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The LHC has found the Higgs

Top question in particle physics “what triggers EWSB?” is answered

Questions remain: one, two, many? ... natural or not ?  etc. 

Where Are We Now?  
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The LHC has found the Higgs

Top question in particle physics “what triggers EWSB?” is answered

Questions remain: one, two, many? ... natural or not ?  etc. 

New priority: what is 85% of  matter?

Where Are We Now?  
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CMB

Gravitational 
lensing

Cluster 
collisions

We Know Its Eqn. of  State

Rotation 
Curves

Bulge
Disk

Halo
(Dark Matter)

but not its particle nature
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•General Remarks

•Missing Momentum

•Light Dark Matter

Overview
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Nightmare Scenario
Logical possibility: we may be very unlucky

Dark/visible coupling too weak for thermal equilibrium

Mass range remains a mystery forever 

10�33 eV < mDM < 1019 GeV

                        But this is not generic 

You have to work hard to avoid equilibrium! 

in the early universe
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Equilibrium Sharpens Focus 
Number densities in equilibrium set by temp.

For visible matter, annihilation is rapid

ni(T ) =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

Antiparticles annihilate away, only the asymmetric part survives. 

10�9 ⇥ (Original Abundance)

For DM, if  annihilation is too weak, too much 
survives at late times.
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2. Perturbativity: Maximum DM Mass  

3. Structure Formation: Minimum DM Mass 

�v ⇠ g4/M2 =) M  fewTeV

Equilibrium Sharpens Focus 
1. Overclosure:  Minimum Annihilation Rate

Symmetric DM (=)     Asymmetric DM (>) 
�v � 3⇥ 10�26 cm3 s�1

M � 100 keV

Existing experimental program covers the GeV-TeV half

What about the  MeV-GeV half?
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Current Search Strategy
1. Direct Detection: LUX XENON, CDMS...

1. Direct Detection 

 Large BG, tiny recoils for M < few GeV
Sensitive to dominant, (meta)stable species 

Astrophysical  uncertainties 

Tuesday, March 24, 15



Current Search Strategy
2. Indirect Detection: FGST, AMS, PAMELA... 

Sensitive to dominant, (meta)stable species 

 Large BG for DM < few GeV
(Astrophysical  uncertainties)^2 
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Current Search Strategy
3. Colliders: LHC, Tevatron, LEP...

Weak sensitivity below ~ 10 GeV if  not EFT
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Why the focus on “heavy”?

⌦DM =) �v ' 3⇥ 10�26cm3s�1

-DM is particle/antiparticle symmetric 

-DM is a thermal relic

⇠ ↵2

m2
Z

⇠ 1

(20TeV)2

Motivated by Supersymmetry

⇤

-DM is heavy ~ TeV

-DM carries SM quantum numbers  

Many DM experiments require this whole list! 

n� = n�⇤
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• The WIMP miracle was supposed to be bi-
directional LHC Assault

Null LHC SUSY results, strong bounds weak-charged DM
No evidence for connection to the weak scale
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 Direct Detection: The End Is Near 
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Overclosure or 

 (harder model building)
What about here?
... and lower?

Nonperturbative

 Direct Detection: The End Is Near 
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 Direct Detection: The End Is Near 

11

An opportunity for discovery!

Vicinity of the Weak-Scale

0.1 1 10 10010-47
10-45
10-43
10-41
10-39
10-37

mDM HGeVL

s
cN
or
s
ce
Hcm

2 L

LUX ’13

DAMIC ’12
Xe10* 
(!"e)

CDMS II ’10

Direct Detection Blind Spot:
Energy too small, or scattering 
kinematically forbidden

Big blind spots!  We can & should do better than this!
11Wednesday, 4 February, 15

Half  of  viable range remains to be explored
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•Missing Momentum

•Light Dark Matter
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Naive concern: You “overclose” the universe 

Q: Does sub-GeV DM Make Sense?

Motivates richer dark sector

Any relic abundance can be generated

m� ⇠ Mmed , h�vi ⇠ ↵↵D

m2
�

=) ⌦�

⌦DM
⇠ 10�3

✓
↵

↵D

◆2 ⇣ m�

100 MeV

⌘2

Actually:  Just need a lighter “mediator”

h�vi ⇠
g2
V

g2
D

m2
�

M4
med

=) ⌦
�

� (⌦
DM

)
obs.
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A: Yes! (too) many possibilities

⇠ 15%

⇠ 85%

? ?

5

Visible Sector

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

u, c, t, d, s, b

e, µ, ⌧, ⌫e, ⌫µ, ⌫⌧

�,W, Z,G,H

Dark Sector

e, p �

MET

�, j

e, p �

FIG. 5: 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.

Q: Does sub-GeV DM Make Sense?
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CMB Constraints on MeV-GeV DM
LDM Cosmology

23

Late time annihilation of dark matter into charged 
particles increases ionization of IGM near recombinationExample ionization history

• Example DM model, 1 TeV DM annihilating to electrons.!

• Use public codes RECFAST (Seager, Sasselov & Scott 1999) / CosmoRec (Chluba & Thomas 2010) / 
HyRec (Ali-Haimoud & Hirata 2010) to solve for ionization history.!

• At redshifts before recombination, many free electrons => the extra energy injection has little effect.!

• After recombination, secondary ionization induced by DM annihilation products => higher-than-usual 
residual free electron fraction.!

