
Acta Physica Polonica B 53, 11-A2 (2022)

MASSIVE DARK PHOTONS AS HOT DARK MATTER∗

Salah Eddine Ennadifi

LHEP-MS, Faculty of Sciences, Mohamed V University, Rabat, Morocco
ennadifis@gmail.com

Received 28 June 2022, accepted 22 November 2022,
published online 8 December 2022

Motivated by the growing interest in the existence of new massive gauge
bosons, we suggest that massive dark photons A′ can be a consequence of
a broken new Abelian symmetry U(1)′X . Such a dark symmetry U(1)′D is
afterwards supposed to be associated with the conservation of the weak
number W belonging to the weakly interacting slim particles U(1)′W , being
a strong candidate for hot dark matter. The latters correspond then to light
dark photons m′

A . keV from a weak symmetry breaking scale & 10 keV.
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1. Introduction

During the last decades, a lot of theoretical speculations as well as ex-
perimental searches have been driven towards the existence of new particles
beyond the Standard Model (SM) of particle physics [1–4]. However, due to
the negative results of all these searches and hence the increasing frustra-
tion for the failure to discover any of these hypothetical new particles, these
attempts have been increasingly challenged. As the prospect of a break-
through along these routes is dwindling, the interest in a hidden sector —
hidden because neutral under the SM gauge symmetries — is mounting:
Perhaps no new particles have been observed merely because they do not
interact via the SM gauge interactions [5–9].

The hidden sector is supposed to exist as a solution to the problem of the
dark side of the universe whose presence is motivated by gravitational physics
[10, 11], where the hidden particles serve as possible candidates for the dark
sector [6, 12, 13]. Particularly, depending on the model, the hidden sector
may contain few or many states, and these can be fermions, bosons or both;
and whose existence is believed needful to account for astrophysical data
[5–7]. Additionally, these hidden particles can communicate with the visible
sector. In particular, other than their gravitational interaction, they can
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communicate through their putative weak interaction, because otherwise,
there would be little hope for detecting experimentally particles belonging to
the hidden sector as in the direct- and indirect-detection searches of weakly
interacting massive particles [14, 15]. For the same purpose, we must focus
our prospects on supposing that the hidden and the visible sectors also
interact by means of a narrow window, i.e., a portal, in a way that although
is weak, it can be (at least in principle) experimentally attainable [6, 16–19].

Among the various candidates for the dark matter (DM), the dark photon
(DP) is a popular candidate for the very light DM particles that have been
largely dealt with [6, 20, 21]. The DP constitutes a typical example of
a spin-1 bosonic light DM. It is associated with the minimal extension of
the SM gauge symmetry and is also well-motivated by major esteems [22,
23]. Similarly to other candidates, i.e., QCD axions and axion-like particles
(ALPs) [6, 20, 21], DPs are assumed to be produced in the early Universe
through certain production channels of inflationary fluctuations, decays or
annihilations of earlier fields [6, 17, 18, 20, 21, 24]. Thus, depending on
their production history, the resulting DPs vector field may inherit specific
properties that can be accessible at present time in the intergalactic medium
of our Galaxy. In particular, in addition to the possibility that they can
communicate with the visible photons of the electromagnetic field through
some portals, the DPs are assumed to belong to the weakly interacting
slim particles (WISPs) and have a little mass via a specific mechanism, and
hence can bring explanations for some related phenomena, for instance, the
hot DM (HDM), which does not appear in the massless visible photons.

The principal goal of the present work is to deal with the massive DPs
A′ as a candidate for the HDM in the Universe. For that we build a model
where the massive DPs consist of particles whose existence belongs to a
new symmetry beyond the SM. Concretely, we deal with a simple Abelian
symmetry U(1)′X extension of the SM and show how DPs A′ can be readily
lodged. Then, we study the breaking of such a dark symmetry U(1)′D and
investigate the associated conserved dark number D, that we further identify
with the weak number W associated with the WISPs being a potential
candidate for the HDM in the Universe. Next, we discuss how this can
be particularly helpful for the breaking scale of this symmetry U(1)′W and
in supporting the case for the massive DPs.

