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Cluster Collisions Gravitational Lensing Rotation Curves

CMB Power SpectrumMatter Power Spectrum BBN Light Element Yields

Remarkable Evidence for Dark Matter  

… but still no clue about its particle identity



Each step required revolutionary theoretical/experimental leaps 

Fermi Scale Identified

W/Z Bosons Discovered 

(1930s)

Discovery of  Radioactivity (1890s)

Higgs Discovered 

Non-Abelian Gauge Theory (1950s)

(1970s)

(2010s)

Higgs Mechanism (1960s)

t ⇠ 100 years

Comparison with the Electroweak Sector



Each step required revolutionary theoretical/experimental leaps 

W/Z Bosons Discovered 

Discovery of  Radioactivity (1890s)

Higgs Discovered 

Non-Abelian Gauge Theory (1950s)

(1970s)

(2010s)

Higgs Mechanism (1960s)

t ⇠ 100 years

Understanding the Electroweak Sector

Fermi Scale Identified GF ⇠ 1

(100GeV)2
(1930s)



No clear target for non-gravitational contact
Discovery time frame? 

Discovery of  missing mass (1930s)

Relevant scale? > 2017

Precision CMB measurements (1990s)

Rotation curves (1970s)

t > 80 yrs

Understanding the Dark Sector?
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Bad news: DM-SM interactions are not obligatory
If nature is unkind, we may never know the right scale

Good news: most discoverable DM candidates are in             
thermal equilibrium with us in the early universe 

Why is this good news?

DM Prognosis?

mDM

mPl

⇠ 1019 GeV
⇠ 100M�

must be compositemust be bosonic

⇠ 100 eV
⇠ 10�20 eV

15

DM Prognosis?
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H ⇠ n�v =)

If interaction rate exceeds Le↵ =
g2

⇤2
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Equilibrium is reached in the early universe if 
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 Hubble expansion

Applies to *nearly* all models with couplings large enough 
for detection (rare counterexamples: axion or sterile neutrino) 

Thermal Equilibrium
Advantage #0:  Easily Realized 



Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate

Griest et. al. 1992

⌦� ⇠ h�vi�1

n(eq.)
DM =

Z
d3p

(2⇡)3
gi

eE/T ± 1
⇠ T 3

DM is overproduced, need to annihilate away the excess!

Freeze out

(T � m�)

Observed density requires

Symmetric Thermal DM 

�vsym ⇠ 3⇥ 10�26cm3s�1

n� = n�



Thermal Equilibrium
Advantage #1:  Minimum Annihilation Rate
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Known initial condition

Thermal Equilibrium
Advantage #2:  Insensitive to high scales 

Mass & couplings set abundance

Calculable & compatible with nearly all high energy scenarios

Can learn a lot from a discovery!

Only other insensitive mechanism is “freeze-in”

DM produced through tiny couplings, very hard to test 
keV . mDM . mPlVery wide mass range 

Example: Sterile neutrino DM production through mixing 



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

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

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

 ~ 1985, natural starting point 

Neff  / BBN

right after  W&Z discoveries 



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

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

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

Neff  / BBN

This talk
"When the facts change, I change my mind.
What do you do, sir?”

- John Maynard Keynes

(LHC/Direct Detection?)



• Historical Motivation

• DM Coannihilation (<GeV)

Overview 

• New Fixed Target Searches

Thermal DM & WIMPs

Models & Milestones

LSND, MiniBooNE, JSNS2, DUNE(?)…



CMB Bounds for light DM

Planck Collaboration: Cosmological parameters
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Fig. 40. 2-dimensional marginal distributions in the pann–ns
plane for Planck TT+lowP (red), EE+lowP (yellow), TE+lowP
(green), and Planck TT,TE,EE+lowP (blue) data combinations.
We also show the constraints obtained using WMAP9 data (light
blue).

We then add pann as an additional parameter to those of the base
⇤CDM cosmology. Table 6 shows the constraints for various
data combinations.

Table 6. Constraints on pann in units of cm3 s�1 GeV�1.

Data combinations pann (95 % upper limits)

TT+lowP . . . . . . . . . . . . . . . . . < 5.7 ⇥ 10�27

EE+lowP . . . . . . . . . . . . . . . . . < 1.4 ⇥ 10�27

TE+lowP . . . . . . . . . . . . . . . . . < 5.9 ⇥ 10�28

TT+lowP+lensing . . . . . . . . . . . < 4.4 ⇥ 10�27

TT,TE,EE+lowP . . . . . . . . . . . . < 4.1 ⇥ 10�28

TT,TE,EE+lowP+lensing . . . . . . < 3.4 ⇥ 10�28

TT,TE,EE+lowP+ext . . . . . . . . . < 3.5 ⇥ 10�28

The constraints on pann from the Planck TT+lowP spec-
tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
Planck T E or EE spectra improve the constraints on pann by
about an order of magnitude compared to those from Planck TT
alone. This is because the main e↵ect of dark matter annihila-
tion is to increase the width of last scattering, leading to a sup-
pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
power spectra at high multipole are degenerate with other param-
eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.

