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Outline
✦Hidden sector picture for sub-GeV dark 

matter

– A bottom-up taxonomy


✦Following the trail of DM abundance

– Thermal freeze-out

‣ Powerful hints from CMB constraints

‣ Predictive models as key milestones for experiment,  

and how to find them

‣ Some more open-ended scenarios


– Freeze-in if time permits (but see K. Schutz 
talk)
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sub-GeV DM ⇒ Hidden sector

✦Light SM-charged particles* excluded 
by collider searches ➝ must be neutral


✦DM must have some interactions…

– If we want to see it

– Some non-gravitational interaction 

typically required to explain origin of 
DM [exception – see N. Bernal’s talk] 
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~
i.e. matter neutral under SM, 
with new interactions

* Very small electric charges – which we’ll come 
back to – are “exception that proves the rule”

Precedent in 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



Towards hidden sector 
taxonomy
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The portal couplings connecting SM to the dark sector are 
strongly constrained by Lorentz invariance, SM 
symmetries. This makes them a useful basis for 
classification.


Standard 
Model

Hidden 
Sector

Dark Matter +???
Portal

(spin, mass)



Vector Portal

Higgs portal1

Higgs portalsinglet

Neutrino Portal

Conserved currents
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The Portals
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Interactions with dimensionless 
couplings dominate at low energy
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Great working 
example: Compatible 
with cosmology in 
simple models, 
illustrative – focus here 
for most of my talk



How weakly Coupled?
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A0 γ 

XA0 γ 

gSM ⇠ (10�6 � 10�2)e• Some portal interactions 
are further suppressed by 
small Yukawas

Small couplings can motivate small masses, naturally 
(analogous to mproton, melectron ≪ mWeak in Standard 
Model)

Small couplings are generic if 
portal interactions generated 
radiatively
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New Physics at Low Mass Scales?  

Mass

Known Physics

Future Colliders

1/Coupling

Searches for production at 
accelerators limited by  
intensity, sensitivity, and/or 
lifetime 

SM forcesPortal couplings

Dark Matter?
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Fixed-
Target

B factories

Auxilliary LLP 
detectors at 
colliders

New Physics at Low Mass Scales?  

Mass

Known Physics

Future Colliders

1/Coupling

Dark Matter?

Need multiple experiments to explore this landscape broadly!



A Rich Arena for Particle Physics

DM-detector 
interactions  
(Direct Detection, …)Light DM 

production at 
accelerators

Mediator 
production at 
accelerators

Self-Interaction 
in Cosmological 
Structures

Cosmic 
Probes of 
annihilation, 
light dof, …

Indirect 
detection

Models are 
key for 
connecting 
these – the 
connections 
are powerful, 
but in many 
cases depend 
intricately on 
assumptions!

�9



Following the trail of  
Dark Matter Abundance

✦There are only three things we know about 
dark matter 

– We know it doesn’t interact much  (<)


– We know it doesn’t decay much  (<)


– And we know how much there is  (=)
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✦There are only three things we know about 
dark matter; hidden sectors can nicely 
explain all of them

– We know it doesn’t interact much

‣ SM-neutral, weak coupling 

– We know it doesn’t decay much

‣ Carry conserved hidden-sector charge 

– And we know how much there is

‣Makes sense to follow this hint! 

‣Portal interactions alter abundance at late 
times so we are obliged to consider them.
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Following the trail of  
Dark Matter Abundance



(UV insensitive)
yes

Taxonomy from Dark 
Matter Origin
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no Is DM produced in 
thermal era?

yes

Produced by weak 
contact w/ thermal 
bath (sterile ν, 
freeze-in, …)

SM

SM

DM

DM

➤

➤

➤

➤

St
ro

ng
er

 –
– 

in
te

ra
ct

io
ns

 –
– 

w
ea

ke
r

Abundance from 
initial conditions, e.g. 
inflationary axion

no – before

Secluded, SIMP, ELDER, 
forbidden, co-scattering …

DM ➤

➤

➤

➤

+

DM

DS

DM/DS

➤

➤

➤

DS

SM

SM

and variants 
WIMP, Sub-GeV Relic 
+asymmetric variants

DM

DM

SM

SM

➤

➤

➤

➤

+ variants 

*economical
*especially predictive

directly

indirectly

Was DM ever in 
thermal equilibrium 

with the SM?

How was the DM 
abundance 
depleted?

