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Dark matter detectors built primarily to probe elastic scattering of WIMPs on nuclei are also precise 
probes of light, weakly coupled, particles that may be absorbed by the detector material. In this paper, 
we derive constraints on the minimal model of dark matter comprised of long-lived vector states V
(dark photons) in the 0.01–100 keV mass range. The absence of an ionization signal in direct detection 
experiments such as XENON10 and XENON100 places a very strong constraint on the dark photon mixing 
angle, down to O(10−15), assuming that dark photons comprise the dominant fraction of dark matter. 
This sensitivity to dark photon dark matter exceeds the indirect bounds derived from stellar energy loss 
considerations over a significant fraction of the available mass range. We also revisit indirect constraints 
from V → 3γ decay and show that limits from modifications to the cosmological ionization history are 
comparable to the updated limits from the diffuse γ -ray flux.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.
1. Introduction

The Standard Model of particle physics (SM) is known to be in-
complete, in that it needs to be augmented to include the effects 
of neutrino mass. Furthermore, cosmology and astrophysics pro-
vide another strong motivation to extend the SM, through the need 
for dark matter (DM). Evidence ranging in distance and time scales 
from the horizon during decoupling of the cosmic microwave back-
ground (CMB) to sub-galactic distances points to the existence of 
‘missing mass’ in the form of cold, non-baryonic DM. The particle 
(or, more generally, field theoretic) identity of dark matter remains 
a mystery—one that has occupied the physics community for many 
years.

While the ‘theory-space’ for DM remains enormous, several 
model classes can be broadly identified. Should new physics ex-
ist at or near the electroweak scale, a weakly interacting massive 
particle (WIMP) becomes a viable option. The WIMP paradigm as-
sumes the existence of a relatively heavy particle (typically with a 
mass in the GeV to TeV range) having sizeable couplings to the 
SM. The self-annihilation into the SM regulates the WIMP cos-
mic abundance according to thermal freeze-out, and the observed 
relic density requires a weak-scale annihilation rate. The simplest 
models of this type also predict a significant scattering rate for 
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WIMPs in the galactic halo on nuclei, when up to 100 keV of 
WIMP kinetic energy can be transferred to atoms, offering a va-
riety of pathways for detection. Direct detection, as it has became 
known, is a rapidly growing field, with significant gains in sen-
sitivity achieved in the last two decades, and with a clear path 
forward [1].

Alternatively, DM could be in the form of super-weakly in-
teracting particles, with a negligible abundance in the early Uni-
verse, and generated through a sub-Hubble thermal leakage rate 
(also known as the ‘freeze-in’ process). Dark matter of this type 
is harder to detect directly, as the couplings to the SM are usu-
ally smaller than those of WIMPs by many orders of magnitude. 
Metastability of such states offers a pathway for the indirect detec-
tion of photons in the decay products, as is the case for metastable 
neutrino-like particles in the O (10 keV) mass range (see, e.g. [2]). 
It was also pointed out in [3] that WIMP direct detection exper-
iments are sensitive to bosonic DM particles with couplings of 
O (10−10) or below, that could be called super-WIMPs (referring 
to the ‘super-weak’ strength of their SM interactions).

Finally, a completely different and independent class of mod-
els for dark matter involves light bosonic fields with an abundance 
generated via the vacuum misalignment mechanism [4–6]. In this 
class of models, DM particles emerge from a cold condensate-like 
state with very large particle occupation numbers, which can be 
well described by a classical field configuration. The mass and 
initial amplitude of the DM field defines its present energy density. 
The most prominent example in this class, the QCD axion, does 
 under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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Fig. 1. A summary of constraints on the dark photon kinetic mixing parameter κ
as a function of vector mass mV (see Sections 2 and 3 for the details). The thick 
lines exclude the region above for dark photons with dark matter relic density. The 
solid (dashed) line is from XENON10 (XENON100); the limit from XMASS is taken 
from [25]. The dash-dotted lines show our newly derived constraints on the dif-
fuse γ -ray flux from V → 3γ decays, assuming that decays contribute 100% (thick 
line) or 10% (thin line) to the observed flux. The thick dotted line is the corre-
sponding constraint from CMB energy injection. Shaded regions depict (previously 
considered) astrophysical constraints that are independent of the dark photon relic 
density. The limits from anomalous energy loss in the sun (sun), horizontal branch 
stars (HB), and red giant stars (RG) are labeled. The shaded region that is mostly 
inside the solar constraint is the XENON10 limit derived from the solar flux [31].

have a non-vanishing interaction with SM fields, although other 
forms of ‘super-cold’ DM do not necessarily imply any significant 
coupling. While axion dark matter has been the focus of many 
experimental searches and proposals [7], other forms of super-
cold dark matter have received comparatively less attention (see 
e.g. [8–10,13]). In the course of these latter investigations, and sub-
sequent work, several experimental strategies for detecting such 
dark matter scenarios have been suggested [14–16].