improvement if other astrophysical data, or Planck lensing, are
added.30

We verified the robustness of the Planck TT,TE,EE+lowP
constraint by also allowing other extensions of ⇤CDM (Ne↵ ,
dns/d ln k, or YP) to vary together with pann. We found that the
constraint is weakened by up to 20 %. Furthermore, we have ver-
ified that we obtain consistent results when relaxing the priors
on the amplitudes of the Galactic dust templates or if we use the
CamSpec likelihood instead of the baseline Plik likelihood.

Figure 41 shows the constraints from WMAP9, Planck
TT,TE,EE+lowP, and a forecast for a cosmic variance limited
experiment with similar angular resolution to Planck31. The hor-
izontal red band includes the values of the thermal-relic cross-
section multiplied by the appropriate fe↵ for di↵erent DM anni-
hilation channels. For example, the upper red line corresponds to
fe↵ = 0.67, which is appropriate for a DM particle of mass m� =
10 GeV annihilating into e+e�, while the lower red line corre-
sponds to fe↵ = 0.13, for a DM particle annihilating into 2⇡+⇡�
through an intermediate mediator (see e.g., Arkani-Hamed et al.
2009). The Planck data exclude at 95 % confidence level a ther-

30It is interesting to note that the constraint derived from Planck
TT,TE,EE+lowP is consistent with the forecast given in Galli et al.
(2009), pann < 3 ⇥ 10�28 cm3 s�1 GeV�1.

31We assumed that the cosmic variance limited experiment would
measure the angular power spectra up to a maximum multipole of
`max = 2500, observing a sky fraction fsky = 0.65.
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tra are about 3 times weaker than the 95 % limit of pann <
2.1 ⇥ 10�27 cm3 s�1 GeV�1 derived from WMAP9, which in-
cludes WMAP polarization data at low multipoles. However, the
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pression of the amplitude of the peaks both in temperature and
polarization. As a result, the e↵ects of DM annihilation on the
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eters of base ⇤CDM, such as ns and As (Chen & Kamionkowski
2004; Padmanabhan & Finkbeiner 2005). At large angular scales
(` . 200), however, dark matter annihilation can produce an
enhancement in polarization caused by the increased ionization
fraction in the freeze-out tail following recombination. As a re-
sult, large-angle polarization information is crucial in breaking
the degeneracies between parameters, as illustrated in Fig. 40.
The strongest constraints on pann therefore come from the full
Planck temperature and polarization likelihood and there is little
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Fig. 41. Constraints on the self-annihilation cross-section at re-
combination, h�3iz⇤ , times the e�ciency parameter, fe↵ (Eq. 81).
The blue area shows the parameter space excluded by the Planck
TT,TE,EE+lowP data at 95 % CL. The yellow line indicates the
constraint using WMAP9 data. The dashed green line delineates
the region ultimately accessible by a cosmic variance limited ex-
periment with angular resolution comparable to that of Planck.
The horizontal red band includes the values of the thermal-relic
cross-section multiplied by the appropriate fe↵ for di↵erent DM
annihilation channels. The dark grey circles show the best-fit
DM models for the PAMELA/AMS-02/Fermi cosmic-ray ex-
cesses, as calculated in Cholis & Hooper (2013) (caption of their
figure 6). The light grey stars show the best-fit DM models for
the Fermi Galactic centre gamma-ray excess, as calculated by
Calore et al. (2014) (their tables I, II, and III), with the light
grey area indicating the astrophysical uncertainties on the best-
fit cross-sections.
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added.30
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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

n�2 ⇠ e��/T

5

SU(3)c ⇥ SU(2)L ⇥ U(1)Y

u, c, t, d, s, b

e, µ, ⌧, ⌫e, ⌫µ, ⌫⌧

�,W, Z,G,H

�1 SM

�2 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�2 �m�1 � eV

Heavier state gone before atoms form at  T~ 0.1 eV

No (tree level) direct detection � > 100 keV

 Easy to build, features large couplings, but hard to test! 

No indirect detection

Inelastic DM is CMB Safe

Direct Coannihilation  into SM 

iDM direct detection: Weiner, Tucker-Smith arXiv: 0101338



< GeV  Model Building
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DM overproduced unless there are light new “mediators”

DM must be a SM singlet 
Else would have been discovered (LEP…)

Even if it weren’t, freeze out still  needs new forces

Simplicity: can’t use higher dimension operators

�v ⇠
↵2m2
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m4
Z

⇠ 10�29cm3s�1
⇣ m�

GeV

⌘2

Lee/Weinberg ‘79

Requires renormalizable interactions



What Kind of New Force?

