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• New resonance in the stellar production of “Dark Photons” 
(Hidden Photons, Paraphotons, Secluded Vectors, Dark Vectors,...)
[corrects previous calculation]

=> correction factor can be very large
=> rules out parameter space for existing experimental setups

• Emission of longitudinal states dominates stellar energy loss
for ~ sub-eV Dark Photons

=> new detection prospects from Dark Matter searches

• Cosmological aspects 
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The Dark Photon Landscape*
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14 The Low-Energy Frontier of Particle Physics

Figure 4: Summary of cosmological and astrophysical constraints for hidden pho-

tons (kinetic mixing χ vs. mass mγ′) (compilation from Ref. [35]). See the text

for details. In addition we also show laboratory limits (see Sect. 4 for details on

the constraints in the sub-eV regions; at higher mass we have electroweak pre-

cision measurements (EW), bounds from upsilon decays (Υ3S) and fixed target

experiments (EXXX)). Areas that are especially interesting are marked in light

orange.

plasma: the larger ρ, the sooner the p-n freezing the closer n/p becomes to the

high temperature value of 1/2. After decoupling, during the proper primordial

nucleosynthesis, neutrons are mostly confined into 4He nuclei whose primordial

abundance can be measured today, leading to a bound on the non-standard energy

density ρx during BBN, usually expressed as the effective number of extra thermal

neutrino species,

N eff
ν,x ≡

4

7

30

π2T 4
ρx. (22)

A recent determination of this number [42] resulted in

N eff
ν,x = −0.6+0.9

−0.8, (23)

for three standard neutrinos. Therefore, while an extra neutral spin-zero particle

thermalized during BBN is allowed, this is not the case for other WISPs like a

mini-charged particle, for which

N eff
ν,MCP ≥ 1, (24)

or a massive hidden photon, with

N eff
ν,γ′ = 21/16. (25)

Fig. from Ringwald, Jaeckel, 2010

*before March 2013
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LSW region

• light-shining-through-wall
experiments 
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Figure 11. Projected WISP sensitivity of a next generation LSW experiments (red) compared with the current experimental bounds
(blue) (from the results of [131]). The benchmark for the next generation is taken to be a 20+20 HERA magnet configuration with

300 kW of 1.17 eV photons in the generation part and a power buildup βr = 105 on the regeneration side and a single-photon counter
with dark current ∼ 10−4 counts/sec, corresponding to a projected sensitivity of ∼ 10−33 on the LSW probability.

space compared to the other photon regeneration experiments and should provide a definitive answer
whether QCD axions are the dominant part of cold dark matter within the current decade [135,136].
Clearly, the detection of a WISP in an LSW experiment will deeply change our view of cosmology

and astrophysics. In fact, this reminds us on the neutrino story: they were postulated and confirmed as
subtle effects in laboratory experiments and nowadays they are essential ingredients in our understanding
of astrophysics (e.g. in white dwarf cooling or supernova type-II explosions) and cosmology (e.g. in big
bang nucleosynthesis or structure formation). Furthermore, WISPs have been recently shown to have
possibly interesting technological applications, such as for example large distance communications through
matter [137,138].
All in all, LSW experiments may give important information about fundamental particle physics com-

plementary to the one obtainable at high energy colliders. Already today these experiments provide very
strong bounds on light weakly interacting particles. But even more excitingly the next decade is likely to
bring considerable advances and huge discovery potential for new physics.
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Figure 6: Explicit processes contributing to LSW for various WISPs. From left

to right we have photon – ALP, photon – hidden photon and photon – hidden

photon oscillations facilitated by MCPs.

particle X (cf. also Ref. [88]),

[ω21+ ∂2z1−MX ]







A

X







= 0, (33)

where we have suppressed the Lorentz structure. Indeed, for the types of particles

discussed in Sect. 2 the equations of motion always separate into the two possible

linear polarizations but the mass matrix may differ for the different polarization

directions.