Regarding the latter class of models, it is also possible to gener-
ate a dark matter abundance not only from a pre-existing conden-
sate (vacuum misalignment) but gravitationally, during inflation, 
through perturbations in the field that carry finite wave num-
ber k [11]. Recent work [12] investigates this possibility for vec-
tor particles, reaching the conclusion that such mechanism avoids 
large-scale isocurvature constraints from CMB observations, and al-
lows light vectors to be generated in sufficient abundance as viable 
dark matter candidates.

In this paper, we consider ‘dark photon dark matter’ generated 
through inflationary perturbations, or possibly other non-thermal 
mechanisms. While existing proposals to detect dark photons ad-
dress the range of masses below O(meV), we will investigate the 
sensitivity of existing WIMP-search experiments to dark photon 
dark matter with mass in the 10 eV–100 keV window. As we will 
show, the coupling constant of the dark photon to electrons, eκ , 
can be probed to exquisitely low values, down to mixing angles as 
low as κ ∼ O (10−15). Furthermore, sensitivity to this mixing could 
be improved with careful analysis of the ‘ionization-only’ signal 
available to a variety of DM experiments. The sensitivity of liquid 
xenon experiments to vector particles has already been explored 
in [17] and many experiments have already reported relevant anal-
yses [18–25]. While we concentrate on the Stuckelberg-type mass 
for the vector field, our treatment of direct detection of V will 
equally apply to the Higgsed version of the model. Moreover, the 
existence of a Higgs field charged under U (1)′ opens up addi-
tional possibilities for achieving the required cosmological abun-
dance of V .

The rest of this work is organized as follows. In Section 2 we 
introduce the dark photon model in some more detail, describe ex-
isting constraints, and reconsider indirect limits. In Section 3 we 
compile the relevant formulae for direct detection, confront the 
model with existing direct detection results and derive constraints 
on the mixing angle κ . The results are summarized in Fig. 1, which 
shows the new direct detection limits in comparison to various 
astrophysical constraints. In Section 4, we provide a general dis-
cussion of super-weakly coupled DM, and possible improvements 
in sensitivity to (sub-)keV-scale DM particles.

2. Dark photon dark matter

It has been well-known since 1980s that the SM allows for 
a natural UV-complete extension by a new massive or massless 
U (1)′ field, coupled to the SM hypercharge U (1) via the kinetic 
mixing term [26]. Below the electroweak scale, the effective kinetic 
mixing of strength κ between the dark photon (V ) and photon (A) 
with respective field strengths Vμν and Fμν is the most relevant,

L = −1

4
F 2
μν − 1

4
V 2

μν − κ

2
Fμν V μν + m2

V

2
VμV μ + e Jμem Aμ, (1)

where Jμem is the electromagnetic current and mV is the dark pho-
ton mass. This model has been under significant scrutiny over the 
last few years, as the minimal realization of one the few UV-
complete extensions of the SM (portals) that allows for the exis-
tence of light weakly coupled particles [27]. For simplicity, we will 
consider the Stückelberg version of this vector portal, in which mV

can be added by hand, rather than being induced via the Higgs 
mechanism.

2.1. Cosmological abundance

Light vector particles with mV < 2me have multiple contri-
butions to their cosmological abundance, such as (a) production 
through scattering or annihilation, γ e± → V e± and e+e− → V γ , 
possibly with sub-Hubble rates, (b) resonant photon-dark photon 
conversion, or (c) production from an initial dark photon conden-
sate, as could be seeded by inflationary perturbations. Notice that 
if mechanisms (a) and (b) are the only sources that populate the 
DM, they are not going to be compatible with cold dark matter 
when mV � keV.

For mechanism (a), naive dimensional analysis suggests a dark 
photon interaction rate �int ∼ κ2α2ne/s, where ne is the electron 
number density and 

√
s is the centre-of-mass energy. At temper-

atures T � me , where the number density of charge carriers is 
maximal, ne ∼ T 3, this production rate scales linearly with tem-
perature, whereas the Hubble rate is a quadratic function of T . It 
follows that for sub-MeV mass dark vectors, the thermal produc-
tion of V is maximized at T ∼ me . However, simple parametric 
estimates of this kind may require refinement due to matter ef-
fects that alter the most naive picture. At finite temperature T , the 
in-medium effects can be cast into a modification of the mixing 
angle,

κ2
T ,L = κ2 × m4

V

|m2
V − �T ,L |2

, (2)

where �T ,L(ω, |�q|, T ) are the transverse (T) and longitudinal (L) 
polarization functions of the photon in the isotropic primordial 
plasma. They depend on photon energy ω and momentum |�q|
and their temperature dependence is exposed by noting that 
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Re�T ,L ∝ ω2
P where ωP is the plasma frequency; for the cases of 

interest Im�T ,L 
 Re�T ,L .
The consequences of these in-medium effects are two-fold. 

