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INTRODUCTION
• Working Group 4 was charged with exploring 

– New Candidates: new dark matter models and frameworks 
– Targets: motivated regions of parameter space 
– Complementarity: of proposed (small-scale) experiments with existing (large-scale) DM 

experiments, of proposed experiments with each other, of different classes of DM 
probes, in potential for discovery, in potential for studying DM after discovery, etc. 

• This led to an extraordinarily diverse and exciting workshop 
program, full of innovative ideas in both theory and experiment, 
and very lively discussions: thanks to all participants! 

• Hard to summarize in a pithy way, but the talks and topics may 
be divided into 4 broad and overlapping areas 
– Anomalies as Targets 
– Astrophysics and Cosmology Constraints and Targets 
– New Candidates and Relic Abundance as Targets 
– Complementarity 
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The talks

Anomalies as Targets Astrophysics as Targets 
/Constraints

• Non-accelerator probes of light 
bosons: the 8Be anomaly and a 
photophobic 5th force, Iftah Galon

• 8Be and axial vectors, Jonathan 
Kozaczuk

• 8Be nuclear theory predictions, 
Xilin Zhang

• Proton radius, Richard Hill
• Future 8Be Experiments, Rafael 

Lang
• Future 8Be Experiments, Kyle 

Leach
• Isotope Shift Spectroscopy, Claudia 

Frugiuele

• Small scale structure, Annika Peter
• Self-interacting DM, Manoj 

Kaplinghat
• Supernovae constraints on dark 

mediators, Sam McDermott
• CMB, Tracy Slatyer



Relic abundance/Theory 
as Targets 

• Non-abelian dark sectors, Nikita 
Blinov

• SIMPle DM and Non-abelian 
Hidden sectors, Kim Boddy

• SIMPs and ELDERs, Maxim 
Perelstein

• Dynamical DM, Keith Dienes
• Inelastic thermal relics, Gordan 

Krnjaic
• Axions and WIMPs in natural SUSY, 

Howie Baer

Complementarity
• Accelerator Complementarity, 

Philip Schuster
• HPS First results, Omar Moreno
• Sensitivity of neutrino facilities to 

Z’ and DM, Claudia Frugiuele
• LAr DM searches: Darkside-20k 

and beyond, Mark Boulay
• ATLAS/CMS and light DM, Marco 

Trovato
• LHCb and light DM, Philip Ilten
• CTA, Brian Humensky
• Laser-trapped atom search for 

sterile neutrino DM,  Jeff Martoff
• N-mirrorN oscillations, Leah 

Broussard/Ben Rybolt
• Search for 10-100 Msolar mass 

MACHOs, Will Dawson

The talks



Anomalies and how to test them
Anomalies that may require new light weakly interacting bosons 
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Reanalysis of scattering data reveals strong influence of shape 
assumptions

Errors larger, but discrepancy remains
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The Atomki Experiment

Schematics

by F. Tanedo
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The Atomki Result

Bump-like excess in two distributions from Krasznahorkay et al.
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•Model including 
interference effects 
now available

•Non-trivial angular 
dependence

•Can’t explain it with 
nuclear theory
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Some BSM toy models

→( )

• X = vector 

L = LSM +X

• X = scalar - nucleon contact interaction

- quark contact interaction

- light scalar mediator

• X = vector with parity violating couplings  

Anomalies and models to explain them

“Never trust an experimental result until it has been confirmed by theory”—Eddington

• rp can be explained by light vector or scalar in 1-10 MeV range
• small quark couplings, distinguish e from mu

• 8Be can be explained by ~17 MeV boson coupling to e
• proto-phobic vector 
• Axial-vector

I.Galon
J. Kozaczuk
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Implica6ons	for	the	8Be	Anomaly	

Kozaczuk	 13	

Obtain	range	of	couplings	required	to	explain	the	Atomki	result	

Requirements	depend	on	precise	mass	(need	more	info	from	experimentalists)	

