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What is a dark sector?
Most of our microscopic understanding of Nature 
has been learned through three basic forces:

It would be easy to miss a Dark Sector –
 constituents of Nature that are  neutral under 
these known forces.

          EM                  Weak                     Strong



Have we already 
 found a dark sector?
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Baryo
ns

Dark 
matter

Dark 
energy

So far, dark matter has only been observed via gravity"
• Its Standard Model interactions are tightly constrained "
• Yet there is reason to think it interacts with us…



Thermal Dark Matter 
from a New Sector

• Thermal freeze-out is compelling  
motivation for non-gravitational  
interactions"

• If DM is light, it must be SM-neutral  
and for thermal models, new force  
is required to mediate annihilation  "

– W/Z/h-mediated annihilation over-produces DM (Lee-Weinberg) "
– Even with small couplings, scattering, annihilation  

& low-energy production xsec ≫ weak interactions"
• Sharp prediction of thermal DM annihilation rate gives important target 

for new force search
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DM puzzle motivates comprehensive searches for  
Light DM  + Light Mediators "" " " "



Thermal Dark Matter 
from a New Sector

• Thermal freeze-out is compelling  
motivation for non-gravitational  
interactions
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Belle 2

MeV GeV TeV

LZ, Xenon1T, …?????
SuperCDMS

LHC

Direct detection

Colliders

How do we explore the MeV-GeV range? 



Exploring the Dark 
Sector

• Organizing the search for dark sectors"
!

• Searching for new force-carriers decaying 
visibly"
!

• Light dark matter parameter space and 
searches
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How to look for dark 
sectors?

!

Most physics of the dark sector is insulated from SM by 
symmetries – leading interactions are suppressed by 
high mass scale "
!

[analogous to approximate stability of proton in SM] "
Even if χ is light, large Λ ⇒ unobservable effect."
!The first place to look for dark sector is by looking for  
particles that can interact without Λ-suppression.

Even at low masses, dark sectors are easy to miss!

( ̄e e)SM (�̄�)new/⇤
2
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Vector Portal

Higgs Portal exotic rare Higgs decays"
rare meson decays

Neutrino Portal not-so-sterile neutrinos 

Only three sizeable interactions allowed by Standard 
Model symmetries: 

Three “Portals” to Dark 
Sectors

�h |h|2|⇥|2

�⌫ (hL)⇥

1
2�Y FY

µ�F
0µ�
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Most visible
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1
2�Y FY

µ�F
0µ�

Sources and Sizes of 
Kinetic Mixing

• If absent from fundamental theory, can still be 
generated by perturbative (or non-perturbative) 
quantum effects"
– Simplest case: one heavy particle ψ with both EM 

charge & dark charge

generates ✏ ⇠ e gD
16⇡2

log

m 

M⇤
⇠ 10

�2 � 10

�4

A0γ 
ψ

e gD
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2�Y FY

µ�F
0µ�

Sources and Sizes of 
Kinetic Mixing

• If absent from fundamental theory, can still be 
generated by perturbative (or non-perturbative) 
quantum effects"
– In Grand Unified Theory, symmetry forbids tree-

level & 1-loop mechanisms.  GUT-breaking enters at 
2 loops

generating 

A0γ 
ψ

e gD
X

(→          if both U(1)’s are in unified groups)
✏ ⇠ 10�3 � 10�5

10�7
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Dark Photon Production
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Kinetic mixing effectively gives matter of electric 
charge qe an A′ coupling ∝ qεe "
!
⇒ Wherever there are photons "
" (and sufficient phase space), there are dark photons

e�

e+

A′ 
Annihilation:"

e�
A′ Radiation:

Decay:"
'0

A′ 

γ



Dark Photon Decays 
Two Simple Cases

“Minimal” Decay: “Generic” Decay:

e�

e+

A′ 
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A′ 
�

�̄

(not ε-supressed!)"
!
If any dark-sector 
matter χ has"
mχ<2mA′, this 
decay dominates

via same mixing 
operator as production 
⇒ tiny width 

� ⇠ ✏2↵mA0 Two cases:"
– χ stable &  invisible"
!
– χ decays into SM particles,"

   A′→ >2 charged particles

To test “dark sector” idea & maximize light thermal DM 
sensitivity, we need to search for both!

searches at BaBar and KLOE
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Major advances in 
last 5 years!

Huge upcoming 
opportunity!
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New Force Parameter Space

10-3 10-2 10-1 110-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

mA' HGeVL

e2

A' Æ Standard Model

am, 5s

am,±2s favored

ae

                                         
MeV – GeV mass

Excluded: muon "
magnetic moment

Excluded:"
Electron magnetic "
moment

Dark photon mass mA’ (GeV)

M
ix

in
g 

pa
ra

m
et

er



13

!

