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Short baseline summary
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• Why are there short baseline neutrino experiments? 

• Mainly: various hints of anomalous electron-flavor appearance and disappearance 
may be indicative of a new neutrino participating in oscillations and/or some other 
new physics. 

• But, also: 

• Neutrino cross sections for informing long-baseline oscillations measurements. 

• Neutrino cross sections for understanding the neutrino interaction with matter. 

• Exotic searches (e.g. dark matter production) with high luminosity, fixed target. 

• Detector R&D.



Outline

• Non-oscillation physics


• Short review of the existing anomalies at short-baseline


• Discussion of the MiniBooNE anomaly 


• A quick tour of current/future experiments
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Why neutrino cross section 
measurements at short-baseline?
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near detector 
~100s of m

far detector 
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?

P [�µ � �e] �= P [�µ � �e] ?CP violation in the  
lepton sector?

Reminder
 6

⌫µ
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near detector 
~100s of m

far detector 
~100s of km

�e : �µ ? �e : �µ ?
Compare these ratios 

as a function of energy

Oscillation?

A problem
 7

⌫µ
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The near and far fluxes 
are inherently different!  
So, we need to rely on 

cross section knowledge 
for a proper comparison.



Q�

Neutrinos Interactions 
Neutrinos interactions are simple… until they aren’t. 

2 

ɋ l 

d u 
W± 

Leptonic current is perfectly predicted in SM… 
…as is the hadronic current for free quarks. 

For inclusive scattering from a 
nucleon, add PDFs for a robust 

high energy limit prediction 

For exclusive, e.g., quasi-
elastic scattering, hadron 
current requires empirical 
form factors. 

If the nucleon is part of a nucleus, it may be modified, off-
shell, bound, etc.  Also, exclusive states are affected by 

interactions of final state hadrons within the nucleus. 

(drawings courtesy G. Perdue) 

K. McFarland, Neutrino Interaction Experiments 30 January 2014 
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Why neutrino cross section 
measurements at short-baseline?

• Neutrino interactions with nuclei are complicated!  

• Fermi motion. 

• Correlations between nucleons. 

• Final state interactions. 

• One nucleus is different than the next. 

• Detector limitations 

• Energy resolution. 

• Event classification issues.  

• Cerenkov threshold.
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Increasing com

plication

Adapted from K. McFarland
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Why neutrino cross section 
measurements at short-baseline?
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Increasing com

plication

Adapted from K. McFarland

• Neutrino interactions with nuclei are complicated!  

• Fermi motion. 

• Correlations between nucleons. 

• Final state interactions. 

• One nucleus is different than the next. 

• Detector limitations 

• Energy resolution. 

• Event classification issues.  

• Cerenkov threshold.

Solving these problems for the purposes of informing oscillation physics 
requires neutrino-nucleus cross section measurements in all relevant 

interaction channels, nuclear targets, and energies. 

Accelerator-based short-baseline experiments are  
tackling these issues.



Production and Detection of 
Dark Matter

!16
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a)

FIG. 10: a) Scalar DM pair production in electron-nucleus
collisions. An on-shell A0 is radiated and decays o� diago-
nally to �h,� pairs. b) Inelastic up scattering of the lighter
�� into the heavier state via A0 exchange inside the detector.
For order-one (or larger) mass splittings, the metastable state
promptly de-excites inside the detector via �h ! ��e

+e�.
This process yields a target (nucleus, nucleon, or electron)
recoil ER and two charged tracks, which is a instinctive, zero
background signature, so nuclear recoil cuts need not be lim-
iting.

�1

�2

A�

f+

f�

A�

�1 �2

T T

�1�2

f�

f+A�

Beam

e�
�!

Dump Detector

�i

A�

Z

e�

e�

�1

�2 A�

�i �j

T T

�1�2

f�

f+A�and/or

�1

�2

10

Beam

p �!

Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�

f+A�and/or

Beam

p �!

Target/Dump Detector

�i

A�

Z

p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�

f+A�

10

Beam

p �!

Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�

f+A�and/or

Beam

p �!

Target/Dump Detector

�i

A�

Z

p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�

f+A�
�

⇤

e e

ee

Dark Photon

Dipole Model

�
⇤

Target

FIG. 1. Schematic cartoon of the production and detection processes for the dark photon and dipole models described in Sec. II. A high energy
proton beam impinges on a fixed target (beam dump) and produces neutral mesons m0 = ⇡0, ⌘ which can decay to dark sector particles
�1�2. In the dark photon models this decay is two-step m0 ! �A0 ! ��1�2, whereas for the dipole interaction, the initial meson decay is
three-body m0 ! ��1�2 through a virtual photon. For both representative models, the signal arises from �i depositing visible energy inside
the downstream detector either as a �ie ! �je scattering process or as a decay, �2 ! �1e

+e� or �2 ! �1�. Note that for the dipole model,
the ��1�2 interaction is labeled with a gray circle to reflect the fact that this coupling is nonrenormalizable.

work, we will consider DM which can be produced from
light neutral mesons m

0 = ⇡
0
, ⌘ (m⇡0 = 134.98 MeV and

m⌘ = 547.86 MeV). We study two representative models:
a dark photon model, where mixing between the photon and
dark photon A

0 leads to decay modes m
0

! �A
0
! ��1�2,

and a dipole model, where DM interacts directly with the
photon through a dimension-5 operator and is produced via
m

0
! ��

⇤
! ��1�2. To keep the discussion general, we

will allow �1 and �2 to form a pseudo-Dirac pair with ar-
bitrary mass splitting � = m2 � m1, with the elastic case
m1 = m2 a particular realization of this scenario. We will find
that while a higher beam energy allows the production of DM
with m⇡ < m1 + m2 < m⌘ through ⌘ decays (a mode inac-
cessible to LSND, which operated below ⌘ production thresh-
old), the additional neutrino backgrounds from mesons that
do not produce DM from rare decays (e.g. kaons, also not
produced significantly at LSND) tend to degrade the reach for
light DM at lower masses. However, a medium-energy exper-
iment like JSNS2 serves an important role in covering param-
eter space inaccessible to both LSND and the higher-energy
(8 GeV beam) MiniBooNE experiment [6].