Demand	that	the	corresponding	isovector		
transi6on	rate	is	not	too	large	to	conflict	with		
null	results	(Feng	et	al,	2016)	

Matrix element Prediction
h0+kM1kVi (µN) 0.76(12)
h0+k�pkVi 0.102(28)
h0+k�nkVi �0.073(29)
h0+k�pkSi �0.047(29)
h0+k�nkSi �0.132(33)

Table 2: Predicted nuclear matrix elements for the various transitions of interest, obtained
by the correlation method described in the text. The predicted value of the M1 matrix
element for the physical isovector-like state (V) is consistent with the experimental value
0.84(7)µN .

As the |Si state is predominantly T = 0, MEC corrections to the decay of this state
are smaller and we expect this calculation to be more accurate than for the decay of the
|Vi state. In the upper left panel of Fig. 2 we observe a strong correlation between the
h0+|M1|Si matrix element and the isospin mixing, indicated by the purple band. We use
this correlation and the experimentally knownM1 strength to constrain the isospin mixing in
our calculations, and find |↵| = 0.35(8). This is larger than the value ↵ = 0.21(3) extracted
in Ref. [77] from a fit to data based on shell model calculations and a bare M1 operator, but
consistent with ↵ = 0.31(4) obtained in Ref. [75] that does include MEC corrections. With
this constraint, we make predictions for the other matrix elements, indicated by the hashed
boxes in Fig. 2. Our results are summarized in Table 2.

4 The 8Be Anomaly from an Axial Vector

Equipped with the nuclear transition matrix elements and the formalism described above,
we can now address the Atomki 8Be anomaly [22] in terms of a light axial vector. Recall that
the anomaly is seen in isoscalar 8Be⇤ ! 8Be transitions, but not in isovector 8Be⇤0 ! 8Be.
We find that this feature can arise naturally for decays to a light axial vector.

4.1 Isoscalar 8Be
⇤ ! 8Be+X Transitions

The original experimental paper reporting the 8Be anomaly also provided an interpretation
in terms of a light vector boson [22]. The best fit mass and decay rate explaining the observed
deviation from the predicted internal pair creation signal assuming BR(X ! e+e�) = 1 were
reported to be

mX ' 16.7MeV,
�8Be⇤!8BeX

�8Be⇤!8Be �

' 5.8⇥ 10�6 , (38)

with �8Be⇤!8Be � ' (1.9 ± 0.4) eV [23]. Best-fit points for fixed higher masses were subse-
quently presented in Ref. [25], citing a private communication with the authors of Ref. [22].
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Figure 2: Reduced transition matrix elements for the M1, �p, and �n operators between the

|Si (8Be⇤, left column) and the |Vi (8Be⇤0, right column) 1+ excited states and the ground state of
8Be as a function of the isospin mixing fraction |↵|2. Approximate corrections for meson exchange
currents have been included. Circles indicate results using the SRG 1.88 interaction, triangles
indicate the SRG 2.0 interaction, and squares indicate the EM 1.8/2.0 interaction. The single-
particle basis truncations are indicated by di↵erent colors: emax = 4 (cyan), 6 (green), 8 (blue),
10 (magenta), 12 (red). We include points for oscillator frequencies ~!=12, 16, 20, 24, and 28 MeV.
The M1 matrix element for the T ' 0, JP = 1+ state in the upper left is used to constrain the
range of the isospin mixing fraction, which is then used to make predictions for the other matrix
elements, indicated by the hashed boxes.

These are:

mX ' 17.3MeV,
�8Be⇤!8BeX

�8Be⇤!8Be �

' 2.3⇥ 10�6

mX ' 17.6MeV,
�8Be⇤!8BeX

�8Be⇤!8Be �

' 5.0⇥ 10�7.

