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Dark Matter Facts

✦Stable (most of the DM has Γ-1≳1017 to 10-27/s )

✦Less interactive than stable SM matter

⇒New constituent(s) beyond Standard Model 


✦Cosmological abundance: ΩDMh2=0.12 (Planck)

– Most of it non-relativistic during structure formation
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natural to organize thinking about DM 
around the origin of this cold abundance
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A Strong Candidate: WIMP DM 
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WIMP

MeV GeV TeV

Simple, predictive cosmology

Simple, familiar particle content gW gSM

weak force
new matter

Physics-rich mass range

DM with thermal freeze-out origin
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WIMP searches: Active field in the recent years 

!2

Spin independent Cross Section for WIMPs 

Current limits

Future limits

WIMP Predictions: Direct 
Detection
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Z

WW
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Too quick!   
cancellations➝  
≲10-47 cm2 for simple 
models

Hill & Solon 2013

DARWIN, Biondi 2018 

Dimensional analysis ➝ predicted strength of interactions 
for different weak-scale mediators

though “mostly” explored, 
solid motivation to 
complete WIMP program



New Directions 
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matter or primordial black holes
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New matter:  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Confluence of (slightly) broader 
theoretical frameworks and new 


experimental ideas 

developed over the 
last few years 


➝  three new 
avenues to pursue
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Particle DM, with 
particular motivation 
from hidden sector 
DM

Axion & other wave-
like DM, 
see L. Winslow’s talk 

New Directions 



A Small Step Away from WIMPs:  
Hidden Sector DM

Simple, familiar particle content gD gSM

New force



A Small Step Away from WIMPs:  
Hidden Sector DM

Simple, familiar particle content gD gSM

New force

Immediate rewards for this assumption:  
– dark matter can be stabilized by new charge
– preserve & extend much of the WIMP story

Immediate perils:  
– why haven’t we seen the force yet?

maybe because it doesn’t couple very strongly to us



Simple, familiar particle content gD gSM

New force

Vector Portal 1
2�Y FY

µ�F
0µ� A0 γ 

XA0 γ 

gSM ⇠ (10�6 � 10�2)e➝ expect small couplings

A Small Step: Hidden Sector DM

Given small couplings, also generic to consider  
sub-weak-scale masses – comparable to electron  
and proton masses



Light Thermal Dark 
Matter
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Thermal Relic Targets

Theoretical prior:  
coupling from 1- or 2-loop 
quantum corrections

Lighter DM ⟷ Weaker coupling

gD ϵ e

~ 3 10-26 cm3/s

~ αD ϵ2α

prediction from  
thermal dark  
matter:

new matter

e+

e–

Natural generalization of thermal WIMP to lower masses



Simple, familiar particle content gD ϵ e

new force
new matter

Hidden Sector Dark Matter 
Direct Freeze-Out

Dark/Hidden sector

WIMP

MeV GeV TeV

Motivated (broader!) mass range

Simple, predictive cosmology
DM with thermal freeze-out origin

 Thermal DM



Testing Thermal Dark Matter
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Same interaction as  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sharp predictions for 
these models!

Momentum 
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“Make it”
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Looking for Thermal Dark 
Matter: Scattering
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Light DM ➝ lower energy transfer 
in scattering, below traditional  
energy thresholds.


New ideas:  
Detect light DM scattering off  
nuclei or electrons by developing  
detectors with ~eV threshold.

Long-term goal: meV-scale 
threshold using low-gap  
excitations in advanced  
materials, novel sensors

17 

PRD 2: Detect galactic dark matter particles below the proton mass 
through interactions with advanced, ultra-sensitive detectors 
 
Direct detection experiments search for galactic dark matter particles interacting with a target material, 
which is typically placed deep underground to avoid cosmic-ray background radiation.  This interaction 
can lead to various types of small signals, including phonons, charge, and light (Figure 2-5), which can be 
detected with advanced sensors.  Direct detection plays a unique and essential role in our quest to 
identify the dark matter since the discovery of a new particle at an underground direct detection 
experiment would be direct evidence that such a particle constitutes all (or at least part of) the dark 
matter.  
 