DM produced in thermal era – 

when we understand the 

Universe best
table adapted from 1807.01730



(UV insensitive)
yes

Taxonomy from Dark 
Matter Origin
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no Is DM produced in 
thermal era?

yes

Produced by weak 
contact w/ thermal 
bath (sterile ν, 
freeze-in, …)

SM

SM

DM

DM

➤

➤

➤

➤

St
ro

ng
er

 –
– 

in
te

ra
ct

io
ns

 –
– 

w
ea

ke
r

Abundance from 
initial conditions, e.g. 
inflationary axion

no – before

Secluded, SIMP, ELDER, 
forbidden, co-scattering …

DM ➤

➤

➤

➤

+

DM

DS

DM/DS

➤

➤

➤

DS

SM

SM

and variants 
WIMP, Sub-GeV Relic 
+asymmetric variants

DM

DM

SM

SM

➤

➤

➤

➤

+ variants 

*economical
*especially predictive

directly

indirectly

Was DM ever in 
thermal equilibrium 

with the SM?

How was the DM 
abundance 
depleted?

DM produced in thermal era – 

when we understand the 

Universe best

Thermalizes 
with SM

Thermalizes 
with 
something 
else that 
thermalizes 
with SM

Produced  
without  
thermalizing

table adapted from 1807.01730

See K. Schutz’s 
talk



WIMPs and Thermal Freeze-Out
Simple and predictive –  early abundance 
set by equilibration with SM particles, late 
abundance set by dilution in expanding 
Universe

dn

dt
= �h�Avi

�
n
2 � n

2
eq

�
� 3Hn
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Freeze-out transition when the 
scales of two terms are equal: 

neq~e-m/T as 
Universe cools

n
f
eq ⇡ H

f
/h�Avi
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T 3
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mX nf
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Measured abundance ➝
h�Avi ' 3 · 10�26cm3/s ' 1

(20TeV)2
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Thermal Abundance Prediction

Lighter DM ⟷ Weaker coupling
p-wave annihilation

s-wave annihilation

perturbative kinetic mixing 

The WIMP-iest Hidden Sector DM

gW gSM

weak forcedark 
matter

gD gSM

New force
Same story,  
new force 

DM abundance ⇒ predicted strength of interaction

g S
M
g D

(m
�
/m

M
ed
)4
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Nucleus
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e– e–
direct detection

beam production

⇒ Predicted rates for observables today



Constraints from 
Mediator Production

✦ Scalar portal: mediator 
production & direct detection 
exclude all parameter space. 
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡

+
⇡
�). To account for these final states, we extract

this coupling from simulations of hadronically-decaying light-

✦ Vector portal: broad regions 
of viable parameter space; 
aligned with idea of 1,2-loop 
generated portal coupling

P se
ud
o-D

ira
c F
erm

ion

Ma
jor
ana

Fer
mi
on

Ela
st ic

&
Ine
las
t ic
Sca
lar

BaBar

NA64
E137

MiniBooNE

LSND

1 10 102 103
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7

m c @MeVD

y
=
e2
a D
Hm
cêm

A
'L4

Targets for Thermal Relic DM

m� [MeV]
<latexit sha1_base64="sqnXgXmFH7CwP1vXqEKJZMOoB8s="></latexit><latexit sha1_base64="sqnXgXmFH7CwP1vXqEKJZMOoB8s="></latexit><latexit sha1_base64="sqnXgXmFH7CwP1vXqEKJZMOoB8s="></latexit><latexit sha1_base64="sqnXgXmFH7CwP1vXqEKJZMOoB8s="></latexit>

1 to 2 loop mixing, 
O(few) mass ratio,

αD~0.1



Annihilation Constraints
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X

X

e–

e+

Big Bang 
production

Planck power spectrum strongly 
constrains primordial annihilation

of light DM

Excludes �  for ≲20 GeV DM.  

but CMB probes ~eV temperatures ≪ freeze-out temp 
Sharpens focus to models where annihilation rates decrease 
at low temperatures [or dominated by neutrinos]

h�AviCMB ⇡ h�AviFO ⇡ 3 · 10�26cm3/s
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Planck Collaboration: Cosmological parameters
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Fig. 46. Planck 2018 constraints on DM mass and annihilation cross-section. Solid straight lines show joint CMB constraints on
several annihilation channels (plotted using di↵erent colours), based on pann < 3.2 ⇥ 10�28 cm3 s�1 GeV�1. We also show the 2�
preferred region suggested by the AMS proton excess (dashed ellipse) and the Fermi Galactic centre excess according to four
possible models with references given in the text (solid ellipses), all of them computed under the assumption of annihilation into bb̄
(for other channels the ellipses would move almost tangentially to the CMB bounds). We additionally show the 2� preferred region
suggested by the AMS/PAMELA positron fraction and Fermi/H.E.S.S. electron and positron fluxes for the leptophilic µ+µ� channel
(dotted contours). Assuming a standard WIMP-decoupling scenario, the correct value of the relic DM abundance is obtained for a
“thermal cross-section” given as a function of the mass by the black dashed line.