First, at high temperatures, they suppress the mixing angle since 
ω2

P ∼ αT 2 (in the relativistic limit), thereby diminishing contri-
butions to thermal production for T � mV . Second, the pres-
ence of the medium allows the production to proceed resonantly, 
whenever Re�T ,L(Tr, ω) = m2

V [process (b) above]. Indeed, reso-
nant conversion dominates the thermal dark photon abundance 
for mV < 2me , but the constraints from direct detection experi-
ments rule out the possibility of a thermal dark photon origin for 
10 eV � mV < 100 keV altogether. The values of κ that are re-
quired for the correct thermal relic abundance, estimated in [3,28], 
are larger than the direct detection bounds discussed here by sev-
eral orders of magnitude.

Dark photon dark matter remains a possibility when the relic 
density receives contributions from a vacuum condensate and/or 
from inflationary perturbations, process (c). The displacement of 
any bosonic field from the minimum of its potential can be taken 
as an initial condition, and during inflation any non-conformal 
scalar or vector field receives an initial contribution to such dis-
placements scaling as H inf/(2π), where H inf is the Hubble scale 
during inflation. Even in absence of initial misalignment, the infla-
tionary production of vector bosons can account for the observed 
dark matter density with a spectrum of density perturbations that 
is commensurate with those observed in the CMB [12]. While the 
production of transverse modes is suppressed, longitudinal modes 
can be produced in abundance [12],


V ∼ 0.3

√
mV

1 keV

(
H inf

1012 GeV

)
. (3)

For our mass range of interest the correct relic density would then 
be attained with H inf in the 1012 GeV ballpark.

Undoubtedly, interactions between dark photons and the
plasma are present, and the evolution of any macroscopic occu-
pation number of vector particles is complicated by (resonant) 
dissipation processes [29]. For small enough couplings, these pro-
cesses may be made inefficient, and most of the vector particles 
are preserved to form the present day DM. Equation (3) illus-
trates that—depending on the value H inf—a successful cosmological 
model amenable to direct detection phenomenology can always 
be found, and in the remainder of this work we assume that 

V h2 = 0.12, in accordance with the CMB-inferred cosmological 
cold dark matter density. Consequently, we also assume that the 
galactic dark matter is saturated by V -particles, and neglect any 
effects from substructure. The latter is a possibility when inflation-
ary perturbations produce excess power on very small scales [12], 
and which will make the direct detection phenomenology ever 
more interesting. In this work, we restrain ourselves to the smooth 
dark matter density and hence to the time-independent part of the 
absorption signal.

2.2. Stellar dark photon constraints

In vacuum, this theory is exceedingly simple, as it corresponds 
to one new vector particle of mass mV with a coupling eκ to all 
charged particles. Some of this simplicity disappears once the mat-
ter effects for the SM photon become important, and the effective 
mixing angle becomes suppressed. The subtleties of these calcula-
tions, taking proper account of the role of the longitudinal modes 
of V , were fully accounted for only recently [30–33]. An under-
standing of these effects is important because they determine the 
exclusion limits set by the energy loss processes in the Sun, and 
other well-understood stars [34]. In the limit of small mV (small 
compared to the typical plasma frequency in the central region of 
the Sun), the energy loss into vector particles scales as ∝ κ2m2

V , 
and is dominated by the production of longitudinal modes [30]. 
Although the resulting constraints from energy loss processes turn 
out to be quite strong in the mV ∼ 100 eV region, they weaken 
considerably for very small mV , opening a vast parameter space 
for a variety of laboratory detection methods.

For mV > 10 eV, dark matter experiments are sensitive enough 
to compete with stellar energy loss bounds if dark photons con-
tribute to a significant fraction of the dark matter cosmological 
abundance. Here we review the most important aspects of stel-
lar emission for the Stückelberg case, whereby we also update our 
previously derived constraint on horizontal branch (HB) stars.