New Force Parameter Space

10-3 10-2 10-1 110-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

mA' HGeVL

e2

A' Æ Standard Model

am, 5s

am,±2s favored

ae

                                         
MeV – GeV mass

Muon magnetic moment ~3σ 
discrepant with theory – "
can be explained a by dark 
force in this band

Excluded: muon "
magnetic moment

Excluded:"
Electron magnetic "
moment

Dark photon mass mA’ (GeV)

M
ix

in
g 

pa
ra

m
et

er



13

!

New Force Parameter Space

10-3 10-2 10-1 110-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

mA' HGeVL

e2

A' Æ Standard Model

am, 5s

am,±2s favored

ae

                                         
MeV – GeV mass

Muon magnetic moment ~3σ 
discrepant with theory – "
can be explained a by dark 
force in this band

Excluded: muon "
magnetic moment

Excluded:"
Electron magnetic "
moment

Dark photon mass mA’ (GeV)

M
ix

in
g 

pa
ra

m
et

er

one-loop

two-loop"
(GUT)



HEP Institutional Review FY2016

An Experimental Renaissance
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Dark Forces 2009 
SLAC

SLAC Dark Sectors 2016

BNL Dark Interactions 2014



A Forward-Looking Summary

SLAC Dark Sectors 2016

Dark Sectors 2016 Workshop: Community Report

Jim Alexander (VDP Convener),1 Marco Battaglieri (DMA Convener),2 Bertrand
Echenard (RDS Convener),3 Rouven Essig (Organizer),4, ⇤ Matthew Graham

(Organizer),5, † Eder Izaguirre (DMA Convener),6 John Jaros (Organizer),5, ‡ Gordan
Krnjaic (DMA Convener),7 Jeremy Mardon (DD Convener),8 David Morrissey (RDS

Convener),9 Tim Nelson (Organizer),5, § Maxim Perelstein (VDP Convener),1 Matt Pyle
(DD Convener),10 Adam Ritz (DMA Convener),11 Philip Schuster (Organizer),5, 6, ¶ Brian
Shuve (RDS Convener),5 Natalia Toro (Organizer),5, 6, ⇤⇤ Richard G Van De Water (DMA
Convener),12 Daniel Akerib,5, 13 Haipeng An,3 Konrad Aniol,14 Isaac J. Arnquist,15 David
M. Asner,15 Henning O. Back,15 Keith Baker,16 Nathan Baltzell,17 Dipanwita Banerjee,18

Brian Batell,19 Daniel Bauer,7 James Beacham,20 Jay Benesch,17 James Bjorken,5 Nikita
Blinov,5 Celine Boehm,21 Mariangela Bond́ı,22 Walter Bonivento,23 Fabio Bossi,24

Stanley J. Brodsky,5 Ran Budnik,25 Stephen Bueltmann,26 Masroor H. Bukhari,27

Raymond Bunker,15 Massimo Carpinelli,28, 29 Concetta Cartaro,5 David Cassel,1, 5 Gianluca
Cavoto,30 Andrea Celentano,2 Animesh Chaterjee,31 Saptarshi Chaudhuri,8 Gabriele
Chiodini,24 Hsiao-Mei Sherry Cho,5 Eric D. Church,15 D. A. Cooke,18 Jodi Cooley,32

Robert Cooper,33 Ross Corliss,34 Paolo Crivelli,18 Francesca Curciarello,35 Annalisa
D’Angelo,36, 37 Hooman Davoudiasl,38 Marzio De Napoli,22 Ra↵aella De Vita,2 Achim
Denig,39 Patrick deNiverville,11 Abhay Deshpande,40 Ranjan Dharmapalan,41 Bogdan
Dobrescu,7 Sergey Donskov,42 Raphael Dupre,43 Juan Estrada,7 Stuart Fegan,39 Torben

Ferber,44 Clive Field,5 Enectali Figueroa-Feliciano,45 Alessandra Filippi,46 Bartosz
Fornal,47 Arne Freyberger,17 Alexander Friedland,5 Iftach Galon,47 Susan Gardner,48, 47

Francois-Xavier Girod,17 Sergei Gninenko,49 Andrey Golutvin,50 Stefania Gori,51 Christoph
Grab,18 Enrico Graziani,52 Keith Gri�oen,53 Andrew Haas,54 Keisuke Harigaya,10, 55

Christopher Hearty,44 Scott Hertel,10, 55 JoAnne Hewett,5 Andrew Hime,15 David Hitlin,3