(39)
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Figure 3: Quark couplings required to explain the MTA-Atomki 8Be anomaly via a light axial
vector assuming gu < 0, gd > 0, and electron couplings such that BR(X ! e+e�) = 1 is prompt.
The hatched bands, from lightest to darkest, correspond to the parameter space consistent with the
MTA-Atomki result for mX = 16.7, 17.3, 17.6 MeV. They were obtained for each mass by varying
the relevant nuclear matrix elements across their allowed ranges. The orange region to the upper
right is excluded by the non-observation of an excess in the isovector 8Be

⇤0 ! 8Be+ e+e� channel.

nuclear matrix elements within the ranges quoted in Table 2 and mX 2 [16.7, 17.6] MeV
are indicated by the orange shaded region in the figure. The limit is the strongest model-
independent constraint on the parameter space shown, highlighting the potential for nuclear
decay experiments to probe previously unexplored theories of light vector bosons. The
hatched regions in Fig. 3 are consistent with both the 8Be⇤ anomaly and the 8Be⇤0 constraint.
Roughly, this requires Max(|gu|, |gd|) . 10�4.

The results of Fig. 3 also reflect that the 8Be⇤0 ! 8Be+X transition rate can be suppressed
relative to that of the 8Be⇤ ! 8Be+X mode for an axial vector, which is an important virtue
of the axial vector interpretation. This e↵ect is dynamical, as can be seen by comparing the
relative sizes and signs of the reduced matrix elements in Table 2. In particular, the axial
vector matrix elements are of similar size for both the isoscalar and isovector states, while the
M1 matrix element relevant to the denominators in Eq. (40) is much larger for the isovector
than the isoscalar. This leads to a suppression of the isovector ratio in Eq. (40) relative to
the isoscalar that is not possible for a light gauge boson with only vector couplings, for which
the relevant matrix elements are also proportional to those for the M1 transition. One must
then rely on kinematic suppression of the vector contribution to this transition by pushing
the mass of the new particle closer to the 8Be⇤0 threshold [24, 25], which appears to worsen
the fit to experimental data.
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It is likely that the overall fit to the data is worse for these higher masses [22]. The best-fit
mass and width for an axial vector may also di↵er due to the potentially slightly di↵erent
angular distribution of e+e� pairs relative to a purely vector coupling. However, in both
cases more information about the experimental apparatus and analysis would be needed to
investigate these features in detail.

Starting with the decay widths listed above, we compute the range of quark couplings to
the axial vector that explain the 8Be anomaly. To do so, we use Eqs. (19,20) to relate the
quark couplings gq to the coe�cients ap and an, and then evaluate the decay width of Eq. (27)
varying the nuclear matrix elements listed in Table 2 across their uncertainty bands. The
final results are shown in Fig. 3 assuming gu < 0, gd > 0, gs = gd, and BR(X ! e+e�) = 1.

The ranges of potential axial vector quark couplings for the 8Be anomaly are fairly large
due to the significant uncertainties on the values of the nuclear matrix elements. If the
anomaly is confirmed in future experiments, it will be important to increase the precision
of the nuclear calculation. Despite these uncertainties, we can draw some preliminary
conclusions about the parameter space consistent with the anomaly. In general, we find that
Max(|gu| , |gd|) & 10�5 is required to explain the result. Note that this is significantly smaller
than the quark couplings needed for the protophobic vector explanation of the anomaly
studied in Refs. [24, 25]. This can be understood in terms of the leading partial wave for
the decay, with the axial vector decay proceeding at ` = 0 and proportional to k/mX ⌧ 1
(from phase space), while the vector decay proceeds at ` = 1 with a rate proportional to
k3/m3

X [24].

4.2 Isovector 8Be
⇤0 ! 8Be+X Transitions

The transition rate for 8Be⇤0 ! 8Be+X can be computed in the same way as discussed above.
Since no significant excess was seen in 8Be⇤0 ! 8Be + e+e� [22, 78], we must check whether
the quark couplings gq that explain the anomaly in the isoscalar channel are consistent with
the data in the isovector mode.

