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Generic constraints on dark photons are generally presented assuming they have Stueckelberg
masses. These constraints are strengthened if instead the mass is due to the Higgs mechanism and
the dark Higgs is light. First, we show that under reasonable assumptions on the origin of kinetic
mixing ϵ and perturbativity, the strengthened constraints on ϵ cannot be arbitrarily relaxed by
making the Higgs heavy. Second, we demonstrate a simple mechanism for generating dark photon
dark matter after inflation, where fluctuations of a dark Higgs by stochastic misalignment can
produce stable dark photons through h → A′A′ decay. Third, we point out new lower bounds on
ϵ in the case where the dark photon mediates thermal freeze-out of light dark matter by s-channel
exchange, taking account of generic expectations for the size of ϵ, and astrophysical upper bounds
on the self-interaction cross section.

I. INTRODUCTION

Dark photons A′ are amongst the simplest models of
hidden sectors [1], and can be the dark matter itself, or
a mediator explaining the relic density of another dark
matter particle. A′ is expected to kinetically mix with the
standard model photon with a strength ϵ ∼ ge/(16π2),
where g is the hidden U(1) gauge coupling and e is the
electromagnetic charge. Such mixings are mediated by
loops of a heavy particle that carries both kinds of charge.
It is possible to avoid this level of mixing in models where
different loop contributions cancel each other [2, 3]. In
this work we will focus on the generic situation where no
such cancellation occurs.

Many laboratory and astrophysical bounds on ϵ versus
mA′ have been derived in the last decades, which com-
monly assume that A′ gets its mass from the Stueckelberg
mechanism. For practical purposes, this is just introduc-
ing a bare mass term. It is well-known that more severe
constraints on ϵ can be derived if instead A′ gets its mass
from a dark Higgs mechanism [4, 5]. If the dark Higgs h
is sufficiently light, it can be emitted by stars and lead to
anomalous cooling. This is model-dependent, since one
can evade such bounds by making h sufficiently heavy,
or the gauge coupling g sufficiently small. Here we make
a simple but powerful observation: perturbative unitar-
ity, combined with the previous assumption about kinetic
mixing, puts an upper limit on the relevant mass ratio
mh/mA′ . This allows for new model-independent con-
straints on ϵ versus mA′ in the case of the dark Higgs
mechanism, which we derive in Section II.

If light A′ constitutes the dark matter, it is difficult
to explain its relic density in terms of the conventional
misalignment mechanism, since the conformal properties
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of vectors cause such perturbations to damp more quickly
with the Hubble expansion than cold dark matter. It has
been proposed that A′ could inherit its relic density by
being the decay product of a (pseudo)scalar particle such
as an axion, whose inflationary fluctuations do not suffer
such damping [6, 7].
In the present context, a more economical model is

to instead use the dark Higgs since it is already present
to generate the A′ mass. Ref. [8] showed that if h is
displaced from the minimum of its potential at the end
of inflation, then A′ can obtain the desired relic density
by parametric resonant production. That study assumed
the initial value of h could be arbitrary. Here we note that
stochastic growth of fluctuations during inflation gives
rise to a calculable estimate for this starting value, in
terms of the inflationary energy scale [9]. Moreover, sim-
ple perturbative decays h → A′A′ are sufficient to give
the desired relic density. Overproduction of A′ leads to
new constraints on ϵ; this is discussed in Section III.
Lastly, we consider A′ in the role of mediator between

dark matter χ and standard model fermions, via kinetic
mixing. This scenario has been widely considered in the
literature as a thermal benchmark model for sub-GeV
dark matter [10–12]. We point out that in the generic
situation where mA′ > mχ, a lower bound on ϵ arises
from overclosure of the Universe. This excludes an inter-
esting region of parameter space if one adopts our work-
ing assumption ϵ ∼ gχe/(16π

2). Additionally taking ac-
count of Bullet Cluster constraints on the dark matter
self-interactions, we further constrain these regions, as
discussed in Section IV.

