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14University of Michigan, Ann Arbor, Michigan 48109, USA
15Michigan State University, East Lansing, Michigan 48824, USA

16New Mexico State University, Las Cruces, New Mexico 88003, USA
17Queen Mary University of London, London E1 4NS, United Kingdom
18Saint Mary’s University of Minnesota, Winona, Minnesota 55987, USA

19Center for Neutrino Physics, Virginia Tech, Blacksburg, Virginia 24061, USA
20Yale University, New Haven, Connecticut 06520, USA

(Received 11 January 2018; published 6 April 2018)

We report the first measurement of monoenergetic muon neutrino charged current interactions.
MiniBooNE has isolated 236 MeV muon neutrino events originating from charged kaon decay at rest
(Kþ → μþνμ) at the NuMI beamline absorber. These signal νμ-carbon events are distinguished from
primarily pion decay in flight νμ and ν̄μ backgrounds produced at the target station and decay pipe using
their arrival time and reconstructed muon energy. The significance of the signal observation is at the 3.9σ
level. The muon kinetic energy, neutrino-nucleus energy transfer (ω ¼ Eν − Eμ), and total cross section for
these events are extracted. This result is the first known-energy, weak-interaction-only probe of the nucleus
to yield a measurement of ω using neutrinos, a quantity thus far only accessible through electron scattering.

DOI: 10.1103/PhysRevLett.120.141802

A charged kaon decays to a muon and a muon neutrino
(Kþ → μþνμ) 63.6%of the time [1]. In the case that the kaon
is at rest when it decays, the emitted muon neutrino is

monoenergetic at 236MeV. The kaon decay at rest (KDAR)
neutrino has been identified as a gateway to a number of
physics measurements, including searches for high-Δm2

oscillations [2,3] and as a standard candle for studying the
neutrino-nucleus interaction, energy reconstruction, and
cross sections in the hundreds of MeV energy region [4].
There are other ideas for using this neutrino, including as a
source tomake a precisionmeasurement of the strange quark
contribution to the nucleon spin (Δs) [4] and as a possible
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Kaon Decay-at-Rest (KDAR) Neutrinos
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νμ flux from the J-PARC spallation neutron facility

K+ ! µ+⌫µ [BR = 64%]

When a kaon decays at rest it 
produces a monoenergetic muon 

neutrino at 236 MeV 64% of the time.
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C. Patrignani et al. (Particle Data Group), Chin. Phys. C 40 100001 (2016)

Cross Sections
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50. Neutrino Cross Section Measurements 3

and pion production processes, two areas we discuss next.
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Figure 50.1: Measurements of νµ and νµ CC inclusive scattering cross sections
(per nucleon) divided by neutrino energy as a function of neutrino energy. Note the
transition between logarithmic and linear scales occurring at 100 GeV. Neutrino
cross sections are typically twice as large as their corresponding antineutrino
counterparts, although this difference can be larger at lower energies. NC cross
sections (not shown) are generally smaller but non-negligible compared to the CC
scattering case.

50.2. Quasi-elastic scattering

Quasi-elastic (QE) scattering is the dominant neutrino interaction for neutrino energies
less than ∼ 1 GeV and represents a large fraction of the signal samples in many neutrino
oscillation experiments. Historically, neutrino (antineutrino) quasi-elastic scattering refers
to the process, νµ n → µ− p (νµ p → µ+ n), where a charged lepton and single nucleon
are ejected in the elastic interaction of a neutrino (or antineutrino) with a nucleon in
the target material. This is the final state one would strictly observe, for example, in
scattering off of a free nucleon target. Fig. 50.2 displays the current status of existing
measurements of νµ and νµ QE scattering cross sections as a function of neutrino
energy. In this plot, and all others in this review, the prediction from a representative
neutrino event generator (NUANCE) [46] provides a theoretical comparator. Other
generators and more sophisticated calculations exist which can yield significantly different
predictions [47]. Note that modern experiments have recently opted to report QE
cross sections as a function of final state muon or proton kinematics [17,18,48]. Such

October 1, 2016 19:59

CC Inclusive Cross Sections
Our knowledge of cross sections 

at low energies is not great.

K. Abe et al. (T2K Collaboration), Phys. Rev. D 96, 092006 (2017) 
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FIG. 1. The T2K unoscillated neutrino flux prediction at SK for ⌫- (left) and ⌫̄- (right) modes. The binning used for the flux
systematic parameters is also shown.

FIG. 2. The T2K fractional systematic uncertainties on the SK flux arising from the beamline configuration and hadron
production prior to constraints from near detector data. Uncertainties are given for ⌫’s in a ⌫-mode beam (top left), ⌫̄’s in a
⌫-mode beam (top right), ⌫’s in an ⌫̄-mode beam (bottom left), and ⌫’s in an ⌫̄-mode beam (bottom right). For the ⌫-mode
plots, the total current uncertainties (NA61 2009 data) are compared to the total uncertainties estimated for the previous T2K
results (NA61 2007 data) [27].

T2K flux (unoscillated) peaks below 1 GeV.
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Energy Reconstruction
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FIG. 1: (Color online) The spreading function d(Eν , Eν) of Eq. (4) per neutron of 12C in the

case of electrons evaluated for three Eν values. The genuine quasielastic (dashed lines) and the

multinucleon (dotted lines) contributions are also shown separately.

III. APPLICATIONS

A. T2K

Here the situation is relatively simple as one deals with a long baseline experiment [10, 11]

with oscillation mass parameters already known to a good accuracy. We have pointed out

[4] the interest of the study for T2K of the muon events spectrum both in the close detector

and in the far detector since the two corresponding muonic neutrino beams have different

energy distributions. The study of the reconstruction influence on the electron events in

the far SuperKamiokande detector was performed in our Ref. [4], it is discussed again here

in our new reversed perspective. The two muon beams in the close and far detectors and

the oscillated electron beam at the far detector having widely different energy distributions,

the effect of the reconstruction is expected to differ in all three. The muon neutrino energy

distribution in the close detector, normalized with an energy integrated value of unity,

Φνµ(Eνµ) is represented in Fig. 2 as a function of Eνµ. At the arrival in the far detector it

is reduced by a large factor which depends on the oscillation parameters and its expression

8

M. Martini et al., Phys. Rev. D 87, 013009 (2013) 

Neutrino energy smearing for 
electron-only reconstruction.

vertical lines = true energy
curves = reconstructed energy

Neutrino energy reconstruction 
is complicated by:

• Invisible particles 
• Detector thresholds 
• Complicated final states 

Solution: Use KDAR neutrinos to 
benchmark energy reconstruction.
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Oscillations
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Near and far fluxes are 
inherently different…

…need cross section 
knowledge!

