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• Dark Matter exists, awaiting for discovery

• In general, Dark Sectors may exist, too
• Very little clue on mass scales now
• WIMP still main paradigm, but we are marching to the neutrino floor
• Many new ideas on lighter dark matter and how to test them
• Vibrant area and need more data!

Dark Matter/Dark Sector Introductory talk [H. Murayama]

Evidence for Dark Matter

Gravitational Lensing 

“Weighs” total matter: requires ~85% of  matter to be “dark”

Images NASA/ESA

get bent”
-Bart

Simpson
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Evidence for Dark Matter

Hot plasma of hydrogen atoms and photons, 
and DM and cc

Evidence for Dark Matter

The Bullet Cluster

X-rays (hot gas)

Mass distribution 
(gravitational lensing)



Big Questions

1) How do we search for DM, depending on its properties?
What are the main differences between light Hidden Sector DM and WIMPs?    
How broad is the parameter space for the QCD axion? 

2)  What are the most promising experimental programs, approved or proposed,  
to probe the different DM possibilities in a compelling manner?       

3) How to compare results of different experiments in a more model-
independent way? 

4) How will direct and indirect DM Detection experiments inform/guide  
accelerator searches and vice-versa? 
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Session 1 (1.5 hours) – Introduction and Synergies - Scientific Secretary: K. Zurek
• Talk 1: Dark Sectors and DM Models: from Ultralight to Ultraheavy (25+5) H.Murayama (Berkeley and Tokyo)
• Talk 2: Dark Matter Direct Detection Searches (25+5) J. Monroe (London)
• Talk 3: Indirect DM Detection Overview (15+5) C. Weniger (Amsterdam)

Session 3 (1.5 hours) – Axions/ALPs - Scientific Secretaries: J.Jaeckel (Heidelberg) ,  B.Doebrich (CERN) 
• Talk 7: Ultra-light DM (ALPS) Theory and Overview (25+5) P. Agrawal (Harvard)
• Talk 8: ALPs: Lab Searches (15+5) A. Lindner (DESY)
• Talk 9: ALPs: Helioscope Searches (15+5) I. Irastorza (Zaragoza)
• Discussion for Axions/ALPs (30)  All

Session 4 (2.5 hours) – Fixed Target/Beam Dump - Scientific Secretaries: G.Krnjaic (Fermilab), K.Petridis (Bristol)
• Talk 10: Theory and Overview (25+5) C. Frugiuele (Weizmann)
• Talk 11: Lepton Beams: LDMX@eSPS (NA64++ AWAKE ++)                                  (12+3) R. Poettgen (Lund)
• Talk 12: Proton Beams: SHiP@BDF QCD        (12+3) E. Graverini (EPFL)
• Talk 13: General Perspective                                                                      (15+5) C. Vallee (Marseille)
• Discussion for Fixed Target/Beam Dump                                                                     (70) All
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Session 2 (2.5 hours) – DM at Colliders  (joint w/ BSM)  Scientific Secretaries: C.Doglioni (Lund), M.McCullough (CERN) 
• Talk 4: How can/will Direct and Indirect DM Searches guide DM Searches at Accelerators? (25+5) M. Lisanti (Princeton)
• Talk 5: Theory: DM at Colliders (25+5) M. McCullough (CERN)
• Talk 6: Experiment: DM at Colliders (25+5) C. Doglioni (Lund)
• Discussion for Sessions 1 and 2    (60) All

Dark Matter and Dark Sector Parallel Sessions, May 13-14, 2019 
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SIMPs	/	ELDERS	

Ultralight	Dark	Ma5er	

Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

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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Dark Matter Candidates: Very little clue on mass scales

Too small mass
⇒ won’t “fit” 
in a galaxy!

From MACHOs 
searches



6

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 
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Thermal Equilibrium in early 
Universe narrows the viable 

mass range

Hidden Sector

Folding in assumptions about early universe cosmology we can motivate more specific mass scales

Explorable at accelerator based DM searches: collider and fixed target/beam dump experiments  

Phenomenology of low mass region [MeV-GeV] thermal DM is quite different from Standard WIMP

==> Demands light mediator/s that in themselves are a search target

Dark Matter Candidates: Very little clue on mass scales
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What is meant by a dark sector ?     
A Hidden sector, with Dark matter, that talks to us through a Portal 

Dark Sectors

Portal can be the Higgs boson itself or New Messenger/s

Dark sector has dynamics which is not fixed by Standard Model dynamics
à New Forces and New Symmetries 
à Multiple new states in the dark sector, including Dark Matter candidates

Interesting, distinctive phenomenology
Long-Lived Particles
Feebly interacting particles (FIP’s)

Portal
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Gravitational Interactions

DM

Galactic-Scale Observables

Production

DM

SM DM

SM

Scattering or Absorption

SM

DM DM

SM

Annihilations

DM

DM SM

SM

Conclusions

Gravitational Interactions

DM

Galactic-Scale Observables

Production

DM

SM DM

SM

Scattering

SM

DM DM

SM

Annihilations

DM

DM SM

SM

Over next few decades, important advancements in both astrophysical and 
terrestrial probes will test WIMPs and Hidden Dark Sectors

Over next few decades, important advancements in both astrophysical 
and terrestrial probes will test WIMPs and Dark Sectors 

M. Lisanti’s Talk

(Indirect Detection) (Direct Detection) (Accelerators)