Ordinary photons inside a star can be assumed to be in 
good local thermal equilibrium so that their distribution func-
tion is time independent, ḟγ (ω, T ) = 0. This allows one to re-

late photon production and absorption processes, d�
prod
γ /dωdV =

ω|�q|/(2π2)e−ω/T �abs
γ . In analogy, for the production rate of on-

shell dark photons one has,

d�
prod
T ,L

dωdV
= κ2

T ,L

ω
√

ω2 − m2
V

2π2
e−ω/T �abs

γ ,T ,L, (4)

where d�
prod
T ,L /dωdV is the rate of emission for a spin-1 vector 

particle with mass mV and longitudinal (L) or transverse (T ) po-
larization, while κ2

T ,L is defined in (2). Inside active stars like our 
sun, the rate is dominated by bremsstrahlung processes; for ex-
plicit formulae see [30] and [32]. The expression (4) is useful 
since the optical theorem (at finite temperature) relates �abs

γ ,T ,L =
− Im�T ,L(ω, �q)/[ω(1 − e−ω/T )].

Importantly, as alluded to above, emission can proceed reso-
nantly when m2

V = Re�T ,L ; see (2). In the emission of an on-shell 
dark photon, Re�L = ω2

P m2
V /ω2 and Re �T = ω2

P , up to correc-
tions of O(T /me). A resonance inside a star occurs when either 
ωP (rres)

2 = ω2 (longitudinal) or ωP (rres)
2 = m2

V (transverse). The 
emission then proceeds from a spherical shell of radius rres and 
the rates become independent of the details of the emission pro-
cess. One may then integrate over the stellar profile by using the 
narrow width approximation [30,32],

d�prod

dω
�

⎛
⎜⎝ 2r2

eω/T (r) − 1

√
ω2 − m2

V

|∂ω2
P (r)/∂r|

⎞
⎟⎠

r=rres

×
{

κ2m2
V ω2 longitudinal,

κ2m4
V transverse,

(5)

for each polarization of transverse V -bosons. This form nicely ex-
hibits the different decoupling behavior with respect to mV . The 
bounds derived from stellar energy loss may qualitatively be un-
derstood on noting that the typical plasma frequency at the center 
of the star is given by,

Sun: ωP (r = 0) � 300 eV,

Horizontal Branch: ωP (r = 0) ∼ 2.6 keV,

Red Giant: ωP (r = 0) ∼ 200 keV,

and both longitudinal and transverse resonant emission stops once 
mV > ωP (r = 0). In our numerical analysis, we employ the full 
expressions for emission that also cover the case in which dark 
photons are emitted off-resonance.

The shaded regions in Fig. 1 are a summary of the astrophysi-
cal constraints on the mixing parameter κ that are independent of 
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the relic density of dark photon dark matter. The thin solid (dot-
ted) gray lines show the constraints that are based solely on the 
emission of transverse (longitudinal) modes.

For the sun, the limit on the anomalous energy loss rate is iden-
tical to the one in previous work [30,32]. As a criterion we require 
that the luminosity in dark photons cannot exceed 10% of the solar 
luminosity, L� = 3.83 × 1026 W. The limit is derived from observa-
tions of the 8B neutrino flux; for details we refer the reader to the 
above references.

For Horizontal Branch (HB) stars, we update our own previously 
derived limit as follows (a similar limit has already been presented 
in [32]): as an HB representative, we consider a 0.8M� solar mass 
star with stellar profiles as shown in [34,35]. The energy loss is 
then limited to 10% of the HB’s luminosity [34], for which we 
take LHB = 60L� [35]. The transverse modes dominate the en-
ergy loss in HB stars. Since the corresponding resonant emission 
originates from one shell rres, T for all energies, the derived con-
straint is sensitive to the stellar density profile in the resonance 
region mV < ωP (r = 0) � 2.6 keV. For example, the kink visible 
in the thin gray line at mV ∼ 150 eV originates from entering the 
He-burning shell. Our result is in qualitative agreement with [32]; 
quantitative differences may be assigned to our use of full emis-
sion rate expressions [rather then (5)] that are integrated using 
Monte Carlo methods over the assumed stellar profile. In either 
case, such bounds are—by construction—only representative in na-
ture and a detailed comparison of the derived limits will not yield 
much further insight.

Finally, the constraint that can be derived from Red Giant (RG) 
stars extends sensitivity to larger mV . We require a dark photon 
luminosity that is less then 10 erg/g/s originating from the degen-
erate He core with ρ ∼ 106 g/cm3, T � 8.6 keV [34]. Longitudinal 
emission dominates until transverse emission becomes resonant at 
mV = ωP (core) ∼ 20 keV. Here we note that there is room for im-
provement when deriving the limit from RG stars. For example, 
recent high-precision photometry for the Galactic globular cluster 
M5 has allowed the authors of [36] to derive constraints on axion-
electric couplings and neutrino dipole moments that are based on 
the observed brightness of the tip of the RG branch. In conjunction 
with an actual stellar model, however, the better observations do 
not yield a drastic improvement of limits, as there appears to be 
a slight preference for extra cooling [36]. Albeit such hints to new 
physics are tantalizing, we in turn expect only mild changes to 
our representative RG constraint when a detailed stellar model is 
employed and/or better observational data is used; we leave such 
study for the future.