• Surface of last scattering develops a tail extending to lower redshift.

Io
ni

za
ti

on

Time

More DM 
annihilation into 
charged matter

Less DM 
annihilation

CMB power spectrum 
constrains ionization
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Model Dependent, easy to evade... 

But be careful, this assumes:

1. Dark particle-antiparticle symmetry

3. Annihilating species is all of  the DM

2. Dirac fermion DM, s-wave annihilation (scalar, p-wave ok!)
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Figure 1: WMAP7 95% C.L. constraints on the DM annihilation cross section and mass for asymmetric dark matter
and s-wave annihilation. We show constraints for various values of r = r∞ = ΩX̄/ΩX , the anti-DM to DM ratio at
the present time. The shaded region (blue) is excluded by the WMAP7 data, with different shades corresponding to
different r∞. Along the horizontal contours of constant r are the values of 〈σv〉 where the correct relic density can
be obtained for an efficiency factor f = 1. The turnover around mX ∼ 10 GeV comes from the drop in SM degrees
of freedom when the universe has temperature ∼ 1 GeV. The solid red line is the intersection of the WMAP7 and
relic density contours: it indicates the minimum 〈σv〉 needed to obtain the observed relic density and satisfy CMB
constraints for s-wave annihilation.

where we have used ρX + ρX̄ = ρCDM and r∞ = ρX̄/ρX . Note there is factor of 2 in the energy injection
rate relative to the self-annihilating case, accounting for the number of possible annihilations. Comparing
Eq. (9) and Eq. (11), we can translate the bound given in Eq. (10) to the Dirac fermion or complex scalar
case:

2r∞
(1 + r∞)2

f
〈σv〉CMB

mX
<

2.42× 10−27 cm3/s

GeV
. (12)

We show this constraint for various r∞ values in Fig. (1); the dotted black line gives the thermal relic
annihilation cross section in the symmetric case, where we have solved for the relic density numerically and
taken f = 1.
ADM can evade CMB bounds while still allowing s-wave annihilation.5 The CMB bounds do not com-

5 In the symmetric limit, one can evade the CMB bounds if DM annihilates via p-wave suppressed interactions. Then

6

0. Pure annihilation (not co-annihilation)

CMB Constraints on MeV-GeV DM
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Case Study: Light, Inelastic DM New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro

Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada
(October 28, 2014)

just figures...

PACS numbers:

I. INTRODUCTION AND SUMMARY

5

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

u, c, t, d, s, b

e, µ, ⌧, ⌫e, ⌫µ, ⌫⌧

�,W, Z,G,H

� SM

 ̄ SM

FIG. 5: 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.

� ⌘ m �m� � eV

1. Off-diagonal coupling to mediator in mass eigenbasis

2. Scattering and decays depopulate excited state as universe cools

n ⇠ e��/T

3. Annihilation requires both; shuts off  before CMB forms

CMB Constraints on MeV-GeV DM

Tuesday, March 24, 15



New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro

Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada
(October 28, 2014)

just figures...

PACS numbers:

I. INTRODUCTION AND SUMMARY

Collider Constraints on MeV-GeV DM
LDM & Low-Energy Colliders

29

A$→ " " decay constrained by BaBar search

[hep-ex/0808.0017]"
"

A$  mass2 (GeV2)

signal fit (not 
significant)

2% background
(signal-faking)

Babar provided best LDM sensitivity from colliders

29Wednesday, 4 February, 15
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New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro

Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada
(October 28, 2014)

just figures...

PACS numbers:

I. INTRODUCTION AND SUMMARY

Beam Dump Constraints

33

LDM & Beam Dumps 2

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.

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)

33Wednesday, 4 February, 15
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What kind of  mediator interaction?
Higgs Portal 

Vector Portal

“Axion” Portal

Scalar mediator     , SM couplings mass proportional

Pseudoscalar mediator    ,  SM couplings mass proportional

Spin-1 mediator      , SM couplings charge proportional

�

a

A0

(H†H)|�†�|

mf

fa
af̄�5f

✏Fµ⌫F
0
µ⌫

(Holdom, Okun)
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What kind of  mediator interaction?

We will always assume the harder case

mMED > 2mDM

Otherwise, visible decay constraints are generally  more powerful

But this also gives a clear target

If  mediatory decays visibly, DM annihilation is t-channel

doesn’t depend on visible mediator coupling! 

�

�

b

b

b

bon shell

� �

N N

f

f

med.

(a) Annihilation (b) Direct Detection (c) Collider

Figure 2: dm complimentarity for on-shell mediators; compare to Fig. 1. (a) The annihilation rate is
independent of the mediator coupling to the Standard Model. (b) Direct detection remains 2-to-2, here
N is a target nucleon. (c) Colliders can search for the presence of the mediator independently of its dm
coupling.

1.3 Annihilation to On-shell Mediators

In this paper we focus on a di↵erent region in the space of simplified models where mediators are
light enough that they can be produced on-shell in dark matter annihilation, henceforth referred to
as the on-shell mediator scenario. This annihilation mode is largely independent of the mediator’s
coupling to the sm so long the latter is non-zero. Lower limits on the sm coupling—that is, upper
limits on the mediator lifetimes—are negligible since the mediator may propagate astrophysical
distances before decaying to the bb̄ pairs that subsequently yield the �-ray excess. The sm coupling
can be parametrically small whic suppresses the o↵-shell s-channel annihilation mode as well as
the direct detection and collider signals. This is shown in Fig. 2.