2. Motivation for dark sector

It is now known that the missing mass in the Universe that we call DM is
about five times more abundant than the ordinary baryonic matter [14, 25].
Since DM cannot be integrated within the SM, its possible comprehension
demands the introduction of new degrees of freedom interacting weakly with
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ordinary matter. The introduction of heavy particles mX &MEW above the
energy we have reached so far is the most possible direction. Also, DM could
well be explained in terms of light states mX � 102 GeV that are almost
decoupled from the SM particles, the so-called hidden sector. As long as its
interaction with the SM particles is weak, the mass scale of the hidden sector
mX could be arbitrary. In this approach, the new physics contribution can
be represented as incorporation of two parts: an ultraviolet1 term responsible
for the new heavy degrees of freedom and suppressed by the UV scale ΛUV,
and an infrared2 term [26]. Thus, roughly, we can write

LSM+NP = LSM + LNP

= LSM + LIR + LUV

= LSM + FIR (fSM, XIR) +
GnUV (gSM, XUV)

ΛmUV

, (1)

where the functions fSM and gSM refer to terms involving products of SM
fields only, and the functions FIR and GUV refer to the new terms of dimen-
sions four and higher, d > 4, involving products of SM fields and the new
field XIR and XUV, respectively. The values of the n and m numbers are
such that the full dimension of the UV contribution is four, i.e.,

n = 4 +m. (2)

However, because no indication of new physics has been observed even with
the present highest energy reached at the colliders, the UV contribution in
the Lagrangian (1) can be omitted and the full Lagrangian gets simplified to

LSM+NP = LSM + LIR

= LSM + FIR (fSM, XIR) (3)

which is the most general low-energy extension of the SM. It is the so-called
hidden sector extension due to its extremely weak interaction with the visible
sector. The hidden sector could comprise rich states and phenomenology,
but seen that we are interested here in the low-energy scenario which is
extensively tested experimentally. We focus mostly on the minimal hidden
boson model which has only three unknown parameters: the mass of the
new boson mXIR

, its direct or indirect coupling ε to the SM, and its decay
branching fraction into hidden sector final states XIR → YIR which is taken
to be either unity or zero depending on whether any invisible dark-sector
final states YIR are kinematically allowed — that is, depending on whether

1 Short distance.
2 Long distance.
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mXIR
> 2mYIR . Here, we focus on the case where the field XIR is the lightest

particle in the hidden sector and thus is stable. Therefore, the corresponding
parameter space of the minimal hidden boson model is

℘SM+IR = (mXIR
, ε) . (4)

In addition, we concentrate on XIR masses below the electroweak scale
mXIR

� 102 GeV which is the region accessible to accelerator-based ex-
periments, and where the XIR phenomenology is markedly different from
supersymmetry and other scenarios that extend the SM. In this view, the
existence of a new neutral vector particle

XIR ≡ A′ (5)

which has a non-vanishing coupling ε to the SM is predicted. Such a hid-
den photon A′ could communicate with the visible sector through a hidden
messenger field ZIR but the communication can also be achieved in different
processes. Among the constraints on the parameters of this dark photon
scenario, the hidden photon must have a light mA′ mass and its coupling
ε to the SM must be also small so as to guarantee that its possible decay
or annihilation processes to the SM sector must not affect the cosmic mi-
crowave background radiation. This requirement will be considered in what
follows through the direct interaction of the hidden messenger field ZIR with
the SM sector.

3. Dark photon model

3.1. Dark photon couplings and mass

The economical model for the low-energy extension of the SM consists
of adding an Abelian continuous symmetry; so that the group symmetry of
the extended model is

GSM+X = GSM ×GX
= SU(3)C × SU(2)I ×U(1)Y ×U(1)′X , (6)

where the additional symmetry U(1)′X is related to the conservation of some
quantum number X to be determined later on. All SM fields are assumed
to be neutral under this additional symmetry so

X (qi) = X (ei) = X (υi) = 0 , (7)

where the SM fields qi, ei, and υi with i being the family number, refer to the
SM quarks, electrons, and left-handed neutrinos, respectively. To allow for
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the simplest way of the breaking this additional symmetry, an extra scalar-
like field ZIR neutral under GSM but charged under U(1)′X which restores
the longitudinal polarization of the new vector boson XIR is introduced. We
call such a singlet scalar field hidden Higgs

ZIR ≡ H ′ (8)

and whose the charges under the group symmetry of the extended model (6)
are

C
(
H ′
)

= I
(
H ′
)

= Y
(
H ′
)

= 0 , (9)
X
(
H ′
)
6= 0 . (10)