Yonit Hochberg,10, 55, 1 Roy J. Holt,41 Maurik Holtrop,56 Eric W. Hoppe,15 Todd W.
Hossbach,15 Lauren Hsu,7 Phil Ilten,34 Joe Incandela,57 Gianluca Inguglia,58 Kent Irwin,5

Igal Jaegle,59 Robert P. Johnson,60 Yonatan Kahn,61 Grzegorz Kalicy,62 Zhong-Bo Kang,12

Vardan Khachatryan,4 Venelin Kozhuharov,63 N. V. Krasnikov,49 Valery Kubarovsky,17

Eric Kuflik,1 Noah Kurinsky,5, 8 Ranjan Laha,13, 8 Gaia Lanfranchi,35 Dale Li,5 Tongyan
Lin,10, 55 Mariangela Lisanti,61 Kun Liu,12 Ming Liu,12 Ben Loer,15 Dinesh Loomba,64

Valery E. Lyubovitskij,65, 66, 67 Aaron Manalaysay,68 Giuseppe Mandaglio,69 Jeremiah
Mans,70 W. J. Marciano,38 Thomas Markiewicz,5 Luca Marsicano,2 Takashi Maruyama,5

Victor A. Matveev,49 David McKeen,71 Bryan McKinnon,72 Dan McKinsey,10 Harald
Merkel,39 Jeremy Mock,68 Maria Elena Monzani,5 Omar Moreno,5 Corina Nantais,73

Sebouh Paul,53 Michael Peskin,5 Vladimir Poliakov,74 Antonio D Polosa,75, 76 Maxim
Pospelov,6, 11 Igor Rachek,77 Balint Radics,18 Mauro Raggi,30 Nunzio Randazzo,22 Blair
Ratcli↵,5 Alessandro Rizzo,36, 37 Thomas Rizzo,5 Alan Robinson,7 Andre Rubbia,18 David

Rubin,1 Dylan Rueter,8 Tarek Saab,78 Elena Santopinto,2 Richard Schnee,79 Jessie
Shelton,80 Gabriele Simi,81, 82 Ani Simonyan,43 Valeria Sipala,28, 29 Oren Slone,83 Elton
Smith,17 Daniel Snowden-I↵t,84 Matthew Solt,5 Peter Sorensen,10, 55 Yotam Soreq,34

Stefania Spagnolo,24, 85 James Spencer,5 Stepan Stepanyan,17 Jan Strube,15 Michael
Sullivan,5 Arun S. Tadepalli,86 Tim Tait,47 Mauro Taiuti,2, 87 Philip Tanedo,88 Rex

ar
X

iv
:1

60
8.

08
63

2v
1 

 [h
ep

-p
h]

  3
0 

A
ug

 2
01

6

Identified three key priorities: 
• Extend searches for visibly 

decaying force carriers 
• Search for light dark matter 

production to thermal relic 
target 

• Low-mass direct detection 
Summarizes ongoing 
experiments and proposals

arXiV:1608.08632



Visible Dark Photons:  
Current Constraints

16

Gray: Beam Dump

All other colors: Pair 
resonance searches
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Visible Dark Photons:  
Current Constraints

17
10-3 10-2 10-1 110-11

10-10

10-9

10-8

10-7

10-6

10-5

10-4

mA' [GeV]

�2

APEX
Test

A1
PHENIX

U70

E141

E774

a�, 5�

a�,±2� favored

ae

BaBar

KLOE
KLOEHADES

Orsay

NA48/2

Recent experiments 
have tested 
interpretation of 
muon g-2 anomaly 
from dark photon 
–– if it decays 
visibly! 
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Turning Weakness Into Strength

Mathew Graham, SLACNew Perspectives in Dark Matter

Two HPS searches:  Bump-hunt and Vertexing

18

•  two types of searches → two kinematic fits →two mass 
resolutions  

•  Large coupling Aʹs decay in the target → constrain the 
e+ & e− to originate from beamspot 

•very good constraint on angles 
•Small coupling  Aʹs decay outside of target → point 
decay products back to target 

•good at removing poorly reconstructed tracks

Small Coupling

Large Coupling

!+

!−

!+

!−

40µm 
(vertical)

Small coupling search

Large coupling search

!+

!−

!−

not included yet…recoil electron!   
⟹adds mass resolution/BH discrimination

σm(NC) ~ 2-3 MeV 
σm(BSC) ~ 0.7-2.7 MeV

Mathew Graham, SLACNew Perspectives in Dark Matter

What an HPS search looks like:  Vertexing region

20

500 A’ at 80MeV 
α~5×10−8

toy MC for example only... 
does not reflect  reality

4000 bkg events 
(50-100MeV)