 
 

 

Figure 2-5: Galactic dark matter particles interact with nuclei and electrons inside a target material.  This produces 
small signals, including phonons, charge, and light, which are sensed with advanced detectors. 
 

Science Opportunities 
 
Recent advances in theory and sensor technology allow new targeted investments to bring to fruition 
several recent direct detection ideas, developing them into small projects that utilize existing DOE 
laboratories, infrastructure, and personnel, including underground facilities.  Six orders of magnitude in 
dark matter mass (three orders of magnitude -- MeV to GeV -- through scattering, and another three -- 
eV to keV -- in absorption) are immediately accessible over the next few years, with just a few small 
projects that probe different dark matter interactions with nuclei and electrons.  Dark matter candidates 
in this mass range, well-motivated by theoretical and observational considerations, could be discovered 
with the first generation of experiments.  In addition, R&D on promising technologies could lead to 
experiments that can probe an additional six orders of magnitude in even smaller dark matter mass 
(three orders of magnitude – 1 keV (��� eV) to 1 eV -- through scattering and another three – 1 meV 
(���� eV) to 1 eV -- in absorption).  As shown in Figure 2-6, this PRD would allow theoretically motivated 
dark matter candidates to be probed across 12 orders of magnitude in mass --- between 1 meV (���� eV) 
and 1 GeV (��� eV) --- many orders of magnitude lower in mass than the G2 experiments (LZ and 
SuperCDMS).   
 
 

56 

 
Figure 4-5: Open parameter space for galactic dark matter scattering off nuclei (through a heavy mediator) that 
can be probed with advanced detectors with demonstrated or near-term technologies (solid lines) and with either 
medium-term (dashed lines) to longer-term (dotted lines) R&D.  The readout technique is indicated in parentheses 
below the target material.  Neutrinos begin to dominate the rate below the gray dotted line.  A modest exposure of 
100 g-years can probe extremely low cross sections as long as the detector has the requisite energy sensitivity and 
sufficiently low backgrounds (black dotted line).  
 

 
Figure 4-6: Open parameter space for galactic dark photon dark matter being absorbed by electrons or other 
excitations that can be probed with advanced detectors.  The parameter H is the kinetic mixing parameter of the 
dark photon. 

DM BRN 2018



(Note: there are also models where 
q≪m𝛘 enhances signals!)
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DM Mass (MeV)

Near-future 

searches

Longer-term 
goals

•Low-velocitiy scattering reactions 
scale as square of small coupling) 

•Scattering suppressed by (v/c)2~10–6

•Scattering rate controlled by small 
dark matter coupling to familiar matter

CAUTION: Kinematic Extrapolations!

Spin & coupling structure of 
DM ➝ substantial effect on 
scattering rate:
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Testing Thermal Dark Matter
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Dark Matter Production 
Two powerful fixed-target approaches
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4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target

Beam

⇡0
�

⇡0
�

⇡±
⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

NA

Beam Dump 
Re-Scattering

Missing energy/
momentum

E137, LSND, MiniBooNE, BDX, 
SBND, COHERENT

NA64 & LDMX

Look for neutral-current 
scattering of DM in 
downstream detector

Infer DM production from 
recoil lepton kinematics & 
clean missing energy signal



Accelerator Searches 
Confront Light Thermal DM
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51 