Having this hidden Higgs H ′ added to the SM scalar content, the most
general renormalizable scalar potential reads

VSM+H′
(
H,H ′

)
= VSM′(H) + µ2

∣∣H ′∣∣2 + λ
∣∣H ′∣∣4 + λ′ |H|2

∣∣H ′∣∣2 , (11)

where VSM′(H) is the standard Higgs potential of the SM, H = (h0, h−)T

is the SM Higgs doublet, and µ, λ, and λ′ are real constants. More con-
veniently, it is useful to detach the hidden Higgs field H ′ into its real and
imaginary parts by writing

H ′ = ρ′ eiθ
′
, (12)

where the real fields ρ′ and θ′ stand for the physical massive field and the
massless Goldstone boson, respectively. With this at hand, the scalar po-
tential (11) becomes

VSM+H′
(
H,H ′

)
= VSM′(H) + µ2ρ′ 2 + λρ′4 + λ′ |H|2 ρ′ 2 . (13)

As it is known, the electroweak symmetry of the SM is surely broken by the
non-vanishing vacuum expectation value of the neutral field h0 at the energy
scale of the order of 〈H〉 ∼ 102 GeV. For the U(1)′X symmetry, the breaking
is ensured if −(µ2 +λ′ 〈H〉2)/2λ〉0, in such a case, ρ′ develops a real vacuum
expectation value determined by

〈
ρ′
〉

=

√
m2
ρ′

2λ′
, (14)

mρ′ =

√
−
(
µ2 + λ′ 〈H〉2

)
. (15)
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In this vision, the communication of the physical hidden Higgs ρ′ with the
SM sector arises indirectly through the scalar portal λ′|H|2ρ′ 2 parameteriz-
ing the size of the interaction between the SM Higgs boson and the hidden
Higgs via the coupling constant λ′. However, since the decay properties of
the standard Higgs boson with the SM rate expected would be impacted by
this interaction [27, 28], such an interaction has to be very small λ′ � 1. This
corresponds to a weak mixing between the two scalars H and ρ′ generating
a feeble mixing between the SM weak Z-boson and the new U(1)′X boson,
and, subsequently, no considerable impact on the decays of the Z-boson.

Now, we can go further and investigate the physical meaning of the
supposed symmetry U(1)′X . In fact, because there is no locus for a new
broken symmetry within the SM, it is then straightforward to think about a
symmetry associated with hidden particles feebly interacting with the SM,
but likely known to be plentiful in the Universe. We identify these particles
with massive dark photons (DPs). Indeed, DPs are believed to be abundant
in the Universe with a tiny mass scale. In this picture, one can now assume
that the preserved quantum number X associated with the U(1)′ symmetry
introduced above in Eq. (6) is the dark number D: the number of dark
particles minus the number of their anti-particles. This is

X ≡ D = DP−DP . (16)

Using the identification U(1)′X ≡ U(1)′D, we consider the DP fields A′, car-
rying, along with the dark Higgs field H ′, a dark quantum number D whilst
all the SM fields are again supposed to be neutral under U(1)′D as

Fields SM H H ′ A′

DP 0 0 2 1
DP 0 0 0 0
D 0 0 2 1

According to these field charges, among the new terms involving the dark
fields in the most general renormalizable extended Lagrangian, we have

LSM+D ⊃
1

2
ε2ρ′ 2A′ 2 , (17)

where ρ′ is the physical dark Higgs and ε is the A′ −H ′ coupling constant
characterizing the interaction between the dark fields ρ′ and A′. Owing
to the non-vanishing vacuum expectation value of the dark Higgs (14), the
corresponding DP mass is

mA′ =
ε√
2

√
m2
ρ

2λ′
. (18)
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Pursuant to the cosmological observations which have directed to a consis-
tent model of the Universe where ∼ 85% of matter is dark, i.e., non-baryonic
[14, 25], such massive abundant vector particles are a type of candidates for
the HDM and are notably quite favoured by many suggested SM exten-
sions [22, 23]. These particles would inevitably contribute to the HDM of
the Universe. Thus, if these massive DPs A′ actually form the HDM, the
dark number D (16) would then be nothing but the weakly interacting slim
number W : the number of WISPs minus the number of their anti-particles,
being

D ≡W = WISP−WISP . (19)