New scalar mediator 
mixing w/ Higgs

mixing w/ photon
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Must also be neutral under SM 

New vector mediator A’ ✏F 0
µ⌫F

µ⌫

✏ �H†H

�1

�2

�1

�2

Also lepton portal, but hard to get thermal contact Ô�(LH)
(e.g. RH neutrinos) 
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New vector mediator A’

Can also charge both DM & SM under new gauge group
(similar phone to photon mixing case)

✏F 0
µ⌫F

µ⌫

✏ �H†H

�1

�2

�1

�2

1512.04119, GK
Direct annihilation 

ruled out 
B ! K� ! K 6E(�1�2)

Must also be neutral under SM 



L � gDA0
µ ̄�

µ +M  ̄ +HD ̄
c 

Dirac
mass

Vector
current 

Charge 2
dark Higgs 

Representative Model 
Four component  fermion + dark photon



L � gDA0
µ ̄�

µ +M  ̄ +HD ̄
c 

Break dark U(1) with dark Higgs VEV

Dirac
mass

Vector
current 

Charge 2
dark Higgs 

Lmass = M  ̄ + hHDi ̄c 
Dirac Majorana

Four component  fermion + dark photon

Representative Model 

Exactly like the electron in QED
 if  E&M  were broken with a charge +2 “Higgs”



L � gDA0
µ ̄�

µ +M  ̄ +HD ̄
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Break dark U(1) with dark Higgs VEV

Dirac
mass

Vector
current 

Charge 2
dark Higgs 

Lmass = M  ̄ + hHDi ̄c 

Diagonalizing to mass basis splits Dirac 
components (pseudo-Dirac)

Dirac Majorana

 ⌘ (⇠, ⌘†)
int. eigenstates

(�1,�2) , � ⌘ m2 �m1

mass eigenstates

Representative Model 
Four component  fermion + dark photon
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Vector current off-diagonal in mass basis

L � gDA0
µ�̄2�

µ�1 + h.c.

Dominant process for relic abundance

mA0 > m1 +m2

Direct Coannihilation 

↵D ⌘ g2D
4⇡

opposite regime not CMB safe 
�1�1 ! A0A0 (s-wave)

Representative Model 



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

Excited State Decays 

�(�2 ! �1 e+e�) =
4✏2↵↵D�5

15⇡m4
A0

Downscattering

Inelastic Novelties  
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where Yi ⌘ ni/s is the comoving number density of each
species, a (0) superscript denotes an equilibrium quan-
tity, s(T ) = 2⇡2gs,⇤T

3/45 is the entropy density, and
�A, �S , and �D are dimensionless annihilation, scatter-
ing, and decay rates respectively. gs,⇤(T ) is the number
of entropic degrees of freedom. The first line of the right-
hand side characterizes the change in DM density due to
co-annihilation, the second line gives the change due to
self-annihilation, and the third and fourth lines charac-
terize scattering and decay processes that keep �

1

and �
2

in chemical equilibrium with one another and in kinetic
equilibrium with the SM. Using the Hubble rate during
radiation domination H(T ) = 1.66

p
g⇤T

2/mP ` (g⇤ is the
number of relativistic degrees of freedom), the dimen-
sionless rates are defined to be

�ij
A =

s(m
2

)

H(m
2

)
h�v(�i�j ! SM)i (21)

�S =
s(m

2

)

H(m
2

)
h�v(�

2

f ! �
1

f)i (22)

�D = H(m
2

)�1h�(�
2

! �
1

+ SM)i, (23)

for �
1

�
2

co-annihilation, �
2

f ! �
1

f inelastic scattering,
and �

2

! �
1

+ SM decays respectively. The diagonal
rate �ii

A is non-zero if there exist processes that allow
�i�i ! SM + SM annihilation.

For the dark photon model, the scalar dark matter
scenario is purely inelastic and so �ii

A = 0. For fermion
DM, there exists a self-annihilation channel whose rate
is proportional to the di↵erence of Majorana masses in
Eq. (10), and is also p-wave (helicity) suppressed for the
SM vector (SM axial) current. For the pure dipole sce-
nario, the �i�i ! ��, �Z, and ZZ channels are always
open if kinematically accessible, but the self-annihilation
rate is suppressed by additional powers of the dipole mo-
ment.