2.3. Constraints from V → 3γ decay

Next we consider constraints imposed by energy injection from 
γ -rays originating from V → 3γ decays below the e+e− threshold, 
for which the one-photon inclusive differential rate was computed 
in [3]. It reads,

d�

dx
= κ2α4

273753π3

m9
V

m8
e

x3
[

1715 − 3105x + 2919

2
x2

]
, (6)

where x = 2Eγ /mV with 0 ≤ x ≤ 1; the total decay width is ob-

tained by integration, �V →3γ = ∫ 1
0 dx d�/dx, and it sets the life-

time of dark photons for mV < 2me .
A limit from observations of the diffuse γ -ray background 

was estimated in [28] by translating the results for monochro-
matic photon injection obtained in [37] and assuming a pho-
ton injection energy of mV /3. Here we re-consider this limit 
and base it on the actual shape of the inclusive one-photon 
Fig. 2. Representative diffuse gamma ray bolometric flux (thick solid top line) to-
gether with computed extragalactic (galactic) photon fluxes depicted by the dashed 
(dotted) line from V → 3γ decay. We constrain the sum of these fluxes (solid line) 
to not exceed the observed one.

decay spectrum (6). Let dN/dEγ denote the differential spec-
trum such that 

∫
dEγ dNγ /dEγ = 3. It follows that Eγ (dN/dEγ ) =

3�−1
V →3γ x(d�/dx).
There are then two contributions to the diffuse photon back-

ground from V → 3γ decays. For the flux from the dark matter 
density at cosmological distances we find,

Eγ
dφeg

dEγ
= 
V ρc�V →3γ

4πmV

z f∫
0

dz
Eγ

H(z)

dN[(1 + z)Eγ ]
dEγ

, (7)

where we have made the assumption that most of the dark mat-
ter has not yet decayed today, �V 
 H0, with H0 being the 
present day Hubble rate. H(z) is the Hubble rate at redshift z and 
we cut off the integral at the (blueshifted) kinematic boundary, 
z f = mV /(2Eγ ) − 1, or, for Eγ → 0, at some maximal redshift that 
is numerically inconsequential. In turn, the galactic diffuse flux is 
given by,

Eγ
dφgal

dEγ
= �V →3γ

4πmV
Eγ

dN

dEγ
ρsol RsolJ , (8)

where J (ψ) is the ρsol Rsol-normalized line-of-sight integral at an 
angle ψ from the galactic center; ρsol � 0.3 GeV/cm3 is the dark 
matter density at the sun’s position, Rsol � 8.3 kpc away from the 
galactic center. For estimating the diffuse photon contribution, tak-
ing ψ = π or π/2 yields J = 0.12 or 0.2 for a NFW or an Einasto 
dark matter density profiles, and we take J = 0.15 as fiducial 
value in (8).1

Fig. 2 depicts the representative diffuse gamma ray flux of pho-
tons (thick solid line) as taken from [37]. The extragalactic and 
diffuse galactic fluxes originating from dark photon decay with 
mV = 100 keV and κ = 5 × 10−13 are respectively shown by the 
dashed and dotted lines. We constrain the flux contribution from 
dark photon decay by requiring that their sum (solid line) does 
not exceed 100% (10%) of the observed flux. The ensuing limits 
in the (mV , κ) parameter space are shown in Fig. 1 and they con-
strain the region mV > 100 keV. While the derived limit represents 
a conceptual improvement because use of the differential photon 
spectrum has been made, quantitatively, the strength of the limits 
is comparable to the previous estimate [28].

1 In [37] J (ψ = π) = 1 was taken. That choice would make the galactic diffuse 
flux dominate over the extragalactic one in Fig. 2, and strengthen the limit in Fig. 1.
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The final constraint discussed in this section is due to precise 
measurements of the cosmic microwave background (CMB) radia-
tion, and its sensitivity to DM decay. Specifically, V → 3γ decays 
at redshift O (1000) alter the ionization history, raising TE and EE 
amplitudes on large scales, and damping TT temperature fluctua-
tions on small scales. An energy density of

dE

dV dt
= 3ζmp�V →3γ e−�V →3γ t (9)

is injected into the plasma per unit time where ζ = ( f /3)
V /
b
is related to the injected energy per baryon, which is equal to 
3ζmp ; mp is the mass of the proton and f denotes the overall ef-
ficiency with which the plasma is heated and ionized. In the case 
at hand f = 1. In [38] limits on the combination (ζ, �V ) were de-
rived for decaying heavy dark photons with mV > 2me , utilizing 
the Planck 2013 and WMAP polarization data. (For earlier analyses, 
see e.g. [39,40].) For lifetimes significantly longer than the cosmic 
time of recombination, the limit amounts to ζ�V � 6 × 10−17 eV/s
or τV � 1026 s. We show this constraint in Fig. 1 and it is very 
comparable in sensitivity to the one derived from diffuse γ -ray 
lines.