  
Figure 4-2: Two plots illustrating the sensitivity of current searches (gray shading) to dark matter production 
(Thrust 1), and improvements achievable through the concepts presented in Table 4-2, which roughly characterize 
what can be feasibly achieved by each experimental approach.  The left plot shows the sensitivity vs. dark matter 
mass for fixed DM-mediator mass ratio of 1/3.  The vertical axis labeled “Interaction Strength” is defined as the 
product y  �H�� DD (mDM/mmediator)�, where�H is the kinetic mixing parameter for a dark photon model, and DD is the 
dark-force counterpart of the fine structure constant (Refs. 67 and 68).  The green band represents the region 
favored by thermal dark matter production in the early universe; the black curves are predicted interaction 
strengths for thermal dark matter with specific dark matter spins.  Lighter green regions above and below the 
bright green band represent the weaker predictions in special regions of parameter space, e.g. Ref. 69.  The bottom 
gray curve is a production benchmark for elastically decoupling dark matter (ELDER) that acquires its abundance by 
scattering off visible matter instead of annihilating into it.70  The right plot fixes the dark matter mass at 30 MeV 
and specializes to scalar dark matter, but varies the ratio of mediator to dark matter mass to exhibit the resonance 
structure in the thermal prediction and the mediator-mass-dependence of experimental sensitivity.  Curves in right 
panel courtesy of Asher Berlin and Patrick deNiverville. 
 
However, even a series of null searches is extremely scientifically valuable.  Since accelerator-based 
searches offer comprehensive sensitivity to thermal dark matter, they can exclude a broad class of 
models for dark matter with mass between the electron mass and few times the proton mass – roughly 
half of the (log) mass range compatible with a thermal production history.  Together with established 
searches for thermal relics above the proton mass, they can test many of the most compelling thermal 
dark matter candidates, powerfully informing future searches for dark matter. 
 
The techniques that comprise this program vary in how they address these possibilities.  Missing-
momentum experiments have the potential to cover the most parameter space for thermal dark-matter 
candidates.  Beam-dump experiments cover less of the parameter space, but would enable a multi-
faceted program of measurements to illuminate the nature of any new phenomena observed.  Finally, 
spectrometer experiments offer a complementary set of measurements to explore the nature of the 
dark sector and are also sensitive to scenarios for thermal dark matter that would go undetected using 
the other two approaches. 
 
 

                                                           
69 J. L. Feng and J. Smolinsky, Phys. Rev. D96 (2017) 095022. 
70 E. Kuflik, M. Perelstein, N. Rey-Le Lorier, and Y.-D. Tsai, Phys. Rev. Lett. 116 (2016)  221302.  

The predictive 
case of direct DM 
annihilation is 
accessible to next-
generation 
experiments for all 
DM spins.

DM BRN 2018
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Indirect Thermal Models
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DM ➤

➤

➤

➤

+

DM

DS

DM/DS

➤

➤

➤

DS

SM

SM

Models where at least one 
process controlling DM 
freeze-out is internal to the 
dark sector.
Thermal freeze-out constrains couplings within the 
dark sector, but may have little to do with the 
interactions relevant to DM production – typically 
less predictive


Some scenarios nonetheless lead to distinctive 
signals and/or new predictions.


There are many possibilities and special cases; 

I will only consider 2 examples today.



New freeze-out channels if DM is 
“pion” of a strongly coupled dark 
sector (SIMP –Hochberg et al 2014): 


change but don’t eliminate 
milestone for expected coupling 
to SM

Indirect Thermal Models 
motivate new signals and milestones
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Berlin et al  
1801.05805direct thermal milestone

Berlin et al  
1801.05805
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FIG. 1: Hidden sector particle production and decay at electron and proton fixed-target experiments. Dark photons (A0)
are produced via Bremsstrahlung in an electron- or proton-nucleus collision and decay promptly into a pair of hidden sector
pions (⇡D), as shown in the top diagram, or a pion and vector meson (VD) of the hidden sector, as shown in the bottom
diagrams. At proton beam experiments, dark photons are also produced through Standard Model meson decays and Drell-
Yan (not shown). The vector meson is long-lived, decaying into Standard Model leptons (through mixing with the A0) after
traversing a macroscopic distance from the target (bottom-left). Similar processes can also occur for non-singlet vector mesons
which undergo a three-body decay (through an o↵-shell A0) into a hidden sector pion and a pair of Standard Model leptons
(bottom-right). The inset shows a schematic hidden sector mass spectrum, with mA0/2 & mVD ⇠ m⇡D , which enables these
decays.