Because on-shell annihilation into mediators requires at least two final states, the resulting
annihilation produces at least four b quarks, as shown in Fig. 2a. This, in turn, requires a heavier
dark matter mass in order to eject ⇡ 40 gev b quarks from each annihilation to fit the �-ray
excess. This avoids the conventional wisdom that this excess requires 10 – 40 gev dark matter. In
the limit on-shell annihilation dominates, the total excess �-ray flux is fit by a single parameter,
the mediator coupling to dark matter. Once fit, this parameter determines whether the dm may
be a thermal relic. We remark that the spectrum is slightly boosted by the on-shell mediator; we
address this below and explore possibilities where the mediator mass can be used as a handle to
change the spectral features.

The on-shell mediator limit thus separates the physics of mediators sm and dm couplings. The
former can be made parametrically small to hide dm from direct detection and collider experiments,
while the latter can be used to independently fit indirect detection signals such as the galactic center
�-ray excess. Observe that these simplified models modify the standard picture of complementary
dm searches for contact interactions shown schematically in Fig. 2. Annihilation now occurs
through multiple mediator particles and is independent of the mediator coupling to the sm. Direct
detection proceeds as usual through single mediator exchange between dm and sm. Collider
bounds, on the other hand, needn’t depend on the dm coupling at all and can focus on detecting
the mediator rather than the dark matter missing energy.

In this paper we explore the phenomenology of on-shell mediator simplified models for the
galactic center. This paper is organized as follows. In the following two sections we present the
on-shell simplified models that generate the �-ray excess and determine the range of dark sector
parameters. We then assess in Section 4 the extent to which the on-shell mediators must be
parametrically hidden from direct detection and colliders. In Section 5 we discuss the viability

4
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CMB & Direct Detection

Late-time annihilation (CMB) and DM scattering with 
matter (Direct Detection):

Same scaling as thermal cross-section!
Again motivates:

vs.

�v ⇠ g2Dg2SM

✓
mDM

mMED

◆4 1

m2
DM

y ⌘ g2SMg2D

✓
mDM

mMED

◆4

mDM
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30

Colliders 

Collider Processes Scale as:

Scaling is not as intuitive: 

y ⌘ g2SMg2D

✓
mDM

mMED

◆4

30

Quantifying Colliders

For direct DM production 
(on-shell mediator): 

be conservative and fix largest

{

⇥ ⇠ �2
1

E2
CM

⇠ y ⇥ 1

�D

✓
mA0

m�

◆4

�D

✓
m�

mA0

◆4

⇠ 10�2

mA0 � m�For

reasonable value ⇒ worst case for
&  sensitivity to y

y ⌘ ↵D✏2
✓

m�

mA0

◆4

Recall:

30Wednesday, 4 February, 15

⇠ y ⇥ 1

g2D

✓
mMED

mDM

◆4

It’s easy to overstate existing bounds by choosing small 
DM/mediator coupling! Conservative to choose large!

� ⇠ g2SM

E2
CM
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Thermal Targets

Computed using vector mediator, but qualitatively similar for others
21

The Thermal Origin Target
(for vector portal)

Scala
r

Ferm
ion

1 10 102 103
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10-16
10-15
10-14
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10-11
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10-8
10-7
10-6
10-5
10-4
10-3

DM Mass m c HMeVL

e2
a D
Hm c
êm A

'L4
Thermal Relic DM Wc = Wc = WDM ê 2

Invariant & important 
targets!

computed precisely for
mA"/m�=3 (but largely 
insensitive to this ratio)

21Wednesday, 4 February, 15
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Higgs Portal 

E137

E787 K+Æ p+f E949

Relic
Densit

y

LHC

CM
B Xenon 10 BaBar

e+e+Ægf

BaBar B+Æ K+f

Hg-2L m

1 10 102 103
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10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7
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10-4
10-3

Dirac Fermion DMMass mc HMeVL

y f
=
Hg cg

eL2 Hm
c
êm aL

4
Invisibly Decaying Scalar Mediator HSymm. DML

Thermal target already ruled out < GeV!
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Axion Portal

Already ruled out < GeV! Even worse for Symm. DM

Hg-2L m
E137

CMB

E787 K+Æ p+f E949

LHC

BaBar

BaBar B+Æ K+a
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=
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eL2 Hm
c
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4
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Vector Portal

Scalar/pseudoscalar mediators robustly ruled out < GeV
Dont have to split hairs about the details of  the dark sector 

For vector mediators, we have to be careful

DM can be scalar / fermion 

DM can be particle-antiparticle symmetric / asymmetric

DM can couple to mediator elastically / inelastically

Tuesday, March 24, 15



m�,mA0 ⇠ MeV �GeV

Simple starting point: “dark massive QED”

↵D ⇠ 10�2 � 1

✏ ⇠ 10�5 � 10�2

+ · · ·✏

2
Fµ⌫F 0

µ⌫ +
m2

A0

2
A0µA0

µ + �̄(i 6D +m�)�

Vector Portal

SM millicharged 
under dark QED
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m�,mA0 ⇠ MeV �GeV

↵D ⇠ 10�2 � 1

✏ ⇠ 10�5 � 10�2
Dark “Higgs” Sector

Generic          DM mass splitting

HD�c� ! vD�c�

Identical model, Rich pheno, CMB 100% OK! 