9

9

Indirect Detection Searches for Dark Matter C. Weniger’s talk

No conclusive signals from indirect DM searches so far 

But, slow and steady progress being made on indirect searches in many fronts
• Diffuse gamma rays, e.g Galactic Center GeV Excess 
• 3.5 keV “Sterile Neutrino decay”
• Antiproton excess from cosmic rays
• Neutrinos from DM annihilation in the Sun

It is possible that in the future it will be a convincing signal from one or more indirect DM searches

This will have large impact on Direct Detection and Accelerator based DM searches



Tests of Small-Scale Structure 
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Tests of Small-Scale Structure

Vogelsberger et al. (2016)

host halo

Low-mass dark matter halos that do 
not contain galaxies

CDM predicts an abundance down 
to Earth-scale masses (~10-6 M☉)

Mass distribution depends on 
fundamental properties of dark matter

Dark Matter Subhalos

(DM-only)

M. Lisanti’s TalkTests of Small-Scale Structure

(DM-only)

Vogelsberger et al. (2016)

Observational constraints on subhalo masses powerful test of dark sectors 

DM

DM

SIDM example that suppresses 
formation of low-mass subhalos: 

Dark Matter 
Self Interacting

Scattering off
Dark Radiation 

DM

DM

DM DM

DR DR

Dissipative dark sectors can also 
affect small-scale structure

Observational constraints on subhalo masses powerful test of dark sectors
Lots of new data coming from e.g. Gaia, LSST
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WIMP Direct Detection Searches  
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Neutrino floor on xenonneutrino floor:” both ν-N and ν-e contribute backgrounds 

J. Monroe’s talk

Primary Weak Interactions
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CRESST 2015
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spin independent

LZ

Xenon1T

SuperCDMS

Direct Detection of WIMPs

Current experiments are probing Higgs-exchange regime

Marching down to the Neutrino Floor



WIMP Standard Candles
• Still a viable solution for Thermal DM  (e.g. in many SUSY extensions/regions)
• Being broadly probed by Direct and Indirect detection as well as Collider experiments 
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Sources detailed in backup slides.

Projected Wino Limits
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Pure Wino DM HESS, Galactic Center
• Thermal abundance requires Wino mass of 

about 2.9 TeV

• DD:   just above the neutrino floor.
Ballpark of DarkSide 20k-200t-yr,   
DARWIN 200t-yr and Argo 3000t—yr. 

• ID: Wino only constitutes all the DM for 
density profiles not generically produced in 
simulations of Milky Way-like galaxies

[1307.4082] 
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.

tainty from pQCD (hadronic inputs). Subleading cor-
rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D
SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.

Consider a mixture of Majorana SU(2)W singlet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 , with

had
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,

T a =

0
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The couplings to the Higgs field and residual mass
matrix are respectively given by

f(H) =
g21p

2

0

B@
0 HT iHT

H 02 02

iH 02 02

1

CA+

"
iH ! H

1 ! 2

#
+ h.c. ,

�m = diag(MS ,MD14)�Mref15 , (7)

where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
p
2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
plies that the partner state contributes at leading

See more details on Colliders in P. Sphicas’ talk

Talks by Lisanti, Monroe and McCullough

• @ Hadron Colliders: Disappearing tracks
• @Lepton Colliders: Reach close to kinematic limit plus

precision measurements extended reach

1309.4092
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Projected Wino Limits
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• Thermal abundance requires Higgsino mass of about  1.1 TeV

• DD: Suppressed. Deep in neutrino floor region

• ID: Bounds strongly dependent on halo morphology.
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FIG. 2: SI cross sections for low-velocity scattering on
the proton as a function of mh, for the pure cases indi-
cated. Here and in the plots below, dark (light) bands
represent 1� uncertainty from pQCD (hadronic inputs).
The vertical band indicates the physical value of mh.
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rections in ratiosmb/mW and ⇤QCD/mc are expected
to be within this error budget. Stronger cancellation
between spin-0 and spin-2 amplitudes in the doublet
case implies a smaller cross section,

�D
SI . 10�48 cm2 (95%C.L.) . (5)

We may also evaluate matrix elements in the nf =
4 flavor theory. Figure 3 shows the results as a func-
tion of the charm scalar matrix element. Cancella-
tion for the doublet is strongest near matrix element
values estimated from pQCD. Direct determination
of this matrix element could make the di↵erence be-
tween a prediction and an upper bound for this (al-
beit small) cross section.

Previous computations of WIMP-nucleon scatter-
ing have focused on a di↵erent mass regime where
other degrees of freedom are relevant [14], or have

neglected the contribution c(2)g from spin-2 gluon op-
erators [2]. For pure states, this would lead to an
O(20%) shift in the spin-2 amplitude [25], with an
underestimation of the perturbative uncertainty by
O(70%). Due to amplitude cancellations, the result-
ing e↵ect on the cross sections in Fig. 2 ranges from
a factor of a few to an order of magnitude.

