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What is this stuff ?

Zeroth Order Outstanding Problems

Accelerated

Expansion
Cosmic

Matter Asymmetry

Also Quantum Gravity

Inflation

2

Open Questions in Fundamental Physics

Neutrino Masses



Cluster CollisionsGravitational Lensing

CMB Power SpectrumMatter Power Spectrum BBN Light Element Yields

Remarkable Evidence for Dark Matter  

Rotation Curves

Multiple independent, consistent observations

Ultimate Goal: extend our knowledge down to laboratory scales

over nearly all of spacetime (!) 



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

What Clues Do We Have?

Need organizing principle for systematic progress

Evidence only extends down to ~kpc (dwarf galaxy) scales
Huge space of allowed microscopic theories 

Theoretical guidance is essential

(or BH)



Overview

2) What’s different about light thermal DM (< GeV)?

3) Signals at accelerator based neutrino experiments?

1) What’s great about thermal DM?



Overview

2) What’s different about light thermal DM (< GeV)?

3) Signals at accelerator based neutrino experiments?

1) What’s great about thermal DM?



H ⇠ n�v =)

Compare interaction rate Le↵ =
g2

⇤2
(�̄�µ�)(f̄�µf)

Equilibrium is reached in the early universe if 

T 2

mPl
⇠ g2T 5

⇤4

����
T=m�

g & 10�8

✓
⇤

10GeV

◆2 ✓GeV

m�

◆3/2

 to Hubble expansion

Nearly all testable models feature equilibrium at early times

Q: What’s so great about equilibrium?
A: Generic and easy to achieve

(especially those testable at accelerators!)



Griest et. al. 1992

freeze out

n� = n�

Q: What’s so great about equilibrium?
A: Minimum annihilation rate

Observed density requires

Symmetric DM population
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Thermal Equilibrium
Advantage #2:  Insensitive to high scales 

Only other UV insensitive mechanism is “freeze-in”

- DM produced through tiny couplings, very hard to test 

Q: What’s so great about equilibrium?
A: Insensitive to unknown high energy physics

- Ad hoc initial condition

Initial condition known

Mass & couplings set abundance

Calculable and independent of inflation, reheating, baryogengesis etc.

A discovery would directly probe early universe cosmology

n�(0) = 0

None of these features depends on SUSY/WIMPs



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

Powerful existing searches

Neff  / BBN

[in]direct detection, colliders…

Q: What’s so great about equilibrium?
A: Narrows Viable Mass Range (!)



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?”

- John Maynard Keynes

Q: What’s so great about equilibrium?
A: Narrows Viable Mass Range (!)
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 Light DM vs. WIMPs 
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Overproduced without comparably light, neutral “mediators”

1) Light DM must be SM neutral 
Else would have been discovered at LEP

2) Light DM requires light new forces

�v ⇠
↵2m2

�

m4
Z

⇠ 10�29cm3s�1
⇣ m�

GeV

⌘2

Lee/Weinberg ‘79

Light mediators are not optional — they’re essential 

3) Annihilation involves renormalizable interactions
Higher dimension operators have same problem as W/Z mediators



Secluded Annihilation Direct Annihilation

Abundance depends on 
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Predictive thermal targets

Motivates hidden force searches
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Motivates missing energy probes 

No clear experimental target
g� gSM

Who’s Heavier: DM or Mediator?

m� > mmed
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Neutrino Experiments: Relativistic Direct Detection!

Dark Matter Search in a Proton Beam Dump with MiniBooNE
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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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Decay Pipe

Steel

Beam Dump

MiniBooNE Detector

p
⇡0

V
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�†

�
N

�
50m 4m 487m

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. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�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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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

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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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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A0

�J
�
SM ! gV A0

µ

�
ē��e + ⌫̄e�

�⌫e � µ̄��µ + ⌫̄µ�
�⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA0

�J
�
DM

interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Neutral meson decays 
Proton bremsstrahlung 
Deep inelastic scattering

Mediator Decays to make DM beam

DM scatters in (near) detectorProduce Mediator in Beam Dump
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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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Why use the beam dump?

