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Dark Photons 

2008 2014

plot illustrations from N.Toro
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Dark Photons 

e- beam dump  
experiments

e+ e- colliders 
(BaBar, KLOE, Belle) 

e- fixed target expt. 
(A1, APEX, HPS, …)

(among other searches)
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Dark Photons 
(g-2) explanation of the  
muon is now excluded 
from CERN SPS Kaon  
facility through

NA48/2 collaboration 2015 
(data 2003-2004)
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Dark Photons 

Fig. from Jaeckel 2013

1. Astrophysical constraints vs.  
rare event searches

2. Cosmological 
constraints
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Devising prospective experimental 
searches for very light, feebly 
interacting particles is hard

Name of the game:   
 
beat astrophysical limits  
with direct laboratory  
probes

e.g. millicharged  
particles
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3

2
T “ 1

2

GMdmp

Rd

=> T “ OpkeVq core temperature of  
solar mass star

=> Particles with mass <              are kinematically accessible  
 and can be produced. E.g.  axions

OpkeVq

xEkiny “ ´

1

2
xEgravyVirial theorem:  

 
(imagine, the star forms  
from an initially dispersed  
cloud)

Stars as particle physics laboratories

etc.



Reaction to energy loss

Virial theorem: xEkiny “ ´

1

2
xEgravy

xEkin ` Egravy

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

1. Stars supported by radiation pressure (active stars):

2. Stars supported by degeneracy pressure (white dwarfs,  
    neutron stars):  possess positive heat capacity, the star  
    indeed cools by the energy loss
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Stars as laboratories
H
He

C,O

Asymptotic Giant

H
He

Horizontal Branch

H

Main Sequence

H

He

Red Giant

C,O

White Dwarfs

Globular Cluster color-magnitude diagram

Hot, blue

Cold, red
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Horizontal  
Branch stars

Energy loss leads to increased  
and shortens the helium burning lifetime

⇢ « 104 g cm´3 T « 108 K

HB helium burning core

Limit:  luminosity into new states should not exceed nuclear  
energy generation rate                      , which is 

Observable:   
Predicted number of stars on HB vs on the RGB in Globular Clusters  
(which are all of the same age) agrees within 10% with observations

H
He

L
x

À 0.1L3↵

3↵ Ñ 12C

✏ À 10 erg g´1 s´1
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For                     hidden photons are produced in the solar interior

13

mV À 1 keV
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DP Stellar production - 
revisited



For                     hidden photons are produced in the solar interior
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mV À 1 keV
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DP Stellar production - 
revisited



Transverse vs. longitudinal modes
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RateSMÑVT 9
"

2 in vacuum, mV " !p,
2m4

V !
´4
p in medium, mV ! !p.

Transverse modes:

Longitudinal modes (Stueckelberg case):

RateSMÑVL92m2
V !

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

=> can lead to enhancements of longitudinal mode by many orders of 
magnitude !2

P{m2
V „ 1010



Stellar V-production
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(see also Redondo 2008 for transverse emission)

15



Stellar energy loss (here: sun)
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ω = 1keV
ω = 100 eV
ω = 10 eV

longitudinal Bremsstrahlung

κ = 10−10

mV = 1eV
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new resonant emission 
found in the longitudinal 
mode
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Helioscope and LSW 
experiments inside 
excluded regions

Energy loss constraint  
from sun: 
Observable: SNO, 8B flux 

Ld “ 4 ˆ 1026 Watt

Ldark § 0.1Ld

H. An, M. Pospelov, JP, PLB 2013
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Stellar energy loss - revised

17

Helioscope and LSW 
experiments inside 
excluded regions

Energy loss constraint  
from sun: 
Observable: SNO, 8B flux 

Ld “ 4 ˆ 1026 Watt

Ldark § 0.1Ld
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Direct Detection of  
Dark Photons

best sensitivity to stellar  
flux in the sub-keV  
energy regime 

T
L

mV = 1eV

κ = 10−12

..

ω (eV)

fl
u
x
at

ea
rt
h
(c
m

−
2
s−

1
ke
V

−
1
)

1000100101

1018

1016

1014

1012

1010

108

atomic  
ionization  
threshold

end of  
resonance 
region



Tapping into the Dark Matter  
“liquid scintillator revolution”

Inexpensive, scalable, dense, and can be 
purified. 