Mixed-state cross sections. Mixing with an ad-
ditional heavy electroweak multiplet (of mass M 0)
can allow for tree-level Higgs exchange, but with
coupling that may be suppressed by the mass split-
ting � ⌘ (M 0 � M)/2. We systematically analyze
the resulting interplay of mass-suppressed and loop-
suppressed contributions through an EFT analysis in
the regime mW , |�| ⌧ M,M 0.
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FIG. 3: SI cross sections for low-velocity scattering on
the proton, evaluated in the nf = 4 flavor theory as a
function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm
content estimated from pQCD [9]. The region between
orange (black) dashed lines correspond to direct lattice
determinations in [12] ([13]).

respective masses MS and MD. The heavy-particle
lagrangian is given by (1), where hv = (hS , hD1 , hD2)
is a quintuplet of self-conjugate fields. The gauge
couplings are given in terms of Pauli matrices ⌧a,
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where Mref is a reference mass that may be conve-
niently chosen. Upon accounting for masses induced
by EWSB, we may present the lagrangian in terms of
mass eigenstate fields and derive the complete set of
heavy-particle Feynman rules; e.g., the Higgs-WIMP
vertex is given by ig22/

p
2 + (�/2mW )2 �̄v�vh0

with  ⌘
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2
1 + 2

2 and � ⌘ (MS�MD)/2. We may
also consider a mixture of Majorana SU(2)W triplet
of Y = 0 and Dirac SU(2)W doublet of Y = 1

2 . Ex-
plicit details for the construction of the EFT for these
heavy admixtures can be found in [4].
Upon performing weak-scale matching [4] and map-

ping to a low-energy theory for evaluation of matrix
elements [5], we obtain the results pictured in Fig. 4.
For weakly coupled WIMPs, we consider  . 1. The
presence of a scale separation M,M 0 � mW , im-
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1309.4092

Sources detailed in backup slides.

Projected Higgsino Limits
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• Still a viable solution for Thermal DM  (e.g. in many SUSY extensions/regions)
• Being broadly probed by Direct and Indirect detection as well as Collider experiments 

Pure Higgsino DM

• @ Hadron Colliders: Disappearing tracks
• @Lepton Colliders: Reach close to kinematic limit plus

precision measurements extended reach

See more details on Colliders in P. Sphicas’ talk

Talks by Lisanti, Monroe and McCullough

Departures from pure Higgsino (mixings with bino/singlino) 
can lead to rich phenomenology.

WIMP Standard Candles



New accelerator based searches for MeV - GeV dark matter  
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0

µ⌫B
µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-

dan, change this sentence once we know which one

gives us the best sensitivity. –yk) (With the recoil

cuts we have to impose to avoid neutrinos, I be-

lieve the answer is electron recoils, but I need to

do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1 The A0 can acquire mass either through a Stückelberg field or a
dark Higgs.

2 Throughout this paper, we focus on the region of parameter
space where the A0 primarily decays into dark matter rather
than visible-sector particles, namely gD > ✏e.
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. An on-shell A0 is radiated and decays o↵ diagonally
to 'h,� pairs. b) Inelastic up scattering of the lighter '� into
the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via 'h ! '�e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,

check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
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We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-

erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0

µ⌫B
µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-

dan, change this sentence once we know which one

gives us the best sensitivity. –yk) (With the recoil

cuts we have to impose to avoid neutrinos, I be-

lieve the answer is electron recoils, but I need to

do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1 The A0 can acquire mass either through a Stückelberg field or a
dark Higgs.

2 Throughout this paper, we focus on the region of parameter
space where the A0 primarily decays into dark matter rather
than visible-sector particles, namely gD > ✏e.
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FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,

check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is

h|A⇡0
!���̄|2i =

✏2↵2
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and if � is a Dirac fermion, this expression is
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-

erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0

µ⌫B
µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-

dan, change this sentence once we know which one

gives us the best sensitivity. –yk) (With the recoil

cuts we have to impose to avoid neutrinos, I be-

lieve the answer is electron recoils, but I need to

do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1 The A0 can acquire mass either through a Stückelberg field or a
dark Higgs.

2 Throughout this paper, we focus on the region of parameter
space where the A0 primarily decays into dark matter rather
than visible-sector particles, namely gD > ✏e.
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As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,

check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is
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where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
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valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-

erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the
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To directly compare to previous studies [], we will focus
on vector portal models of the dark sector [14–16]. Here,
a massive dark photon A0 from a new U(1)D kinetically
mixes with the standard model hypercharge gauge boson
via the operator1

L =
✏Y
2
F 0

µ⌫B
µ⌫ (1)

Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-

dan, change this sentence once we know which one

gives us the best sensitivity. –yk) (With the recoil

cuts we have to impose to avoid neutrinos, I be-

lieve the answer is electron recoils, but I need to

do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1 The A0 can acquire mass either through a Stückelberg field or a
dark Higgs.

2 Throughout this paper, we focus on the region of parameter
space where the A0 primarily decays into dark matter rather
than visible-sector particles, namely gD > ✏e.
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process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,

check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
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averaged over photon spins, is
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L =
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Dark matter, which can either be a scalar or a fermion,
has charge +1 under the U(1)D. This model has four
free parameters: the A0 mass mA0 , the dark gauge cou-
pling gD, the kinetic mixing parameter ✏Y , and the dark
matter mass mDM. After electroweak symmetry breaking
and diagonalizing the kinetic terms, A0 inherits a univer-
sal coupling to electromagnetic currents with strength ✏e,
where ✏ ⌘ ✏Y cos ✓W . In particular, the A0 can replace a
photon in any kinematically-allowed process, with an ac-
companying factor of ✏, such that any tree-level process
coupling the visible sector to the dark sector is propor-
tional to ✏2. DM can be produced via