A related process is the decay of the dark photon into
vector mesons whose quantum numbers do not permit
mixing with the dark photon, as shown in the bottom-
right diagram of Fig. 1. These vector mesons decay to
⇡D`

+
`
� final states with even longer lifetimes.

These distinctive signatures can be searched for at
beam dump and fixed-target experiments. Such searches
are complementary to the minimal signals of HS DM, e.g.,
nuclear/electron recoils and invisible dark photon decays,
the latter of which is shown in the top diagram of Fig. 1.
Data from the E137 beam dump experiment is already
able to probe interesting regions of parameter space, es-
pecially for ⇠ 100 meter decay lengths. Complementary
viable regions will be tested in the near future at the
currently running Heavy Photon Search (HPS) experi-
ment, an upgrade of the SeaQuest experiment, and at
the proposed Light Dark Matter eXperiment (LDMX).
Our main results are summarized in Fig. 5, where we
show existing constraints as well as sensitivity of HPS,
SeaQuest, and LDMX to cosmologically-motivated mod-
els that have not been tested otherwise. Similar signals
are also observable above the muon threshold at the B-
factories BaBar and Belle-II and at the Large Hadron
Collider (LHC).

This paper is organized as follows. In Sec. II, we de-
scribe a benchmark model of a strongly interacting HS
that we use throughout this work. We also show that
HS vector mesons are long-lived for well-motivated pa-
rameter values and, therefore, can give rise to displaced
vertex signals at fixed-target and collider experiments.
In Sec. III, we discuss the cosmological importance of
these vector mesons and clarify the issue of pion stabil-
ity. We then demonstrate in Sec. IV that existing and

future fixed-target, collider, and direct detection experi-
ments are sensitive to cosmologically-motivated parame-
ter space. We also briefly comment on various astrophys-
ical and cosmological probes. Finally, we summarize our
conclusions in Sec. V. Details of the model, cross-sections
and decay rates, and Boltzmann equations are provided
in Appendices A–C.

II. A STRONGLY INTERACTING SECTOR

We consider a strongly interacting HS described by a
confining SU(Nc) gauge theory with Nc = 3 colors, anal-
ogous to SM QCD. We also introduce Nf light flavors of
Dirac fermions in the fundamental representation. We
are interested in the relative importance of 3⇡D ! 2⇡D

and ⇡D⇡D ! ⇡DVD in dictating the DM abundance. We
choose Nf = 3, as this is the minimum number of flavors
that is required to allow either process. In this section,
we briefly outline the basics of the model, while a more
detailed discussion is provided in Appendix A. Hereafter,
we denote the HS pions and vector mesons as ⇡ and V , re-
spectively (a subscript “D” is implied). For ⇡ and V , the
superscripts, 0 and ±, denote charges under U(1)D, while
for `, they denote charges under U(1)em. The global chi-
ral symmetry, SU(Nf )L ⇥ SU(Nf )R, is spontaneously
broken by the hidden quark condensate to the diagonal
subgroup, SU(Nf )V , during confinement. Thus, at low
energies this is a theory of N

2

f �1 pions, ⇡, which consti-
tute the DM of the universe. The low-energy pion self-
interactions are described by chiral perturbation theory;
the strength of these interactions is characterized by the

Also implies new signal: 
produce unstable dark 
hadrons at accelerators

3πD➝2πD 2πD➝πDρD 



Indirect Thermal Models 
allow very weak couplings
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Figure 3. Constraints on the relaxion-Higgs mixing sin2 ✓ for relaxions with m� between MeV and
5GeV. The laboratory probes include: proton beam dump experiments (red for CHARM, light
red for the projected sensitivity for SHIP and SeaQuest), K-meson decays (blue, our conservative
projection from NA62 in a lighter shade of blue), B-meson decays (turquoise), LHC search for
h ! 4µ (light blue) and LEP (green). Astrophysical and cosmological probes include the Supernova
1987a (pale violet, labelled as SN), ⌘b (orange) and Ne↵( pink). Contours for ⇤br = 0.99⇤max

br '