High scintillation yields without absorbing 
own scintillation light. 

Drifting charges in an electric field is  
a powerful amplification mechanism  

=> ionization only analyses push this 
boundary. 

E
ion

pXeq “ 12 eV
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Dark Photon Absorption
(including medium effects)

Amplitude: MiÑf`VT,L “ ´
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Dark Photon Absorption
(including medium effects)

Amplitude: MiÑf`VT,L “ ´
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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

V

|m2
V ´ ⇧T,L|2

⇧µ⌫

21



Dark Photon Absorption
(including medium effects)

Amplitude: MiÑf`VT,L “ ´
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�T,L “ ´2
T,L Im⇧T,L

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

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



Absorption in Xenon

Compute absorption rate  
from Xenon 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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Absorption in Xenon

XENON10 collaboration, 2011

Ionization-only signal S2 can push sensitivity to lower masses

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

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

24
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New direct detection limit  
superior to astrophysical 
bounds 

something to look for in  
liquid Xenon experiments
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H. An, M. Pospelov, JP, PRL 2013

Direct detection experiments as 
Dark Photon Helioscopes 
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GAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONSGAUGE AND HIGGS BOSONS NODE=GXXX005

Axions (A0) and Other
Very Light Bosons, Searches for

NODE=S029

Hidden Photons: Kinetic Mixing Parameter LimitsHidden Photons: Kinetic Mixing Parameter LimitsHidden Photons: Kinetic Mixing Parameter LimitsHidden Photons: Kinetic Mixing Parameter Limits NODE=S029HPH
Hidden photons limits are listed for the first time, including only the most recent NODE=S029HPH
papers. Suggestions for previous important results are welcome. Limits are on the
kinetic mixing parameter χ which is defined by the Lagrangian

L = −
1
4 FµνFµν

−
1
4 F ′

µν
F ′µν

−
χ
2 FµνF ′µν +

m2
γ′

2 A′
µ
A′µ,

where Aµ and A′
µ

are the photon and hidden-photon fields with field strengths Fµν

and F ′

µν
, respectively, and m

γ′
is the hidden-photon mass.

NODE=S029HPHVALUE CL% DOCUMENT ID TECN COMMENT

• • • We do not use the following data for averages, fits, limits, etc. • • •

YOUR DATA <3 × 10−15 1 AN 13B ASTR m
γ′

= 2 keV

<7 × 10−14 2 AN 13C XE10 m
γ′

= 100 eV

<2.2 × 10−13 3 HORVAT 13 HPGE m
γ′

= 230 eV

<8.06 × 10−5 95 4 INADA 13 LSW m
γ′

= 0.04 eV−26 keV

<2 × 10−10 95 5 MIZUMOTO 13 m
γ′

= 1 eV

<1.7 × 10−7 6 PARKER 13 LSW m
γ′

= 53 µeV

OCCUR=2<5.32 × 10−15 7 PARKER 13 m
γ′

= 53 µeV

<1 × 10−15 8 REDONDO 13 ASTR m
γ′

= 2 keV

1AN 13B examined the stellar production of hidden photons, correcting an important errorYOUR NOTE NODE=S029HPH;LINKAGE=G
of the production rate of the longitudinal mode which now dominates. See their Fig. 2
for mass-dependent limits based on solar energy loss.

2AN 13C use the solar flux of hidden photons to set a limit on the atomic ionization rate NODE=S029HPH;LINKAGE=H
in the XENON10 experiment. They find χ < 3 × 10−12 (m

γ′
/1 eV) for m

γ′
< 1 eV.

See their Fig. 2 for mass-dependent limits.
3HORVAT 13 look for hidden-photo-electric effect in HPGe detectors induced by solar NODE=S029HPH;LINKAGE=A
hidden photons. See their Fig. 3 for mass-dependent limits.

4 INADA 13 search for hidden photons using an intense X-ray beamline at SPring-8. See NODE=S029HPH;LINKAGE=B
their Fig. 4 for mass-dependent limits.