P (⌫↵ ! ⌫�) = sin2(2✓) sin2
✓
1.267

�m2L

E

GeV

eV2 km

◆

�E

E
⇡ 20% is typical

Oscillation probability 
depends on energy!

Two-neutrino oscillation probability

near detector far detector
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Probing the Nucleus
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Electron scattering has 
been our primary tool for 

understanding the nucleus.

electron beam
ΔE/E ~ 10-3 θ

detector

36

di↵erent treatments of two-body currents are given in Section VI.C.
In the SuperScaling approach [70] (denoted as SuSA), instead of starting from a microscopic

Hamiltonian, the scaling and superscaling properties of electron-nucleus interactions [121–125] have
been used to construct a semi-phenomenological model for lepton-nucleus scattering. A similar ap-
proach is also taken in the Transverse Enhancement Model (TEM) of Ref. [126]. The SuSA model
assumes the existence of universal scaling functions for electromagnetic and weak interactions. The
general procedure adopted in this analysis consists of dividing the inclusive (e, e0) experimental
cross section by an appropriate single-nucleon one to obtain a reduced cross section. When this
is plotted as a function of the “scaling variable”, itself a function of ! and q, some particular
properties emerge: at energy transfers below the QE peak, the reduced cross section is largely
independent of the momentum transfer, which is called scaling of first kind, and of the nuclear
target, which is defined as scaling of second kind. The simultaneous occurrence of scaling of both
kinds is denoted as superscaling. At higher energies, above the QE peak, both kinds of scaling are
shown to be violated as a consequence of the contributions introduced by e↵ects beyond the IA,
such as meson-exchange currents (MEC) and inelastic scattering. The scaling formalism, originally
introduced to describe the QE domain, has been extended to the region of the � resonance [127]
and the complete inelastic spectrum [128]. Recently an improved version of the superscaling model
has been developed, called SuSAv2 [129], that incorporates relativistic mean field (RMF) e↵ects in
the longitudinal and transverse nuclear responses, as well as in the isovector and isoscalar channels
independently. Within the RMF model the bound and scattered nucleon wave functions are solu-
tions of the Dirac-Hartree equation in the presence of energy-independent real scalar (attractive)
and vector (repulsive) potentials. Because the same relativistic potential is used to describe the
initial and final nucleon states, the model preserves the continuity equation. An important result is
that the model reproduces surprisingly well the magnitude and shape of the experimental longitu-
dinal superscaling function. On the other hand, it predicts a larger transverse scaling function, an
e↵ect due to the distortion of the lower components of the outgoing nucleon Dirac wave function
by the FSI which agrees with the available separated L/T data (see Refs.[130–134] for details of
the model and its predictions on electron and neutrino reactions). 2p-2h MEC e↵ects, which play
an important role in the dip region between the QE and the � peaks, are included in the SuSAv2
model following the work of De Pace et al. [135, 136], who performed the first fully relativistic
calculation of the electromagnetic two-body currents contribution to inclusive electron scattering.
Detailed comparison of the SuSAv2 predictions with electron scattering data on 12C at many dif-
ferent kinematics can be found in Ref.[73], showing a very satisfactory agreement of the model with
inclusive data. Two illustrative examples are shown in Fig. 7.
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FIG. 7. Comparison of inclusive 12C(e, e0) cross sections and predictions of the QE-SuSAv2 model (long-
dashed red line), 2p-2h MEC model (dot-dashed brown line) and inelastic-SuSAv2 model (long dot-dashed
orange line). The sum of the three contributions is represented with a solid blue line. The q-dependence
upon ! is also shown (short-dashed black line). The y-axis on the left represents d2�/d⌦/d! in nb/GeV/sr
whereas the one on the right represents the q value in GeV/c. Figure from Ref.[73].

It is important to notice that the regime of interest in present and future neutrino experiments is
high-energy and relativistic aspects of the problem are critical. What exists in modeling this regime

QE

MEC
Inelastic

electron scattering on carbon
! ⌘ E � E0

FERMILAB-PUB-17-195-ND-T
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Probing the Nucleus
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Which model of the nucleus, relevant to neutrinos, is correct? 

What is the correct way to treat the transition from on-nucleus to on-nucleon scattering? 

How many final state neutrons are there as a function of energy transfer? 

How large are the contributions of short-range correlations?

! = E⌫ � Eµ

Can we do this measurement with neutrinos?

May 31, 2018
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MiniBooNE

�9R. S. Fitzpatrick — University of Michigan

• Mineral oil detects scintillation and Cherenkov light in time using 
1280 PMTs in the signal region and 240 PMTs in the veto region. 

• MiniBooNE observes neutrinos from the BNB (on-axis) and NuMI 
(off-axis) neutrino sources at Fermilab. 

• Taking data since 2002 — many oscillation, cross section, and 
exotic search results! 

A typical 
muon in 

MiniBooNE

http://www-boone.fnal.gov/

May 31, 2018
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MiniBooNE and NuMI
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120 GeV 
protons

This analysis uses NuMI-LE antineutrino mode (2.62x1020 POT)

NuMI provides an intense 
source of KDAR neutrinos that 

can be observed by MiniBooNE.

K+ ! µ+⌫µ
(at rest ➡ 236 MeV neutrino)

~1/6 of primary beam power 
makes it to the absorber

Target is 2 interaction lengths.

May 31, 2018



KDAR Events in MiniBooNE
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PMThits5ns = (# of PMT hits) x 
(frac. of light det. in first 5 ns) 

An attempt to isolate the 
muon Cherenkov light.

KDAR events produce muons 
with 0-120 PMThits5ns.

Use standard MiniBooNE muon neutrino selection:  
two sub-events (muon + decayed electron), in fiducial volume, no veto activity. 

⌫µ
12C ! µ�X

Cherenkov threshold for muons in mineral oil = 39 MeV

May 31, 2018



Challenge: Modeling Background

�12R. S. Fitzpatrick — University of Michigan

nubar background

nu background
total background

datadata

KDAR is not simulated and MC is scaled to data in background-only region (PMThits5ns > 120)

two neutrino event generator predictions for background

We observe an excess of events, but we want to be sure that it’s real.


The size and shape of the excess depends highly on the selected background model.

signal 
region

signal 
region
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Solution: Timing
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This means we can look at 
the evolution of signal and 

background over time!

horns
decay pipe

MiniBooNE

40 m 675 m 5 m

86 m

absorber
target

KDARbackground

signal enhancedbackground enhanced

Signal events take a longer path to the 
detector than background events.

DIF background 
KDAR 

normalizations are arbitrary

simulation
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Solution: Timing
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We expect 
KDAR here

2.1σ deficit at early time

2.4σ excess at late time
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We can perform a 100% data-driven 
analysis that is independent of the uncertain 

flux and background predictions!



