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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. 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 A

0 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 A
0 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

A
0
�
J
�

SM
! gV A

0
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 A

0 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 gDA

0
�
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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FIG. 3: A comparison between the L/EQE
⌫ distributions for

the MiniBooNE data excesses in neutrino mode (12.84⇥ 1020

POT) and antineutrino mode (11.27⇥1020 POT) to the L/E
distribution from LSND [1]. The error bars show statistical
uncertainties only. The solid curve shows the best fit to the
LSND and MiniBooNE data assuming standard two-neutrino
oscillations. The excess of MiniBooNE electron-neutrino can-
didate events is consistent with the LSND excess.

A standard two-neutrino model is assumed for the
MiniBooNE oscillation fits. Note, however, that there
are tensions with fits presented here between appearance
and disappearance experiments [10, 12], and other mod-
els [15–19] may provide better fits to the data. The os-
cillation parameters are extracted from a combined fit of
the observed EQE

⌫ event distributions for muon-like and
electron-like events using the full covariance matrix de-
scribed previously. The fit assumes the same oscillation
probability for both the right-sign ⌫e and wrong-sign ⌫̄e,
and no significant ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level val-
ues for the fitting statistic, ��2 = �2(point)� �2(best),
as a function of oscillation parameters, �m2 and sin2 2✓,
is determined from frequentist, fake data studies. With
this technique, the best neutrino oscillation fit in neu-
trino mode for 200 < EQE

⌫ < 1250 MeV occurs at (�m2,
sin2 2✓) = (0.037 eV2, 0.958), as shown in Fig. 4. The
�2/ndf is 10.0/6.6 with a probability of 15.4%. The
background-only fit has a �2-probability of 0.02% relative
to the best oscillation fit and a �2/ndf = 26.7/8.8 with a
probability of 0.14%. Fig. 4 shows the MiniBooNE closed
confidence level (CL) contours for ⌫e appearance oscilla-
tions in neutrino mode in the 200 < EQE

⌫ < 1250 MeV
energy range.

Nuclear e↵ects associated with neutrino interactions
on carbon can a↵ect the reconstruction of the neutrino
energy, EQE

⌫ , and the determination of the neutrino os-
cillation parameters [33]. These e↵ects were studied pre-
viously [3] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
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FIG. 4: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 1250 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
circle shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [34] and OPERA [35]
experiments.

background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 5 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < EQE

⌫ < 1250 MeV within a two-neutrino oscilla-
tion model. For this oscillation fit the entire data set
is used and includes the 12.84 ⇥ 1020 POT in neutrino
mode and the 11.27⇥1020 POT in antineutrino mode. As
shown in the figure, the MiniBooNE favored allowed re-
gion overlaps with the LSND allowed region. Also shown
are 90% C.L. limits from the KARMEN [34] and OPERA
[35] experiments. The best combined neutrino oscillation
fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.958). The
�2/ndf for the best-fit point is 19.5/15.4 with a prob-
ability of 20.1%, and the background-only fit has a �2-
probability of 5⇥ 10�7 relative to the best oscillation fit
and a �2/ndf = 49.3/17.5 with a probability of 0.007%.
Fitting both LSND and MiniBooNE data, the best fit
remains at (�m2, sin2 2✓) = (0.041 eV2, 0.958) with a
�2/ndf = 22.4/23.4, corresponding to a probability of
52.0%.

In summary, the MiniBooNE experiment observes a
total ⌫e CCQE event excess in both neutrino and an-

12.84⇥ 10
20

POT

neutrino mode
11.27⇥ 10

20
POT

antineutrino mode

Neutrino Energy

Excess events
BG subtracted 

Mild tension ~ 2+ sigma between neutrino and antineutrino modes 
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed EQE

⌫ corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < EQE

⌫ < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 (GeV)QE

νE

0

1

2

3

4

5

Ev
en

ts
/M

eV Data (stat err.)
+/-µ from eν +/- from Keν 0 from Keν

 misid0π
γ N→ ∆

dirt
other
Constr. Syst. Error
Best Fit

3.0

FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

Possibly Important Caveat

Complements earlier antineutrino
results collected 2002-2010
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed EQE

⌫ corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < EQE

⌫ < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed EQE

⌫ corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < EQE

⌫ < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

2

(b) a (quasi-)stable particle, which elastically scatters
off a detector electron,

can, in principle, accommodate the reconstructed en-
ergy distribution of the excess. However, these scenar-
ios are broadly ruled out by the measured angular distri-
bution of the tracks constituting the excess. This distri-
bution contains a significant number of electromagnetic
tracks with cos ✓e < 0.8 and neither of these simple
processes can explain this feature.

2. In principle, (quasi-)stable particles which undergo in-
elastic processes with detector nuclei and create elec-
tromagnetic tracks (e.g. by upscattering to a heavier
state that decays to collimated e+e� pairs or ��, or by
absorption followed by emission of a photon) can ex-
plain both the energy and angular distributions, since
the kinematics are very similar to true ⌫e CCQE. How-
ever, new particle production from neutral meson de-
cays or continuum processes is ruled out by the beam
dump search from MiniBooNE [24], which observed
only two events in their electron-like signal region
(cos ✓e > 0.9 and 75 MeV < Evis < 850 MeV), con-
sistent with background expectations. These processes
are accessible at nearly identical rates with nearly iden-
tical spectra in both neutrino and beam dump mode, so
the only difference in event rate should arise from the
variation in collected POT between the two runs. This
explanation is inconsistent with the simultaneous obser-
vation of an excess in neutrino mode and the null result
in beam dump mode.

The only new physics models that satisfy all of these re-
quirements involve new interactions which mimic the inelastic
upscattering characteristic of CCQE kinematics, initiated ei-
ther by a neutrino or by a new particle X produced in charged
meson decays (⇡± or K±; e.g. K+

! µ+⌫µX). For the
former case, one example of such a model is [25] in which
the ⌫µ produced in neutrino mode couples to a light new vec-
tor and scatters inelastically off detector nuclei; each scatter
produces a new unstable particle which decays to collimated
e+e� pairs and fakes the signal ⌫e CCQE electron. For the
latter case, we do not attempt to build an explicit model, but
point out that DM produced only in charged meson decays at
beam dumps is a novel scenario not typically considered in the
literature. In either case, if the excess is due to new physics, a
signal is guaranteed in MiniBooNE’s beam dump mode with
sufficiently high exposure due to the similarity of the charged
meson spectra shapes as compared to neutrino mode, so a null
result with a modest improvement in POT would suffice to
rule out these remaining explanations.

This paper is organized as follows. In Section II, we apply
constraints from the angular distribution of the MiniBooNE
excess to rule out decay and elastic scattering explanations. In
Section III, we use the null results from the MiniBooNE beam
dump search to identify the conditions under which inelastic
signatures can be consistent with the data. In Section IV, we
summarize our findings and offer some concluding remarks.

II. ANGULAR DISTRIBUTION CONSTRAINTS

In this section, we consider three candidate detector signa-
tures from new particles produced in the MiniBooNE target:
unstable particles that decay to fully visible final states, un-
stable particles decaying to semi-visible final states, and sta-
ble particles that scatter elastically off detector electrons. The
event selection criteria for the ⌫e CCQE search seeks to isolate
single electron-like tracks with reconstructed neutrino energy
200 MeV < E(reconst.)

⌫ < 1250 MeV , determined from the
outgoing electromagnetic track energy Ee and angle ✓e with
respect to the beam axis by

E(reconst.)
⌫ =

2mnEe + m2
p � m2

n � m2
e

2(mn � Ee + cos ✓e
p

E2
e � m2

e)
. (1)

The measured spectra of E(reconst.)
⌫ for the neutrino and an-

tineutrino mode excesses is shown in Fig. 1, and the angular
spectrum cos ✓e in neutrino mode is shown in red in Fig. 2.

For both new particle visible decay and elastic scatter-
ing, we will show that even when the electromagnetic en-
ergy deposited inside the detector mimics the ⌫e CCQE sig-
nal and accommodates the energy spectrum of the excess,
the corresponding angular spectrum is always forward-peaked
(cos ✓e > 0.99), and therefore unable to explain the observed
angular distribution. The semi-visible decay scenario is able
to produce wider-angle events but is still strongly disfavored
by the shape of the angular distribution. As we will discuss
further in Sec. III, the null results from the beam dump search
can be used to derive additional constraints on these simple
models, assuming the production of new particles scales with
the number of protons on target (POT), but these constraints
will be somewhat model-dependent. The arguments presented
in this section are insensitive to the production mechanism and
based solely on kinematics.

A. Visibly Decaying Particles

Consider first the possibility that a long-lived neutral state
X is produced at the MiniBooNE target and survives to the de-
tector 541 m downstream, where it decays visibly to e+e� or
��. As has been pointed out in [25, 26], overlapping electro-
magnetic tracks from X decay can contribute to the observed
excess. The reconstructed energy of the track is equal to the
sum of the two track energies, Ee = E1 +E2, and the precise
opening angle ✓12 at which two tracks can be distinguished
depends on the details of the track reconstruction procedure
[27, 28]; in this analysis we consider two tracks indistinguish-
able from a single track if

cos ✓12 > 1 �
(30 MeV)2

2E1E2
, (2)

which is motivated by MiniBooNE’s use of the two-track in-
variant mass variable

mtrack ⌘

p
2E1E2(1 � cos ✓12), (3)

Combined ⌫/⌫̄ modes : 4.8� excess

Observed ⇠ 400 events, PMNS predicts 0

Measure charged lepton energy/angle

Neutrino mode only Both excesses, BG subtracted 



Important Caveats

2) LSND/MiniBooNE connection is assumes steriles

3) I will ignore both LSND and sterile neutrinos
Can MiniBooNE anomaly be any other new physics?

See Marztinez-Soler and Marfatia’s talks
Disfavored by disappearance & cosmolgy

1) Could be an experimental artifact
Unknown systematic or mismeasured BG 
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1) Review of the MiniBooNE Excess

2) Excluding Simple Models w/ Kinematic Distributions

3) Excluding (Nearly) All  Other Models w/ Beam Dump Data
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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

EarthAir

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).

ar
X

iv
:1

70
2.

02
68

8v
1 

 [h
ep

-e
x]

  9
 F

eb
 2

01
7

p
X

X h

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 A 0
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.

�

�

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

prod
uctio

n in elect
ron-n

ucleu
s collis

ions

via the Cabi
bbo-P

arisi
radia

tive proce
ss (with

A
0 on- o

r o↵-

shell)
and b) � scatt

ering
o↵ a detec

tor n
ucleu

s and
libera

ting

a const
ituen

t nuc
leon.

For the momentum
trans

fers of int
er-

est, t
he incom

ing � resol
ves the nucle

ar subst
ructu

re, so
the

typic
al rea

ction
is qu

asi-el
astic

and nucle
ons w

ill be
eject

ed.

X

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.

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.

� e+

e�

Detector can’t distinguish electrons/photons
Collimated particles reconstruct as one ”CCQE” track

Unstable particle produced in target Scenario A:
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Energy threshold = 200 MeV

3

TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

⌫ < 1250 MeV neutrino energy range from all
of the backgrounds in the ⌫e and ⌫̄e appearance analysis. Also
shown are the constrained background and the expected num-
ber of events corresponding to the LSND best fit oscillation
probability of 0.26%. The table shows the diagonal-element
systematic uncertainties, which become substantially reduced
in the oscillation fits when correlations between energy bins
and between the electron and muon neutrino events are in-
cluded. The antineutrino numbers are from a previous analy-
sis [3].

Process Neutrino Mode Antineutrino Mode
⌫µ & ⌫̄µ CCQE 73.7 ± 19.3 12.9 ± 4.3

NC ⇡0 501.5 ± 65.4 112.3 ± 11.5
NC � ! N� 172.5 ±24.1 34.7 ± 5.4

External Events 75.2 ± 10.9 15.3 ± 2.8
Other ⌫µ & ⌫̄µ 89.6 ± 22.9 22.3 ± 3.5

⌫e & ⌫̄e from µ± Decay 425.3 ± 100.2 91.4 ± 27.6
⌫e & ⌫̄e from K± Decay 192.2 ± 41.9 51.2 ± 11.0
⌫e & ⌫̄e from K0

L Decay 54.5 ± 20.5 51.4 ± 18.0
Other ⌫e & ⌫̄e 6.0 ± 3.2 6.7 ± 6.0

Unconstrained Bkgd. 1590.5 398.2
Constrained Bkgd. 1577.8± 85.2 398.7± 28.6

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

energy range for the total 12.84⇥ 1020 POT data. Each
bin of reconstructed EQE

⌫ corresponds to a distribution
of “true” generated neutrino energies, which can overlap
adjacent bins. In neutrino mode, a total of 1959 data
events pass the ⌫e CCQE event selection requirements
with 200 < EQE

⌫ < 1250 MeV, compared to a back-
ground expectation of 1577.8 ± 39.7(stat.) ± 75.4(syst.)
events. The excess is then 381.2 ± 85.2 events or a
4.5� e↵ect. Note that the 162.0 event excess in the
first 6.46 ⇥ 1020 POT data is approximately 1� lower
than the average excess, while the 219.2 event excess in
the second 6.38 ⇥ 1020 POT data is approximately 1�
higher than the average excess. Combining the Mini-
BooNE neutrino and antineutrino data, there are a to-
tal of 2437 events in the 200 < EQE

⌫ < 1250 MeV en-
ergy region, compared to a background expectation of
1976.5±44.5(stat.)±84.8(syst.) events. This corresponds
to a total ⌫e plus ⌫̄e CCQE excess of 460.5± 95.8 events
with respect to expectation or a 4.8� excess. The signif-
icance of the combined LSND (3.8�) [1] and MiniBooNE
(4.8�) excesses is 6.1�. Fig. 2 shows the total event ex-
cesses as a function of EQE

⌫ in both neutrino mode and
antineutrino mode. The dashed curves show the best fits
to standard two-neutrino oscillations.

