-
ered as an allowed point; otherwise, it ismarked as excluded.

A. LHC constraints on H +DM

BothmultipurposeLHCexperiments have reported results
on the search for associate production of theHiggs boson and
DM. Some of the leading order Feynman diagrams, con-
tributing in this process, are shown in Fig. 4. One of the most
interesting decay modes of the Higgs boson is its decay to
two photons via a top quark mediated loop. Since the
proposed model is implemented in leading order, it cannot
handle such decays and this final state is ignored in this
analysis. To continue, the decays of the Higgs boson to
two τ leptons or two b quarks are considered. The CMS
experiment has reported the event yields of the SM
prediction and collision data after applying the cuts in events
with an SM Higgs boson and the missing transverse
momentum in Ref. [26]. The analysis uses 35.9 fb−1 of data
in

ffiffiffi
s

p ¼ 13 TeV. The paper contains the results of Higgs
boson decay to two b quarks. A special algorithm is used to
identify theHiggs bosonswithmediumLorentz boost, where
b jets produced in the decay of the Higgs boson are merged
and appear as a large-radius jet. The yields are reported in
four nonoverlapping bins of the missing transverse momen-
tum. The ATLAS experiment has done a similar search using
139 fb−1 of data in

ffiffiffi
s

p ¼ 13 TeV [27]. They also use a
variable-radius track-jet algorithm to treat the boosted Higgs

TABLE I. The upper limit of the visible pp cross section (σUL
vis )

for different channels based on the LHC searches atffiffiffi
s

p ¼ 13 TeV.

σUL
vis (fb)

CMS ATLAS

Channel 95% CL 68% CL 95% CL 68% CL

VVZ; Z → lþl− 1.22 0.66 4.43 3.41
H1VV;H1 → τþτ− 0.75 0.39 0.06 0.03
H1VV;H1 → bb̄ 1.75 0.92 2.6 1.36
tt̄VV 85.91 44.1 0.66 0.39

FIG. 4. Feynman diagrams relevant for the production of
X ¼ Z=H1 in association with DM at the LHC in the process
pp → XVV.
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bosons properly. For events with exactly two b jets, five
exclusive bins of the missing transverse momentum are
defined to report the yields.
Figure 5(a) shows the excluded regions in 95% CL in the

(MV , MH2
) plane for different gv values using the CMS

results. A similar result by using the ATLAS measurements
is shown in Fig. 5(b).
In Ref. [28], the CMS experiment considers the events

consistentwith the decay of theHiggs boson to two τ leptons
to search for DM produced next to the Higgs boson. The
analysis uses 35.9 fb−1 of data in

ffiffiffi
s

p ¼ 13 TeV. Because of
different decay modes of the τ lepton, three final states are
defined. Events with both τ leptons decay hadronically, or
one of them decays hadronically and the other one decays to
an electron or a muon, characterize these final states. No
further binning is applied. The ATLAS experiment has
reported the results of a similar search based on 139 fb−1 of
data in the same center-of-mass energy inRef. [29]. Only the

hadronically decaying τ leptons are considered in this paper.
The analysis defines two mass ranges. The high mass range
is optimized for the booted Higgs bosons, but it is not
completely separated from the lowmass range. To avoid the
complexities due to overlapping signal regions, only the low
mass range is used in our analysis. Figure 6(b) shows the
excluded regions in 95% CL in the (MV , MH2

) plane for
different gv values using theCMS results. A similar result by
using the ATLAS measurements is shown in Fig. 6(a). The
reaches in MH2

direction are comparable, but ATLAS is
more powerful in theMV direction. The ATLAS experiment
uses more data, and this can be the source of this superiority.

B. The LHC upper bounds for pp → tt̄+DM

Associate production of DM and top quark pair (tt̄) can
happen in Feynman diagrams like Fig. 7. The LHC
experiments have reported several analyses on the search

FIG. 5. The colored regions are excluded at 95% CL by CMS (a) and ATLAS (b) measurements in pp → H1VV ðH1 → bb̄Þ channel
for different gv values.

FIG. 6. The colored regions are excluded at 95% CL by CMS (a) and ATLAS (b) measurements in pp → H1VV ðH1 → τþτ−Þ
channel for different gv values.

VECTOR DARK MATTER AND LHC CONSTRAINTS, INCLUDING … PHYS. REV. D 110, 055004 (2024)

055004-5



for DM production in association with tt̄. In this paper,
only the latest analyses are considered. The CMS experi-
ment has used 2.2 fb−1 of data in

ffiffiffi
s

p ¼ 13 TeV for this
search [30]. The analysis combines the results from differ-
ent tt̄ final states, including zero, one or both top quarks
decay hadronically. In all hadronic tt̄ events, a special
discriminator is used to categorize the events based on the
number of the resolved top tagged. It helps to include in the
analysis the boosted top quarks which may have some
overlaps between the jets. On the other hand, the ATLAS
experiment has used 36.1 fb−1 of data in the same center-
of-mass energy [31]. They have presented the results for
three sets of selection criteria when only fully hadronic and
fully leptonic decays of tt̄ are considered. They also have
special treatment for highly boosted top quarks, by using
the large-radius jets. Figure 8(b) shows the parts of (MV ,
MH2

) parameter space, excluded at 95% CL using CMS
results when different gv values are assumed. The same
result by using the ATLAS measurements is shown in
Fig. 8(a). Similar to the previous section, ATLAS uses more
data and is more powerful in the MV direction. Comparing
to Figs. 5 and 6, this channel is more powerful in the MH2

direction. Our analysis using this channel can exclude all
MH2

values for lowMV, which is a significant achievement.