4

lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.
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FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
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⇡± ⌫

Decay-in-flight due to

short life time

Decay-in-flight after

leaving target

Thick

Target

Beam

⇡0
�

⇡0
�

⇡±
⇡±

Decay-in-flight due to

short life time

Absorbed or decay-

at-rest) reduced neu-

trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

Large neutrino BG

Beam dump avoids target & focusing horn 
no charged pion DIF in decay pipe

MiniBooNE-DM Collaboration arXiv:1807.06137
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DM beam from pi0 decays

Signal from e-recoils in detector
18MeV < Evis < 50MeV

Ep ' 800MeV , 1024 POT

cos ✓ < 0.9

�N
obs

= 55

LSND arXiv/0101039
Reinterpret 

Case Study 1: Constrain DM with LSND NC data

Figure 5: As in Fig. 2, we show the sensitivity of LSND’s elastic scattering analysis [30] to scattering of

dark matter o↵ electrons, when m� < mV /2. The dashed LSND contour corresponds to the 90% confidence

limit as discussed in the text, based on LSND’s comparison of the observed data to the Standard Model

neutrino background [30]. The confidence limit is shown for two dark matter masses, 1 MeV (left) and

10 MeV (right). The solid black line indicates the parameters required to ensure saturation of the dark

matter relic density. The darker shaded regions show exclusions due to loop corrections from the vector to

g � 2 of the muon and electron, while the dark band is the preferred region to shift the muon g � 2 value

into line with experiment [11].
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Case Study 2: Constrain DM with COHERENT

Fig. 3: The COHERENT bounds derived in this work in the context of other bounds on DM interacting with a

kinetically mixed dark photon. The left and right panels standards for asymmetric fermion and symmetric scalar

dark matters, respectively. The red solid curve show the COHERENT bound with gX at the cluster bounds on DM

self-interactions, and dashed red with gX at 0.3 times the cluster bound.

handle for discriminating the presence of DM. In addition, imposing a timing cut can reduce the

background since the DM signal comes from neutral pion decay but the background is from charged

pions/muons with very di↵erent lifetimes [39]. The timing cut can further improve the COHERENT

sensitivity.

We also note that the reactor based coherent neutrino scattering experiment MINER [40] will

soon take data as well. Although the reactor power at MINER will be orders of magnitude below

TEXONO’s, the significant reduction in energy threshold expected by MINER may open up new

parameter space for them, though only at sub-MeV DM masses.
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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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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
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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 experimental era has arrived: MiniBooNE-DM
5

FIG. 6. The ✏4↵D 90% confidence limits for 0.01 < mV <
1 GeV and mV > 2m� using the vector portal DM model.

the NCE sample, existing simulation samples were used
for a �N sample with an event-weight scaling based on
the scattered nucleon energy. Only true NCE events were
used for the DM signal. This is equivalent to assuming
no DM interactions via resonant events and will result in
a more conservative limit. The e�ciency for a DM scat-
tering event to be detected in this analysis is ⇡ 35% for
nucleon kinetic energy above ⇡ 150 MeV but falls rapidly
to < 1% at 50 MeV. In addition, the nucleons in carbon
are subject to binding energy and final-state interactions
further reducing the e�ciency. The DM simulation of
[27] does not include corrections for bound nucleons so
they were applied using an e↵ective e�ciency calculated
from the MB simulation which does account for those
e↵ects [25].

The procedure results in a set of predicted �N signal
events for each set of ✏4↵D, mV , and m�. The num-
ber of predicted events simply scales with the ✏4↵D pa-
rameter, while the nucleon energy distribution changes
shape with each mV and m�. These DM simulation
results were then combined with the components de-
scribed in the background-only fit above and subjected
to a frequentist confidence limit (CL) method devel-
oped previously for the MB ⌫ and ⌫ oscillations analy-
ses [28, 29]. The procedure determines the 90% CL ✏4↵D

value within this vector portal DM model and allowed
by this experimental data set for a given mV ,m� pair
with 0.01 < m� < 0.5 GeV, mV > 2m�. These results
(Fig. 6) provide the best sensitivity of ✏4↵D < 1.2⇥10�14

