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• workshop in Maryland 
• white paper 
• grand vision for the future 

(in US, worldwide?) 
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• I didn’t write this 
• I didn’t attend the workshop 
• US vision… Is it relevant for 

the UK DM community? 

What is Cosmic Visions?



How to summarise 113 page white paper in 15 minutes?



Big picture summary

A lot of time and effort spent looking for WIMPs
new particles around the weak scale 
that {are/are not}* connected to the electroweak hierarchy problem 
*delete as appropriate

Great - keep looking for WIMPs…
…but also look elsewhere



Big picture summary
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Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13

WIMPs are only a small part of the interesting parameter space



More closely: 5 main themes

1. Theory
2. Low threshold direct detection
3. A suite of axion-like searches
4. Searches with particle accelerators
5. Resolution of current anomalies



1. theory

Why is theory needed? 

• motivates new models and regions of parameter space

• suggests new experiments

• and draws connections between disparate phenomena
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See Stephen and John’s ta
lks



More than WIMPs
how can we probe them?
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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FIG. 4: Ideas to probe low-mass DM via scattering o↵, or absorption by, nuclei (NR) or electrons
(ER).

Several well-motivated DM candidates can be probed. In several cases, sharp theory

targets in parameter spaces can be identified, which can be probed by first-generation, low-
cost experiments with target exposures of as little as 100 gram-days. These sharp targets
have been discussed in Section III. They assume that the basic interaction between the DM
and SM particles are through a dark photon, which allows the DM to couple to all electrically
charged particles:

• Elastic Scalar – a (complex) scalar particle, �, can obtain the observed relic abun-
dance from thermal freeze-out of the “direct-annihilation” process � + �⇤

$ A0⇤
!

SM + SM, where A0 is the dark photon [89]. The annihilation cross section, �ann is
proportional to ↵D✏2µ�,e/m4

A0 , and has precisely the same dependence as the direct-
detection cross section, �DD does on the fundamental parameters, mA0 (the dark-
photon mass), ✏ (the kinetic mixing), and ↵D (the “fine-structure constant” of the
dark U(1)) [50] (µ�,e is the DM-electron reduced). In fact, since the final DM relic
abundance, n�, is proportional to 1/�ann, the direct-detection rate is proportional to
n��DD ⇠ �DD/�ann, which is a constant for a given m�. So even if � constitutes only a
subdominant component of the entire DM, the “target” cross section on the �DD�m�

plane is a fixed line.

• Asymmetric Fermion – a Dirac fermion can obtain the correct relic abundance from
an initial asymmetry and provides an “asymmetric” DM candidate [13]. However, di-
rect annihilation between DM and SM particles from �+�̄ ! A0⇤

$ SM+SM produces
also a symmetric component, whose abundance is smaller for larger annihilation cross
sections [43]. The symmetric component can annihilate and, if its abundance is too
large, distort the Cosmic Microwave Background power spectrum. The CMB thus sets
a lower bound on the annihilation cross section and, therefore, on �DD [50].

• ELDER – An “elastically decoupling relic” (ELDER) has its relic abundance set by
its elastic scattering o↵ SM particles through A0 exchange (as opposed to annihilation
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FIG. 5: Sample processes considered in this section to detect DM, �. Top left: DM-nucleus
scattering. Top middle: DM-electron scattering. Top right: DM-nucleus scattering with emission
of a photon. Bottom left: Absorption by an electron of a bosonic DM particle (a vector A0, scalar
�, or pseudoscalar a). Bottom middle: Absorption by an electron of a bosonic DM particle, made
possible by emission of a phonon �. Bottom right: Emission of multiple phonons in DM scattering
o↵ helium.

2. Ideas to Probe Low-Mass Dark Matter

Over the past decade, several strategies have been proposed that maximize the energy
transfer to the target. In some cases this is at the expense of a modest rate suppression,
but this is at least partially o↵set by the larger DM particle flux expected as m� is lowered.
These interactions include:

• DM-Electron Scattering (1 keV – 1 GeV): For low-mass DM elastic scattering
(Fig. 5, top middle), the DM energy is transferred far more e�ciently to an electron
than to a nucleus [48]. If the DM is heavier than the electron, the maximum energy
transfer is equal to the DM kinetic energy,

Ee 
1

2
m�v2

� . 3 eV
⇣ m�

MeV

⌘
. (10)

Bound electrons with binding energy �EB can thus in principle produce a measurable
signal for

m� & 0.3 MeV ⇥
�EB

1 eV
. (11)

