
Light Dark Matter  
at Accelerators: 

!

A Brief Survey



Outline

Defining the challenge 
!

Four Strategies 
!

Where are we now? Where may the field be in 5 years?
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What do we learn about Light Dark 
Matter from its Abundance?

As Universe cools below DM 
mass, density decreases as e-m/T

Dark Matter interacts 
with SM to stay in 
equilibrium…

Eventually dark matter 
particles can’t find each other 

to annihilate

and a (minimal) DM 
abundance is left over to the 

present day
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What do we learn about Light Dark 
Matter from its Abundance?
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Abundance set by 
small gD – 
independent of ϵ

Visible Aʹ′ Invisible Aʹ′
⇒I’ll focus on this case but 

experiments are also 
sensitive to the other
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The Thermal Origin Target
(for vector portal)
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Invariant & important 
targets!

computed precisely for!
mAʹ′/mx=3 (but largely 
insensitive to this ratio)

Natural 
dimensionless 
interaction 
strength



Two obstacles to Direct 
Detection

Invisibly low energy transfer to nuclei 
Can look for e- recoils (but bkg!) 
!

Possible mass splitting of DM particles (“inelastic” DM) 
can make these scattering processes kinematically 
forbidden for halo dark matter
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X

e�

e+

γ ϵAʹ′	  

�
egD

�*
May not affect accelerator 
signal (splitting Δm<MeV), or 
lead to displaced or prompt       
e+e– pair



Detection Strategies

Missing mass (collider or fixed-target) 
Beam dump (p or e- beam) with DM scattering detection 
Missing energy/momentum 
!

LHC missing energy? NOT useful here (buried under 
QCD, low rate)
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Missing Mass: Today
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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)!

Limits sensitivity 
for mA’ ≲ GeV

Unique advantage over other 
approaches: it’s a bump!
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Scenario:  Scalar DM 
Sensitivity vs. Target

/ ↵D
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For smaller αD or bigger mass 
hierarchy, accelerator limits get 
better in this param. space 
(because they just depend on ϵ)
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Scenario:  Fermion inelastic (pseudo-Dirac) DM 
Sensitivity vs. Target
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Beam Dumps 2
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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.

.
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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.

nuclear dissociation; 
nucleon, nucleus, or 
electron recoil

0906.5614, 
1107.4580,1205.3499 
Batell,DeNiverville, 
McKeen, Pospelov, Ritz

Izaguirre, Krnjaic, PS 
& Toro"
PRD.88.114015 and 
1403.6826

Good sensitivity (from theorists) for LSND !
(proton beam + electron scattering)

http://arxiv.org/abs/arXiv:0906.5614
http://dx.doi.org/10.1103/PhysRevD.88.114015
http://arXiv.org/abs/arXiv:1403.6826
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Beam Dumps: Today
LSND: 1023 800 MeV protons on target; ν-e elastic scattering 

data used to set limit on DM production 
(π0➝γAʹ′➝γ𝛘𝛘) with subsequent 𝛘-e scattering 

E137:

Batell et al arXiv:0906.5614 [hep-ph].

Batell et al arXiv:1406.2698 [hep-ph].

30 C of 20 GeV electrons on target, 8 X0 shower 
calorimeter detector; no beam-related events seen ⇒ 
limit on 𝛘-e scattering above 1–3 GeV recoil energy

MiniBoone: Dedicated 2013-14 run in “dump mode” sensitive to 
Aʹ′ production in π0 or η0 decay (~2 1020 pot); using 
time-of-flight to distinguish from ν background

T2K: Ongoing analysis of Super-K data for 𝛘-O NCQE 
events using time-of-flight

…Near Future…
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Scenario:  Inelastic fermion DM 
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Missing Energy/Momentum

Use distinctive kinematics of Aʹ′ (or DM 
pair) production in e– beam:  
!
Aʹ′ carries most of the incident beam 
energy ⇒  
!
–  Recoiling e– has low energy 
–  Not accompanied by other visible 

particles 
(detectable with calorimetry alone, 
e.g. P348 at CERN) 

!
!
!
– With tracking, e– pT measurement and 

e/γ discrimination allow further 
background rejection

2
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FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. The dotted magenta curve labeled IV is identical to
curve III, only with 108 EOT, which corresponds to the reach
in the absence of the irreducible neutrino trident background.
Also plotted are the projections for an SPS style setup [20]
using our Monte Carlo for 109 and 1012 EOT. The black curve
is the region for which the � has a thermal-relic annihilation
cross-section for mA0 = 3m� assuming the aggressive value
↵D = 1; for smaller ↵D and/or larger mA0/m� hierarchy
the curve moves upward. Below this line, � is generically
overproduced in the early universe unless it avoids thermal
equilibrium with the SM. The kinks in the black curves cor-
respond to thresholds where muonic and hadronic annihila-
tion channels become open; data for hadroinc annihilation is
taken from [107]. Combined with the projected sensitivity of
Belle-II with a mono-photon trigger [21], the missing energy-
momentum approach can decisively probe a broad class of DM
models. Without making further assumptions about dark sec-
tor masses or coupling-constants, this parameter space is only
constrained by (g�2)e [22, 23], and (g�2)µ [24]. If m0

A � m�,
there are additional constraints from on-shell A0 production
in association with SM final states from BaBar [21, 23], BES
(J/ ) [25], E787 (K+) [26], and E949 (K+) [27].

its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the Standard
Model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many con-
texts – for example to address anomalies in dark mat-



Missing Mass: Future

15

Belle II
Since BaBar is background-
limited, statistics won’t help. 
Any improvement must rely on 
better γ veto and/or energy 
resolution 
!
– For discovery, really need 

resolution — won’t improve 
dramatically 

– Low-mass limit proportional 
to γγ rejection power (10-7 @ 
BaBar)  

– Rouven & co: could search 
with converted photons 
help?  (1309.5084) 

Positron fixed-target
Proposals using e+ beams on 
target e– (Cornell, VEPP-3)
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Scenario:  Inelastic fermion DM 

VEPP-3
Cornell
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Missing Mass: Future



Missing Energy: Future
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P348

Current run: 108 electrons on target w/ good bkg rejection 
!
Ultimate few x 1011 electrons?  
!
<1% hadron contamination of beam 

in CERN SPS west area – test run this year, more to come
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Scenario:  Inelastic fermion DM 

VEPP-3
Cornell

Belle-II(?!)

Belle-II

Missing Energy: Future

1012 e–
1011

P348 108 e–

Remember: dumps & 
invisibles scale differently 
with mass ratios, αD!
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Scenario:  Inelastic fermion DM 

Cornell
Belle-II(?!)

Belle-II

NEXT Prospects

BDX @ 	

SLAC 	

          (>1 MeV e–)

P348 3 1011
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Scenario:  Inelastic fermion DM 

Belle-II

NEXT Prospects

P348 3 1011

MM 1016

1014

1013



Complementarity

Missing mass & missing momentum get better @ small 
αD relative to beam dumps 
!

Inelastic DM can yield prompt or displaced e+e- pair 
Makes dump search easier 
Invisibles harder (prompt case) or dedicated but 
probably tractable search (displaced case) 
!

Always good to have two ways of seeing the same physics
21