The condition we impose on the isovector channel for a given vector boson mass follows
that used in Ref. [24]:

�8Be⇤!8BeX

�8Be⇤!8Be �

> 5⇥ �8Be⇤0!8BeX

�8Be⇤0!8Be �

. (40)

This (approximate) requirement is obtained by assuming that the statistical uncertainties
on the 8Be⇤0 transition are comparable to those for the 8Be⇤ transition, and that the ratios
of the pair creation to electromagnetic transition rates are similar for both states.4. A more
precise upper bound on the isovector transition rate would require additional information
about the MTA-Atomki detector sensitivities.

In Fig. 3 we show the impact of the 8Be⇤0 condition of Eq. (40) on the possible ranges
gu and gd. Values of the couplings for which Eq. (40) is not satisfied for any value of the

4We thank Jonathan Feng for clarification on this point.
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From	Feng	et	al,	2016:	

An	Axial	Vector	Explana6on	

Kozaczuk	 9	

In	the	vector	case,	nuclear	matrix	elements	cancel	(in	the		

pure	isospin	limit)		

Cancella6on	does	not	hold	in	the	axial	vector	case	

�(8Be⇤ !8 BeX)

�(8Be⇤ !8 Be�)
/ h8Be |Jµ

X |8 Be⇤i
h8Be |Jµ

EM|8 Be⇤i
=

("p + "n)h8Be
��N̄�µN

��8 Be⇤i
h8Be

��N̄�µN
��8 Be⇤i

= "p + "n

�(8Be⇤ !8 BeX)

�(8Be⇤ !8 Be�)
/ h8Be |Jµ

X |8 Be⇤i
h8Be |Jµ

EM|8 Be⇤i
=

a0h8Be
��N̄�µ�5N

��8 Be⇤i
h8Be

��N̄�µN
��8 Be⇤i

JX
µ =

X

f

"f f̄�µ�5f

Here																																																														relates	nucleon	to	quark	operators,	with	current	

Need	matrix	element	

a0 = 2(�u+�d)(✏u + ✏d) + 4�s✏s



R.Lang
Anomalies and experiments to test them

Rafael Lang: A Beryllium-8 Experiment at Purdue 7 

Accelerator: Available 

pic of target hall 

AMS Facility: proton beam 

available 2m above floor 

• spot size <6 mm 

• current ~1 µA 

• energy ~0.5MeV – 8MeV Rafael Lang: A Beryllium-8 Experiment at Purdue 6 

Design driven by energy and 
angular resolution, particle 
ID, equipment availability and 
expertise 

High Resolution Magnetic Spectrometer 

luminosity monitor  

7Li target  

Si strip tracker  
plastic scintillator  
HPGe calorimeter  

Helmholtz coil  

• 8Be followup: parts “just lying around”
•Quick, cheap cross-check
•Hunting bumps requires good energy resolution, <70keV
• Improve bounds on <~20 MeV bosons
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Anomalies and experiments to test them
M. Brodeur and K. Leach

• Test Atomki result
• ~4pi detector
• 200 microA
• Cheap, fast
• Move on to other targets
• Smaller couplings 
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We can even come up with an observable where the SM 
background is completely data driven C. Frugiuele

• Atomic spectroscopy probes new 
long-range n-e force 

• “King linearity”
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Astrophysics as a target
Map from particle to astro space  
(and back again) 

M. Buckley & AP, in prep. Coupling w/SM 

H
alo scale on w

hich w
eirdness show

s up 

“There's gold in them thar 
dark matter phase space 
hills.” 