The Result
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Shape-only differential cross section 
in Tμ and ω with 1σ error bands.

Total ⌫µ CC cross section at E⌫ = 236 MeV : � = (2.7± 0.9± 0.8)⇥ 10

�39
cm

2/neutron

Systematics only contribute at the 
1-2% level and are not shown. measurement flux (30%)

We observe the KDAR signal 
with 3.9σ significance. 

Determined significance by 
comparing simulated data to the 

background-only hypothesis.

! = E⌫ � Tµ �mµ
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Theory Comparisons
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NuWro neutrino event 
generator prediction

https://www-boone.fnal.gov/for_physicists/data_release/kdar/

Data release allows comparisons between 
our result and any arbitrary theoretical model.

May 31, 2018
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Outlook of KDAR Physics
• MiniBooNE has used KDAR neutrinos to measure energy transfer (ω) for the 

first time using neutrinos. 

• Provides a standard candle for neutrino-nucleus interactions, cross sections, 
and energy reconstruction in the few-hundreds of MeV region. 

• In the next few years: 

• Other published ideas: muon neutrino disappearance, electron neutrino 
appearance, DM annihilation signature, strange quark contribution to nucleon 
spin…

�17

MicroBooNE (taking data since 2015): can study both muon and hadronic outgoing 
components of KDAR interaction on argon with LArTPC technology. 

JSNS2 (first data in 2019): will collect 10-20k KDAR events/year on carbon.

R. S. Fitzpatrick — University of Michigan May 31, 2018
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TheMiniBooNE-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 a 90% confidence limit on the dark matter cross section parameter,
Y ¼ ϵ2αDðmχ=mVÞ4 ≲ 10−8, for αD ¼ 0.5 and for dark matter masses of 0.01 < mχ < 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.

DOI: 10.1103/PhysRevLett.118.221803

Introduction.—There is strong evidence for dark matter
(DM) from observations of gravitational phenomena across
a wide range of distance scales [1]. A substantial program
of experiments has evolved over the past several decades
to search for nongravitational 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 sen-
sitive 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 particle

[3–18]. In these experiments, DMparticles may be produced
in collisions with nuclei in the fixed target, often a beam
dump, andmay be identified through interactions with nuclei
in a downstream detector. Results from past beam dump
experiments have been reanalyzed to 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
Ref. [6]), which employs 8-GeV protons from the Fermilab
Booster Neutrino Beam (BNB), reconfigured to reduce
neutrino-induced backgrounds, combined with the down-
stream MiniBooNE (MB) neutrino detector (Fig. 1).
A DM particle may couple to ordinary matter through a

light mediator particle which could also control interactions

PRL 118, 221803 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
2 JUNE 2017

0031-9007=17=118(22)=221803(6) 221803-1 © 2017 American Physical Society
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Setup and DM Model
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FIG. 2. DM production channels relevant for this search
with an 8 GeV proton beam incident on a steel target.
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FIG. 3. DM interactions with nucleons in the detector.

A DM particle may couple to ordinary matter through
a light mediator particle which could also control interac-
tions with Standard Model particles, allowing the correct
relic abundance in the standard thermal freeze-out sce-
nario [3–5]. A minimal dark sector model of this type
is known as vector portal DM [19, 20] and is used as a
framework for the analysis presented here. Although we
emphasize that this search is sensitive to other scenar-
ios, in this particular one, interactions of � are mediated
by a U(1) gauge boson Vµ (“dark photon”) that kinet-
ically mixes with the ordinary photon. Four unknown
parameters control the physics: DM mass m�, Vµ mass
mV , kinetic mixing ✏, and dark gauge coupling gD. For
this work, the DM particle is assumed to be a complex
scalar, which is consistent with terrestrial, astrophysical,
and cosmological constraints [5].

Two di↵erent DM production mechanisms (Fig. 2)
likely dominate for this search: 1) decay of secondary ⇡0

or ⌘ mesons and 2) proton bremsstrahlung. For both of
these processes, the production rate scales as ✏2 provided
the Vµ can decay into two on-shell DM particles with
mV > 2m�. The �, produced via one of these mech-
anisms, may be detected via interactions with nucleons
or electrons. This search is sensitive to DM-nucleon in-
teractions �N , mediated by Vµ exchange (Fig. 3) and
the scattering rate in the detector scales as ✏2↵D, where
↵D = g2D/4⇡. Combining this with the production rate
behavior yields a DM event rate that scales as ✏4↵D for
mV > 2m�.
Experiment — In the neutrino-production mode (“⌫-
mode”) configuration of the BNB, 8 GeV protons from
the Fermilab Booster are delivered to a 1.75-interaction-
length beryllium target in pulses with intensity 3 � 5 ⇥
1012 protons and 1.6 µs in duration, creating a large flux
of charged mesons, predominantly pions. A magnetic
horn surrounds the target and uses a pulsed ⇡ 1.5 T

magnetic field to guide the mesons down a 1 m radius,
50 m long cylindrical, air-filled, decay pipe that termi-
nates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g. ⇡ ! µ⌫) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beamline was configured in

“o↵-target” mode with the 8 GeV protons steered o↵ of
the beryllium production target, through the powered-o↵
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of neu-
trinos created via meson decay in-flight, thus lowering the
neutrino event background. This increases sensitivity to
DM produced in decays of ⇡0 and ⌘, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ⌫-mode

were calculated using experimental data along with a
simulation program detailed in [21]. To predict the o↵-
target flux, the simulation was updated with the addition
of various beam line components that are important only
for o↵-target running. These additional components have
negligible e↵ects in ⌫-mode as the beryllium target and
surrounding aluminum is the source of 99% of the mesons
contributing to the neutrino flux at the detector. How-
ever, in o↵-target mode, only ⇡ 30% of the mesons re-
sulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam-line
materials are important. The beam parameters (direc-
tion, emittance, lateral size, etc.) used by the simulation
were measured during the run.
Charged-current quasielastic (CCQE) scattering of

muon-neutrinos produces a readily detected muon and
is the highest-rate neutrino process in the MB detector.
With the assumption that DM scattering is purely elas-
tic, the CCQE samples are free of DM-scattering events
and, since they are well-measured via the large samples
gathered in ⌫-mode running, can be used to constrain the
o↵-target neutrino flux. A sample of 956 CCQE events
from o↵-target mode were reconstructed and compared
to that predicted by the beam and detector simulations.
The beam parameters input to the simulation were then
adjusted, within their uncertainties, to reproduce that
number of events and to improve the o↵-target flux es-
timate. A set of beam simulation variations, consistent
with errors on the beam parameters and the total num-
ber of CCQE events, was created in order to determine
the error on predicted fluxes.
The resulting predicted neutrino flux for o↵-target

mode is shown in Fig. 4 along with the ratio of o↵-target
flux to that for ⌫-mode. The predicted o↵-target flux
for 0.2 < E⌫ < 3 GeV is (1.9 ± 1.1) ⇥ 10�11 ⌫ POT�1

cm�2 (“POT” is proton-on-target). The mean energy
of the o↵-target neutrino flux is 660 MeV compared to
830 MeV in ⌫-mode. The integrated o↵-target flux is
1/27 of the ⌫-mode flux and the event rate 1/48 that of
⌫-mode. The total data set reported here used 1.86⇥1020

POT collected from Nov. 2013–Sept. 2014.