The 95 % CL preferred region for the AMS anti-proton excess
is extracted from Cuoco et al. (2017b,a). The DM interpretation
of the Fermi Galactic centre excess is very model-dependent
and, as in figure 9 of Charles et al. (2016), we choose to show
four results from the analyses of Gordon & Macias (2013),
Abazajian et al. (2014), Calore et al. (2015), and Daylan et al.
(2016). For the Fermi Galactic centre excess and the AMS anti-
proton excess, we only show results assuming annihilation into
bb̄, in order to keep the figure readable. About 50 % of the region
found by Abazajian et al. (2014) is excluded by CMB bounds,
while other regions are still compatible. The 95 % CL preferred
region for the AMS anti-proton excess is still compatible with
CMB bounds for the bb̄ channel shown in the figure, and we
checked that this is also the case for other channels.

8. Conclusions

This is the final Planck collaboration paper on cosmological pa-
rameters and presents our best estimates of parameters defining
the base-⇤CDM cosmology and a wide range of extended mod-
els. As in PCP13 and PCP15 we find that the base-⇤CDM model
provides a remarkably good fit to the Planck power spectra and
lensing measurements, with no compelling evidence to favour
any of the extended models considered in this paper.

Compared to PCP15 the main changes in this analysis
come from improvements in the Planck polarization analysis,
both at low and high multipoles. The new Planck polariza-
tion maps provide a tight constraint on the reionization op-
tical depth, ⌧, from large-scale polarization (and are consis-
tent with the preliminary HFI polarization results presented
in Planck Collaboration Int. XLVI (2016)). This revision to the
constraint on ⌧ accounts for most of the (small) changes in pa-
rameters determined from the temperature power spectra in this
paper compared to PCP15. We have characterized a number of
systematic e↵ects, neglected in PCP15, which a↵ect the polar-
ization spectra at high multipoles. Applying corrections for these

systematics (principally arising from errors in polarization e�-
ciencies and temperature-to-polarization leakage) we have pro-
duced high multipole TT,TE,EE likelihoods that provide sub-
stantially tighter constraints than using temperature alone. We
have compared two TT,TE,EE likelihoods that use di↵erent as-
sumptions to correct for polarization systematics and find con-
sistency at the <⇠ 0.5� level. Although the TT,TE,EE likelihoods
are not perfect, the Planck parameter results presented in this pa-
per can be considered accurate to within their error bars.

Our main conclusions include the following.
• The 6-parameter base-⇤CDM model provides a good fit to

the Planck TT, TE, and EE power spectra and to the Planck
CMB lensing measurements, either individually or in combina-
tion with each other.
• The CMB angular acoustic scale is measured robustly at

0.03 % precision to be ✓⇤ = (0.�5965 ± 0.�0002), and is one of
the most accurately measured parameters in cosmology, of com-
parable precision to the measurement of the background CMB
temperature (Fixsen 2009).
• The Planck best fit base-⇤CDM cosmology is in very good

agreement with BAO, supernovae, redshift-space distortion mea-
surements and BBN predictions for element abundance observa-
tions. There is some tension (at about 2.5�) with high-redshift
BAO measurements from quasar Ly↵ observations, but no stan-
dard extension of the base-⇤CDM cosmology improves the fit
to these data.
• The new low-` polarization likelihood tightens the reioniza-

tion optical depth significantly compared to the 2015 analysis,
giving ⌧ = 0.054 ± 0.007, suggesting a mid-point reionization
redshift of zre = 7.7 ± 0.7. This is consistent with astrophysi-
cal observations of quasar absorption lines and models in which
reionization happened relatively fast and late. We investigated
more general models of reionization and demonstrated that our
cosmological parameter results are insensitive to residual uncer-
tainties in the reionization history.
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Light Thermal Dark Matter 
Confronts the CMB

�18

Both scalar and fermion DM models survive CMB constraint

p-wave annihilation

σann ~ v2 ~T/mDM 

Scalar Majorana

inelastic (co)annihilation

Γann ~ n1n2σann

Pseudo- 
Dirac

Inelastic

Scalar

generic if DM has  
U(1)-breaking mass term

γ5

𝛘1

𝛘2 ɸ2

ɸ1

Dirac 
Fermion



!19•Small DM-SM coupling •Velocity-suppression

1 order of magnitude spread in coupling, 
but tens of decades in spread for σ𝛘e 
(much like for WIMPs!)

Some effects that suppress non-
relativistic annihilation also suppress 
non-relativistic scattering

Velocity-Dependence and Direct 
Detection: Good News and Bad News

𝛘𝛘

e– e–

vDM~10-3 c



!20•Small DM-SM coupling •Velocity-suppression

1 order of magnitude spread in coupling, 
but tens of decades in spread for σ𝛘e 
(much like for WIMPs!)

