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What is a Dark Sector?

2

Key idea: A new force may be essential to the 
physics of Dark Matter!

Analogy w/ Nuclear structure & hadron spectrum –   
Puzzles about structure of matter led to prediction of 
new forces & related symmetries  
up to 40 years ahead of their time 

x17

The idea of dark forces motivates qualitatively 
new parameter space, where important targets 
can be explored by small experiments



WIMPs: Confluence of Motivations
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Simple, familiar Particle Content: 
!
New Standard-Model-like matter 
at Standard-Model-like scales 
!
in particular, weak-scale 
matter with weak interactions

!
particularly motivated by 
hierarchy problem – why is the 
gravitational force between 
fundamental particles so 
weak? 

A simple, predictive explanation 
for origin of dark matter: 
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Dark matter was once in 
thermal equilibrium with 
familiar matter

!
!
!
!
Prediction from common 
history + measured 
abundance:  

!
Assume TeV-scale mass


⟷ 

Weak-ish interaction strength

Constraints on WIMPs and TeV-scale physics 
more generally motivate a modest 
generalization of this picture

A simple, predictive explanation 
for origin of dark matter: 
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Simple, familiar particle content: 
!
New Standard-Model-like matter 
and forces 

at Standard-Model-like scales 
!
many solutions to hierarchy 
problem involve such new 
sectors – may be at different 
mass scale

!

Familiar matter must be 
neutral under these forces 
– so how would we test it?

!
Residual interactions  from 
quantum corrections:

!
!
!
!
!
!
!
!
!
Weak enough to be missed 
experimentally so far

!
!

A0γ 

X A0γ 

ge↵ ⇠ (10�6 � 10�2)e
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A simple, predictive explanation 
for origin of dark matter: 
!
Dark matter was once in 
thermal equilibrium with 
familiar matter

!
!
!
!
Prediction from common 
history + measured 
abundance:  

!
Very weak coupling


⟷ 

Lower (MeV–GeV) mass

A0γ 

ge↵ ⇠ (10�6 � 10�2)e

Weak enough to be missed 
experimentally so far


A simple & motivated extension of WIMP 
paradigm



✦Unlocking a dark sector will open up a wealth of 
new questions about nature

– But why not focus on finding dark matter first, and 

only then see if it motivates new forces?
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Sharp, accessible, 
important targets here!



Outline
✦Hidden sector DM extends thermal DM to  

sub-GeV mass range, maintaining WIMP motivation 
of SM-like matter at SM-like scales

!

!

!

✦Framework for systematic exploration, where 
these motivations lead to new, predictive 
milestones


✦Opportunities to test this hypothesis with new 
small experiments
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Defined Possibilities
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✦Whether dark sector is simple   …   or complex, 
 
 
 
 
we would look for it the same way!


✦Standard Model symmetries restrict its 
interactions with us to two types

+… 36 
particles & 
5 forces?

a DM 
particle 
+force?
χ U
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✦Whether dark sector is simple   …   or complex, 
 
 
 
 
we would look for it the same way!


✦Standard Model symmetries restrict its 
interactions with us to two types

+… 36 
particles & 
5 forces?

a DM 
particle 
+force?
χ U
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Vector Portal
New spin-1 “dark photon” 
mixes with photon ➝ couples to 
electric charge

Higgs Portal
New spin-0 “dark Higgs” mixes 
with SM Higgs ➝ couples to 
lepton & quark masses

New TeV-scale matter or other SM extensions allow related 
possibilities, with different charge assignments

Conserved charge can also explain 
dark matter’s stability



Sharp Targets for Coupling
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✦Follow directly from the motivations above

(1) Annihilation rate of thermal 
dark matter fixes a combination 
of DM and SM charges!
!
!
!
!
	 y ≡  gSM2 gD2  mDM4/ mMed4
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(2) Expected strength of 
interactions generated by  
quantum corrections (assume 
SM-like couplings and O(1) mass 
ratios in dark sector)
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Lessons for Experiment
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✦Hidden-Sector Dark Matter is highly motivated and 
predictive, but experimentally elusive

!

✦Standard Model-like dark matter could be much lighter 
than WIMPs suggest

– Thermal origin motivates sharp coupling vs. mass 

milestone

– Look for scattering ➝ lower energy threshold

– Look for laboratory production ➝ modest energy 

sufficient, but need high intensity and/or precision

!

✦Look directly for new force!