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional

 (GeV)χm
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Y 
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 = 0.5Dα, χ = 3mVm
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FIG. 7. Confidence limits and sensitivities with 1, 2� errors
resulting from this analysis compared to other experimental
results [4, 11, 12, 30–36]. Limits from experiments that as-
sume DM coupling to quarks/nucleons, including this result,
are shown as solid lines while those that require DM coupling
to electrons are shown as dot-dashed lines. The favored pa-
rameters for this model to account for the observed relic DM
density [4] are shown as the lowest solid line.

choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
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DM beam from pi0/eta decays
Ep ⇠ 8 GeV , 2⇥ 1020 POT

First ever dedicated search for light < GeV DM
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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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A0

�J
�
SM ! gV A0

µ

�
ē��e + ⌫̄e�

�⌫e � µ̄��µ + ⌫̄µ�
�⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA0

�J
�
DM

interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Lots of interest in future searches

DOE Cosmic Visions Report 1707.04591

BaBar

MMAPS

Belle II

LD
MX

LSND

BD
X

NA64E137

Min
iBo
oNE

C
O
H
ER
EN
T

Maj
oran

a Re
lic T

arge
t

SBNπ

SBNe

1 10 102 103
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

mχ [MeV]

y
=
ϵ2
α D

(m
χ/
m
A'
)4

Majorana DM (Kinetic Mixing)

BaBar

MMAPS

Belle II

LD
MX

LSND

BD
X

NA64

E137

Min
iBoo

NE

C
O
H
ER
EN
T

Pseu
do-

Dira
c Re

lic T
arge

t

SBNπ

SH
iP

SBNe

1 10 102 103
10-16

10-15

10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

mχ [MeV]

y
=
ϵ2
α D

(m
χ/
m
A'
)4

Pseudo-Dirac DM (Kinetic Mixing)

However: 
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2) Competition from electron beam experiments (higher lumi, lower BG)   
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FIG. 3. Sensitivity contours for the MiniBooNE beam-dump run (green), with the three contour regions corresponding to 1 event (light),
10 events (medium) and 1000 events (dark). In grey are exclusions from other sources, which are detailed in Section 2B. The left panel
displays the sensitivity for the U(1)B model in the mV � ↵B plane, assuming a DM mass of m� = 10 MeV and vanishing kinetic mixing,
 = 0. For comparison, the right panel displays the sensitivity for the pure vector portal model for m� = 10 MeV and ↵0 = 0.1. The
black line through the parameter space (labeled Relic density) traces the combination of parameters that reproduce the observed matter
density of the universe. [3].

mine the expected number of events, and the contours are
shown in a series of plots overlaid on top of the existing
constraints. As described in [4], use of various techniques
to reduce the neutrino background should allow sensitiv-
ity to DM scattering at the 100-event level.

In the left panel of Fig. 3 we display the sensitivity of
MiniBooNE to the U(1)B model in the mV � ↵B plane,
assuming a DM mass of m� = 10 MeV and vanishing
kinetic mixing,  = 0. The shaded green regions cor-
respond to 1 (light), 10 (medium) and 1000 (dark) ex-
pected DM-nucleon scattering events during the beam-
dump run. We observe that MiniBooNE will be able to
test a substantial region of unexplored parameter space,
probing couplings as low as ↵B ⇠ 10�6 and VB masses
up to mV ⇠ 1 GeV.

For comparison, in the right panel of Fig. 3 we dis-
play the sensitivity of MiniBooNE to the pure vector
portal model for the same DM mass and ↵0 = 0.1 (see
Footnote 1 for an explanation). The existing constraints
from LSND, BaBar, and K ! ⇡⌫⌫̄ cover much of the
parameter space to which MiniBooNE is sensitive. As
discussed in Section 2B, these constraints are essentially
a consequence of the larger leptonic couplings present
in the model. However, MiniBooNE is capable of prob-
ing an interesting range of unconstrained parameters,
 ⇠ 2⇥ 10�3 and m⇡0 < mV . 1 GeV.