Some effects that suppress non-
relativistic annihilation also suppress 
non-relativistic scattering

Velocity-Dependence and Direct 
Detection: Good News and Bad News

𝛘𝛘

e– e–

vDM~10-3 c100g-yr Si

Good news!

10kg-yr
1000kg-yr

Projections from Essig et al 1801.10159 
including neutrino backgroundsBad news?
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Good news for challenging cases I

Accelerator searches for dark matter  
probe semi-relativistic kinematics – similar 
to Big Bang production of DM, so  
different DM spins look similar. 

parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are taken from Ref. [180] and are shown in Fig. 22,
together with the thermal relic, asymmetric DM and ELDER targets. These searches are
poised to explore a large fraction of the well-motivated values of ✏ in the near future.
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FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [56]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive

79

Cosmic Visions DM 2017

Complementary constraints on 
SM decays of portal mediator 
see B. Shuve, J. Strube, H. Otono 
talks

e– X
X

e–

Nucleus
See talks by 

L. Tompkins, 

L. Molino

Most searches probe both portal 
mediator decays to DM and non-
resonant DM production
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Good news for challenging cases II

Cosmic Visions 2017 report Majorana thermal DM 
more accessible with 
NR than ER  searches
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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) [93, 94] are shown in the blue (red) shaded regions. Projections

show 3 events for a 1-year exposure [51, 93, 97, 98, 101, 102]; the label includes the threshold (in terms of

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

cate 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 back-

ground (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 exper-

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

nuclear-recoil searches [51]. 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 [51]. 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

Majorana coupling  
suppressed by  
Δp/mDM; 

mNuc>mDM>me implies larger Δp 
in nuclear recoils

Low-threshold LHe detectors may get there!
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Good news for challenging cases III

Inelastic models feature DM 
“excited states” that may be 
cosmologically stable 

* small (calculable) abundance

* observable  down-scattering 

lines in nuclear and electron 
recoil 
(see also 2006.13918 Baryakhtar, Berlin,  
Liu, Weiner)

Short-lived excited state – Can boosted DM-like signals 
give hints of this DM’s presence in the Milky Way halo?( )

CMB annih.
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Towards a Dark Standard Model?

�24

Not just great discovery/exclusion potential – but real possibility 
to explore the physics of the dark sector in detail with multi-
experiment program.
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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 A0

! 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 A0 that decays invisibly to ��̄ or via an o↵-
shell A0. 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 mA0 , ✏, 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�NA0(⇤)

! 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���̄ Ne XAl NA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm�2, NA 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 A0 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/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, ff (Ee) = 2meE� � meEe + m2

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
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, �

• Dark Matter and 
force-carrier mass


• Effective charges of 
Dark Matter and 
ordinary matter

+

Low-Threshold

Direct Detection

• Abundance

• Cosmological 

lifetime

• Spin

Identifying a candidate as “the dark matter” might be harder 
than finding it. But multiple paths to discovery ➝ ability to 
learn a lot about DM properties. 



Another direction of challenge
Dark sector ⇒ other light states.  Multiple coupled 
Boltzmann equations can be relevant.  e.g.

If annihilation freezes out 
first then still need
!
…but lose connection 
between abundance & portal 
coupling. 
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FIG. 4: The hidden sector pion abundance in the m⇡ � ✏ plane. The contours correspond to regions where the ⇡ abundance
matches the observed dark matter energy density for m⇡/f⇡ = 3, ↵D = 10�2, mA0/m⇡ = 3, and various values of the mass ratio,
mV /m⇡. Multiple processes determine the dark matter abundance. For ✏ & 10�3, the abundance is governed by WIMP-like
annihilations into Standard Model particles, ⇡⇡ ! SM. For ✏ ⇠ 10�4 � 10�3, e�cient semi-annihilations, ⇡⇡ ! ⇡V , dictate
freeze-out. If ✏ . 10�5 � 10�4, the ability of semi-annihilations to reduce the ⇡ density becomes limited by the vector meson
decay rate, �(V ! SM) ⇠ ✏2. If ✏ . 10�6, then the relic abundance is determined by SIMP-like 3 ! 2 reactions. For simplicity,
we have assumed that the hidden and visible sector baths remain in kinetic equilibrium throughout freeze-out. This assumption
will be relaxed in Sec. IV. Although this is valid for ✏ & 10�6, we expect that kinetic decoupling will occur before dark matter
freeze-out for ✏ . 10�6. This case is analogous to models in which the abundance is governed by kinetic decoupling [39, 40].

may be constrained by CMB spectral distortions [42].
Thus, unless the abundance of the unstable component
is negligible, the CMB places an important constraint on
a wide swath of otherwise viable parameter space. We
emphasize that this is not a generic feature of strongly
interacting dark sectors since the HS pions can be made
absolutely stable, as discussed above.