Fig. 3 compares the L/EQE
⌫ distributions for the Mini-

BooNE data excesses in neutrino mode and antineutrino
mode to the L/E distribution from LSND [1]. The er-
ror bars show statistical uncertainties only. As shown
in the figure, there is agreement among all three data
sets. Fitting these data to standard two-neutrino oscil-
lations including statistical errors only, the best fit oc-
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FIG. 1: The MiniBooNE neutrino mode EQE
⌫ distributions,

corresponding to the total 12.84 ⇥ 1020 POT data, for ⌫e
CCQE data (points with statistical errors) and background
(histogram with systematic errors). The dashed curve shows
the best fit to the neutrino-mode data assuming standard two-
neutrino oscillations.
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FIG. 2: The MiniBooNE total event excesses as a function
of EQE

⌫ in both neutrino mode and antineutrino mode, cor-
responding to 12.84 ⇥ 1020 POT and 11.27 ⇥ 1020 POT, re-
spectively. (Error bars include both statistical and correlated
systematic uncertainties.) The dashed curves show the best
fits to the neutrino-mode and antineutrino-mode data assum-
ing standard two-neutrino oscillations.

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.

2

(b) a (quasi-)stable particle, which elastically scatters
off a detector electron,

can, in principle, accommodate the reconstructed en-
ergy distribution of the excess. However, these scenar-
ios are broadly ruled out by the measured angular distri-
bution of the tracks constituting the excess. This distri-
bution contains a significant number of electromagnetic
tracks with cos ✓e < 0.8 and neither of these simple
processes can explain this feature.

2. In principle, (quasi-)stable particles which undergo in-
elastic processes with detector nuclei and create elec-
tromagnetic tracks (e.g. by upscattering to a heavier
state that decays to collimated e+e� pairs or ��, or by
absorption followed by emission of a photon) can ex-
plain both the energy and angular distributions, since
the kinematics are very similar to true ⌫e CCQE. How-
ever, new particle production from neutral meson de-
cays or continuum processes is ruled out by the beam
dump search from MiniBooNE [24], which observed
only two events in their electron-like signal region
(cos ✓e > 0.9 and 75 MeV < Evis < 850 MeV), con-
sistent with background expectations. These processes
are accessible at nearly identical rates with nearly iden-
tical spectra in both neutrino and beam dump mode, so
the only difference in event rate should arise from the
variation in collected POT between the two runs. This
explanation is inconsistent with the simultaneous obser-
vation of an excess in neutrino mode and the null result
in beam dump mode.

The only new physics models that satisfy all of these re-
quirements involve new interactions which mimic the inelastic
upscattering characteristic of CCQE kinematics, initiated ei-
ther by a neutrino or by a new particle X produced in charged
meson decays (⇡± or K±; e.g. K+

! µ+⌫µX). For the
former case, one example of such a model is [25] in which
the ⌫µ produced in neutrino mode couples to a light new vec-
tor and scatters inelastically off detector nuclei; each scatter
produces a new unstable particle which decays to collimated
e+e� pairs and fakes the signal ⌫e CCQE electron. For the
latter case, we do not attempt to build an explicit model, but
point out that DM produced only in charged meson decays at
beam dumps is a novel scenario not typically considered in the
literature. In either case, if the excess is due to new physics, a
signal is guaranteed in MiniBooNE’s beam dump mode with
sufficiently high exposure due to the similarity of the charged
meson spectra shapes as compared to neutrino mode, so a null
result with a modest improvement in POT would suffice to
rule out these remaining explanations.

This paper is organized as follows. In Section II, we apply
constraints from the angular distribution of the MiniBooNE
excess to rule out decay and elastic scattering explanations. In
Section III, we use the null results from the MiniBooNE beam
dump search to identify the conditions under which inelastic
signatures can be consistent with the data. In Section IV, we
summarize our findings and offer some concluding remarks.

II. ANGULAR DISTRIBUTION CONSTRAINTS

In this section, we consider three candidate detector signa-
tures from new particles produced in the MiniBooNE target:
unstable particles that decay to fully visible final states, un-
stable particles decaying to semi-visible final states, and sta-
ble particles that scatter elastically off detector electrons. The
event selection criteria for the ⌫e CCQE search seeks to isolate
single electron-like tracks with reconstructed neutrino energy
200 MeV < E(reconst.)

⌫ < 1250 MeV , determined from the
outgoing electromagnetic track energy Ee and angle ✓e with
respect to the beam axis by

E(reconst.)
⌫ =

2mnEe + m2
p � m2

n � m2
e

2(mn � Ee + cos ✓e
p

E2
e � m2

e)
. (1)

The measured spectra of E(reconst.)
⌫ for the neutrino and an-

tineutrino mode excesses is shown in Fig. 1, and the angular
spectrum cos ✓e in neutrino mode is shown in red in Fig. 2.

For both new particle visible decay and elastic scatter-
ing, we will show that even when the electromagnetic en-
ergy deposited inside the detector mimics the ⌫e CCQE sig-
nal and accommodates the energy spectrum of the excess,
the corresponding angular spectrum is always forward-peaked
(cos ✓e > 0.99), and therefore unable to explain the observed
angular distribution. The semi-visible decay scenario is able
to produce wider-angle events but is still strongly disfavored
by the shape of the angular distribution. As we will discuss
further in Sec. III, the null results from the beam dump search
can be used to derive additional constraints on these simple
models, assuming the production of new particles scales with
the number of protons on target (POT), but these constraints
will be somewhat model-dependent. The arguments presented
in this section are insensitive to the production mechanism and
based solely on kinematics.

A. Visibly Decaying Particles

Consider first the possibility that a long-lived neutral state
X is produced at the MiniBooNE target and survives to the de-
tector 541 m downstream, where it decays visibly to e+e� or
��. As has been pointed out in [25, 26], overlapping electro-
magnetic tracks from X decay can contribute to the observed
excess. The reconstructed energy of the track is equal to the
sum of the two track energies, Ee = E1 +E2, and the precise
opening angle ✓12 at which two tracks can be distinguished
depends on the details of the track reconstruction procedure
[27, 28]; in this analysis we consider two tracks indistinguish-
able from a single track if

cos ✓12 > 1 �
(30 MeV)2
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which is motivated by MiniBooNE’s use of the two-track in-
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FIG. 6: The visible energy (Evis) and cos ✓e (Uz) distributions
for the electron-neutrino candidate events in neutrino mode
(top) and antineutrino mode (bottom). (The error bars show
only statistical uncertainties.) Also shown in the figure are
the expectations from all known backgrounds and from the
oscillation best fit.

Appendix: Evis and Uz Plots

Fig. 6 shows the visible energy (Evis) and cos ✓e (Uz)
distributions for the electron-neutrino candidate events
in neutrino mode (top) and antineutrino mode (bottom).
Also shown in the figures are the expectations from all
known backgrounds and from the oscillation best fit.

Appendix: Data vs Monte Carlo Comparisons

Various comparisons between the neutrino data, cor-
responding to 12.84 ⇥ 1020 POT, and the Monte Carlo
simulation have been performed to check and confirm
the accuracy of the simulation. Fig. 7 shows an absolute
comparison of the ⇡0 reconstructed mass distribution be-
tween the data and the simulation for NC ⇡0 events. Ex-
cellent agreement is obtained, and the ratio of the number
of data events (42,483) to the number of Monte Carlo
events (42,530) is equal to 0.999. Fig. 8 shows an ab-
solute comparison of the reconstructed neutrino energy
distribution for CCQE events between the data and the
simulation. Excellent agreement is also obtained, and
the ratio of the number of data events (232,096) to the
number of Monte Carlo events (236,145) is equal to 0.983.

In order to check the particle identification (PID) cuts,
Figs. 9, 10, and 11 show comparisons between the data
and simulation for the electron-muon likelihood distri-
bution, the electron-pion likelihood distribution, and the
gamma-gamma mass distribution. In each figure, dis-
tributions are shown after successive cuts are applied:
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FIG. 7: An absolute comparison of the ⇡0 reconstructed mass
distribution between the neutrino data (12.84 ⇥ 1020 POT)
and the simulation for NC ⇡0 events (top). Also shown is the
ratio between the data and Monte Carlo simulation (bottom).

no PID cut, electron-muon likelihood cut, electron-muon
plus electron-pion likelihood cuts, and electron-muon
plus electron-pion likelihood cuts and a gamma-gamma
mass cut. The last plot in each figure shows distributions
with the final event selection. The vertical lines in the
figures show the range of energy-dependent cut values.
Good agreement between the data and the simulation is
obtained outside the cut values, while an excess of events
is observed inside the cut values.

Appendix: Stability Checks

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rate of 1 event per 1015 POT has been
stable to < 2% over the 15 year MiniBooNE running pe-
riod, as shown in Fig. 12. This is within the expected
errors from time variations in BNB performance, such as
target/horn change, beam rate monitoring, etc. A small
change in the detector energy response between the first
and second neutrino data set has been corrected by in-
creasing the measured energy in the second data set by
2%. About half of the energy change is from PMT fail-
ures in the intervening years, and the remainder is within
the detector response error from gain variations, oil prop-
erties, etc. With this energy correction, the first and sec-
ond data sets are found to agree well. Fig. 13 compares
the visible ⌫µ CCQE energy distributions for the second
data set in 2016 and 2017 to the first data set, where good
agreement is obtained. Likewise, Fig. 14 shows that the
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can, in principle, accommodate the reconstructed en-
ergy distribution of the excess. However, these scenar-
ios are broadly ruled out by the measured angular distri-
bution of the tracks constituting the excess. This distri-
bution contains a significant number of electromagnetic
tracks with cos ✓e < 0.8 and neither of these simple
processes can explain this feature.

2. In principle, (quasi-)stable particles which undergo in-
elastic processes with detector nuclei and create elec-
tromagnetic tracks (e.g. by upscattering to a heavier
state that decays to collimated e+e� pairs or ��, or by
absorption followed by emission of a photon) can ex-
plain both the energy and angular distributions, since
the kinematics are very similar to true ⌫e CCQE. How-
ever, new particle production from neutral meson de-
cays or continuum processes is ruled out by the beam
dump search from MiniBooNE [24], which observed
only two events in their electron-like signal region
(cos ✓e > 0.9 and 75 MeV < Evis < 850 MeV), con-
sistent with background expectations. These processes
are accessible at nearly identical rates with nearly iden-
tical spectra in both neutrino and beam dump mode, so
the only difference in event rate should arise from the
variation in collected POT between the two runs. This
explanation is inconsistent with the simultaneous obser-
vation of an excess in neutrino mode and the null result
in beam dump mode.

The only new physics models that satisfy all of these re-
quirements involve new interactions which mimic the inelastic
upscattering characteristic of CCQE kinematics, initiated ei-
ther by a neutrino or by a new particle X produced in charged
meson decays (⇡± or K±; e.g. K+

! µ+⌫µX). For the
former case, one example of such a model is [25] in which
the ⌫µ produced in neutrino mode couples to a light new vec-
tor and scatters inelastically off detector nuclei; each scatter
produces a new unstable particle which decays to collimated
e+e� pairs and fakes the signal ⌫e CCQE electron. For the
latter case, we do not attempt to build an explicit model, but
point out that DM produced only in charged meson decays at
beam dumps is a novel scenario not typically considered in the
literature. In either case, if the excess is due to new physics, a
signal is guaranteed in MiniBooNE’s beam dump mode with
sufficiently high exposure due to the similarity of the charged
meson spectra shapes as compared to neutrino mode, so a null
result with a modest improvement in POT would suffice to
rule out these remaining explanations.

This paper is organized as follows. In Section II, we apply
constraints from the angular distribution of the MiniBooNE
excess to rule out decay and elastic scattering explanations. In
Section III, we use the null results from the MiniBooNE beam
dump search to identify the conditions under which inelastic
signatures can be consistent with the data. In Section IV, we
summarize our findings and offer some concluding remarks.

II. ANGULAR DISTRIBUTION CONSTRAINTS

In this section, we consider three candidate detector signa-
tures from new particles produced in the MiniBooNE target:
unstable particles that decay to fully visible final states, un-
stable particles decaying to semi-visible final states, and sta-
ble particles that scatter elastically off detector electrons. The
event selection criteria for the ⌫e CCQE search seeks to isolate
single electron-like tracks with reconstructed neutrino energy
200 MeV < E(reconst.)