2

⇡0,⌘

�

V

�

�†

(a) ⇡0
, ⌘ Decay

p p

�

V
�

�†

p p

(b) Proton Bremsstrahlung

FIG. 2. DM production channels relevant for this search
with an 8 GeV proton beam incident on a steel target.

� �

V

p p

(a) Free protons

� �

V

n, p

12

C

X

(b) Bound nucleons in

12C.

FIG. 3. DM interactions with nucleons in the detector.

A DM particle may couple to ordinary matter through
a light mediator particle which could also control interac-
tions with Standard Model particles, allowing the correct
relic abundance in the standard thermal freeze-out sce-
nario [3–5]. A minimal dark sector model of this type
is known as vector portal DM [19, 20] and is used as a
framework for the analysis presented here. Although we
emphasize that this search is sensitive to other scenar-
ios, in this particular one, interactions of � are mediated
by a U(1) gauge boson Vµ (“dark photon”) that kinet-
ically mixes with the ordinary photon. Four unknown
parameters control the physics: DM mass m�, Vµ mass
mV , kinetic mixing ✏, and dark gauge coupling gD. For
this work, the DM particle is assumed to be a complex
scalar, which is consistent with terrestrial, astrophysical,
and cosmological constraints [5].

Two di↵erent DM production mechanisms (Fig. 2)
likely dominate for this search: 1) decay of secondary ⇡0

or ⌘ mesons and 2) proton bremsstrahlung. For both of
these processes, the production rate scales as ✏2 provided
the Vµ can decay into two on-shell DM particles with
mV > 2m�. The �, produced via one of these mech-
anisms, may be detected via interactions with nucleons
or electrons. This search is sensitive to DM-nucleon in-
teractions �N , mediated by Vµ exchange (Fig. 3) and
the scattering rate in the detector scales as ✏2↵D, where
↵D = g2D/4⇡. Combining this with the production rate
behavior yields a DM event rate that scales as ✏4↵D for
mV > 2m�.
Experiment — In the neutrino-production mode (“⌫-
mode”) configuration of the BNB, 8 GeV protons from
the Fermilab Booster are delivered to a 1.75-interaction-
length beryllium target in pulses with intensity 3 � 5 ⇥
1012 protons and 1.6 µs in duration, creating a large flux
of charged mesons, predominantly pions. A magnetic
horn surrounds the target and uses a pulsed ⇡ 1.5 T

magnetic field to guide the mesons down a 1 m radius,
50 m long cylindrical, air-filled, decay pipe that termi-
nates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g. ⇡ ! µ⌫) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beamline was configured in

“o↵-target” mode with the 8 GeV protons steered o↵ of
the beryllium production target, through the powered-o↵
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of neu-
trinos created via meson decay in-flight, thus lowering the
neutrino event background. This increases sensitivity to
DM produced in decays of ⇡0 and ⌘, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ⌫-mode

were calculated using experimental data along with a
simulation program detailed in [21]. To predict the o↵-
target flux, the simulation was updated with the addition
of various beam line components that are important only
for o↵-target running. These additional components have
negligible e↵ects in ⌫-mode as the beryllium target and
surrounding aluminum is the source of 99% of the mesons
contributing to the neutrino flux at the detector. How-
ever, in o↵-target mode, only ⇡ 30% of the mesons re-
sulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam-line
materials are important. The beam parameters (direc-
tion, emittance, lateral size, etc.) used by the simulation
were measured during the run.
Charged-current quasielastic (CCQE) scattering of

muon-neutrinos produces a readily detected muon and
is the highest-rate neutrino process in the MB detector.
With the assumption that DM scattering is purely elas-
tic, the CCQE samples are free of DM-scattering events
and, since they are well-measured via the large samples
gathered in ⌫-mode running, can be used to constrain the
o↵-target neutrino flux. A sample of 956 CCQE events
from o↵-target mode were reconstructed and compared
to that predicted by the beam and detector simulations.
The beam parameters input to the simulation were then
adjusted, within their uncertainties, to reproduce that
number of events and to improve the o↵-target flux es-
timate. A set of beam simulation variations, consistent
with errors on the beam parameters and the total num-
ber of CCQE events, was created in order to determine
the error on predicted fluxes.
The resulting predicted neutrino flux for o↵-target

mode is shown in Fig. 4 along with the ratio of o↵-target
flux to that for ⌫-mode. The predicted o↵-target flux
for 0.2 < E⌫ < 3 GeV is (1.9 ± 1.1) ⇥ 10�11 ⌫ POT�1

cm�2 (“POT” is proton-on-target). The mean energy
of the o↵-target neutrino flux is 660 MeV compared to
830 MeV in ⌫-mode. The integrated o↵-target flux is
1/27 of the ⌫-mode flux and the event rate 1/48 that of
⌫-mode. The total data set reported here used 1.86⇥1020

POT collected from Nov. 2013–Sept. 2014.
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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 a 90% confidence limit on the dark-matter
cross section parameter, Y = ✏2↵D(m�/mV )4 . 10�8, for ↵D = 0.5 and for dark-matter masses
of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from a
dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

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

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

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

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 5. Reconstructed nucleon kinetic energy distribu-
tion for DM candidate events with the experimental data
are shown as circles with statistical error bars. The pre-
dicted backgrounds are shown as lines and the results from
a background-only fit to the combined data set are shown
as triangles with error boxes. The bottom plot shows the
data and unconstrained background-only prediction together
with example DM signals as a ratio to the background-only
fit. The example signals are the 90% confidence-limit so-
lutions at the best-fit point (DM1, mV = 10 MeV,m� =
1 MeV, ✏4↵D = 8.1 ⇥ 10�14) and the most-sensitive point
(DM2, mV = 769 MeV,m� = 381 MeV, ✏4↵D = 1.3⇥10�14).

TABLE I. Number of selected data events with predicted
backgrounds.

background source events

beam-unrelated 697 ± 11

beam-related, detector 775 ±454

beam-related, dirt 107 ± 81

total estimated background 1579 ±529

constrained-fit background 1548 ±198

data events 1465 ± 38

background is small and due to statistical error in the
large beam-o↵ sample; the systematic error is negligible.
The largest errors are those on the beam-related back-
ground estimates which originate from uncertainties on
the neutrino flux, NCE cross section model, and detec-
tor response. Correlated errors between di↵erent energy
bins and event samples are also calculated. The resulting
error using this procedure is 34% of the estimated back-
ground while the statistical error on the data is 3%. This
measurement is systematic-error limited.

