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2Fermi National Accelerator Laboratory, Batavia, IL 60510
3University of Texas (Arlington), Arlington, TX 76019
4University of Pittsburgh, Pittsburgh, PA 15260, USA

5Columbia University, New York, NY 10027
6Indiana University, Bloomington, IN 47405

7New Mexico State University, Las Cruces, NM 88003
8Center for Theoretical Physics of the Universe, Institute for Basic Science (IBS), Daejeon, 34051, Korea

9Argonne National Laboratory, Argonne, IL 60439
10Los Alamos National Laboratory, Los Alamos, NM 87545

11University of Florida, Gainesville, FL 32611
12Queen Mary University of London, London, E1 4NS, UK

13Saint Mary’s University of Minnesota, Winona, MN 55987
14University of Michigan, Ann Arbor, MI 48111
15University of Alabama, Tuscaloosa, AL 35487

(Dated: July 18, 2018)

A search for sub-GeV dark matter produced from collisions of the Fermilab 8 GeV Booster protons
with a steel beam dump was performed by the MiniBooNE-DM collaboration using data from
1.86×1020 protons on target in a dedicated run. The MiniBooNE detector, consisting of 818 tonnes
of mineral oil and located 490 meters downstream of the beam dump, is sensitive to a variety of
dark matter initiated scattering reactions. Three dark matter interactions are considered for this
analysis: elastic scattering off nucleons, inelastic neutral pion production, and elastic scattering off
electrons. Multiple data sets were used to constrain flux and systematic errors, and time-of-flight
information was employed to increase sensitivity to higher dark matter masses. No excess from the
background predictions was observed, and 90% confidence level limits were set on the vector portal
and leptophobic dark matter models. New parameter space is excluded in the vector portal dark
matter model with a dark matter mass between 5 and 50 MeV c−2.

I. INTRODUCTION

A wide variety of astrophysical and cosmological obser-
vations present strong evidence for the existence of dark
matter, and a diverse experimental program has devel-
oped over the past few decades to search for its non-
gravitational interactions. In the context of the popu-
lar weak scale “WIMP” dark matter scenarios, impres-
sive coverage has been achieved through several exper-
imental and observational approaches, including direct
searches for dark matter scattering with nuclei, indirect
searches for dark matter annihilation in the galaxy and
beyond, and high-energy collider searches for missing en-
ergy. However, these traditional search strategies are of-
ten less sensitive to light dark matter candidates with
masses below a few GeV c−2, and it is thus important

∗ Deceased

to consider alternative experimental approaches to dark
matter detection in this regime.

In this context, there has been a growing realization
that fixed target experiments can provide significant and
complementary sensitivity to sub-GeV dark matter that
couples to ordinary matter through a light mediator [1–
18]. In this approach, a relativistic flux of dark matter
particles is produced out of proton (or electron) colli-
sions with a fixed target, followed by the detection of the
dark matter through its scattering in a detector placed
downstream of the target. This approach was success-
fully employed at Fermilab with the MiniBooNE detec-
tor, setting new limits on sub-GeV dark matter in the
neutral-current (quasi-) elastic nucleon scattering with
no pion in the final state (NCE) [19].

The MiniBooNE experiment was designed to study
short-baseline neutrino oscillations [20]. In the normal
neutrino or anti-neutrino running modes, charged-pions
π± are produced in the collisions of the proton beam
with a beryllium target and subsequently decay-in-flight
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to neutrinos in the decay volume immediately following
the target, as shown in Fig 1. This results in a large

Using this high-statistics and low-background event sam-
ple, we report the first measurement of an absolute !"

CCQE double differential cross section, the main result
of this work. In addition, CCQE cross sections in several
other conventional forms are provided. The layout of the
remainder of this paper is as follows. In Sec. II, we provide
a summary of the MiniBooNE experiment, including the
booster neutrino beamline (BNB) and the MiniBooNE
detector. We detail the neutrino interaction model used to
describe the signal and background in Sec. III. The CCQE
selection and analysis strategy is outlined in Sec. IV.
Finally, in Sec. V, we report the MiniBooNE flux-
integrated CCQE double differential cross section
( d2#
dT"d cos$"

), the flux-integrated CCQE single differential

cross section ( d#
dQ2

QE
), and the flux-unfolded CCQE cross

section as a function of energy (#½EQE;RFG
! "). To facilitate

comparison with updated model predictions [16,17], we
provide the predicted MiniBooNE neutrino fluxes and
measured cross section values in tabular form in the
appendix.

II. MINIBOONE EXPERIMENT

A. Neutrino beamline and flux

The Booster Neutrino Beamline (BNB) consists of three
major components as shown in Fig. 1: a primary proton
beam, a secondary meson beam, and a tertiary neutrino
beam. Protons are accelerated to 8 GeV kinetic energy in
the Fermilab Booster synchrotron and then fast-extracted
in 1:6 "s ‘‘spills’’ to the BNB. These primary protons
impinge on a 1.75 interaction-length beryllium target cen-
tered in a magnetic focusing horn. The secondary mesons
that are produced are then focused by a toroidal magnetic
field which serves to direct the resulting beam of tertiary
neutrinos towards the downstream detector. The neutrino
flux is calculated at the detector with a GEANT4-based
[18] simulation which takes into account proton transport
to the target, interactions of protons in the target, produc-
tion of mesons in the p-Be process, and transport of
resulting particles through the horn and decay volume. A
full description of the calculation with associated uncer-
tainties is provided in Ref. [19]. MiniBooNE neutrino data

is not used in any way to obtain the flux prediction. The
resulting !" flux is shown as a function of neutrino energy
in Fig. 2 along with its predicted uncertainty. These values
are tabulated in Table V in the appendix. The !" flux has an
average energy (over 0< E! < 3 GeV) of 788 MeV and
comprises 93.6% of the total flux of neutrinos at the
MiniBooNE detector. There is a 5.9% (0.5%) contamina-
tion of !!" (!e, !!e); all events from these (non-!") neutrino
types are treated as background in this measurement
(Sec. IVD).
The largest error on the predicted neutrino flux results

from the uncertainty of pion production in the initial p-Be
process in the target as the simulation predicts that 96.7%
of muon neutrinos in the BNB are produced via %þ decay.
The meson production model in the neutrino beam simu-
lation [19] relies on external hadron production measure-
ments. Those of the HARP experiment [20] are the most
relevant as they measure the %$ differential cross section
in p-Be interactions at the same proton energy and on the
same target material as MiniBooNE. The uncertainty in
%þ production is determined from spline fits to the HARP
%þ double differential cross section data [19]. The spline-
fit procedure more accurately quantifies the uncertainty in
the underlying data, removing unnecessary sources of error
resulting from an inadequate parameterization [21] of the
HARP data. The HARP data used was that from a thin (5%
interaction length) beryllium target run [20]. While that
data provides a valuable constraint on the BNB flux pre-
diction, additional uncertainties resulting from thick target
effects (secondary rescattering of protons and pions) are
included through the BNB flux simulation.