The dark photon model has been well studied in multiple
scenarios [10, 11], and the dipole model has recently attracted
attention as a possible explanation for the excess of 3.5 keV
gamma rays from the Galactic Center and the Perseus Clus-
ter [27]. While it should be noted that UV completions of the
dipole model have already been strongly constrained by col-
lider experiments [28], beam dump experiments can test this
model directly as the operator that sources the 3.5 keV line
also enables DM production from meson decays and scatter-
ing with detector electrons. Re-evaluating the LSND data in
light of this model, we will show that LSND already rules out
large parts of the preferred parameter space, with JSNS2 able
to cover a similar region in the near future.

This paper is organized as follows. In Sec. II, we discuss the

representative DM models along with the production mech-
anisms and detection signals from proton beam dumps. In
Sec. III, we describe the JSNS2 experimental setup, including
the beam dump and neutrino detector. In Sec. IV, we describe
the backgrounds to a DM search at JSNS2, consisting primar-
ily of neutrinos produced in the target and cosmic rays. In
Sec. V, we present the projected reach of JSNS2 to the repre-
sentative DM models, and compare with previous results and
a new reanalysis of LSND data within the dipole DM model.
We conclude in Sec. VI. Further details of the matrix elements
used in our reach projections are given in Appendix A.

II. DM PRODUCTION AND DETECTION

A. Representative pseudo-Dirac models

We suppose the DM components of our model consist of
mass eigenstates �1 and �2, with masses m1 and m2, respec-
tively, and mass splitting � = m2�m1. Such a mass splitting
naturally arises for fermionic fields with both Dirac and Ma-
jorana masses. For instance, a Dirac spinor with  = (⇠, ⌘†)
built out of two Weyl spinors ⇠ and ⌘ can have the following
mass terms in the interaction basis:

�Lmass = m⇠⌘ +
µ⇠

2
⇠⇠ +

µ⌘

2
⌘⌘ + h.c., (1)

where m is the Dirac mass and µi is the Majorana mass for
each component. In the µ⇠ = µ⌘ ⌘ µ limit, the mass eigen-
states for this system are

�1 =
i

p
2
(⌘ � ⇠) , �2 =

1
p

2
(⌘ + ⇠) , (2)

with corresponding eigenvalues m1,2 = m ⌥ µ.

Large boosts mean there are no kinematic constraints on the 
scattering like in traditional direct dark matter searches.

High Luminosity Proton Beam 
(100’s of MeV to 10’s of GeV)
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High luminosity proton beam 
(100s of MeV to 10s of GeV)

Large boost means there are less kinematic constraints on the scattering, 
compared to traditional direct DM searches
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Exotic searches at short-baseline
Make a new particle and then watch it decay  

or interact in your detector
Simple idea: make a new particle with your 1020-something 
protons on target and then watch it decay or interact in 

your neutrino detector



High luminosity proton beam 
(100s of MeV to 10s of GeV)

Large boost means there are less kinematic constraints on the scattering, 
compared to traditional direct DM searches
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Short-baseline neutrino experiments are  
very competitive with other techniques when 

it comes to exotic searches.

Exotic searches at short-baseline



Outline

• Non-oscillation physics


• Short review of the existing anomalies at short-baseline


• Discussion of the MiniBooNE anomaly 


• A quick tour of current/future experiments
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A number of anomalies seem to indicate that there 
may be a new characteristic oscillation frequency 

mode (indicative of a new neutrino state). 

  

 13

(there are also various null results in this “high-frequency oscillation” parameter space); 
MINOS(+), IceCube, KARMEN, CDHS, OPERA, …

Experiment name Type Oscillation 
channel Significance

LSND Low energy 
accelerator

muon to electron 
(antineutrino) 3.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(antineutrino) 2.8σ

MiniBooNE High(er) energy 
accelerator

muon to electron 
(neutrino) 4.5σ

Reactors Beta decay
electron 

disappearance 
(antineutrino)

(varies)

GALLEX/SAGE Source 
(electron capture)

electron 
disappearance 

(neutrino)
2.8σ

Now: 4.8σ 
(combined)
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protons Target 
(dump)

(⌫)
(⌫)

(⌫)

(⌫)

(⌫)
(⌫)

(⌫)

Detector 

Pion and muon decay-at-rest neutrinos

⇡+ ! µ+⌫µ
µ+ ! e+⌫e⌫µ

⌫µ ! ⌫e ?
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• LSND observed               at 3.8σ 
significance with a characteristic 
oscillation frequency of Δm2~1 eV2. 

• That’s odd. There are two 
characteristic oscillation frequencies 
in the three neutrino picture and they 
are precisely measured.  