C. LHC constraints on Z+DM

The Feynman diagrams like Fig. 4 can contribute in
associate production of the Z boson and DM. The CMS
experiment has reported the event yields of the back-
grounds and data after applying the cuts in events with a
Z boson and the missing transverse momentum [32]. The
analysis uses 137 fb−1 of data in

ffiffiffi
s

p ¼ 13 TeV for the
search for DM produced in association with a leptonically
decaying Z boson. The results for dielectron and dimuon
final states are summed up and reported in two jet
multiplicity, zero, and one jet categories. Moreover, the
ATLAS experiment has reported results on the same
channel by applying different selection cuts [33]. The
analysis uses 36.1 fb−1 of data in the center-of-mass energy
of 13 TeV. The results are reported for dimuon and
dielectron final states separately, and no further binning
is done. Figure 9(b) shows the parts of (MV , MH2

)
parameter space, excluded at 95% CL using CMS results
when different gv values are assumed. The same result by
using the ATLAS measurements is shown in Fig. 9(a). Two
experiments have similar reaches in lowMH2

, but the CMS
experiment, which uses more data in this channel, has a
better exclusion forMV in highMH2

. Comparing with other
LHC constraints, this channel gives the best exclusion. It
can increase the exclusion in both MV and MH2

directions
comparing to DD results shown in Fig. 3.

VI. LHC CONSTRAINTS ON VECTOR
DARK MATTER MODEL

WITH A 95 GeV LIGHT HIGGS

Recently, the CMS Collaboration has reported new
results, indicating a signal excess with a local (global)

FIG. 7. Feynman diagrams relevant for the production of tt̄ in
association with DM at the LHC in the process pp → tt̄VV.

FIG. 8. The colored regions are excluded at 95% CL by CMS (a) and ATLAS (b) measurements in pp → tt̄VV channel for different gv
values.
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significance of 2.9σ (1.3σ) in the diphoton final state
around 95 GeV, using all LHC data collected atffiffiffi
s

p ¼ 13 TeV [4]. The ATLAS group also has reported a
similar excess with a local significance of 1.7σ [5]. Further
anomalies in the ττ [34] and bb̄ [35] final states have been
reported by the CMS and LEP Collaborations, respectively.
The impact of these reports has been studied in a variety of
different BSMs [36–64]. In the proposed model, the new
Higgs emerges as a promising candidate. In this regard,
H2 is assumed to be the newly observed particle, and
mH2

¼ 95 GeV. Looking at Figs. 5–9 shows only the
processes pp → tt̄VV and pp → ZVV ðZ → lþl−Þ have
sensitivity in mH2

close to 95 GeV. Therefore, the results of
these channels are used to constrain the proposed model in
the light of the newly observed 95 GeV excess. Figures 10
and 11 show the excluded regions in theMV − gv plane, for
pp → ZVV ðZ → lþl−Þ and pp → tt̄VV, respectively.
The results based on the analysis of both CMS and ATLAS

Collaborations are shown. Apart from very low values of gv
for both channels and both collaborations, MV values
below 60 GeV are excluded. Dependence on MV is small,
but in low values of gv, dependence on this parameter is
large, and small changes in coupling can switch between
allowed and excluded regions. Similar behavior was seen in
the previous shapes (Figs. 5–9) also, when the sensitive
area is for gv between 0.01 and 0.1 and beyond this range,
no sensitivity is seen.
It is necessary to mention that we consider the model in

the leading order and it is impossible to study the decay of
H2 to diphoton. Looking at Fig. 12, it can be seen that H2

can decay to diphoton when loop corrections are consid-
ered. In our study, we only check, if H2 is responsible for
the reported diphoton excess, which part of the parameter
space is preferred. Checking the complete consistency
between H2 of the model with the reported excess needs
more details from the experiments (data and background

FIG. 9. The colored regions are excluded at 95% CL by CMS (a) and ATLAS (b) measurements in pp → ZVV ðZ → lþl−Þ channel
for different gv values.

FIG. 10. The colored regions are excluded at 95% CL by CMS (b) and ATLAS (a) measurements in pp → ZVV ðZ → lþl−Þ channel
for different gv values. The mass of H2 is fixed to 95 GeV.
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yields in the vicinity of 95 GeV), which is not provided in
the CMS and ATLAS papers or a complete analysis with
full detector simulation and reconstruction of signal and
backgrounds and comparison with LHC data. The former
part is not accessible to the public yet; furthermore, the
latter part is beyond the scope of this analysis.

