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(UCI version)

Adapted from J. Feng, AMS Days at CERN 2015

Indirect detection of dark matter

Dark Matter annihilates in ___________________ to

__________,  which are detected by ______________.
SOME PARTICLE(S)

A PLACE

AN EXPERIMENT

photons

the Galactic Center

Fermi-LAT
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Indirect detection of dark matter

Dark Matter annihilates in ___________________ to

__________,  which are detected by ______________.
SOME PARTICLE(S)

A PLACE

AN EXPERIMENT

dark 
photons

the Earth (or the Sun)

IceCube (or AMS)

Summary of this talk

EARLIER WORK: Delaunay, Fox, Perez (0812.3331); Schuster, Toro, Yavin 
(0910.1602, 0910.1839); Meade, Nussinov, Papucci, Volansky (0910.4160)
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Summary: dark photons from Earth

Feng, Smolinsky, FT (2015, to appear)
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Dark Photon Minimal Model
dark U(1)

Kinetic Mixing
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Kobzarev et al. (Sov J. Nucl. Phys 31966), Holdom (PLB 166 1986)
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Dark Photon Bounds
dark U(1)

Kinetic Mixing
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masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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Dark Photon Minimal Model
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FIG. 2: Direct detection constraints on SIDM parameter space. Left: Lower limits on the (mX ,m�) plane,
for different values of ✏� , from LUX (purple lines) and SuperCDMS (dashed green lines). The region below
each curve is excluded at a significance level 1 � ↵ = 90%. The shaded band is where SIDM solves
structure anomalies on dwarf scales. Right: Upper limits on the (m�, ✏�) plane, for different values of mX .
The region above each curve is excluded at a significance level 1� ↵ = 90%. The gray lines are curves of
constant decay time ⌧� = 0.01, 1, and 100 s for the mediator �.

used in this work, although motivated in the framework of SIDM, is only a first guess. The
effect of baryons, anisotropies in the DM distribution and DM substructure will affect the velocity
distribution. Our bounds are therefore somewhat solid in this respect, in the sense that they allow
for small variations of the DM distribution, that can modify the detected event spectrum, but such
that the total number of events remains fixed.

Fig. 2 shows direct detection constraints on the SIDM parameter space. The blue lines in
the left panel denote the portion of parameter space where SIDM could explain the small scale
anomalies, for three different values of the self-interaction cross section per unit mass �XX/mX =

0.1, 1, 10 cm2
/g. It is clear that both LUX and SuperCDMS put a strong constraint on the mixing

parameter ✏� . As can be seen in the left panel of Fig. 2, LUX excludes all favored (mX ,m�)

regions with ✏� & 10

�9 except for mX . 7 GeV. The SuperCDMS limit is weaker, but it can
exclude SIDM models with mX > 3 GeV. Remarkably, benchmark points A, B and C are ruled
out by LUX for ✏� = 10

�9, while benchmark point D can not be excluded by LUX because of the
small DM mass (see below). It can however be excluded by SuperCDMS for ✏� ⇠ 10

�8 due to its
lower energy threshold and its lighter target compared to xenon. It is remarkable that the LUX and
SuperCDMS constraints on ✏� are much stronger than those from beam dump experiments [52],
which exclude for instance ✏� & 3⇥ 10

�8 for m� . 100 MeV. Thus, direct detection experiments
provide a unique window for exploring the dark sector.

Fig. 2 (right) shows the exclusion region in the (m�, ✏�) plane for given mX . For m� .
10 MeV, the upper bound on ✏� becomes nearly independent of m� because the typical momentum
transfer is much larger than the mediator mass, q � m�. On the other hand, when m� � 10 MeV,
the bound follows the scaling relation ✏�/m

2
� = constant for fixed DM mass, since in the limit of

contact interaction m� � q the direct detection cross section in Eq. (2) scales as ✏2�/m4
�. The gray
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Dark Photon Reach

2

masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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Capture of Dark Matter

Press & Spergel (85),  Krauss, Srednicki, Wilczek (86),  Gould (87, 92),  PPPCν (1312.6408)
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Filling the Earth with Dark Matter
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Ṅ� = Ccap + (Cself � Cevap)N� � CannN
2
�

⌧ =
1p

CcapCann

MORE ON  
THIS LATER 
 
(ONLY FOR SMALL ε)

CAPTURE

ONLY RELEVANT 
FOR LIGHT DM

EQUILIBRIUM TIME

ANNIHILATION

Sommerfeld
HAS RESONANCES 
see, e.g. 1302.3898

Press & Spergel (85),  Krauss, Srednicki, Wilczek (86),  Gould (87, 92),  Zentner (0907.3448)

ANN. V << ESC V



f l i p  .  t a n e d o 23u c i . e d u@ DARK PHOTONS FROM CELESTIAL CAPTURE
13

Filling the Earth with Dark Matter
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Annihilation from Capture

�ann =
�cap

2
tanh2

✓
t�
⌧

◆

Indirect detection, 
but no J factors.