5MIZUMOTO 13 look for solar hidden photons. See their Fig. 5 for mass-dependent NODE=S029HPH;LINKAGE=E
limits.

6 PARKER 13 look for hidden photons using a cryogenic resonant microwave cavity. See NODE=S029HPH;LINKAGE=C
their Fig.5 for mass-dependent limits.

7 PARKER 13 derived a limit for the hidden photon CDM with a randomly orientated NODE=S029HPH;LINKAGE=D
hidden photon field.

8REDONDO 13 examined the solar emission of hidden photons including the enhancement NODE=S029HPH;LINKAGE=F
factor for the longitudinal mode pointed out by AN 13B, and also updated stellar-energy
loss arguments. See their Fig.3 for mass-dependent limits, including a review of the
currently best limits from other arguments.

REFERENCES FOR Searches for Axions (A0) and Other Very Light BosonsREFERENCES FOR Searches for Axions (A0) and Other Very Light BosonsREFERENCES FOR Searches for Axions (A0) and Other Very Light BosonsREFERENCES FOR Searches for Axions (A0) and Other Very Light Bosons NODE=S029

YOUR PAPER REFID=55651AN 13B PL B725 190 H. An, M. Pospelov, J. Pradler
REFID=55652AN 13C PRL 111 041302 H. An, M. Pospelov, J. Pradler
REFID=55339HORVAT 13 PL B721 220 R. Horvat et al.
REFID=55078INADA 13 PL B722 301 T. Inada et al.
REFID=55510MIZUMOTO 13 JCAP 1307 013 T. Mizumoto et al.
REFID=55608PARKER 13 PR D88 112004 S. Parker et al.
REFID=55512REDONDO 13 JCAP 1308 034 J. Redondo, G. Raffelt

PDG

Stellar  
XENON10
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Can we make 
Dark Photon Dark Matter? 



Dark Photon Dark Matter?

V decays to 
e+ e-, hadrons,…

28



Looking for new species

CF1 Snowmass report 29



What about the  
Neutralino?

“Weakly” (= Z-mediated)  
massive (=100 GeV)   
particles (WIMPs)  
are long gone:

�n „ 10´3 pb

Higgs-mediated interactions  
are being probed right now!

�n „ 10´p9´10q pb

30



NB: Direct detection may never completely exclude neutralino: 

• pure neutralino (wino, bino, higgsino):  
 
Higgs couplings suppressed, because          ,  
pure wino/bino does not couple to Z  

• cancelations in couplings to Z and Higgs 

“Well tempered neutralino”  =>  “very fine tuned neutralino”

h:rhrbh:rh rw

What about the  
Neutralino?

31



Looking for new species

CF1 Snowmass report 32



Looking for new speciesThere may be other creatures than WIMPs!

CF1 Snowmass report 32



“Simplified Models” of 
Dark Matter electron scattering

Let’s take the example of our vector V with  
coupling              

gSS ̄ , gPP  ̄�5 ,

gV Vµ ̄�µ , gAAµ ̄�µ�5 ,

gTTµ⌫ ̄�µ⌫ , ¨ ¨ ¨

(pseudo)scalar
(pseudo)vector
tensor

 …electron

gV “ e

(in contrast to WIMP-nucleon scattering)

33



Dark Photon Dark Matter

Only two free parameters,          .

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

,mV Can we make Dark Matter?

34



Dark Photon Dark Matter

Only two free parameters,          .

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

,mV Can we make Dark Matter?

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

273653⇡3

m9
V

m8
e

Pospelov, Ritz, Voloshin 2008

34



Dark Photon Dark Matter

Early Universe production. 

1. thermal production 

Can we make Dark Matter?

�int{H „ 2↵2ne{sH „ 1{T

1/T1{T

YV

mV {T » 1

“freeze in”
V�

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

35



Resonant production?



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 pLq “ m2
V reJemµsfi xAµ, A⌫

y ✏T pLq
⌫
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Resonant production?



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

Resonance condition

Re⇧T,Lp!, Tr,T,Lq “ m2
V
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Resonant production?