This allows low-mass DM to produce ionized excitations in drift chambers (�EB ⇠

10 eV) for m� & 3 MeV [48, 90, 91], to promote electrons from the valence band to the
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Main Science Goal Experiment Target Readout Estimated Timeline

Sub-GeV Dark

Matter (Electron

Interactions)

SENSEI Si charge ready to start project

(2 yr to deploy 100g)

DAMIC-1K Si charge ongoing R&D

2018 ready to start project

(2 yr to deploy 1 kg)

UA0(1)

liquid Xe TPC

Xe charge ready to start project

(2 yr to deploy 10kg)

Scintillator w/

TES readout

GaAs(Si,B) light 2 yr R&D

2020 in sCDMS cryostat

NICE; NaI/CsI

cooled crystals

NaI

CsI

light 3 yr R&D

2020 ready to start project

Ge Detector w/

Avalanche Ioniza-

tion Amplification

Ge charge 3 yr R&D

1 yr 10kg detector

1 yr 100kg detector

PTOLEMY-G3,

2d graphene

graphene charge

directionality

1 yr fab prototype

1 yr data

supercond. Al cube Al heat 10+ yr program

Sub-GeV Dark

Matter (Nucleon

Interactions)

Superfluid helium

with TES readout

He heat, light 1 yr R&D; 2018 ready to

start project; 2022 run

Evaporation &

detection of He-

atoms by field

ionization

superfluid helium,

crystals with long

phonon mean free

path (e.g. Si, Ge)

heat 3 yr R&D; 2020 ready to

start project R&D

color centers crystals (CaF) light R&D e↵ort ongoing

Magnetic bubble

chamber

Single molecule

magnet crystals

Spin-avalanche

(Magnetic flux)

R&D e↵ort ongoing

Searches down to

Neutrino Floor for

O(GeV) Dark

Matter

SuperCDMS-G2+ Ge heat, ionization 3 yr R&D; 1 yr fabrication;

2022 start running

NEWS-G H, He charge 140cm sphere installed at

SNOLAB in 2018

NEWS-dm

emulsions

Si, Br, I, C, O, N,

H, S

charge

directionality

R&D phase complete.

Now technical test

CYGNUS HD-10 SF6, He

flexible

charge

directionality

1 yr R&D; 1 yr 1 m3;

2 yr 10 m3

Scintillating bub-

ble chamber

Xe, Ar

C6F6, H20

light

heat(bubble)

2 yr program; test 10kg Xe

chamber with CENNS

Spin-Dependent

(Proton) Interactions

PICO

bubble chambers

wide range heat(bubble) 40 l chamber now

PICO 500 l next

TABLE I: Proposals and ideas for new experiments, grouped according to their main science target

as identified in Working Group 1: 1) Sub-GeV DM (Electron Interactions), 2) Sub-GeV DM (Nucleon

Interactions), 3) Searches down to the Neutrino Floor for O(GeV) Dark Matter, and 4) Spin-dependent

(Proton) Interactions. Note that several proposals can probe more than one science target. Within each

category, the proposal/idea is ordered roughly according to the timescale needed to start the project. The

target material and main readout channel are also listed.
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FIG. 6: Constraints and projections for the DM-electron scattering cross section �̄e. The left (right)

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

and assume a dynamic range of 10 meV–10 eV. 50
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Axions as/more motivated than WIMPs
Section Editors: Aaron Chou, Peter Graham

V. DETECTION OF ULTRA-LIGHT (SUB-MILLI-EV) DARK MATTER

The axion and hidden photon are well-motivated dark matter candidates with models
providing both viable production mechanisms and testable phenomenology. To date, only a
tiny fraction of the parameter space for such ultralight dark matter (as discussed in Section
III C) has been probed by existing experiments. Excitingly, thanks to significant growth in
interest in this area recently, there are now experiments or proposals which cover the entire
viable mass range down to 10�22 eV. These experiments are highly complementary in their
mass reach as well as coupling type; together they search for all four di↵erent possible types
of couplings the dark matter can have (discussed in Section III C). Figure 10 is a rough
cartoon of the complementary nature of these experiments, both in mass and coupling. In
particular, it now seems likely that a combination of these experiments can reach sensitivity
to the QCD axion over a broad range of axion masses.