⌫ < 1250 MeV , determined from the
outgoing electromagnetic track energy Ee and angle ✓e with
respect to the beam axis by

E(reconst.)
⌫ =

2mnEe + m2
p � m2

n � m2
e

2(mn � Ee + cos ✓e
p

E2
e � m2

e)
. (1)

The measured spectra of E(reconst.)
⌫ for the neutrino and an-

tineutrino mode excesses is shown in Fig. 1, and the angular
spectrum cos ✓e in neutrino mode is shown in red in Fig. 2.

For both new particle visible decay and elastic scatter-
ing, we will show that even when the electromagnetic en-
ergy deposited inside the detector mimics the ⌫e CCQE sig-
nal and accommodates the energy spectrum of the excess,
the corresponding angular spectrum is always forward-peaked
(cos ✓e > 0.99), and therefore unable to explain the observed
angular distribution. The semi-visible decay scenario is able
to produce wider-angle events but is still strongly disfavored
by the shape of the angular distribution. As we will discuss
further in Sec. III, the null results from the beam dump search
can be used to derive additional constraints on these simple
models, assuming the production of new particles scales with
the number of protons on target (POT), but these constraints
will be somewhat model-dependent. The arguments presented
in this section are insensitive to the production mechanism and
based solely on kinematics.

A. Visibly Decaying Particles

Consider first the possibility that a long-lived neutral state
X is produced at the MiniBooNE target and survives to the de-
tector 541 m downstream, where it decays visibly to e+e� or
��. As has been pointed out in [25, 26], overlapping electro-
magnetic tracks from X decay can contribute to the observed
excess. The reconstructed energy of the track is equal to the
sum of the two track energies, Ee = E1 +E2, and the precise
opening angle ✓12 at which two tracks can be distinguished
depends on the details of the track reconstruction procedure
[27, 28]; in this analysis we consider two tracks indistinguish-
able from a single track if

cos ✓12 > 1 �
(30 MeV)2

2E1E2
, (2)

which is motivated by MiniBooNE’s use of the two-track in-
variant mass variable

mtrack ⌘

p
2E1E2(1 � cos ✓12), (3)
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can, in principle, accommodate the reconstructed en-
ergy distribution of the excess. However, these scenar-
ios are broadly ruled out by the measured angular distri-
bution of the tracks constituting the excess. This distri-
bution contains a significant number of electromagnetic
tracks with cos ✓e < 0.8 and neither of these simple
processes can explain this feature.

2. In principle, (quasi-)stable particles which undergo in-
elastic processes with detector nuclei and create elec-
tromagnetic tracks (e.g. by upscattering to a heavier
state that decays to collimated e+e� pairs or ��, or by
absorption followed by emission of a photon) can ex-
plain both the energy and angular distributions, since
the kinematics are very similar to true ⌫e CCQE. How-
ever, new particle production from neutral meson de-
cays or continuum processes is ruled out by the beam
dump search from MiniBooNE [24], which observed
only two events in their electron-like signal region
(cos ✓e > 0.9 and 75 MeV < Evis < 850 MeV), con-
sistent with background expectations. These processes
are accessible at nearly identical rates with nearly iden-
tical spectra in both neutrino and beam dump mode, so
the only difference in event rate should arise from the
variation in collected POT between the two runs. This
explanation is inconsistent with the simultaneous obser-
vation of an excess in neutrino mode and the null result
in beam dump mode.

The only new physics models that satisfy all of these re-
quirements involve new interactions which mimic the inelastic
upscattering characteristic of CCQE kinematics, initiated ei-
ther by a neutrino or by a new particle X produced in charged
meson decays (⇡± or K±; e.g. K+

! µ+⌫µX). For the
former case, one example of such a model is [25] in which
the ⌫µ produced in neutrino mode couples to a light new vec-
tor and scatters inelastically off detector nuclei; each scatter
produces a new unstable particle which decays to collimated
e+e� pairs and fakes the signal ⌫e CCQE electron. For the
latter case, we do not attempt to build an explicit model, but
point out that DM produced only in charged meson decays at
beam dumps is a novel scenario not typically considered in the
literature. In either case, if the excess is due to new physics, a
signal is guaranteed in MiniBooNE’s beam dump mode with
sufficiently high exposure due to the similarity of the charged
meson spectra shapes as compared to neutrino mode, so a null
result with a modest improvement in POT would suffice to
rule out these remaining explanations.

This paper is organized as follows. In Section II, we apply
constraints from the angular distribution of the MiniBooNE
excess to rule out decay and elastic scattering explanations. In
Section III, we use the null results from the MiniBooNE beam
dump search to identify the conditions under which inelastic
signatures can be consistent with the data. In Section IV, we
summarize our findings and offer some concluding remarks.

II. ANGULAR DISTRIBUTION CONSTRAINTS

In this section, we consider three candidate detector signa-
tures from new particles produced in the MiniBooNE target:
unstable particles that decay to fully visible final states, un-
stable particles decaying to semi-visible final states, and sta-
ble particles that scatter elastically off detector electrons. The
event selection criteria for the ⌫e CCQE search seeks to isolate
single electron-like tracks with reconstructed neutrino energy
200 MeV < E(reconst.)

⌫ < 1250 MeV , determined from the
outgoing electromagnetic track energy Ee and angle ✓e with
respect to the beam axis by

E(reconst.)
⌫ =

2mnEe + m2
p � m2
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e

2(mn � Ee + cos ✓e
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. (1)

The measured spectra of E(reconst.)
⌫ for the neutrino and an-

tineutrino mode excesses is shown in Fig. 1, and the angular
spectrum cos ✓e in neutrino mode is shown in red in Fig. 2.

For both new particle visible decay and elastic scatter-
ing, we will show that even when the electromagnetic en-
ergy deposited inside the detector mimics the ⌫e CCQE sig-
nal and accommodates the energy spectrum of the excess,
the corresponding angular spectrum is always forward-peaked
(cos ✓e > 0.99), and therefore unable to explain the observed
angular distribution. The semi-visible decay scenario is able
to produce wider-angle events but is still strongly disfavored
by the shape of the angular distribution. As we will discuss
further in Sec. III, the null results from the beam dump search
can be used to derive additional constraints on these simple
models, assuming the production of new particles scales with
the number of protons on target (POT), but these constraints
will be somewhat model-dependent. The arguments presented
in this section are insensitive to the production mechanism and
based solely on kinematics.

A. Visibly Decaying Particles

Consider first the possibility that a long-lived neutral state
X is produced at the MiniBooNE target and survives to the de-
tector 541 m downstream, where it decays visibly to e+e� or
��. As has been pointed out in [25, 26], overlapping electro-
magnetic tracks from X decay can contribute to the observed
excess. The reconstructed energy of the track is equal to the
sum of the two track energies, Ee = E1 +E2, and the precise
opening angle ✓12 at which two tracks can be distinguished
depends on the details of the track reconstruction procedure
[27, 28]; in this analysis we consider two tracks indistinguish-
able from a single track if

cos ✓12 > 1 �
(30 MeV)2

2E1E2
, (2)

which is motivated by MiniBooNE’s use of the two-track in-
variant mass variable

mtrack ⌘

p
2E1E2(1 � cos ✓12), (3)
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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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To illustrate the difficulty, we perform a Monte Carlo sim-
ulation of X ! X 0 + pEM where the boost distribution of
X is constructed to exactly reproduce the observed ⌫e excess
shown in Fig. 1. Since two-body decays are only a function
of the invariant masses m2

X0 and p2EM, the matrix element is
isotropic in the rest frame, so sampling from a uniform an-
gular distribution in the X rest frame and boosting according
to the distribution inherited from the energy spectrum deter-
mines the lab-frame kinematics. We see that for mX0 = 0,
the angular distributions are discrepant with large �2, regard-
less of mX . The minimum �2 value as a function of mX was
found for mX = 350 MeV, which is still strongly disfavored
with �2/dof = 40/10. Attempting to match the highest cos ✓e
bin only increases the discrepancy in the lowest cos ✓e bin, as
shown by the mX = 1800 MeV points.

The challenge of reproducing the angular distribution is
only exacerbated for mX0 > 0 by the arguments surround-
ing Eq. (4). These kinematic arguments hold even if multiple
invisible daughters X 0

i are produced in X decay, since the in-
variant mass of the final-state invisible 4-vector must be non-
negative. We thus conclude that semi-visible decays are also
inconsistent with the MiniBooNE data.

C. Elastically Scattering Particles

Now we consider the possibility that the excess could be
due to new particles that are stable on beamline length scales.
Such particles could be produced in proton-target interactions
and subsequently scatter in the detector, mimicking the ⌫e
CCQE signal. Here we find that if these signatures arise from
elastic scattering, there is generic tension with the angular dis-
tribution of the excess.

For a (quasi-)stable new particle X of mass mX to interact
elastically and mimic a ⌫e CCQE signature, it must scatter off
electrons via Xe� ! Xe� to yield visible electromagnetic
energy in the final state. For an incident X with energy EX ,
the track angle ✓e of the scattered electron with total track
energy Ee is uniquely specified by the masses and energies

cos ✓e =
EXEe � me(EX + me � Ee)p

(E2
X � m2

X)(E2
e � m2

e)
, (5)

so in the relativistic limit, which is appropriate for beam dump
mode where mX ⌧ EX and me ⌧ Ee, we have

cos ✓e = 1 � me

✓
EX � Ee

EXEe

◆
+ O

✓
m2

e

E2
e

◆
. (6)

Since MiniBooNE’s selection requires track energies Ee >
140 MeV and EX > Ee by energy conservation, this pro-
cess always yields cos ✓e > 0.99 with no support for tracks
with cos ✓e < 0.8, which are required to explain the excess.
Thus, obtaining a broader angular distribution requires scat-
tering off nucleons or nuclei. However, elastic X scattering
off a nucleus does not yield any final state electrons, so any
viable scattering-based explanation must generate the signal
through inelastic electron or photon production to mimic a ⌫e
CCQE final state.

In principle the above argument could fail if X is non-
relativistic and the expansion in Eq. (6) is not valid. However,
in order for elastic Xe� scattering to produce a wide angle
electron track cos ✓e ⇠ 0, the numerator of Eq. (5) requires
Ee ⇠ me, which is inconsistent with the Ee > 140 MeV
selection requirement in neutrino mode. Note that even if
the selection criteria were more permissive, for typical Mini-
BooNE beam energies X can only be non-relativistic for
mX & GeV, and therefore must be produced by a contin-
uum process (rather than from meson decay), which is ruled
out by the beam dump constraints discussed in Section III.

III. BEAM DUMP CONSTRAINTS

In this section, we consider a variation on the scattering sig-
nature discussed in Section II C. As noted in [25], for example,
(quasi-)stable particles undergoing inelastic processes involv-
ing nuclei can explain the observed angular distribution. How-
ever, for this scenario, there are significant constraints from
the MiniBooNE beam dump search, the null result of which
rules out this explanation for the excess unless the production
of these new particles can be somehow greatly suppressed in
beam dump mode compared to neutrino mode.

The MiniBooNE-DM collaboration has recently announced
results from a new beam dump search for sub-GeV DM par-
ticles with 1.86 ⇥ 1020 protons on target (POT) [24], about a
factor of 7 less than the neutrino mode run with identical pro-
ton energy. In beam dump mode, the protons are steered away
from the beryllium target and delivered directly to the steel
beam dump 50 m downstream. The absence of a downstream
decay volume for the parent mesons in this configuration sig-
nificantly reduces and softens the neutrino flux, thereby im-
proving MiniBooNE’s sensitivity to exotic, non-neutrino sig-
natures.

The results reported in [24] are presented in terms of sub-
GeV DM particles, which are produced in the steel beam
dump through cascades from rare ⇡0/⌘ decays and proton
bremsstrahlung. These processes first yield an on-shell, ki-
netically mixed dark photon V (either via ⇡0/⌘ ! V � or
pN ! pNV where N is a target nucleus) which then de-
cays to boosted pairs of DM particles. Finally, a DM particle
enters the detector and scatters elastically with an electron to
produce a final-state electron track. After applying the selec-
tion criteria outlined in [24], the collaboration reports no ex-
cess signal events above background expectations. Since the
selection is sufficiently similar to the neutrino mode CCQE
signal definition (i.e. one isolated electromagnetic track with
Ee > 75 MeV and cos ✓e > 0.9), this search can be used
to place limits on any non-neutrino physics originating from
the target. In both modes, the neutral meson (⇡0/⌘) distri-
butions are similar, with negligible differences in shape aris-
ing from the composition of the target nuclei. Similarly, the
bremsstrahlung distributions are expected to be identical, de-
spite the different target compositions [31], which informs po-
tential production mechanisms from either ordinary or “dark”
bremsstrahlung of a new gauge boson like V .