However, this systematic error was reduced substan-

tially via a combined fit of the DM-candidate sample to-
gether with the three constraint samples described above.
E↵ectively, the o↵-target CCQE sample determines the
o↵-target flux with errors smaller than those resulting
from the simulation procedure. Similarly, the NCE sam-
ple from ⌫-mode determines the event rate for neutrino
background processes with reduced errors. As shown in
Table I, the error on the background is reduced from
34% to 13% with this “constrained-fit” procedure. The
energy distribution of predicted background events re-
sulting from this fit is shown in Fig. 5 with the reduced
errors.
A signal for DM would appear as an excess of events

above background such as that shown for two example
DM parameter sets in Fig. 5. The data show no signifi-
cant excess of events over the background prediction and
may be used to set limits on the vector portal DM model
parameters.
A background-only fit on the full data set, consisting

of DM candidate events and constraint samples, was the
first step in the procedure. In order to allow some adjust-
ment of the underlying background distributions within
errors, six “nuisance” parameters were introduced: one
scale factor each for the ⌫-mode and o↵-target neutrino
fluxes, and four parameters to adjust the NCE cross sec-
tion. As can be seen in [22, 23] the simulation overpre-
dicts the NCE data at higher nucleon energy and may
be due to an overestimate of pion background channels.
These nuisance parameters, consisting of an overall nor-
malization factor together with a subtracted Gaussian,
correct this. The predicted backgrounds, adjusted by
the nuisance parameters, were then fit to the four data
samples in a total of 80 bins of calculated 4-momentum
transfer using a log-likelihood function constructed with
the complete and correlated (80⇥ 80) error matrix. The
resulting �2 was 48.1/74 giving an upper tail probability
of 97%, reflecting fairly conservative errors, which is not
surprising as the simulations have been pre-tuned some-
what on existing data samples.
The next step was to use a fixed-target DM simula-

tion [27] to generate predicted energy and position distri-
butions of expected �N scattering events in the MB de-
tector for a particular set of DM parameters. The simula-
tion, based on the model described in detail in Ref. [27],
calculates rates for DM production and interactions in
the detector as described in the introduction above. The
attenuation of the � flux in the beam dump and earth
shield was calculated and is negligible for the model pa-
rameters considered here. The kinematic distributions of
the particles involved for these mechanisms were obtained
from the beam simulations. The energy distribution of
the DM scattered nucleons from the DM simulation was
used as input to the MB detector simulation which then
could be used to calculate event e�ciencies and gener-
ate a predicted nucleon energy distribution. In practice,
since �N events have the same final-state signature as

5

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

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

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

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

at mV ⇡ 775 MeV, near the ⇢ and ! masses.
Conclusions — This analysis determines the 90% CL
value for the combination ✏4↵D. Using conventional
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choices for the other DM parameters allows comparisons
of experiments employing di↵erent methods in a shared
parameter space. In Fig. 7, with mV = 3m� and ↵D =
0.5, the 90% CL values for the dimensionless DM annihi-
lation cross section parameter Y = ✏2↵D(m�/mV )4 may
be plotted for this result and compared to di↵erent ex-
perimental exclusion regions. The choice of ↵D = 0.5 is
compatible with the bounds derived in Ref. [37] based on
the running of the dark gauge coupling. However, it is
important to note that the � yield scales as ✏4↵D. Thus
for su�ciently small values of ↵D the limits from other
probes such as BaBar[32] will be stronger. With these
DM parameter combinations, this result has expanded
the search for DM to m� values 2 orders of magnitude
smaller than nucleon direct detection DM experiments
and has excluded a vector mediator particle solution to
the g � 2 anomaly [30, 31]. Within the context of the
vector portal DM model and the chosen parameter con-
straints, this result sets the most stringent limits on DM
in the range 0.08 < m� < 0.3 GeV and, in a model where
the DM does not couple to electrons [10], this limit is ex-
tended down to m� ⇡ 0.01 GeV.
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MiniBooNE’s recent (and upcoming) physics results include:


• The first observation of monoenergetic neutrinos from 
kaon decay at rest and a measurement of energy 
transfer using neutrinos. 

• New limits on sub-GeV dark matter, setting globally 
most stringent limits for 0.08 < mχ < 0.3 GeV. 

• DM π0 and electron scattering channels are being 
analyzed and will have better sensitivity. Look for 
these results in the coming months!
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Detector 
observable

Efficiency-corrected Tμ distribution

“True” Tμ distribution

a = 2.20, b = 1.10, 

end point = 100 MeV

Signal Model Construction
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efficiency correct

fold

Step 1: Construct signal model.
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Background Model
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Step 2: Construct background model.
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Now we assign a normalization to the 
signal model (yet another parameter we 

have to vary to find the best fit).

Define the background model such that 
signal + background = data in the high-

statistics normal time region. Signal model with 
some normalization

Background model for which 
signal+background = data

shown here: best fits

Normal time data 
with constant 

signal:background
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Data Comparison
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Step 3: Compare signal+background 
to data in early and late times.

early time #1

early time #2

early time #3

 late time #1

 late time #2

 late time #3

shown here: best fits

Each plot represents 
200 ns of data.

Divide the early (signal-enhanced) and late 
(background-enhanced) time regions into 

three time bins each.


Normalize the background model to match 
the background-only region.


Allow signal normalization to float.


Signal and background shapes are constant 
at all times, only normalization can change.


Compute agreement between data and 
signal+background in each time bin using a 

Poisson χ2.
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Repeat
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Step 4: Repeat for each 
possible signal model.

Models covered this parameter space:


2.0 < a < 8.0

0.0 < b < 6.0


Models with a < 2.0 are unphysical.


We allowed the end point to vary from 95 
MeV to 115 MeV to reflect variation among 

model predictions.


Signal normalization was varied from zero to 
the maximum value allowed by the data.

There exists a beta function within our parameter space that agrees 
reasonably with each neutrino generator model we could have picked. 
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Other KDAR Physics
• Oscillation search for sterile neutrinos at short baseline. 
• Precision measurement of strange spin component of 

the nucleon (Δs). 
• Signature of dark matter annihilation in the sun. 
• Measure charged current neutron yield.

�28
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Why use antineutrino mode?