⇡0 ! �A0(⇤) ! � DM DM, (2)

where the A0 can either be on- or o↵-shell.2 Similarly,
DM can be detected in a scintillator or mineral oil detec-
tor through electron recoil e+ DM ! e+ DM or nuclear
recoil Z+DM ! Z+DM through a t-channel A0. (Gor-

dan, change this sentence once we know which one

gives us the best sensitivity. –yk) (With the recoil

cuts we have to impose to avoid neutrinos, I be-

lieve the answer is electron recoils, but I need to

do a few more scans to be sure. –gk) The main de-
tection backgrounds come from neutral-current neutrino
scattering on nuclei, but because the maximum energy of
neutrinos produced from ⇡+ decays at rest is 52.8 MeV,
these backgrounds can be substantially mitigated by a
simple cut on the nuclear recoil energy.

This paper is organized as follows. In Sec. II, we de-
scribe the mechanism of A0 and dark matter production
in the DAE�ALUS target. In Sec. III, we describe the
mechanism of dark matter scattering in a detector such
as NO⌫A, and the associated signals. in Sec. IV, we sur-
vey the backgrounds to such a search, and in Sec. V we
present our sensitivity to the parameters ✏ and mA0 for
various dark matter masses. We conclude in Sec. VI. De-
tails of the various production and scattering calculations
can be found in Appendices A and B.

1 The A0 can acquire mass either through a Stückelberg field or a
dark Higgs.

2 Throughout this paper, we focus on the region of parameter
space where the A0 primarily decays into dark matter rather
than visible-sector particles, namely gD > ✏e.
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tracks to yield a instinctive, zero background signature.

FIG. 1: Schematic diagram of DM production in proton-
Carbon collisions, which copiously produce neutral pions
whose exotic decays yield A0 through kinetic mixing.

II. DARK MATTER PRODUCTION IN THE
DAE�ALUS TARGET

As mentioned in Sec. I, A0 vectors are produced by re-
placing a photon with an A0 in any kinematically allowed
process. At the 800 MeV proton kinetic energies of the
DAE�ALUS beam, ⌘ mesons are kinematically inacces-
sible, so photons come primarily from ⇡0 decays, with
a small portion coming from bremsstrahlung in the tar-
get and � decays � ! p + �. We have checked (Matt,

check this? –yk) that modes other than ⇡0 decay are
negligible for our sensitivity estimates, so we will focus
on DM production through

p +12 C ! p +12 C + ⇡0, ⇡0 ! �A0(⇤), A0 ! ��̄ (3)

where the A0 can be either on- or o↵-shell depending on
the mass of the DM.

If the DM � is a scalar, the analytic expression for the
three-body matrix element ⇡0 ! � ��̄ through an A0,
averaged over photon spins, is

h|A⇡0
!���̄|2i =

✏2↵2
D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s� 4m2

�)
�
m2

⇡0 � s
�2 � 4s(p · k1 � p · k2)2

i
,(4)

and if � is a Dirac fermion, this expression is

h|A⇡0
!� ��̄|2i =

4✏2↵2
D↵2

⇡f2
⇡ [(s�m2

A0)2 + m2
A0�2

A0 ]

h
(s + 2m2

�)
�
m2

⇡0 � s
�2 � 8s(p · k1)(p · k2)

i
,(5)

where ↵D ⌘ g2D/4⇡, p is the photon momentum, �A0

is the A0 width, k1 and k2 are the DM momenta, and
s = (k1+k2)2. If the A0 can go on-shell, the narrow width
approximation can be used to obtain a simple expression
for the branching ratio,

Br(⇡0 ! ���̄) = 2✏2
✓

1 � m2
A0

m2
⇡0

◆3

Br(⇡0 ! ��), (6)

valid for both scalar and fermionic DM.
We simulated dark matter production by obtaining a

list of ⇡0 events from a GEANT4 simulation (Matt, ref-

erence? –yk) modeling the DAE�ALUS target geome-
try, and generating Monte Carlo events by decaying the

LLP decay
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Beam dump

/ g2SM / g2SM
The energy deposited in detector is the signal

Rate / g4SM

Downstream Spectrometer+Particle ID

A0

Procedure to probe for Dark Photon, Scalar, Vector and Neutrino portals

e.g

 3

ε defines dark photon- photon mixing 
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New accelerator based searches for light dark matter  
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Dark Portals at fixed targets: Missing Energy/Momentum (e.g. NA64++, LDMX)
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Detector

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e � EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e � EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�A0

Tagger
Ebeam

e�

ECAL/HCAL

Target

Tracker

Ef
e � Ebeam

e�
��̄

Invisible

�1
�2

�1

A0/� A0/�

n
n

n

�1
�2

�1

A0/� A0/�

n
n

n

3

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

DM Scattering in Detector

e�e�

A�

� �

np

b)

W

e �e

ee

b)

�

e e

b)

A0

Z

� �

b)

��

Hadrons
e.g. (ep � �+n)

e e

FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A0

�J
�
SM ! gV A0

µ

�
ē��e + ⌫̄e�

�⌫e � µ̄��µ + ⌫̄µ�
�⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA0

�J
�
DM

interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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The beam is the signal, don’t observe DM