Resonance condition
Re⇧T,Lp!, Tr,T,Lq “ m2

V

L

T
Tr,min “

c
3

2⇡↵
mV

Resonance temperature  
is parametrically larger  
by factor           then 

1/T1{T

YV

mV {T » 1

↵´1{2 mV

=> small effect in early Universe
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Dark Photon Dark Matter

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

Early Universe production. 

1. thermal production 
2. resonant production 
3. Field can be generated during inflation

Can we make Dark Matter?

✗

✗
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Initial Displacement

Simplest case: assume a non-minimal coupling to gravity RVµV
µ{12

:rVi ` 3H
9rVi ` m2

V
rVi “ pinteractionsq rVi “ Vi{a

=> gives simple boundary conditions after inflation

V0 “ 0,

see e.g. Golovnev, Mukhanov, Vanchurin 2008

3H " m2
V field is over-damped at initial value rVI,i

3HpT
osc

q “ mV oscillations commence (redshift like matter)

⇢V pT
osc

q « 1

2
m2

V
rV 2

I,i =>
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Dark Photon Dark Matter

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

Early Universe production. 

1. thermal production 
2. resonant production 
3. Field can be generated during inflation  
 
=> vacuum condensate can yield almost arbitrary values  
of the energy density, BUT creating the seeds of structure  
as observed in the CMB is an issue in the simplest model 

Can we make Dark Matter?

✗

✗

✗
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Dark Photon Dark Matter

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

Early Universe production. 

1. thermal production 
2. resonant production 
3. Field can be generated during inflation

Can we make Dark Matter?

✗

✗

Graham, Mardon, Rajendran 2014

Quantum fluctuations during inflation  
yield abundance “for free”
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Dark Photon Dark Matter

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

can be huge, 107 bn 

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

 ! 10´10

Can we detect it?

=> absorption of V can be looked for in electron band

Xe I ` V Ñ Xe II ` e´; Xe I ` V Ñ Xe III ` 2e´; ...
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Dark Photon Absorption
Photon vs. Dark Photon absorption of energy ! “ mV

|~q| “ ! |~q| “ mV vDM „ Op10´3q!
Photon Dark Photon

=> little difference for us:

p~pe~✏q exppi~q~req » p~pe~✏q ˆ p1 ` i~q~re ` ...q

��,V Á re allows to expand Hamiltonian

Using “normal” photon cross sections will be  
accurate to Op!2r2shellq„ Op↵2q ´ OppZ↵q2q
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Absorption in Xenon

=> utilize XENON100  
study on axion absorption
XENON100 collaboration, 2014

predicted Dark Photon  
scintillation signal (S1)
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Direct Detection Limits

XMASS
XENON100
XENON10
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ne

tic
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m
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=> direct detection  
has sensitivity to  
keV-scale “super-WIMPs” 
(other than axions)
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“Simplified Models” of 
Dark Matter electron scattering

If the DM mass is not protected by some symmetry (like for  
dark photons or axions), loop corrections induce a mass shift

gSS ̄ , gPP  ̄�5 ,

gV Vµ ̄�µ , gAAµ ̄�µ�5 ,

gTTµ⌫ ̄�µ⌫ , ¨ ¨ ¨

(pseudo)scalar
(pseudo)vector
tensor

�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!

✓

46



Astrophysical Limits

V

�

�

�

extragalactic

diffuse galacticE�
d�

gal

dE�
“ �V Ñ3�

4⇡mV
E�

dN

dE�
⇢
sol

R
sol

J

galactic diffuse
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diffuse γ

Eγ (keV)

E
2 γ
dφ

/d
E

γ
(k
eV

/c
m

2
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ec
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mV = 100 keV
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.