FIG. 1 (color online). Schematic overview of the MiniBooNE
experiment including the booster neutrino beamline and
MiniBooNE detector.
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FIG. 2 (color online). Predicted !" flux at the MiniBooNE
detector (a) along with the fractional uncertainties grouped into
various contributions (b). The integrated flux is 5:16%
10&10 !"=POT=cm

2 (0<E! < 3 GeV) with a mean energy of

788 MeV. Numerical values corresponding to the top plot are
provided in Table V in the appendix.
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FIG. 1. The production of neutrinos in the Booster Neutrino
Beamline in on-target running [21].

flux of neutrinos at the MiniBooNE detector, which is a
background to the dark matter neutral-current-like scat-
tering signature. Instead, in the beam-dump running
mode, the proton beam is steered past the beryllium tar-
get and directed on to the steel absorber at the end of
the decay volume, which significantly reduces the neu-
trino flux and increases sensitivity to a potential dark
matter signal. A dedicated run in beam-dump mode was
carried out from November 2013 to September 2014 col-
lecting 1.86×1020 protons on target (POT). Besides the
capability of running in beam-dump mode, MiniBooNE
has several advantages which make this search feasible,
including a detailed understanding of detector response
and standard background processes gained through over
a decade of operation, and robust and well-tested particle
identification techniques.

The results presented here improve upon those in
Ref. [19] by including two additional dark matter inter-
action channels in two separate analyses. The first was
a combined NCE and neutral-current pion production
through Delta resonant decay (NCπ) fit to search for
dark matter interaction with nucleons, and the second
was to search for dark matter to elastically scatter off
electrons. A “time-of-flight” observable was also added
to both analyses to increase sensitivity to heavier dark
matter masses. No significant excess is observed in ei-
ther analysis, and 90% confidence level limits are derived
for vector portal and leptophobic dark matter models.
MiniBooNE excludes new parameter space in the vector
portal dark matter model.

The following section provides an overview of the the-
oretical aspects of sub-GeV dark matter. Following this,
Sec. III reviews the Booster Neutrino Beamline (BNB),
where the neutrino flux (in beam-dump mode) is given,
and the “time-of-flight” measurement is discussed. In
Sec. IV the MiniBooNE detector and simulations are re-
viewed. Sec. V presents the event distributions, describes
backgrounds, systematics, and fit methodology. Sec. V
also presents results from a search for an excess of neu-
trino oscillation candidate events. Finally, the dark mat-
ter results are presented in Sec. VI, and a discussion of
the implications are given in Sec. VII.

II. THEORY OF SUB-GEV DARK MATTER

Light dark matter χ with mass below 1 GeV c−2 and
coupled to ordinary matter through a light mediator par-
ticle is a viable and theoretically well-motivated possibil-
ity. While it is possible that χ exists at this scale in iso-
lation, on general grounds one may expect a larger “dark
sector” of states. One or more of these additional states
may mediate interactions to the Standard Model (SM)
and may also play a role in the cosmological production
of dark matter, allowing for the correct relic abundance
through the standard thermal freeze-out mechanism.

The simplest dark sector scenario of this type is known
as vector portal dark matter, in which the interactions of
χ are mediated by a new dark U(1) gauge boson Vµ that
kinetically mixes with the ordinary photon [22–25]. In
such a model, there are four parameters that govern the
properties of dark matter: the dark matter mass mχ, the
dark photon mass mV , the kinetic mixing angle ε, and
the dark gauge coupling g

D
. Eq. 1 gives the Lagrangian

LV that is added to the SM Lagrangian.

LV = Lχ −
1

4
VµνV

µν +
1

2
m2
V VµV

µ − ε

2
FµνV

µν , (1)

where

Lχ =

{
iχ /Dχ−mχχχ Dirac fermion

|Dµχ|2 −m2
χ |χ|2 Complex scalar

,

and Dµ = ∂µ− igD
Vµ with the dark matter charge equal

to one. The interactions above lead to efficient dark mat-
ter annihilation to light SM particles such that the ob-
served dark matter abundance can be explained for cer-
tain values of the model parameters. Furthermore, if
the dark matter is a complex scalar the annihilation oc-
curs in the p-wave and is velocity suppressed [2], evading
otherwise strong constraints from the Cosmic Microwave
Background [26]. For this reason, the dark matter parti-
cle is assumed to be a complex scalar in this work.

The BNB is able to produce dark matter through sev-
eral mechanisms, illustrated in Fig. 2. They are (i)

π0, η

γ

V

χ

χ†

(a) Meson Decay

p p

γ

V
χ

χ†

p p

(b) Proton Bremsstrahlung
+ Vector-Mixing

FIG. 2. Feynman diagrams for the production channels rele-
vant for the MiniBooNE dark matter search [19].

decay of secondary π0 or η mesons, and (ii) proton
bremsstrahlung plus vector-meson mixing. Note that in
all cases, the production rate scales as ε2 provided V can
decay to two on-shell χ. On-shell decay is defined by
mV > 2mχ, and is known as the invisible decay mode.
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Once the dark matter is produced by one of these
mechanisms, it can scatter with nucleons or electrons
through a neutral-current channel in the detector via Vµ
boson exchange, as depicted in Fig. 3. The scattering

χ χ

V

p, e p, e

(a) Free Protons or
Electrons

χ χ

V

n,p,∆

12C X

(b) Bound Nucleons

FIG. 3. Feynman diagrams for the dark matter interactions
with nucleons and electrons in MiniBooNE. The ∆, in the
bound nucleon case, would be observed by its decay products,
a pion and a nucleon.

rate scales as ε2α
D

, where α
D

= g2
D
/4π. The accelerator-

produced dark matter event rate in MiniBooNE scales as
ε4α

D
for on-shell decays in this model.