⌫µ ! ⌫e

The Liquid Scintillator Neutrino Detector anomaly
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Beamline 

Detector (⌫)
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mode and antineutrino mode [26]. See Supplemental
Material [27] for more information on backgrounds. The
upper limit of 1250 MeV corresponded to a small value of
L=E and was chosen by the collaboration before unblind-
ing the data in 2007. The lower limit of 200 MeV is chosen
because we constrain the νe events with the CCQE νμ
events and our CCQE νμ event sample only goes down to
200 MeV, as we require a visible Cherenkov ring from the
muon. The estimated sizes of the intrinsic νe and gamma
backgrounds are based on MiniBooNE event measure-
ments and uncertainties from these constraints are included
in the analysis. The intrinsic νe=ν̄e background from muon
decay is directly related to the large sample of observed
νμ=ν̄μ events, as these events constrain the muons that
decay in the 50 m decay region. This constraint uses a joint
fit of the observed νμ=ν̄μ and νe=ν̄e events, assuming that
there are no substantial νμ=ν̄μ disappearance oscillations.
The other intrinsic νe background component, from kaon
decay, is constrained by fits to kaon production data and
SciBooNEmeasurements [28]. The intrinsic νe background
from pion decay (1.2 × 10−4 branching ratio) and hyperon
decay are very small. Other backgrounds from misidenti-
fied νμ or ν̄μ [29,30] events are also constrained by the
observed CCQE sample.
The gamma background from neutral-current (NC) π0

production and Δ → Nγ radiative decay [31,32] are con-
strained by the associated large two-gamma sample (mainly
from Δ production) observed in the MiniBooNE data,
where π0 measurements [33] are used to constrain the π0

background. The π0 background measured in the first and
second neutrino data sets were found to be consistent,
resulting in a lower statistical background uncertainty for
the combined data. Other neutrino-induced single gamma
production processes are included in the theoretical pre-
dictions, which agree well with the MiniBooNE estimates
[31,34]. Single-gamma backgrounds from external neu-
trino interactions (“dirt” backgrounds) are estimated using
topological and spatial cuts to isolate the events whose
vertices are near the edge of the detector and point towards
the detector center [35]. With the larger data set, the
background from external neutrino interactions is now
better determined to be approximately 7% larger, but with
smaller uncertainty than in the previous publication [3].
A new technique to measure or constrain the gamma and
dirt backgrounds based on event timing relative to the beam
is in development.
Systematic uncertainties are determined by considering

the predicted effects on the νμ, ν̄μ, νe, and ν̄e CCQE rates
from variations of uncertainty parameters. The parameters
include uncertainties in the neutrino and antineutrino flux
estimates, uncertainties in neutrino cross sections, most of
which are determined by in situ cross-section measure-
ments at MiniBooNE [29,33], uncertainties from nuclear
effects, and uncertainties in detector modeling and
reconstruction. A covariance matrix in bins of EQE

ν is

constructed by considering the variation from each source
of systematic uncertainty on the νe and ν̄e CCQE signal and
background, and the νμ and ν̄μ CCQE prediction as a
function of EQE

ν . This matrix includes correlations between
any of the νe and ν̄e CCQE signal and background and νμ
and ν̄μ CCQE samples, and is used in the χ2 calculation of
the oscillation fits.
Table I also shows the expected number of events

corresponding to the LSND best fit oscillation probability
of 0.26%, assuming oscillations at large Δm2. LSND and
MiniBooNE have the same average value of L=E, but
MiniBooNE has a larger range of L=E. Therefore, the
appearance probabilities for LSND andMiniBooNE should
not be exactly the same at lower L=E values.
Figure 1 shows theEQE

ν distribution for νe CCQE data and
background in neutrino mode for the total 12.84 × 1020 POT
data. Each bin of reconstructed EQE

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

ν < 1250 MeV, compared to a background
expectation of 1577.8! 39.7ðstatÞ ! 75.4ðsystÞ events. The
excess is then 381.2! 85.2 events or a 4.5σ effect. Note that
the 162.0 event excess in the first 6.46 × 1020 POT data is
approximately 1σ lower than the average excess, while the
219.2 event excess in the second 6.38 × 1020 POT data is
approximately 1σ higher than the average excess. Figure 2
shows the excess events in neutrino mode from the first
6.46 × 1020 POT data and the second 6.38 × 1020 POT data
(top plot). Combining the MiniBooNE neutrino and anti-
neutrino data, there are a total of 2437 events in the 200 <
EQE
ν < 1250 MeVenergy region, compared to a background
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FIG. 1. The MiniBooNE neutrino mode EQE
ν distributions,

corresponding to the total 12.84 × 1020 POT data, for νe CCQE
data (points with statistical errors) and background (histogram
with systematic errors). The dashed curve shows the best fit to the
neutrino-mode data assuming two-neutrino oscillations. The last
bin is for the energy interval from 1500–3000 MeV.
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expectation of 1976.5! 44.5ðstatÞ ! 88.5ðsystÞ events.
This corresponds to a total νe plus ν̄e CCQE excess of
460.5! 99.0 events with respect to expectation or a 4.7σ
excess. Figure 2 (bottom plot) shows the total event excesses
as a function of EQE