�30R. S. Fitzpatrick — University of Michigan

Background rates are lower in antineutrino mode.
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Figure 10: Event rates (left) and the ratio antineutrino-mode/neutrino-mode (right) for
the background prediction contribution to each run configuration in generated neutrino en-
ergy (top) and a detector observable (PMT TankHits) (bottom). See figure titles for the
histogram key. Note that KDAR events are not included in any of these distributions.

face of horn 1 and employs -185 kA (really, -182.1 kA) current on the horns.

3.2 Run periods, POT, and data stability

A timeline overview of the NuMI beamline configuration is given in Figure 11. In the NuMI
run numbering system, we choose to use NuMI run period IV [9/29/2009 (20:26:44 UTC)
to 3/22/2010 (17:00:00 UTC)] and NuMI run period VII [11/1/2010 (20:13:54 UTC) to
3/18/2011 (22:03:10 UTC)] for the present analysis, marked as the first two orange periods
in the figure4.

Events are eliminated from consideration if they do not pass “beam-goodness” criteria
(based on e.g. horn current, beam-on-target position, etc.) set by MINOS. The total “good”
protons on target associated with NuMI run periods IV and VII collected by MiniBooNE
is 2.95581E20 POT . These antineutrino-mode run periods correspond to the combination
of MiniBooNE runs 22245-22805 (NuMI run period IV) and 23516-23879 (NuMI run pe-
riod VII). The events passing cuts5 per POT (cuts are discussed in detail in Section 6), or

4Note that there was Helium in the NuMI decay pipe (at 682 torr) as of 11/12/2006.
5The Michel distance cut is not included in these plots; although this fact is inconsequential.

16

background rates

numubar (anu mode)
numubar (nu mode)

numu (anu mode)

numu (nu mode)
total (anu mode)

total (nu mode)
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KDAR Cuts

1. Two subevents (SE) and < 6 veto 
hits in each SE. 

2. First SE in beam time window. 
3. Second SE 20 < tank hits < 200. 
4. r < 500 cm. 
5. First SE tank hits > 20.  
6. First SE PMT hit time RMS < 50 ns. 
7. Michel distance < 150 cm. 

�31R. S. Fitzpatrick — University of Michigan

Distance between primary track endpoint and 
reconstructed decay point (cm)

Full Cut List
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1. Two subevents with < 6 veto hits in 
each subevent.


2. Muon subevent in the beam window.

3. 2nd subevent TankHits < 200 and > 20.

4. Reconstructed vertex radius < 500 cm 

from center of the tank.

5. 1st subevent TankHits > 20.

6. 1st subevent hit time RMS < 50 ns.

7. Michel distance < 150 cm.
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Efficiency and Folding Matrix

�32R. S. Fitzpatrick — University of Michigan

This result is nearly independent of the flux prediction, assumptions about low-
energy neutrino kinematics and cross sections, and neutrino event generators! 

The only, (demonstrably) weak dependence on these items is in forming the efficiency 
correction and folding matrix (see next slide).
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Model Dependence of Folding

�33R. S. Fitzpatrick — University of Michigan

The analysis extracts the same 
best fit model using both the 

extreme options for creating the 
folding and efficiency matrices.
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Figure 49: (Left, top) The muon neutrino CCQE reconstruction e�ciency as a function of
T

µ

, given the full analysis cuts discussed and  = 0.978. (Right, top) The “folding matrix”,
representing the relationship between true T

µ

and TankHits*fqlt05. This folding matrix
is created after all analysis cuts, and requiring each true event to be ⌫

µ

CCQE and with a
true interaction vertex with radius < 500 cm. The bottom plots are analogous to the top
ones, but with  = 1.022.
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distributions for various  values. Increasing
 results in a softer muon kinetic energy spectrum.
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Tμ spectra for varying κ 
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Muon Energy Resolution

�34R. S. Fitzpatrick — University of Michigan

Large sample of Michel electrons provides calibration for 
detector response to scintillation and Cherenkov light at 

energies highly relevant for KDAR muons.


Further, a scintillator “calibration cube” inside the MiniBooNE 
tank provides an ultra-clean sample of tagged 95 MeV muons 
for understanding energy resolution and detector response.


12% muon energy resolution at Tμ = 95 MeV dropping to 
25% for Tμ = 50 MeV.

Michel spectrum

Calibration cube 
data/MC comparison

Energy resolution as 
function of energy

May 31, 2018



Muon Direction

�35R. S. Fitzpatrick — University of Michigan

Correlation between neutrino direction and muon direction at KDAR energies is 
very weak — need to know something about hadronic component of interaction to 

reconstruct neutrino direction.

Why can’t we use neutrino direction to distinguish signal from background?
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Poisson Extended Maximum Likelihood

�36R. S. Fitzpatrick — University of Michigan

Expect no signal in first time bin, so compare 
distribution of events in that time bin to 
background candidate to form pull term.

�2
i,↵ = 2

X

j

(
Pi,j,↵ � di,j + di,j ln(di,j/Pi,j,↵) di,j > 0

Pi,j,↵ di,j = 0 .

Pi,j,↵ = Tj,↵ +Bi,j

�2
i = min

↵
(�2

i,↵)

�2 =
X

i

�2
i + fpull

Marginalize over signal normalization      in 
non-normal time bins.

↵

time bin:  
energy bin:

i
j

data

background prediction

signal prediction
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χ2 Results

�37R. S. Fitzpatrick — University of Michigan

real data 
simulation 
χ2 for 64 dof

Simulated data demonstrates that extended maximum likelihood follows χ2 distribution 
for (# bins - # of parameters) degrees of freedom

Test 10,000s combinations of shapes, 
normalizations, and endpoints.


Report χ2 for each candidate signal, 
marginalizing over varying signal normalization in 

each time bin.
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Observation Significance
• Calculate           assuming no signal. 
• Find:  
• We use a Poisson      statistic rather 

than the standard one, so we can not 
directly convert this          to a 
probability. 

• Instead, generate lots of fake data 
assuming no signal. 

• Find          of each fake dataset. 
• Use this sample to find significance  

of observation:

�38

��2 = �2
null � �2

min = 41.2

�2
null

�2
min

�2

��2

3.9�

R. S. Fitzpatrick — University of Michigan

real data
exponential fit
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MiniBooNE-DM Flux

�39R. S. Fitzpatrick — University of Michigan May 31, 2018

Predicted flux 
(off-target)
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FIG. 4. Predicted flux (top) in o↵-target mode and the
flux ratio for o↵-target to ⌫-mode (bottom) as a function of
neutrino energy for each neutrino species.

During this run period, the MB detector operated as
for the previous 12 years which has included searches
for neutrino oscillations and measurements of neutrino
cross sections in both ⌫� and ⌫�mode. In particular,
MB has measured ⌫ and ⌫-nucleon neutral-current elastic
(NCE) scattering [22, 23] which has the same expected
final state as �N scattering, allowing for the same mode
of operation with well-understood detection and analysis
methods.