The solutions to the equations of motion are of the form,

v1 = exp(−i(ωt− k1z))







1

δ







, v2 = exp(−i(ωt− k2z))







−δ

1







. (34)

If the off-diagonal entry in the mass matrix is small we can obtain simple ana-

lytical formulas for the mixing angle,

tan(2 δ) = 2
MX

12

MX
11 −MX

22

, (35)

and the wave numbers for the two mass eigenstates,

k21 = ω2 −MX
11, k22 = ω2 −MX

22. (36)

Using these it is straightforward to find the transition amplitudes,

A(γ → X) = δ [exp(ik1z)− exp(ik2z)] , (37)

from which we can obtain

P (γ → X, %) = P (X → γ, %) = |A(γ → X)|2 (38)

= |δ|2[exp(−2Im(k1)%) + exp(−2Im(k2)%)

−2 exp(−Im(k1 + k2)%) cos(Re(k1 + k2)%)].

� �V
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˙
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˙

ñ mV “ OpmeVq Fig. from Redondo, Ringwald, 2010
see also Bähre et al. 2013

“optical regime”
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Helioscope DP detection
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DP flux can be detected via 
“X-ray regeneration” (e.g. in 
CAST)
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Figure 5: Schematics of an helioscope experiment looking for hidden photons. Hidden bosons
are produced in the Sun’s interior from X-ray plasmon conversion and get out almost freely.
Only the sterile component (S) of B will traverse the helioscope external shielding, leading
to the possibility of reconversion into a detectable photon by S � A oscillations.

conservation, they just mix naturally with photons regardless of the presence of the magnetic
field, given that � and m�0 are both non zero.

The small mixing shift in eq. (15) turns out to be again a correct approximation for the
treatment of the photon-hidden photon system both in the Sun-Earth travel and inside the
CAST oscillation region. This is because CAST operates either in high vacuum where we
can neglect ⇡a (and the WM condition is an exceedingly good approximation), or filled with
gas to force resonant conversion, and therefore producing also a non-zero �a that cuts o↵
the divergence of the denominators in eq. (15) at reasonable values. The interstellar medium
can be also treated as a perfect vacuum.

Note that essentially all the hidden photons emitted from the Sun are propagation states
/ Ba so they do not su↵er oscillations. However, these states will be projected into their
sterile component S when traversing the helioscope shielding. Such a projection decreases
the flux only in a small O(�2) factor and can be neglected6. An initial state Sa traveling
through the conversion region (of length L) will oscillate into a detectable photon with a
probability given by

PSa!Aa = |hAa|Sa(L)i|2 = |hAa(L)|Sai|2 = (33)

�2m4
�0

(m2
a �m2

�0)
2 + (!�a)2

⇣
1 + e��aL � 2e�

�aL
2 cos �paL

⌘
, (34)

where �pa =
p

!2 �m2
a �

q
!2 �m2

�0 is the di↵erence in wavenumbers of the photon and

hidden photons. In vacuum !P = � = 0 and L-plasmons cannot been excited, so we recover

6
E↵ects of the atmosphere and further barriers are also at the O(�2

) level and therefore are also unim-

portant.

13
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Only the sterile component (S) of B will traverse the helioscope external shielding, leading
to the possibility of reconversion into a detectable photon by S � A oscillations.

conservation, they just mix naturally with photons regardless of the presence of the magnetic
field, given that � and m�0 are both non zero.

The small mixing shift in eq. (15) turns out to be again a correct approximation for the
treatment of the photon-hidden photon system both in the Sun-Earth travel and inside the
CAST oscillation region. This is because CAST operates either in high vacuum where we
can neglect ⇡a (and the WM condition is an exceedingly good approximation), or filled with
gas to force resonant conversion, and therefore producing also a non-zero �a that cuts o↵
the divergence of the denominators in eq. (15) at reasonable values. The interstellar medium
can be also treated as a perfect vacuum.