Models where some of the pions are unstable may be
cosmologically viable, provided all unstable species are
heavier than the lightest stable pion and decay at tem-
peratures below the corresponding mass splitting. In this
case, 2 ! 2 scattering in the HS depletes the abundance
of the unstable pions before they decay. CMB constraints
on this possibility are discussed in Sec. IV I. The relevant
mass splittings can arise from chiral symmetry breaking
corrections from HS quark masses, through higher-order
operators in the chiral Lagrangian such as [31]

↵6,7 B
2

0

�
Tr Mq U

†
± h.c.

�2

, (11)

where B0 is a dimensionful constant related to the HS
quark condensate and defined in Eq. (A3). These opera-
tors, with coe�cients ↵6,7 ⇠ O(10�3), can lift the unsta-
ble pions to the degree needed for cosmology if the values
of ↵6,7 are chosen judiciously [31, 43]. However, obtaining
the cosmologically viable spectrum requires ↵7 > 0 (of
opposite sign from the expected ⌘

0-mixing contribution)
and is about 2� away from SM measurements [31]. It is

therefore unlikely (but not impossible) that this mecha-
nism operates in SM-like theories. It is nonetheless plau-
sible that this spectrum may be realized in less SM-like
hidden sectors without G-parity.

We now turn to the problem of DM freeze-out in the
early universe. The first examples of SIMPs were de-
signed to realize the 3 ! 2 annihilation mechanism [2].
This process arises from a dimension-9 operator in the
Wess-Zumino-Witten term. The corresponding rate in
the early universe is given by

�3!2 = (neq

⇡ )2 h�v
2
i /

e
�2x

x5
(m⇡/f⇡)10 m⇡ , (12)

where x ⌘ m⇡/TSM, TSM is the temperature of the SM
bath, and n

eq

⇡ is the equilibrium number density of ⇡.
Due to the strong exponential suppression in Eq. (12),
the correct relic abundance is obtained for large values of
m⇡/f⇡ close to the perturbativity bound, i.e., m⇡/f⇡ ⇠

4⇡ [3]. This observation, combined with the e↵ective field
theory expectation for vector meson masses [19–21],

mV ⇠ 4⇡ f⇡/

p
Nc , (13)

suggests that the vector mesons play an important role
in the DM cosmology. Indeed, the Wess-Zumino-Witten
term gives rise to the pion semi-annihilation (2 ! 1)
process, ⇡⇡ ! ⇡V , with V decaying to the SM. This of-

4 new domains where different 
reactions control abundance [ELDER 
not shown in plot]

DM=“pion” of confined dark sector.  

+forbidden, not-forbidden, co-scattering, and many more �25
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will be relaxed in Sec. IV. Although this is valid for ✏ & 10�6, we expect that kinetic decoupling will occur before dark matter
freeze-out for ✏ . 10�6. This case is analogous to models in which the abundance is governed by kinetic decoupling [39, 40].

may be constrained by CMB spectral distortions [42].
Thus, unless the abundance of the unstable component
is negligible, the CMB places an important constraint on
a wide swath of otherwise viable parameter space. We
emphasize that this is not a generic feature of strongly
interacting dark sectors since the HS pions can be made
absolutely stable, as discussed above.

Models where some of the pions are unstable may be
cosmologically viable, provided all unstable species are
heavier than the lightest stable pion and decay at tem-
peratures below the corresponding mass splitting. In this
case, 2 ! 2 scattering in the HS depletes the abundance
of the unstable pions before they decay. CMB constraints
on this possibility are discussed in Sec. IV I. The relevant
mass splittings can arise from chiral symmetry breaking
corrections from HS quark masses, through higher-order
operators in the chiral Lagrangian such as [31]
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†
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, (11)

where B0 is a dimensionful constant related to the HS
quark condensate and defined in Eq. (A3). These opera-
tors, with coe�cients ↵6,7 ⇠ O(10�3), can lift the unsta-
ble pions to the degree needed for cosmology if the values
of ↵6,7 are chosen judiciously [31, 43]. However, obtaining
the cosmologically viable spectrum requires ↵7 > 0 (of
opposite sign from the expected ⌘

0-mixing contribution)
and is about 2� away from SM measurements [31]. It is

therefore unlikely (but not impossible) that this mecha-
nism operates in SM-like theories. It is nonetheless plau-
sible that this spectrum may be realized in less SM-like
hidden sectors without G-parity.