10M bkg  
events 

50 A’ at 80MeV 
α~5×10−8

(after vertex cut) 
(after mass cut) 

2D search in mass & vertex position (z) 

→ small coupling region (α~10−8 − 10−10) 
!
vertex resolution is the key here!  
 mass resolution is secondary
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Pre-2021

Results soon from 
2015-16 first run
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Projections for 2016-20

mixing in Grand 
Unified Theories

19

 Upcoming 
experiments will 
make first forays  
into GUT-
compatible region, 
from both above 
and below
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Projections for 2020’S
New opportunities from LHCb upgrades, Belle-II, SHiP
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• In last 7 years, searches have"
– Explored most of the territory for 1-loop mixing 

below a GeV"
– Pioneered new vertexing technique & extended 

bump hunt sensitivity dramatically"
– Tested visible Aʹ interpretation of muon g-2 

anomaly"
• Planned experiments over next 5–10 years 

will almost fully explore two-loop (GUT) 
kinetic mixing below a GeV

Visible Dark Photon Searches



Thermal Dark Matter 
from a New Sector

• Beyond theoretical appeal, a new  
sector (or at least new force carrier)  
is necessary for consistent models  
of thermally produced dark matter  
below a few GeV.  

22

• The same physics that gives dark photon mass typically induces 
mass splitting of DM states"
– Leading interaction is inelastic "
– Important consequences for all approaches to DM detection

To test light thermal DM:    " "  Search for Light DM  
+ Light Mediator  

 
robust to inelastic splitting " " " " "



Experimental Status
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e- Fixed Target Production

     SuperCDMSAnnihilation into CMB

MeV GeV TeV

LZ, Xenon1T, …
Belle 2 LHC

Direct detection

Colliders

Direct detection: 
• Below experiments’ 

energy thresholds 
• Inelastic splitting shuts  

off tree-level scattering

DM production: 
• Low rate & buried in bkg @ LHC  

and even BaBar 
• Unique opportunity for fixed-target searches

Annihilation: 
• CMB energy injection excludes some 

models of light thermal DM (those 
with σCMB≈σfreeze-out), sharpening 
target for other searches

(elastic)σCMB≈σ
0 

Excluded by 

Planck
��h

��l

σCMB≪
σ 0  

Unconstra
ined

Motivate minimum 
coupling of new gauge 
boson to Standard 
Model



A Sharp Target
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2

vated models of MeV�GeV dark matter are those whose
interactions with ordinary matter are mediated by new
GeV-scale “dark” force carriers (for example, a gauge bo-
son that kinetically mixes with the photon) [42–44, 62].
Such models readily account for the stability of dark mat-
ter and its observed relic density, are compatible with ob-
servations, and have important implications beyond the
dark matter itself. In these scenarios, high energy accel-
erator probes of sub-GeV dark matter are as ine↵ective
as direct detection searches, because the missing energy
in dark matter pair production is peaked well below the
Z ! ⌫⌫̄ background and is invisible over QCD back-
grounds [63, 64].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [65], rare kaon decays [66], precision (g � 2) mea-
surements of the electron and muon [67, 68], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [59]. Many
of these constraints have been considered previously, for
example in [69–71]. These constraints and those from fu-
ture B-factories and neutrino experiments leave a broad
and well-motivated class of sub-GeV dark matter mod-
els largely unexplored. For example, with a dark mat-
ter mass ⇠> 70 MeV, existing neutrino factories and op-
timistic projections for future Belle II sensitivity leave
a swath of parameter space relevant for reconciling the
(g�2)

µ

anomaly wide open (see Figure 3). More broadly,
the interaction strength best motivated in the context
of models with kinetically mixed force carriers (mixing
10�5 . ✏ . 10�3) lies just beyond current sensitivity
across a wide range of dark matter and force carrier
masses in the MeV � GeV range. These considerations,
along with the goal of greatly extending sensitivity to any

MeV � GeV components of dark matter beyond direct
detection constraints motivates a much more aggressive
program of searches in the coming decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)

µ

anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections. The setup requires a small 1 m3-scale (or
smaller) detector volume tens of meters downstream of
the beam dump for a high-intensity multi-GeV electron
beam (for example, behind the Je↵erson Lab Hall A or
C dumps or a linear collider beam dump), and could run
parasitically at existing facilities (see [72] for a proof-of-
concept example). All of the above-mentioned light par-
ticles (referred to hereafter as “�”) can be pair-produced
radiatively in electron-nucleus collisions in the dump (see
Fig. 2a). A fraction of these relativistic particles then
scatter o↵ nucleons, nuclei, or electrons in the detector
volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[74] will produce 100 µA beams at 12 GeV. Even a simple