Note that essentially all the hidden photons emitted from the Sun are propagation states
/ Ba so they do not su↵er oscillations. However, these states will be projected into their
sterile component S when traversing the helioscope shielding. Such a projection decreases
the flux only in a small O(�2) factor and can be neglected6. An initial state Sa traveling
through the conversion region (of length L) will oscillate into a detectable photon with a
probability given by

PSa!Aa = |hAa|Sa(L)i|2 = |hAa(L)|Sai|2 = (33)

�2m4
�0

(m2
a �m2
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⌘
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where �pa =
p

!2 �m2
a �

q
!2 �m2

�0 is the di↵erence in wavenumbers of the photon and

hidden photons. In vacuum !P = � = 0 and L-plasmons cannot been excited, so we recover
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E↵ects of the atmosphere and further barriers are also at the O(�2

) level and therefore are also unim-
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=> we argue for a different
      scaling
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• for                     hidden photons are produced in the solar interior

Solar production - revisited
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V p|~k|, 0, 0,!q
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2
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Braaten, Segel 1993
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Scaling with vector mass
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RateSMÑVT 9
"

2 in vacuum, mV " !p,
2m4

V !
´4
p in medium, mV ! !p.

in LSW region

• transverse modes:

• longitudinal modes, Stueckelberg case:

RateSMÑVL92m2
V !

´2, both in vacuum and in medium. pk » ! " !pq

=> enhancement by !2
p{m2

V „ 1010

• longitudinal modes, Higgsed case:

RateSMÑV `h1 9↵12pmV q0
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Scaling with vector mass
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RateSMÑVT 9
"

2 in vacuum, mV " !p,
2m4

V !
´4
p in medium, mV ! !p.

in LSW region

• transverse modes:

• longitudinal modes, Stueckelberg case:

RateSMÑVL92m2
V !

´2, both in vacuum and in medium. pk » ! " !pq

=> enhancement by !2
p{m2

V „ 1010

• longitudinal modes, Higgsed case:

“nature does not like to skip an order”
M. PospelovRateSMÑV `h1 9↵12pmV q0
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• for                     hidden photons are produced in the solar interior

Solar production - revisited
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Stellar energy loss
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Stellar energy loss - revised

11

Helioscope
and LSW experiments 
find themselves inside 
excluded regions

criterion for sun

Ld “ 4 ˆ 1026 Watt

Ldark § 0.1Ld

SNO, 8B flux
[Gondolo, Raffelt, 2009]

[Higgsed case: 
see also Ahlers et al 2008]



Josef Pradler - Dark Photons -

(proj.)
ALPS-II

ALPS-ICoulomb

CAST (T)

mV (eV)

ki
n
et
ic

m
ix
in
g
κ

103102101110−110−210−310−410−510−6

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

(T)
(L)

SC: Sun

mV (eV)

ki
n
et
ic

m
ix
in
g
κ

103102101110−110−210−310−410−510−6

10−4

10−5

10−6

10−7

10−8

10−9

10−10

10−11

10−12

10−13

10−14

10−15

Stellar energy loss - revised

11

Helioscope
and LSW experiments 
find themselves inside 
excluded regions

criterion for sun

Ld “ 4 ˆ 1026 Watt

Ldark § 0.1Ld

SNO, 8B flux
[Gondolo, Raffelt, 2009]

[Higgsed case: 
see also Ahlers et al 2008]



Josef Pradler - Dark Photons -

Stellar energy loss - revised
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Direct detection of 
Dark Photons

Dark Photon absorption
in Atoms

best sensitivity in the 
sub-keV energy regime

=> Xenon Dark Matter 
experiments
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Direct detection of 
Dark Photons
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Direct detection of 
Dark Photons

´2Im xJµ:
em, J

⌫
emy “ e´2Im⇧µ⌫

�abs
T,L “ ´2

T,LIm⇧T,L

!

14

�abs
T,L

“



2
T,L

e

2
✏

T,L˚
µ

✏

T,L

⌫

2!

ª
d

4
xe

iq¨x
xi|J

µ:
empxqJ

⌫

emp0q|iy

2
T,L “ 2m4

V

pm2
V ´ Re⇧T,Lq2 ` pIm⇧T,Lq2

Absorption rate

correlation function
inside the medium

optical theorem



Josef Pradler - Dark Photons -

Direct detection of 
Dark Photons

Making contact with “optical”,  measured quantities
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Dark Matter experiments as
Dark Photon helioscopes 

• Xenon10 low threshold 
study: ionization only

16

3

to > 0.99 between 1.4 keV and 10 keV. Valid single scat-
ter event records were required to have only a single S2
pulse of size > 4 electrons. Events in which an S1 signal
was found were required to have log10(S2/S1) within the
±3� band for elastic single scatter nuclear recoils. This
band was determined from the neutron calibration data,
and has been reported in a previous article [15]. Events
in which no S1 signal was found were assumed to be dark
matter candidate events and were retained.