Mediator Decays to DM :  Missing Energy/Momentum

Rate / g2SM

Ebeam

E
out

⌧ E
beam

Nearby

�

 5

Production of dark particle decaying to DM particle 
pair, inferred from Missing Energy/momentum

Detector

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e � EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e � EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�A0

Tagger
Ebeam

e�

ECAL/HCAL

Target

Tracker

Ef
e � Ebeam

e�
��̄

Invisible

�1
�2

�1

A0/� A0/�

n
n

n

�1
�2

�1

A0/� A0/�

n
n

n

3

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

DM Scattering in Detector

e�e�

A�

� �

np

b)

W

e �e

ee

b)

�

e e

b)

A0

Z

� �

b)

��

Hadrons
e.g. (ep � �+n)

e e

FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A0

�J
�
SM ! gV A0

µ

�
ē��e + ⌫̄e�

�⌫e � µ̄��µ + ⌫̄µ�
�⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA0

�J
�
DM

interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Mediator Decays to DM :  Missing Energy/Momentum
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The beam is the signal, DM not observed
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Dark photons/scalars à SM particles 
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SHiP is a proposed beam dump experiment 
using 400 GeV protons from the SPS

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 16

Worldwide prospects

Current limits

Dark Photon visible mode

• Most studied in the past
• Current limits still dominated by old projects
• Strong revived worldwide competition to 

NA62++, AWAKE++ and FASER for this channel
• Unique reach of SHiP at high mass/low coupling

CERN prospects

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 18

Millicharged Particles Dark Scalars
mA’ = 0

Strong competition of milliQan
to a long run of NA64++(μ).

A short term few-months run 
could still be of interest for (g-2)μ

Complementary reach of projects
in term of couplings.

Mass reach fixed by meson masses
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Millicharged Particles Dark Scalars
mA’ = 0

Strong competition of milliQan
to a long run of NA64++(μ).

A short term few-months run 
could still be of interest for (g-2)μ

Complementary reach of projects
in term of couplings.

Mass reach fixed by meson masses

Beam dump is complementary to collider based
searches for feebly interacting particles (FIP)

Schematic diagram

Schematic diagram

See P. Sphicas’ talk for details on Collider reach 
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Heavy Neutral Leptons (HNL)
Heavy Neutral Leptons could be connected to generation of neutrino masses, 
leptogenesis and appear in models of neutrino portals to the dark sector

17

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 19

DARK FERMIONS (HNL’s)

BC6

BC7
BC8

• Unique short term opportunity to 
explore a significant parameter space 
with NA62 Beam Dump and FASER

• SHiP has the highest reach on the long term 

C. Vallée, EPPSU Granada WS, May 2019 Beam Dumps experimental perspective 19

DARK FERMIONS (HNL’s)

BC6

BC7
BC8

• Unique short term opportunity to 
explore a significant parameter space 
with NA62 Beam Dump and FASER

• SHiP has the highest reach on the long term 
See P. Sphicas’ talk for details
on Collider reach 
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Invisible dark photon decay 

18

LDMX is a proposed fixed target experiment with an electron beam
Hosting options:

DP decay to DM: 
15 years projections

mA0 = 3m� ↵D = 0.1

Physics Beyond Colliders at CERN- Beyond the Standard Model Working Group Report (2019)  arxiv: 1901.09966
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A0

�J
�
SM ! gV A0

µ

�
ē��e + ⌫̄e�

�⌫e � µ̄��µ + ⌫̄µ�
�⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA0

�J
�
DM

interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active

13

�1

�2

• LCLS-II at SLAC 4 - 8 GeV
• eSPS at CERN 3.5 - 16 GeV

Accelerator of different techniques are complementary 
among themselves and with DD experiments and may 
yield additional information on dark sectors

C. Vallee’s Talk
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options (neither approved yet) 
• dedicated transfer line at LCLS-II at SLAC 

• 4 GeV or  maximum 8 GeV, parasitic 

• eSPS at CERN 
• get e- back in CERN accelerators, next step for X-

band linac developed for CLIC, accelerator R&D 
• 3.5 - 16 GeV, flexible beam parameters 

• optimal catering

Beam

!7

A primary electron beam facility at CERN

T. Åkesson 1, Y. Dutheil 2, L. Evans 2, A. Grudiev 2, S. Stapnes 2

On behalf of PBC-acc-e-beams⇤ working group

1CERN, Geneva, Switzerland
2Lund University, Lund, Sweden

Tuesday 29th May, 2018

Figure 1: Schematic representation of the electron beam facility at CERN with the proposed beam cycles.

This document describes the concept of a primary electron beam facility at CERN, to be used for searching dark gauge
forces and light dark matter. The electron beam is produced through three stages: A Linac accelerates electrons from a
photo-cathode to 3.5GeV. This beam is injected into the Super Proton Synchrotron, SPS, and accelerated at up to 16GeV.
Finally, the accelerated beam is slowly extracted to an experiment, followed by a fast dump of the remaining electrons to
another beamline. The beam requirements are optimized using the requirements of the Light Dark Matter eXperiment,
LDMX [1], as benchmark

Electron acceleration and extraction

Electrons are produced and accelerated to 3.5GeV using a high-gradient Linac that employs the technologies devel-
oped by the Compact LInear Collider (CLIC) [2] research program.