O(1)

+ · · ·✏

2
Fµ⌫F 0

µ⌫ +
m2

A0

2
A0µA0

µ + �̄(i 6D +m�)�

Vector Portal

SM millicharged 
under dark QED

Simple starting point: “dark massive QED”

� ⌘ m
excited

�m
ground

6= 0
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Elastic vs. Inelastic Coupling
Physics Motivation for a Pilot Dark Matter Search at Je↵erson Laboratory

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada N2L 2Y5

( December 10, 2014)

It has recently been demonstrated that a program of parasitic electron-beam fixed-target ex-
periments would have powerful discovery potential for dark matter and other new weakly-coupled
particles in the MeV–GeV mass range. The first stage of this program can be realized at Je↵erson
Laboratory using an existing plastic-scintillator detector downstream of the Hall D electron beam
dump. This paper studies the physics potential of such an experiment and highlights its unique
sensitivity to inelastic “exciting” dark matter and leptophilic dark matter scenarios. The first of
these is kinematically inaccessible at traditional direct detection experiments and features potential
“smoking gun” low-background signatures.

I. INTRODUCTION

Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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FIG. 6: a) Scalar DM pair production from electron-beam col-
lisions. 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 inside the
detector via '

h

! '
�

e+e�. The signal of interest is involves
a recoiling target with energy E

R

and two charged tracks to
yield a instinctive, zero background signature.
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
lisions. 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 inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via '

h

! '
�

e+e�. This process
yields a target (nucleus, nucleon, or electron) recoil E

R

and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains
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where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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The mass hierarchy m
A

0 > m
�

and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,

✏2 ⇠ T 2H(T )
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.

Elastic Models(no mass splitting) 

May be constrained by CMB or Direct Detection 

A0

Either can arise with identical field content
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Symmetric vs. Asymmetric DM

Symmetric thermal relics: �v ⇠ 10�26cm3s�1
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If  DM *ever* achieved equilibrium in the early universe
There is a clear target for both scenarios

CMB imposes upper bound 
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larger cross section = fewer antiparticles, less annihilation  
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through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains
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+
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where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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where we have dropped terms of order in m
�

/m
A

0 and
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The mass hierarchy m
A

0 > m
�

and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,

✏2 ⇠ T 2H(T )
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains
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where A0 is the U(1)
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gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig
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A0
µ

contains the coupling constant g
D

, and we define
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D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
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= cos ✓
W

A
µ

� sin ✓
W

Z
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in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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where we have dropped terms of order in m
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0 and
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The mass hierarchy m
A

0 > m
�

and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,

✏2 ⇠ T 2H(T )
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains
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where A0 is the U(1)
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= @[µ,A
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and B
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= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m
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contains the coupling constant g
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, and we define
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hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
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tons becomes ✏
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, where ✏ ⌘ ✏
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and ✓
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is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m
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0 > m
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, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦
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, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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New Approach: Missing Momentum
3
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

ter direct and indirect detection [60–64], resolve puz-
zles in simulations of structure formation [65, 66], mod-
ify the number of relativistic species in the early uni-
verse [67, 68], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[69–73], and explore novel hidden-sector phenomenology
[24, 62, 67, 74–95].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,

renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ m

A

0

10 MeV

⌘4
✓

MeV

m
�

◆2 ✓10�2

↵
D

◆
. (3)

The mass hierarchy m
A

0 > m
�

and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦

�

< ⌦
DM

, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦

DM

. The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [32, 96], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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-Outgoing electron soft, wide angle

-DM or A’ carries  90-95% of  beam energy
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

ter direct and indirect detection [60–64], resolve puz-
zles in simulations of structure formation [65, 66], mod-
ify the number of relativistic species in the early uni-
verse [67, 68], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[69–73], and explore novel hidden-sector phenomenology
[24, 62, 67, 74–95].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,

renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ m

A

0

10 MeV

⌘4
✓

MeV

m
�

◆2 ✓10�2

↵
D

◆
. (3)

The mass hierarchy m
A

0 > m
�

and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦

�

< ⌦
DM

, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦

DM

. The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [32, 96], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.

 Kinematics of DM Production
(simple generalization to off-shell mediator)
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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.
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FIG. 13: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o↵ diago-
nally to 'h,` pairs. b) Inelastic up scattering of the lighter
'` into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via 'h ! '`e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.
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Real Missing Energy Magnitude (1016 EOTeff)

Brem+CCQE < 1 (T . 0.1)

CCQE+⇡0 < 1 (T . 0.1)

Moller+CCQE ⌧ 1 (T . 0.1)

eN ! eN⌫⌫̄ ⇠ 10�2

Reducible Backgrounds Fake Rate/1014 EOTeff

� non-interaction ⇠ 3 ⇥ 108e� 7
9 (T/X0=45) ⌧ 1

�p ! ⇡+n ⇠ 102 ⇥ ✏⇡✏n

�⇤p ! ⇡+n (backscatter ⇡+) ⇠ 3 ⇥ 101 ⇥ ✏n (see text)
�N ! (⇢, !, �)N ! ⇡+⇡�N ⇠ 2 ⇥ 104✏2⇡
�⇤n ! nn̄n ⇠ 3 ⇥ 103 ⇥ ✏3n
eN ! eN(µ+µ�, ⇡+⇡�) ⇠ 104 ⇥ ✏2µ/⇡