TABLE I. Summary of cuts applied to 15 kg-days of dark
matter search data, corresponding acceptance for nuclear re-
coils "c and number of events remaining in the range 1.4 <
Enr  10 keV.

Cut description "c Nevts

1. event localization r < 3 cm 1.00a 125

2. signal-to-noise > 0.94 58

3. single scatter (single S2) > 0.99 38

4. ±3� nuclear recoil band > 0.99 23
a limits e↵ective target mass to 1.2 kg

The remaining events in the lowest-energy region are
shown in Fig. 2 (left) versus their S2 pulse width �

e

. The
equivalent number of electrons is indicated by the inset
scale. Events in which an S1 signal was observed are indi-
cated by a circle. Figure 2 (right) shows the width profile
of the S2 signal in the top, middle and bottom third of
the detector, based on single scatter nuclear recoils with
known �t and 5 < S2 < 100 electrons. Gaussian fits are
shown to guide the eye.

The top panel of Fig. 2 shows the distribution of re-
maining candidate events (+) with S2  4 electrons. The
distribution of background single electron events, sam-
pled from a time window at least 20 µs after higher-
energy events, is also shown (4). The single electron
background events are a subject of ongoing study, and ap-
pear to originate from multiple physical phenomena. One
possibility involves photoionization of impurities in the
liquid xenon [37]. Another possible origin is from excess
free electrons trapped at the liquid surface. This could
occur because the emission of electrons from the liquid
to the gas is nearly � but likely not exactly � unity [38].
As a result, every S2 signal could be a potential source of
a small number of trapped electrons. Delayed emission
of the trapped electrons may result from the requirement
that both the electron kinetic energy and the z compo-
nent of the electron momentum be su�cient to overcome
the surface potential barrier [39].

The signal-to-noise cut was motivated by a distinct but
closely related class of background event, which consists
of a train of approximately ten to several tens of single
electrons over a period of O(100 µs). The origin of these
events is also not yet clear. Often several single electrons
in an electron train overlap in time, to the degree that
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FIG. 2. (left) All candidate dark matter events remaining
(⇥ and #) after the cuts listed in Table I. Events in which an
S1 was found are shown as #. The number of electrons in the
S2 signal is indicated by the inset scale. (top) Distribution
of candidate events with  4 electrons (+), and distribution
of background single electrons (4) as described in the text.
(right) S2 pulse width distributions for single scatter nuclear
recoils in the top, middle and bottom third of the detector.

they appear as a single S2 pulse containing ⇠ 2 � 6 elec-
trons. These spurious pulses often have �

e

> 0.30 (the
3� width for a single electron) and so could be removed
based on pulse width. However, the signal-to-noise cut
more precisely targets the presence of multiple additional
single electrons in the event record.

The energy resolution for S2 signals depends primarily
on Poisson fluctuation in the number of detected elec-
trons, with an additional component due to instrumen-
tal fluctuations. This is discussed in detail in [35], and
for higher energy signals in [19]. So as not to over-
state the energy resolution, we adopt a parameteriza-
tion which follows the Poisson component only, given by
R(E

nr

) = (2E
nr

)�1/2. We assume a sharp cuto↵ in Q
y

at
E

nr

= 1.4 keV, and then convolve the resolution with the
predicted di↵erential dark matter scattering rate. This
ensures that �

n

exclusion limits are not influenced by
lower-energy extrapolation of the detector response. The
scattering rate as a function of nuclear recoil energy was
calculated in the usual manner [13] (cf. [15]). We take
the rotational speed of the local standard of rest and
the velocity dispersion of the dark matter halo to be
v0 = 230 km s�1, and the galactic escape velocity to be
v

esc

= 600 km s�1 [41]. We use the p

max

method [42] to
calculate 90% C.L. exclusion limits on the cross section
�

n

for elastic spin-independent dark matter � nucleon
scattering as a function of m

�

. All remaining events in
the the range E

nr

> 1.4 keV are treated as potential dark
matter signal. The results are shown in Fig. 3. If Q

y

were 40% higher (lower) below 4 keV, the exclusion limits

Angle et al. 2011
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FIG. 1: Left: Existing constraints on an A