Again, using the identification U(1)′D ≡ U(1)′W , we can say that if these
DPs really make up the HDM, they ought to have a local mass density of
that supposed in our vicinity to account for the dynamics of our own galaxy.
Concretely, they should be spread in a halo bordering our galaxy with a
typical relativistic velocity near the speed of light ∼ c, and would coherently
scatter off nuclei in terrestrial detectors [14]. These DPs could be detected
indirectly through their self-annihilation A′Ā′ → xx̄ results or directly by
investigating their interaction in the detector via their tiny shocks with its
nuclei with a typical kinetic energy KA′ of tens of keVs, according to the
(CDMS II) data [15]. Using this, the DP mass is, roughly, at most

mA′ ∼
KA′

c2
≤ 102 keV (20)

which, in turn, allows to approach the related scales of the model. Indeed,
for coupling constants taken at most λ′ ∼ ε ∼ ϑ (1), we get for the physical
dark Higgs mass and its vacuum expectation the values

mρ′ ∼
2
√
λ′mA′

ε
≥ 102 keV , (21)〈

ρ′
〉
∼ 2mA′

ε
≥ 102 keV , (22)

where we see that all the DP involved scales (14), (15), and (18) appear to
lie under the well-probed electroweak scale ∼ 102 GeV.

3.2. Dark sector decays and productions

In the present model, the DPs A′ do not interact directly with the visible
sector; but they interact indirectly with the SM via the dark Higgs H ′ as
discussed previously. DPs are assumed to be stable due to their light mass
and the conservation of the WISP number associated with the new symmetry
U(1)′D. Since the DP is electrically neutral and is its own anti-particle
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A′ ≡ Ā′ and according to its mass range (20), a DP pair in the early Universe
can self-annihilate to produce light SM particles, mainly photons A and
lighter neutrinos

A′A′ → γγ, υeυe . (23)

However, as the Universe expands and DPs annihilate without being pro-
duced back from lighter particles, their density drops significantly until they
are so diluted that they stop interacting with each other. This appeasing
process leaves a constant population of DPs whose density decreases with
the expanding space.

The production as well as the abundance of the DPs can now be dis-
cussed. In the present model, the DPs can be produced by dark Higgs
via annihilation processes according to some specific modes, depending on
the relative mass between A′ and ρ′ particles. Indeed, because we have
mρ′ > mA′ , DPs can be produced via the dark Higgs annihilation process
like

ρ′ρ′ → A′A′ (24)

as shown in the figure 1.

Fig. 1. Production of a dark photon via dark Higgs annihilation.

The corresponding rate of this process scales as

〈συ〉ρ′ρ′→AA′ ∼
ε4

m2
ρ′

6 10−10 eV−2 (25)

which only relies on the dark coupling ε and on the mass of the dark Higgs
mρ′ but not on the visible dark Higgs H−H ′ mixing parameter λ′ — which
means that the process would be difficult to be detected by a particle physics
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experiment. With only the degrees of freedom in the model and based on
(18), (21), (22), and (25) and taking into account the dilution of the DPs,
straightforward calculations lead to the resulting DPs abundance which can
be read, roughly, as

ΩA′ ∼ 0.2
( ε

10−8

)3
, (26)

where one can see that for a value ε ∼ 10−3 of the DP coupling the right
abundance of the DM can be obtained.

Although many scenarios and production mechanisms of DP models have
been discussed in the literature, DP with a tiny mass below 102 keV scale is
a motivated candidate for the HDM and its existence remains well motivated
from particle physics.

4. Conclusion

WISP candidates for the HDM appear to be a generic possibility as
rather minimal model-building choices lead to viable WISPs interacting with
ordinary matter through metastable mediators. They are now the target of a
growing number and types of experimental searches that are complementary
to new physics searches at colliders.

In this work, we have investigated a possible WISP candidate for the
HDM in an infrared extension of the SM consisting of an extra symmetry
U(1)′D associated with the new DP A′. The model contained, in addition
to the new boson A′, a dark Higgs field H ′ responsible for the spontaneous
breaking of the dark symmetry U(1)′D. The corresponding conserved quan-
tum number D has been associated with the massive DPs A′. Under this
coincidence of a conserved dark quantum number D, the dark Higgs H ′ cou-
ples to the DP A′ whose mass is generated after the spontaneous breaking
of the dark symmetry U(1)′D by the non-vanishing dark Higgs v.e.v. 〈ρ′〉.
Then, we went even deeper and considered the possibility where the dark
symmetry U(1)′D corresponds to the HDM particles for which the conser-
vation of the dark number D was identified with the WISP number W .
With this assessment, the DPs should have a typical speed and interaction
with terrestrial detectors according to DM search experiment data which
permitted, after investigating the DPs A′ kinetic energy, to approximate the
involved mass scales of the model, with a DP mass ≤ 102 keV, an energy
scale ≥ 102 keV for the dark symmetry U(1)′W breaking as well as for the
associated physical dark Higgs ρ′.