We also show in Fig. 4 the MiniBooNE sensitivities
in the direct detection plane (e↵ective spin-independent
DM-nucleon cross section vs. DM mass – see the discus-

sion in Section 2B for details on this conversion). The
left panel shows the sensitivity for the U(1)B model, with
mV = 300 MeV and vanishing kinetic mixing,  = 0,
while the right panel shows for comparison the sensitiv-
ity for the pure vector portal model, with mV = 300
MeV and ↵0 = 0.1. These plots highlight both the im-
pressive capability of MiniBooNE and, more generally,
the unique potential of proton-beam fixed-target experi-
ments to probe light leptophobic DM.
Finally, let us comment on the case of sizable kinetic

mixing, e ⇠ gB , in the U(1)B model. In this case,
as  is increased, the leptonic couplings become larger,
and the constraints from LSND and BaBar, among oth-
ers, become relevant. However, the DM production and
scattering rates are not dramatically altered, since they
primarily occur through couplings of the vector mediator
to quarks.

5. OUTLOOK

This paper has highlighted the unique sensitivity of
fixed-target neutrino experiments to leptophobic light
DM scenarios. We focussed on a generic model in which
the DM candidate interacts predominantly via coupling
to the gauged baryon current. We have demonstrated
that the MiniBooNE beam-dump run will be able to test
an impressive range of model parameters that are cur-
rently unconstrained.

Mediator couples mainly to baryons

Caveat: needs additional TeV scale colored particles to cancel anomalies 

L � V µ
B

�
g��̄�

µ�+ gB
X

q

q̄�µq
�

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e � EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e � EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�A0

Tagger
Ebeam

e�

ECAL/HCAL

Target

Tracker

Ef
e � Ebeam

e�
��̄

Invisible

�1
�2

�1

A0/� A0/�

n
n

n

�1
�2

�1

A0/� A0/�

n
n

n

3

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

DM Scattering in Detector

e�e�

A�

� �

np

b)

W

e �e

ee

b)

�

e e

b)

A0

Z

� �

b)

��

Hadrons
e.g. (ep � �+n)

e e

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.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents
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where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA0

�J
�
DM

interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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a recoiling target with energy ER and two charged tracks to
yield a instinctive, zero background signature.
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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.

New decay signatures in accelerators

“coannihilation”  during early universe

Izaguirre, Kahn, GK, Moschella arXiv: 1703.06881 
Jordan, Kahn, GK, Moschella, Spitz arXiv: 180.06137

Off diagonal coupling to A’
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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

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

Be

Target
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Air

Decay Pipe

Steel

Beam Dump

MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

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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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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DM beam from pi0& eta decays ⇠ 1023 POT, Ep = 3GeV , Hg target

Similar to LSND, ~30 ton scintillator det. , 24 m target-detector dist.

6

0 100 200 300 400 500 600 700

Visible Energy (MeV)

10�3

10�2

10�1

100

101

102

E
ve

nt
s/

ye
ar

/1
0

M
eV

�e CCQE

�e � e elastic

�µ CCQE

�µ � e elastic

�̄e CCQE

�̄e � e elastic

�̄µ CCQE

�̄µ � e elastic

Cosmic �
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applied to the ⌫µ, ⌫e CCQE backgrounds. We assume 7 cm of lead
shielding exists around the detector to attenuate the cosmic gamma
background.

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

B
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
o↵

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

cosmic

=p
(1 + )B

cosmic

⇡
p

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.

20% systematic uncertainty on BG
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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,
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A Modest Proposal

Initial Condition Known

 Rate beats Hubble expansion at *some* point [easy to realize]

Predicts Min. Annihilation Rate  

�(DM $ SM) > H

nDM ⇠ T 3

Insensitive to unknown high scales [inflation, baryogenesis…]

Equilibrium overproduces DM, must deplete with annihilation
�v & 10�26cm3s�1

Viable Window In Our Neighborhood

MeV ⇠ me GeV ⇠ mp

“WIMPs”

mZ,h

LDM
BBN

⌦� > ⌦DM�Ne↵

Coincidentally in broad vicinity of the electroweak scale

⇠ 10sTeV

Summary

Thermal DM is extremely well motivated 



Dawn of a new era of accelerator DM searches

Concluding Remarks

•MiniBooNE first ever dedicated search

• Lots of new signatures (especially decays) 

•Complementarity with electron beam & collider searches

•Almost completely free (just need new analysis)

Neutrino experiments leading the way!         

No longer have to trust theorists to reinterpret old data

•Test thermal targets in predictive models