ν in both neutrino mode and antineutrino
mode. The dashed curves show the two-neutrino oscillation
predictions at the best-fit point (Δm2 ¼ 0.041 eV2,
sin2 2θ ¼ 0.92), as well as at a point within 1σ of the
best-fit point (Δm2 ¼ 0.4 eV2, sin22θ ¼ 0.01).
A two-neutrino model is assumed for the MiniBooNE

oscillation fits in order to compare with the LSND data.
However, the appearance neutrino experiments appear to be
incompatible with the disappearance neutrino experiments
in a 3þ 1 model [10,12], and other models [15–19] may
provide better fits to the data. The oscillation parameters are
extracted from a combined fit of the observed EQE

ν event
distributions for muonlike and electronlike events using
the full covariance matrix described previously in the full

energy range 200 < EQE
ν < 3000 MeV. The fit assumes the

same oscillation probability for both the right-sign νe and
wrong-sign ν̄e, and no νμ, ν̄μ, νe, or ν̄e disappearance. Using
a likelihood-ratio technique [3], the confidence level values
for the fitting statistic, Δχ2 ¼ χ2ðpointÞ − χ2ðbestÞ, as a
function of oscillation parameters, Δm2 and sin2 2θ, is
determined from frequentist, fake data studies. The fake
data studies also determine the effective number of degrees
of freedom and probabilities. With this technique, the
best neutrino oscillation fit in neutrino mode occurs at
(Δm2, sin22θ)¼ (0.039 eV2, 0.84), as shown in Fig. 3. The
χ2=ndf for the best-fit point in the energy range 200 <
EQE
ν < 1250 MeV is 9.9=6.7 with a probability of 15.5%.

The background-only fit has a χ2 probability of 0.06%
relative to the best oscillation fit and a χ2=ndf ¼ 24.9=8.7
with a probability of 0.21%. Figure 3 shows the
MiniBooNE closed confidence level (C.L.) contours for
νe appearance oscillations in neutrino mode in the
200 < EQE

ν < 3000 MeV energy range.
Nuclear effects associated with neutrino interactions on

carbon can affect the reconstruction of the neutrino energy,
EQE
ν , and the determination of the neutrino oscillation
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(12.84 × 1020 POT) for events with 200 < EQE

ν < 3000 MeV
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the 90% and 99% C.L. LSND ν̄μ → ν̄e allowed regions. The
black point shows the MiniBooNE best fit point. Also shown are
90% C.L. limits from the KARMEN [36] and OPERA [37]
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FIG. 2. The top plot shows the MiniBooNE event excesses in
neutrino mode as a function of EQE

ν from the first 6.46 × 1020

POT data and the second 6.38 × 1020 POT data. The bottom plot
shows the total event excesses in both neutrino mode and
antineutrino mode, corresponding to 12.84 × 1020 POT and
11.27 × 1020 POT, respectively. The solid (dashed) curve is
the best fit (1σ fit point) to the neutrino-mode and antineu-
trino-mode data assuming two-neutrino oscillations. The last bin
is for the energy interval from 1500–3000 MeV. Error bars
include only statistical uncertainties for the top plot and both
statistical and correlated systematic uncertainties for the bottom
plot.
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distinguish between electrons and single-gammas. 
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parameters [38]. These effects were studied previously
[3,39] and were found to not affect substantially the
oscillation fit. In addition, they do not affect the gamma
background, which is determined from direct measure-
ments of NC π0 and dirt backgrounds.
Figure 4 shows the MiniBooNE allowed regions in both

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

ν < 3000 MeV within a two-neutrino oscillation
model. For this oscillation fit the entire data set is used and
includes the 12.84 × 1020 POT data in neutrino mode and
the 11.27 × 1020 POT data in antineutrino mode. As shown
in the figure, the MiniBooNE 1σ allowed region lies mostly
within the LSND 90%C.L. band, which demonstrates good
agreement between the LSND and MiniBooNE signals.
Also shown are 90% C.L. limits from the KARMEN [36]
and OPERA [37] experiments. The KARMEN2 90% C.L.
limits are outside the MiniBooNE 95% C.L. allowed
region, while the OPERA 90% C.L. limits disfavor the
MiniBooNE allowed region below approximately 0.3 eV2.
The best combined neutrino oscillation fit occurs at
ðΔm2; sin22θÞ ¼ ð0.041 eV2; 0.92Þ. The χ2=ndf for the
best-fit point in the energy range 200 < EQE

ν < 1250 MeV

is 19.4=15.6 with a probability of 21.1%, and the back-
ground-only fit has a χ2 probability of 6 × 10−7 relative to
the best oscillation fit and a χ2=ndf ¼ 47.1=17.3 with a
probability of 0.02%.
Figure 5 compares the L=EQE

ν distributions for the
MiniBooNE data excesses in neutrino mode and antineu-
trino mode to the L=E distribution from LSND [1]. The
error bars show statistical uncertainties only. As shown in
the figure, there is agreement among all three data sets.
Assuming two-neutrino oscillations, the curves show fits to
the MiniBooNE data described above. Fitting both
MiniBooNE and LSND data, by adding LSND L=E data
as additional terms, the best fit occurs at ðΔm2; sin22θÞ ¼
ð0.041 eV2; 0.96Þ with a χ2=ndf ¼ 22.4=22.4, corre-
sponding to a probability of 42.5%. The MiniBooNE
excess of events in both oscillation probability and L=E
spectrum is, therefore, consistent with the LSND excess of
events. The significance of the combined LSND (3.8σ) [1]
and MiniBooNE (4.7σ) excesses is 6.0σ, which is obtained
by adding the significances in quadrature, as the two
experiments have completely different neutrino energies,
neutrino fluxes, reconstructions, backgrounds, and system-
atic uncertainties.
In summary, the MiniBooNE experiment observes a total