�N ! Nµ+µ� ⇠ 6 ⇥ 103 ⇥ ✏2µ

TABLE II: Summary of “real” missing energy backgrounds
and reducible “fake” missing energy backgrounds for the near-
target tracking and calorimetry concept illustrated in Figure I
(B), and described in more detail in the text. In practice,
T ⇡ 0.1 (with a pT > 20 MeV selection) is su�cient to con-
trol CCQE backgrounds for 1016 EOTe↵ . For a thin T ⇠ 0.01
target with pT > 50 MeV selection, real photon backgrounds
can be kinematically reduced by 104, in which case readily
attainable ✏n ⇠ 10�2 and ✏µ/⇡ ⇠ 10�3 are su�cient to con-
trol fake “missing” photon backgrounds for 1016⇥0.01 = 1014

EOTe↵ . Going to a thicker target T = 0.1 reduces the e↵ec-
tiveness of the pT selection down to ⇠ 200 rejection of real
photon backgrounds, and requires a corresponding improve-
ment for the veto ine�ciencies.

(e.g. tracking and calorimetry). Inverting these cuts one
at a time can also be used to determine the total rejection
for a specific exclusive process often with better statisti-
cal uncertainty than the kinematic control regions alone.
But the virtue of the kinematic control regions is their
inclusiveness – their e↵ectiveness relies only on the dom-
inance of electromagnetic interactions for electrons, the
non-zero mass of the A0 (for separation of signal from
real-photon backgrounds), and the di↵erence in masses
between electrons and muon/hadrons (for separation of
virtual-photon backgrounds)! Therefore, kinematic sep-
aration allows reliable estimates or bounds on the back-
ground even from final states whose importance has not

been anticipated.
Put another way, if a reasonably large excess of O(10)

events or more is observed, these kinematic handles can
be used to credibly identify it as a new-physics signal or
as probable background. This is an important handle for
an experiment to have real discovery potential.

E. Performance and Sensitivity Summary

The near-target tracking layout o↵ers several advan-
tages over a target-calorimeter based approach, which to-

gether improve its overall sensitivity reach as a function
of veto performance, as well as enhancing the potential
for a credible discovery.

Figure 1 summarizes the sensitivity reach for several
benchmark cases. The red curves in Fig. 1 depict ex-
pected 90% exclusion regions for various realizations of
the near target tracking scenario (Scenario B). The solid
curve labeled I assumes 1013 EOTe↵ and target thick-
ness of T = 0.01X0, while the dashed red curve labeled
II assumes 1015 EOTe↵ and T = 0.1X0. Both solid
and dashed lines compute signal yield requiring either
(P

T

(e) > 20 MeV and 50 MeV < E
e

< 0.1E
beam

) with
2.3 event sensitivity for a 90% exclusion or requiring
just (50 MeV < E

e

< 0.1E
beam

) with 35 event sensi-
tivity for a 90% exclusion; whichever yields a smaller ✏
for a given value of m0

A

. This corresponds to a scenario
with a total of ⇠ 300 background events, dominated by
real-photon conversions. For high A0 masses an e↵ective
search strategy is to cut away from these events using
recoil electron p

T

; for lower A0 masses, it is more ef-
ficient to measure the backgrounds in a control region
and statistically subtract them. The dotted red line la-
beled III represents the ultimate limit of this experimen-
tal program and assumes 3⇥ 1015 EOT

eff

incident on a
T = 0.1X0 target, assuming zero backgroun in the range
(50 MeV < E

e

< 0.1E
beam

) for a 90% sensitivity limit
of 2.3 signal events. We also show our estimated 90%
exclusion sensitivity for an SPS configuration (30 GeV
beam energy on Tungsten) with 109 and 1012 EOTe↵

4.

To see how background yields are reduced by the fac-
tors discussed above, we consider a benchmark neutron
veto ine�ciency of ✏

n

⇠ 10�3 and muon/pion ine�ciency
of ✏

µ/⇡

. 10�3. In this case, referring to Table I, the
target-calorimetry approach would be background lim-
ited at the level of N

e

⇥ T = 1012 EOTe↵ , while the
near-target tracking could reach 1014 EOTe↵ . Signal pro-
duction is reduced by the thinner T and p

T

selection,
but that is partially compensated for by the complete
reduction of straggling losses yielding an overall ⇠ 70
reduction in signal yields when compared to T = 1 (at
m

A

0 ⇠> 50 MeV for example), so that signal over back-
ground can be improved by ⇠> 100 in this case. This
leads to a ⇠ 100 improvement in background limited ✏2

4 Our signal yield estimate for the SPS set-up at 90% C.L. exclu-
sion is ⇡ 20 � 30 times lower than what is inferred from Fig. 19
of Ref. [20]. The di↵erence is due to including full Monte Carlo
simulation of the form factor suppression as a function of A0

mass, including O(50� 70%) e�ciency for a signal event to have
electron recoil energy below 0.1Ebeam (even smaller than 50% for
mA0 . 10 MeV), and a 30% e�ciency that we apply to the sig-
nal to account for straggling e↵ects — there’s a large probability
that multiple (forward) Bremsstrahlung will reduce the incident
electron energy to < 0.9Ebeam before the hard scatter that pro-
duces DM. In that case, one would see a shower above 0.1Ebeam

even if the e� recoil energy is low, and veto the event. These
factors combined account for the factor of 20�30 discrepancy in
yields and corresponding sensitivity to ✏.