DM mass:
10-22 eV

Couplings 
E&M 
QCD 
Spin 
Scalar

10�8 Hz

ADMX
HAYSTAC

LC Circuit
DM Radio
ABRACADABRA

CASPEr-ElectricEot-Wash (spin)

Atom Interferometry (spin)

1012 Hz108 Hz104 Hz10�4 Hz 1 Hz

10�18 eV 10�14 eV 10�10 eV 10�6 eV 10�2 eV

CASPEr-WindEot-Wash (scalar)

Atom Interferometry (scalar)

E&M
NMRatom interferometry

torsion balances

IAXO ARIADNE

NMRx-ray

Technique:

Experiment:

FIG. 10: Mass range for ultralight dark matter. Very rough optimal frequency ranges are shown for
each experimental technique discussed in WG2. Names of particular experiments and proposals
discussed in this section are shown below their corresponding technique. The names are color-
coded by the DM coupling being searched for. This is only meant as a cartoon – for details of each
experiment’s sensitivity see the relevant discussion below.

Searches for dark matter in this mass range use techniques which are very di↵erent than
those used in traditional particle physics experiments. In this range the dark matter can
more usefully be thought of as a field (or wave) oscillating at a frequency equal to its
mass. Unlike a traditional particle detector (e.g. WIMP detection experiments) which looks
for the energy deposited by a single hard collision, detectors searching for such light dark
matter must look for the collective e↵ect of all the dark matter particles in the wave. This is
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FIG. 13: (Left) CASPEr experimental scheme for measuring an AC nucleon electric dipole moment
dN . (Right) CASPEr projected sensitivity to the EDM coupling gd where dN = gd · a and a is the
local amplitude of the coherently oscillating dark matter wave.

perience an oscillating torque due to interaction with the axion dark matter field. If the
constant bias magnetic field B0 is such that the frequency of this torque (ie axion Comp-
ton frequency !a) matches the nuclear spin Larmor frequency, the spins tilt and undergo
Larmor precession, creating a transverse oscillating magnetization, detected by a sensitive
magnetometer, such as a SQUID, see fig. 13. The search strategy is to sweep the value of
the bias magnetic field, thus sweeping through a range of axion masses.

The pathfinder experiment (CASPEr-now) is currently under construction, this will prove
feasibility and place limits on axion-like dark matter beyond current astrophysical constraints
– see fig. 13. A full experiment would be similarly cost-e↵ective and reach couplings at the
QCD axion level over a wide range of masses over a 3-5 year time scale.

7. Torsion Balances

The sensitivity range for ultra-light dark matter can be dramatically extended by building
two new state-of-the-art torsion balances. One device will measure the time-dependent
di↵erential-acceleration signature of directly-coupled (hidden photon) dark matter [143] and
the other will probe the time-dependent spin-precession signature of spin-coupled (axion)
dark matter [144]. Together these detectors will probe both classes of ultra-light dark matter
over the lightest 30% of their possible log mass-ranges, from 10�22 eV to 10�15 eV, including
the very well-motivated target of 10�22 eV that would solve two outstanding discrepancies
of conventional cold-dark-matter simulations[145] [146].

These devices will improve upon the very-high sensitivity rotating torsion-balance tech-
niques developed by the Eot-Wash group that set the tightest bounds on DC long-range
forces [147], [148]. The dark matter-induced twist on the pendulum will be triply-modulated,
at the product of the turntable, the earth’s rotation, and the DM Compton frequencies [143].
This distinctive signal will allow highly e↵ective suppression of systematics and 1/f noise,
allowing the new DM experiment to exploit fully the raw sensitivity of the torsion balance.

The following innovations will increase the raw sensitivity relative to previous torsion
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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Henning told us about the ATLAS/CMS/LHCb searches

How can we probe low mass region with small portal couplings?



4. Searches with particle accelerators

Make sense for the USA 
(particle physics again at SLAC)
Does it make sense for UK to 

focus on…?

Example: LDMX

The Light Dark Matter eXperiment

The search for non-gravitational interactions of dark matter has been framed by several ideas

that encourage a focus on MeV to TeV mass scales. The thermal freeze-out mechanism, an elegant

and quantitatively successful explanation for the origin and abundance of dark matter, strongly

motivates this mass range. The origin of electroweak symmetry breaking points to new weak-scale

physics, of which dark matter could be an important component. Finally, familiar stable matter

resides in the lower half of this mass range, motivating searches for dark matter of comparable

mass.