νe CCQE event excess in both neutrino and antineutrino
running modes of 460.5$ 99.0 events (4.7σ) in the energy
range 200 < EQE

ν < 1250 MeV. The MiniBooNE allowed
region from a two-neutrino oscillation fit to the data, shown
in Fig. 4, is consistent with the allowed region reported by
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FIG. 4. MiniBooNE allowed regions for a combined neutrino
mode (12.84 × 1020 POT) and antineutrino mode (11.27 × 1020

POT) data sets for events with 200 < EQE
ν < 3000 MeV within a

two-neutrino oscillation model. The shaded areas show the 90%
and 99% C.L. LSND ν̄μ → ν̄e allowed regions. The black point
shows the MiniBooNE best fit point. Also shown are 90% C.L.
limits from the KARMEN [36] and OPERA [37] experiments.

FIG. 5. A comparison between the L=EQE
ν distributions for the

MiniBooNE data excesses in neutrino mode (12.84 × 1020 POT)
and antineutrino mode (11.27 × 1020 POT) to the L=E distribu-
tion from LSND [1]. The error bars show statistical uncertainties
only. The curves show fits to the MiniBooNE data, assuming two-
neutrino oscillations, while the shaded area is the MiniBooNE 1σ
allowed band. The best-fit curve uses the reconstructed neutrino
energy EQE

ν for the MiniBooNE data. The dashed curve shows the
example 1σ fit point.
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Lack of observed muon disappearance 
rules out a generic 1 sterile neutrino model

Tension With Other Data
• There is tension between 
νµ→νe appearance and 
νµ/νe disappearance 
results


• In the short baseline limit:

!27
M. Dentler et al., JHEP 08, 010 (2018), 1803.10661
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the
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This tension motivates new physics 
explanations for the excess.

Tension With Other Data
• There is tension between 
νµ→νe appearance and 
νµ/νe disappearance 
results


• In the short baseline limit:
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FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the
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This tension motivates new physics 
explanations for the excess.

Tension With Other Data
• There is tension between 
νµ→νe appearance and 
νµ/νe disappearance 
results


• In the short baseline limit:
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M. Dentler et al., JHEP 08, 010 (2018), 1803.10661

<latexit sha1_base64="KPJSO0rIm+qWn3r03kWn+4nqCZU="></latexit>

<latexit sha1_base64="qYoJn8H9NTQsz15y3o2WwBjOOPo="></latexit>

19

FIG. 7. Appearance versus disappearance data in the plane spanned by the e↵ective mixing angle
sin2 2✓µe ⌘ 4|Ue4Uµ4|2 and the mass squared di↵erence �m

2
41. The blue curves show limits from

the disappearance data sets using free reactor fluxes (solid) or fixed reactor fluxes (dashed), while
the shaded contours are based on the appearance data sets using LSND DaR+DiF (red) and LSND
DaR (pink hatched). All contours are at 99.73% CL for 2 dof.

two additional free parameters.
We would now like to quantify the tension between di↵erent subsets of the global data

that is evident from fig. 5. We first note that combining all data sets we find a goodness-of-fit
for the global best fit point around 65%, see table VI. This good p-value does not reflect the
tension we found because many data points entering the global fit have only little sensitivity
to sterile neutrino oscillations, thus diluting the power of a goodness-of-fit test based on
�
2
/dof.
A more reliable method for quantifying the compatibility of di↵erent data sets is the

parameter goodness-of-fit (PG) test [92], which measures the penalty in �
2 that one has to

pay for combining data sets, see appendix A for a brief review of this test. If the global
neutrino oscillation data were consistent when interpreted in the framework of a 3 + 1
model, any slicing into two statistically independent data sets A and B should result in an
acceptable p-value from the PG test. To illustrate an inconsistency in the data, it is however
su�cient to demonstrate that at least one way of dividing it leads to a poor value. Here,
we choose to split the data into disappearance data encompassing the oscillation channels
(–)

⌫ e !
(–)

⌫ e and
(–)

⌫ µ !
(–)

⌫ µ, and appearance data covering the
(–)

⌫ µ !
(–)

⌫ e channel. Note that
it is important to chose data sets independent of their “result”. For instance, dividing data
into “evidence” and “no-evidence” samples would bias the PG test.

The tension between appearance and disappearance data is shown graphically in fig. 7.
The figure illustrates the lack of overlap between the parameter region favoured by ap-
pearance data (driven by LSND and MiniBooNE) and the strong exclusion limits from
disappearance data. The tension persists independently of whether reactor fluxes are fixed
or kept free, and whether the LSND DaR or DaR+DiF samples are used. The corresponding
results from the PG test are shown in the last two columns of table VI. To evaluate the
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This tension motivates new physics 
explanations for the excess. 19

IceCube, MINOS(+), NOvA, MiniBooNE, OPERA, CDHS see no muon disappearance 

Taking the observed MiniBooNE+LSND results at face value 
and assuming the addition of 1 light sterile neutrino, muon-

flavor disappearance should have been seen by now.