104GeV (gray, thick, solid), ⇤br = 10GeV (gray, dashed), f/GeV = 106, 104, 125 (black, solid) are
presented. Here ⇤max

br is the upper bound on ⇤br arising from the requirement of a non-tachyonic �
in Eq. (3.12) for sin(�0/f) = 1/

p
2. The vertical light gray line corresponds to the contour for the

relaxion mass at the muon threshold; the yellow contour corresponds to c⌧ = 2m and the purple
one to ⌧ = 1 s.

decays by almost an order of magnitude. They expect to see 90 SM signal events and 20

background events in two years [54]. Using only this information about the total rate and

no information about the di↵erential distribution of the SM and background events, we

show a conservative estimate of the 95% CL excluded region in light blue in figure 3 where

we have assumed a 10% theoretical error [55]. The gap in the excluded region is again due

to the veto around the charged pion mass, 100MeV . m� . 160MeV [54].

Finally, for GeV-scale masses we see from figure 3 that some regions of the parameter

space are bounded by LEP and LHC searches that we describe in detail in the next section.

5.2.2 The m� > 5 GeV mass range

Finally we consider the mass region m� > 5GeV where the mixing angle sin ✓ can become

O(1) and the expressions in Eq. (5.1) do not apply anymore. To compute the mixing angle,

sin ✓, and the mass, m�, as functions of ⇤br and f , we therefore exactly diagonalise the mass

matrix in appendices A and B for the j = 2 (j = 1) case. We fix the value of the unknown

– 22 –
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Direct Constraints on Higgs mixing

ɸ-e coupling ≲10–10 ⇒ DM production beyond reach.

No sharp target, but DM-nuclear scattering and mediator 
production signals are detectable and complementary
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Dark Matter Freeze-In
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Feeble DM-SM  
interactions  
produce DM in  
early Universe,  
but never enough to thermalize
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FIG. 6. An illustration of the resulting abundance from freezeout of relativistic particle (Section II B),
freezeout of a nonrelativistic particle (Section II C), and freeze-in (Section II D 1). The line labelled neq

assumes the number density for a particle in thermal equilibrium and with zero chemical potential.

where the entropy in the photon plus positron/electron bath is s�(T = MeV�
) =

11
2

2⇡
2

45 T 3. This
result has an additional factor of 43/22 compared to the one we obtained for neutrinos; however,
this compensated by the fact that g⇤,S(Tfo) is larger when Tfo > MeV, so that the largest possible
value of Y� is that of the abundance for neutrinos. The relic abundance is then given by

⌦�h2
' 0.12 ⇥

g

g⇤,S(Tfo)

⇣ m�

2 eV

⌘
. (29)

Earlier, we determined that a viable thermal dark matter candidate should have mass m� & 1�10

keV. However, if freezeout occurs when the DM is relativistic, then we obtain ⌦�h2
= 0.12 only

when m� ' 1 � 10 eV. Here it is assumed that g⇤,S(Tfo) ⇠ O(10) and g ⇠ 2. Larger m� would lead
to an excess of matter density and would result in

P
i
⌦i > 1, known as overclosure. Alternatively,

one can increase g⇤,S(Tfo). From the result above, we see that for m� > keV, we would need
g⇤,S(Tfo) & 1000 – many more degrees of freedom than is present in the Standard Model!5 The
lesson from this exercise is that freezeout of a relativistic species can give a cold dark matter
candidate – but only in nonstandard cosmologies. Otherwise, the relic number density is simply
too high.