0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ

+
µ

�, three beam dump experiments, E137, E141, and E774,
and supernova cooling (SN). These constraints are discussed further in Section III. Right: Existing constraints are shown in
gray, while the various lines — light green (upper) solid, red short-dashed, purple dotted, blue long-dashed, and dark green
(lower) solid — show estimates of the regions that can be explored with the experimental scenarios discussed in Section IVA–
IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-

2

Extending our view
through cosmology

e.g. Bjorken et al. 2009
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while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
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matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A
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The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.
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[see also M. Pospelov, JP 2010]
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IVE, respectively. The discussion in IV focuses on the five points labeled “A” through “E”. The orange stripe denotes the
“D-term” region introduced in section IIA, in which simple models of dark matter interacting with the A

0 can explain the
annual modulation signal reported by DAMA/LIBRA. Along the thin black line, the A

0 proper lifetime c⌧ = 80µm, which is
approximately the ⌧ proper lifetime.

energy e

+

e

� colliders are a powerful laboratory for the
study of an A

0 with ✏ & 10�4 and mass above ⇠ 200
MeV, particularly in sectors with multiple light states
[32, 33, 34, 35, 36]. Their reach in ✏ is limited by lu-
minosity and irreducible backgrounds. However, an A

0

can also be produced through bremsstrahlung o↵ an elec-
tron beam incident on a fixed target [34]. This approach
has several virtues over colliding-beam searches: much
larger luminosities, of O(1 ab�1

/day) can be achieved,
scattering cross-sections are enhanced by nuclear charge
coherence, and the resulting boosted final states can be
observed with compact special-purpose detectors.

Past electron “beam-dump” experiments, in which a
detector looks for decay products of rare penetrating par-
ticles behind a stopped electron beam, constrain & 10
cm vertex displacements and ✏ & 10�7. The thick shield
needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
shorter displacements (larger ✏ and m

A

0). However, beam
products easily escape thin targets and constitute a chal-
lenging background in downstream detectors.

The five benchmark points labeled “A” through “E”
in Figure 1 (right) require di↵erent approaches to these
challenges, discussed in Section IV. We have estimated
the reach of each scenario, summarized in Figure 1
(right), in the context of electron beams with 1–6 GeV
energies, nA–µA average beam currents, and run times
⇠ 106 s. Such beams can be found for example at the

Thomas Je↵erson National Accelerator Facility (JLab),
the SLAC National Accelerator Laboratory, the electron
accelerator ELSA, and the Mainzer Mikrotron (MAMI).

The scenarios for points A and E use 100 MeV–1 GeV
electron beam dumps, with more complete event recon-
struction or higher-current beams than previous dump
experiments. Low-mass, high-✏ regions (e.g. B and C)
produce boosted A

0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
forward silicon-strip tracking to identify these vertices,
while maintaining reasonable occupancy — a limiting
factor. At still higher ✏, no displaced vertices are re-
solvable and one must take full advantage of the kine-
matic properties of the signal and background processes,
including the recoiling electron, using either the forward
geometries of B and C or a wider-angle spectrometer (e.g.
for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A

0 decays directly to
Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
clusions) if the A

0 decays to lighter U(1)0-charged scalars,
and to direct production of axion-like states.

Outline

In Section II, we summarize the properties of A

0 pro-
duction through bremsstrahlung in fixed-target colli-
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• long-lived vectors inject energy 
into the primordial plasma

• Early Universe has unprecedented
sensitivity

• BBN/CMB constraints are 
guaranteed, Li-sweet spots will 
exist
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Origin of Dark Photon mass plays an important role in the 
phenomenology of light vectors (Stueckelberg vs. Higgsed case)

Stellar energy loss bounds are strengthened by several orders of 
magnitude, with important implications for LSW and Helioscope 
searches  (see now also Raffelt and Redondo 2013)

Detection prospects best when using sub-keV low threshold 
detectors with sensitivity in the electron recoil band

Early Universe constraints on electromagnetic and hadronic 
energy injection constrain mixing                   and   À 10´12 mV ° 1MeV