Another potential dark sector scenario amenable to the
MiniBooNE search is leptophobic dark matter [8, 10, 11],
in which the mediator V couples dominantly to quarks
and not leptons. For illustration, a simplified scenario
is presented in which a vector mediator couples to the
baryon number current, with the Lagrangian given in
Eq. 2.

LB = LV + g
B
VµJ

µ
B + · · · , (2)

where

JBµ =
1

3

∑
i

q̄iγµqi ,

is the sum over all quark species, and LV (Eq. 1) is de-
pendent on the baryon gauge coupling g

B
(g

D
is replaced

by g
B

). The limit εe � gB gives the leptophobic dark
matter scenario. Three parameters will be considered
in the interpretation of the presented results: the dark
matter mass mχ, the leptophobic vector mediator mass
mV , and the coupling α

B
= g2

B
/4π. Consideration of the

dark matter production and scattering rates leads to the
conclusion that the event rates scale as α3

B
for on-shell

decays.
It turns out to be challenging to construct a phe-

nomenologically viable UV completion of the leptophobic
model with large mediator couplings to the SM. Among
other challenges, significant constraints arise as a conse-
quence of the anomalous nature of the vector mediator
in the case at hand [27, 28], which will provide stronger
constraints than the MiniBooNE dark matter search in
most UV completions of the model. Nevertheless, the
MiniBooNE limits presented here are likely to be of value
in certain leptophobic scenarios, e.g., those involving lep-
tophobic scalar mediators.

As we are discussing new light degrees of freedom at
the (sub-) GeV scale, a variety of constraints from past

experiments must be considered. The strongest con-
straints on the scenarios discussed above arise from fixed-
target/beam-dump experiments, medium energy e+e−

colliders, and meson decays. These constraints are de-
scribed in detail in Refs. [9, 25, 29–31] for the vector
portal model, and in Refs. [8, 27, 28] for the leptophobic
model.

III. BOOSTER NEUTRINO BEAMLINE

The Fermilab Booster delivers 8 GeV (kinetic energy)
protons to the BNB target hall. As shown in Fig. 1,
when running in on-target mode a secondary beam of
mesons is produced that travel through the air-filled de-
cay pipe and decay-in-flight to produce neutrinos which
then travel and interact in the MiniBooNE detector. The
intensity of the proton beam can range from 1×1012 pro-
tons per pulse (ppp) to 5× 1012 ppp.

Each pulse has a 53 MHz microstructure that is com-
posed of 82 bunches, and each bunch has a full width half
maximum of 2 ns. Fig. 4 overlays an example trace of the
BNB pulse microstructure, with an arbitrary offset with
neutrino mode νµ charged-current quasi-elastic (CCQE)
interactions in the MiniBooNE detector, see Sec. V for
definition. The trace and the CCQE data shapes are in

s)µTime since first pulse (
0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.6
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FIG. 4. Zoomed in example of the BNB pulse microstructure
as measured by the resistive wall monitor (RWM). The data
points come from neutrino-mode νµ charge-current interac-
tions in the MiniBooNE detector during 2015-2016.

good agreement.
Neutrinos are a background for the dark matter search.

To reduce the neutrino production coming from the BNB,
the primary proton beam was steered above the beryl-
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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 50 m 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.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
π0

V

γ

χ†

χ
N

χ
50m 4m 487m

FIG. 5. The production of dark matter in off-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

π0
χ

π0
χ

π±
ν

π± ν

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target

Beam

π0
χ

π0
χ

π±
π±

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 off 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 off-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 the GEANT4 [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 off-target beam configuration and are described
below.

A. Beam Off-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux Φν by less than a percent but are important for the
off-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

1

2

3

4 5

6
8

7 10

9

11

 1. *Vacuum Pipe
 2. *MWTGT Al Foils and Wires
 3. *Ti Window
 4. *Al Target Back Plate
 5. *Be Window
 6. *Al Target Base Block
 7. *Be Upstream Fin Locator
 8. *Al Bellows Contact Assembly
 9. Al Horn
10. Be Target, Fins and Outer Tube
11. *Be Downstream Fin Locator

0 50 cm

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the off-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 off-target simu-
lations were chosen by in situ measurements from two
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multiwire planes, about one meter apart and about four
meters upstream of the target.

The dark matter model does not have a charged-
current interaction component in its simplest form re-
sulting in the assumption that the CCQE signature in
MiniBooNE, see Sec. V, does not have a dark matter
signal component. The CCQE distribution was used to
check the simulated off-target flux ΦOff. The nominal
off-target beam parameters and geometry produced 60%
less CCQE events than measured, as shown in Fig. 8.

 (GeV)
QE
νE

0.5 1 1.5 2 2.5

C
C

Q
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Data (stat error)

: Average CVdetν

: Nominal Beam Profile (NBP)detν

 1.6×: NBP detν

FIG. 8. Comparing CCQE data in off-target mode to three
different Monte Carlo predictions for neutrinos interacting in
the detector (νdet). Dotted is the output of the nominal off-
target beam profile, dashed is the nominal profile scale by 1.6,
and solid is the average of the scrapings (Average CV) used
as the final ΦOff [34]. EQE

ν is defined by Eq. 5.

In August of 2015 a remote-controlled robotic vehicle
was employed to survey the region between the target
horn and the end of the decay pipe. The objective of the
survey was to do a visual inspection of the space where
the proton beam traveled in the decay pipe during off-
target mode to determine if anything was causing the
increase of CCQE events. The Finding Radiation Ev-
idence in the Decay pipe (FRED) robot was equipped
with a Hall probe to measure any stray magnetic fields
that could affect the beam direction, and a camera. See
Fig. 9 for a picture of FRED under the 25-m absorber.
The survey found that the magnetic field was within pre-
vious expectation and the space was clear of any unex-
pected debris or obstruction. The conclusion was that
nothing in the decay pipe was causing the increase in the
CCQE rate.

A simulation study was able to account for the in-
creased rate by moving the primary beam angles within
2σ of their uncertainties [34]. These small movements

FIG. 9. Picture of FRED at the 25 m absorber.

caused the tails of the beam to scrape the beryllium tar-
get downstream of the 90◦ beam loss monitor. The same
study showed, with the low statistics off-target data, that
no distinction could be made between the different scrap-
ings. An average of four potential scraping scenarios
produced the needed increase in the number of CCQE
events. The average is defined as ΦOff, as shown in
Fig. 10.
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FIG. 10. (top) The off-target neutrino flux seen by the Mini-
BooNE detector. (bottom) The off-target/neutrino flux ra-
tio [19].