This result immediately implies stringent constraints on
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To illustrate the difficulty, we perform a Monte Carlo sim-
ulation of X ! X 0 + pEM where the boost distribution of
X is constructed to exactly reproduce the observed ⌫e excess
shown in Fig. 1. Since two-body decays are only a function
of the invariant masses m2

X0 and p2EM, the matrix element is
isotropic in the rest frame, so sampling from a uniform an-
gular distribution in the X rest frame and boosting according
to the distribution inherited from the energy spectrum deter-
mines the lab-frame kinematics. We see that for mX0 = 0,
the angular distributions are discrepant with large �2, regard-
less of mX . The minimum �2 value as a function of mX was
found for mX = 350 MeV, which is still strongly disfavored
with �2/dof = 40/10. Attempting to match the highest cos ✓e
bin only increases the discrepancy in the lowest cos ✓e bin, as
shown by the mX = 1800 MeV points.

The challenge of reproducing the angular distribution is
only exacerbated for mX0 > 0 by the arguments surround-
ing Eq. (4). These kinematic arguments hold even if multiple
invisible daughters X 0

i are produced in X decay, since the in-
variant mass of the final-state invisible 4-vector must be non-
negative. We thus conclude that semi-visible decays are also
inconsistent with the MiniBooNE data.

C. Elastically Scattering Particles

Now we consider the possibility that the excess could be
due to new particles that are stable on beamline length scales.
Such particles could be produced in proton-target interactions
and subsequently scatter in the detector, mimicking the ⌫e
CCQE signal. Here we find that if these signatures arise from
elastic scattering, there is generic tension with the angular dis-
tribution of the excess.

For a (quasi-)stable new particle X of mass mX to interact
elastically and mimic a ⌫e CCQE signature, it must scatter off
electrons via Xe� ! Xe� to yield visible electromagnetic
energy in the final state. For an incident X with energy EX ,
the track angle ✓e of the scattered electron with total track
energy Ee is uniquely specified by the masses and energies

cos ✓e =
EXEe � me(EX + me � Ee)p

(E2
X � m2

X)(E2
e � m2

e)
, (5)

so in the relativistic limit, which is appropriate for beam dump
mode where mX ⌧ EX and me ⌧ Ee, we have

cos ✓e = 1 � me

✓
EX � Ee

EXEe

◆
+ O

✓
m2

e

E2
e

◆
. (6)

Since MiniBooNE’s selection requires track energies Ee >
140 MeV and EX > Ee by energy conservation, this pro-
cess always yields cos ✓e > 0.99 with no support for tracks
with cos ✓e < 0.8, which are required to explain the excess.
Thus, obtaining a broader angular distribution requires scat-
tering off nucleons or nuclei. However, elastic X scattering
off a nucleus does not yield any final state electrons, so any
viable scattering-based explanation must generate the signal
through inelastic electron or photon production to mimic a ⌫e
CCQE final state.

In principle the above argument could fail if X is non-
relativistic and the expansion in Eq. (6) is not valid. However,
in order for elastic Xe� scattering to produce a wide angle
electron track cos ✓e ⇠ 0, the numerator of Eq. (5) requires
Ee ⇠ me, which is inconsistent with the Ee > 140 MeV
selection requirement in neutrino mode. Note that even if
the selection criteria were more permissive, for typical Mini-
BooNE beam energies X can only be non-relativistic for
mX & GeV, and therefore must be produced by a contin-
uum process (rather than from meson decay), which is ruled
out by the beam dump constraints discussed in Section III.

III. BEAM DUMP CONSTRAINTS

In this section, we consider a variation on the scattering sig-
nature discussed in Section II C. As noted in [25], for example,
(quasi-)stable particles undergoing inelastic processes involv-
ing nuclei can explain the observed angular distribution. How-
ever, for this scenario, there are significant constraints from
the MiniBooNE beam dump search, the null result of which
rules out this explanation for the excess unless the production
of these new particles can be somehow greatly suppressed in
beam dump mode compared to neutrino mode.

The MiniBooNE-DM collaboration has recently announced
results from a new beam dump search for sub-GeV DM par-
ticles with 1.86 ⇥ 1020 protons on target (POT) [24], about a
factor of 7 less than the neutrino mode run with identical pro-
ton energy. In beam dump mode, the protons are steered away
from the beryllium target and delivered directly to the steel
beam dump 50 m downstream. The absence of a downstream
decay volume for the parent mesons in this configuration sig-
nificantly reduces and softens the neutrino flux, thereby im-
proving MiniBooNE’s sensitivity to exotic, non-neutrino sig-
natures.

The results reported in [24] are presented in terms of sub-
GeV DM particles, which are produced in the steel beam
dump through cascades from rare ⇡0/⌘ decays and proton
bremsstrahlung. These processes first yield an on-shell, ki-
netically mixed dark photon V (either via ⇡0/⌘ ! V � or
pN ! pNV where N is a target nucleus) which then de-
cays to boosted pairs of DM particles. Finally, a DM particle
enters the detector and scatters elastically with an electron to
produce a final-state electron track. After applying the selec-
tion criteria outlined in [24], the collaboration reports no ex-
cess signal events above background expectations. Since the
selection is sufficiently similar to the neutrino mode CCQE
signal definition (i.e. one isolated electromagnetic track with
Ee > 75 MeV and cos ✓e > 0.9), this search can be used
to place limits on any non-neutrino physics originating from
the target. In both modes, the neutral meson (⇡0/⌘) distri-
butions are similar, with negligible differences in shape aris-
ing from the composition of the target nuclei. Similarly, the
bremsstrahlung distributions are expected to be identical, de-
spite the different target compositions [31], which informs po-
tential production mechanisms from either ordinary or “dark”
bremsstrahlung of a new gauge boson like V .

This result immediately implies stringent constraints on

EX � mX

> 0.99

Same problem: all events in last bin after Ee > 200 MeV cut
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To illustrate the difficulty, we perform a Monte Carlo sim-
ulation of X ! X 0 + pEM where the boost distribution of
X is constructed to exactly reproduce the observed ⌫e excess
shown in Fig. 1. Since two-body decays are only a function
of the invariant masses m2

X0 and p2EM, the matrix element is
isotropic in the rest frame, so sampling from a uniform an-
gular distribution in the X rest frame and boosting according
to the distribution inherited from the energy spectrum deter-
mines the lab-frame kinematics. We see that for mX0 = 0,
the angular distributions are discrepant with large �2, regard-
less of mX . The minimum �2 value as a function of mX was
found for mX = 350 MeV, which is still strongly disfavored
with �2/dof = 40/10. Attempting to match the highest cos ✓e
bin only increases the discrepancy in the lowest cos ✓e bin, as
shown by the mX = 1800 MeV points.

The challenge of reproducing the angular distribution is
only exacerbated for mX0 > 0 by the arguments surround-
ing Eq. (4). These kinematic arguments hold even if multiple
invisible daughters X 0

i are produced in X decay, since the in-
variant mass of the final-state invisible 4-vector must be non-
negative. We thus conclude that semi-visible decays are also
inconsistent with the MiniBooNE data.

C. Elastically Scattering Particles

Now we consider the possibility that the excess could be
due to new particles that are stable on beamline length scales.
Such particles could be produced in proton-target interactions
and subsequently scatter in the detector, mimicking the ⌫e
CCQE signal. Here we find that if these signatures arise from
elastic scattering, there is generic tension with the angular dis-
tribution of the excess.

For a (quasi-)stable new particle X of mass mX to interact
elastically and mimic a ⌫e CCQE signature, it must scatter off
electrons via Xe� ! Xe� to yield visible electromagnetic
energy in the final state. For an incident X with energy EX ,
the track angle ✓e of the scattered electron with total track
energy Ee is uniquely specified by the masses and energies

cos ✓e =
EXEe � me(EX + me � Ee)p

(E2
X � m2

X)(E2
e � m2

e)
, (5)

so in the relativistic limit, which is appropriate for beam dump
mode where mX ⌧ EX and me ⌧ Ee, we have

cos ✓e = 1 � me

✓
EX � Ee

EXEe

◆
+ O

✓
m2

e

E2
e

◆
. (6)

Since MiniBooNE’s selection requires track energies Ee >
140 MeV and EX > Ee by energy conservation, this pro-
cess always yields cos ✓e > 0.99 with no support for tracks
with cos ✓e < 0.8, which are required to explain the excess.
Thus, obtaining a broader angular distribution requires scat-
tering off nucleons or nuclei. However, elastic X scattering
off a nucleus does not yield any final state electrons, so any
viable scattering-based explanation must generate the signal
through inelastic electron or photon production to mimic a ⌫e
CCQE final state.

In principle the above argument could fail if X is non-
relativistic and the expansion in Eq. (6) is not valid. However,
in order for elastic Xe� scattering to produce a wide angle
electron track cos ✓e ⇠ 0, the numerator of Eq. (5) requires
Ee ⇠ me, which is inconsistent with the Ee > 140 MeV
selection requirement in neutrino mode. Note that even if
the selection criteria were more permissive, for typical Mini-
BooNE beam energies X can only be non-relativistic for
mX & GeV, and therefore must be produced by a contin-
uum process (rather than from meson decay), which is ruled
out by the beam dump constraints discussed in Section III.

III. BEAM DUMP CONSTRAINTS

In this section, we consider a variation on the scattering sig-
nature discussed in Section II C. As noted in [25], for example,
(quasi-)stable particles undergoing inelastic processes involv-
ing nuclei can explain the observed angular distribution. How-
ever, for this scenario, there are significant constraints from
the MiniBooNE beam dump search, the null result of which
rules out this explanation for the excess unless the production
of these new particles can be somehow greatly suppressed in
beam dump mode compared to neutrino mode.

The MiniBooNE-DM collaboration has recently announced
results from a new beam dump search for sub-GeV DM par-
ticles with 1.86 ⇥ 1020 protons on target (POT) [24], about a
factor of 7 less than the neutrino mode run with identical pro-
ton energy. In beam dump mode, the protons are steered away
from the beryllium target and delivered directly to the steel
beam dump 50 m downstream. The absence of a downstream
decay volume for the parent mesons in this configuration sig-
nificantly reduces and softens the neutrino flux, thereby im-
proving MiniBooNE’s sensitivity to exotic, non-neutrino sig-
natures.

The results reported in [24] are presented in terms of sub-
GeV DM particles, which are produced in the steel beam
dump through cascades from rare ⇡0/⌘ decays and proton
bremsstrahlung. These processes first yield an on-shell, ki-
netically mixed dark photon V (either via ⇡0/⌘ ! V � or
pN ! pNV where N is a target nucleus) which then de-
cays to boosted pairs of DM particles. Finally, a DM particle
enters the detector and scatters elastically with an electron to
produce a final-state electron track. After applying the selec-
tion criteria outlined in [24], the collaboration reports no ex-
cess signal events above background expectations. Since the
selection is sufficiently similar to the neutrino mode CCQE
signal definition (i.e. one isolated electromagnetic track with
Ee > 75 MeV and cos ✓e > 0.9), this search can be used
to place limits on any non-neutrino physics originating from
the target. In both modes, the neutral meson (⇡0/⌘) distri-
butions are similar, with negligible differences in shape aris-
ing from the composition of the target nuclei. Similarly, the
bremsstrahlung distributions are expected to be identical, de-
spite the different target compositions [31], which informs po-
tential production mechanisms from either ordinary or “dark”
bremsstrahlung of a new gauge boson like V .

This result immediately implies stringent constraints on
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To illustrate the difficulty, we perform a Monte Carlo sim-
ulation of X ! X 0 + pEM where the boost distribution of
X is constructed to exactly reproduce the observed ⌫e excess
shown in Fig. 1. Since two-body decays are only a function
of the invariant masses m2

X0 and p2EM, the matrix element is
isotropic in the rest frame, so sampling from a uniform an-
gular distribution in the X rest frame and boosting according
to the distribution inherited from the energy spectrum deter-
mines the lab-frame kinematics. We see that for mX0 = 0,
the angular distributions are discrepant with large �2, regard-
less of mX . The minimum �2 value as a function of mX was
found for mX = 350 MeV, which is still strongly disfavored
with �2/dof = 40/10. Attempting to match the highest cos ✓e
bin only increases the discrepancy in the lowest cos ✓e bin, as
shown by the mX = 1800 MeV points.

The challenge of reproducing the angular distribution is
only exacerbated for mX0 > 0 by the arguments surround-
ing Eq. (4). These kinematic arguments hold even if multiple
invisible daughters X 0

i are produced in X decay, since the in-
variant mass of the final-state invisible 4-vector must be non-
negative. We thus conclude that semi-visible decays are also
inconsistent with the MiniBooNE data.

C. Elastically Scattering Particles

Now we consider the possibility that the excess could be
due to new particles that are stable on beamline length scales.
Such particles could be produced in proton-target interactions
and subsequently scatter in the detector, mimicking the ⌫e
CCQE signal. Here we find that if these signatures arise from
elastic scattering, there is generic tension with the angular dis-
tribution of the excess.