– High-precision measurements

– Resonant mediator production in particle collisions ➝ 

again need intensity
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

plots assume a momentum-independent (dependent) interaction, FDM = 1 (FDM = (↵me/q)2). Existing

constraints from XENON10 (XENON100) [90, 91] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [50, 90, 94, 95, 98, 99]; the label includes the threshold (in terms of number

of electrons, photons, or the electron recoil energy) and target mass. Solid/dashed/dotted lines indicate

an estimate of the time to start taking data, corresponding roughly to a short/medium/long timescale,

respectively. A solid line indicates a mature technology: data taking can begin in . 2 years and a zero

background (radioactivity or dark currents) is reasonable for the indicated thresholds. A dashed line indicates

more R&D is required and, if successful, data taking could start in ⇠ 2 � 5 years; the projected sensitivity

assumes that backgrounds can be controlled. A dotted line indicates longer-term R&D e↵orts. Bottom left

plot assumes DM scatters through an A0 with mA0 = 3m�. Five theory targets are shown as explained in

Section IV B. In addition to electron-recoil experiments, we show projections from nuclear-recoil experiments

(from Fig. 8). Gray shaded regions are constraints from LSND, E137, BaBar, and current WIMP nuclear-

recoil searches [50]. Bottom right plot assumes DM scatters through an A0 with mA0 ⌧ keV; a

freeze-in target is shown. Shaded gray regions are bounds from WIMP nuclear-recoil searches, stellar, and

BBN constraints [50]. The superconductor projection in bottom plots include in-medium e↵ects for an A0

and assume a dynamic range of 10 meV–10 eV. 50
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FIG. 20: Combined constraints (shaded regions) and sensitivity estimates (dashed/solid lines) on
the parameter y for scalar elastic, scalar inelastic, Majorana and pseudo-Dirac DM. The prescrip-
tion mA0 = 3m� and ↵D = 0.5 is adopted where applicable. For larger ratios or smaller values of
↵D, the accelerator-based experimental curves shift downward, but the thermal relic target remains
invariant. See section V for sensitivity estimates for direct detection experiments. Courtesy G.
Krnjaic.
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FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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Need for Multi-Pronged Search

Light DM 
scattering

Light DM 
production

Resonant 
mediator 
searches

Fully explore the 
simple thermal 
models 
motivated 
earlier

Probe models with 
mediator lighter than 
dark matter (even if 
DM is heavy)

Unique sensitivity to 
models with very light 
(sub-keV-scale) 
mediators

Where multiple 
searches explore 
the same 
candidate, they give 
complementary 
insights 



✦ If mediator too light to decay  
into DM, will instead decay  
to visible matter


✦Searches exploit several 
production modes

– bremsstrahlung

– meson decays 

– e+e– annihilation

– Drell-Yan
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✦ If mediator too light to decay  
into DM, will instead decay  
to visible matter


✦Lifetime dictates search strategy

Mediator Searches

15

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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✦ If mediator too light to decay  
into DM, will instead decay  
to visible matter


✦Lifetime dictates search strategy

Mediator Searches

15

FIG. 22: Constraints on visibly-decaying mediators (shaded regions) and projected sensitivities of
currently running or upcoming probes (solid lines). Visible decays of the mediator dominate in the
m� > mA0 secluded annihilation regime. Courtesy R. Essig.
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Resonance  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Beam 
dump

tracking, calorimetry, ...

decay volume
(50 cm - 100 m)

shield
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e beam

thick target

Displaced Vertex

Mathew Graham, SLACNew Perspectives in Dark Matter

Two HPS searches:  Bump-hunt and Vertexing

18

•  two types of searches → two kinematic fits →two mass 
resolutions  

•  Large coupling Aʹs decay in the target → constrain the 
e+ & e− to originate from beamspot 

•very good constraint on angles 
•Small coupling  Aʹs decay outside of target → point 
decay products back to target 

•good at removing poorly reconstructed tracks

Small Coupling

Large Coupling

!+

!−

!+

!−

40µm 
(vertical)

Small coupling search

Large coupling search

!+

!−

!−

not included yet…recoil electron!   
⟹adds mass resolution/BH discrimination

σm(NC) ~ 2-3 MeV 
σm(BSC) ~ 0.7-2.7 MeVHPS, LHCb



Low-Threshold Direct Detection

16

✦Challenge: light dark matter  
gives lower-energy recoils – but  
dramatic gains achievable with 
sub-kg detectors 

✦Calls for

– Detecting DM scattering off  

electrons or low-mass nuclei

– Exploiting low-threshold  

processes and new  
readout technologies


✦Examples

– SuperCDMS in high-voltage mode can explore 

≳400 MeV mass via Silicon recoil

– SENSEI using eV-scale electron recoils in 

skipper CCDs to probe ≳2 MeV dark matter

– Longer-term R&D ideas: magnetic bubble 

chambers, superfluid He, superconductor, …  
to reach ~keV DM masses

Tongyan	Lin

Lighter	nuclei
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Dark matter halo is 
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Xsec predictions 
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decades, much like 
for WIMPs!

current constraints  
(Xenon, CRESST)

100 g-yr Si (2e)

Direct detection is closing in on some thermal models  
(+ a variety of interesting non-thermal ones, not 
shown here)!!
!

 But other thermal models are simply unreachable.

Low-Threshold Direct Detection
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Dark-Matter Production I
✦Remedy: make relativistic dark matter!  


– there are already powerful constraints on such 
production from experiments >30 years ago

!
!
!
!
!
!
!
!
!