A 0.1GeV S-band photo-injector produces the electron beam. Most relevant here is the laser allowing a wide range
of beam time-structure to be produced. Following the source is a 3.4GeV X-Band high-gradient Linac which technology
was developed by the CLIC research program. The design uses fixed cells 5.3m long capable of accelerating 200 ns trains
by 264MeV. Each cell makes use of a klystron, modulator and pulse compressor feeding power to 8 copper accelerating
structures.

Table 1 summarizes the beam and Linac parameters proposed. Both beam parameters and Linac elements are the product
of the CLIC research program and were experimentally proven feasible. Although highly technical this method to accelerate
electrons to 3.5GeV does not represent a technical risk as all elements exist commercially or can be ordered.

⇤
PBC-acc-e-beams@cern.ch

1

Expression of interest to SPSC in October 2018
https://cds.cern.ch/record/2640784

arxiv:1805.12379

Input to Strategy Update (#36)

see Mike Lamont’s talk for details

ideally: 2 experimental setups with reach 
beyond thermal targets  
(full LDMX Collaboration involved in both)

Expression of Interest VI A LIGHT DARK MATTER EXPERIMENT, LDMX

and temporally distributed 16 GeV electron beams. The experiment would have the ability to cover
the most well-motivated light dark matter models in the intuitively important sub-GeV mass range.
It is an exceptional opportunity to provide unrivaled experimental coverage of this crucial hiding
place for the nearly ubiquitous but still enigmatic dark matter.
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LDMX: 4 1014 EOT H4 GeVL on 10%W Hme=1,1 yrL
Extended: 1.6 1015 EOT H8 GeVL on 40% Al Hme=2,2 yrL
Future: 1.6 1016 EOT H16 GeVL on 40% Al
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FIG. 51: The blue line is the sensitivity of the Phase I LDMX reference study discussed in Ref. [27], that
conservatively assumes 0.5 background events for 4 ⇥ 1014 EOT. A scaling estimate of the sensitivity of
the configuration for the mass range 150  M

�

< 300 in Table III is illustrated by the solid red line. The
dashed red line represents a similar estimate of the projected reach for µ

e

⇠ 12 and roughly 3 years of
running. For the latter two examples we have again assumed low background, consistent with reductions in
yields of potential background sources, and better rejection, while increasing the effective luminosities to
1.6 ⇥ 1015 and 1.6 ⇥ 1016 EOT, respectively.
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Targets for Thermal Relic DM

σDD ∝ y/ mχ4 Direct detection cross section depends only on “y” 
for given mass  (up to subleading corrections)

Accelerator searches are complementary to direct detection, where the 
cross sections may have velocity or loop suppression

C. Frugiuele and R. Poettgen’s talks



Axion/ALP and other sub-eV Dark Sector target space
QCD axion

§ Solves Strong CP problem
§ Natural Dark Matter candidate

Important target for experimental searches

Many Beyond the Standard Model scenarios contain
§ Axion-like particles
§ General light dark sector particles
Probe wider parameter regions including different scenarios

Motivates a variety of non-accelerator experiments
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P. Agrawal’s talk

QCD Axions as Dark Matter

Simplest realization described by its mass & parameter fa that characterizes its couplings
to SM particles

There are a number of cosmological mechanisms to populate axion DM 
Page 7

ALP – photon couplings

ALPs in the lab | ESPP Symposium Granada, 14  May 2019 | Axel Lindner

Axion-photon mixing in a magnetic field

Primakoff-like axion conversion
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P. Agrawal’s talk

Extended models allow enhanced axion-photon CouplingCurrent constraints on axion-photon coupling
from direct searches (Haloscopes and 
Helioscopes) and astrophysical bounds Wider target for QCD Axion Searches

QCD Axions as Dark Matter



Axion/ALP searches: 
Mature Key Techniques 

23

Helioscopes
• Build on success of CAST hosted by CERN
• Proposed BabyIAXO, leads to IAXO, with large 

discovery potential

Haloscopes
• ADMX (US) is leading the field
• In Europe, MadMax is new key player
• Smaller efforts developing new techniques

Light-shining-through-walls
• ALPS II is well underway
• STAX is a new idea RF based
• JURA is long term plan

Axion/ALP	searches:	Mature	Key	Techniques	
		 	 		 	 		 	 		 	 		 	 		+	rapid	new	developments		

•  Helioscopes	
–  IAXO	is	the	logical	next	step	è	significant	discovery	potential	
è	Strategic	decision	(~50	MEURO)		

•  Haloscopes	(Dark	Matter)	
–  ADMX	(US)	leading	in	the	field	
Europe:		
–  MadMax	is	new	key	player	
	+	Many	smaller	efforts	developing		
				new/complementary	techniques		

•  Light-shining-through-walls	
–  ALPS	II	is	well	underway	
–  JURA	long-term	plan	
	
è Strategic	decision:	Strong	and	reliable	support		
					for	innovative	smaller	efforts	
èSupport	(siting)	and	collaboration	between	labs		
				for	the	growth	of	medium	scale	projects	
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How to look: three kinds of light-shining-through-walls

ALPs in the lab | ESPP Symposium Granada, 14  May 2019 | Axel Lindner

Pros and cons

The three approaches complement each other:
combination of results may enable to distinguish between models!