EOTeff = EOT⇥ (T/X0)
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

ter direct and indirect detection [60–64], resolve puz-
zles in simulations of structure formation [65, 66], mod-
ify the number of relativistic species in the early uni-
verse [67, 68], explain the “cosmological coincidence”
between dark and visible energy-densities [17, 18], re-
solve the proton charge radius and other SM anomalies
[69–73], and explore novel hidden-sector phenomenology
[24, 62, 67, 74–95].

The elaborate parameter space for this large class of
theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

mil-
licharges proportional to ✏e; any photon in a QED Feyn-
man diagram can be replaced with an A0, with its cou-
pling to SM states rescaled by ✏. This simplified model
serves as a useful avatar for a generic dark sector be-
cause its parameter space can easily be reinterpreted to
constrain many other, more elaborate scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,

renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ annihilation to SM final states, which
yields the observed abundance for

✏2 ' 1.3 ⇥ 10�8
⇣ m

A

0

10 MeV

⌘4
✓

MeV

m
�

◆2 ✓10�2

↵
D

◆
. (3)

The mass hierarchy m
A

0 > m
�

and resulting dominant
��̄ ! e+e� annihilation channel allow this scenario to
remain compatible with CMB constraints (see below)1.
Larger values of ✏ yield ⌦

�

< ⌦
DM

, so � can still be a
subdominant fraction of the dark sector, but smaller val-
ues overclose the universe if � was ever in thermal equi-
librium with the visible sector, so this places a generic
constraint on the parameter space. Indeed, even if the
initial � population is matter-asymmetric, the annihila-
tion rate must still exceed the thermal-relic value to erase
the matter-symmetric ��̄ population. The lowest black
curve in Fig. 6 is the region for which which a thermal
relic � constitutes all of the dark matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or a greater m
A

0/m
�

ra-
tio, the relic density curve moves upward on the plot, so
experimentally probing down to this diagonal su�ces to
cover the entire parameter space for which the DM-SM
coupling is appreciable enough to keep the � relic density
below ⌦

DM

. The condition for � to thermalize with the
radiation in the early universe is,

✏2 ⇠ T 2H(T )

↵↵
D

n
e

(T )

����
T=2m�

⇠> 2.1 ⇥ 10�17
⇣ m

�

10 MeV

⌘✓ 0.1

↵
D

◆
, (4)

assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 6 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [32, 96], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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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.
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Real Missing Energy Magnitude (1016 EOTeff)

Brem+CCQE < 1 (T . 0.1)

CCQE+⇡0 < 1 (T . 0.1)

Moller+CCQE ⌧ 1 (T . 0.1)

eN ! eN⌫⌫̄ ⇠ 10�2

Reducible Backgrounds Fake Rate/1014 EOTeff

� non-interaction ⇠ 3 ⇥ 108e� 7
9 (T/X0=45) ⌧ 1

�p ! ⇡+n ⇠ 102 ⇥ ✏⇡✏n

�⇤p ! ⇡+n (backscatter ⇡+) ⇠ 3 ⇥ 101 ⇥ ✏n (see text)
�N ! (⇢, !, �)N ! ⇡+⇡�N ⇠ 2 ⇥ 104✏2⇡
�⇤n ! nn̄n ⇠ 3 ⇥ 103 ⇥ ✏3n
eN ! eN(µ+µ�, ⇡+⇡�) ⇠ 104 ⇥ ✏2µ/⇡

�N ! Nµ+µ� ⇠ 6 ⇥ 103 ⇥ ✏2µ

TABLE II: Summary of “real” missing energy backgrounds
and reducible “fake” missing energy backgrounds for the near-
target tracking and calorimetry concept illustrated in Figure I
(B), and described in more detail in the text. In practice,
T ⇡ 0.1 (with a pT > 20 MeV selection) is su�cient to con-
trol CCQE backgrounds for 1016 EOTe↵ . For a thin T ⇠ 0.01
target with pT > 50 MeV selection, real photon backgrounds
can be kinematically reduced by 104, in which case readily
attainable ✏n ⇠ 10�2 and ✏µ/⇡ ⇠ 10�3 are su�cient to con-
trol fake “missing” photon backgrounds for 1016⇥0.01 = 1014

EOTe↵ . Going to a thicker target T = 0.1 reduces the e↵ec-
tiveness of the pT selection down to ⇠ 200 rejection of real
photon backgrounds, and requires a corresponding improve-
ment for the veto ine�ciencies.

(e.g. tracking and calorimetry). Inverting these cuts one
at a time can also be used to determine the total rejection
for a specific exclusive process often with better statisti-
cal uncertainty than the kinematic control regions alone.
But the virtue of the kinematic control regions is their
inclusiveness – their e↵ectiveness relies only on the dom-
inance of electromagnetic interactions for electrons, the
non-zero mass of the A0 (for separation of signal from
real-photon backgrounds), and the di↵erence in masses
between electrons and muon/hadrons (for separation of
virtual-photon backgrounds)! Therefore, kinematic sep-
aration allows reliable estimates or bounds on the back-
ground even from final states whose importance has not

been anticipated.
Put another way, if a reasonably large excess of O(10)

events or more is observed, these kinematic handles can
be used to credibly identify it as a new-physics signal or
as probable background. This is an important handle for
an experiment to have real discovery potential.