5
In fact, this is the assumption in most searches for warm dark matter, meaning the resulting bounds are quite

conservative.
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Light hidden-sector 
realization requires 

αDM x αSM~10-26


⇒  naively undetectable

One of the few simple 
possibilities for sub-MeV 
DM produced in thermal era

…but for mDM<MeV, 
independent bounds on αDM 
and αSM imply very light 
mediator, ≲10–10 eV


(this is also a possibility –
though not required – for 
heavier DM) 
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If mediator is very light  
and DM has elastic,  
v-independent coupling 
(e.g. elastic scalar or  
Dirac fermion), then  
scattering cross-section 
~ αDM αSM/q4  
dramatically enhanced at 
low momentum transfer q!


➝ freeze-in accessible in  
direct detection, and by 
macroscopic EM deflection of DM

Dark Matter Freeze-In: 
Light Mediators
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FIG. 1. Schematic of the experimental concept. Dark matter
passing through an oscillating electric field is deflected, setting
up propagating waves of alternating dark matter millicharge,
⇢�, and millicurrent, j�, densities. Dark matter waves flow
unimpeded through an electromagnetic shield, creating small
electromagnetic fields that can be measured with a resonant
LC circuit inductively coupled to a magnetometer (not de-
picted) inside the shielded detector region.

abundance from the annihilations of thermal electrons
[7, 8] (and a related reaction, plasmon decay [9]). These
reactions generate a DM abundance consistent with ob-
servations for couplings of size

qe↵ ⇠
1

↵em

✓
me Teq

m� mPl

◆1/2

⇠ 10�10
⇥

⇣
m�

keV

⌘�1/2
, (3)

where me is the electron mass, mPl is the Planck mass,
and Teq ' 0.8 eV is the temperature at matter-radiation
equality [9]. In order to remain consistent with other
constraints, realizing this scenario for sub-keV dark pho-
ton mediators requires mA0 . 10�9 eV [8, 9]. Therefore,
viable freeze-in models for sub-MeV DM lie firmly in the
millicharge-like regime for the class of experiments we
consider.1

Direct Deflection of Millicharged(-like) Dark Matter.
A schematic illustration of the experimental setup is
shown in Fig. 1. A charge-symmetric, spatially uni-
form DM population passes through a region with an
electric field oscillating at angular frequency !. We re-
fer to this region as the “deflector.” The velocity dis-
tribution of DM in the earth’s frame is expected to
be approximately Maxwellian with a dispersion veloc-
ity, v0, shifted by a comparably sized “wind” velocity,
vwind, from the sun’s motion in the Milky Way, where
v0,wind ⇠ O(100) km/s [14].

As millicharged DM passes through the deflector, it
is subject to a force from the oscillating electric field.
Hence, downwind of the deflector, positively and nega-
tively charged particles are driven in opposite directions.
This creates a propagating wave train of alternating mil-
licharge (⇢�) and millicurrent (j�) densities of longitu-

1 It has been argued that millicharged DM may be evacuated from
the galactic disk by supernova shocks [10, 11] (but see, e.g.,
Ref. [12] for claims to the contrary). This e↵ect is irrelevant
for millicharge-like DM with mA0 & (100 pc)�1 ⇠ 10�25 eV,
but otherwise might prevent all terrestrial experiments, includ-
ing our concept, from detecting truly millicharged DM.
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FIG. 2. The anticipated reach to millicharged dark matter
in the qe↵ � m� plane for various experimental configura-
tions of our setup, compared to existing constraints (shaded
gray). In all cases, we assume a year of integration time, a
spatially-averaged field-strength of hEdefi = 10 kV/cm, and
! = 100 kHz. The green line corresponds to the projected
reach of a detector optimized for detection of magnetic fields,
such as the DM Radio experiment [13]. The reach of dedi-
cated LC resonators optimized for detecting electric fields is
also shown. The lines labelled “E-field (I-III)” correspond
to various deflector/shield volumes, LC circuit temperatures,
and quality factors as indicated in the legend. Also shown
are the direct detection sensitivities of SENSEI (purple) and
proposed futuristic kg-year runs of sapphire (Al2O3) (cyan)
and Dirac material (ZrTe5) (orange) targets. Along the solid
blue line, the millicharge abundance from freeze-in produc-
tion in the early universe is in agreement with the observed
dark matter energy density.