2

MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon). Such models readily
account for the stability of dark matter and its observed
relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [? ], rare kaon decays [? ], precision (g � 2) mea-
surements of the electron and muon [? ], neutrino ex-
periments [? ], supernova cooling, and high-background
analyses of electron recoils in direct detection [? ]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimisitic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)

µ

anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
jection, positioned roughly 20 meters downstream of the
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FIG. 2: 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.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

FIG. 2: 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.

meter-scale (or smaller) instrument capable of detecting
quasi-elastic nucleon scattering, but without cosmogenic
neutron rejection, positioned roughly 20 meters (or less)
downstream of the Hall A dump has interesting physics
sensitivity (upper, dotted red curves in Fig. 3). Dra-
matic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or by using a pulsed beam. The lower red curve cor-
responds to 40-event sensitivity per 1022 electrons on
target, which may be realistically achievable in under a
beam-year at JLab. The middle and upper red curves
correspond to background-systematics-limited configura-
tions, with 1000 and 2 · 104 signal-event sensitivity, re-
spectively, per 1022 electrons on target. Though not
considered in detail in this paper, detectors sensitive to
�-electron elastic scattering, coherent �-nuclear scatter-
ing, and pion production in inelastic �-nucleon scattering
could have additional sensitivity. With a pulsed beam,
comparable parameter space could be equally well probed
with 1 to 3 orders of magnitude less intensity. A high-
intensity pulsed beam such as the proposed ILC beam
could reach even greater sensitivity (orange curve). The
parameter spaces of these plots are explained in the forth-
coming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [65], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [75]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,

1.  DM lighter than a few GeV would annihilate too little through W/Z/h interactions 
 � light force carrier  
 � DM production at accelerators through new force 

2.  Also implies minimum coupling for new force 
 �  minimum lab production cross-section for given DM mass 

 (thermal relic target) 

Observed DM density fixes particle annihilation 
cross-section – this tells us a lot about its 
interactions! 

Reaching this target sensitivity = decisively testing a broad class of 
low-mass thermal dark matter models. 

Interactions between dark and familiar matter maintain thermal 
equilibrium as Universe cools, until critical density below which dark 
matter annihilation “freezes out”  
 



A Sharp Target
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Best-motivated models of 
light thermal DM are 
beyond reach of Direct 
Detection and Colliders, 
but motivate a sharp & 
testable target for fixed-
target DM production 
experiments"
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Missing Mass – Collider 

A′→ χ χ decay constrained by BaBar search

[hep-ex/0808.0017]
χ
χ

A′  mass2 (GeV2)

signal fit (not 
significant)

2γ background"
(signal-faking,"
BUT reducible)

BaBar provided best present LDM sensitivity from 
colliders

Requires on-shell A’ 



Light Dark Matter Searches 
at beam dumps
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Beam

e�

Dump

10 m 10 m
Dirt

Detector

�

1 m

1 m

1 m

Optional
ShieldingDetector

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

FIG. 2: 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.

Dark Matter interacts weakly "
!

" " ⇒ passes through anything!

Izaguirre, Krnjaic, 
Schuster & NT"
PRD.88.114015 and 
1403.6826

Produce DM through 
the portal…

…detect its scattering 
downstream

e e

http://dx.doi.org/10.1103/PhysRevD.88.114015
http://arXiv.org/abs/arXiv:1403.6826


Rel
ic D
ens
ity
Fer
mio
n

Rel
ic D
ens
ity
Sca
lar

BaBar

E137

E787 E949

LSND

1 10 102
10-13

10-12

10-11

10-10

10-9

10-8

10-7

m� (MeV)

y
=
�2
�
D
(m

�
/m
A
')4

Thermal Relic DM, Most Conservative �D = 0.5, mA' = 3 m�

Figure 6: Example of the viable parameter space for light dark matter in the represen-
tative kinetically-mixed and leptophilic scenarios alongside appropriate constraints.
The parameter space is characterized by two masses (mA0 and m�), the coupling of
the A0 to the LDM particle �, ↵D, and the kinetic mixing represented by ✏. The “y”
variable on the vertical axis is chosen because it is proportional to the annihilation
rate, so the thermal target (solid black) is fixed for a given choice of m�. As we will
see, for low background rates, BDX becomes sensitive to unexplored regions of the
parameter space.

The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
and near-future e↵orts in the search for LDM. For more details, see Ref. [3].