As in most co-annihilation scenarios, the scatter-
ing/decay processes preserve kinetic and chemical equi-
librium between �

2

and �
1

throughout freeze-out, and
so the system of Boltzmann equations for Y

1,2 can be re-
placed by a single Boltzmann equation for Y

tot

= Y
1

+Y
2

,

dY
tot

dx
= �


Y 2

tot

(Y (0)

1

+ Y
(0)

2

)2
� 1

�X

i,j

�ij
A

x2

Y
(0)

i Y
(0)

j . (24)
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FIG. 12: Freeze-out for fermion iDM (including co-
annihilation and sub-dominant self-annihilation) mediated by
an s-channel A

0 with m1 = 10 GeV, � = 0.2 m1, and
mA0 = 3 m1 with h�vi ⇠ 10�24cm3 s�1, for which ⌦�1 ⇠ ⌦DM

at late times. The solid (dashed) curves represent the actual
(equilibrium) number densities for the �1,2 species and we de-
fine the dimensionless evolution parameter x ⌘ m2/T . Note
that the excited state continues to steadily decay and down-
scatter into �1 o↵ SM particles even after �1 has frozen out.

This approximation is valid over our parameter space.
Considering an example point in the dark photon

model, we show in Fig. 12 the �
1

and �
2

yields as a
function of m

2

/T . For each model, we determine the pa-
rameters of the theory that give the observed DM relic
abundance as a function of m

1

, and we show these curves
in Figs. 2-5. We provide more comprehensive information
on the rates that appear in the Boltzmann equations in
Appendix A.

V. CONSTRAINTS

In this section, we consider other constraints on the
parameter space of the dark photon and dipole mod-
els, reviewing those which are complementary to collider
searches and those which are ine↵ective in iDM models.
These probes include direct detection experiments, preci-
sion measurements of SM parameters, indirect detection,
and LEP.

A. Precision Electroweak and QED Measurements

For models with new neutral gauge interactions,
mixing between the massive gauge bosons can lead to
shifts in observed SM electroweak couplings that are
excluded by electroweak precision and other observables.

Heavier state feels Boltzmann suppression earlier  
Need larger rate to compensate! 
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0
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which achieve the observed relic density; see Sec. II for more details.

and protophilic [28] mediators exist, so the complementarity
provided by both proton- and electron-beam experiments is
highly advantageous.

B. Representative Model

Our representative dark sector contains a 4-component
fermion  that transforms under a hidden abelian U(1)

D

gauge group. The fermion couples to a vector mediator A0

as

L = i /D + M ¯  + �� c + h.c., (3)

where � is a U(1)

D

symmetry breaking scalar whose vacuum
expectation value v

D

gives A0 a nonzero mass m
A

0 ⇠ g
D

v
D

and gives  a Majorana mass ⇠ �v
D

. Diagonalizing the re-
sulting Dirac and Majorana masses gives rise to fermion mass
eigenstates �

1,2

with a small mass splitting � ⌘ m
2

� m
1

and an off-diagonal coupling to A0,

L � g
D

A0

µ

�
2

�µ�
1

+ h.c., (4)

where g
D

⌘ p
4⇡↵

D

is the dark coupling constant. Note that
it is technically natural to have � ⌧ M since the Majorana
mass breaks the global symmetry associated with  number.2

2 If, unlike the construction in Eq. (3), the Majorana masses for the two Weyl
components in  = (⇠, ⌘†) are different, there is also a subleading diago-
nal interaction of the form (�/MD)�i 6A0�i, where � ⌘ m⇠ � m⌘ is the
difference of Majorana masses for the the interaction eigenstates. We ne-
glect this interaction in our analysis, assuming the off-diagonal interaction
dominates.

This sector can interact with the SM through a renormaliz-
able and gauge-invariant kinetic mixing term between U(1)

D

and U(1)

Y

gauge fields,

L � ✏

2 cos ✓
W

F 0

µ⌫

Bµ⌫

= ✏F 0

µ⌫

Fµ⌫

+ ✏ tan ✓
W

F 0

µ⌫

Zµ⌫ , (5)

where ✏ ⌧ 1 is the kinetic mixing parameter and F 0

µ⌫

and
B

µ⌫

are respectively the dark and hypercharge field strength
tensors and the kinetic mixing interaction has been written in
terms of the SM mass eigenstates A and Z after electroweak
symmetry breaking. Diagonalizing the kinetic terms in Eq. (5)
and rescaling the field strengths to restore canonical normal-
ization induce a coupling between A0 and the SM fermions
[29]. To leading order in ✏, the A0-SM interaction becomes

eA
µ

Jµ

EM

! e(A
µ

+ ✏A0

µ

)Jµ

EM

, (6)

where Jµ

EM

is the SM electromagnetic current and all charged
fermions acquire millicharges under U(1)

D

. There is also
an analogous A0 interaction with the SM neutral current that
arises from A0 � Z mixing, but in our mass range of inter-
est, m

A

0 ⌧ m
Z

, the mixing parameter is suppressed by an
additional factor of (m

A

0/m
Z

)

2 [30–33], so we neglect this
interaction for the remainder of paper.