We now turn to the problem of DM freeze-out in the
early universe. The first examples of SIMPs were de-
signed to realize the 3 ! 2 annihilation mechanism [2].
This process arises from a dimension-9 operator in the
Wess-Zumino-Witten term. The corresponding rate in
the early universe is given by

�3!2 = (neq

⇡ )2 h�v
2
i /

e
�2x

x5
(m⇡/f⇡)10 m⇡ , (12)

where x ⌘ m⇡/TSM, TSM is the temperature of the SM
bath, and n

eq

⇡ is the equilibrium number density of ⇡.
Due to the strong exponential suppression in Eq. (12),
the correct relic abundance is obtained for large values of
m⇡/f⇡ close to the perturbativity bound, i.e., m⇡/f⇡ ⇠

4⇡ [3]. This observation, combined with the e↵ective field
theory expectation for vector meson masses [19–21],

mV ⇠ 4⇡ f⇡/

p
Nc , (13)

suggests that the vector mesons play an important role
in the DM cosmology. Indeed, the Wess-Zumino-Witten
term gives rise to the pion semi-annihilation (2 ! 1)
process, ⇡⇡ ! ⇡V , with V decaying to the SM. This of-

4 new domains where different 
reactions control abundance [ELDER 
not shown in plot]

DM=“pion” of confined dark sector.  

+forbidden, not-forbidden, co-scattering, and many more �25

These cases motivate a broader range of 
couplings than the “minimal” DM⟷SM thermal 

models.  They imply tractable but harder 
“region-like” targets for observation.



Common Theme
These models often rely on mediator or DS-exotic decay to 
SM for chemical or kinetic equilibration. Discovering these 
at accelerators offers key handle on these models.
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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
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FIG. 5: Existing constraints (gray regions) and sensitivity of future searches (colored lines) to signals of strongly interacting
hidden sectors. In the left column, we assume that all hidden sector vector mesons decay to Standard Model particles via
two-body (V ! `+`�) or three-body (V ! ⇡`+`�) processes. In the right column, we assume that the vector mesons that
do not mix with the dark photon are heavier than 2m⇡. In this case, only the hidden sector ⇢ and � decay into Standard
Model particles via two-body processes, while the remaining vector mesons decay invisibly into dark matter pions. The shaded
regions are excluded by BaBar [45], E137 [46], Orsay [47], and searches for dark matter scattering at LSND [48], E137 [49],
and MiniBooNE [50], as described in the text. The colored contours correspond to the projected reach of HPS [51] (orange),
an upgraded version of SeaQuest [52] (magenta), and the proposed LDMX experiment [53] (purple and green). In evaluating
experimental exclusions and projected sensitivity, we have fixed ↵D = 10�2, mA0/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3
(4⇡) in the top (bottom) row. The experimental results are insensitive to small variations in mV /m⇡ (except for values near
thresholds and resonances). In contrast, the dark matter abundance strongly depends on the V -⇡ mass splitting (see Fig. 4).
In each panel, hidden sector pions make up all of the dark matter along the solid (dashed) black contours for mV /m⇡ = 1.8
(1.6), while dark matter is overabundant below these lines. Even in the limiting case where m⇡/f⇡ = 4⇡ (which allows for the
smallest coupling between the hidden sector and Standard Model), cosmologically favored regions of parameter space can be
probed with existing and future experiments. Contours of the dark matter self-interaction cross-section per mass, �scatter/m⇡,
are shown as vertical gray dotted lines. For Nf = odd flavors of light HS quarks, light dot-dashed gray contours denote regions
excluded by measurements of the CMB.
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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
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do not mix with the dark photon are heavier than 2m⇡. In this case, only the hidden sector ⇢ and � decay into Standard
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(4⇡) in the top (bottom) row. The experimental results are insensitive to small variations in mV /m⇡ (except for values near
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In each panel, hidden sector pions make up all of the dark matter along the solid (dashed) black contours for mV /m⇡ = 1.8
(1.6), while dark matter is overabundant below these lines. Even in the limiting case where m⇡/f⇡ = 4⇡ (which allows for the
smallest coupling between the hidden sector and Standard Model), cosmologically favored regions of parameter space can be
probed with existing and future experiments. Contours of the dark matter self-interaction cross-section per mass, �scatter/m⇡,
are shown as vertical gray dotted lines. For Nf = odd flavors of light HS quarks, light dot-dashed gray contours denote regions
excluded by measurements of the CMB.
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Dark Matter Freeze-In
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Freeze-in requires 

αDM x αSM~10-26


⇒  naively undetectable


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

…but for sub-MeV DM, 
independent bounds on  
αDM and αSM imply very light 
mediator, ≲10–10 eV

➝ Weak but long-range, EM-
like coupling


(also possible –but not 
required – for heavier DM) 

If DM initial abundance vanishes, 
feeble DM-SM  
interactions  
produce DM in  
early Universe,  
but never enough to thermalize
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MAKING SUB-MEV DARK MATTER FROM A THERMAL PROCESS

From K. Schutz’s 
talk on Monday
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Direct Detection:

Direct Deflection:

Light mediator & ≲keV momentum 
transfer ➝ enhanced (hence 
detectable) cross-section

2
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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.

