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Portals to the Hidden Sector
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“Higgs Portal” 
(a minimal model of DM)

“Neutrino Portal”  
likely realized in nature (neutrinos  
have mass); sterile neutrinos

“Vector Portal” 
kinetic mixing of abelian  
field strength tensors

connecting the visible world to the dark side



at low  
energies

The kinetic mixing portal 
“Dark Photons” 
SUp3qc ˆ SUp2qL ˆ Up1qY
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Standard Model x “dark sector” with vector particle 

hypercharge 
field strength

photon 
field strength

V µ

NB:      must be massive, otherwise    can be rotated away.    Vµ 



Radiatively induced kinetic mixing 
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Assume there are particles charged both under            and           
of arbitrarily heavy mass M  

Up1qY Up1q1

� V
M

Up1qY Up1q1

 „ gY g1

16⇡2
ˆ log

ˆ
⇤UV

M

˙
“non-decoupling” [Holdom ’85]

=> kinetic mixing can be a low-energy messenger from high scale



Dark Photons 
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Photon-Dark Photon  
mixing manifest

The Low-Energy Frontier of Particle Physics 21

(a) (b) (c)

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

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

−2 exp(−Im(k1 + k2)ℓ) cos(Re(k1 + k2)ℓ)].
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“Light-shining-through-wall”  
(LSW) experiments

probability 
sensitivity when  

94

…suggests…

mV „ !�

A. Keep the mixing as a 
perturbation:
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Ordinary matter has milli-
charge under new force

Dark Photons 

Direct production in  
experiment:

Vµ

“Intensity Frontier”

…suggests…

B. Diagonalize kinetic term:



Dark Photons 

latest results from BaBar, A1, NA48
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2015

“Intensity Frontier”

precision 
tests

beams on  
fixed target

flavor 
factories

e-beam 
dumps

e`e´ Ñ �V Ñ �l`l´

Ze´ Ñ Ze´V Ñ Ze´e`e´

⇡0 Ñ �V Ñ �e`e´

pg ´ 2qe

Ze´ Ñ Ze´V Ñ Ze´e`e´

Future facilities, e.g. HPS, SHiP proposal,…



Dark Photon Landscape 

(Fig. from Jaeckel 2013)
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Dark Photon Landscape 

(Fig. from Jaeckel 2013)

Dark Photon becomes  
a dark matter candidate

Decays to  
e+ e- possible
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Dark Photon Landscape 

(Fig. from Jaeckel 2013)

Dark Photon becomes  
a dark matter candidate

Decays to  
e+ e- possible
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This Talk:



Astrophysical constraints on keV-mass Dark Photons
 
     Mini-review on stellar energy loss 
     Laboratory limits from direct detection 
 
Cosmological constraints on MeV-mass Dark Photons  
 
     Primordial nucleosynthesis as a tool test for new physics 
 
ALPs (or other MeV-scale particles) during BBN    
 
      A new solution to the “cosmic lithium problem” 

Outline

(see also Javier’s talk yesterday)
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An, Pospelov, JP, (Ritz)  2014 & 2015

Goudelis, Pospelov, JP 2015

Fradette, Pospelov, JP, Ritz 2014
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=> Particles with mass <              are kinematically accessible  
 and can be produced!

OpkeVq

e.g.

Astrophysical constraints 

Stars are supreme laboratories to test (and exclude!) light, feebly 
interacting new particles.  E.g. Sun core temperature 

mV † 1MeV

T „ 1 keV

=> Energy loss affects stellar structure and their lifespan.

1



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

See Raffelt’s book!
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Astrophysical constraints 

e.g. millicharged particles



For                     hidden photons are produced in the solar interior
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mV À 1 keV
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Stellar Production

MiÑf`VT,L “ ´ m2
V
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transverse resonance longitudinal resonance
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V “ Re⇧T “ !2

p
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V {!2

= plasma frequency!p



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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inside the sun:
1 eV À !p À 300 eV

=> resonance can  
always be met for  

resonant emission 
of longitudinally  
polarized vectors

mV À 1 eV



Solar energy loss

16

Ld “ 4 ˆ 1026 Watt

Ldark § 0.1Ld
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energy loss heats up 
the sun => greater 
neutrino flux constrained  
by SNO



Solar energy loss
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RGHB

sun
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Sun: !P pr “ 0q » 300 eV,

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

Red Giant: !P pr “ 0q „ 200 keV.