The WIMP paradigm is an elegant embodiment of these ideas, but the simplest scenarios and

the weak-scale physics behind them, such as supersymmetry, are now disfavored by direct and

indirect detection limits and LHC results. Hidden sector dark matter, coupled to normal matter

by a new force, is another simple realization of thermal dark matter, which naturally extends the

viable mass range into the sub-GeV region. Hidden sectors, which are common in theories of new

weak-scale physics, minimally contain a new particle charged under a single Standard-Model-like

force carrier, which may arise from weak-scale new physics and yet be significantly lighter. This new

force has several attractive implications: it provides a natural explanation for the stability of dark

matter, mediates interactions with the Standard Model, and realizes the thermal relic paradigm

over the MeV to GeV mass range.

Searches for light hidden sectors can be sensitive to the force mediators, as well as to the dark

matter itself. Accelerator-based fixed target searches employing the missing-momentum technique,

such as the Light Dark Matter eXperiment (LDMX), are particularly comprehensive probes of

hidden sector physics. In the simplest and most predictive hidden sector scenarios, those with

dark matter annihilating through a light vector mediator, LDMX has the sensitivity to definitively

explore thermal relic dark matter over most of the MeV to GeV range, and can also measure key

properties of the mediator. In contrast, non-relativistic scattering cross sections can be velocity-

or loop- suppressed, leading to thermal relic signals as much as twenty orders of magnitude below

the sensitivity of current direct detection experiments. Furthermore, LDMX has the sensitivity to

probe a broad range of light weakly-coupled physics beyond dark matter.

The figure below left illustrates the comprehensive capability of LDMX to confront the low-

mass thermal relic hypothesis. LDMX employs a low current 4 to 8 GeV high-repetition-rate

electron beam, from, for example, the proposed SLAC DASEL beamline. The dark force carrier is

produced via dark bremsstrahlung in the interaction of the electron beam with a thin target. The

experimental signature is a soft wide-angle scattered electron and missing energy. The detector,

shown below right, is composed of a tracker surrounding the target, to measure each incoming

and outgoing electron individually, and a fast hermetic calorimeter system capable of sustaining an

O(100) MHz rate while vetoing low-multiplicity Standard Model backgrounds. LDMX leverages

mature and developing detector technologies and expertise from the HPS and CMS experiments to

achieve the required detector performance to discover light dark matter.
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The Light Dark Matter eXperiment

The search for non-gravitational interactions of dark matter has been framed by several ideas

that encourage a focus on MeV to TeV mass scales. The thermal freeze-out mechanism, an elegant

and quantitatively successful explanation for the origin and abundance of dark matter, strongly

motivates this mass range. The origin of electroweak symmetry breaking points to new weak-scale
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resides in the lower half of this mass range, motivating searches for dark matter of comparable
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by a new force, is another simple realization of thermal dark matter, which naturally extends the

viable mass range into the sub-GeV region. Hidden sectors, which are common in theories of new

weak-scale physics, minimally contain a new particle charged under a single Standard-Model-like

force carrier, which may arise from weak-scale new physics and yet be significantly lighter. This new

force has several attractive implications: it provides a natural explanation for the stability of dark

matter, mediates interactions with the Standard Model, and realizes the thermal relic paradigm

over the MeV to GeV mass range.

Searches for light hidden sectors can be sensitive to the force mediators, as well as to the dark

matter itself. Accelerator-based fixed target searches employing the missing-momentum technique,

such as the Light Dark Matter eXperiment (LDMX), are particularly comprehensive probes of

hidden sector physics. In the simplest and most predictive hidden sector scenarios, those with

dark matter annihilating through a light vector mediator, LDMX has the sensitivity to definitively

explore thermal relic dark matter over most of the MeV to GeV range, and can also measure key

properties of the mediator. In contrast, non-relativistic scattering cross sections can be velocity-

or loop- suppressed, leading to thermal relic signals as much as twenty orders of magnitude below

the sensitivity of current direct detection experiments. Furthermore, LDMX has the sensitivity to

probe a broad range of light weakly-coupled physics beyond dark matter.

The figure below left illustrates the comprehensive capability of LDMX to confront the low-

mass thermal relic hypothesis. LDMX employs a low current 4 to 8 GeV high-repetition-rate

electron beam, from, for example, the proposed SLAC DASEL beamline. The dark force carrier is

produced via dark bremsstrahlung in the interaction of the electron beam with a thin target. The

experimental signature is a soft wide-angle scattered electron and missing energy. The detector,

shown below right, is composed of a tracker surrounding the target, to measure each incoming

and outgoing electron individually, and a fast hermetic calorimeter system capable of sustaining an

O(100) MHz rate while vetoing low-multiplicity Standard Model backgrounds. LDMX leverages

mature and developing detector technologies and expertise from the HPS and CMS experiments to

achieve the required detector performance to discover light dark matter.
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DARK MATTER AT ACCELERATORS

Beam dump:

proton/electron/muon beam dumps: LSND, MiniBoone


Missing mass/momentum/energy: 

LHC, monojet

B-factories, monophoton

electron/positron fixed target


12

beam

χ

χ
fixed target


(electron)

Timeline: phase I is currently taking data; on-going design studies for phase II. Sen-
sitivity: ✏2 & 10�6 in the range 10 < mA0 < 80 MeV. Project cost within small-scale
experiment guideline. Reference: [215].