C. Direct Coannihilation vs. Secluded Annihilation

In the hot early universe (T � m
i

, m
A

0 ), all dark species
are in chemical and kinetic equilibrium with the SM radia-
tion bath; this initial condition is guaranteed as long as the
DM-SM scattering rate exceeds the Hubble expansion rate
at some point during cosmic history. If m

i

> m
A

0 , the
freeze-out process is analogous to that of WIMP models. Be-
low the freeze-out temperature T

f

⇠ m
1,2

/20, the number
densities of both species are depleted predominantly through
�
i

�
i

! A0A0 self-annihilation (which depends only on ↵
D

),
not coannihilation, which depends on the combination ✏2↵

D

and is greatly suppressed by comparison. Although both com-
ponents undergo freeze-out separately, since �

2

is heavier and
unstable, it will be depleted through downscattering and de-
cays. Thus, up to order-one corrections, the requisite self-
annihilation cross section satisfies the familiar WIMP-like re-
quirement h�vi ⇠ 3 ⇥ 10

�26cm3

s

�1 in order for �
1

to have
the observed abundance at late times.

However, this secluded (m
i

> m
A

0 ) regime has several
drawbacks. Since the self-annihilation rate for fermions is s-
wave, annihilation continues to occur out of equilibrium dur-
ing recombination, which ionizes newly-formed hydrogen and
thereby modifies the CMB power spectrum. For a thermal an-
nihilation rate, this bound rules out DM below ⇠ 10 GeV
[8].3 Furthermore, since the secluded annihilation cross sec-
tion scales as �v ⇠ ↵2

D

/m2

i

, the abundance is independent

3 If instead, the DM is a scalar and annihilates directly to SM fermions
through an s-channel vector mediator, its annihilation rate is p-wave sup-
pressed, which can evade CMB bounds.
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�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal.
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loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
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instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)

B�L

, U(1)

`

i

�`

j

, U(1)

3B�`

i

, (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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p
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N

�
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be
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and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be
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and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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V. EXPERIMENTAL REACH

To determine the reach of JSNS2 to DM, we compute the
expected number of signal (S) and background (B) events
over 1 year of running. Following the analysis of Ref. [8],
we define the background uncertainty as

�B =
p
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beam�o↵

+ 0.2B
beam�on

(9)

where B
beam�o↵

⇡ B
cosmic

is the number of cosmic events
faking electron recoils, and B

beam�on

are all other back-
grounds discussed in Sec. IV, including CCQE and elastic
recoil events and accounting for all timing and pulse-shape
cuts. Note that compared to Ref. [8], the much smaller beam
timing window  = t

on

/t
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for JSNS2 means the additional
uncertainty during beam-off time is negligible, �B
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B
cosmic

. Similarly, to be conserva-
tive, we take an overall 20% systematic uncertainty on all
neutrino-related backgrounds, where the CCQE uncertainty
arises from nuclear matrix element uncertainties and the elas-
tic uncertainty reflects the uncertainty in the total beam flux.
We define our reach curves by S/�B = 2.1Do we require
S to be larger than some value in defining the sensitivity
curve? We should specify the value. -JS

Although no angular reconstruction cuts are possible with
JSNS2, precluding the possibility of identifying separate
e+/e� tracks, we still have the capability of optimizing the
signal window in total electron recoil energy Ee to maximize

1 This roughly corresponds to the 90% confidence level limit of the LSND
constraints [6], which will facilitate comparison between JSNS2 and
LSND. (I agree in principle, but Gaussian cdf at 2-sigma is 98%, so we
should actually take S/�B ⇡ 1.3 –mm)

FIG. 4. (Placeholder plot, need to smooth out bad statistics wig-
gles. –yk) Optimal signal windows in the dark photon model for
� = 0.4m1 as a function of m1. The dominant processes for visible
energy deposit are electron scattering at low masses, and �2 decay at
high masses.

S/�B. Fig. 4 shows the optimal signal windows for a repre-
sentative mass splitting � = 0.4m

1

in the dark photon model.
Compared to the optimal windows found in Ref. [8], there
are significant differences due to the fact that at large m

1

, the
dominant signal comes from �

2

decay to e+/e�, which has a
very different spectrum than up- or down-scattering off elec-
trons. (I think we need a signal spectrum plot to illustrate
this. –yk)

A. Dark photon model

In Fig. 5 we show the reach of JSNS2 to the dark photon
model with mass splittings � = 0.1m

1

and 0.4m
1

, alongside
other constraints from LSND and E137 [26, 27], and projec-
tions from other beam dump experiments. As anticipated, the
reach for JSNS2 is weaker than LSND for m