For a (quasi-)stable new particle X of mass mX to interact
elastically and mimic a ⌫e CCQE signature, it must scatter off
electrons via Xe� ! Xe� to yield visible electromagnetic
energy in the final state. For an incident X with energy EX ,
the track angle ✓e of the scattered electron with total track
energy Ee is uniquely specified by the masses and energies

cos ✓e =
EXEe � me(EX + me � Ee)p

(E2
X � m2

X)(E2
e � m2

e)
, (5)

so in the relativistic limit, which is appropriate for beam dump
mode where mX ⌧ EX and me ⌧ Ee, we have

cos ✓e = 1 � me

✓
EX � Ee

EXEe

◆
+ O

✓
m2

e

E2
e

◆
. (6)

Since MiniBooNE’s selection requires track energies Ee >
140 MeV and EX > Ee by energy conservation, this pro-
cess always yields cos ✓e > 0.99 with no support for tracks
with cos ✓e < 0.8, which are required to explain the excess.
Thus, obtaining a broader angular distribution requires scat-
tering off nucleons or nuclei. However, elastic X scattering
off a nucleus does not yield any final state electrons, so any
viable scattering-based explanation must generate the signal
through inelastic electron or photon production to mimic a ⌫e
CCQE final state.

In principle the above argument could fail if X is non-
relativistic and the expansion in Eq. (6) is not valid. However,
in order for elastic Xe� scattering to produce a wide angle
electron track cos ✓e ⇠ 0, the numerator of Eq. (5) requires
Ee ⇠ me, which is inconsistent with the Ee > 140 MeV
selection requirement in neutrino mode. Note that even if
the selection criteria were more permissive, for typical Mini-
BooNE beam energies X can only be non-relativistic for
mX & GeV, and therefore must be produced by a contin-
uum process (rather than from meson decay), which is ruled
out by the beam dump constraints discussed in Section III.

III. BEAM DUMP CONSTRAINTS

In this section, we consider a variation on the scattering sig-
nature discussed in Section II C. As noted in [25], for example,
(quasi-)stable particles undergoing inelastic processes involv-
ing nuclei can explain the observed angular distribution. How-
ever, for this scenario, there are significant constraints from
the MiniBooNE beam dump search, the null result of which
rules out this explanation for the excess unless the production
of these new particles can be somehow greatly suppressed in
beam dump mode compared to neutrino mode.

The MiniBooNE-DM collaboration has recently announced
results from a new beam dump search for sub-GeV DM par-
ticles with 1.86 ⇥ 1020 protons on target (POT) [24], about a
factor of 7 less than the neutrino mode run with identical pro-
ton energy. In beam dump mode, the protons are steered away
from the beryllium target and delivered directly to the steel
beam dump 50 m downstream. The absence of a downstream
decay volume for the parent mesons in this configuration sig-
nificantly reduces and softens the neutrino flux, thereby im-
proving MiniBooNE’s sensitivity to exotic, non-neutrino sig-
natures.

The results reported in [24] are presented in terms of sub-
GeV DM particles, which are produced in the steel beam
dump through cascades from rare ⇡0/⌘ decays and proton
bremsstrahlung. These processes first yield an on-shell, ki-
netically mixed dark photon V (either via ⇡0/⌘ ! V � or
pN ! pNV where N is a target nucleus) which then de-
cays to boosted pairs of DM particles. Finally, a DM particle
enters the detector and scatters elastically with an electron to
produce a final-state electron track. After applying the selec-
tion criteria outlined in [24], the collaboration reports no ex-
cess signal events above background expectations. Since the
selection is sufficiently similar to the neutrino mode CCQE
signal definition (i.e. one isolated electromagnetic track with
Ee > 75 MeV and cos ✓e > 0.9), this search can be used
to place limits on any non-neutrino physics originating from
the target. In both modes, the neutral meson (⇡0/⌘) distri-
butions are similar, with negligible differences in shape aris-
ing from the composition of the target nuclei. Similarly, the
bremsstrahlung distributions are expected to be identical, de-
spite the different target compositions [31], which informs po-
tential production mechanisms from either ordinary or “dark”
bremsstrahlung of a new gauge boson like V .

This result immediately implies stringent constraints on
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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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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

EarthAir

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).

ar
X

iv
:1

70
2.

02
68

8v
1 

 [h
ep

-e
x]

  9
 F

eb
 2

01
7

Dark Matter Search in a Proton Beam Dump with MiniBooNE

A.A. Aguilar-Arevalo,1 M. Backfish,2 A. Bashyal,3 B. Batell,4 B.C. Brown,2 R. Carr,5 A. Chatterjee,3

R.L. Cooper,6, 7 P. deNiverville,8 R. Dharmapalan,9 Z. Djurcic,9 R. Ford,2 F.G. Garcia,2 G.T. Garvey,10

J. Grange,9, 11 J.A. Green,10 W. Huelsnitz,10 I.L. de Icaza Astiz,1 G. Karagiorgi,5 T. Katori,12 W. Ketchum,10

T. Kobilarcik,2 Q. Liu,10 W.C. Louis,10 W. Marsh,2 C.D. Moore,2 G.B. Mills,10 J. Mirabal,10 P. Nienaber,13

Z. Pavlovic,10 D. Perevalov,2 H. Ray,11 B.P. Roe,14 M.H. Shaevitz,5 S. Shahsavarani,3 I. Stancu,15

R. Tayloe,6 C. Taylor,10 R.T. Thornton,6 R. Van de Water,10 W. Wester,2 D.H. White,10 and J. Yu3

1
Instituto de Ciencias Nucleares, Universidad Nacional Autónoma de México, Mexico City 04510, Mexico
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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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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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Beam Dump MiniBooNE Detector

p
⇡0
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�†

�
N

�
50m 4m 487m

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
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

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
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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. 7
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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, 23] 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 [24]. 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.

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 (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [29, 30]. 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,
Higgs, or lepton portals

Bµ⌫ , H
†
H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 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

4 A fermionic mediator coupled to the lepton portal requires additional

p

X

Similar in both modes
Continuum production

Uses full beam energy
Important for heavy X

Neutrino Mode vs. Beam Dump Mode

Thickness irrelevant 
if greater than rad. length
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e
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be.

1. Full Nucleon

For this fit the signal distributions were NCEO↵,

NC⇡0
O↵, NCETiming

O↵
, and NC⇡0Timing

O↵
. The CCQE,

NCE, and NC⇡0 distributions from neutrino and anti-
neutrino modes, as well as CCQEO↵ were used to con-
strain the systematic uncertainties and predicted beam-
related backgrounds in the signal channels. The CCQE
and NCE distributions are fitted as functions of Q2

QE .
The Q2

QE for NCE is obtained via

Q2

QE = 2mNT reco

N , (3)

where mN is the e↵ective mass of the nucleon and T reco

N
is the reconstructed kinetic energy of the nucleon recoil.
The CCQE Q2

QE is obtained via

Q2

QE = �m2

µ + 2EQE

⌫

⇣
Eµ �

q
E2

µ �m2
µ cos ✓µ

⌘
, (4)

where

EQE

⌫ =
2m0

nEµ �
h
(m0

n)
2 +m2

µ �m2
p

i

2
h
m0

n � Eµ +
q

E2
µ �m2

µ cos ✓µ
i , (5)

and Eµ = T reco
µ +mµ is the total muon energy, mp, mn

and mµ are the masses of the proton, neutron and muon
respectively. m0

n = mn � EB is the mass of the neutron

subtracted by the binding energy of carbon. A value of
34MeV is used for EB . Both equations arise from kine-
matic calculations assuming the incident nucleon is at
rest. The NC⇡0 distributions, on the other hand, are fit-
ted as a function of reconstructed ⇡0 momentum p⇡0 . As
already stated the CCQEO↵ timing distribution was used
to calibrate the simulated Tbunch, so it was not included
in the dark matter fit.

During the fit, one normalization nuisance parameter
was used for each mode of running, constrained by the
integral of the corresponding CCQE distribution. Two
cross section nuisance parameters were also used for each
bin of the NCE (Q2

QE) and NC⇡0 (p⇡0) distributions,
one for true neutrino and one for true anti-neutrino in-
teractions. Neutrino and anti-neutrino interactions were
considered separately because the neutrino/anti-neutrino
interaction ratio is di↵erent between the three modes of
running. In all, twenty-three nuisance parameters were
used in the fit. When setting the confidence level limits
the nuisance parameters were fixed to make the neutrino,
anti-neutrino, and CCQEO↵ distributions match data or
fake data. Following this, the dark matter signal rate
(controlled by a scaling factor) was floated with the nui-
sance parameters held fixed.

In o↵-target mode 990 CCQE, 1461 NCE, and 148
NC⇡0 events were measured. After considering the con-
straints the predicted number of events is 1406± 91 and
135 ± 15 for NCEO↵ and NC⇡0

O↵ respectively. No sig-
nificant excess was measured.

2. Electron

The signal distribution for this fit was defined as the
events that pass ⌫-e cuts with cos ✓e > 0.99. The
fit was a binned extended maximum likelihood fit in
three dimensions, Ee

vis
, cos ✓e, and bunch time, with a

single nuisance parameter to control the overall nor-
malization of predicted neutrino events. The region of
0.9 < cos ✓e < 0.99 was the control region to constrain
background events. Because of the well defined control
region, data from neutrino and anti-neutrino modes were
not used to constrain the prediction. 2 ⌫-e events were
measured in o↵-target mode. After constraining the ⌫-e
background the predicted number of events is 2.4 ± 1.5.
In the signal region, 0 events were measured with a con-
strained prediction of 0.4 events. No dark matter candi-
date events were measured.

Systematic uncertainties were not included in the fit as
the predicted number of background events has a statisti-
cal relative uncertainty much greater than the predicted
systematics, especially when considering some of the sys-
tematic uncertainties are constrained by the controlled
region. The normalization parameter is fixed during fit-
ting so the data/fake data and null predictions are the
same for the number of events in the control region.

cos ✓e > 0.9

9

respectively, with an extra 1.08 normalization factor to
match simulations with data. For this analysis all detec-
tor and dirt simulated events were reweighted to these
updated measured values, while only true CCQE events
include the normalization factor.

The detector response is modeled with a Geant3 [46]
simulation described in Ref. [39].

1. Definition of True Interactions

The dark matter simulation (BdNMC) that is used,
see Sec. VI, does not include any nuclear model or final
state interactions. For this paper, true neutrino interac-
tions are defined by the output of a neutrino interaction
before any final state interactions are considered. This
makes the definition used by BdNMC and NUANCE
the same. It also means di↵erent selection cuts could
look for the same true interaction because di↵erent final
state interactions would probe di↵erent parameter space.
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FIG. 16. The predicted number of true NCE interactions on
protons in MiniBooNE broken down by the free and bound
components. The free + bound total is compared with free
times six.

Because BdNMC does not include a nuclear model,
the definition of true NCE interactions from NUANCE
needs to be adjusted to match. Fig. 16 shows the distri-
bution of true NCE interactions on free and bound pro-
tons. Below about 90MeV energy transfer, defined by
the di↵erence between the true energy of the incoming
and outgoing neutrino, the nuclear model in NUANCE
reduces the bound cross section. Using free times six, the
scaling to go from free hydrogen to number of protons in
mineral oil, e↵ectively removes the nuclear model from

NUANCE, therefore, by definition true NCE, for this
paper, is a scaling from interactions on free protons.

TABLE III. Selection Cuts for the various channels in this
analysis

Cut # Description

CCQE
1 # subevents = 2
2 1st sub, # tank > 200 and

all subevents, # veto hits < 6
3 1st sub, reconstructed vertex radius < 500 cm
4 1st sub, event time window 4.4 < T (µs) < 6.4
5 1st sub, µ/e log-likelihood ratio > 0
6 1st sub, kinetic energy T > 200MeV
7 µ-e vertex distance > 100 cm and

> (500Tµ (GeV)� 100) cm

NCE
1 # subevents = 1
2 # tank hits > 12 and # veto hits < 6
3 Reconstructed vertex radius < 500 cm
4 event time window 4.4 < T (µs) < 6.4
5 p/e time log-likelihood ratio < 0.42
6 kinetic energy 35 < T (MeV) < 650
7 < 60 hits 10µs before event trigger

NC⇡
0

1 # subevents = 1
2 # tank hits > 200 and # veto hits < 6
3 event time window 4 < T (µs) < 7
4 Reconstructed vertex radius < 500 cm (e fit)
5 µ/e log-likelihood ratio > 0.05
6 e/⇡

0 log-likelihood ratio < 0
7 80 < m��

�
MeV c

�2
�
< 200

⌫-e
1 # subevents = 1
2 # tank hits > 20 and # veto hits  2
3 event time window 4.4 < T (µs) < 6.4
4 Reconstructed vertex radius < 500 cm
5 visible energy 75  E

e
vis (MeV)  850

6 reconstructed angle cos ✓e � 0.9
7 µ/e log-likelihood ratio: See text
8 e time log-likelihood  3.6
9 Scintillation / Cherenkov Ratio  0.55

10 Distance to wall � 210 cm

For events with # tank hits > 200
11 e/⇡

0 log-likelihood ratio > �6.25⇥ 10�3

12 m��  80MeV c
�2

V. EVENT DISTRIBUTIONS

This analysis consists of four di↵erent selection cuts:
CCQE, NCE, NC⇡0, and neutral-current neutrino-
electron elastic scattering (⌫-e). Because of final state
interactions the events that pass these selection cuts are



What have we learned?