 ---Matt Buckley 

How SIDM solves the structure 
formation puzzles

With Ayuki Kamada, Andrew Pace and Hai-Bo Yu (2017)

A. Peter

M. Kaplinghat

• Microphysics <—> Macrophysics
• Lots of data, limited by people 
and $’s, need better simulations

• Puzzling diversity in galaxy 
rotation curves

• Fixed by SIDM
• Velocity dependent
• Motivates DM interacting 
through 1-00 MeV mediator

�/m ⇠ 1cm2/g



Astrophysics as a complementary probe

DM-DM self interactions can only be probed through 
astrophysics

New light force carriers in the dark sector would give SIDM, 
possibly with velocity dependent couplings

Learn something entirely new about the dark sector: 
observe 
or bound 
the size of its self interactions

DARK MATTER SCATTERING
v0(dwarf) � 40 km/s

v0(LSB) � 100 km/s

v0(cluster) � 1000 km/s
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Results
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Limits from Planck
• Planck Collaboration ’15 set bounds on DM annihilation; consistent with sensitivity 

predictions from TRS et al, Galli et al 09.

• Left plot shows Planck bound, right plot shows resulting cross-section limits for a range of 
channels from Slatyer ’15.

• These are general constraints; in terms of e.g. simple dark photon model, 1 GeV-100 TeV 
thermal-relic Dirac-fermion DM, annihilating into 1-100 MeV dark photons, appears to be 
ruled out (Cirelli et al 1612.07295).

region favored to explain 
AMS-02 positron excess

Dark and explosive times

T. Slatyer S. McDermott

• CMB constrains addition of e,
• Excludes many DM possibilities, 

motivates models with e.g. p-wave 
annihilation

� • SN constraints on dark photon
• Include resonance & F.T. effects
• Probes low coupling param. space, 

completely inaccessible to particle 
expts.



WIMPs “Keep on keeping on” 
Large scale experiments to search for weak scale DM

Mark Boulay

(New) Argon Collaboration

Researchers from 
o DarkSide
o DEAP
o ArDM
o MiniCLEAN

planning to collaborate on future program:

o Completion of current science and R&D programs by each collaboration 
(DS-50, DEAP-3600, MiniCLEAN, ArDM)

o Joint collaboration on DS-20K at LNGS, including Low Radioactivity 
Argon (operation starting 2021) and SiPM photodetectors

o Joint collaboration on future multi-hundred-tonne LAr detector, site TBD
(mid-2020’s)

DS-20K multi-100-T

Worldwide Ar community now unified into single collaboration

Mark Boulay

Sensitivity with Argon

16

Spin-Independent High-Mass RegionDEAP-3600

LUXDS50

XENON-1T

Argon has good sensitivity in high-mass region

DS-20K (20 tonnes UAr) competitive with LZ –
start operation 2021

1000-tonne years (future detector) reaches 
down to neutrino floor

Complimentary to xenon – only
other target allowing such large exposure

b/g discrimination: solar pp neutrino ES
background not a concern – in X1T,
LZ expected dominant bkg at ½ event per    
tonne-year after recoil discrimination

Expect DEAP3600 results this year M Boulay

GC Halo DM Sensitivity

¾ Thermal value of the annihilation cross-section is within CTA 
reach – for the first time an array of IACTs will be able to probe 
predicted WIMP parameter space.

¾ The observing strategy is based on the detection of the gradient 
in the rings (1° - 5°; width 1°) centered on GC with the strip 
|b|<0.3° removed. 

3/24/2017 B. Humensky, for CTA Consortium, Cosmic Visions 10

B. Humensky

CTA

The CTA Concept

¾ Arrays in northern and southern hemispheres for full sky coverage.
� 4 large (23 m) telescopes (LSTs) in the center: 20 GeV threshold.

¾ Southern array adds:
� 25 medium (9-12 m) telescopes (MSTs): 100 GeV – 10 TeV.
� 70 small (~4 m) telescopes (SSTs) covering >3 km2 – expand 

collection area >10 TeV (up to 300 TeV).
¾ Northern array adds 15 MSTs (no SSTs).
¾ Project cost estimate €297M + 1480 FTE-years ~ €400M.
¾ Operations cost estimated to be €20M/year.