II. HIGGSED DARK PHOTON CONSTRAINTS

If a dark Higgs h gives rise to the dark photon mass
by getting a VEV v, it can participate in processes that
would otherwise only involve A′ [4]. The effect is impor-
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Figure 1. Cyan: excluded region from stellar cooling plus perturbative unitarity of dark Higgs self-coupling, derived in Section
II. Magenta: region excluded by overproduction of A′ from inflation, derived in Section III. Red: Excluded region due to
overproduction of A′ via freeze-in, derived in Section III. Grey: Combination of astrophysical, cosmological and laboratory
constraints on dark photons, adapted from Ref. [13].

tant whenmA′ is negligible compared to the energy scales
T of interest. Then one can work in the basis where h
acquires a millicharge and can thereby be emitted from
stars, leading to anomalous cooling by electromagnetic
processes. To avoid ensuing bounds [14], one must as-
sume that mh > T so that the emission is kinematically
blocked.

However, there is a theoretical upper limit on m2
h =

2λv2, when written in terms of the VEV and self-coupling
λ in the potential V = λ(|H|2 − v2/2)2, where H repre-
sents the complex field. Perturbative unitarity of λ im-
plies that λ < 8π/3, while v is related to the dark photon

mass by mA′ = gv/
√
2. These can be tied together by

making a generic assumption about the size of the ki-
netic mixing, in the absence of any special cancellations:
the typical contribution from a loop of a heavy particle
carrying both U(1) charges gives

ϵ ∼ ge

16π2
. (1)

Then we can eliminate v, g, mh in favor of mA′ , ϵ, T ,

ϵ <

√
2

3

emA′

4π3/2 T
(2)

in order to avoid h emission by stars of temperature T ∼
1 keV. This bound only applies in the region of parameter
space ϵ ≳ 10−14 where it can soften the limit that was
obtained for massless h, resulting in the cyan curve shown
in Fig. 1.

III. INFLATIONARY GENERATION OF A′ VIA
DARK HIGGS

Ref. [8] showed how parametric resonance of an oscil-
lating dark Higgs h could efficiently produce A′ dark mat-
ter. Their analysis relied upon arbitrary starting values
of h away from its minimum. We note that a definite ini-
tial value can be predicted from the stochastic misalign-
ment of h that gets generated by its fluctuations during
inflation. Furthermore we employ the simpler mechanism
of perturbative decays h → A′A′ to produce the dark
matter. We find that this works in the regime where ki-
netic mixing is sufficiently small so that A′ is long-lived
compared to the age of the Universe.
During inflation, h acquires a nonzero value through its

fluctuations, with amplitude ⟨h2⟩ ∼ 3H4
I /(8π

2m2
h) [9, 15]

, where where HI is the Hubble rate during inflation,
H2

I = Λ4
I/(3M

2
p ), with ΛI being the energy scale. This

corresponds to an energy density

ρi = m2
h⟨h2⟩ ∼ 3H4

I

8π2
. (3)

If reheating is efficient, the entropy is initially si ∼ g∗Λ3
I .

We estimate the abundance of h as

Yh ∼ ρi
simh

. (4)

Even if h is strongly coupled to itself via 1
4λh

4 with λ ∼
8π/3, this abundance should be roughly conserved.
The simplest assumption is that the dark Higgs h de-

cays slowly through perturbative decays. We can con-
sider decays into A′A′ or into DM pairs χχ̄ with no qual-
itative difference. Suppose A′ is the DM, as the simplest
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Figure 2. Dashed line: Upper bound when m′
A > mχ, so that χχ → A′ → ff̄ is the dominant annihilation process for

thermal freezeout. Solid lines: Lower bounds on ϵ from χχ → ff̄ dark matter freezeout and Bullet Cluster bound on χχ̄ → χχ̄
scattering, for assumed values of gχ and mχ/mA′ = 1/3. Dotted line: Lower bound on the dark photon mass mediating thermal
dark matter, from combining the self-interaction bound and the loop-induced estimate on the kinetic mixing

hidden sector. We will verify that it is coupled so weakly
that it does not thermalize. Eventually h decays to 2A′

and A′ inherits twice the h abundance (neglecting 4 → 2
annihilation processes). Then to avoid overclosure by A′,
we need

m′
AYA′ ≲ 4× 10−10 GeV . (5)