10-3 10-2 10-1 1 10 102 103 104 105105
10-18
10-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-710-7

mc @keVD

q e
ff
=
e
e¢
êe

B-f
ield
HDM Radio

L

E-f
ield
HIL

E-f
ield
HIIL

E-f
ield
HIIIL

stellar cooling CMB

Coulo
mb H19

71L

SN1987A
XENON10

SENSEI

Al2 3O

ZrTe5

I: Vsh = 5 m , TLC = 4 K, Q = 1043

II: Vsh = 10 m , TLC = 4 K, Q = 1063

III: Vsh = 10 m , TLC = 100 mK, Q = 1073

qeff HreachL µ Vsh
-7ê12 TLC

1ê4 Q-1ê4

freeze-in

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, NT, et al 1908.06982

Applied EM field induces classical 
deflection of DM charges – 
measure resulting fields in resonant 
detector 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Conclusions
✦ Sub-GeV DM ➝ Hidden Sector


– Bottom-up “portal” organization

– New forces ➝ new particles beyond DM

– Abundance is a strong hint ➝ follow it!


✦ Landscape of models & experimental opportunities

– Minimal freeze-out models can be found/excluded at 

accelerators – need tapestry of experiments to find the DM 
in our halo, measure its properties. 


‣ Freeze-in (especially sub-MeV) calls for more variety 

– Less simple freeze-out mechanisms allow weaker couplings, 

but have additional observational handles


✦ The story is intricate, but exciting and worth telling. 

✦Challenge: how to organize these possibilities and 

take stock of what the experiments teach us? �29
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Constraints from 
Mediator Production

✦ Scalar portal: mediator 
production & direct detection 
exclude all parameter space. 
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FIG. 2. Experimental constraints on Dirac fermion DM that annihilates through a light, Higgs-mixed mediator. We normalize the vertical axis
using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� ⇠ m⇡ where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)
4 for comparison with the solid black relic curve; choosing smaller values of

either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� ⇡ 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2⇡ near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> ⇤QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! ⇡

+
⇡
�). To account for these final states, we extract

this coupling from simulations of hadronically-decaying light-

✦ Vector portal: broad regions 
of viable parameter space; 
aligned with idea of 1,2-loop 
generated portal coupling
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Good news for challenging cases I
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Accelerator searches for dark matter  
probe semi-relativistic kinematics – similar 
to Big Bang production of DM, so  
different DM spins look similar. 

parameter space in these models corresponds to DM-mediator coupling strengths that are
SM-like.

It is worth noting that the dimensionless variable y is no longer a suitable parameter for
presenting results when m� > mA0 , as the DM annihilation proceeds trough ��̄ ! A0A0,
independent of the kinetic mixing strength. However, accelerators can still probe interesting
parameter space through o↵-shell DM production and through direct mediator searches,
where the mediator decays back to Standard Model Final States. The present status and
prospects for visibly-decaying A0 searches are taken from Ref. [180] and are shown in Fig. 22,
together with the thermal relic, asymmetric DM and ELDER targets. These searches are
poised to explore a large fraction of the well-motivated values of ✏ in the near future.

Sca
lar R

elic
Tar
get

BaBar

DarkLight

PADME

NA64

Pseu
do-
Dira

c Re
lic T

arge
t

VEPP-3
MMAPS

Belle II
NA64

LD
MX

ELDE
R Ta

rget

Maj
oran

a Re
lic T

arge
t

Asy
mm
etri
c Fe

rmi
on

1 10 102 103
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

mχ [MeV]

y
=
ϵ2
α D

(m
χ/
m
A'
)4

Missing Mass/Momentum Experiments (Kinetic Mixing, mA'= 3mχ)

FIG. 18: Current constraints (shaded regions) and sensitivity estimates (dashed lines) on the SM-
mediator coupling ✏ = gSM/e, for various experiments based on the missing mass, missing energy
and missing momentum approaches. The green band show the values required to explain the muon
(g-2)µ anomaly [56]. Right: Corresponding curves on the parameter y, plotted alongside various
thermal relic target. These curves assumes mA0 = 3m� and ↵D = 0.5. For larger mass ratios or
smaller values of ↵D, the experimental curves shift downward, but the thermal relic target remains
invariant. The asymmetric DM and ELDER targets (see text) are also shown as solid orange and
magenta lines, respectively. Courtesy G. Krnjaic.