Unstable particle produced in target Scenario A:

Scenario B:
Scatters elastically inside the detector
Stable* particle produced in target 

Decays visibly inside the detector 

Unstable particle produced in target 

Inelastically scatters of nucleons

Scenario A’
Each decay has visible & invisible daughters

Scenario B’ Stable particle produced in target 



Unstable particle produced in target Scenario A’
Each decay has visible & invisible daughters

X ! X 0 + EM X 0 is invisible

L � dX X�µ⌫X 0Fµ⌫ + h.c.Example: dipole interaction
for a Pseudo-Dirac fermion
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a)

FIG. 10: a) Scalar DM pair production in electron-nucleus

collisions. An on-shell A0
is radiated and decays o↵ diago-

nally to 'h,` pairs. b) Inelastic up scattering of the lighter

'` into the heavier state via A0
exchange inside the detector.

For order-one (or larger) mass splittings, the metastable state

promptly de-excites inside the detector via 'h ! '`e
+e�.

This process yields a target (nucleus, nucleon, or electron)

recoil ER and two charged tracks, which is a instinctive, zero

background signature, so nuclear recoil cuts need not be lim-

iting.
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FIG. 10: a) Scalar DM pair production in electron-nucleus

collisions. An on-shell A0
is radiated and decays o↵ diago-

nally to 'h,` pairs. b) Inelastic up scattering of the lighter

'` into the heavier state via A0
exchange inside the detector.

For order-one (or larger) mass splittings, the metastable state

promptly de-excites inside the detector via 'h ! '`e
+e�.
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recoil ER and two charged tracks, which is a instinctive, zero

background signature, so nuclear recoil cuts need not be lim-

iting.
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FIG. 1. The energy spectra of the MiniBooNE excesses in neutrino
mode (red) [2] and antineutrino mode (blue) [3] presented in terms
of the reconstructed neutrino energy E(reconst.)

⌫ from Eq. (1). For the
simple decay and elastic scattering scenarios described in Sec. II, we
find that even when these processes accommodate the energy distri-
butions here, they fail to match the angular profile of the excess in
Fig. (2). For the more complicated signatures described in Sec. III, it
is possible, in principle, to accommodate both the energy distribution
here and the angular distribution in Fig. (2), but such scenarios are
strongly constrained by the null results from the MiniBooNE beam
dump search in [24].

where ✓12 is the angle between the two tracks and E1,2 are the
track energies; if mtrack < 30 MeV, MiniBooNE is unable
to distinguish e+e� or �� pairs from single electrons [29].
This cut also ensures that such events do not appear in the
neutral-current ⇡0 event sample [30]. For the present scenario,
visible X decays would contribute to the CCQE excess if
mX < 30 MeV. As described above, the reconstructed track
angle is weighted by the track energies; by momentum con-
servation, this sum is simply the original X 4-vector, which
must satisfy cos ✓e > 0.9999 in order for X to enter the Mini-
BooNE detector, a sphere of fiducial radius 5.75 m located
541 m away from the target. This is highly inconsistent with
the cos ✓e distribution of the excess (see Fig. 2), which shows
significant contributions from cos ✓e < 0.8. In particular, a
model which matches the size of the neutrino mode excess
(381.2 events), but predicts all events to have cos ✓e > 0.8
is incompatible with the observed excess of 150 ± 31 in this
bin (in consideration of statistical errors only; systematics and
bin-to-bin correlations are not available, noting that the angu-
lar resolution is 3-5� for 100-600 MeV electron energies in ⌫e
CCQE events [28]).

B. Semi-Visibly Decaying Particles

Since new particles with fully visible decays necessarily
give forward-peaked energy depositions in conflict with the
angular distribution of the measured excess, we now consider
the possibility that a new unstable particle X decay signature
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FIG. 2. Angular distributions for semi-visibly decaying particles
X ! X 0 + pEM , where X 0 is invisible (with mX0 = 0) and pEM

is the electromagnetic energy deposition in the MiniBooNE detector,
which is chosen to fit the energy distribution of the neutrino mode
excess shown in Fig. 1. The energy spectrum of X determines its
boost and angular distributions, the latter of which is plotted here for
various mX . The observed angular distribution of the ⌫e excess from
[2] is shown in red. Note that choosing mX0 = 0 here is conserva-
tive because heavier X 0 make it more difficult to generate wide-angle
visible energy. The semi-visible decay hypothesis is strongly disfa-
vored by the angular distribution regardless of mX , as indicated by
the �2 values (based on statistical errors only) for each mass.

features partially invisible final states.
Considering the possible decay modes of X , decays to a

lighter invisible state X 0 plus a single charged particle are for-
bidden by charge conservation, and X ! X 0 + ⇡0, where
the resulting �� is reconstructed as a single track, would cre-
ate a large two-track excess not seen in the neutral-current ⇡0

analysis [30]. Thus, the dominant allowed channel is a two-
body decay where X decays into a lighter dark-sector state
X 0 and a photon (X ! X 0 + �). Three- and higher-body
decays are also allowed but will be increasingly phase-space
suppressed; regardless, we consider decays to X 0 plus an ar-
bitrary number of electromagnetic tracks. Since the electro-
magnetic tracks must be well-collimated to contribute to the
excess, we will treat this scenario as a quasi-two-body decay,
where the electromagnetic energy is considered as a single 4-
vector pEM with 0  p2EM  (30 MeV)2.

In the X rest frame, the electromagnetic energy is EEM =
(m2

X � m2
X0)/2mX . Electromagnetic energy with small in-

variant mass compared to the beam energy, emitted backwards
in the X rest frame, will be boosted to very small lab-frame
energies,

EEM, lab ⇡
m2

X � m2
X0

2mX
�(1 � �), (4)

where � and � are the boost and velocity of X , respec-
tively. This will make it difficult for such an event to pass
the Ee > 140 MeV selection for the ⌫e-like excess unless the
mass splitting between dark states m2

X �m2
X0 is large to make

up for the (typically very small) 1 � � factor.
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Each decay has visible & invisible daughters

mX > GeV
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FIG. 1. The energy spectra of the MiniBooNE excesses in neutrino
mode (red) [2] and antineutrino mode (blue) [3] presented in terms
of the reconstructed neutrino energy E(reconst.)

⌫ from Eq. (1). For the
simple decay and elastic scattering scenarios described in Sec. II, we
find that even when these processes accommodate the energy distri-
butions here, they fail to match the angular profile of the excess in
Fig. (2). For the more complicated signatures described in Sec. III, it
is possible, in principle, to accommodate both the energy distribution
here and the angular distribution in Fig. (2), but such scenarios are
strongly constrained by the null results from the MiniBooNE beam
dump search in [24].

where ✓12 is the angle between the two tracks and E1,2 are the
track energies; if mtrack < 30 MeV, MiniBooNE is unable
to distinguish e+e� or �� pairs from single electrons [29].
This cut also ensures that such events do not appear in the
neutral-current ⇡0 event sample [30]. For the present scenario,
visible X decays would contribute to the CCQE excess if
mX < 30 MeV. As described above, the reconstructed track
angle is weighted by the track energies; by momentum con-
servation, this sum is simply the original X 4-vector, which
must satisfy cos ✓e > 0.9999 in order for X to enter the Mini-
BooNE detector, a sphere of fiducial radius 5.75 m located
541 m away from the target. This is highly inconsistent with
the cos ✓e distribution of the excess (see Fig. 2), which shows
significant contributions from cos ✓e < 0.8. In particular, a
model which matches the size of the neutrino mode excess
(381.2 events), but predicts all events to have cos ✓e > 0.8
is incompatible with the observed excess of 150 ± 31 in this
bin (in consideration of statistical errors only; systematics and
bin-to-bin correlations are not available, noting that the angu-
lar resolution is 3-5� for 100-600 MeV electron energies in ⌫e
CCQE events [28]).

B. Semi-Visibly Decaying Particles

Since new particles with fully visible decays necessarily
give forward-peaked energy depositions in conflict with the
angular distribution of the measured excess, we now consider
the possibility that a new unstable particle X decay signature
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is the electromagnetic energy deposition in the MiniBooNE detector,
which is chosen to fit the energy distribution of the neutrino mode
excess shown in Fig. 1. The energy spectrum of X determines its
boost and angular distributions, the latter of which is plotted here for
various mX . The observed angular distribution of the ⌫e excess from
[2] is shown in red. Note that choosing mX0 = 0 here is conserva-
tive because heavier X 0 make it more difficult to generate wide-angle
visible energy. The semi-visible decay hypothesis is strongly disfa-
vored by the angular distribution regardless of mX , as indicated by
the �2 values (based on statistical errors only) for each mass.

features partially invisible final states.
Considering the possible decay modes of X , decays to a

lighter invisible state X 0 plus a single charged particle are for-
bidden by charge conservation, and X ! X 0 + ⇡0, where
the resulting �� is reconstructed as a single track, would cre-
ate a large two-track excess not seen in the neutral-current ⇡0

analysis [30]. Thus, the dominant allowed channel is a two-
body decay where X decays into a lighter dark-sector state
X 0 and a photon (X ! X 0 + �). Three- and higher-body
decays are also allowed but will be increasingly phase-space
suppressed; regardless, we consider decays to X 0 plus an ar-
bitrary number of electromagnetic tracks. Since the electro-
magnetic tracks must be well-collimated to contribute to the
excess, we will treat this scenario as a quasi-two-body decay,
where the electromagnetic energy is considered as a single 4-
vector pEM with 0  p2EM  (30 MeV)2.

In the X rest frame, the electromagnetic energy is EEM =
(m2

X � m2
X0)/2mX . Electromagnetic energy with small in-

variant mass compared to the beam energy, emitted backwards
in the X rest frame, will be boosted to very small lab-frame
energies,

EEM, lab ⇡
m2

X � m2
X0

2mX
�(1 � �), (4)

where � and � are the boost and velocity of X , respec-
tively. This will make it difficult for such an event to pass
the Ee > 140 MeV selection for the ⌫e-like excess unless the
mass splitting between dark states m2

X �m2
X0 is large to make

up for the (typically very small) 1 � � factor.
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FIG. 3. Top: Boost distributions of charged pions (blue) and charged
kaons (red) at MiniBooNE in both neutrino (solid) and beam dump
mode (dashed). The distributions are normalized to the correspond-
ing exposures, 12.84⇥1020 POT for neutrino mode and 1.86⇥1020

POT for beam dump mode. Bottom: Ratio of neutrino mode pro-
duction to beam dump mode production for DIF (circles) and DAR
(stars).

any new particle X produced from neutral meson decay or
bremsstrahlung. Since the flux is essentially identical in beam
dump and neutrino modes, excepting the different target-to-
detector (541 m) and dump-to-detector (487 m) distances, a
signal in one mode is also expected in the other, with the rate
simply scaling with POT. As described in [24], applying the
⌫e CCQE selection to the beam dump data yields a deficit
of 2.8 events for the combination of neutrino and antineu-
trino modes, while an excess of 35.5 ± 7.4 events would have
been expected. With production via neutral meson decay or
bremsstrahlung therefore ruled out by 4.8� [24], if a new par-
ticle X is responsible for the MiniBooNE excess, it must be
created via charged meson decay. Indeed, the size difference
of the neutrino and antineutrino mode excesses might suggest
a mechanism originating from charged mesons, since neutral
meson and bremsstrahlung production are identical regardless
of the beam magnet polarity.

Fig. 3 shows the Lorentz boost (�) distributions for ⇡±

and K± in both neutrino and beam dump mode, normal-
ized to the accumulated POT for each. These boost distribu-
tions were made using a detailed Geant4 [32] simulation of
the Booster Neutrino Beamline incorporating all relevant ele-
ments [1, 33]. We see that the shapes of the DIF portions of the
spectra are extremely similar, but the flux of charged mesons
is reduced by a factor of ⇠100 in beam dump mode due to
the lower intergrated POT and suppressed off-target produc-
tion. The boost distributions shown in Fig. 3 were made
with the FTFP BERT physics list in Geant4, but we veri-
fied the similarity between the DIF spectra in neutrino mode
and beam dump mode using predictions from the QGSP BERT
and QGSP BIC physics lists as well.

If the kinematics of a proposed signal model require a sig-
nificant boost from the charged mesons, as in the model of
[25] where a ⌫µ upscatters to a heavy state ND with mass
⇠320 MeV, the signal will arise from the DIF component and,
with similar scaling of the background, the expected total ex-
cess in beam dump mode would be 381/100 ⇠ O(4) events,
with about half of these events passing the cos ✓e > 0.9 re-
quirement as shown in Fig. 2. However, due to the different
selection between the dark matter search in beam dump mode
and the ⌫e CCQE search in neutrino mode, the precise expec-
tation for the event rate may differ by O(1) factors, so with
the current data set it is not yet possible to exclude such ex-
planations.

On the other hand, if the signal model had lower kinematic
thresholds and could explain the excess with decay-at-rest
(DAR) charged mesons, for which the POT-normalized flux
in the two modes only differs by a factor of ⇠5, the signal rate
would be a factor of ⇠20 higher, and would be firmly ruled out
by the beam dump search. These considerations can of course
be made more precise for any particular model, but regardless
of this selection, all such explanations could likely be con-
firmed or ruled out with an improvement of only a factor of a
few in POT in beam dump mode. We emphasize that the con-
straints described in this section hold regardless of whether
the chosen model matches the angular distribution or not, and
serve as additional constraints on the models in Sec. II.