IceCube, MINOS(+), NOvA, MiniBooNE, OPERA, CDHS see no muon-flavor disappearance at high-Δm2
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Beam Dump Mode
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A. A. Aguilar-Arevalo et al. (MiniBooNE DM Collaboration), (2018), 1807.06137with standard model particles, allowing the correct relic

abundance in the standard thermal freeze-out scenario
[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 scenarios, in this particular
one, interactions of χ are mediated by a Uð1Þ gauge boson
Vμ (“dark photon”) that kinetically mixes with the ordinary
photon. Four unknown parameters control the physics: DM
mass mχ , Vμ mass mV , kinetic mixing ϵ, 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 different DM production mechanisms (Fig. 2) likely

dominate for this search: (1) decay of secondary π0 or η
mesons and (2) proton bremsstrahlung. For both of these
processes, the production rate scales as ϵ2provided the Vμ

can decay into two on-shell DM particles with mV > 2mχ .
The χ, produced via one of these mechanisms, may be
detected via interactions with nucleons or electrons. This
search is sensitive to DM-nucleon interactions χN, medi-
ated by Vμ exchange (Fig. 3), and the scattering rate in the
detector scales as ϵ2αD, where αD ¼ g2D=4π. Combining
this with the production rate behavior yields a DM event
rate that scales as ϵ4αD for mV > 2mχ.
Experiment.—In the neutrino-production mode

(“ν-mode”) configuration of the BNB, 8-GeV protons
from the Fermilab Booster are delivered to a 1.75-inter-
action-length beryllium target in pulses with intensity
ð3–5Þ × 1012 protons and 1.6μs in duration, creating a
large flux of charged mesons, predominantly pions. A
magnetic horn surrounds the target and uses a pulsed
≈1.5T magnetic field to guide the mesons down a 1-m
radius, 50-m-long cylindrical, air-filled decay pipe that
terminates into a steel beam stop. The majority of mesons
decay into neutrinos (e.g., π → μν) providing a large
neutrino flux in the downstream detector [21].
For this DM search, the beam line was configured in

“off-target”mode with the 8-GeV protons steered off of the
beryllium production target, through the powered-off
magnetic horn, and into the steel beam dump at the end
of the decay region. This greatly reduces the flux of
neutrinos created via meson decay in flight, thus lowering
the neutrino event background. This increases sensitivity to

DM produced in decays of π0 and η, which are produced
copiously in the beam dump.
The flux of neutrinos and associated errors in ν-mode

were calculated using experimental data along with a
simulation program detailed in Ref. [21]. To predict the
off-target flux, the simulation was updated with the
addition of various beam line components that are impor-
tant only for off-target running. These additional compo-
nents have negligible effects in the ν mode as the beryllium
target and surrounding aluminum is the source of 99% of
the mesons contributing to the neutrino flux at the detector.
However, in off-target mode, only ≈30% of the mesons
resulting in detector neutrinos are created in the beryllium
target and surrounding aluminum, so other beam line
materials are important. The beam parameters (direction,
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 elastic, the
CCQE samples are free of DM-scattering events and, since
they are well measured via the large samples gathered in ν-
mode running, can be used to constrain the off-target
neutrino flux. A sample of 956 CCQE events from off-
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 off-target flux estimate. A set of
beam simulation variations, consistent with errors on the
beam parameters and the total number of CCQE events,
was created in order to determine the error on predicted
fluxes.
The resulting predicted neutrino flux for off-target mode

is shown in Fig. 4 along with the ratio of off-target flux
to that for ν mode. The predicted off-target flux for

(a) (b)

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

(a) (b)

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

FIG. 1. Schematic illustration of this DM search using the
Fermilab BNB in off-target mode together with the MiniBooNE
detector. The proton beam is steered above the beryllium target in
off-target mode, lowering the neutrino flux.
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• MiniBooNE recently took data in beam dump mode where the beam 
is steered off target


• The goal was to search for new particles produced in the beam dump

• Reduced neutrino backgrounds (flux reduced by a factor of ~30, 

interaction rate by a factor of ~50) improve sensitivity

1.86x1020 POT in dump mode

Beam Dump Data with 
Oscillation Analysis Cuts

!67
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D. Neutrino Oscillation Events in O↵-Target Mode

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

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

⌫ < 1250MeV. Fig. 20 shows
the EQE

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

⌫ distribution for events that pass the ⌫e

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

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

VI. CONFIDENCE LEVEL LIMITS ON LIGHT
DARK MATTER THEORY

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

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

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

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

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

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

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

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

• Oscillation search cuts were 
applied to the beam dump data


• The excess in this mode is -2.8 
events, inconsistent with the 
expectation of 35.5 for a 
process which scales with POT


• This also tells us the beam 
dump cuts are a factor of 2-3 
more stringent based on the 
number of events which pass

Ok, so 3+1 is ruled out. 
Can the MiniBooNE anomaly be due to something 

else exotic, perhaps not involving neutrinos?

The MiniBooNE beam dump result provides a pretty good answer to this question.
(the answer is: probably not)

beam dump mode electron-like search 
is consistent with background

MiniBooNE-DM Collab., PRD 98 112004 (2018) 
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The MiniBooNE beam dump null result provides a pretty good answer to this question. 
Answer: probably not. 