E. Performance and Sensitivity Summary

The near-target tracking layout o↵ers several advan-
tages over a target-calorimeter based approach, which to-

gether improve its overall sensitivity reach as a function
of veto performance, as well as enhancing the potential
for a credible discovery.

Figure 1 summarizes the sensitivity reach for several
benchmark cases. The red curves in Fig. 1 depict ex-
pected 90% exclusion regions for various realizations of
the near target tracking scenario (Scenario B). The solid
curve labeled I assumes 1013 EOTe↵ and target thick-
ness of T = 0.01X0, while the dashed red curve labeled
II assumes 1015 EOTe↵ and T = 0.1X0. Both solid
and dashed lines compute signal yield requiring either
(P

T

(e) > 20 MeV and 50 MeV < E
e

< 0.1E
beam

) with
2.3 event sensitivity for a 90% exclusion or requiring
just (50 MeV < E

e

< 0.1E
beam

) with 35 event sensi-
tivity for a 90% exclusion; whichever yields a smaller ✏
for a given value of m0

A

. This corresponds to a scenario
with a total of ⇠ 300 background events, dominated by
real-photon conversions. For high A0 masses an e↵ective
search strategy is to cut away from these events using
recoil electron p

T

; for lower A0 masses, it is more ef-
ficient to measure the backgrounds in a control region
and statistically subtract them. The dotted red line la-
beled III represents the ultimate limit of this experimen-
tal program and assumes 3⇥ 1015 EOT

eff

incident on a
T = 0.1X0 target, assuming zero backgroun in the range
(50 MeV < E

e

< 0.1E
beam

) for a 90% sensitivity limit
of 2.3 signal events. We also show our estimated 90%
exclusion sensitivity for an SPS configuration (30 GeV
beam energy on Tungsten) with 109 and 1012 EOTe↵

4.

To see how background yields are reduced by the fac-
tors discussed above, we consider a benchmark neutron
veto ine�ciency of ✏

n

⇠ 10�3 and muon/pion ine�ciency
of ✏

µ/⇡

. 10�3. In this case, referring to Table I, the
target-calorimetry approach would be background lim-
ited at the level of N

e

⇥ T = 1012 EOTe↵ , while the
near-target tracking could reach 1014 EOTe↵ . Signal pro-
duction is reduced by the thinner T and p

T

selection,
but that is partially compensated for by the complete
reduction of straggling losses yielding an overall ⇠ 70
reduction in signal yields when compared to T = 1 (at
m

A

0 ⇠> 50 MeV for example), so that signal over back-
ground can be improved by ⇠> 100 in this case. This
leads to a ⇠ 100 improvement in background limited ✏2

4 Our signal yield estimate for the SPS set-up at 90% C.L. exclu-
sion is ⇡ 20 � 30 times lower than what is inferred from Fig. 19
of Ref. [20]. The di↵erence is due to including full Monte Carlo
simulation of the form factor suppression as a function of A0

mass, including O(50� 70%) e�ciency for a signal event to have
electron recoil energy below 0.1Ebeam (even smaller than 50% for
mA0 . 10 MeV), and a 30% e�ciency that we apply to the sig-
nal to account for straggling e↵ects — there’s a large probability
that multiple (forward) Bremsstrahlung will reduce the incident
electron energy to < 0.9Ebeam before the hard scatter that pro-
duces DM. In that case, one would see a shower above 0.1Ebeam

even if the e� recoil energy is low, and veto the event. These
factors combined account for the factor of 20�30 discrepancy in
yields and corresponding sensitivity to ✏.

Reducible with sufficiently hermitic setup
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)

D

. The most general renormal-
izable Lagrangian for this scenario contains

L
D

� ✏
Y

2
F 0
µ⌫

B
µ⌫

+
m2

A

0

2
A0

µ

A0µ + �̄(i 6D �m
�

)�, (2)

where A0 is the U(1)
D

gauge boson, F 0
µ⌫

= @[µ,A
0
⌫]

and B
µ⌫

= @[µ,B⌫] are the dark and hypercharge field
strength tensors, and m

�,A

0 are the appropriate dark
sector masses. The covariant derivative D

µ

⌘ @
µ

+
ig

D

A0
µ

contains the coupling constant g
D

, and we define
↵
D

⌘ g2
D

/4⇡ in analogy with electromagnetism. The A0-
hypercharge kinetic mixing parameter ✏

Y

is expected to
be small (✏ ⌧ 1) because it most-naturally arises at loop
level if any particles in nature carry charges under both
U(1)

Y

and U(1)
D

.
After electroweak symmetry breaking, the hypercharge

field is B
µ

= cos ✓
W

A
µ

� sin ✓
W

Z
µ

in the mass eigenba-
sis, so the kinetic mixing between dark and visible pho-
tons becomes ✏

2F
0
µ⌫

F
µ⌫

, where ✏ ⌘ ✏
Y

cos ✓
W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for

✏2 ' 2 ⇥ 10�8
⇣ m

A

0

10 MeV

⌘4
✓

MeV

m
�

◆2 ✓10�2

↵
D

◆
, (3)

where we have dropped terms of order in m
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The mass hierarchy m
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and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
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ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)
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. The most general renormal-
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UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m
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can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
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. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Physics Motivation for a Pilot Dark Matter Search at Je↵erson Laboratory
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It has recently been demonstrated that a program of parasitic electron-beam fixed-target ex-
periments would have powerful discovery potential for dark matter and other new weakly-coupled
particles in the MeV–GeV mass range. The first stage of this program can be realized at Je↵erson
Laboratory using an existing plastic-scintillator detector downstream of the Hall D electron beam
dump. This paper studies the physics potential of such an experiment and highlights its unique
sensitivity to inelastic “exciting” dark matter and leptophilic dark matter scenarios. The first of
these is kinematically inaccessible at traditional direct detection experiments and features potential
“smoking gun” low-background signatures.