3. DM absorption signals in direct detection experiments

3.1. Dark vector-induced ionization

If the energy of dark vectors is above the photoelectric thresh-
old E V ≥ Eth, atomic ionization becomes viable, for example in 
Xenon:

Xe I + V → Xe II + e−; Xe I + V → Xe III + 2e−; . . . (10)

Here I’s are used according to the usual atomic notation, and Xe I 
represents the neutral Xenon atom which is most relevant for our 
discussion. Most of the DM is cold and non-relativistic, so that 
E V = mV with good accuracy. The astrophysics bounds, on the 
other hand, are often derived in the regime E V � mV . We will 
address the E V � mV case first, where the distinction between 
L and T modes all but disappears.

When mV ≥ Eth = 12.13 eV, matter effects are not very im-
portant, and the problem reduces to the absorption of a massive 
nonrelativistic particle with eκ coupling to electrons. The differ-
ence with the absorption of a photon with ω = mV amounts to 
the following: the photon carries momentum |�q| = ω, whereas the 
nonrelativistic dark vector carries a negligibly small momentum, 
|�q| = mV vDM ∼ O (10−3)ω where vDM is the dark photon velocity. 
Fortunately, this difference has little effect on the absorption rate 
for the following reason. Both the photon wavelength and the DM 
Compton wavelength are much larger than the linear dimension 
of the atom, allowing for a multipole expansion in the interac-
tion Hamiltonian, (�pe �ε) exp(i�q�re) � (�pe �ε) × (1 + i�q�re + . . .), where 
�ε is the (dark) photon polarization. The first term corresponds to 
the E1 transition that dominates over other multipole contribu-
tions, making the matrix elements for absorption of ‘normal’ and 
dark photons approximately equal. Accounting for the differences 
in flux, and averaging over polarization, gives the relation between 
the absorption cross sections [3]

σV (E V = mV )v V � κ2σγ (ω = mV )c, (11)

where v V is the velocity of the incoming DM particle. This relation 
is not exact and receives corrections of order O (ω2r2

at) where rat is 
the size of corresponding electronic shell participating in the ion-
ization process. Near ionization thresholds this factor varies from 
∼ α2 for outer shells to ∼ Z 2α2 for inner shells. We deem this ac-
curacy to be sufficient, and point out that further improvements 
can be achieved by directly calculating the absorption cross sec-
tion for dark photons using the tools of atomic theory. (Analogous 
calculations have already been performed for the case of axion-like 
DM [41].)

Relation (11) is nearly independent of the DM velocity, and re-
sults in complete insensitivity of the DM absorption signal to the 
(possibly) intricate DM velocity distribution in the galactic halo; 
this is in stark contrast to the case of WIMP elastic scattering. The 
resulting absorption rate is given by

Rate per atom � ρDM

mV c2
× κ2σγ (ω = mV )c, (12)

where ρDM is the local galactic DM energy density, and factors of 
c are restored for completeness.

The above formulae are sufficiently accurate provided all 
medium effects can be ignored. In general, however, the process 
of absorption of a dark photon must also account for the mod-
ification of V − γ kinetic mixing due to in-medium dispersion 
effects. While the absorption of mV � Eth particles cannot be af-
fected significantly, close to the lowest threshold such effects can 
be important. To account for in-medium effects, we follow our 
original derivation in [31]. The matrix element for photon absorp-
tion q + pi → p f with photon four momentum q = (ω, �q) and 
transverse (T ) or longitudinal (L) polarization vectors εT ,L

μ is given 
by,

Mi→ f +V T ,L = − eκm2
V

m2
V − �T ,L(q)

〈p f | Jμem(0)|pi〉εT ,L
μ (q). (13)

Squaring the matrix element and summing over final states f , one 
obtains the absorption rate of L or T photons,

�T ,L = 1

2ω
(2π)4δ(4)(q + pi − p f )e2κ2

T ,Lε
∗
μεν

×
∑

f

〈pi | Jμem(0)|p f 〉〈p f | Jνem(0)|pi〉 (14)

= e2

2ω

∫
d4x eiq·xκ2

T ,Lε
∗
μεν〈pi |[ Jμem(x), Jνem(0)]|pi〉, (15)

where the in-medium effective V − γ mixing angle is given in (2). 
The polarization functions �T ,L are obtained from the in-medium 
polarization tensor �μν ,