[The exotic particle should probably be produced in beam dump running as well… 
but no excess is seen]



Model Requirements

!29
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TABLE I: The expected (unconstrained) number of events for
the 200 < EQE

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

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

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

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

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

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

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

Total Data 1959 478
Excess 381.2 ± 85.2 79.3 ± 28.6

0.26% (LSND) ⌫µ ! ⌫e 463.1 100.0

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

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

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

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

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

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

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

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

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

curs at �m2 = 0.040 eV2 and sin2 2✓ = 0.894 with
a �2/ndf = 35.2/28, corresponding to a probability of
16.4%. This best fit agrees with the MiniBooNE only
best fit described below. The MiniBooNE excess of
events in both oscillation probability and L/E spectrum
is, therefore, consistent with the LSND excess of events,
even though the two experiments have completely dif-
ferent neutrino energies, neutrino fluxes, reconstruction,
backgrounds, and systematic uncertainties.
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FIG. 6: The visible energy (Evis) and cos ✓e (Uz) distributions
for the electron-neutrino candidate events in neutrino mode
(top) and antineutrino mode (bottom). (The error bars show
only statistical uncertainties.) Also shown in the figure are
the expectations from all known backgrounds and from the
oscillation best fit.

Appendix: Evis and Uz Plots

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

Appendix: Data vs Monte Carlo Comparisons

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

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

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

Appendix: Stability Checks

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rate of 1 event per 1015 POT has been
stable to < 2% over the 15 year MiniBooNE running pe-
riod, as shown in Fig. 12. This is within the expected
errors from time variations in BNB performance, such as
target/horn change, beam rate monitoring, etc. A small
change in the detector energy response between the first
and second neutrino data set has been corrected by in-
creasing the measured energy in the second data set by
2%. About half of the energy change is from PMT fail-
ures in the intervening years, and the remainder is within
the detector response error from gain variations, oil prop-
erties, etc. With this energy correction, the first and sec-
ond data sets are found to agree well. Fig. 13 compares
the visible ⌫µ CCQE energy distributions for the second
data set in 2016 and 2017 to the first data set, where good
agreement is obtained. Likewise, Fig. 14 shows that the
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FIG. 6: The visible energy (Evis) and cos ✓e (Uz) distributions
for the electron-neutrino candidate events in neutrino mode
(top) and antineutrino mode (bottom). (The error bars show
only statistical uncertainties.) Also shown in the figure are
the expectations from all known backgrounds and from the
oscillation best fit.

Appendix: Evis and Uz Plots

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

Appendix: Data vs Monte Carlo Comparisons

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

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

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

Appendix: Stability Checks

Many checks have been performed on the data, includ-
ing beam and detector stability checks that show that
the neutrino event rate of 1 event per 1015 POT has been
stable to < 2% over the 15 year MiniBooNE running pe-
riod, as shown in Fig. 12. This is within the expected
errors from time variations in BNB performance, such as
target/horn change, beam rate monitoring, etc. A small
change in the detector energy response between the first
and second neutrino data set has been corrected by in-
creasing the measured energy in the second data set by
2%. About half of the energy change is from PMT fail-
ures in the intervening years, and the remainder is within
the detector response error from gain variations, oil prop-
erties, etc. With this energy correction, the first and sec-
ond data sets are found to agree well. Fig. 13 compares
the visible ⌫µ CCQE energy distributions for the second
data set in 2016 and 2017 to the first data set, where good
agreement is obtained. Likewise, Fig. 14 shows that the

Energy Distributions 
of the Excesses

Angular Distributions of the Excesses

A good model for the excess must agree with all 
of these distributions simultaneously.

A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration), (2018), 1805.12028

Angular distributions of the excesses

A good model for the excess must agree with all  
of these distributions simultaneously and the beam-dump mode results

Angular distributions of the excesses
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Energy distributions of  
the excesses

What is the source of the MiniBooNE anomaly?



What is the source of the MiniBooNE anomaly?

!47

New Physics Model for
the MiniBooNE Excess

How are the new particles 
responsible for the excess 

sourced in this model?

Neutral Meson Decays

Continuum Processes

Ruled out by MiniBooNE 
beam dump mode data.

How does this model
produce the electron-like
excess in MiniBooNE?

Charged Meson
(K+ or π+) Decays

Decay in the Detector Is the decay visible 
or semi-visible?

Ruled out by MiniBooNE 
excess angular distribution.

Visible Semi-visible

Is the scattering elastic
or inelastic?

Scattering in
the Detector

Elastic

Ruled out by MiniBooNE 
excess angular distribution.

Allowed, but with mild
tension with the beam

dump null result.

Inelastic

J. Jordan, Y. Kahn, G. Krnjaic, M. Moschella, J. Spitz, PRL 122 081801 (2019)  
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The MiniBooNE excess is broadly consistent with having something to 
do with neutrinos sourced from charged pion/kaon decays in the 

beamline, rather than something else new (dark matter, millicharged 
particle, light scalar, etc.). New physics or systematics? 

Also, it’s very hard to imagine new physics explaining both LSND and 
MiniBooNE simultaneously without invoking oscillations.



What is going on?
• 3+1 doesn’t work.  

• A number of global-fit papers consider the removal of an experiment or class of 
experiments when performing a 3+1 or 3+0 fit. In general, it is still hard to perform a 
reasonable fit in these cases.   

• It is fairly clear that any new physics explanation likely requires ‘multiple layers’ to explain 
all the results. 

• One sterile neutrino and a new interaction or decay? Two/three sterile neutrinos? 

• There may be new physics here. But, the possibility of underestimated/unknown 
systematics (“bad data”) remains. Global fits suffer badly from the very real possibility of 
a wrong experiment. 

• Unfortunately, we have entered the realm of ‘sigmas doesn’t matter’, recalling that the 
MiniBooNE+LSND combo (w/o considering others) is now 6.1σ.  

• A wiggle in L/E, observation in multiple channels with coherence among the results 
(and cosmology), or some other smoking gun needs to be seen for discovery! 

