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Dark Photons 
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Ordinary matter has milli-
charge under new force

Photon-Dark Photon  
mixing manifest

= massive Vector with kinetic mixing to the photon



Dark Photons 
 

a simple model - an active field 
(g-2) explanation of the  
muon is now excluded 
from CERN SPS Kaon  
facility through

NA48/2 collaboration 2015; 
talk by Riccardo Fantechi
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Dark Photons - 
bigger picture 

(Fig. from Jaeckel 2013)

Dark Photon becomes  
a dark matter candidate

Decays to  
leptons (and  
hadrons)
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Can we make 
Dark Photon Dark Matter? 

Checklist: 

• is stable on cosmological timescales 
• has the correct relic density 
• large scale adiabatic fluctuations  
• preferably detectable



Decay of sub-MeV Dark Photons
Stability:

1. Make it light, below 2me. Prevents                   decay 

2. Have small          , to slow down 

V Ñ e`e´

 ! 1 V Ñ 3�

V

�

�

�

=> Vectors can be have lifetime greater than the Universe

�V Ñ3� “ 172↵4
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Pospelov, Ritz, Voloshin 2008 
(see also Redondo, Postma 2008)
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Thermal abundance

1. thermal production through Compton scattering, e-pair annihilation 

1/T1{T

YV

“freeze in”

7

Abundance, early Universe production: 

T „ me

V

�

For values of the mixing angle that are not already challenged by 
experiment for                  , such rates are sub-Hubble.mV Á 1 eV
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Matter effects

Coupling of V to EM  
current inside a medium





2
Fµ⌫V

µ⌫ ` eJµ
em

Aµ
on´shell V›››››››Ñ L

int

“ ´m2

V AµV
µ ` eJµ

em

Aµ.

X
A V

i

f

MiÑf`VT,L “ ´ m2
V

m2
V ´ ⇧T,L

reJµ
emsfi✏T,L

µ

8

Matter effects

Coupling of V to EM  
current inside a medium

=> effective mixing angle

T,L “  ˆ m2
V

|m2
V ´ ⇧T,L|
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Matter effects

=> effective mixing angle  
suppressed at high T 
=> production shuts off

T,L “  ˆ m2
V

|m2
V ´ ⇧T,L|

Re⇧T,L 9!2
p „ ↵T 2 pT " meq

=> Resonance may appearRe⇧T,Lp!, Tr,T,Lq “ m2
V

Resonance dominates the production for light vectors at              but 
is not efficient to reach a dark matter abundance in ROI 

see Redondo, Postma 2008 & Arias et al 2012  
[for mV > 2 me see also Fradette, Pospelov, JP, Ritz 2014]

T „ me

mV Á 1 eV



Dark Photon Dark Matter

 

1. thermal production 
2. resonant production 
3. non-thermal production:  

e.g. field can be generated during inflation

✗

✗

Graham, Mardon, Rajendran 2015

Quantum fluctuations yield abundance “for free”
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1. thermal production 
2. resonant production 
3. non-thermal production

Abundance, early Universe production: 

with adiabatic fluctuations on large scales



Dark Photon Dark Matter

1. Small mass ~ keV means large number density 
2. photo-ionization cross sections of ordinary photons  

can be huge, say, 107 bn 

Those compensating factors make up for tiny coupling                   
that renders V stable on cosmological timescale!

 ! 10´10

=> absorption of ~keV vectors can be looked for in electron band
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nDM “ ⇢DM{mDM

Detection: 



Dark Photon Absorption
(including medium effects)
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Related to the polarization  
tensor         of the photon  
in the medium

Effective mixing angle  
inside the medium

2
T,L “ 2 ˆ m4
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ÿ

i“1,2

✏Ti
µ
✏Ti

⌫ ` ⇧L✏
Lµ✏L⌫



Dark Photon Absorption
(including medium effects)
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�T,L “ ´2
T,L Im⇧T,L