Uncertainty in ΦOff was determined by 1σ excursions
around the nominal beam profile scaled by 1.6 so the
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central value number of CCQE events matches data,
and the four potential scraping scenarios that were aver-
aged to generate ΦOff. The integrated ΦOff with a neu-
trino energy Eν between 0.2 and 3 GeV is (1.9± 1.1) ×
10−11 ν/POT/cm2 with a mean energy of 660 MeV. The
large uncertainty on ΦOff comes from not knowing which
scraping scenario is physically happening. Comparing
this to integrated Φν of 5.0 × 10−10 ν/POT/cm2 with a
mean energy of 830 MeV gives a flux reduction factor of
27. The reduction factor as a function of Eν and species is
shown in Fig. 10. The combination of the flux reduction
and the softer spectrum, which has lower neutrino cross
sections in the detector, results in an event-rate reduction
by a factor of 48 in both CCQE and NCE interactions
(cuts given in Table III).

The breakdown of the integrated ΦOff for the different
neutrino species is given in Table I. While Φν is made

TABLE I. Beam off-target profile systematic percent error in-
dependent of energy for the various neutrino types, including
correlations. ΦOff integrated over 0.2 < Eν < 3 GeV

Neutrino species ΦOff

(
ν/POT/cm2

)
% of total

Total (1.9 ± 1.1) × 10−11

νµ (1.2 ± 0.6) × 10−11 63.7
ν̄µ (6.6 ± 4.7) × 10−12 35.4
νe (1.1 ± 0.9) × 10−13 0.6
ν̄e (5 ± 4) × 10−14 0.3

up of 93.6% νµ, 5.9% ν̄µ, and 0.5% νe, ν̄e [33], ΦOff is
composed of 63.7% νµ, 35.4% ν̄µ, and 0.9% νe, ν̄e. The
breakdown of ΦOff by source material of the secondary
beam, Fig. 1, was generated in is 55% air, 30% beryl-
lium, 10% steel, 3% aluminum, and 2% concrete. Air and
beryllium provide approximately equal contributions to
ΦOff for Eν above 500 MeV wth almost no contributions
from the other materials.

The sensitivity to dark matter depends on the number
and distribution of π0s generated in the beamline. Ta-
ble II gives the total number of π± per POT as well as the
breakdown by material in the beamline for both off-target
and neutrino running simulated by BooNEG4Beam.
The simulated π0 distribution was chosen as the av-
erage of the π+ and π− distributions which has been
shown to be in good agreement with actual π0 distri-
butions [35, 36]. Neutrino-mode charged-pions are gen-
erated evenly in beryllium, steel, and concrete. The
concrete surrounds the decay pipe and the steel is pri-
marily located in the beam dump. The charaged-pions
generated in the concrete and steel, if able to decay,
will produce low energy neutrinos and therefore do not
contribute much to the on-target neutrino event rate.
Off-target charged-pions are predominantly produced in
steel, which is consistent with the reduction of the neu-
trino flux. Taking the average of the charged-pions dis-
tributions to generate the π0 distribution, the off-target
π0 distribution will generate a greater dark matter flux
than on-target because more of the pions are generated

TABLE II. The breakdown of the number of charged-pions per
POT and by material in the beamline. A pion was counted if
it had a total kinetic energy greater than 1 MeV, was traveling
in the forward direction, and had a transverse momentum
less than 1 GeV c−1. Off-target in this table refers to the
nominal beam configuration measured by the multiwires, not
the average of the four possible scraping scenarios that is used
as the off-target neutrino flux.

π+ π−

Off-Target meson/POT 2.48 2.36
Composition

Air 3.6% 3.0%
Aluminum 0.2% 0.2%
Beryllium 0.2% 0.2%
Concrete 3.6% 4.1%
Dolomite 0.1% 0.1%

Steel 92.3% 92.4%

Neutrino Mode meson/POT 2.54 2.51
Composition

Air 1.7% 1.4%
Aluminum 5.3% 5.2%
Beryllium 29.5% 27.6%
Concrete 28.0% 27.6%
Dolomite 0.1% 0.2%

Steel 35.4% 38.0%

at the beam dump transversely closer to the center of
the beam spot. Fig. 11 shows the angle vs. total pion
momentum for the π0 distribution used as input to the
dark matter simulations, discussed in Sec. VI. The total
integral is dominated by low-momentum pions.
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(a) neutrino-mode
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(b) off-target

FIG. 11. The θπ0 vs pπ0 distributions from BooNEG4Beam
used for generating dark matter candidate events. The color
scale gives the number of pions per delivered POT in each
bin.

For the η-meson distribution the π0 distribution was
reweighted by mass. Only π0 events with total energy
greater than or equal to mη were used in the reweighting
scheme. A particle list of π0 and η-mesons with their 4-
momentum and 4-position information was passed to the
dark matter simulation, see Sec. VI, as input for neutral
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meson production of dark matter.

B. Bunch Time

As the beam travels down the beamline the protons
induce image charge on the vacuum pipe. A resistive wall
current monitor (RWM) right in front of the beryllium
target uses the image charge to measure the longitudinal
bunch shape and the time the bunch hits the target [37,
38]. The RWM design is based on the RWMs that were
installed in the Fermilab Main Injector. The intensity
of the individual 2 ns bunches are measured to 1% and
the timing is known to less than 1 ns. The RWM signals,
one for each bunch, are saved for each data acquisition
(DAQ) window (described in next section).

The RWM signal is sent to the MiniBooNE DAQ by
an optical fiber, as shown schematically in Fig. 12. For

Neutrino Production

s)µTime Since Start of Spill (
0.5 0.52 0.54 0.56 0.58 0.6

A
D

C

30−

25−

20−

15−

10−

5−

0
310×

Be Target Beam Dump
50m

MiniBooNE
Detector

Dark Matter Production

RWM Timing Signal

!

"#±

%
%

Fiber Optic DAQ

FIG. 12. Illustration showing how the RWM time signature
is passed to the detector. Production of neutrinos and dark
matter particles are also shown for comparison. Heavy dark
matter will arrive later than the neutrino.

each reconstructed event a time is calculated to the first
RWM bunch that passes threshold, as shown in Fig. 4.
The bunch time is the remainder of the time of the event
subtracted by the time of the RWM divided by 18.9 ns,
see Fig. 13. The measured bunch time is a time-of-flight
measurement, where two regions are defined, in-time and
out-of-time. The in-time region is between 5.6 and 14.5 ns
determined from off-target CCQE data mean and stan-
dard deviation.