2.4.1 CMB

While DM annihilation freezes out before the era of recombination, residual annihila-
tions can re-ionize hydrogen and distort the high-` CMB power spectrum [5, 6, 7, 8, 9].
These data can be used to constrain the total power injected by DM annihilations [9],
which scales as the DM annihilation cross-section (hence proportional to y) and can
be invariantly compared with the relic density target. Dirac fermion DM annihilating
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Adapted from  
R. Tayloe, DS2016

Dark Matter Search at MiniBooNE Ranjan Dharmapalan
/3415

Be target

p

50 m decay pipe (Air)

50 m Fe dump
Dark matter travels ~515 m 
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• π0 and η decay quickly (to new vector 
bosons and subsequently dark matter)!

• The charged mesons are absorbed 
before decaying.

MiniBooNE Beam-dump mode: Setup

Beam off-target mode reduces the neutrino background by a factor of  ~40.

Beam Dump Opportunities

28

MiniBoone run in dump mode"
(enhance '0➝ Aʹγ relative to '±➝ν))"
completed 2015; analysis ongoing

Figure 11: A GEANT4 implementation of the BDX detector. On the right, the Outer
Veto is shown in green, the Inner Veto in blue, the lead in gray and the crystals in
cyan.

reduces the sensitivity to low-energy environmental background (mainly low energy
photons). A sketch of the BDX detector is shown in Fig. 11. The detector concept
has been validated by a campaign of measurement at INFN - Sezione di Catania
and Laboratori Nazionali del Sud (LNS) with a prototype, extensively discussed in
Appendix B.

3.2.1 The electromagnetic calorimeter

The core of the BDX detector is an electromagnetic calorimeter sensitive to both the
�-electron and �-nucleon scatterings. The signal expected in the two cases are quite
di↵erent: a few GeV electromagnetic shower in the first and a low energy (few MeV)
proton/ion recoil in the latter. Among the di↵erent options we chose a high-density,
inorganic crystal scintillator material to reduce the detector footprint, fitting in the
new proposed facility for beam-dump experiments at JLab (see Sec. 3.6). The com-
bination of a low threshold (few MeV) sensitivity for high ionizing particles (light
quenching not higher than few percents), a reasonable radiation length (few centime-
ters), together with a large light yield limits the choice to few options: BGO, BSO,
CsI(Tl) and BaF

2

‡. Considering that the request of about 1 cubic meter of active
volume would drive costs of any possible options in the range of few million dollars,
and that the timeline for producing and testing thousands of crystals would be of
the order of several years, we decided to reuse crystals from an existing calorime-
ter. Former experiments that still have the desired amount of crystals available from
decommissioned EM calorimeters include: BaBar at SLAC (CsI(Tl)), L3 at CERN
(BGO)and CLEO at Cornell (CsI(Tl)). After consulting with the management of the
di↵erent laboratories, we identified the BaBar option as the most suitable for a BDX
detector. In particular, the BaBar EM end-cap calorimeter, made by 820 CsI(Tl)

‡We are not considering some new very expensive crystals such as LYSO or LaBr.
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Figure 8: The possible location of BDX detector at ⇠ 20m from the Hall-A beam
dump.

3 Proposed measurement

The proposed experiment would require a 1 m3-scale detector volume, located ⇠
20 meters downstream of the dump of a high-intensity multi-GeV electron beam,
and could run parasitically. We studied in detail the option of a new underground
facility located downstream of the Hall-A beam dump. See Fig. 8 for a schematic
representation of the experimental setup. BDX will use the electron scattering of a
DM � particle in a state-of-the-art electromagnetic calorimeter with excellent forward
geometric acceptance, to greatly extend dark matter sensitivity beyond that available
to the high threshold/low acceptance E137 setup or to existing proton beam-dumps.
Being also sensitive to low-energy nuclear recoil, BDX will use it as cross check of any
possible findings. The approach makes good use of Je↵erson Lab upgrade to 11 GeV
energies with the new CEBAF scheduled to deliver up to about 65µA currents.

3.1 The Hall-A beam dump

The Hall-A at JLab is expected to receive from CEBAF a 11 GeV electron beam with
a maximum current of about 65µA. The maximum available energy that focus the �
beam towards the detector together with a sizeable current that allows to collect the
desired charge in the shortest amount of time, makes the Hall-A the optimal choice
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BaBar

(g- 2)� > 5
�

K+

BDX@JLab
1022 EOT

3, 10, 20 events

E137(g- 2)�
obs ± 2�

0.05 0.10 0.50 1
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10-5

10-4

10-3

mA' (GeV)