1

+m
2

< m⇡ due
to the larger neutrino backgrounds, most notably from kaons.
This highlights an interesting feature of proton beam dump ex-
periments, where for an elastic scattering signal in the absence
of kinematic thresholds, the advantages afforded by going to
higher beam energies are somewhat outweighed by the larger
neutrino backgrounds. Still, JSNS2 can probe unexplored pa-
rameter space between the ⇡0 and ⌘ kinematic thresholds,
with reach exceeding that of a similar projected search at
MiniBooNE [7]. Consistent with the results of Ref. [7], we see
that for inelastic DM, the strongest signal comes from decay
inside the detector when kinematically allowed (� > 2me).
In particular, at large splitting � = 0.4m

1

, JSNS2 can probe
the region around m

1

= 100 MeV corresponding to the ob-
served relic density, which is not currently excluded by any
experimental probe.
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This highlights an interesting feature of proton beam dump ex-
periments, where for an elastic scattering signal in the absence
of kinematic thresholds, the advantages afforded by going to
higher beam energies are somewhat outweighed by the larger
neutrino backgrounds. Still, JSNS2 can probe unexplored pa-
rameter space between the ⇡0 and ⌘ kinematic thresholds,
with reach exceeding that of a similar projected search at
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FIG. 2. Plots showing the ⇡0/⌘ distributions at the MiniBooNE beam energy of 9 GeV (left, Sanford-Wang), and at the SPS
energy of 400 GeV (right, BMPT).

B. Bremsstrahlung and resonant vector meson mixing

For higher mass mediators and dark matter, additional production channels become important. Particularly for
on-axis detectors, the forward-peaked emission of V particles through proton bremsstrahlung,

p+N ! p+N + V,

could provide a significant dark matter source with very little angular spread. The treatment here follows and
elaborates upon previous work on vector boson production via proton bremsstrahlung [52, 53]. In particular, we
account for the timelike form-factor which naturally incorporates o↵-shell mixing with vector mesons such as ⇢ and
!. This contribution was added by hand in the on-shell limit in our earlier analysis [42]. The approach [52] rests
upon the assumption of p�N scattering being dominated by exchange in the 1�� channel, which is consistent with
pomeron exchange, but with validity limited only to high energies.

We define the four-vectors for the incident proton and emitted V as p = (E
p

, 0, 0, P ) with E
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/(2P ), and
p
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= (E
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, p? cos(�), p? sin(�), zP ) with E
V

= zP + (p2? + m2

V

)/(2Pz), where p is the momentum of the incident
proton, p

V

is the momentum of the outgoing V boson, z is the fraction of the beam momentum carried by the outgoing
V and p? is the V momentum perpendicular to the beam momentum. The di↵erential V production rate can be
written as
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and the photon splitting function is [52]
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was defined above in (5).

The radiated V has timelike momenta, and the timelike form factor F
1,N

(q2) will necessarily incorporate mixing with
vector mesons in the appropriate kinematic region. Utilizing just the leading charge form factor, only F

1,p

contributes
for the vector portal, while both F

1,p

and F
1,n

contribute for the baryonic channel. Existing fits in the low invariant
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be
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and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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For higher mass mediators and dark matter, additional production channels become important. Particularly for
on-axis detectors, the forward-peaked emission of V particles through proton bremsstrahlung,
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could provide a significant dark matter source with very little angular spread. The treatment here follows and
elaborates upon previous work on vector boson production via proton bremsstrahlung [52, 53]. In particular, we
account for the timelike form-factor which naturally incorporates o↵-shell mixing with vector mesons such as ⇢ and
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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+e�. The signal of interest is involves
a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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+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 limiting.
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to
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FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 5: Upper bounds on the coupling of electrons to a me-
diator decaying invisibly to dark-sector states (region (b) of
Fig. 2). The solid black line / blue shaded region shows the
bound from BABAR data (this work), for a vector or pseudo-
vector mediator. The dotted line shows the bound for a scalar
or pseudo-scalar mediator. The black dashed line shows the
projected upper limit from an “improved BABAR” analysis
for a vector or pseudo-vector mediator, where the �/� back-
ground has been reduced by a factor of 10. The projected
reaches of four possible searches for a vector mediator at Belle
II are shown by the solid blue lines: a converted mono-photon
search (dashed, labelled (a) and (b), which respectively as-
sume no (a factor of 10) improvement in the �/� background
rejection over the “improved BABAR” projection), a standard
mono-photon search (solid), and a low-energy mono-photon
search (dot-dashed) (see Sec. VI). The gray shaded region is
excluded by LEP [5]. Additional limits relevant for sub-GeV
mediators are shown in Fig. 7. See text for more details.

in our analysis, since our signal would also appear in
the o↵-resonance sample. The search becomes there-
fore background-limited for mA0 <⇠ 1 GeV in the current
BABAR data. However, an improved background esti-
mate may be possible. We therefore show a projection
for an “improved BABAR” limit, assuming that the �

/

�

background can be reduced by a factor of 10. For this
case, we fit smooth curves to the current BABAR data to
show the expected limit. At Belle II, additional improve-
ments in both background rejection and resolution may
decrease the value of mA0 at which the search becomes
background-limited to a few hundred MeV, see Sec. VI.