Cherenkov light has a timing resolution of ∼ 1.5 ns,
while the timing resolution of scintillation light is∼ 4.2 ns
from the lifetime of the scintillation light. The bunch
time of photon events has the same timing resolution as
that of muon and electron events but are shifted later
in time because the photons travel some distance before
converting into an electromagnetic shower in the detec-
tor, as illustrated in Fig. 14.

The beam-unrelated backgrounds and beam-related
events that happen outside the detector (dirt) have flat
distributions in bunch time, as shown in Fig. 15. This
allows for an analysis cut to remove more background
events or to look for a bump in the out-of-time region
for new physics. The timing information could also be
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FIG. 13. (a) Comparing simulated and measured CCQE
bunch time after applying δt (σinst) and δtdata calibrations
(see text). Statistical only errors shown.

electron Backward 
gamma

Neutrino beam

Δ𝑥 = 𝑐Δ𝑡

FIG. 14. Illustration of the timing difference between an elec-
tron event and a backward-going photon.

used as an extra particle identification parameter, be-
cause different event types, or even final state particles,
have different shapes in bunch time for the same selection
cuts, as shown in Fig. 15.

1. Simulating Bunch Time

The simulated bunch time Tbunch was calculated by,

Tbunch = δtreco−δtZ+δtdcy−δt (σRF )−δt (σinst)−δtdata,

where δtreco is the difference between true and recon-
structed time, δtZ is the time it takes light to travel
from the z = 0 plane to the plane the event occurred
in, and δtdcy is the difference between the time it takes
light to get from the target to where the neutrino oc-
curred and the simulated decay chain time. δt (σRF ) is
a number based on the time jitter of the radio frequency
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FIG. 15. Comparison of the bunch time shape for different
event types, that pass NCE selection cuts, as predicted by the
detector simulation.

(RF) bunch structure, measured to be 1.15 ns. δt (σinst)
is the jitter from MiniBooNE instrumentation and δtdata

is the mean bunch time difference between simulation and
data. Both δt (σinst) and δtdata were tuned to off-target
CCQE data, as shown in Fig. 13.

If dark matter has mass then it could reach the de-
tector in the out-of-time region. This would distort the
bunch time distribution. The bunch time is used in this
analysis as an extra constraint on the possible dark mat-
ter parameters.

IV. MINIBOONE DETECTOR

The MiniBooNE detector, described in Ref. [39], is a
Cherenkov and scintillation tracking detector designed
to search for νe and ν̄e appearance oscillations at short
baseline [20]. It is located 541 m downstream from the
center of the BNB neutrino target. As described above,
the majority of dark matter production is expected to
occur at the 50-m absorber whose front face is 491 m
from detector center. The proton beam is aligned 1.9 m
below the center of the detector during normal neutrino
running.

The detector is a 12.2 m diameter spherical tank filled
with 818 tonnes of Markol 7 light mineral oil (CnH2n+2

where n ≈ 20). No additives were introduced in the min-
eral oil, but there remain small levels of fluorescent con-
taminants. There is a spherical optical separation with a
radius of 5.476 m centered within the main volume. The
outer “veto” region contains the same mineral oil as the

inner “tank” region despite being optically separated.
The index of refraction of the oil was measured to be

1.47, yielding a Cherenkov light threshold for particles
with β > 0.68. For protons (electrons) this is approx-
imately 280 MeV (150 keV). The impurity fluors con-
tribute enough scintillation light to push the proton de-
tection threshold well below this.

The inner region is viewed by 1280 inward-facing 8-
inch photomultimplier tubes (PMTs). These PMTs are
mounted on the inner surface of the optical barrier and
provide 11.3% photocathode coverage. The outer region
is viewed by 240 PMTs arranged in pairs around the
outside of the optical barrier. These outer region PMTs
are the same type as the inner region.

The light signal read out by the PMTs is sent to
custom-built electronics where the signal is amplified,
discriminated, and then digitized. The electronics (“QT”
boards [40]) both integrate the total charge and extract
the start time of the digitized pulse. Threshold was
equivalent to about 0.1 photoelectrons. All the hits from
all the PMTs are accumulated into buffers to await a trig-
ger decision from the logic. The multiplicity of PMT hits
and external signals are used to create various triggers for
physics and calibrations.

When a trigger occurs, 19.2µs of PMT hits are ex-
tracted from the QT boards. The physics trigger was a
Fermilab accelerator signal that signals when protons are
being delivered to the BNB area. The 1.6µs beam spill
is placed 5µs after the start of data acquisition. There-
fore, the intrinsic cosmic ray background activity is ade-
quately measured. The remaining 12µs of time measures
the neutrino induced muon decays which have a lifetime
of 2.2µs.

A. Detector Simulation

The detector simulation was split up into neutrino in-
teraction and detector response. The neutrino interac-
tion simulation used a modified version of the NUANCE
V3 neutrino event generator for simulating neutrino in-
teractions in CH2 [41]. Descriptions of the relevant NU-
ANCE models and uncertainties are given in Refs. [42]
and [21] for NCE and CCQE respectively and in Ref. [43]
for neutral-current single π0 production (NCπ0). In sum-
mary, the relativistic Fermi gas model of Smith and Mo-
niz is used to describe both NCE and CCQE events, while
the Rein and Sehgal models [44, 45] are used to predict
NCπ0. Pion absorption and charge exchange are included
in generating the final state particles. The axial form fac-
tor is assumed to be of dipole form with an axial mass
Ma and a Pauli-blocking parameter κ is introduced as
an extra degree of freedom to model low four-momentum
transfer Q2 events in MiniBooNE correctly [21].