Sun 
HB 
RG

Position of stellar limits  
understood from: 

see also Redondo, Raffelt 2013
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Solar Dark  
Photon flux

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

T
L
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..
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atomic  
ionization  
threshold
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resonance 
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L-flux



Direct detection experiments search for  
Dark Matter - nucleus elastic scattering  
via scintillation, ionization, heat, … 
 
 
=> Liquid scintillators are amply suited  
for detecting absorption of a new particle by 
electron 

   Eion

pXeq “ 12 eV

19

Dark Photon absorption in  
Dark Matter experiments 

e�

N

Vµ



Dark Photon Absorption
(including medium effects)

Amplitude: MiÑf`VT,L “ ´

em2
V
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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⌫

20



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  
function (optical theorem)

An, Pospelov, JP, PRL 2013 
An, Pospelov, JP, Ritz, PLB 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

22



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

23
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Re-utililizing existing 
Dark Matter data 
yields a laboratory test 
that is superior to  
astrophysical bounds  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H. An, M. Pospelov, JP, PRL 2013

Direct detection experiments as 
Dark Photon Helioscopes 

NB: the competition “astro vs. lab” is  
ongoing; see Redondo 2015



keV-Dark Photon Dark Matter
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Abundance

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

 

1. thermal production 
2. resonant production 
3. non-thermal production: field can be generated during inflation

✗

✗

Graham, Mardon, Rajendran 2014

Quantum fluctuations during inflation  
yield abundance “for free”

26

 

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



Stability and lifetime

L “ ´1

4
F 2
µ⌫ ´ 1

4
V 2
µ⌫ ´ 

2
Fµ⌫V

µ⌫ ` m2
V

2
VµV

µ ` eJµ
emAµ

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� “ 172↵4

273653⇡3

m9
V

m8
e

Pospelov, Ritz, Voloshin 2008
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Dark Matter Absorption
Photon vs. Dark Photon Dark Matter 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

28



Absorption in Xenon

=> re-utilize XENON100  
results on axion absorption
XENON100 collaboration, 2014

predicted Dark Photon  
scintillation signal (S1)

29



An, Pospelov, JP, Ritz, PLB 2015

Laboratory probes beat 
astrophysical limits 

30

V

�

�

�

limits from 
gamma rays 
and CMB  

Dark Photon Dark Matter



Future sensitivity 
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Projected improvement by 
XENON1T with scintillation  
 
 
 
(EM background is almost  
2 orders of magn. lower) 

An, Pospelov, Pradler, Ritz + Ni (XENON) 2015
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“Simplified Models” of 
Dark Matter absorption

Discussed the example of 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)

32

✓

NB: these models do not lead to any appreciable amount of  
       modulation �absv ⇡ const



“Simplified Models” of 
Dark Matter absorption

gSS ̄ , gPP  ̄�5 ,

gV Vµ ̄�µ , gAAµ ̄�µ�5 ,

gTTµ⌫ ̄�µ⌫ , ¨ ¨ ¨

(pseudo)scalar
(pseudo)vector
tensor

(in contrast to WIMP-nucleon scattering)

33

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!
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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.
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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
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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
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for point D). Spectrometers operating at various labora-
tories appear capable of probing this final region.

We focus on the case where the A
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Standard Model fermions, but the past experiments and
proposed scenarios are also sensitive (with di↵erent ex-
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0 and forward decay products with
mm–cm displaced vertices. Our approaches exploit very
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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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/day) can be achieved,
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detector looks for decay products of rare penetrating par-
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needed to stop beam products limits these experiments to
long decay lengths, so thinner targets are needed to probe
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0). However, beam
products easily escape thin targets and constitute a chal-
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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.
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BBN: the Universe at a redshift of a billion
35

Nuclear reaction network
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Today: parameter free theory (baryon density from CMB)!
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have formed
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Big Bang Nucleosynthesis
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• no known astrophysical sources  
(monotonic) 

• ISM measurements (FUSE)                                                                                                                                                                
show dispersion in the local gas                                                       
D-absorption on dust grains? 

• high-z QSO systems are the way to go

37

=> metal poor Ly-alpha systems 
have > 98% of primordial D 

=> measured through the isotopic  
shift from H

Light element observations  
Deuterium D{H » 10´5



Light element observations Deuterium

• no known astrophysical sources  
(monotonic) 

• ISM measurements (FUSE)                                                                                                                                                                
show dispersion in the local gas                                                       
D-absorption on dust grains? 

• high-z QSO systems are the way to go

38

=> metal poor Ly-alpha systems 
have > 98% of primordial D

D{H » 10´5
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=> substantial improvement of the error bar 
Now D/H at %-precision and in agreement with predictions!