ALP parameter LSW (laboratory) Helioscopes Haloscopes
Source region Lab (vacuum) Dense plasma Cosmology
Parity and spin yes perhaps yes
Coupling gaγγ yes no no
Coupling · flux (does not apply) yes yes
Mass perhaps perhaps yes
Electron coupling no yes no
Rely on astrophysical
assumptions no yes yes

QCD axion no (?) yes yes
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combination of results may enable to distinguish between models!

ALP parameter LSW (laboratory) Helioscopes Haloscopes
Source region Lab (vacuum) Dense plasma Cosmology
Parity and spin yes perhaps yes
Coupling gaγγ yes no no
Coupling · flux (does not apply) yes yes
Mass perhaps perhaps yes
Electron coupling no yes no
Rely on astrophysical
assumptions no yes yes

QCD axion no (?) yes yes Searches relevant for both QCD Axions and 
more general Axion-like particles (ALPs)

Lindner and Irastorza’s talks



Big Questions
1)  How do we search for DM, depending on its properties?

What are the main differences between light Hidden Sector DM and WIMPs?    
How broad is the parameter space for the QCD axion? 

2)  What are the most promising experimental programs, approved or proposed,  
to probe the different DM possibilities in a compelling manner?       

3) How to compare results of different experiments in a more model-
independent way? 

4) How will direct and indirect DM Detection experiments inform/guide  
accelerator searches and vice-versa?

24

We have started to address the big questions by 
• looking at the experimental probes of the DM realm, 
• evaluating the complementarity of different approaches
• attempting to compare their correlated impacts

This summary emphasizes the well defined targets of QCD axion DM & MeV-GeV thermal DM



Comments from the Discussion Sessions

25

Need for better coordination

• Consensus emerged on the need for more coordination between accelerator 
based, direct detection and indirect detection dark sector searches, for 
common interpretation of results. 
• This will also be of fundamental importance to validate, through different 

channels, a possible dark matter discovery.
• To address this issue, it was recommended to make profitable use of the 

initiative of APPEC on the EuCAPT Astroparticle Theory Centre. 
• This offers a strong opportunity to collaborate with working groups such as 

the LHC DM and Physics Beyond Colliders and the many recognized dark 
sector experiments using different approaches 

See talk by T. Montaruli, EPPSU Granada



Comments from the Discussion Sessions
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Need for technology support and exchange between communities

• Technology challenges are shared between and beyond the communities 
engaged in dark matter searches. 
• CERN and other large European National labs has relevant expertise and 

infrastructure for most/many of the big challenges, including vacuum over 
large volume, cryogenics, photosensors, liquid argon detectors, design and 
operation of complex experiments, software and data processing.
• Expanded support for dark matter research at CERN would stimulate 

knowledge transfer, increase coordination and synergies between 
experiments, and add guidance and coherence to the overall program.
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Submission inputs summarized in back up slides

THANK YOU 



Back up slides

28
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Inputs considered
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Category: Facilities and experiments with  “Dark Side”  as key topic
(Id62) Argon : WIMP 
(Id97) DARWIN: WIMP
(Id9)   NA64++:  middle mass 
(Id12)  SHiP : middle mass  
(Id27)  IAXO:  WISP 
(Id35, 50) AWAKE: WISP
(Id112) ALPII, JURA, IXAO, MADMAX etc : WISP
(Id113) VMB : WISP
(Id161) MAGIS-1K : WISP

Category: Facilities and experiments with  “Dark Side”  as a topic
(Id64) GW : WISP
(Id36) eSPS : middle mass 
(Id94) FASER @ LHC : middle mass
(Id1) Sterile Neutrino at CERN : middle mass
(Id11) Belle II: middle mass
(Id137) Short Base-line neutrino at FNAL FCC:  middle mas
(Id131) LBNF/DUNE  :  middle mass
(Id151) HI @ LHC   :  middle mass
(Id75) MATHUSLA: WIMP and middle mass

Continue.
(Id132,133, 135) FCC: WIMP and middle mass
(Id136) HE-LHC: WIMP and middle mass
(Id152) HL-LHC: WIMP and middle mass
(Id77,145) ILC,CLIC: WIMP and middle mass

Category: Synergies on a global scale
(Id84) APPEC
(Id42,60,20) PBC study 
(Id70) Neutrino global network 

Category: National roadmaps and community 
(Id40) Russia 
(Id68) Slovenia 
(Id69) Germany astroparticle
(Id78) Slovenia 
(Id82,134) UK 
(Id130, 138,165) Italy LNF,INLF
(Id149.150) US
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Dark Matter:  A paradigm change  [H. Murayama] 

Old Sociology, we used to think:

• Need to explain dark matter on its own
• Great if the DM solution also helps to elucidate important issues

- Strong CP, Baryogenesis, ….-

New Sociology, 

• Need to solve problems with the SM (hierarchy problem, strong CP, etc)
• Top down BSM thinking  è great if new theory (SUSY, Extra Dim,…)  

also gives a DM solution as a byproduct



• A collider discovery will need 
confirmation from DD/ID for 
cosmological origin

• A DD/ID discovery will need 
confirmation from colliders to 
understand the nature of the 
interaction

• A future collider program that 
increases sensitivity to 
invisible particles coherently 
with DD/ID serves this 
purpose

Summary plot for direct detection/colliders
C. Doglioni’s TalkExample of Complementary reach for future colliders and future DD 

for benchmarks considered (this case: scalar mediator)
See P. Sphicas’ talk
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LDMX