MiniBooNE used M eff
A = 1.23 ± 0.20 GeV c−2 and

κ = 1.019 ± 0.011 for the simulations generated for
neutrino-mode publications. In Ref. [21] M eff

A and κ were
measured to be 1.35 ± 0.17 GeV c−2 and 1.007 ± 0.012,
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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 different selection cuts could
look for the same true interaction because different final
state interactions would probe different 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 90 MeV energy transfer, defined by
the difference 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, effectively 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 > 200 MeV
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

NCπ0

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/π0 log-likelihood ratio < 0
7 80 < mγγ

(
MeV c−2

)
< 200

ν-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 ≤ Eevis ( MeV) ≤ 850
6 reconstructed angle cos θe ≥ 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/π0 log-likelihood ratio > −6.25 × 10−3

12 mγγ ≤ 80 MeV c−2

V. EVENT DISTRIBUTIONS

This analysis consists of four different selection cuts:
CCQE, NCE, NCπ0, and neutral-current neutrino-
electron elastic scattering (ν-e). Because of final state
interactions the events that pass these selection cuts are



10

CCQE-like, NCE-like, NCπ0-like, and ν-e-like events.
For simplicity, the rest of this paper will leave off the
“-like” in referring to the events that passed the cuts.
CCQE candidate events, defined by seeing a primary
muon followed by the decay electron, are used to de-
termine the neutrino event rate. NCE, NCπ0, and ν-e
are considered signal channels. Table III gives selection
criteria for each selection cut.
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FIG. 17. The expected number of events before and after
NCE and NCπ0 cuts for true NCE, true NCπ0 and true NCπ±

interactions. NCE cuts are just as efficient at detecting true
NCπ0 events at low energy transfer because of the pion ab-
sorption in the nucleus.

TABLE IV. The efficiency for NCE and NCπ0 selection cuts
for different true signal channels. Only true events that in-
teract in the fiducial volume r < 500 cm are considered. For
true NCE interactions the efficiency given in the parentheses
is for energy transfer > 90 MeV.

True Interaction
Selection Cut Efficiency (%)

NCE NCπ0

NCE 11 (37) <0.1 (0.4)
NCπ0 13 15
NCπ± 20 3
Total 12 (30) 1 (4)

NCE cuts follow from the MiniBooNE anti-neutrino-
NCE analysis [47] with the addition of NCE7, a previous
trigger activity cut. A subevent is defined as a group of
hits where no hits are separated by more than 10 ns and
the group has no less than 10 hits. Only a single nu-
cleon is expected for NCE interactions, which is why the
NCE1 cut allows only one subevent within the 19.2µs

DAQ window. NCE2 makes sure that the subevent falls
within the beam window inside the DAQ window. NCE3
requires a minimal number of tank hits needed for recon-
struction and a maximum number of veto hits for beam-
unrelated background rejection. NCE4 sets the fidu-
cial volume, and NCE5 separates scintillation-like events
from Cherenkov-like events based on the response time of
each process. NCE6 selects the kinetic energy parameter
space for the analysis. NCE7 is used to further remove
beam-unrelated backgrounds by looking at events that
happen in the detector before the beam trigger turned
on. The cut is set to reject all events that have a trig-
ger of greater than or equal to 60 hits in the detector
within 10µs before the event trigger. The efficiency of
NCE7 for beam-related events that passed the previous
cuts is (95.3± 0.2) %, while beam-unrelated backgrounds
are reduced by 42.5% [34].

NCE selection cuts is 30% efficient at detecting true
NCE, NCπ0 and neutral-current single charged pion
(NCπ±) events with an energy transfer greater than or
equal to 90 MeV and that interact in the fiducial vol-
ume. The effects below 90 MeV were discussed in the
previous section. NCE selection cuts results in 95% pure
true NCE, NCπ0, and NCπ± events. Table IV gives the
breakdown of efficiency for the different true channels,
and Fig. 17 shows the efficiency as a function of energy
transfer.

True ν-e events are very forward. A cos θe > 0.9
cut was used to have a control region to estimate the
background distribution in the signal region, defined by
cos θe > 0.99. The ν-e selection cuts have a stricter num-
ber of veto hits (ν-e2) than NCE along with a distance to
the wall cut (ν-e10) to remove dirt events. The selections
ν-e8 and ν-e9 are used to reduce the NCE backgroud.
The selection ν-e7 rejects muon background and uses the
same values as that for the oscillation analysis [48, 49].
The selections ν-e11 and ν-e12 are used to remove high
multiplicity events with a π0. Events with less than 200
tank hits automatically pass ν-e11 and ν-e12 for the cuts
are only applied to high multiplicity events.

The selected ν-e distribution is beam-unrelated back-
ground free because of ν-e5, which sets the minimal re-
constructed visible energy Eevis above the end point of
the electron from muon decay. The high Eevis cut in ν-e5
was tuned to maximize efficiency times purity of the ν-e
sample in the signal region. Lowering the Eevis will allow
more of the predicted dark matter, but the increase in
the beam-unrelated backgrounds decreases the sensitiv-
ity. The ν-e selection cuts is 15% efficient and 63% pure
in the signal region for true ν-e events that interact inside
the fiducial volume.

About 40% of the ν-e candidate events, cos θe > 0.9,
also pass the neutrino oscillation selection cuts as em-
ployed in previous analyses [20, 48]. The majority of the
events that pass ν-e but not oscillations selection cuts
come from lower number of tank hits and Eevis cuts, along
with having no π0 cuts for events with less than 200 tank
hits. Applying the neutrino oscillation selection cuts to



11

the off-target data is discussed in Sec. V D.
The cuts for CCQE candidate events are similar to

the cuts from Ref. [21] with the addition of the 200 tank
hit cut on the first subevent. The cuts for NCπ0 can-
didate events are the same as the cuts from Ref. [43],
except for a wider event timing cut. NCπ0 selection cuts
is 4% efficient and 86% pure for true NCE, NCπ±, and
NCπ0 events. See Table IV and Fig. 17 for the break-
down by true interaction channel and as a function of
energy transfer.

The subscripts ν, ν̄, or off will be added to the dis-
tribution label when specifically mentioning events after
passing cuts from neutrino, anti-neutrino, or off-target
modes respectively.

A. Backgrounds

There exists two categories of backgrounds, beam-
related and beam-unrelated. The beam-unrelated back-
grounds are measured by a 2 Hz (10-15 Hz) random trig-
ger for on-target (off-target) running, and scaled by the
ratio of number of beam triggers with POT delivered to
the number of random triggers. The random trigger data
taking rate was increased for off-target running knowing
beam-unrelated backgrounds were going to be more sig-
nificant. Beam related backgrounds can be further split
into events that occur in the detector and dirt events
(see Sec. III B). For this analysis, all neutrino interac-
tions were considered background.