I. INTRODUCTION

Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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yields a target (nucleus, nucleon, or electron) recoil E
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and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
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FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
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and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
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sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
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hidden-sector phenomenology [21, 60, 65, 71–92].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM par-
ticle � with unit charge under a spontaneously broken
abelian gauge group U(1)
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After electroweak symmetry breaking, the hypercharge
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tons becomes ✏
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, where ✏ ⌘ ✏
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W

and ✓
W

is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m

A

0 > m
�

, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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The mass hierarchy m
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0 > m
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and resulting
dominant ��̄ ! e+e� annihilation channel allow this sce-
nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦

�

< ⌦
DM

, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m

A

0 = 3m
�

and ↵
D

= 1. For lower ↵
D

or
a greater m

A

0/m
�

ratio, the relic density curve moves
upward on the plot, so experimentally probing down to
this diagonal su�ces to cover the entire parameter space
for which the DM-SM coupling is appreciable enough to
keep the � relic density below ⌦

DM

. The condition for �
to thermalize with the radiation in the early universe is,
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assuming m
A

0 ⇠ m
�

. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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FIG. 3: Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 ! �̄�. Production of �̄� can also proceed
through an o↵-shell A0 with an extra surpression of ↵D/⇡.

hidden-sector phenomenology [21, 60, 65, 71–92].
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is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)

D

millicharges proportional to ✏e; any photon in a QED
Feynman diagram can be replaced with an A0, with its
coupling to SM states rescaled by ✏. This renormalizable
simplified model serves as a useful avatar for a generic
dark sector because its parameter space can easily be
reinterpreted to constrain many other, more elaborate
scenarios.

Beyond its role as a convenient parametrization for
more general sectors, this scenario is also a self-contained,
UV complete theory of dark matter. If the DM is
particle-antiparticle symmetric and m
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0 > m
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, the relic
density is set by ��̄ ! e+e� annihilation, which yields
the observed abundance for
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and resulting
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nario to remain compatible with CMB constraints (see
below) 1. Larger values of ✏ yield ⌦
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, so �
can still be a subdominant fraction of the dark sector,
but smaller values overclose the universe if � was ever in
thermal equilibrium with the visible sector, so this places
a generic constraint on the parameter space. Indeed,
even if the initial � population is matter-asymmetric,
the condition in Eq. 3 must still be satisfied to erase
the thermally generated matter-symmetric ��̄ popula-
tion. The lowest black curve in Fig. 5 is the region
for which which a thermal relic � comprises all the dark
matter for m
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0 = 3m
�

and ↵
D
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or
a greater m
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upward on the plot, so experimentally probing down to
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assuming m
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. The parameter space along the
relic density curve in Fig. 5 (black, solid) trivially satis-
fies this requirement over the full MeV-GeV range, so �
will have a thermal abundance in the early universe, and
the only viable parameter space is above the relic density
curve.

Beam-Dump Constraints
The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e � ⌫ cross section [29, 93], which
can be reinterpreted as a bound on the DM production
via ⇡0 ! �A0 ! ��̄� followed by scattering o↵ detector
electrons �e ! �e, which has the same final state as the
neutrino search. Similarly the E137 axion search is sen-
sitive to light DM via radiative A0 production followed
by the decay to �̄� and scattering via �e ! �e to induce
GeV-scale electron recoils in a downstream detector [31].
Finally, the E787 [23] and E949 [24] experiments, which
measure the K+ ! ⇡+⌫⌫̄ branching ratio are sensitive
to light DM via K+ ! ⇡+A0 ! ⇡+�̄�, where the DM
carries away missing energy in place of neutrinos.

Precision QED Constraints
Since A0 introduce corrections to leptonic vertices in

1 If mA0 < m�, the dominant annihilation channel is �̄� ! A0A0,
which is not suppressed by ✏, is more readily constrained by late
time CMB measurements, and easily leads to thermal underpro-
duction in the early universe unless ↵D ⌧ ↵. In this region of
parameter space, A0 decays visibly and doesn’t contribute to the
observables considered in this paper.
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Summary
Light DM remains viable over thermal window

Bulk of  existing program is insensitive, lots of  territory left!

- Exploits distinctive production kinematics
- Irreducible BG negligible 
- BG from “fakes” challenging but reducible
- Alongside Belle II can cover “worst case” thermal DM targets

    Billion $ program misses lower half of  thermal range (MeV-TeV)

Missing Momentum Offers Powerful Handle 

- Dedicated experiment covers almost all territory for thermal

(scalar/fermion) x (symm/asymm) x (elastic/inelastic)
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Thank You! 
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