dinal width ⇠ 2⇡vwind/!, which di↵uses outwards due
to dispersion in the DM velocity distribution. Crucially,
DM particles easily penetrate electromagnetic shielding,
inducing small electromagnetic fields within the shielded
detection region of Fig. 1. The resulting oscillating fields
have known frequency and can be measured using an elec-
tric field pickup antenna coupled to a resonant LC circuit
and SQUID amplifier. Relative to the DM wind (due to
the sun’s galactocentric velocity), the apparatus rotates
once per sidereal day; we have illustrated the geometry
where the signal is maximized in Fig. 1.
Inducing Dark Matter Waves. Since virialized DM is

non-relativistic, millicharged DM is more e�ciently de-
flected by electric fields than by magnetic ones. For the
deflector region of Fig. 1, we focus on the idealized ex-
ample of a point charge region driven by a high-voltage
AC power supply and surrounded by a grounded, con-
ducting, spherical shield of radius R. Oscillating the sign
of the deflector charge allows for resonant read-out, but
the oscillations should be slow enough that DM particles
traverse the deflector within one period, i.e.,

! . ⇡ v�/R ⇠ MHz ⇥ (R/meter)�1
, (4)

Berlin et al 1908.xxxxx   
 
 
PRELIMINARY



Summary
✦The DM abundance may be the sharpest clue to 

the properties of its constituents – but of course, 
this abundance can be realized in a variety of 
ways.


✦Three possibilities make close contact with the 
thermal history of ordinary matter, dominated by 
late times:

– Thermal freeze-out of direct DM-to-SM 

annihilation 
– Indirect thermal freeze-out scenarios

– Freeze-in of very feebly coupled DM

‣ All of these can be realized in the context of  

hidden-sector DM. 
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Summary
✦Three possibilities make close contact with the 

thermal history of ordinary matter:

– Thermal freeze-out of direct DM-to-SM 

annihilation provides a sharp coupling prediction.

‣ Leads to narrow range of expected production rates at 

accelerators, with some cases also accessible to direct 
detection


– Indirect thermal freeze-out scenarios offer almost-
limitless possibilities – predictive or not, 
experimentally accessible or not

‣ Underscore the complementary roles of searches for 

mediators and other dark sector particles.

– Freeze-in of very feebly coupled DM involves very 

weak couplings, and opens up sub-MeV DM.

‣ If freeze-in interaction is long-range, direct detection and 

electromagnetic deflection can explore substantial 
parameter space. �26



Summary
✦The variety of possible experimental signatures 

(even within hidden-sector particle DM!) 
underscores the need for a multi-pronged search 
program.  


✦The required experiments are small — and 
realizing them will thoroughly explore broad  
paradigms for DM
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Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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Dark Matter Annihilation 
Sources of Temperature-Dependence
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p-wave annihilation

σann ~ v2 ~T/mDM 
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Dark Matter Beams
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4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be
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Beam Dump MiniBooNE Detector
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�
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50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral
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⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target
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Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two
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FIG. 1. Schematic of the experimental concept. Dark matter
passing through an oscillating electric field is deflected, setting
up propagating waves of alternating dark matter millicharge,
⇢�, and millicurrent, j�, densities. Dark matter waves flow
unimpeded through an electromagnetic shield, creating small
electromagnetic fields that can be measured with a resonant
LC circuit inductively coupled to a magnetometer (not de-
picted) inside the shielded detector region.