Pettini et al 2008

D{H » 10´5

Pettini et al 2013

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

Light element observations  
Deuterium

39



Light element observations  
Helium mass fraction 

40

Izotov et al 2014

Yp » 25%

Aver et al 2015

Helium gets illuminated in HII (ionized hydrogen) regions  

=> emission lines  

now claim few %-level accuracy (systematics limited)
40



Light element observations  
Helium @ z=1000

• true primordial detection of 
Helium in the CMB 

• Helium recombines before H, 
affecting  
the free electron fraction                                    

41

Planck 2015

=> affects redshift of last scattering and  
Silk damping tail 

CMB only detection of Helium yields  
10% level uncertainty (high-l polarization  
data will yield improvement) 



Beyond SBBN
42
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Change in timing
43
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Time evolution of fundamental constants
44

x�y

M
F 2
µ⌫

x�y

M
mq q̄qA time evolution of, e.g.               or   

=> yields changes in mq, electric charge, ΛQCD, Higgs vacuum expectation value.…  
=> induce changes in the reaction rates, nuclear binding, and the position of resonances  

BBN: exponential sensitivity on  

determines end of the  
D-bottleneck 

determines n/p freeze out

44



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

6Li/H

(7Li+ 7Be)/H

D/H
(3He+T)/H

Yp

T / keV
100 10 1 0.1 0.01 0.001
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e˘

Tph »

$
&

%

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,

45

non-equilibrium BBN: 
electromagnetic injection
� (t > 106 sec)



non-equilibrium BBN 
(hadronic injection)

46

3

1

4
XX

Energyh ` 4He Ñ T ` X

�

Important for electroweak-scale  
decaying relics (large initial energy depositions)
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non-equilibrium BBN 
(hadronic injection)

46

3

1

4
XX

4
1

6Energyh ` 4He Ñ T ` X

T1{2p6Heq “ 0.8 s

T ` 4He|b Ñ 6He ` p

�

Important for electroweak-scale  
decaying relics (large initial energy depositions)
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non-equilibrium BBN 
(hadronic injection)

46

3

1

4
XX

4
1

6

4 1

9

6He ` 4He|b Ñ 9Be ` n

Energyh ` 4He Ñ T ` X

T1{2p6Heq “ 0.8 s

T ` 4He|b Ñ 6He ` p

Pospelov, JP, PRL 2010

�

Important for electroweak-scale  
decaying relics (large initial energy depositions)
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=> A path to ameliorate  
the lithium problem
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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 
 hadronic injection
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“leakage”  
from SM with  
sub-Hubble 
rates

1. V Production 

48

2. V Decay 

Lifetime macroscopic, because  
of tiny value of 

e´,⇡´,K´, . . .

e`,⇡`,K`, . . .

non-equilibrium BBN 
with Dark Photons



↵1 “ peq2{p4⇡q
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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,

charge exchange

s-quark exchange

Kaon captures

photodissociations

etc….

Predictions vs. observations
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MeV Dark Photons
50

Cosmology becomes the only test  
for very feeble couplings to SM
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effective fine structure constant
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ALPs and the lithium problem

most lithium comes from 7Be (at ηCMB):

6Li/H

N

7Li/H

7Be/H

3He/H
T/H

D/H

Yp

H

SBBN f.o.

D b.n.

e± ann.

n/p dec.ν dec.

t/ sec

T / keV

0.1 1 10 100 1000 104 105 106

1000 100 10 1

1

10− 2

10− 4

10− 6

10− 8

10− 10

10− 12

10− 14

SBBN f.o.

D b.n.

e± ann.

n/p dec.ν dec.

T / keV
1000 100 10 1

1

10− 2

10− 4

10− 6

10− 8

10− 10

10− 12

10− 14

followed by (much later)

3He ` 4He Ñ 7Be ` �

because rate is  sub-Hubble 
(and because there is no 
stable/long-lived  A=5 element)

3
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3

“cosmological lithium problem”
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Coc et al., 2004

7Li/H|obs = (1 ÷ 2.5)� 10�10

SBBN

tiny lithium abundance forbids extragalactic  
absorption measurements; can be observed in  
atmospheres of stars

Lithium - observations
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3

“cosmological lithium problem”
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tiny lithium abundance forbids extragalactic  
absorption measurements; can be observed in  
atmospheres of stars

Lithium - observations



A better look at the Li-plateau 

Aoki et al. (2009),  
Sbordone et al. (2010& 2012)

Melendez et al., 2010

extragalactic 
measurements exists 

stars drop off the plateau at 
low metallicities

53

SMC, Howk et al 2012



A better look at the Li-plateau 
Atmospheres of stars may process some of the Li, by transporting it via convection to the 
hotter interior where it gets burned. Creating the Spite plateau without much scatter 
requires severe fine tuning of stellar models. 
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One possibility:  
all Li got 
destroyed in PMS 
phase, and 
accretion 
replenishes Li, 
regulated by EUV 
photo-evaporation 

Fu et al 2015

Li-solution may be  
astrophysical, but could also be due to to new physics. 