�μν(q) = ie2
∫

d4x eiq·x〈0|T Jμem(x) Jνem(0)|0〉

= −�T

∑
i=1,2

ε
Tμ
i εTν

i − �Lε
LμεLν . (16)

Noting that∫
d4x eiq·x〈0|[ Jμem(x), Jνem(0)]|0〉

= 2 Im

[
i

∫
d4x eiq·x〈0|T Jμem(x) Jνem(0)|0〉

]
, (17)

we can express the absorption rate in the lab-frame of the detector 
(14) as follows,

�T ,L = −κ2
T ,L Im �T ,L

ω
. (18)

This particular form is suitable for calculation, as we can re-
late �T ,L to tabulated optical properties of the material. For an 
isotropic and non-magnetic medium,

�L = (ω2 − �q2)(1 − n2 ), �T = ω2(1 − n2 ), (19)
refr refr
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Fig. 3. Left: Real and imaginary parts of the liquid xenon refractive index computed from tabulated atomic scattering factors and using the Kronig–Kramers relation. Note that 
the maximum of the Im(n) function corresponds to the photoelectric cross section σγ ∼ 6 × 10−17 cm2. Right: Simulated events in ‘xenon-units’ of photo-electrons (PE) for 
various dark photon masses as labeled. Also shown are the reported event counts and the background model as taken from [24].
where nrefr is the (complex) index of refraction for electromag-
netism. When |�q| 
 ω, �L = �T � �, and all formulae for the 
absorption of L and T modes become idential, as expected.

As the final step, we obtain nrefr from its relation to the forward 
scattering amplitude f (0) = f1 + i f2, where the atomic scatter-
ing factors f1,2 are tabulated e.g. in [42]. Close to the ionization 
threshold we make use of the Kramers–Kronig dispersion relations 
to relate f1 and f2 in estimating nrefr. Alternatively, one may es-
tablish an integral equation relating the real and imaginary parts 
of ε; see [31].

When m2
V � �, κL(T ) � κ , and the in-medium modification of 

absorption can be negelected. In that case the absorption rate per 
DM particle is

� � κ2ω × Im n2
refr = κ2σγ ×

(
Nat

V

)
, (20)

leading to the same formula for the absorption rate per atom as 
before, Eq. (12).

3.2. XENON10

The XENON10 data set from 2011 exemplifies the power of 
ionization-sensitive experiments when it comes to very low-
energy absorption-type processes. With an ionization threshold of 
∼ 12 eV, the absorption of a 300 eV dark photon already yields 
about 25 electrons, and the relatively small exposure of 15 kg-days
is still sufficient to provide the best limits on dark photons origi-
nating from the solar interior [31]. The same type of signature is 
used to provide important constraints on WIMP-electron scattering 
[43,44].

Despite significant uncertainties in electron yield, energy cali-
bration, and few-electron backgrounds, we would like to empha-
size the fact that robust and conservative limits can be derived 
which are independent of the above systematics. The procedure is 
straightforward, and follows the one already outlined in [31]. First, 
we count all ionization events (246) with up to 80 ionization elec-
trons, or, equivalently, within 20 keV of equivalent nuclear recoil. If 
we do not attempt to subtract backgrounds (which is conservative), 
this implies a 90% C.L. upper limit of less than 19.3 dark photon 
absorptions per kg per day—irrespective of how many electrons are 
ultimately produced (as long as the number is less than 80). From 
that integral limit we derive the ensuing XENON10 dark photon 
dark matter constraint shown in Fig. 1. Remarkably, we observe 
that for 12 eV � mV � 200 eV the new limit is stronger than the 
previously derived solar energy loss constraint.

3.3. XENON100

The XENON100 collaboration has performed a low-threshold 
search using the scintillation signal S1 with an exposure of 224.6 
live days and an active target mass of 34 kg liquid xenon [24]. 
A very low background rate of ∼ 5 × 10−3/kg/day/keV has been 
achieved through a combination of xenon purification, usage of 
ultra-low radioactivity materials, and through self-shielding by vol-
ume fiducialization. In addition, with energy deposition in the keV 
range and above, the XENON100 experiment provides a sufficient 
energy resolution, allowing for mass reconstruction of a potential 
DM absorption signal.

We derive the signal in the XENON100 detector as follows. 
For the dark photon dark matter the kinetic energy is negligi-
ble with respect to its rest energy since (v/c)2 ∼ 10−6. Therefore, 
a mono-energetic peak at the dark photon mass is expected in the 
spectrum. To derive the constraint, we first convert the absorbed 
energy mV into the number of photo-electrons (PE) using Fig. 2 of 
Ref. [24]. This may result in a 10% uncertainty due to the correc-
tions from binding energies of electrons at various energy levels as 
shown in Fig. 1 of Ref. [45]. We take into account the Poissonian 
nature of the process, and include the detector’s acceptance as a 
function of S1, shown in Fig. 1 of Ref. [24]. The resulting S1 spec-
trum for various dark photon masses together with the reported 
data is shown in Fig. 3.