We convert the limits on N

signal

into limits on ge using
simulation, accounting for the cut e�ciency as described
above. The limits are shown in Fig. 5, along with pro-
jections for Belle II and limits from LEP (see Secs. VI
and V A). In Figs. 7 and 10 we show our limits in the "

versus mA0 plane for the special case of an invisibly de-
caying hidden photon. The bounds and projected reach
of various other experiments are also shown, and are dis-
cussed further in Sec. V B.
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FIG. 6: Upper limits on geg� for the o↵-shell light media-
tor region (region (c) of Fig. 2), for a fixed mediator mass of
100 MeV. The coloring and assumptions of the BABAR and
Belle II curves are as in Fig. 4. The gray shaded region is ex-
cluded by LEP [5]. With a hidden-photon mediator, there is
a stronger constraint from combining g�-perturbativity with
a search for visibly-decaying hidden-photons at KLOE (green
line). The possible reach of an edge search is not shown,
but may allow some improvement. The solid and dotted blue
line both show the projected reach of Belle II in the vector-
mediated case assuming that the various background compo-
nents are known at the 5� 20% level (“systematics” limited)
or, more idealistically, are known perfectly up to statistical
fluctuations (“statistics” limited) (see Sec. VI for details). See
text for more details.

C. Constraints for O↵-Shell Light Mediators

When 2me < mA0
< 2m� (region (c) of Fig. 2), � +��

production proceeds through a light o↵-shell mediator,
giving a broad mono-photon spectrum as seen in Fig. 3.
This spectrum has a kinematic edge at m

2

�� = 4m

2

�.
Without good control over backgrounds, this spectrum is
di�cult to distinguish from backgrounds, and we conser-
vatively place constraints by requiring that the expected
signal does not exceed the observed number of events by
more than 2� in any bin.

Fig. 6 shows the upper limit on geg� as a func-
tion of m� for a fixed mediator mass of 100 MeV, for
various mediator types. The constraint on geg� from
LEP (see Sec. V A) is shown by the gray shaded re-
gion. In the case of a hidden photon mediator there
is a stronger constraint, shown by the green line. This
combines the requirement g� <

p
4⇡ (for perturbativ-

ity) with bound on a visibly-decaying hidden photon by
the KLOE experiment, which constrains ge < 0.002 for
mA0 = 100 MeV [68]. We note that if the mediator can
decay to a second light state in the hidden sector then
the visible constraints do not apply. However, this second
light state is then constrained by the on-shell constraints
in Sec. IVB, which are of comparable strength.

Also shown is the projected reach of Belle II for the

 mono photon + missing energy 

�1 �2

Signatures from displaced vertices and/or  missing energy
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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

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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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.

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, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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II. SUB-GEV THERMAL COANNIHILATION

In this section, we describe a class of models of coannihi-
lating DM: DM that couples inelastically to the SM through
a kinetically-mixed dark photon. We detail the early universe
cosmology and freeze out of the model, as well as introduce
a useful parametrization of the parameters of the model in
which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ m

Z

) new mediators
to generate a sufficiently large annihilation rate [21, 22]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a
renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,

Signatures @ Missing Energy & 
Momentum Experiments

Izaguirre, GK, Schuster, Toro 1307.6554
NA64 Collaboration  1610.02988

Observe recoiling electron with large

LDMX
NA64

~3e16 EOT ~1e11 EOT

LDMX Collaboration 1805.XXXXX

missing energy and/or mass (veto SM)

thin target 
~0.1 rad. length

~2 m thick target

E~100+ GeVE~ 8 GeV
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resolution of LSND means it is potentially sensitive to well-
separated e+/e� pairs, which can be distinguished from the
fake elastic events we used in estimating the sensitivity in this
work and could enhance the sensitivity. However, this would
require access to the LSND data as this signal of two charged
tracks in the detector is not present in any published analy-
sis. These existing constraints are illustrated in Fig. 6 for ↵

D

= 0.1, m
A

0
= 3m

1

, and various values of �. For all but the
smallest splittings, the combination of LSND and E137 covers
a large portion of the thermal target in the 1-100 MeV range.
However, for 2m

1

+� > m
⇡

0 , DM production through pions
is kinematically forbidden, so we see sharp kinematic cutoffs
at the pion threshold.