!
Absorption rate given by the  
imaginary part of the polarization  
functions 

An, Pospelov, JP, 2013 
An, Pospelov, JP, Ritz 2014



Absorption in Xenon

Compute absorption rate  
from refractive index  
(via tabulated atomic X-ray data,  
using Kronig-Kramers relations)

⇧L “ p!2 ´ ~q2qp1 ´ n2
refrq, ⇧T “ !2p1 ´ n2

refrq
⇧L “ p!2 ´ ~q2qp1 ´ n2

refrq, ⇧T “ !2p1 ´ n2
refrq
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In the non-relativistic limit:

|~q| ! ! : ⇧L “ ⇧T “ ⇧



Drifting charges in an electric field is  
a powerful amplification mechanism  

E
ion

pXeq “ 12 eV
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Xe I ` V Ñ Xe II ` e´; Xe I ` V Ñ Xe III ` 2e´; ...

Absorption in LXe
Ionization-only S2 analyses amply suited for Dark Photon search.

Sensitivity to Dark Photons of mV ° 12 eV

Absorption of, say,  
can produce ~25 electrons.  

mV “ 300 eV



Absorption in XENON10

XENON10 collaboration, 2011

Ionization-only signal S2 pushes sensitivity for sub-keV signals
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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

Despite uncertainties in  
electron yield, calibration,  
and background we can  
set a robust limit: 

1. count all events  
2. do not subtract backgrounds  
3. infer limit irrespective of  
    electron yield
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Absorption in XENON100

=> utilize XENON100 
study on axion absorption

XENON100 collaboration, 2014

predicted Dark Photon  
scintillation signal (S1)
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S1 and S2



Direct Detection Limits
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=> direct detection  
has sensitivity to  
keV-scale “super-WIMPs” 
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ionization  
threshold



Astrophysical Limits - I 
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exclude Dark Photon Dark Matter  
heavier than ~ few x 100 keV

[gamma ray limits quantitatively  
identical  to previous estimates] 
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Particles with mass <              are kinematically accessible  
and can be produced. E.g.  axions

OpkeVq

Astrophysical Limits II - Stars

etc.

xEkiny “ ´

1

2
xEgravy

=> Gravitational potential energy becomes more negative (tighter 
bound) 
=> average kinetic energy increases, star becomes hotter (negative 
heat capacity)

Stars supported by radiation pressure (active stars):



Stellar V-production
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longitudinal: An, Pospelov, JP 2013 
transverse:   Redondo 2008



Dark Photon Dark Matter

Sun: !P pr “ 0q » 300 eV,

Horizontal Branch: !P pr “ 0q „ 2.6 keV,

Red Giant: !P pr “ 0q „ 200 keV.

An, Pospelov, JP, Ritz PLB 2015

Astrophysical limits 
are strong, but direct 
detection can probe 
unchartered territory

Sun 
HB 
RG

Position of stellar limits  
understood from: 
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=> improvement potential  
if experimental e-backgrounds  
are better understood.



“Simplified Models” of 
super-WIMP absorption

gSS ̄ , gPP  ̄�5 ,

gV Vµ ̄�µ , gAAµ ̄�µ�5 ,

gTTµ⌫ ̄�µ⌫ , ¨ ¨ ¨

(pseudo)scalar
(pseudo)vector
tensor

(in contrast to WIMP-nucleon scattering)
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If the DM mass is not protected by some symmetry (like for  
dark photons or axions), loop corrections induce a mass shift

�m „ gi⇤UV => gi À 10´10 m „ 100 eVfor 

As we have just seen, such couplings in the “naturalness regime” 
are being probed by direct detection!

✓



Light (keV and below), very weekly interacting particles (“super-
WIMPs”) are probed efficiently through stellar cooling or related 
astrophysical processes. 

Dark Photons (hidden photons, A’, …) can be super-WIMPs and 
they can be dark matter through non-thermally generated 
abundance. 
 
Liquid scintillator direct detection experiments allow to test for Dark 
Photon Dark Matter for vector masses > 10 eV. 

Summary
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Thank you.


