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10�33 eV �! 1019 GeV+mDM �

Discovery challenge: no clear scale  

Fortunately, “thermal” history narrows scope

DM viable over enormous mass range

Applies to most*  interesting /discoverable models 

Black hole/MACHO 
axion-like particle

Hubble sized

Many scenarios are undiscoverable

& lots of  room for progress
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Thermal Origin is Predictive

nDM(T ) =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

Requires minimum annihilation rate

Feature # 1: huge early universe density! 

�v � �vrelic ⇠ 3⇥ 10�26cm3s�1

Important target for discovery or falsifiability

  =   symmetric  DM      
 >   asymmetric or subdominant DM 
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FIG. 10: 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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> 10 TeV DM

and/or nonperturbative
<10 keV DM too hot

spoils structure formation
overproduced

Thermal Origin is PredictiveTesting Thermal DM
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(an overly simplified view)

Nod bad if we only care about testing WIMPs...

10 TeV1 MeV 1 GeV MZ

“Direct Detection”

Laboratory probes that reach “milestone sensitivity”:
(will discuss colliders momentarily)

“WIMPs”
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Feature # 2: most  masses can’t be thermal

Equilibrium reduces viable mass & coupling range

Viable Thermal Models
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Annihilation “mediators”

< GeV DM : W/Z/H too heavy!

 > GeV DM :  Mediator can carry SM charge 

�v /
m2

�

m4
Z

=) ⌦� ⇠ ⌦DM

Need light new mediator =)

�v /
m2

�

m4
new

=) ⌦� ⇠ ⌦DM
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FIG. 10: 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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Direct annihilation   =  invisibly decaying mediator 

offers clear & testable target
Visible mediator decay

insensitive to SM coupling sensitive to DM x SM coupling

Invisible mediator decay
s-channel DM annihilationt-channel DM annihilation

mMED > 2mDM

What kind of  new “mediator”?
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Higgs Portal 

Vector Portal

“Axion” Portal

couplings scale with mass

      couplings scale with charge

U(1)B�L

(H†H)|�†�|

mf

fa
af̄�5f

✏Fµ⌫F
0
µ⌫

Some caveats (see Natalia Toro’s  talk)

What kind of  new “mediator”?

U(1)B�L

A’ mediator
Invisibly decaying

A’ to DM: gD

✏eA’ to SM: 

Light mediator must be SM neutral 
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Thermal Ruled out by rare 
meson decays

(H†H)|�†�|

mf

fa
af̄�5f

✏Fµ⌫F
0
µ⌫ O

Many viable sub-GeV scenarios

�
[Izaguirre, GK, Schuster, Toro]

(to appear)

Higgs Portal 

Vector Portal

“Axion” Portal

What kind of  new “mediator”?
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What kind of  DM?

How constrained are these?

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

Easily evades CMB & Direct Detection constraints

Inelastic (mass splitting)

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/⇡.

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
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where we have dropped terms of order in m
�

/m
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m
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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 )

↵↵
D

n
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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  (no mass splitting) 
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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. 10: 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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Traditional Search Program

Insensitive to sub-GeV thermal DM

Testing Thermal DM

5

(an overly simplified view)

Nod bad if we only care about testing WIMPs...

10 TeV1 MeV 1 GeV MZ

“Direct Detection”

Laboratory probes that reach “milestone sensitivity”:
(will discuss colliders momentarily)

“WIMPs”
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Bounds: Electron Direct Detection
Xenon10 electron scattering constrains

Same scaling as thermal relic target, compare 
by plotting: 

vs.

 Trivially evaded with inelastic coupling  

y ⌘ ✏2↵D

✓
m�

mA0

◆4

m�

Model Dependent! 

��e / ✏2↵↵D
µ2
�e

m4
A0

Essig Mardon, Papucci, Volansky, Zhong
Theorist reinterpretation

1206.2644

Thursday, June 18, 15

http://arxiv.org/abs/1206.2644
http://arxiv.org/abs/1206.2644
http://arxiv.org/abs/1206.2644
http://arxiv.org/abs/1206.2644


BaBar Production:

Not intuitive:  must assume some dark coupling (and mass 
ratio) to compare with thermal target 

Conservative to choose large DM coupling (order-one 
mass ratio) demands tiny visible coupling for fixed 
annihilation rate

Bounds: Colliders/B-Factories 
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FIG. 10: 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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Bounds: CMB
If* DM can annihilate during CMB epoch, it can 
reionize Hydrogen

Same scaling as thermal relic target, compare 
by plotting: 

vs.
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Bounds: Beam Dumps
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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Figure 2: An illustration of the dark matter production modes and elastic scattering signatures.

π0, η

γ

V

χ

χ

χ χχχ

e e
N N

Figure 3: Top: The production of a WIMP pair through neutral meson decay. Bottom: The scattering
of a WIMP in the MiniBooNE detector. The cross again represents the kinetic mixing between the vector
mediator V and the photon.

p+p(n) → V ∗ → χ†χ. The second is through decays of mesons with large radiative branching
such as π0 and η in the form π0, η → V γ → χ†χγ. Once produced, the dark matter beam can
be detected via elastic scattering on nucleons or electrons in the detector, as the signature
is similar to the neutral current scattering of neutrinos. The basic production and detection
principle is summarized in Fig. 2.