The DP physics still attracts much interest due to the possibilities it
provides for the explanation of several phenomena at the same time: the
possible indications for DM scattering signals in high purity experiments,
the dark matter annihilation mechanism, and more etc.



11-A2.10 S.E. Ennadifi

REFERENCES

[1] Particle Data Group (C. Amsler et al.), «Review of Particle Physics», Phys.
Lett. B 667, 1 (2008).

[2] F. Englert, R. Brout, «Broken Symmetry and the Mass of Gauge Vector
Mesons», Phys. Rev. Lett. 13, 321 (1964); P.W. Higgs, «Broken Symmetries
and the Masses of Gauge Bosons», Phys. Rev. Lett. 13, 508 (1964);
G.S. Guralnik, C.R. Hagen, T.W.B. Kibble, «Global Conservation Laws and
Massless Particles», Phys. Rev. Lett. 13, 585 (1964).

[3] R.N. Mohapatra, G. Senjanovic, «Neutrino Mass and Spontaneous Parity
Nonconservation», Phys. Rev. Lett. 44, 912 (1980).

[4] Super-Kamiokande Collaboration (K. Abe et al.), «Solar neutrino results in
Super-Kamiokande-III», Phys. Rev. D 83, 052010 (2011).

[5] G. Steigman, M.S. Turner, «Cosmological Constraints on the Properties of
Weakly Interacting Massive Particles», Nucl. Phys. B 253, 375 (1985).

[6] R. Essig et al., «Dark Sectors and New, Light, Weakly-Coupled Particles»,
arXiv:1311.0029 [hep-ph].

[7] S. Dodelson, L.M. Widrow, «Sterile neutrinos as dark matter», Phys. Rev.
Lett. 72, 17 (1994).

[8] A. Mirizzi, J. Redondo, G. Sigl, «Microwave background constraints on
mixing of photons with hidden photons», J. Cosmol. Astropart. Phys. 2009,
026 (2009), arXiv:0901.0014 [hep-ph].

[9] R. Bradley et al., «Microwave cavity searches for dark-matter axions», Rev.
Mod. Phys. 75, 777 (2003).

[10] Planck Collaboration (P.A.R. Ade et al.), «2013 results. XXII. Constraints
on inflation», Astron. Astrophys. 571, A22 (2014).

[11] P.J.E. Peebles, B. Ratra, «The cosmological constant and dark energy», Rev.
Mod. Phys. 75, 559 (2003).

[12] A.H. Guth, «Inflationary universe: A possible solution to the horizon and
flatness problems», Phys. Rev. D 23, 347 (1981).

[13] C. Armendariz-Picon, V. Mukhanov, P.J. Steinhardt, «Essentials of
k-essence», Phys. Rev. D 63, 103510 (2001).

[14] R.J. Gaitskell, «Direct detection of Dark Matter», Annu. Rev. Nucl. Part.
Sci. 54, 315 (2004).

[15] CDMS Collaboration (Z. Ahmed et al.), «Results from the Final Exposure of
the CDMS II experiment», Science 327, 1619 (2010),
arXiv:0912.3592 [astro-ph.CO].

[16] Particle Data Group (K.A. Olive et al.), «Review of Particle Physics»,
Chinese Phys. C 38, 090001 (2014).

[17] P. Sikivie, «Axion Cosmology», Lect. Notes Phys. 741, 19 (2008),
arXiv:astro-ph/0610440.