– Accelerator neutrino experiments can do this too

– Powerful & cost-effective (parasitic) new proposals 

use both electron and proton beams – but hard to 
scale up! 18
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N

acc
�

)(dN

acc
�

/dE

�

), and convolute it
with the � � e

� di↵erential scattering cross section,

d�
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= 4⇡✏

2
↵ ↵

D

2m

e

E

2
�

� f

f,s

(E
e

)(E
e

� m

e

)

(E2
�

� m

2
�

)(m2
A

0 + 2m

e

E

e

� 2m

2
e

)2
,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, f

f

(E
e

) = 2m

e
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e
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2
�

+ 2m

2
e

,
f

s

= 2m

e

E

�

+ m

2
�

, and E

e

is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N

�e

= N

�

✏acc �

cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N
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)(dN
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), and convolute it
with the � � e

� di↵erential scattering cross section,
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is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓
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is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N
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✏acc �
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where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then
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= 2�
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e
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/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N
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expected signal events is then given by
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N
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�

)(dN
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/dE
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), and convolute it
with the � � e

� di↵erential scattering cross section,
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where the subscripts f, s stand for fermion and scalar
�, respectively, f
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, and E

e

is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N

�e

= N

�

✏acc �

cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N

acc
�

)(dN

acc
�

/dE
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), and convolute it
with the � � e

� di↵erential scattering cross section,

d�

f,s

dE

e

= 4⇡✏

2
↵ ↵

D

2m

e

E

2
�

� f

f,s

(E
e

)(E
e

� m

e

)

(E2
�

� m

2
�

)(m2
A

0 + 2m

e

E

e

� 2m

2
e

)2
,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, f
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, and E

e

is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N

�e

= N

�

✏acc �

cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N

acc
�

)(dN

acc
�

/dE

�

), and convolute it
with the � � e

� di↵erential scattering cross section,
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where the subscripts f, s stand for fermion and scalar
�, respectively, f
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, and E

e

is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N

�e

= N

�

✏acc �

cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N

acc
�

)(dN
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/dE
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), and convolute it
with the � � e

� di↵erential scattering cross section,
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where the subscripts f, s stand for fermion and scalar
�, respectively, f
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, and E
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is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N

�e

= N

�

✏acc �

cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0

(bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e

+
e

�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A

0 ! e

+
e

�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-

tom). We focus on scenarios where �’s are produced from
an on-shell A

0 that decays invisibly to ��̄ or via an o↵-
shell A

0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m

�

as function of m

A

0 , ✏, and ↵

D

, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e

�
N ! e

�
NA

0(⇤) ! e

�
N��̄ (where N is a nucleus with

Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, �

��̄

(we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N

�

= 2�

��̄

N

e

XAl NA

/AAl , (2)

where N

e

= 30 C, XAl = 24.3 g cm�2, N

A

is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓

x

< �x/L and tan ✓

y

< �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A

0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/N

acc
�

)(dN
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/dE
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), and convolute it
with the � � e

� di↵erential scattering cross section,
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where the subscripts f, s stand for fermion and scalar
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, and E
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is the recoil electron energy.
To conform to the E137 signal region, we impose E

e

>

Eth = 1 GeV and ✓

e

> 30 mrad, where ✓

e

is the angle
of the scattered electron, to obtain �

cut
�e

. The number of
expected signal events is then given by

N
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✏acc �

cut
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X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e

� number density
(length) of detector sub-layer i. To pass the trigger, �
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Missing Mass (e+e– colliders)	
= full kinematic reconstruction
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✦To beat this scaling, must detect dark matter 
production via kinematics of visible final states

– need signal yield∝y and low background

Missing Energy/Momentum  
(e– fixed target)	

= partial kinematic reconstruction3

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-
ter direct and indirect detection [62–66], resolve puz-
zles in simulations of structure formation [67, 68], mod-
ify the number of relativistic species in the early uni-
verse [69, 70], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[71–75], and explore novel hidden-sector phenomenology
[25, 64, 69, 76–97].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m
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0 are the appropriate dark
sector masses. The covariant derivative D
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⌘ @
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contains the coupling constant g
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, and we define
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⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
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� sin ✓
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Z
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in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏
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F
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, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

The mass hierarchy m
A

0 > m
�

and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦

�

< ⌦
DM

, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦
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. The condition for � to thermalize with the
radiation in the early universe is,
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assuming m
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. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
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zles in simulations of structure formation [67, 68], mod-
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verse [69, 70], explain the “cosmological coincidence”
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solve the proton charge radius and other SM anomalies
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acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
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serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
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, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
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ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦

DM

. The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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✦Hidden sector DM extends thermal DM to  
sub-GeV mass range, maintaining WIMP 
motivation of SM-like matter at SM-like scales 
!

!
!

✦Can systematically explore DM couplings to 
familiar matter

– Thermal abundance motivates important target in 

parameter-space

✦Together, upcoming projects and proposed small 

experiments can test this hypothesis

– Active international community

– Very high impact for low cost
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