�2

Fermion DM, Above LSND Threshold, m� = 68 MeV, �D = 0.1

-
Fermion DM, Above LSND Threshold, m� = 68 MeV, � = �

Figure 35: Same as Fig. 34 only here m� = 68 MeV and we adopt ↵D = 0.1 and
↵D = ↵EM for the two panels. This choice of m� represents the kinematic limit
beyond which LSND can no longer produce pairs of � via ⇡0 ! ��. Note that for
mA0 < 2m� the dark photon will no longer decay to DM pairs and may be constrained
by visible searches, but this is model dependent.
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Leptophilic DM, Most Conservative: �D = 0.5, mA' = 3 m�

Thermal Relic DM, Most Conservative � = 0.5, m = 3 m�

Figure 33: Red curves show 3, 10, and 20 event for BDX yield projections for
electron scattering with a 300 MeV energy threshold for thermal relic DM in two
representative scenarios. Top: thermal relic DM coupled to a leptophilic U(1)e�µ

gauge boson (A0). Bottom: here the A0 is a kinetically mixed dark photon coupled
to the electromagnetic current. Here the thermal target — where the model predicts
the correct observed DM abundance — is shown in solid black.
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BDX proposal (parasitic behind 
JLab Hall A dump) to PAC44"

10 events

Plots from BDX 
proposal



“Missing” Searches at 
Fixed-Target
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Missing Mass/Momentum Experiments (Kinetic Mixing)

Missing mass [DarkLight*, 
MMAPS*, VEPP-3*] reconstructs all 
visible final-state particles in e± 
scatter off e–/p – limited reach in 
coupling and mass 

DM 
DM 

Can achieve much higher rate by 
focusing on recoil e– reconstruction & 
veto on other final-state particles 
carrying away energy – Missing 
energy/momentum [NA64, LDMX*] 



Fixed-Target Missing Energy
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NA64 @ CERN: search for e– energy loss by  
running tagged electrons directly into  
ECAL (+muon&HCAL for veto)

Scala
r Rel

ic Ta
rget

Ferm
ion R

elic T
arget

BaBar

LHC

LEP

E787/949

PADME

LDMX
Phase 2

(4 & 8 GeV)

VEPP-3

NA64

MMAPS

DarkLight

Belle II

LDM
X, Ph

ase 1

1 10 102 103
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
10-6
10-5
10-4

m� (MeV)

y
=
�2
�
D
(m

�
/m
A
')4

Missing Mass/Momentum Experiments (Kinetic Mixing)Test run with 3 109 e– on  
target – arXiv:1610.02988"
!
Approved by CERN RB  
after 2015 test run"
• Test beam – low lumi  

(~1011 e–/20 nb-1)"
for decisive experiment want ~1015"

• Neutrino+ɣ bkg at 10-14 level"
• Only one variable to reject brem"
      can’t discriminate e– from ɣ or measure    "
      recoil pT"

S.N. Gninenko(INR) – CERN, Feb. 5, 2016 – Search for dark sector physics"

8/34      "

Direct Search for the A´->invisible decay at CERN SPS    !

Signature: "

•  in: 100 GeV e-  track  "

•  out: < 50 GeV e-m shower in ECAL"

•  no energy   in the Veto and  HCAL"

•  Sensitivity ~ ε2         "

3 main components :"

•  clean, mono-energ. 100 GeV e- beam  "

•  e- tagging system: MM tracker + SR  "

•  4π fully hermetic  ECAL+ HCAL        "

level <10-10/e- "

Invisible decay of Invisible State!"

S.G.,  PRD(2014)!

future

NA64 test



Fixed-Target Missing 
Energy-Momentum
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• Reaching thermal relic sensitivity requires"
- Higher-intensity e– beam: low-current CW with O(1) e– / ns"
- qualitatively new detector design w/ target & tracker upstream of ECAL to "

• discrimnate e/ɣ  (veto neutrino and trident-like bkg)"
• Measure recoil e- pT"

!
!
!
!

!
!
!

!
• Main physics bkg: hard brem +  

photo-nuclear (small EM shower  
& few hadrons)"
-  photon/hadron veto & e– pT  give 2 handles to reject this background
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Missing Mass/Momentum Experiments (Kinetic Mixing)



Light Dark Matter 
experiment (LDMX) 
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• Evolving design and growing collaboration –   
SLAC, UCSB, Minnesota, FNAL, UCSC, Caltech"

• Current concept"
– Tracker design based on HPS  

forward tracking (SLAC, UCSC)"
– Si calorimeter based on prototype  

for CMS HL-LHC forward  
calorimeter (UCSB & U. Minnesota)"

– HCAL design being developed by  
FNAL collaborators"

!
• Detection & analysis challenge: high veto efficiency for photonuclear 

reactions in tracker or in ECAL, and for wide-angle scattering in target"
• Accelerator challenge: where to get ultra-low-current, multi-GeV CW 

e– beam?"