!5

Sampling 
Calorimeters

Beam

Tracking

DM

DM

E < EB

energy EB, 
4-16 GeV

p. 30

Mechanics and assembly

We have a generic concept but final engineered design needed for mechanics 
and assembly

Open questions
• Back HCal support structure 
• Side HCal module structure
• Back HCal assembly
• Services
• Interface with ECal

Target

Light Dark Matter eXperiment

individually measure up to 1016 electrons on target (EoT), 
missing energy & missing (transverse) momentum

small-scale experiment
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SHiP [ins-det:1504.04956, JINST 14(2019)03 P03025, CERN-SPSC-2019-010]

∼120 m

target and
hadron absorber

muon shield

scattering
and neutrino

detector

decay volume

decay
spectrometer

∼
12

m

beam

! a discovery machine for weakly coupled LLPs, with a
complementary detector for ν physics and LDM scattering
signatures

! large geometrical acceptance: long volume close to dump
! zero background with spectrometry, PID and VETO taggers

3 / 12

New Physics hunt in beam dump

! LHC runs I+II heritage: need to probe much weaker couplings

! giving existing facilities and reliables technologies a new
challenge: intensity

! long tradition of beam dump searches with far (CHARM, NuTeV)
and near detectors (PS191)

The SPS provides a unique high-intensity beam of 400 GeV protons:
ideal setting for a CERN-based Beam Dump Facility (BDF)

[CERN-PBC-REPORT-2018-001, see M. Lamont’s talk]

5 years of BDF @ SPS (2 × 1020 pot):
– 1018 charm mesons
– 1014 beauty mesons
– 1016 τ leptons
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E. Graverini’s talks
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EXPERIMENT PERIOD BEAM PARTICLES
ON TARGET

SIGNATURE MODELS

NA64++(e) 2015-24 e  100 GeV ~5 1012 invisible & visible e+e- DP, ALPs

eSPS/LDMX > 2026 e  16 GeV 1016 invisible DP, ALPs

AWAKE++ > 2026 e  ~50 GeV ~1015 visible e+e- DP, ALPs

NA62++ > 2022 p 400 GeV 1018 visible DP, DS, HNL, ALPs

SHiP > 2026 p 400 GeV 2 1020 recoil & visible DP, DS, HNL, ALPs

NA64++(µ) > 2022 µ 160 GeV 5 1013 invisible DZµ , ALPs 

BEAM DUMP PROJECTS AT CERN

NB: CERN offers unique opportunities with both lepton and hadron beams
LHCb and LHC-LLP dedicated projects (FASER, milliQan, CODEX-b, MATHUSLA) 

have also sensitivity in similar mass range

DP = Dark Photon

DS = Dark Scalar

HNL = Heavy Neutral Lepton 

ALP = Axion-Like Particle 

C. Vallee’s Talk 



IAXO & BabyIAXO
• IAXO: conceived as a large scale  new generation axion helioscope

• Realistic design choices lead to SNR >104 x CAST
• SC magnet: rely on CERN expertise with large detector SC magnets
• X-ray optics: rely on cost-effective techniques developed by x-ray 

astronomy community
• Detector: rely on low-background techniques from underground 

physics.

• DESY is a ideal host for IAXO. Expertise/capabilities complementary to 
collaboration. 

• BabyIAXO, intermediate step towards IAXO:

• Prototyping & risk mitigation for IAXOBabyIAXO is well “on track” for 
implementation at DESY

• The IAXO collaboration encompasses the needed know-hows and has 
already secured a substantial fraction of the resources The project 
relies on the 15+ year experience with CAST. 

• BabyIAXO timeline: leads to commissioning by 2023

I. G. Irastorza’s Talk
35

>104x CAST SNR

~100x CAST SNR



Axion/ALP/ultralight scalar searches: 
rapidly developing new technologies 
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EDMs
• NMR probes or dedicated storage ring to 

probe axion-gluon couplings
Atom interferometers (GR)
• MAGIS and AION atom gradiometers with 

sensitivity to ultralight dark matter 
Technology exchange beyond communities: 
Examples
• X-ray astronomy (IAXO)
• Condensed Matter
• Quantum Sensing (All) 



Dark sector program focus beyond WIMPs
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The current and planned WIMP searches have a well-defined goal of extending direct 
detection search sensitivity to the “neutrino floor” in coordination with searches at colliders and 
improving indirect probes.
Similar coordinated programs with well-defined targets are contemplated for two other major 
dark sector possibilities:
1. Axions
2. MeV-GeV thermal dark matter

Axions
For the scenario where a QCD axion is a major component of dark matter, most 
of the relevant parameter space can be covered by a search program that 
combines multiple haloscope technologies, helioscopes, and laboratory “light-
shining-through-walls” experiments. 

Requires lab hosting and support for operations of larger experimentsRequires
support for relevant emerging technologies, e.g. quantum sensors



Dark sector program focus beyond WIMPs:
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MeV-GeV thermal dark matter
Well-defined target that complements  WIMP searches; 
compelling reach can be provided by a program 
combining new beam dump and fixed target based 
experiments, collider searches, and new direct detection 
experiments enabled by emerging technologies

Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {

18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 

12

• Leverage on successful current experiments: LHC, NA62, NA64
• Beam dump facility at CERN SPS would be a critical and unique resource
• Opportunity for global coordination, e.g. LDMX at multiple sites
• Requires support for emerging technologies