3/24/2017 B. Humensky, for CTA Consortium, Cosmic Visions 2

Complementarity: Natural SUSY 
models with axions and WIMPs

H. Baer



Models of dark sectors
Models of DM have come a long way in 10-20 years
Often a result of dynamic experiment-theory interface
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Models of dark sectors
Models of DM have come a long way in 10-20 years
Often a result of dynamic experiment-theory interface
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Relics as a target

Leads to interesting changes in cosmology
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FIG. 14: In superWIMP scenarios, a WIMP freezes out as usual, but then decays to a superWIMP,
a superweakly-interacting particle that forms dark matter.

IV. SUPERWIMPS

In superWIMP scenarios [32, 33], a WIMP freezes out as usual, but then decays to a
stable dark matter particle that interacts superweakly, as shown in Fig. 14. The prototypical
example of a superWIMP is a weak-scale gravitino produced non-thermally in the late
decays of a weakly-interacting next-to-lightest supersymmetric particle (NLSP), such as a
neutralino, charged slepton, or sneutrino [32, 33, 56, 57, 58, 59, 60, 61]. Additional examples
include axinos [23, 62] and quintessinos [63] in supersymmetry, Kaluza-Klein graviton and
axion states in models with universal extra dimensions [64], and stable particles in models
that simultaneously address the problem of baryon asymmetry [65]. SuperWIMPs have
all of the virtues of WIMPs. They exist in the same well-motivated frameworks and are
stable for the same reasons. In addition, in many cases the WIMP and superWIMP masses
have the same origin. In these cases, the decaying WIMP and superWIMP naturally have
comparable masses, and superWIMPs also are automatically produced with relic densities
of the desired order of magnitude.

As noted above, superWIMPs exist in many different contexts. We concentrate here on
the case of gravitino superWIMPs. In the simplest supersymmetric models, supersymme-
try is transmitted to standard model superpartners through gravitational interactions, and
supersymmetry is broken at a high scale. The mass of the gravitino G̃ is

mG̃ =
F√
3M∗

, (11)
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FIG. 6. Parameter space compatible with thermal inelastic DM for different choices of � with constraints and future projections presented.
The black relic density curve is computed using the procedure described in Appendix A. For each choice of �, the relic density curve is
insensitive to the relative values of ✏, ↵D , or m1/mA0 , however, some constraints depend sensitively on these choices. Typical examples of
this sensitivity are LEP and (g � 2)µ for which the curves shown here are based only on their limits on ✏; the observables in question do
not depend on ↵D or the DM/mediator mass ratio. Thus, where appropriate, we have adopted the conservative prescription ↵D = 0.1 and
m1/mA0 = 3 to place these constraints on this plot, thereby revealing the remaining viable parameter space; see text for a discussion. The
colored curves in these plots represent new results computed in work: solid lines are existing constraints, and dashed lines are projections. The
gray shaded regions represent kinetic mixing constraints (g � 2)µ [57]; LEP [58]; and BaBar [17]. Finally, the vertical dashed line labeled
Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [59], excluding parameter
space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
are two qualitatively different signals: a scattering signal,
where �

1,2

up- or downscatter at the detector and produce a
recoiling target and possibly an e+e� pair, and a decay signal,
where �

2

survives to the detector and decays inside, produc-
ing an e+e� pair. The reach of these experiments depends
on their ability to distinguish these multiple signals. While
E137 is only sensitive to total energy deposits, the angular
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mediator physics!  This is a crucial part of the physics!
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DM-nucleon couplings

• lepto-phobic Z’ dijet results reinterpreted in terms of 
DM spin-1 mediators 
‣ Z’ width depends on (MMED, Mχ)