Taking g∗ ∼ 100, this gives an upper limit on the scale
of inflation,

ΛI ≲ 1.6× 1014 GeV

(
mh

mA′

)1/5

. (6)

Saturating this limit means that A′ constitutes the ob-
served relic density. One can alternatively use it to bound
the scale of inflation.

In the spirit of section II, we are motivated to consider
strong higgs self-couplings λ = 8π/3, for weakening the
limits on kinetic mixing, combined with the assumption
ϵ ∼ ge/(16π2). This gives

mh

mA′
≲

√
32π

3

e

16π2ϵ
≃ 0.01

ϵ
. (7)

On the other hand, Planck gets an upper limit on the
inflation scale, ΛI < 1.6×1016 GeV [16]. Hence we cannot
saturate the constraint (6) for ϵ ≲ 10−11, in particular in
the flat region of the allowed parameters from Section II.
To get the desired A′ relic density while satisfying (7),
we need

ΛI ≲ 6.3× 1013 ϵ−1/5 GeV ≤ 1.6× 1016 GeV . (8)

This leads to the constraint ϵ ≳ 10−12, which is shown in
Fig. 2 (magenta region).

We note that inflationary production of dark photons
via stochastic misalignment motivates a region of param-
eter space currently inaccessible by direct detection ex-
periments, cosmological and astrophysical probes, in the
dark photon mass window from 10−6eV ≲ mA′ ≲ 1eV.
Our new mechanism is more efficient than freeze-in [17],
which is not viable in the experimentally allowed region
of parameter space. We have checked this by estimating
the cross section for production from photon scattering
on electrons, Ae → A′e, as ⟨σv⟩ ∼ α2ϵ2/(m2

e + T 2) at
temperature T . Integrating the Boltzmann equation for
the A′ abundance [18]

dYA′

dx
=

xs⟨σv⟩
H(mA′)

Y 2
eq , (9)

where x = mA′/T , s ∼ g∗T 3 is the entropy den-
sity, H(mA′) is the Hubble rate at T = mA′ , and
Yeq ∼ 1/g∗ ∼ 0.01 is the equilibrium abundance, we

find YA′ ∼ (π/2)g
−3/2
∗ α2ϵ2Mp/me, and a resulting over-

closure bound ϵ ≳ 10−8(eV/mA′)1/2, which lies in the
excluded (grey) region of Fig. 2.

To ensure A′ is metastable on the timescale of the
age of the Universe, we assume that mA′ < 2me, so
the dominant decay channel is A′ → 3γ, with rate
Γ ∼= (ϵ/0.003)2(mA′/me)

9 s−1 [19, 20]. This puts a very
weak upper bound on ϵ, which is satisfied everywhere in
the allowed region of Fig. 2.
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IV. FREEZE-OUT BY s-CHANNEL A′

EXCHANGE

We next consider an enlarged dark sector in which
a Dirac fermion χ is the dark matter, and the kineti-
cally mixed dark photon is the mediator to the standard
model, coupled to χ with strength gχ. A lower bound
on ϵ arises in the generic situation where mA′ > mχ, so
that χχ̄ → A′A′ annihilations are kinematically blocked.
Then the annihilation process χχ̄ → A′ → ff̄ sets the
dark matter relic abundance. The velocity averaged an-
nihilation cross section is given by

⟨σv⟩ann ≃ g2χe
2ϵ2m2

χ

πm4
A′

. (10)

In order to get the right relic density from thermal freeze-
out, we require [21]