IV. CONCLUSIONS

In this paper, we have shown that explanations for the long-
standing MiniBooNE excess which invoke new physics are
severely constrained by the angular distribution of electro-
magnetic tracks and the null result from the recent beam dump
search. We have presented model-independent arguments
against a variety of possible alternative, non-neutrino expla-
nations, including new particle visible decays, semi-visible
decays, and elastic scattering. While models invoking inelas-
tic processes between a new long-lived particle and a nuclear
target, which mimic a ⌫e CCQE signal, can survive the beam
dump constraints, a modest increase in beam dump mode POT
can rule out all such models if no events are observed. We en-
courage the MiniBooNE collaboration to pursue this search
with additional beam dump data [34], which will shed further
light on the source of the excess.
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Figure 1. Feynman diagrams that lead to kinetic mixing between the Z
0 and the photon. In addition to the

diagrams shown here, there could also be model dependent contributions that arise from heavy states charged
under both electromagnetism and U(1)Lµ�L⌧ . For a treatment of additional contributions from heavy physics
beyond the SM, see Appendix C.

The contribution of the Z
0 to the anomalous magnetic moment of the muon, to leading order in

gµ�⌧ , is given by [4]
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where aµ ⌘ 1
2 (g � 2)µ. In the last step, we have taken the mZ0 ⌧ mµ limit. The measured value of

this quantity is �aµ ⌘ aµ(obs)�aµ(SM) = (28.8±8.0)⇥10�10 [3], and thus requires a gauge coupling
of gµ�⌧ ' (3 � 8) ⇥ 10�4 in order to resolve the anomaly.

At tree-level, the Z
0 in this model couples only to heavy leptons and their neutrino flavors. Muon

and tau loops, however, can lead to kinetic mixing between the Z
0 and the photon, inducing an

e↵ective coupling for the Z
0 to electromagnetically charged fermions. For low energy processes we

can integrate out µ and ⌧ , resulting in an o↵-diagonal kinetic term, F
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↵� , between the Z

0 and
the photon. Diagonalizing these fields and restoring canonical normalization induces the following Z
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coupling to the electromagnetic current
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where e is the electron charge, f is a SM fermion with charge Qf , and the quantity ✏ quantifies the
degree of kinetic mixing. The irreducible contributions to ✏ from the loops shown in Fig. 1 are given
by [22]
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This calculation provides us with a benchmark value for ✏, which we will refer to throughout this
paper as “natural kinetic mixing”. One should keep in mind, however, that other model dependent
contributions could potentially arise, in particular if there exist heavy particles that are charged under
both electromagnentism and Lµ � L⌧ .
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leading to the following branching fraction
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Figure 1. Feynman diagrams that lead to kinetic mixing between the Z
0 and the photon. In addition to the

diagrams shown here, there could also be model dependent contributions that arise from heavy states charged
under both electromagnetism and U(1)Lµ�L⌧ . For a treatment of additional contributions from heavy physics
beyond the SM, see Appendix C.

The contribution of the Z
0 to the anomalous magnetic moment of the muon, to leading order in

gµ�⌧ , is given by [4]
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where aµ ⌘ 1
2 (g � 2)µ. In the last step, we have taken the mZ0 ⌧ mµ limit. The measured value of

this quantity is �aµ ⌘ aµ(obs)�aµ(SM) = (28.8±8.0)⇥10�10 [3], and thus requires a gauge coupling
of gµ�⌧ ' (3 � 8) ⇥ 10�4 in order to resolve the anomaly.

At tree-level, the Z
0 in this model couples only to heavy leptons and their neutrino flavors. Muon
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where e is the electron charge, f is a SM fermion with charge Qf , and the quantity ✏ quantifies the
degree of kinetic mixing. The irreducible contributions to ✏ from the loops shown in Fig. 1 are given
by [22]
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This calculation provides us with a benchmark value for ✏, which we will refer to throughout this
paper as “natural kinetic mixing”. One should keep in mind, however, that other model dependent
contributions could potentially arise, in particular if there exist heavy particles that are charged under
both electromagnentism and Lµ � L⌧ .
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leading to the following branching fraction
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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.
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a)

FIG. 10: a) Scalar DM pair production in electron-nucleus

collisions. An on-shell A0
is radiated and decays o↵ diago-

nally to 'h,` pairs. b) Inelastic up scattering of the lighter

'` into the heavier state via A0
exchange inside the detector.

For order-one (or larger) mass splittings, the metastable state

promptly de-excites inside the detector via 'h ! '`e
+e�.

This process yields a target (nucleus, nucleon, or electron)

recoil ER and two charged tracks, which is a instinctive, zero

background signature, so nuclear recoil cuts need not be lim-

iting.
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Conclusions

4.8 sigma MB excess, simple sterile interpretations disfavored
Disappearance + Cosmology 

Simple other BSM (non-neutrino) models ruled out

{Angular distribution
X decays all-visibly
X scatters elastically 

New beam dump DM search is powerful constraint

1) production from charged mesons
2) inelastic scatter off nuclei 

All will be tested with ~ 10x existing beam dump data

{Requires
3) produce new, visibly decaying particle



Thanks!



Null Result Imposes Nontrivial BSM Bounds

MiniBooNE  Collaboration arXiv1807.06137  

⇠ 10
20
POTEp ⇠ 9 GeV

10% of luminosity in neutrino mode which saw ~460 events 

No signal even with neutrino mode cuts in beam dump mode
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D. Neutrino Oscillation Events in O↵-Target Mode

MiniBooNE has recently doubled the amount of
neutrino-mode POT [50]. The reported neutrino plus
anti-neutrino oscillation excess is 460.5± 95.8 for a com-
bined 24.11⇥ 1020 POT. If this excess were due to a pro-
cess that is occurring in the beam dump, such as dark
matter production, instead of neutrino-related process,
the predicted excess would scale with the amount of POT
collected.

The predicted o↵-target excess, under this assumption,
is 35.5± 7.4, whereas the measured excess is -2.8 events
integrated over 200  EQE

⌫ < 1250MeV. Fig. 20 shows
the EQE

⌫ distribution (Eq. 5 is used with the results from
the electron track fit and EB = 0) for o↵-target running.
All but one of the observed events are above 475MeV.
Assuming gaussian errors, the measured o↵-target sam-
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FIG. 20. The E
QE

⌫ distribution for events that pass the ⌫e

oscillation cuts. Data comes from o↵-target mode.

ple of events that pass oscillation cuts is inconsistent, at
4.8�, with a process that predicts the oscillation excess
to scale with collected POT.

VI. CONFIDENCE LEVEL LIMITS ON LIGHT
DARK MATTER THEORY

A fixed target dark matter Monte Carlo, BdNMC, is
used to simulate the energy and position distributions of
the expected dark matter scattering signal in the Mini-
BooNE detector [25]. There are a number of production
channels in fixed target experiments, though often one
will dominate for a given set of dark matter model pa-
rameters. For MiniBooNE, the decay of two pseudoscalar

mesons, the ⇡0 and the ⌘ were considered, as well as pro-
duction through proton bremsstrahlung plus vector mix-
ing up to mV = 1GeV c�2. The parameter values and
equations used in the simulation are given in Ref. [25].
The simulation loop begins by determing the maxi-

mum probability for each production mechanism pro-
vided. The output events are split between the pro-
duction mechanisms according to the maximum prob-
abilities. For the case of pseudoscalar meson decays,
meson four-momenta and positions are generated in the
MiniBooNE target or beam dump by sampling an event
list generated by the BooNEG4Beam simulations, see
Sec. III. For the case of proton bremsstrahlung, the dark
matter is simulated to occur at the front of the beam
dump.
The simulation attempts a given dark matter scat-

tering event for each dark matter trajectory from the
previous step found to intersect with the MiniBooNE
detector. Possible interactions are elastic-nucleon (0⇡),
elastic-electron, and inelastic nucleon producing a sin-
gle pion (1⇡0 if a ⇡0 is produced, and 1⇡± if a ⇡± is
produced). The neutrino detector simulation, discussed
in Sec. IVA, was used to simulate the response of the
detector. The weight of a simulated event was defined
as the ratio of N�/N⌫ , where N� (N⌫) is the number
of true interactions predicted by BdNMC (NUANCE).
The weight is a function of energy transfer and is inde-
pendent of final state interactions.
Fig. 21 shows the number of events for � scattering

in the detector as well as the mean reconstructed ob-
servables for mV = 3m� and ✏4↵D = 1 ⇥ 10�13. At
low masses the 1⇡ dominates over 0⇡ in overall rate for
nucleon interactions. The 1⇡ production dominates the
NCE distribution at higher Q2

QE . Because of the sep-
aration of where 1⇡ and 0⇡ production dominates the
NCE distribution, and the e�ciency of the NCE selec-
tion cuts, NCE provides significant constraint, along with
NC⇡0, on the low mass region. Dark matter scattering
o↵ electrons is predicted to dominate the overall rate at
m� < 0.4GeV c�2.
Fig. 22 compares the bunch time distribution for vari-

ous combinations of mV , m� to the neutrino distribution
used for the candidate signal events that pass NCE and
NC⇡0 selection cuts. The neutrino distribution is the pre-
dicted distribution for neutrino-mode running, while the
dark matter distributions are for o↵-target mode. The
di↵erence between the neutrino distribution and that of
the lightest dark matter mass represents the di↵erence
between neutrino-mode and o↵-target running. The sen-
sitivity for heavier dark matter masses is improved when
using timing.

Using the results from BdNMC and the frequentist
confidence level method developed for the MiniBooNE
oscillation analysis [20], 90% confidence level limits were
calculated for di↵erent combinations of mV and m� as
a function of ✏4↵D . The frequentist approach used fake
data and various fits to fake data to generate the e↵ec-
tive degrees of freedom given a predicted signal. Each

4

FIG. 3: A comparison between the L/EQE
⌫ distributions for

the MiniBooNE data excesses in neutrino mode (12.84⇥ 1020

POT) and antineutrino mode (11.27⇥1020 POT) to the L/E
distribution from LSND [1]. The error bars show statistical
uncertainties only. The solid curve shows the best fit to the
LSND and MiniBooNE data assuming standard two-neutrino
oscillations. The excess of MiniBooNE electron-neutrino can-
didate events is consistent with the LSND excess.

A standard two-neutrino model is assumed for the
MiniBooNE oscillation fits. Note, however, that there
are tensions with fits presented here between appearance
and disappearance experiments [10, 12], and other mod-
els [15–19] may provide better fits to the data. The os-
cillation parameters are extracted from a combined fit of
the observed EQE

⌫ event distributions for muon-like and
electron-like events using the full covariance matrix de-
scribed previously. The fit assumes the same oscillation
probability for both the right-sign ⌫e and wrong-sign ⌫̄e,
and no significant ⌫µ, ⌫̄µ, ⌫e, or ⌫̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level val-
ues for the fitting statistic, ��2 = �2(point)� �2(best),
as a function of oscillation parameters, �m2 and sin2 2✓,
is determined from frequentist, fake data studies. With
this technique, the best neutrino oscillation fit in neu-
trino mode for 200 < EQE

⌫ < 1250 MeV occurs at (�m2,
sin2 2✓) = (0.037 eV2, 0.958), as shown in Fig. 4. The
�2/ndf is 10.0/6.6 with a probability of 15.4%. The
background-only fit has a �2-probability of 0.02% relative
to the best oscillation fit and a �2/ndf = 26.7/8.8 with a
probability of 0.14%. Fig. 4 shows the MiniBooNE closed
confidence level (CL) contours for ⌫e appearance oscilla-
tions in neutrino mode in the 200 < EQE

⌫ < 1250 MeV
energy range.

Nuclear e↵ects associated with neutrino interactions
on carbon can a↵ect the reconstruction of the neutrino
energy, EQE

⌫ , and the determination of the neutrino os-
cillation parameters [33]. These e↵ects were studied pre-
viously [3] and were found to not a↵ect substantially the
oscillation fit. In addition, they do not a↵ect the gamma
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θ22sin
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10
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 (e
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KARMEN2
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FIG. 4: MiniBooNE allowed regions in neutrino mode (12.84⇥
1020 POT) for events with 200 < EQE

⌫ < 1250 MeV within
a two-neutrino oscillation model. The shaded areas show the
90% and 99% C.L. LSND ⌫̄µ ! ⌫̄e allowed regions. The black
circle shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [34] and OPERA [35]
experiments.

background, which is determined from direct measure-
ments of NC ⇡0 and dirt backgrounds.
Fig. 5 shows the MiniBooNE allowed regions in both

neutrino mode and antineutrino mode [3] for events with
200 < EQE

⌫ < 1250 MeV within a two-neutrino oscilla-
tion model. For this oscillation fit the entire data set
is used and includes the 12.84 ⇥ 1020 POT in neutrino
mode and the 11.27⇥1020 POT in antineutrino mode. As
shown in the figure, the MiniBooNE favored allowed re-
gion overlaps with the LSND allowed region. Also shown
are 90% C.L. limits from the KARMEN [34] and OPERA
[35] experiments. The best combined neutrino oscillation
fit occurs at (�m2, sin2 2✓) = (0.041 eV2, 0.958). The
�2/ndf for the best-fit point is 19.5/15.4 with a prob-
ability of 20.1%, and the background-only fit has a �2-
probability of 5⇥ 10�7 relative to the best oscillation fit
and a �2/ndf = 49.3/17.5 with a probability of 0.007%.
Fitting both LSND and MiniBooNE data, the best fit
remains at (�m2, sin2 2✓) = (0.041 eV2, 0.958) with a
�2/ndf = 22.4/23.4, corresponding to a probability of
52.0%.