CW Electrons, Parasitically 
DArk Sector Experiments at Lcls-II (DASEL)
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• Linac delivers 4 GeV electrons (62 µA) for LCLS-II spaced every 1.1µs"
• Gun laser, RF gun, and linac all operate at higher frequencies  

(multiples of 46.5 MHz)

BSY dump 

DASEL 

SXR FEL 

HXR FEL 

Beam Kickers 

LCLS-II SCRF 
Linac 

LCLS-II 
RF Gun 

• Idea: use the higher-frequency bunches to 
power a low-current CW beam to End Station A



CW Electrons, Parasitically 
DArk Sector Experiments at Lcls-II (DASEL)
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• First phase: 4 GeV, 46 MHz, ~25 nA in  accelerator ➝ spoiled sub-nA 
beam with 10 cm2 spot for LDMX"

• Possible upgrades: increase rep rate to 186 MHz, 8 GeV beam, current 
up to ~1 µA

BSY dump 

DASEL 

SXR FEL 

HXR FEL 

Beam Kickers 

LCLS-II SCRF 
Linac 

LCLS-II 
RF Gun 



• Active and diverse program of accelerator 
experiments searching for light DM"

• LDMX can fully explore the window for 
light DM annihilating through vector portal"

• These experiments  
will also more fully  
close muon g-2  
window (allowing  
for arbitrary mix  
of invisible & SM  
decays)

Light Dark Matter Searches

LSND
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Figure 32: Red curves show 3 and 10 event BDX yield projections for a dark-photon
(A0) whose kinetic mixing parameter ✏ is conservatively fixed to the smallest value
that resolves the longstanding (g � 2)µ anomaly. The black curve represents the
Br(A0 ! e+e�) = Br(A0 ! ��) contour. Testing the remaining unshaded parameter
space su�ces to discover a dark photon responsible for the anomaly, or to decisively
rule out such an explanation regardless of how the A0 decays. The parameter space
covered by BDX is the area above the red lines, as indicated by the arrow.

beam-dump and decays promptly to yield �̄
1

�
2

pairs. The heavier �
2

state is unsta-
ble and short lived, so the flux of DM particles at the detector consists entirely of �

1

states, which up-scatter o↵ detector electrons, nucleons, and nuclei, thereby convert-
ing to �

2

states which decay via �
2

! �
1

e+e� transitions and deposit significant (⇠
GeV) electromagnetic energy inside the detector. The energy for e+e� pair from the
inelastic signal inside the BDX detector is shown Fig. 31.

We now focus on the parameter space that can explain the discrepant (g � 2) of
the muon. Figure 32 shows the BDX projection for 1022 EOT in terms of the A0-DM
coupling ↵D as a function of dark-photon mass in the m� ⌧ mA0 limit. We also show
the excluded parameter space from both visibly decaying (A0 ! e+e�) and invisibly
decaying (A0 ! ��) constraints; for su�ciently small ↵D, the visible decays dominate
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The NA48/2 detector 

4 

 Principal subdetectors: 
 

� Magnetic spectrometer (4 DCHs) 

    4 views/DCH: redundancy  �  efficiency; 

    Gp/p = 0.48% ⨁ 0.009%p  [GeV/c] (in 2007) 
 

� Scintillator hodoscope (HOD) 

    Fast trigger, time measurement (150ps). 
 

� Liquid Krypton EM calorimeter (LKr) 

    High granularity, quasi-homogeneous; 

    VE/E = 3.2%/E1/2 ⨁ 9%/E ⨁ 0.42% [GeV]; 

    Vx=Vy=4.2mm/E1/2 ⨁ 0.6mm (1.5mm@10GeV). 

Narrow momentum band Kr beams: 

PK= 60 (74) GeV/c, GPK/PK ~ 1% (rms). 
 

� Maximum Kr decay rate ~100 kHz; 

� NA48/2: six months in 2003�04; 

� NA62-RK: four months in 2007. 

2003–2008: charged kaon beams, 
the NA48 detector 

Beam 

Vacuum 

beam pipe 

E. Goudzovski / Messina, 25 September 2014 

NA48/2

KLOE at DAΦNE

APEX

MiniBooNE

MAMI A1
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The Future Ahead

JLab CEBAF
HPS

PHENIX

CMS

ATLAS

WASA@COSY

• Rich experimental opportunities to learn 
what dark matter is, how it works, and 
how the physics we know fits into that 
larger picture"
– Experiments in next few years with 

dramatic new sensitivity to new forces "
– Opportunity to decisively probe one of 

the few ways that dark matter can 
interact with the Standard Model