abundance from the annihilations of thermal electrons
[7, 8] (and a related reaction, plasmon decay [9]). These
reactions generate a DM abundance consistent with ob-
servations for couplings of size

qe↵ ⇠
1

↵em

✓
me Teq

m� mPl

◆1/2

⇠ 10�10
⇥

⇣
m�

keV

⌘�1/2
, (3)

where me is the electron mass, mPl is the Planck mass,
and Teq ' 0.8 eV is the temperature at matter-radiation
equality [9]. In order to remain consistent with other
constraints, realizing this scenario for sub-keV dark pho-
ton mediators requires mA0 . 10�9 eV [8, 9]. Therefore,
viable freeze-in models for sub-MeV DM lie firmly in the
millicharge-like regime for the class of experiments we
consider.1

Direct Deflection of Millicharged(-like) Dark Matter.
A schematic illustration of the experimental setup is
shown in Fig. 1. A charge-symmetric, spatially uni-
form DM population passes through a region with an
electric field oscillating at angular frequency !. We re-
fer to this region as the “deflector.” The velocity dis-
tribution of DM in the earth’s frame is expected to
be approximately Maxwellian with a dispersion veloc-
ity, v0, shifted by a comparably sized “wind” velocity,
vwind, from the sun’s motion in the Milky Way, where
v0,wind ⇠ O(100) km/s [14].

As millicharged DM passes through the deflector, it
is subject to a force from the oscillating electric field.
Hence, downwind of the deflector, positively and nega-
tively charged particles are driven in opposite directions.
This creates a propagating wave train of alternating mil-
licharge (⇢�) and millicurrent (j�) densities of longitu-

1 It has been argued that millicharged DM may be evacuated from
the galactic disk by supernova shocks [10, 11] (but see, e.g.,
Ref. [12] for claims to the contrary). This e↵ect is irrelevant
for millicharge-like DM with mA0 & (100 pc)�1 ⇠ 10�25 eV,
but otherwise might prevent all terrestrial experiments, includ-
ing our concept, from detecting truly millicharged DM.
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FIG. 2. The anticipated reach to millicharged dark matter
in the qe↵ � m� plane for various experimental configura-
tions of our setup, compared to existing constraints (shaded
gray). In all cases, we assume a year of integration time, a
spatially-averaged field-strength of hEdefi = 10 kV/cm, and
! = 100 kHz. The green line corresponds to the projected
reach of a detector optimized for detection of magnetic fields,
such as the DM Radio experiment [13]. The reach of dedi-
cated LC resonators optimized for detecting electric fields is
also shown. The lines labelled “E-field (I-III)” correspond
to various deflector/shield volumes, LC circuit temperatures,
and quality factors as indicated in the legend. Also shown
are the direct detection sensitivities of SENSEI (purple) and
proposed futuristic kg-year runs of sapphire (Al2O3) (cyan)
and Dirac material (ZrTe5) (orange) targets. Along the solid
blue line, the millicharge abundance from freeze-in produc-
tion in the early universe is in agreement with the observed
dark matter energy density.

dinal width ⇠ 2⇡vwind/!, which di↵uses outwards due
to dispersion in the DM velocity distribution. Crucially,
DM particles easily penetrate electromagnetic shielding,
inducing small electromagnetic fields within the shielded
detection region of Fig. 1. The resulting oscillating fields
have known frequency and can be measured using an elec-
tric field pickup antenna coupled to a resonant LC circuit
and SQUID amplifier. Relative to the DM wind (due to
the sun’s galactocentric velocity), the apparatus rotates
once per sidereal day; we have illustrated the geometry
where the signal is maximized in Fig. 1.
Inducing Dark Matter Waves. Since virialized DM is

non-relativistic, millicharged DM is more e�ciently de-
flected by electric fields than by magnetic ones. For the
deflector region of Fig. 1, we focus on the idealized ex-
ample of a point charge region driven by a high-voltage
AC power supply and surrounded by a grounded, con-
ducting, spherical shield of radius R. Oscillating the sign
of the deflector charge allows for resonant read-out, but
the oscillations should be slow enough that DM particles
traverse the deflector within one period, i.e.,

! . ⇡ v�/R ⇠ MHz ⇥ (R/meter)�1
, (4)