H. Summary and key points

This chapter has reviewed the science case for an accelerator-based program and outlined
a path forward to reach decisive milestones in the paradigm of thermal light DM. The key
points of the discussion could be summarized as follows:

• The scenario in which DM directly annihilates to the SM defines a series of predictive,
well-motivated and bounded targets. Exploring this possibility is an important
scientific priority.

• A new generation of small-scale collider and fixed-target experiments is needed to
robustly test this scenario. The accelerator-based approach has the attractive
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Another parameter-space 
slice, highlighting


* DM search sensitivity 
when on-shell mediator 
not relevant (R<2 or ≫1)


* Complementarity of 
mediator searches (see 
B. Shuve, H. Otono talks)

produce sensitivity contours. The contours are chosen to
reflect either known or estimated backgrounds, as outlined
in each case. Wewill present two classes of figures, with the
goal of exhibiting the full parameter space of light DM
coupled to the SM through the vector portal.

A. The y – R plane

In this section, we present the fixed target and collider
sensitivities in the y–R plane, where R≡mA0=mχ . For a
fixed choice of DM mass mχ , this allows us to explore the
extrapolation in sensitivity from the fully off-shell EFT
regime at large masses (mA0 ≫ Ecm) to the opposite regime
where on-shell decays may enhance the rate, or resonant
effects become important. In Fig. 3, we show results for
pseudo-Dirac DM and two choices of mχ (10 MeV and
100 MeV) and DM-dark photon coupling (αD ¼ 0.1, 0.5).
Many of the qualitative features were already discussed
briefly in Sec. III. We summarize some of the physical
features as follows:

(i) Thermal target: The parameters required to ensure
the full DM relic abundance from freeze-out is
shown as a solid/dotted black line. The annihilation
process, χχ̄ → A0" → ff̄, is resonantly enhanced
near R ¼ 2. For R≲ 2, secluded processes such as
χχ̄ → A0A0 lead to an adequate abundance for much
smaller couplings to the SM and there is effectively
no sharp thermal target (shaded green).

(ii) EFT region: The R ≫ 1 regions of the figures show
that the sensitivity of fixed-target experiments
asymptotes to a fixed value. This occurs beyond

the value of R at which the production becomes
predominantly off-shell and well approximated by a
contact operator. Note that the contours for LEP
[and, in Fig. 3 (right), BABAR and Belle II] do not
flatten within the range of the plot, as the A0 can still
be produced on-shell for the parameter range shown.

(iii) Resonant production: For proton fixed-target experi-
ments, bremsstrahlung of the dark photon mediator
(and thus DM production) is resonantly enhanced
when mA0 is close to the mass of one of the SM
vector resonances, such as the ρ meson.

(iv) Light off-shell window: For R < 2, DM production
necessarily involves off-shell dark photons, leading
to the reduced sensitivity that is apparent in both
panels of Fig. 3.

(v) R ¼ 3: In much of the recent literature, the reach of
various experiments is compared after fixing R ¼ 3.
We observe that this is relatively conservative, but
does not fully illustrate the resonant freeze-out
region near R ¼ 2 or the off-shell freeze-out region
of Eq. (16).

In the right panel of Fig. 4, we show the results of a
similar set of calculations for scalar DM, fixing mχ ¼
10 MeV. To aid the visual comparison between the two
models, we show again the results for pseudo-Dirac DM
in the left panel. We note that the accelerator reach for
these two models is very comparable, aside from minor
differences when the dark photon is highly off-shell, due
to the distinct spin structure of the DM-dark photon
couplings. While the qualitative features of the thermal
target are similar for pseudo-Dirac and scalar DM, DM

FIG. 3. Existing constraints (shaded gray) and projected sensitivities (color) of various accelerator experiments to light dark matter in
the y–R plane are shown for fixed dark matter masses of 10 MeV (left panel) and 100 MeV (right panel). See Sec. IV for a
comprehensive summary. For mass ratios R ≲ 2, in dark gray we also include constraints from a search for visible dark photon decays at
BABAR [75] and previous beam dump experiments [6,76]. In each case, we consider two illustrative values of the hidden sector gauge
coupling, αD ¼ 0.1, 0.5, as shown by dotted and solid lines, respectively. For concreteness, we focus on a model of dark matter
consisting of a nearly degenerate pseudo-Dirac pair; the results for Majorana or scalar dark matter are qualitatively very similar (see the
right panel of Fig. 4). Along the black lines, the abundance of χ agrees with the observed dark matter energy density. For R≲ 2, the
shaded green region corresponds to dark photon-to-dark matter mass ratios for which secluded annihilations dominate over direct
annihilations to Standard Model particles. In this case, there is no sharp cosmological target in parameter space.
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