Beyond SBBN - Lithium solution?
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Precise D/H measurements disfavors practically all lithium solutions that utilize 
energy injection to spall 7Be (requires substantial fine-tuning)
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direct absorption
of a new particle
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Beyond SBBN - Lithium solution?
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A new solution to the lithium problem

binding 1.6 MeV

Ingredients: a bosonic state X that

1. lives 100 sec or longer 
2. couples to quarks 
3. has a mass/energy between 1.6 - 20 MeV 
4. is abundant (relative to baryons)

binding 2.2 MeV

=> use mass/energy of X 
to undo the binding
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“Borrowed neutrons” as a solution  
to the lithium problem

T (keV)

R2, τX = 103 s

X

neutrons
borrowed

7Li/H

7Be/H

D/H
(3He+T)/H

Yp

H

.

100 10

1

10−2

10−4

10−6

10−8

10−10

10−12

7Be ` n Ñ 7Li ` p

7Li ` p Ñ 4He ` 4He

neutrons are dug from 
their nuclear graves;  
they set in motion a 7Be 
depleting sequence:

Keeps all other element yields unchanged!
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A new solution to the lithium problem

10−3010−3110−3210−3310−34

102

101

1

10−1

10−2

(nX/nB) × σBev (cm2)

σ
D
v
/
σ
B
e
v

R1

7Li/H solved

Yp low

R2
D/H high

τX = 103 s

102

101

1

10−1

10−2

σ
D
v
/
σ
B
e
v

Yp low

D/H low

τX → ∞

at 7Be formation (~50 keV)

In blue band, essentially,

E.g. 5 MeV particle, 1% of photon energy density

=> much smaller than photo-nuclear reactions, and much larger than 
weak interactions, but lifetimes comparable to β decays  
=> very small couplings to electrons, photons, and neutrinos to make it 
work (“leptophobic models”)

=>
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Consider ALP that couples to down quarks

Axion-like particle (ALP) version

=> 

Decays through axion-pion mixing

we use naive quark model estimates  
for spin content of nucleons
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Despite the small width, ALP get thermally populated during QCD epoch

Depletion of the relic abundance  
requires additional light particles!

“expert comment”: 
short lifetime helps 
with EM constraints, 
but large required  
abundance creates 
entropy

Scenario A: relic X = a
Absorption cross section for non-relativistic ALPs can be 
related to photo-absorption cross section

(C’s are spin-factors)“Scenario A”
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Scenario B: X = a  from decay of Xp

Freeze-in of a progenitor state that decays to 

Abundance controlled by 

Lifetime controlled by trilinear coupling.                   => 

For example:
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Once X=a is injected, the particles free stream

Ein “ mXp{2 Ea “ ED,thr

Ea “ EBe,thr

“inert”“inject”

gpT,Eq “ 2

ª

T
dT1

�inYXppT1q
HpT1qT1

�

ˆ
T

T1
Ein ´ E

˙
=> distribution function of “piled-up” a-particles from Xp decay

=> absorption rate

Scenario B: X = a  from decay of Xp
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Scenario B: ALP solution to Li

Abundance of Xp 
determines the 
vertical position of 
curves

104103102
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f
d
(
G
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= 10MeV

Scenario B

.

nXp
/nb = 3× 104

D/H high

D/H low

D only forms, here but a from 
early decays survive
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Intensity frontier prospects

proton 
beam

⇡1s,Xpaq

Na „ pf⇡{fdq2 ˆ N⇡

Target for neutrino experiments with 
hadronic drivers 

p ` Xpaq Ñ p ` �

absorption in  
neutrino detector
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Intensity frontier prospects

LSND puts most  
stringent limits  
(adopted from their 
measurement of 
neutrino-electron  
elastic scattering)

104103102
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102

τXp
(sec)

f
d
(
G
eV

)

mXp
= 10MeV

Scenario B

.

LSND

nXp
/nb = 3× 104

D/H high

D/H low

(a more detailed studies, including a consideration  
of astro-constraints  will go into a longer paper)



Conclusions
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• Excursion to non-WIMP Dark Matter scenario: sub-MeV “dark 
photons”; probed through stellar energy loss;  DP-DM is a rare 
case where direct laboratory limits are superior to astrophysical 
constraints 

• BBN provides a cosmological consistency test that must be 
passed by any new physics model with particle content present 
> 1 sec after Big Bang  

• One quantitative problem in BBN:  predicted lithium abundance 
in disagreement with observations at high statistical 
significance  
 
=> new solution with MeV particles that are searchable at the 
intensity frontier

1

2
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Discussion workshop  
following the winter  
conferences 

• LHC and collider  
physics 

• Flavor 
• Dark Matter
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