The MB detector [24] consists of 818 tons of mineral
oil (CH2) in a 610 cm-radius tank viewed by 1280 pho-
tomultiplier tubes (PMTs) in the inner, primary region
and 240 PMTs arranged in pairs viewing the outer, opti-
cally separate, 35 cm thick veto region. Any PMTs with
signal > 0.1 photoelectron are digitized and recorded in
a 19.2 µs time window around the 1.6 µs BNB proton
pulses. The signature of �N scattering events is a pat-
tern of hits consistent with a track from a single proton
or neutron of a few hundred MeV kinetic energy. The
MB detector is sensitive to these sub-Cherenkov parti-
cles via a small amount of scintillation light emitted as
they traverse the mineral oil. The event signature is the
same as for previous ⌫ and ⌫ NCE cross section analyses
performed by MB [22, 23].

Analysis — A DM-candidate event sample was se-
lected from the o↵-target data with selection criteria
(“cuts”) following the previous MB ⌫-NCE analysis [23]
and a reconstructed nucleon kinetic energy of 35 <
Tp < 600 MeV. This procedure requires exactly one
time-cluster of hits coincident with the beam and with
a time and spatial distribution consistent with a single

nucleon and no pions. This selection, along with the re-
quirement of no activity in the veto, minimizes contam-
ination from beam-unrelated (cosmic) backgrounds and
non-NCE beam-related backgrounds. Neutrino-induced
NCE events are an irreducible background to this anal-
ysis; they must be estimated and subtracted. To bet-
ter constrain the o↵-target neutrino flux and, therefore,
the neutrino-induced backgrounds, the set of o↵-target
CCQE events mentioned above was selected following
cuts developed for our ⌫-mode CCQE cross section mea-
surement [25].
Because the NCE and CCQE cross sections are not

known a priori independently of MB data, two other
large samples (⇡100k events), with the same NCE and
CCQE cuts as for the beam-o↵-target set, were ex-
tracted from previously-collected ⌫-mode data. The
DM-candidate sample contains any �N scattering events
while the three other “constraint” samples serve to con-
strain the event rate for an improved estimate of beam-
related backgrounds. It should be noted that the events
passing the selection cuts are not purely NCE and
CCQE at the vertex level but are more acurately la-
beled “NC0⇡”and “CC0⇡” because of processes like pion-
production combined with pion absorption in the nucleus
or scattering via multinucleon processes [26].
A detector simulation, developed and tuned for pre-

vious MB analyses, but with the new o↵-target neu-
trino flux, was used to predict the event rates for
these neutrino-induced processes including those involv-
ing pion absorption. The simulation predicts that the
NC0⇡ (CC0⇡) samples consist of 77% (84%) true NCE
(CCQE) events but the analysis does not depend strongly
on those values since the constraint samples determine
the e↵ective cross sections. The simulation is also used
to determine the DM event e�ciency and related errors
including correlations [22, 25].
The nucleon reconstructed kinetic energy distribution

for DM candidate events is shown in Fig. 5 and the inte-
grated event totals are summarized in Tab. I. The back-
ground predictions are determined through both mea-
surement and simulations. The beam-unrelated back-
ground is measured in out-of-beam, 19.2 µs-duration win-
dows taken at 10-15 Hz interspersed with the beam-on
data-collection windows. The same cuts are then applied
to this sample for an estimate of the number of beam-
unrelated events passing cuts in the beam-on sample.
The beam-related detector background is dominated

by NCE events originating within the detector vol-
ume and are estimated using the experimental simula-
tion. Beam-related “dirt” backgrounds arise mainly from
neutrino-induced neutrons created outside the detector,
passing into the main detector volume, and satisfying the
event selection. All of these beam-related background
processes have been measured in various MB data sets
and then used as input to the simulations.
As seen in Table I, the error on the beam-unrelated

Off-target flux ratio to 
nu-mode



MiniBooNE-DM Model
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Minimal dark sector model. 

Interactions with χ mediated by U(1) gauge boson Vμ (“dark photon”) that 
kinetically mixes with ordinary photon.

Four tunable physics parameters:
DM mass (mχ), Vμ mass (mV), kinetic mixing (ϵ), dark gauge coupling (gD)

Dark matter particle is assumed to be a complex scalar.

Event rate scales as ϵ4gD2/(4π) for mV > 2mχ. 2
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FIG. 2. DM production channels relevant for this search
with an 8 GeV proton beam incident on a steel target.
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FIG. 3. DM interactions with nucleons in the detector.

A DM particle may couple to ordinary matter through
a light mediator particle which could also control interac-
tions with Standard Model particles, allowing the correct
relic abundance in the standard thermal freeze-out sce-
nario [3–5]. A minimal dark sector model of this type
is known as vector portal DM [19, 20] and is used as a
framework for the analysis presented here. Although we
emphasize that this search is sensitive to other scenar-
ios, in this particular one, interactions of � are mediated
by a U(1) gauge boson Vµ (“dark photon”) that kinet-
ically mixes with the ordinary photon. Four unknown
parameters control the physics: DM mass m�, Vµ mass
mV , kinetic mixing ✏, and dark gauge coupling gD. For
this work, the DM particle is assumed to be a complex
scalar, which is consistent with terrestrial, astrophysical,
and cosmological constraints [5].

Two di↵erent DM production mechanisms (Fig. 2)
likely dominate for this search: 1) decay of secondary ⇡0

or ⌘ mesons and 2) proton bremsstrahlung. For both of
these processes, the production rate scales as ✏2 provided
the Vµ can decay into two on-shell DM particles with
mV > 2m�. The �, produced via one of these mech-
anisms, may be detected via interactions with nucleons
or electrons. This search is sensitive to DM-nucleon in-
teractions �N , mediated by Vµ exchange (Fig. 3) and
the scattering rate in the detector scales as ✏2↵D, where
↵D = g2D/4⇡. Combining this with the production rate
behavior yields a DM event rate that scales as ✏4↵D for
mV > 2m�.
Experiment — In the neutrino-production mode (“⌫-
mode”) configuration of the BNB, 8 GeV protons from
the Fermilab Booster are delivered to a 1.75-interaction-
length beryllium target in pulses with intensity 3 � 5 ⇥
1012 protons and 1.6 µs in duration, creating a large flux
of charged mesons, predominantly pions. A magnetic
horn surrounds the target and uses a pulsed ⇡ 1.5 T

magnetic field to guide the mesons down a 1 m radius,
50 m long cylindrical, air-filled, decay pipe that termi-
nates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g. ⇡ ! µ⌫) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beamline was configured in