• and compared to complementary MET+X results

ATLAS DM Summary
2015+2016 ICHEP data

Dijet limits are very strong for (relatively) large gq, 
complementary to MET+X limits at lower gq 
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CMS DM Summary
• Mono-Jet and tt+DM (all-hadronic/semileptonic) 

compared in term of scalar/pseudo-scalar models 
• Recast of (MET+X) MMED Vs Mχ limits in terms of DM-

nucleon cross sections

Collider results provide the most stringent limits up to Mχ ~100 GeV
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literature:	from	Chapline (1976)	to	Carr
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measurement.
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TAKE HOME #1: A NEW ERA IN DARK MATTER

• Dark matter has long been one of the leading scientific 
problems of our time, but it has been transformed in recent 
years by innovative cross talk across many fields of physics 

• Previously: an astrophysical problem that leaked into particle 
physics: the cosmic frontier

!!!• Now: an incredibly fertile field 
for creative ideas about new 
particles and forces, spanning 
the cosmic, energy, and 
intensity frontiers, and also 
drawing on nuclear physics, 
condensed matter physics, 
and atomic physics



24 Mar 2017 21

TAKE HOME #2: SYNERGY WITH COSMOLOGY

• Precision cosmology now both constrains and motivates new ideas for the 
microscopic (particle) properties of dark matter 

• For example: CMB and supernovae constrain regions of parameter space 
inaccessible to particle experiments; small scale structure motivates new 
ideas about self-interactions with implications for particle experiments 

• Investments in simulations and astroparticle theory leverage the enormous 
amount of cosmological data already being collected and are guaranteed to 
tell us something interesting about dark matter properties
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<2.0 × 10−7 90 5 AGNESE 14 SCDM Ge
<3.7 × 10−5 90 6 AGNESE 14A SCDM Ge

<1 × 10−9 90 7 AKERIB 14 LUX Xe
<2 × 10−6 90 8 ANGLOHER 14 CRES CaWO4
<5 × 10−6 90 FELIZARDO 14 SMPL C2ClF5
<8 × 10−6 90 9 LEE 14A KIMS CsI

<2 × 10−4 90 10 LIU 14A CDEX Ge
<1 × 10−5 90 11 YUE 14 CDEX Ge

<1.08 × 10−4 90 12 AARTSEN 13 ICCB H, solar ν (τ+ τ−)
<1.5 × 10−5 90 13 ABE 13B XMAS Xe

<3.1 × 10−6 90 14 AGNESE 13 CDM2 Si
<3.4 × 10−6 90 15 AGNESE 13A CDM2 Si

<2.2 × 10−6 90 16 AGNESE 13A CDM2 Si

<5 × 10−5 90 17 LI 13B TEXO Ge
18 ZHAO 13 CDEX Ge

<1.2 × 10−7 90 AKIMOV 12 ZEP3 Xe
19 ANGLOHER 12 CRES CaWO4

<8 × 10−6 90 20 ANGLOHER 12 CRES CaWO4
<7 × 10−9 90 21 APRILE 12 X100 Xe

22 ARCHAMBAU...12 PICA F (C4F10)

<7 × 10−7 90 23 ARMENGAUD 12 EDE2 Ge
24 BARRETO 12 DMIC CCD
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TAKE HOME #3: IMPORTANCE OF THEORY

• Theory motivates new models and regions of parameter 
space, suggests new search methods, and draws 
connections between disparate phenomena. 

DM part of a 
dark sector

SIDM 
Astrophysics

Cosmology 
Relic story

Production of  
mediator in lab

Probe in low  
energy expts.

L = . . . Existing  
anomaly?

Direct  
detection

(In)visibly  
decaying mediators

Dark photons
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TAKE HOME #4: FAST AND CHEAP EXPERIMENTS

• New ideas and anomalies motivate ongoing and planned 
experiments, but also fast (<2 years) and cheap (~$1M) 
experiments: there is a rich menu to choose from! 



Thank you to all WG4 participants! 