[18] P. Arias et al., «WISPy cold dark matter», J. Cosmol. Astropart. Phys.
2012, 013 (2012), arXiv:1201.5902 [hep-ph].

http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1016/j.physletb.2008.07.018
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevD.83.052010
http://dx.doi.org/10.1016/0550-3213(85)90537-1
http://arxiv.org/abs/1311.0029
http://dx.doi.org/10.1103/PhysRevLett.72.17
http://dx.doi.org/10.1103/PhysRevLett.72.17
http://dx.doi.org/10.1088/1475-7516/2009/03/026
http://dx.doi.org/10.1088/1475-7516/2009/03/026
http://arxiv.org/abs/0901.0014
http://dx.doi.org/10.1103/RevModPhys.75.777
http://dx.doi.org/10.1103/RevModPhys.75.777
http://dx.doi.org/10.1051/0004-6361/201321569
http://dx.doi.org/10.1103/RevModPhys.75.559
http://dx.doi.org/10.1103/RevModPhys.75.559
http://dx.doi.org/10.1103/PhysRevD.23.347
http://dx.doi.org/10.1103/PhysRevD.63.103510
http://dx.doi.org/10.1146/annurev.nucl.54.070103.181244
http://dx.doi.org/10.1146/annurev.nucl.54.070103.181244
http://dx.doi.org/10.1126/science.1186112
http://arxiv.org/abs/0912.3592
http://dx.doi.org/10.1088/1674-1137/38/9/090001
http://dx.doi.org/10.1007/978-3-540-73518-2_2
http://arxiv.org/abs/astro-ph/0610440
http://dx.doi.org/10.1088/1475-7516/2012/06/013
http://dx.doi.org/10.1088/1475-7516/2012/06/013
http://arxiv.org/abs/1201.5902


Massive Dark Photons as Hot Dark Matter 11-A2.11

[19] P. Galison, A. Manohar, «Two Z’s or not two Z’s?», Phys. Lett. B 136, 279
(1984).

[20] J. Jaeckel, A. Ringwald, «The Low-Energy Frontier of Particle Physics»,
Annu. Rev. Nucl. Part. Sci. 60, 405 (2010), arXiv:1002.0329 [hep-ph].

[21] A. Ringwald, «Exploring the role of axions and other WISPs in the dark
universe», Phys. Dark Univ. 1, 116 (2012), arXiv:1210.5081 [hep-ph].

[22] M. Pospelov, A. Ritz, M.B. Voloshin, «Secluded WIMP Dark Matter», Phys.
Lett. B 662, 53 (2008), arXiv:0711.4866 [hep-ph].

[23] M. Pospelov, «Secluded U(1) below the weak scale», Phys. Rev. D 80,
095002 (2009), arXiv:0811.1030 [hep-ph].

[24] J. Redondo, B. Döbrich, «Dark Matter — a light move»,
arXiv:1311.5341 [hep-ex].

[25] Planck Collaboration (P.A.R. Ade et al.), «Planck 2015 results. XIII.
Cosmological parameters», Astron. Astrophys. 594, A13 (2016),
arXiv:1502.01589 [astro-ph.CO].

[26] M. Le Dall, M. Pospelov, A. Ritz, «Sensitivity to light weakly-coupled new
physics at the precision frontier», Phys. Rev. D 92, 016010 (2015),
arXiv:1505.01865 [hep-ph].

[27] ATLAS Collaboration (A. Aad et al.), «Observation of a new particle in the
search for the Standard Model Higgs boson with the ATLAS detector at the
LHC», Phys. Lett. B 716, 1 (2012).

[28] CMS Collaboration (Chatrchyan et al.), «Observation of a new boson at a
mass of 125 GeV with the CMS experiment at the LHC», Phys. Lett. B 716,
30 (2012).

http://dx.doi.org/10.1016/0370-2693(84)91161-4
http://dx.doi.org/10.1016/0370-2693(84)91161-4
http://dx.doi.org/10.1146/annurev.nucl.012809.104433
http://arxiv.org/abs/1002.0329
http://dx.doi.org/10.1016/j.dark.2012.10.008
http://arxiv.org/abs/1210.5081
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://arxiv.org/abs/0711.4866
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://arxiv.org/abs/0811.1030
http://arxiv.org/abs/1311.5341
http://dx.doi.org/10.1051/0004-6361/201525830
http://arxiv.org/abs/1502.01589
http://dx.doi.org/10.1103/PhysRevD.92.016010
http://arxiv.org/abs/1505.01865
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.021

	1 Introduction
	2 Motivation for dark sector
	3 Dark photon model
	3.1 Dark photon couplings and mass
	3.2 Dark sector decays and productions

	4 Conclusion