VII. THE H.E.S.S. UPPER BOUND

Indirect detection experiments of DM can be an attrac-
tive avenue for signs of DM. Photons, neutrinos, and
positrons are the most important products from the anni-
hilation of DM, among which photons are the best option
due to their larger cross section and clearer signals. The
H.E.S.S. experiment checks the cosmic γ-rays in the photon
energy range of 0.03–100 TeV so it can observe high
energy processes in the Universe [65]. The monochromatic
lines of photons are one of the promising messengers in the
indirect search for DM. In our model, DM can annihilate to
two photons through quantum loop corrections. The
dominant Feynman diagrams contributing to this process
are shown in Fig. 12. The cross section is as follows:

σðsÞν ¼ 1

4πs
jMXX⟶γγj2; ð7:1Þ

where
ffiffiffi
s

p
is the center-of-mass energy. The amplitude

MXX⟶γγ is given by

MXX⟶γγðsÞ¼ ig2vν2

�
isinθ

s−m2
H1

− imH1
ΓH1

MH1⟶γγðsÞ

þ icosθ
s−m2

H2
− imH2

ΓH2

MH2⟶γγðsÞ
�
; ð7:2Þ

where

MH1⟶γγ ¼
αges cos θ
8πMW

�
3

�
2

3

�
2

Ft þ FW

�
; ð7:3Þ

MH2⟶γγ ¼
αges sin θ
8πMW

�
3

�
2

3

�
2

Ft þ FW

�
: ð7:4Þ

Here, ge ¼ 2
ffiffiffiffiffiffi
πα

p
=sin θw and

Ft ¼ −2τ½1þ ð1 − τÞfðτÞ�; ð7:5Þ

FW ¼ 2þ 3τ þ 3τð2 − τÞfðτÞ; ð7:6Þ

where τ ¼ 4m2
i

s with i ¼ t, W and

fðτÞ¼

8>><
>>:

�
sin−1

ffiffi
1
τ

q �
2

if τ≥ 1

−1
4

�
ln1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1þτ

p − iπ
�
2
if τ< 1:

ð7:7Þ

Therefore, the annihilation cross section of a pair of DM
into two photons is as follows:

FIG. 11. The colored regions are excluded at 95% CL by CMS (b) and ATLAS (a) measurements in pp → tt̄VV channel for different
gv values. The mass of H2 is fixed to 95 GeV.

FIG. 12. The dominant Feynman diagrams for the annihilation
of a DM pair into monochromatic γ-ray lines.
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σðsÞν¼ g4vν22
4πs

				 sinθMH1⟶γγ

s−m2
H1

− imH1
ΓH1

þ cosθMH2⟶γγ

s−m2
H2

− imH2
ΓH2

				
2

:

ð7:8Þ

Finally, the average thermal cross section is equal to

hσðsÞνi ¼ 1

8M4
VTK

2
2ðMX

T Þ

×
Z

∞

4M2
V

dsðs − 4M2
VÞ

ffiffiffi
s

p
K1

� ffiffiffi
s

p
T

�
σðsÞ; ð7:9Þ

whereK1 andK2 are modified Bessel functions and T is the
freeze-out temperature. Figure 13 shows the allowed
parameter space in agreement with the H.E.S.S. experi-
ment. From the comparison of Figs. 13 and 2, it is clear
that only for 1 ≤ MV ≤ 10 and 2 ≤ MH2

≤ 40 GeV is the

parameter space of our model compatible with the H.E.S.S.
results. Comparing this figure with relic density and direct
detection results indicates that allowed range of parameters
space, which can simultaneously explain relic density,
direct detection, and the H.E.S.S. experiment, is fairly
small for the gv coupling constant.

VIII. CONCLUSIONS

In this paper, we revisit an extension of the SM by an
extra UDð1Þ symmetry. The model consists of an extra
scalar as the Higgs portal and a vector gauge field as a DM
candidate. It is shown that the model can satisfy the
observed cosmological DM abundance via the standard
freeze-out mechanism and, at the same time, fulfill the
theoretical constraints such as perturbativity, unitarity, and
positivity of the potential and also experimental constraints
such as invisible Higgs decay and DD bounds. In the
following, we focus on associate production of Higgs
boson, Z gauge boson, and top quark with the VDM.
The results of the LHC experiments on similar final states
are used to constrain the parameter space of the model. A
statistical method is used to find the maximum room for the
events from this DM model in LHC data. It is shown that
the results of the associate production of Z gauge boson and
DM can exclude some parts of parameters space that are
still allowed by relic density and the DD searches. In light
of the LHC results, this analysis excludes allMH2

values for
the light VDM, which is an unprecedented result. Inspired
by the newly observed light Higgs boson close to 95 GeV,
the model is tested to determine if its new scalar is the light
Higgs boson. The excluded parameter space in light of the
LHC constraints and this assumption is also reported. In the
end, the constraints from the indirect searches are also
examined for completeness.
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