⟨σv⟩ann ≃ 4.4× 10−26 cm3/s ≃ 1.5× 10−36cm2 , (11)

in units of c = 1.
Assuming that ϵ ∼ gχe/16π

2 as before, we can elimi-
nate gχ and obtain the upper bound

ϵ ≲ 2.6× 10−5
( mA′

MeV

)1/2

(12)

by combining Eqs. (10-11) with the working assumption
mA′ > mχ. Since thermal freezeout requires mχ ≳
1MeV, it only applies for heavier A′ than depicted in
Fig. 1. In fact, we will show that mA′ should exceed
∼ 50MeV. The excluded region is shown in Fig. 2.
In addition to annihilation, t-channel exchange of A′

unavoidably mediates elastic scattering between dark
matter particles, with a cross section

σel ≃
g4χm

2
χ

πm4
A′

, (13)

that is unsupressed by ϵ, in contrast to σann. Dark matter
self-interactions in galaxy clusters constrain this scatter-
ing cross section at the level of [22, 23]

σel

mχ
≲ 10−24 cm2/GeV , (14)

which is much larger than the typical annihilation cross
section. Nevertheless, since one generically expects tat
ϵ ≪ gχ, it is interesting to determine the minimum ra-
tio ϵ/gχ compatible with the combined relic abundance
and self-interaction constraints. Combining Eqs. (10-14),
we find that ϵ/gχ for thermally produced dark matter is
bounded from below by

ϵ

gχ
≳ 4× 10−6

(
GeV

mχ

)1/2

. (15)

One can satisfy this bound by taking gχ to be sufficiently
small.1 However if we reasonably estimate ϵ ∼ eg/16π2,

1 The weak gravity conjecture implies that gχ ≳ mχ/Mp, but this
gives a very weak constraint.

it gives constraint on the DM mass, mχ > 46MeV, and
by assumption, mA′ > 46MeV as well.
In the preceding, we assumed that gχ = g = 16π2ϵ/e.

Conceivably gχ could be much larger than g. Considering
representative values gχ = 0.1 e, e, 10 e, and mass ratio
mχ/mA′ = 1/3, we find interesting lower bounds on ϵ
versus mA′ illustrated in Fig. 2 (right). This probes a re-
gion of parameter space which has not yet been excluded
by collider or beam-dump experiments.

V. CONCLUSIONS

Dark photons (A′) have been widely studied, both as
a well motivated dark matter candidate, and as a portal
between the Standard Model and dark sectors. A vari-
ety of cosmological, astrophysical and laboratory probes
restrict both of these scenarios by setting limits on the
kinetic mixing ϵ between the dark photon and the Stan-
dard Model photon, but typically these invoke the sim-
plifying assumption that dark photons get their mass via
the Stueckelberg mechanism. In that scenario, large por-
tions of the ϵ versus mA′ plane remain open, whereas the
constraints can be much more restrictive if a light Higgs
h in the dark sector generates the A′ mass.
In this paper we have derived the unavoidable stel-

lar cooling constraints from h emission, using perturba-
tive unitarity of the h self-coupling to limit its mass,
and the reasonable expectation that ϵ is smaller than
the dark gauge coupling only by a loop suppression fac-
tor, e/(16π2), to relate mh to mA′ . Moreover we have
shown that inflation generically makes a contribution to
the A′ density that would overclose the Universe unless
ϵ satisfies a lower bound ϵ ≳ 10−12, due to the relation
mh/mA′ ≲ 0.01/ϵ. These new bounds disfavor a large
region of the previously allowed parameter space, except
in the dark photon mass range 10−5 eV ≲ m′

A ≲ 1 eV,
the so-called “direct detection triangle”, which is blind
to haloscopes and direct detection experiments sensitive
to dark photon absorption.
We further derived new constraints on dark photon-

mediated thermal dark matter, in the regime where
its mass is less than mA′ , using the one-loop estimate
for ϵ and constraints on on self-interacting dark matter
from the Bullet cluster. These considerations rule out
mA′ < 46MeV, and place strong (model-independent)
upper and (model-dependent) lower bounds on the ϵ that
can diminish the allowed parameter space significantly.
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