“o↵-target” mode with the 8 GeV protons steered o↵ of
the beryllium production target, through the powered-o↵
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of neu-
trinos created via meson decay in-flight, thus lowering the
neutrino event background. This increases sensitivity to
DM produced in decays of ⇡0 and ⌘, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ⌫-mode

were calculated using experimental data along with a
simulation program detailed in [21]. To predict the o↵-
target flux, the simulation was updated with the addition
of various beam line components that are important only
for o↵-target running. These additional components have
negligible e↵ects in ⌫-mode as the beryllium target and
surrounding aluminum is the source of 99% of the mesons
contributing to the neutrino flux at the detector. How-
ever, in o↵-target mode, only ⇡ 30% of the mesons re-
sulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam-line
materials are important. The beam parameters (direc-
tion, emittance, lateral size, etc.) used by the simulation
were measured during the run.
Charged-current quasielastic (CCQE) scattering of

muon-neutrinos produces a readily detected muon and
is the highest-rate neutrino process in the MB detector.
With the assumption that DM scattering is purely elas-
tic, the CCQE samples are free of DM-scattering events
and, since they are well-measured via the large samples
gathered in ⌫-mode running, can be used to constrain the
o↵-target neutrino flux. A sample of 956 CCQE events
from o↵-target mode were reconstructed and compared
to that predicted by the beam and detector simulations.
The beam parameters input to the simulation were then
adjusted, within their uncertainties, to reproduce that
number of events and to improve the o↵-target flux es-
timate. A set of beam simulation variations, consistent
with errors on the beam parameters and the total num-
ber of CCQE events, was created in order to determine
the error on predicted fluxes.
The resulting predicted neutrino flux for o↵-target

mode is shown in Fig. 4 along with the ratio of o↵-target
flux to that for ⌫-mode. The predicted o↵-target flux
for 0.2 < E⌫ < 3 GeV is (1.9 ± 1.1) ⇥ 10�11 ⌫ POT�1

cm�2 (“POT” is proton-on-target). The mean energy
of the o↵-target neutrino flux is 660 MeV compared to
830 MeV in ⌫-mode. The integrated o↵-target flux is
1/27 of the ⌫-mode flux and the event rate 1/48 that of
⌫-mode. The total data set reported here used 1.86⇥1020

POT collected from Nov. 2013–Sept. 2014.

Production rates scale as ϵ2
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FIG. 3. DM interactions with nucleons in the detector.

A DM particle may couple to ordinary matter through
a light mediator particle which could also control interac-
tions with Standard Model particles, allowing the correct
relic abundance in the standard thermal freeze-out sce-
nario [3–5]. A minimal dark sector model of this type
is known as vector portal DM [19, 20] and is used as a
framework for the analysis presented here. Although we
emphasize that this search is sensitive to other scenar-
ios, in this particular one, interactions of � are mediated
by a U(1) gauge boson Vµ (“dark photon”) that kinet-
ically mixes with the ordinary photon. Four unknown
parameters control the physics: DM mass m�, Vµ mass
mV , kinetic mixing ✏, and dark gauge coupling gD. For
this work, the DM particle is assumed to be a complex
scalar, which is consistent with terrestrial, astrophysical,
and cosmological constraints [5].

Two di↵erent DM production mechanisms (Fig. 2)
likely dominate for this search: 1) decay of secondary ⇡0

or ⌘ mesons and 2) proton bremsstrahlung. For both of
these processes, the production rate scales as ✏2 provided
the Vµ can decay into two on-shell DM particles with
mV > 2m�. The �, produced via one of these mech-
anisms, may be detected via interactions with nucleons
or electrons. This search is sensitive to DM-nucleon in-
teractions �N , mediated by Vµ exchange (Fig. 3) and
the scattering rate in the detector scales as ✏2↵D, where
↵D = g2D/4⇡. Combining this with the production rate
behavior yields a DM event rate that scales as ✏4↵D for
mV > 2m�.
Experiment — In the neutrino-production mode (“⌫-
mode”) configuration of the BNB, 8 GeV protons from
the Fermilab Booster are delivered to a 1.75-interaction-
length beryllium target in pulses with intensity 3 � 5 ⇥
1012 protons and 1.6 µs in duration, creating a large flux
of charged mesons, predominantly pions. A magnetic
horn surrounds the target and uses a pulsed ⇡ 1.5 T

magnetic field to guide the mesons down a 1 m radius,
50 m long cylindrical, air-filled, decay pipe that termi-
nates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g. ⇡ ! µ⌫) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beamline was configured in

“o↵-target” mode with the 8 GeV protons steered o↵ of
the beryllium production target, through the powered-o↵
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of neu-
trinos created via meson decay in-flight, thus lowering the
neutrino event background. This increases sensitivity to
DM produced in decays of ⇡0 and ⌘, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ⌫-mode

were calculated using experimental data along with a
simulation program detailed in [21]. To predict the o↵-
target flux, the simulation was updated with the addition
of various beam line components that are important only
for o↵-target running. These additional components have
negligible e↵ects in ⌫-mode as the beryllium target and
surrounding aluminum is the source of 99% of the mesons
contributing to the neutrino flux at the detector. How-
ever, in o↵-target mode, only ⇡ 30% of the mesons re-
sulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam-line
materials are important. The beam parameters (direc-
tion, emittance, lateral size, etc.) used by the simulation
were measured during the run.
Charged-current quasielastic (CCQE) scattering of

muon-neutrinos produces a readily detected muon and
is the highest-rate neutrino process in the MB detector.
With the assumption that DM scattering is purely elas-
tic, the CCQE samples are free of DM-scattering events
and, since they are well-measured via the large samples
gathered in ⌫-mode running, can be used to constrain the
o↵-target neutrino flux. A sample of 956 CCQE events
from o↵-target mode were reconstructed and compared
to that predicted by the beam and detector simulations.
The beam parameters input to the simulation were then
adjusted, within their uncertainties, to reproduce that
number of events and to improve the o↵-target flux es-
timate. A set of beam simulation variations, consistent
with errors on the beam parameters and the total num-
ber of CCQE events, was created in order to determine
the error on predicted fluxes.
The resulting predicted neutrino flux for o↵-target

mode is shown in Fig. 4 along with the ratio of o↵-target
flux to that for ⌫-mode. The predicted o↵-target flux
for 0.2 < E⌫ < 3 GeV is (1.9 ± 1.1) ⇥ 10�11 ⌫ POT�1

cm�2 (“POT” is proton-on-target). The mean energy
of the o↵-target neutrino flux is 660 MeV compared to
830 MeV in ⌫-mode. The integrated o↵-target flux is
1/27 of the ⌫-mode flux and the event rate 1/48 that of
⌫-mode. The total data set reported here used 1.86⇥1020

POT collected from Nov. 2013–Sept. 2014.

Scattering rate scales as ϵ2gD2/(4π)