Beam-unrelated backgrounds were overlaid on top of
simulated beam events to correctly simulate the rejection
of beam events that have beam-unrelated backgrounds
in the same DAQ window. The rate of events passing
the one subevent and number of veto hits less than six
cuts from the random trigger increased by 3.8% from
neutrino mode to off-target mode. Fig. 18 shows the
number of events as a function of dependent variable for
CCQE, NCE, NCπ0 broken down by predicted back-
ground. Also shown are the timing distributions for
NCEOff and NCπ0

Off. The systematics shown in Fig. 18
are the total systematic uncertainties before constraints
are applied (see Sec. V B). Looking at the three NCE
distributions the relative percentage of beam-unrelated
backgrounds increases as the neutrino interaction reate
decrease. The resulting ν-e distributions are shown in
Fig. 19.

B. Systematic Uncertainties

The study of systematic uncertainties considered the
correlations between the NCE, NCπ0, and CCQE distri-
butions for neutrino, anti-neutrino, and off-target modes,
as well as the timing distributions for NCEOff and

NCπ0
Off denoted by NCETiming

Off and NCπ0Timing
Off respec-

tively. Table V gives the breakdown of the systematics
on the total background prediction for all distributions

considering bin-to-bin correlations and no constraints.
The total systematic uncertainty is the quadratic sum

TABLE V. The total unconstrained error, sum of all back-
ground sourcese, broken down by source and distribution.
The total constrained error for NCEOff is 6.4% and 11.0%
for NCπ0

Off.

Dist.
Source unconstrained total uncertainty (%)

ν flux cross sec. det. model total sys stat
Neutrino Mode
CCQEν 5.9 16.2 3.3 17.6 0.3
NCEν 5.5 12.7 13.6 19.5 0.3
NCπ0

ν 7.7 10.5 10.2 16.5 0.7

Anti-neutrino Mode
CCQEν̄ 5.6 18.4 9.3 21.4 0.3
NCEν̄ 4.7 16.0 19.7 27.8 0.4
NCπ0

ν̄ 7.0 7.9 14.5 17.9 1

Off-Target
CCQEOff 32.8 17.9 3.0 37.5 3.2
NCEOff 25.9 7.7 7.8 28.2 2.6
NCπ0

Off 26.7 10.0 10.3 30.3 9

of the three categories given plus the uncertainties on
the previous trigger activity cut and random trigger scal-
ing. For CCQE and NCπ0 the uncertainty on the pre-
vious trigger activity is zero and practically zero for the
random trigger scaling. The reduction in the cross sec-
tion and detector model uncertainties in NCEOff com-
pared to NCEν comes from the increased percentage of
beam-unrelated backgrounds. NCE has a lower total un-
certainty in cross sections compared to CCQE because
NCE (CCQE) is most uncertain at higher (lower) recon-
structed four-momentum transfer using the quasi-elastic
assumption Q2

QE , see Eqs. 3 and 4 for definitions, where

there are less (more) events.
The total constrained uncertainty is calculated by con-

sidering that all non-signal bins constrain the signal bins.
For NCEOff and NCπ0

Off the total constrained uncertain-
ties are 6.5% and 11.0% respectively. Statistical uncer-
tainties are included in the total constrained calculation.

The shape-only uncertainty is 6.8% for NCπ0Timing
Off

and 2.3% for NCETiming
Off , and is dominated by uncer-

tainties in the detector model. The uncertainty in the
instrumentation of the RWM and calibration of the sim-
ulation is small compared to the uncertainty from the
detector model. When considering all non-timing dis-
tributions as constraining the timing distributions, the

total constrained uncertainty is 4.1% for NCETiming
Off and

10.3% for NCπ0Timing
Off .

C. Fit Method

Two different confidence level limits are extracted from
the data, (i) full nucleon, and (ii) electron. Each fit
methodology is described below.
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1. Full Nucleon

For this fit the signal distributions were NCEOff,

NCπ0
Off, NCETiming

Off , and NCπ0Timing
Off . The CCQE,

NCE, and NCπ0 distributions from neutrino and anti-
neutrino modes, as well as CCQEOff 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 effective 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
ν

(
Eµ −

√
E2
µ −m2

µ cos θµ

)
, (4)

where

EQE
ν =

2m′nEµ −
[
(m′n)

2
+m2

µ −m2
p

]
2
[
m′n − Eµ +

√
E2
µ −m2

µ cos θµ

] , (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. m′n = mn − EB is the mass of the neutron

subtracted by the binding energy of carbon. A value of
34 MeV is used for EB . Both equations arise from kine-
matic calculations assuming the incident nucleon is at
rest. The NCπ0 distributions, on the other hand, are fit-
ted as a function of reconstructed π0 momentum pπ0 . As
already stated the CCQEOff 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 NCπ0 (pπ0) 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 different 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 CCQEOff 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 off-target mode 990 CCQE, 1461 NCE, and 148
NCπ0 events were measured. After considering the con-
straints the predicted number of events is 1406± 91 and
135 ± 15 for NCEOff and NCπ0

Off respectively. No sig-
nificant excess was measured.

2. Electron

The signal distribution for this fit was defined as the
events that pass ν-e cuts with cos θe > 0.99. The
fit was a binned extended maximum likelihood fit in
three dimensions, Eevis, cos θe, and bunch time, with a
single nuisance parameter to control the overall nor-
malization of predicted neutrino events. The region of
0.9 < cos θe < 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 ν-e events were
measured in off-target mode. After constraining the ν-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.
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D. Neutrino Oscillation Events in Off-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 off-target excess, under this assumption,
is 35.5± 7.4, whereas the measured excess is -2.8 events
integrated over 200 ≤ EQE

ν < 1250 MeV. Fig. 20 shows
the EQE

ν distribution (Eq. 5 is used with the results from
the electron track fit and EB = 0) for off-target running.
All but one of the observed events are above 475 MeV.
Assuming gaussian errors, the measured off-target sam-
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FIG. 20. The EQE
ν distribution for events that pass the νe

oscillation cuts. Data comes from off-target mode.

ple of events that pass oscillation cuts is inconsistent, at
4.8σ, 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 π0 and the η were considered, as well as pro-
duction through proton bremsstrahlung plus vector mix-
ing up to mV = 1 GeV 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 (0π),
elastic-electron, and inelastic nucleon producing a sin-
gle pion (1π0 if a π0 is produced, and 1π± if a π± is
produced). The neutrino detector simulation, discussed
in Sec. IV A, was used to simulate the response of the
detector. The weight of a simulated event was defined
as the ratio of Nχ/Nν , where Nχ (Nν) 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 χ scattering
in the detector as well as the mean reconstructed ob-
servables for mV = 3mχ and ε4α

D
= 1 × 10−13. At

low masses the 1π dominates over 0π in overall rate for
nucleon interactions. The 1π production dominates the
NCE distribution at higher Q2

QE . Because of the sep-
aration of where 1π and 0π production dominates the
NCE distribution, and the efficiency of the NCE selec-
tion cuts, NCE provides significant constraint, along with
NCπ0, on the low mass region. Dark matter scattering
off electrons is predicted to dominate the overall rate at
mχ < 0.4 GeV c−2.