A likelihood analysis is used to constrain the kinetic mixing κ . 
The likelihood function is defined as

L(κ,mV ) =
∏
i≥3

Poiss(N(i)|N(i)
s (κ,mV ) + N(i)

b ) , (21)

where i labels the bin number (which equals the number of S1 
for each event) as shown in Fig. 6 of Ref. [24], N(i)

b and N(i) are 
the background and number of observed events as presented in 
Ref. [24]. Following the latter experimental work, we apply a cut 
S1 ≥ 3. Here we neglect the contribution from the uncertainty of 
nexp to the likelihood function, since from Fig. 2 of Ref. [24] one 
can see that after we apply the S1 ≥ 3 cut, its influence on the 
limit of κ is less than 10%. A standard likelihood analysis then 
yields the resulting 2σ limit on κ as a function of mV . It is shown 
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as the black dashed curve in Fig. 1. Again, we find the direct detec-
tion constraints to be very competitive with astrophysical bounds.

4. Discussion and conclusion

With an array of direct detection experiments now searching 
for signatures of elastic nuclear recoil of WIMPs on nuclei, and 
with sensitivity levels marching towards the neutrino background, 
it is important to keep in mind that other dark matter scenarios 
can also be sensitively probed with this technology. In particular, 
the exquisite sensitivity to ionization signatures at various experi-
ments allows stringent constraints to be placed on generic models 
of super-weakly-interacting dark matter. In this paper, we have 
studied the sensitivity to the minimal model of dark photon dark 
matter, and obtained limits (summarized in Fig. 1) that exceed 
those from stellar physics over a significant mass range.

The sensitivity of current direct detection experiments already 
excludes dark photon dark matter with a thermally generated 
abundance. This is not a problem for the model, as the DM abun-
dance may be determined by non-thermal mechanisms. For exam-
ple, perturbations during inflation may create the required relic 
abundance [12], and further constraints on such models may be 
achieved if an upper bound on H inf were to be established by ex-
periments probing the CMB.

Dark photon dark matter has certain advantages over axion-
like-particle dark matter with respect to direct detection. The ab-
sence of the dark photon decay to two photons removes the con-
straint from monochromatic X-ray lines. This latter signature usu-
ally provides a more stringent constraint on axion-like keV-scale 
DM than direct detection. Furthermore, the cross section for dark 
photons is significantly enhanced for small masses, relative to the 
cross section for absorption of axion-like particles.

The analysis presented in this paper addresses the model of a 
very light dark photon field, that is particularly simple and well-
motivated. In addition, one could construct a whole family of ‘sim-
plified’ models of very light dark matter, with observational conse-
quences for direct detection [3]. The most relevant of these would 
involve couplings to electrons, and one could consider DM of dif-
ferent spin and parity:

(pseudo)scalar gS Sψ̄ψ, gP P ψ̄γ5ψ,

(pseudo)vector gV Vμψ̄γμψ, g AAμψ̄γμγ5ψ,

tensor gT Tμνψ̄σμνψ, · · · (22)

Here ψ stands for the electron field, gi parametrizes the dimen-
sionless couplings, and V , A, S, P , T . . . are the fields of metastable 
but very long lived DM. The case considered in this paper corre-
sponds to gV = eκ , and the light mass mV is protected by gauge 
invariance. However, even cases where the mass of DM is not pro-
tected by any symmetry are of interest, and can be considered 
within effective (or simplified) models. In this case, loop processes 
tend to induce a finite mass correction, which is at most �mDMi ∼
gi�UV. With the cutoff �UV at a TeV, it is natural to expect that, 
for a DM mass of ∼ 100 eV for example, one should have gi <

10−10. As demonstrated by the analysis in this paper, DM exper-
iments can probe well into this naturalness-inspired regime, and 
set meaningful constraints on many variations of light DM models.

Finally, we would like to emphasize that further progress can 
be achieved through the analysis of ‘ionization-only’ signatures. For 
example, in noble gas- and liquid-based detectors one can improve 
the bounds for E < keV by accounting for multiple ionization elec-
trons (see Ref. [44]). The ionization of Xe atoms from the lowest 
electronic shells is likely accompanied by Auger processes, which 
generate further photo-electrons, and the corresponding bounds 
can be tightened. Analysis of these complicated processes may re-
quire additional input from atomic physics.
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