10010
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1

10−1

47



Astrophysical Limits

V

�

�

�

gamma rays  
+ CMB limits exclude  
Dark Photon Dark Matter  
heavier than  
few x 100 keV
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diffuse γ
XMASS

XENON100
XENON10

mV (eV)

ki
ne

tic
κ

1061051041031021011

10− 12

10− 13

10− 14

10− 15

10− 16

mV (eV)

m
ix
in
g

1061051041031021011

10− 12

10− 13

10− 14

10− 15

10− 16

48



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 2014
solar constraints: An, Pospelov JP PLB 2013

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

Sun 
HB 
RG

Position of stellar limits  
understood from: 
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V decays to 
e+ e-, hadrons,…

V can be DM

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

+
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�, 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
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(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-
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0. Shown are constraints from electron and muon anomalous magnetic moment
measurements, ae and aµ, the BaBar search for ⌥(3S) ! �µ
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�, three beam dump experiments, E137, E141, and E774,
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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.
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� 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

Ve
ry

 D
ar

k 
 

Ph
ot

on
 V

1012 s

108 s

104 s

1 s

mV (GeV)

κ

101110−110−210−3

10−2

10−4

10−6

10−8

10−10

10−12

10−14

10−16

10−18

Ep.b. “mV nV

nb

„ mV �prod

H´1

T“mV

nb,T“mV

„ ↵
e↵

ˆ 1036 eV

↵e↵ “ 2↵

BBN sensitivity: MeV/baryon 
CMB sensitivity:   eV/baryon

�
prod

„ ⌧´1

V n�,T“mV

51



10-2 10-1 1
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

10-2 10-1 1

10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2

mA' HGeVL

e E137
E141

E774 am
ae UH3SL

SN

A
B

C
D

E

0.01 0.1 1
10-8
10-7
10-6
10-5
10-4
10-3
0.01

0.01 0.1 1

10-8
10-7
10-6
10-5
10-4
10-3
0.01

mA'êGeV

e

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
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�, three beam dump experiments, E137, E141, and E774,
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� 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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Recent progress primarily clarifies state of the Universe at z = few  
and exposes relevant physics at 

Light element formation happens at             ;  direct window into the  
early Universe at t=1sec 

Qualitative agreement between                     and              tells us that 
early Universe was governed by the same physical laws and contained 
similar particle content 

BBN can react sensitively on departures from General Relativity and the 
Standard Model of particle physics => a toolbox to test new physics

Primoridal nucleosynthesis - 
a pillar of modern cosmology

z “ 1000

z “ 109

z “ 0 ˜ 103 z “ 109
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Universe is flat, spatially homogeneous and isotropic and dominated  
by radiation => GR:

(nn � np)|T��mnp
=

1
2
nb

H � ȧ

a
=

�
8�GN⇥/3 � 1

2t

Universe was “hot” enough T |init � �mnp = 1.293 MeV

Particle content & their interactions given by the SM

nb

s
(tBBN) =

nb

s
(tCMB).

Basic assumptions for “Standard BBN”

=> “parameter free theory”

The Universe  
at a redshift of a billion
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Light element observations 
Helium mass fraction 

5

Fig. 1.— Linear regressions of the helium mass fraction Y vs. oxygen abundance for H ii regions in the HeBCD sample. The Y s are
derived with the He i emissivities from Porter et al. (2005). The electron temperature Te(He+) is varied in the range (0.95 – 1)×Te(O iii).
The oxygen abundance is derived adopting an electron temperature equal to Te(He+) in a) and to Te(O iii) in b).

Fig. 2.— a) Joint fits to the baryon-to-photon number ratio, η10, and the equivalent number of light neutrino species Nν , using a χ2

analysis with the code developed by Fiorentini et al. (1998). and Lisi et al. (1999). The value of the primordial He abundance has been
set to Yp = 0.2565 (this paper), that of (D/H)p is taken from Pettini et al. (2008) and that of (7Li/H)p from 5yr WMAP measurements
Dunkley et al. (2009). A neutron lifetime τn = 885.4 ± 0.9s from Arzumanov et al. (2000) has been adopted. Thin and thick solid lines
represent respectively 1σ and 2σ deviations. The experimental value Nν = 2.993 (Caso et al. 1998) is shown by the dashed line. b) The
same as in (a), but with a neutron lifetime τn = 878.5 ± 0.8s (Serebrov et al. 2005, 2008).