For comparison, Fig. 7 shows the effect of varying our
benchmark parameters (each panel varies one detail relative to
the top-left panel of Fig. 6) to demonstrate that these bench-

marks are conservative and representative of the viable param-
eter space. In particular, the top row of Fig. 7 shows how the
parameter space in the top-left plot of Fig. 6 changes as we
increase and decrease ↵

D

while holding all other parameters
fixed. Although there is slightly more viable parameter space
for the large value ↵

D

= 0.5, this choice is close to the pertur-
bativity limit for abelian dark sectors [60], so we regard our
benchmark choice as a representative and conservative value;
choosing a smaller coupling excludes more parameter space
on the y vs. m

1

plane, as we see for ↵
D

= ↵ in the same
figure. In the bottom row of Fig. 7, we vary our � and m

A

0

benchmarks from Fig. 6. In the bottom-left plot, we show the
nearly-elastic case of � = 0.01m

1

, where the decay signal
shuts off and the constraints are dominated by scattering. For
comparison, we also show the recent MiniBooNE elastic scat-
tering results [50], for which the beam energy is sufficiently
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Ne↵. is a model-dependent bound from DM freeze-out reheating photons preferentially over neutrinos during BBN [59], excluding parameter
space to the left of the line; if there are other sources of dark radiation, this bound can be alleviated.

to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
are two qualitatively different signals: a scattering signal,
where �

1,2

up- or downscatter at the detector and produce a
recoiling target and possibly an e+e� pair, and a decay signal,
where �

2

survives to the detector and decays inside, produc-
ing an e+e� pair. The reach of these experiments depends
on their ability to distinguish these multiple signals. While
E137 is only sensitive to total energy deposits, the angular
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to discover iDM models. We begin with a brief discussion of
existing constraints.

The parameter space of inelastically coupled DM for mass
scales beneath ⇠ GeV is constrained by precision measure-
ments, B-factories, and previous fixed-target experiments. On
the precision front, the anomalous magnetic moment of the
muon and electron constrains the interaction strength between
the dark photon A0 and the SM particles [57]. On the collider
front, both LEP and BaBar set a bound for larger values of ✏.
The former arises from the shift in m

Z

induced from mixing
with A0 [58], and the latter from a monophoton and missing
mass re-analysis [35, 37, 43].

Some of the strongest constraints from elastic DM arise
from E137 [21, 44], an electron beam dump experiment, and
LSND [20, 47], a proton beam fixed-target neutrino produc-
tion experiment. Here, we reinterpret the constraints in terms
of coannihilating DM. As discussed in Sec. III C above, there
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resolution of LSND means it is potentially sensitive to well-
separated e+/e� pairs, which can be distinguished from the
fake elastic events we used in estimating the sensitivity in this
work and could enhance the sensitivity. However, this would
require access to the LSND data as this signal of two charged
tracks in the detector is not present in any published analy-
sis. These existing constraints are illustrated in Fig. 6 for ↵
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, and various values of �. For all but the
smallest splittings, the combination of LSND and E137 covers
a large portion of the thermal target in the 1-100 MeV range.
However, for 2m
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0 , DM production through pions
is kinematically forbidden, so we see sharp kinematic cutoffs
at the pion threshold.

For comparison, Fig. 7 shows the effect of varying our
benchmark parameters (each panel varies one detail relative to
the top-left panel of Fig. 6) to demonstrate that these bench-

marks are conservative and representative of the viable param-
eter space. In particular, the top row of Fig. 7 shows how the
parameter space in the top-left plot of Fig. 6 changes as we
increase and decrease ↵
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while holding all other parameters
fixed. Although there is slightly more viable parameter space
for the large value ↵
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= 0.5, this choice is close to the pertur-
bativity limit for abelian dark sectors [60], so we regard our
benchmark choice as a representative and conservative value;
choosing a smaller coupling excludes more parameter space
on the y vs. m
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plane, as we see for ↵
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benchmarks from Fig. 6. In the bottom-left plot, we show the
nearly-elastic case of � = 0.01m
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, where the decay signal
shuts off and the constraints are dominated by scattering. For
comparison, we also show the recent MiniBooNE elastic scat-
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Conclusion
Coannihilation Freeze Out 

•Mass difference changes freeze out
•Need larger couplings (increases with splitting!)

Neutrino, Electron Fixed Target, & B-Factory Experiments
• Still have scattering/missing energy searches 

•Two level dark sector (pseudo-Dirac example)

•Also have powerful decay searches for excited state

Can Test Nearly All Scenarios
•Increasing the splitting doesn’t decouple the bounds

•Covering splittings up to ~ 50% gets everything!

•Other experiments? SeaQuest, DUNE, NOvA

•Collider displaced vertex searches @ higher masses
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