Fig. 22 compares the bunch time distribution for vari-
ous combinations of mV , mχ to the neutrino distribution
used for the candidate signal events that pass NCE and
NCπ0 selection cuts. The neutrino distribution is the pre-
dicted distribution for neutrino-mode running, while the
dark matter distributions are for off-target mode. The
difference between the neutrino distribution and that of
the lightest dark matter mass represents the difference
between neutrino-mode and off-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 different combinations of mV and mχ as
a function of ε4α

D
. The frequentist approach used fake

data and various fits to fake data to generate the effec-
tive degrees of freedom given a predicted signal. Each
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combination of mV and mχ were treated independent of
each other, and because only on-shell decay was consid-
ered (see Sec. II), ε4α

D
controls only the normalization of

the predicted dark matter signal. Fig. 23 gives the 90%
confidence level limits on ε4α

D
as a function of mV , mχ

for both the full nucleon and electron fits when including

timing. The best limit, in the tested parameter space,
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FIG. 23. The 90% confidence level (CL) limit for (a) full
nucleon with timing and (b) electron with timing on ε4αD for
various combinations of mV and mχ using the vector portal
dark matter model.

was set at mV = 0.3 MeV c−2, mχ = 0.1 MeV c−2 with
ε4α

D
= 3.9 × 10−15 for the full nucleon fit and mV =

0.5 MeV c−2, mχ = 0.2 MeV c−2 with ε4α
D

= 1.3×10−19

for the electron fit.

Fig. 24 compares the confidence level results in this pa-
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per to the elastic-nucleon results [19] for the dark mat-
ter parameter slice mV = 3mχ and α

D
= 0.5, where

Y = ε2α
D

(mχ/mV )
4

is a dimensionless parameter that
controls the dark matter annihilation cross section and
in turn the thermal relic abundance. Also shown are the
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FIG. 24. Comparing the full nucleon and electron confidence
level results to the elastic nucleon results from Ref. [19]. Also
shown is the result from including timing (solid lines) com-
pared to not including the timing (dashed lines).

confidence level limits when timing is not included. In-
cluding the 1π χ interaction channels improved the con-
fidence level from Ref. [19] at low masses while including
timing improves the confidence level limits at high masses
in ε4α

D
up to a factor of 1.5 for the full nucleon fit and 4.7

for the electron fit. For the variable Y this corresponds
to improvements in the confidence level limits by 1.2 and
2.2 for the full nucleon and electron fits respectively. The
electron fit gives more restrictive limits at lower masses
compared to the full nucleon fit.

VII. RESULTS AND DISCUSSION

MiniBooNE has improved upon the results published
in Ref. [19] through dedicated searches for π0 produc-
tion and elastic scattering initiated by dark matter par-
ticles produced in a proton beam dump. The dark matter
search built upon a rich history of cross section and oscil-
lation analyses already published by the MiniBooNE col-
laboration. The full nucleon dark matter analysis lever-
aged neutrino and anti-neutrino data sets, as well as the
CCQEOff distribution to constrain systematic uncertain-
ties. Both the full nucleon and electron analyses utilized

the use of the BNB bunch structure to set stronger limits
on heavier mχ.

Figs. 25a, 26a, and 26b show three example projections
of the limits in Fig. 23 to the mχ-Y plane. The chosen
projections are standard but are not the only ones pos-
sible. The differences between the three slices are due to
different assumptions in α

D
and the relationship between

mχ and mV .

Two different relationships between mχ and mV are
shown to demonstrate how the contours in the mχ-Y
plane change as a function of model parameters. The
relic density contour (green) indicates the mχ, Y values
where the model with a complex scalar dark matter par-
ticle predicts a dark matter abundance that is in accord
with observations. As the ratio of mV /mχ increases, the
constraints on the thermal relic target become more strin-
gent and can be ruled out over the full parameter space,
see Fig. 26b. Furthermore, as the ratio mV /mχ increases,
other kinds of dark matter scenarios, e.g. Asymmetric
Fermionic Dark Matter, can be probed by MiniBooNE
and other current experiments [51]. At smaller mV /mχ

ratios there is still a wide region of parameter space in
the complex scalar dark matter model that can satisfy
the relic density requirement, see Figs. 25a and 26a.

For the vector portal model, MiniBooNE excludes the
muon g-2 favored region, and some regions where this
model satisfies the relic density in the parameter space
tested. MiniBooNE also excludes previously untested pa-
rameter space, especially in the electron channel. For the
leptophobic dark matter scenario, inelastic neutral pion
production has not been studied in the literature. There-
fore, the nucleon elastic results from Ref. [19] were used
to place conservative limits on this scenario. The result
can be found in Fig. 25b.

MiniBooNE has shown that a neutrino experiment can
search for fixed-target accelerator-produced dark matter
scattering for different production and interaction chan-
nels. Most of the neutrino backgrounds came from proton
interactions in the air and scraping of the target. To fur-
ther reduce the neutrino background a dedicated “beam-
dump” target is needed. A simulation of a steel beam
dump target positioned where the neutrino target/horn
are located, effectively removing the decay pipe, indicates
the decrease of the CCQEOff event rate by a factor of 20.
The NCπ0 and ν-e sensitivities would increase the most
with this reduction in the beam-related backgrounds. For
example, a total of 5 events are predicted to pass NCπ0

selection cuts for 1.86 × 1020 POT compared to the 148
measured in this analysis. The reduction for NCπ0 is
larger than NCE or CCQE because more energetic neu-
trinos are required to generate NCπ0 events.

A dedicated “beam-dump” target would also decisively
test theories that predict the oscillation excess scales as
POT. With a dedicated “beam-dump” target almost no
events are expected to pass oscillation cuts. An upgrade
is being considered that would add a secondary ”beam-
dump” target to the BNB [52]. The addition of the
second target would allow simultaneous running, on a
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pulse-by-pulse basis, of protons hitting the neutrino and
“beam-dump” targets. This would increase the physics
output of the Short Baseline Neutrino program [53] at
Fermilab.
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