Steigman, G. 2006, Int. J. Mod. Phys. E, 15, 1
Steigman, G. 2007, Annual Review of Nuclear and Particle

Science, 57, 463

Whitford, A. E. 1958, AJ, 63, 201

Aver, Olive, Porter, Skillman JCAP 2013 Izotov, Thuan Astrophysical J.  2010

determinations from He emission lines in ionized HII regions  
now claim few %-level accuracy (systematics limited)

Yp » 25%



Light element observations 
Deuterium

Pettini et al MNRAS 2008 Pettini et al MNRAS 2013

Now D/H at %-precision!

(D/H)p = (2.81± 0.21)� 10�5 pD{Hqp “ p2.53 ˘ 0.04q ˆ 10´5

D{H » 10´5

=> drastic improvement of the error bar by factor 5 in a few years
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SBBN take-home message 
Light element predictions from helium to lithium span roughly  
9 orders of magnitude in number

In qualitative agreement with observations; impressive success  
of the hot Big Bang model; significant advances in D and He 
observations can be expected

At least one quantitative problem:  Lithium abundance is high by a 
factor of a few, but with high statistical significance

Nuclear physics lithium solution is ruled out; solution may be of 
astrophysical origin but could also signal new physics operative 
during BBN

57



58

p,n D
p,n

DD2

 DD1

     

T

He

He

Be

Li

3

7

4

7

He  HeHe D   

 T D

Li  p  

3

3

D p

He n  Be n       

He T

3  

  4

7  

4 

7

D γ

Beyond SBBN

Fig. from  
Mukhanov



58

p,n D
p,n

DD2

 DD1

     

T

He

He

Be

Li

3

7

4

7

He  HeHe D   

 T D

Li  p  

3

3

D p

He n  Be n       

He T

3  

  4

7  

4 

7

D γ

H

Change in timing

Beyond SBBN

Fig. from  
Mukhanov



58

p,n D
p,n

DD2

 DD1

     

T

He

He

Be

Li

3

7

4

7

He  HeHe D   

 T D

Li  p  

3

3

D p

He n  Be n       

He T

3  

  4

7  

4 

7

D γ

H

Change in timing

X � �/q...

�

non-equilibrium BBN

Beyond SBBN

�

Fig. from  
Mukhanov



58

p,n D
p,n

DD2

 DD1

     

T

He

He

Be

Li

3

7

4

7

He  HeHe D   

 T D

Li  p  

3

3

D p

He n  Be n       

He T

3  

  4

7  

4 

7

D γ

H

Change in timing

X � �/q...

�

non-equilibrium BBN

( X�)

catalyzed BBN

Beyond SBBN

�

Fig. from  
Mukhanov



Most often discussed in literature: decays of long-lived particles X  
 
previous works focused on                              , e.g. �G� SM + ��0mX = O(100 GeV)

=> yield electromagnetic and hadronic showers which dissociate  
     light elements (drastic departures)

Non-equilibrium BBN  
Energy injection

59

What if X is light? 

 [Dimopoulos 1988, … many works]



Dark Photons are light

60

decays to 
e+ e- kinematically  
allowed
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V Abundance / 
V decay
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photons in EM-cascade  
below      threshold 
are not efficiently dissipated 
=> spallation of nuclei 

Secondary effects:
3H +4He|bg �6 Li + n

3He +4Hebg �6 Li + p

X

N

6Li /H |sec
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(7Li+ 7Be)/H
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7 keV, 7Be ` � Ñ 3He ` 4He p1.59MeVq,
5 keV, D ` � Ñ n ` p p2.22MeVq,
0.6 keV, 4He ` � Ñ 3He{T ` n{p p20MeVq,

BBN Limits 
EM injection (t > 106 sec)
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=> A path to ameliorate  
the lithium problem

6Li /H
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X Ñ ⇡`⇡´ nX{nB “ 8, ⌧X “ 1000 s

7Be ` n Ñ 7Li ` p

7Li ` p Ñ 4He ` 4He

“Extra neutrons”, also 
through captures like 

K´ ` 4He Ñ ⇤p⌃0qppnnq

BBN Limits 
soft hadronic injection
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Summary
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“Light” keV-Dark Photon  
Dark Matter candidate; 
accessible in Direct Detection, 
constrained through astrophysics

“Heavy” Dark Photon:  
BBN and CMB probe  
the faint vector portal 
inaccessible in even   

futuristic experiments
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