f l i p  .  t a n e d o 23u c i . e d u@ DARK PHOTONS FROM CELESTIAL CAPTURE
15

Detection in IceCube
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Reach: mχ = 10 TeV

2

masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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Quick Comparison: Sun
Dark Matter annihilates in ___________________ to

__________,  which are detected by ______________.
SOME PARTICLE(S)

A PLACE

AN EXPERIMENT

dark 
photons

the Earth (or the Sun)

IceCube (or AMS)

DECAYS
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Equilibrium time in the sun

SOMMERFELD 
ENHANCEMENT 
OF ANNIHILATION

SELF-CAPTURE

Feng, Smolinsky, FT (2015, to appear)

⌧ =
1q

CcapCann +
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masses in the MeV-GeV range, and lifetimes long enough
for the decay products to directly influence the physical
processes in the universe following BBN, and during the
epoch of CMB decoupling. These vectors have a para-
metrically small coupling to the electromagnetic current,
and thus an extremely small production cross sections for
e+e� ! V �,

�
prod

⇠ ⇡↵↵
e↵

E2

c.m.

⇠ 10�66 � 10�52 cm2, (4)

where we took E
c.m. ⇠ 200 MeV and the range is deter-

mined by our region of interest,

↵
e↵

⇠ 10�38 � 10�24. (5)

Such small couplings render these vector states com-
pletely undetectable in terrestrial particle physics exper-
iments, and consequently we refer to them as very dark

photons (VDP). As follows from the expression (2) for
the lifetime, the lower limit of the above range for ↵

e↵

is relevant for CMB physics, while the upper limit is im-
portant for BBN.

The production cross section (4) looks prohibitively
small, but in the early Universe at T ⇠ mV every parti-
cle in the primordial plasma has the right energy to emit
V ’s. The cumulative e↵ect of early Universe production
at these temperatures, followed by decays at t ⇠ ⌧V , can
still inject a detectable amount of electromagnetic energy.
A simple parametric estimate for the electromagnetic en-
ergy release per baryon, omitting O(1) factors, takes the
form

E
p.b. ⇠

mV �prod

H�1

T=mV

nb,T=mV

⇠ ↵
e↵

M
Pl

10 ⌘b
⇠ ↵

e↵

⇥ 1036 eV.

(6)
Here the production rate per unit volume, �

prod

, was
taken to be the product of the typical number density
of particles in the primordial plasma and the V decay
rate, ⌧�1

V n�,T=mV . This production rate is active within
one Hubble time, H�1

T=mV
, leading to the appearance of

the Planck mass in (6), along with another large fac-
tor, the ratio of photon to baryon number densities,
⌘�1

b = 1.6 ⇥ 109. One observes that the combination
of these two factors is capable of overcoming the extreme
suppression by ↵

e↵

. Given that BBN can be sensitive
to an energy release as low as O(MeV) per baryon, and
that the CMB anisotropy spectrum allows us to probe
sub-eV energy injection, we reach the conclusion that
the early Universe can be an e↵ective probe of VDP! The
cosmological signatures of the decaying VDP were par-
tially explored in [4, 5], but to our knowledge the CMB
constraints on this model were not previously studied.

In the remainder of this paper, we provide detailed cal-
culations to delineate the VDP parameter regions that
are constrained by BBN and CMB data. In the process,
we provide in Section 2 an improved calculation of the
‘freeze-in’ abundance in the Early Universe (using some
recent insight about the in-medium production of dark

vectors [6, 7]; see also [8]). In Section 3, we explore the
BBN constraints in more detail, including the speculative
possibility that the currently observed over-abundance of
7Li can be reduced via VDP decays. Then in Section 4
we consider the impact of even later decays on the CMB
anisotropies. A summary of the constraints we obtain in
shown in Fig. 1, and more detailed plots of the parame-
ter space are shown in Sections 3 and 4. We finish with
some concluding remarks in Section 5. Several Appen-
dices contain additional calculational details.
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FIG. 1. An overview of the constraints on the plane of vec-
tor mass versus kinetic mixing, showing the regions excluded
due to their impact on BBN and the CMB anisotropies, in
addition to various terrestrial limits [1, 9], including the more
recent limits [10]. These excluded regions are shown in more
detail in later sections.
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Solar Dark Photons with AMS-02 

• Novel way to search for DM with AMS-02:  
controlled astrophysical background 
REMARK: AMS HAS FANTASTIC ANGULAR RESOLUTION!

• Magnetic field of the Sun/Earth smears out signal; 
But can be modeled at solar minimum

• Self-capture rate too small to be probed,  
esp. with Sommerfeld enhancement of annihilation  
PERHAPS OTHER TARGETS? (e.g. “If AMS-02 were at Pluto..”)
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Dark Matter annihilates in ___________________ to

__________,  which are detected by ______________.
SOME PARTICLE(S)

A PLACE

AN EXPERIMENT

dark 
photons

the Earth (or the Sun)

IceCube (or AMS)

Summary of this talk

• Directional information gives background rejection

• Earth/Sun is cold: Sommerfeld resonances

• Interesting but difficult to reach:  
Double muon track in IceCube, self-interaction effects