• LDMX at SLAC or JLab (missing momentum): missing momentum experiment
at the DASEL beamline at SLAC or at the CEBAF facility at JLab. LDMX proposes
to use a low current, high-repetition electron beam to achieve high statistics, with
an energy in the few GeV range. DM is produced from interactions between a thin
target and the electron beam via eZ ! eZ(A0

! ��̄). The experimental signature
consists of a soft wide angle scattered electron, characteristic of DM production at
an electron fixed-target reaction, and missing energy. The detector is composed of
a tracker surrounding the target to measure each incoming and outgoing electron
individually, and a fast hermetic calorimeter system capable of sustaining a O(100)
MHz rate while vetoing few-multiplicity SM reactions that can mimic the DM signal.
Timeline: > 2020. Sensitivity: ✏2 & 10�12 (phase I) and ✏2 & 10�14 (phase II) for m� <
400 MeV. Project cost within small-scale experiment guideline. Reference: [216].

• MMAPS at Cornell (missing mass): the principle of MMAPS consists of producing
a dark vector in e+e� ! �A0 reactions with a 5.3 GeV positron beam on a fixed Be
target. The beam is extracted in a slow spill from the Cornell synchrotron. The A0

mass is inferred by measuring the outgoing photon kinematics with a CsI calorimeter.
This A0 search method provides sensitivity to all possible decay modes limited only by
detector resolution and QED background from large-angle photon production, such
as e+e� ! �� or e+e� ! �e+e�, where charged final particle(s) sometimes escape
undetected.
Timeline: proposal stage, no starting date (>2020). Sensitivity: ✏2 & 10�8 in the
range 20 < mA0 < 75 MeV. Project cost within small-scale experiment guideline.
Reference: [217].

• SBN at FNAL (proton beam-dump): DM scattering in liquid argon TPC detectors
at the 8 GeV Booster Neutrino Beamline at FNAL. The SBN program consists of
three detectors of 112 ton (SBND), 89 ton (microBooNE), and 476 ton (ICARUS-
T600) situated at 110 m, 470 m and 600 m downstream the beam dump, respectively.
The dark matter beam is primarily produced via pion decays out of collisions from the
primary proton beam, and identified via DM-nucleon or DM-electron elastic scatter-
ing in the detector. The neutrino-induced background could be significantly reduced
by steering the proton beam around the production target in dedicated dark mat-
ter running modes. SBND is expected to yield the most sensitive results and could
improve upon MiniBooNE by more than an order of magnitude with 6 ⇥ 1020 POT.
Further improvement could be achieved by replacing the neutrino horn with an iron
target or building a new target station to allow simultaneous neutrino and dark matter
running modes. Timeline: Detector commissioning and running in 2018. Sensitivity:
y & 10�12 for m� < 400 MeV. Project cost within small-scale experiment guideline.
Reference: [218, 219].

• SeaQuest (direct mediator search): visible dark photon decay searches at the muon
spectrometer at the 120 GeV Main Injector beamline at FNAL. Parasitic run with
the SeaQuest/E1039 polarized target experiment. Sensitive to prompt and long-lived
dark photon dimuon decays, as well as more complex dark sector signatures (e.g. dark
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5. Resolution of current anomalies
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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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8Be⇤ !8 Be + e� + e+
Excess in the distribution 
of e+e− opening angles in: 

Evidence for

Test with new nuclear experiments eg @Purdue, @Notre Dame
or Isotope Shift Spectroscopy (Yb+ transitions) 

8Be⇤ !8 Be +X, X ! e� + e+ (mX = 17 MeV) ??



Summary

[New experiments] exploit unique US-based facilities and/or expertise, 
and represent natural opportunities for US leadership in the field. 

UK already contributing much - see talks after lunch

Can/should UK community look for other opportunities?                 
Xe experiments can probe low mass: lessons from Zeplin I, II, III? 

Can/should theory &experiments community work more closely? 
(particularly important if funding is squeezed?)

We should search for dark matter along every feasible avenue



Thanks