At MiniBooNE, the most relevant production mechanisms are via π0 and η which subse-
quently decay to vectors that in turn decay to WIMPs. These WIMPs can then scatter on
the nuclei or electrons in the MiniBooNE detector. This process is detailed in Fig. 3. We
estimate the π0 and η production by averaging and scaling [5] the π+ and π− Sanford-Wang
distributions used in Ref. [30] and use the cuts from the analysis of neutral current scattering
(on nucleons) in Ref. [30] to obtain a total efficiency of about 35%. (Similar efficiencies were
adopted in analyzing electron scattering.) Contours in the parameter space of the model
were computed corresponding to 1, 10, and 1000 neutral current-like scattering events on
nucleons or electrons with 2× 1020 POT at MiniBooNE. While the Sanford-Wang distribu-
tion used corresponds to a beryllium target, the results are not expected to differ much when
steering the beam into the iron beam dump since the ratio of the charged hadron production
(which sets the number of neutrinos produced) to neutral hadrons (which sets the number
of WIMPs produced) does not strongly depend on atomic number.

In Fig. 4, these contours are shown in the plane of direct-detection scattering cross

7
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ing or vetoes can be used to actively reduce cosmogenic and
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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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Status: Scalar Symmetric Elastic
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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
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where we have dropped terms of order in m
�

/m
A

0 and
m

e

/m
�

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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n
e
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T=2m�

⇠> 2.1 ⇥ 10�17
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↵
D
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, (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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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)
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izable Lagrangian for this scenario contains
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is expected to
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is the weak mixing angle. Diagonalizing the A,A0 field
strengths, thus, gives all charged SM particles U(1)
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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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, the relic
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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
the thermally generated matter-symmetric ��̄ popula-
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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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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

keV < � ⌧ m�
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Invisible decay projection (@ JLab)

Reconstruct e & p kinematics, look for resonance 

Good photon rejection required 

Balewski,  Fisher et. al. (DarkLight Collaboration)
http://dmtpc.mit.edu/DarkLight/

Agnostic: production/detection insensitive to 
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FIG. 1. Schematic layout of the DarkLight experiment (revised from Ref. [28]). Leptons are tracked in the time projection
chamber (TPC, labeled “lepton tracker”, pink), and forward protons are tracked in the silicon forward detector (SFD, red).

Particle e+/e� p �

Angular acceptance 25� � 165� 5� � 89� 25� � 165�

Angular resolution �✓ = �� = 0.002 rad �✓ = �� = 0.02 rad N/Aa

Energy/momentum resolution �pT /pT = 2%⇥ (pT /100 MeV) �KE/KE = 0.1% N/Aa

Detection threshold pT > 10 MeV KE > 1 MeV E > 5 MeV

Detection e�ciency 100%b 99% 95%c

a The photon detection capability is only used as a veto in this analysis, so angular and energy resolutions are not needed.
b The precise electron detection e�ciency is not relevant for this analysis, as we will trigger on electrons but veto on protons.
c This is the nominal design e�ciency. We will later show how the reach changes quantitatively as a function of photon e�ciency. In
reality, photon e�ciency varies considerably as a function of photon energy [32], but taking various benchmark values of flat e�ciency
will su�ce for this analysis.

TABLE I. Experimental parameters for DarkLight, adapted from Ref. [28]. Angles ✓ are measured with respect to the outgoing
beam direction, with ✓ = 0� forward and ✓ = 180� backward.

TPC. The event rate is dominated by elastic scattering
ep ! ep, with an accepted cross section of 1.1⇥ 108 pb,
giving a rate of 65 MHz at nominal luminosity. The TPC
drift time is approximately 20 µs, during which there will
be on average about 1300 events being tracked. This
makes a hierarchical trigger system impractical, and in-
stead one uses a “free-running” trigger, where events are
pulled from a stream of continuous readout data rather
than some trigger object initiating full detector readout.
As a result, one must decide on an event selection cri-
terion which can be applied at data readout time. The
presence of three lepton tracks, two negative and one pos-
itive, with one of the tracks at an angle ✓ > 60� to limit
the elastic rate, provides such a criterion for the visible
search. Such a high event rate makes pileup a significant
concern, but “out-of-time” pileup can be distinguished
by timing information from the TPC. For the purposes

of this paper, we model the TPC behavior by assuming
that each particle comes with a timestamp accurate to 10
ns, so that the e↵ective window for coincident collisions
is 10 ns, rather than the full drift time which is several
orders of magnitude longer.

B. Invisible search

The invisibly-decaying A0 mode in Eq. (1) yields a final
state consisting of a single electron and a proton. One
can still reconstruct the invariant mass of the missing A0

using the final-state four-vectors. Following Fig. 2 and
denoting the incoming four-vectors as pe� ⌘ p1, pp ⌘ p2,
and the outgoing four-vectors as p0e� ⌘ p3, p0p ⌘ p4, we
have

m2
miss = (p1 + p2 � p3 � p4)

2. (2)
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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. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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cubic-meter 
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 1406.3028
Battaglieri et. al. (BDX collaboration)

Radiative DM production, 
Requires downstream scattering
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.
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Status: Thermal Light DM 
Testing Thermal DM

5

(an overly simplified view)

Nod bad if we only care about testing WIMPs...

10 TeV1 MeV 1 GeV MZ

“Direct Detection”

Laboratory probes that reach “milestone sensitivity”:
(will discuss colliders momentarily)

“WIMPs”

5Wednesday, 10 June, 15

Existing Coverage*

SUSY “WIMP”

Viable Thermal Models

* = elastic & symmetric

Fixed Targets

B-factories

Interesting Times Ahead
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Status: Thermal Light DM 

Lots of viable param-space left for < GeV DM
Lots of room for improvement

New way forward @ Cornell?

Best limits from nontraditional searches
Fixed targets & B-factories especially powerful

Most from theorists reinterpreting  old experiments

There are no dedicated efforts (yet!)
contrast w/  billion $ heavy DM program

Best hope for probing harder scenarios
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