In summary, the MiniBooNE experiment observes a
total ⌫e CCQE event excess in both neutrino and an-
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We present a novel framework that provides an explanation to the long-standing excess of electron-
like events in the MiniBooNE experiment at Fermilab. We suggest a new dark sector containing a
dark neutrino and a dark gauge boson, both with masses between a few tens and a few hundreds
of MeV. Dark neutrinos are produced via neutrino-nucleus scattering, followed by their decay to
the dark gauge boson, which in turn gives rise to electron-like events. This mechanism provides an
excellent fit to MiniBooNE energy spectra and angular distributions.

Introduction.—Neutrinos have been connected to
anomalies in experimental data since their commence-
ment in the realm of Physics. From the problems with
beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
like the 17-keV neutrino [1] or the superluminal neutri-
nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-

pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

LD �
m2

ZD

2
ZDµZ

µ
D + gDZ

µ
D ⌫D�µ⌫D + e✏Zµ

D Jem
µ +

g

cW
✏0 Zµ

D JZ
µ , (2)

where mZD is the mass of ZD and gD is the coupling in
the dark sector, e is the electromagnetic coupling, g/cW
is the Z coupling in the SM, while ✏ and ✏0 parametrize

⇤ E-mail:bertuzzo@if.usp.br
† E-mail:sudip.jana@okstate.edu
‡ E-mail:pmachado@fnal.gov
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the kinetic and mass mixings, respectively. The electro-
magnetic and Z currents are denoted by Jem

µ and JZ
µ . For

simplicity, we assume the mass mixing between the Z and
the ZD boson to be negligible. We resort to kinetic mix-
ing between Bµ⌫ and B0

µ⌫ [20], the SM hypercharge and
the dark field strengths, as a way to achieve a naturally
small coupling between the ZD and the electromagnetic
current Jem

µ . We will take mND > mZD , so the dark neu-
trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so

ar
X

iv
:1

80
7.

09
87

7v
1 

 [h
ep

-p
h]

  2
5 

Ju
l 2

01
8

kinetic mixingdark heavybroken U(1)
neutrino

Also add mixing between active and (unstable) dark neutrinos

FERMILAB-PUB-18-336-T
OSU-HEP-18-04

A Dark Neutrino Portal to Explain MiniBooNE

Enrico Bertuzzo,1, ⇤ Sudip Jana,2, 3, † Pedro A. N. Machado,3, ‡ and Renata Zukanovich Funchal1, §

1Departamento de F́ısica Matemática, Instituto de F́ısica
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the dark gauge boson, which in turn gives rise to electron-like events. This mechanism provides an
excellent fit to MiniBooNE energy spectra and angular distributions.

Introduction.—Neutrinos have been connected to
anomalies in experimental data since their commence-
ment in the realm of Physics. From the problems with
beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
like the 17-keV neutrino [1] or the superluminal neutri-
nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-

pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

LD �
m2

ZD

2
ZDµZ

µ
D + gDZ

µ
D ⌫D�µ⌫D + e✏Zµ

D Jem
µ +

g

cW
✏0 Zµ

D JZ
µ , (2)

where mZD is the mass of ZD and gD is the coupling in
the dark sector, e is the electromagnetic coupling, g/cW
is the Z coupling in the SM, while ✏ and ✏0 parametrize
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the kinetic and mass mixings, respectively. The electro-
magnetic and Z currents are denoted by Jem

µ and JZ
µ . For

simplicity, we assume the mass mixing between the Z and
the ZD boson to be negligible. We resort to kinetic mix-
ing between Bµ⌫ and B0

µ⌫ [20], the SM hypercharge and
the dark field strengths, as a way to achieve a naturally
small coupling between the ZD and the electromagnetic
current Jem

µ . We will take mND > mZD , so the dark neu-
trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so
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We present a novel framework that provides an explanation to the long-standing excess of electron-
like events in the MiniBooNE experiment at Fermilab. We suggest a new dark sector containing a
dark neutrino and a dark gauge boson, both with masses between a few tens and a few hundreds
of MeV. Dark neutrinos are produced via neutrino-nucleus scattering, followed by their decay to
the dark gauge boson, which in turn gives rise to electron-like events. This mechanism provides an
excellent fit to MiniBooNE energy spectra and angular distributions.

Introduction.—Neutrinos have been connected to
anomalies in experimental data since their commence-
ment in the realm of Physics. From the problems with
beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
like the 17-keV neutrino [1] or the superluminal neutri-
nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-

pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
via either mass mixing or kinetic mixing. The relevant
part of the dark Lagrangian is

LD �
m2

ZD

2
ZDµZ

µ
D + gDZ

µ
D ⌫D�µ⌫D + e✏Zµ

D Jem
µ +

g

cW
✏0 Zµ

D JZ
µ , (2)

where mZD is the mass of ZD and gD is the coupling in
the dark sector, e is the electromagnetic coupling, g/cW
is the Z coupling in the SM, while ✏ and ✏0 parametrize
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magnetic and Z currents are denoted by Jem
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µ . For

simplicity, we assume the mass mixing between the Z and
the ZD boson to be negligible. We resort to kinetic mix-
ing between Bµ⌫ and B0

µ⌫ [20], the SM hypercharge and
the dark field strengths, as a way to achieve a naturally
small coupling between the ZD and the electromagnetic
current Jem

µ . We will take mND > mZD , so the dark neu-
trino can decay as ND ! ZD + ⌫i, and mZD < 2mµ so
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the ZD can only decay to electrons and light neutrinos. The dark neutrino decay width into ZD + ⌫0s is simply

�ND!ZD+⌫0s =
↵D
2

|UD4|
2(1� |UD4|

2)
m3

ND

m2
ZD

✓
1�

m2
ZD

m2
ND

◆✓
1 +

m2
ZD

m2
ND

� 2
m4

ZD

m4
ND

◆
, (3)

while the ZD decay width into e+e� and light neutrinos
are, respectively,

�ZD!e+e� ⇡
↵ ✏2

3
mZD , (4)

and

�ZD!⌫⌫ =
↵D
3

�
1� |UD4|

2
�2

mZD . (5)

We observe that as long as ↵✏2 � ↵D(1 � |UD4|
2)2, ZD

will mainly decay into e+e� pairs.
We want both ND and ZD to decay promptly. Tak-

ing the typical energy END , EZD ⇠ 1 GeV, and as-
suming for simplicity |Ue4|

2, |U⌧4|
2

⌧ |Uµ4|
2, we can

estimate � c ⌧ND ⇡ 2 ⇥ 10�9/(m2
ND

[MeV2]↵D |Uµ4|
2)

cm and � c ⌧ZD ⇡ 2 ⇥ 10�7/(m2
ND

[MeV2]↵✏2) cm, for
mZD = mND/5. So for ↵D ⇠ 0.25, |Uµ4|

2
⇠ 10�4 and

↵✏2 ⇠ 3⇥10�9, mND & 20 MeV would guarantee prompt
decay for both particles. We will see shortly that mND

and mZD between a few tens to a few hundred of MeV is
exactly what is needed to explain the experimental data.

Analysis and results.—The MiniBooNE experiment is
a pure mineral oil (CH2) detector located at the Booster
Neutrino Beam line at Fermilab. The Cherenkov and
scintillation light emitted by charged particles traversing
the detector are used for particle identification and neu-
trino energy reconstruction, assuming the kinematics of
CCQE scattering. MiniBooNE has observed an excess of
381± 85.2 (79.3± 28.6) electron-like events over the esti-
mated background in neutrino (antineutrino) beam con-
figuration in the energy range 200 < Erec

⌫ /MeV < 1250
corresponding to 12.84 ⇥ 1020 (11.27 ⇥ 1020) protons on
target [18].

Our proposal to explain MiniBooNE’s low energy ex-
cess from the production and decay of a dark neutrino
relies on the fact that MiniBooNE cannot distinguish a
collimated e+e� pair from a single electron. Muon neu-
trinos produced in the beam would up-scatter on the min-
eral oil to dark neutrinos, which will subsequently lead
to ZD ! e+e� as shown schematically in Fig. 1. If ND is
light enough, this up-scattering in CH2 can be coherent,
enhancing the cross section. To take that into account,
we estimate the up-scattering cross section to be

�total

proton
=

1

8
F 2(Er)�

coh
C +

✓
1�

6

8
F 2(Er)

◆
�p, (6)

where F (Er) is the nuclear form factor [21] for Carbon,
while �coh

C and �p are the elastic scattering cross sections

FIG. 1. Contributions to the cross section that in our model
gives rise to MiniBooNE’s excess of electron-like events.

on Carbon and protons, which can be easily calculated.
For Carbon, F (Er) is sizable up to proton recoil energies
of few MeV.
To obtain the spectrum of events, a simplified model

was implemented in FeynRules [22] in which Carbon and
protons were taken to be an elementary fermion and
events were generated in MadGraph5 [23]. Since Mini-
BooNE would interpret ZD ! e+e� decays as electron-
like events, the reconstructed neutrino energy would be
incorrectly inferred by the approximate CCQE formula
(see e.g. Ref. [24])

Erec
⌫ '

mp EZD

mp � EZD (1� cos ✓ZD )
, (7)

where mp is the proton mass, and EZD and ✓ZD are
the dark ZD boson energy and its direction relative to
the beam line. The fit to MiniBooNE data was then
performed using the �2 function from the collaboration
o�cial data release [18], which includes the ⌫µ and ⌫̄µ
disappearance data, re-weighting the Montecarlo events
by the ratio of our cross section to the standard CCQE
one, and taking into account the wrong sign contami-
nation from Ref. [25]. Note that the o�cial covariance
matrix includes spectral data in electron-like and muon-
like events for both neutrino and antineutrino modes.
In Fig. 2 we can see the electron-like event distribu-

tions, including all of the backgrounds, as reported by
MiniBooNE. We clearly see the event excess reflected
in all of them. The neutrino (antineutrino) mode data
as a function of Erec

⌫ is displayed on the top (middle)
panel. The corresponding predictions of our model, for
the benchmark point mND = 320 MeV, mZD = 64 MeV,
|Uµ4|

2 = 10�6, ↵D = 0.25 and ↵✏2 = 3 ⇥ 10�9, are de-
picted as the blue lines. The light blue band reflects
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beta decays in the dawn of the XXth century, that culmi-
nated with the proposal and subsequent discovery of the
first of these remarkable particles, to the solar and atmo-
spheric neutrino puzzles, that revealed the phenomenon
of neutrino oscillations driven by masses and mixings, the
neutrino road has been full of surprises. Some, however,
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nos [2] turned out to be mere bumps on the road as they
were resolved by explanations unrelated to new physics.
As it happens, one never knows which small clouds hov-
ering on the horizon of Physics will eventually vanish and
which will instead ignite a revolution.

Even today some peculiar data anomalies remain un-
solved. On one hand, there is an apparent deficit of
⌫e in short-baseline reactor experiments [3] and of ⌫e
in radioactive-source experiments [4], both amounting
to a 2.5-3� discrepancy that many believe may be con-
nected to unknown nuclear physics. On the other hand,
the LSND [5] and MiniBooNE neutrino experiments [6–
9] have reported an excess of ⌫e and ⌫e charge-current
quasi-elastic (CCQE) events in their data. All these co-
nundrums have been o↵ered a number of exotic inter-

pretations in the literature [10–14], typically invoking eV
sterile neutrinos in schemes easily in tension with other
neutrino data [15–17].
Recently, after 15 years of running, MiniBooNE up-

dated their analysis revealing that the excess of electron-
like events in the experiment [18], consistently observed
in the neutrino and antineutrino modes, is now a 4.8�
e↵ect. That makes the MiniBooNE result the most sta-
tistically relevant anomaly in the neutrino sector. The
origin of such excess is unclear – it could be the presence
of new physics, or a large background mismodeling. In
this Letter we propose a phenomenological solution to
understand the MiniBooNE data [19].
Framework.—We introduce a dark sector composed by

a new vector boson, ZD, coupling directly solely to a dark
neutrino, ⌫D, which mixes with the standard ones as

⌫↵ =
3X

i=1

U↵i ⌫i + U↵4 ND , ↵ = e, µ, ⌧,D, (1)

where ⌫i and ⌫↵ are the neutrinos mass and flavor eigen-
states, respectively. The new vector boson will, in gen-
eral, communicate with the Standard Model (SM) sector
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