• What to do? Keep pushing with better detectors and better neutrino sources.  

• Even in the absence of an actual light sterile neutrino or other new physics, short-
baseline experiments remain highly compelling.
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Outline

• Non-oscillation physics


• Short review of the existing anomalies at short-baseline


• Discussion of the MiniBooNE anomaly 


• A quick tour of current/future experiments

 26



A quick tour of selected and representative running 
and ‘next-two-years’ short-baseline experiments

• SBN at Fermilab (pion decay-in-flight) 

• JSNS2 (pion/muon/kaon decay-at-rest) 

• PROSPECT (reactor)
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Please see: C. Giunti, T. Lasserre, arXiv:1901.08330 for a recent review 
on eV-scale sterile neutrinos, including current/future experiments



SBN Program at Fermilab

O. Palamara  | The SBN Oscillation Program in the Fermilab BNB Erice | Sept. 18 2017

Booster Beam

110 m, 112 t 
600 m,  470 t 

ICARUS-T600

470 m, 86 t 

SBN program - Phase 2 - By 2018/19, the MicroBooNE detector will be 
joined by two additional LAr-TPC detectors at different baselines  

• the SBND detector and  
• the ICARUS-T600 detector  

forming a LAr TPC trio (to sample the neutrino spectrum as a function 
distance) for the SBN neutrino oscillation program

 FNAL Short Baseline Neutrino program
arXiv:1503.01520, January 2014

MicroBooNE SBND

SBND (first data in 2020/2021) 
MicroBooNE (running since late-2015) 

ICARUS (first data in 2019/2020) 
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3 LArTPCs in the Booster Neutrino Beamline, 
looking for muon->electron flavor oscillations at short distances

3 LArTPCs in the Booster Neutrino Beamline, looking for (among other things)  
muon->electron flavor oscillations as a function of L/E

Note: these detectors also  
see a NuMI off-axis component 
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SBN’s LArTPC technology provides the ability to “see” all aspects of a neutrino 
interaction (w/ few exceptions) and differentiate between electrons and gammas. 

LArTPC (compare to MiniBooNE)

SBN’s LArTPC technology provides the ability to “see” all aspects of a neutrino 
interaction (w/ few exceptions) and differentiate between electrons and gammas



BNB DATA : RUN 5929 EVENT 1582. APRIL 15, 2016.

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016. BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016.

30 cm Run 3493 Event 27435, October 23rd, 2015
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BNB DATA : RUN 5929 EVENT 1582. APRIL 15, 2016.

BNB DATA : RUN 5370 EVENT 7227. MARCH 10, 2016. BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016.

30 cm Run 3493 Event 27435, October 23rd, 2015
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Although the challenge of LArTPC hardware gets most of the attention, teaching a 
computer to reconstruct LArTPC events is just as difficult IMHO.



MicroBooNE is laying the 
groundwork for SBN+DUNE

So far: LArTPC hardware R&D, pattern recognition, detector physics and calibration,  
and cross section measurements…with lots more to come, including a detailed study of 

the MiniBooNE excess region

So far: LArTPC hardware R&D, reconstruction and pattern recognition, detector 
physics and calibration, and cross section measurements…with lots more to 

come, including a detailed study of the MiniBooNE excess region.
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• JSNS2 is a neutrino 
experiment currently 
under construction


• Designed to test the 
LSND anomaly directly


• Uses a 3 GeV proton 
beam to generate a 
source of DAR neutrinos


• First data in 2019
JSNS2 TDR arXiv:1705.08629

• Direct test of LSND 

• Target volume is Gd-loaded liquid scintillator 

•  Phase 0: 17 tons w/ ~200 10’’ PMTs @ 24 m 

• Future phase: multi-detector 

• Energy resolution  

• Beam: 525 kW @ 3 GeV (w/ duty factor ~5x10-6) 

• Eventually 1 MW 

• First data in late-2019!

J-PARC Sterile Neutrino Search at the J-
PARC Spallation Neutron Source (JSNS2)

⇠ 15%
p

E (MeV)
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JSNS2 sensitivity (3y , 1 MW, 17 tons) 

Case Δm2 = 2.5eV2, sin22𝜃 = 0.003 

Case Δm2 = 1.2eV2, sin22𝜃 = 0.003 

Expected spectrum 

21 (3 years of running)

⌫µ ! ⌫e ?

JSNS2 is highly sensitive to 
the smoking gun signature of 
oscillations: a wiggle in L/E

 34

⌫µ ! ⌫e, ⌫e + p ! e+ + n

prompt signal delayed signal  
(n-capture)

JSNS2 is sensitive to the smoking gun 
signature of oscillations: a wiggle in L/E



JSNS2 status as of Summer-2018 
(first data will be taken in late-2019) 
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Welcome

• Welcome to J-
PARC!! 

• It is most exciting 
timing now.

• 2018 is most 
important and 
crucial year for 
construction.

• Let’s discuss 
construction issues  
fruitfully. 

• We should make 
the best (and most 
cost effective) 
detector in 2018.

2

PMT support structure
Reflection sheet

PMT installation PMT Current status

JSNS2 status, July 2018
 61

JSNS2 construction progress (summer 2018)

Figure 6: A few photos of the JSNS2 construction progress, both inside and outside the detector,
as of Summer 2018.

this in terms of color, with a rainbow (red-to-violet) representing the complete dynamic range of
an electronics signal. Digitizing the signal information in 8 bits means that the full spectrum of
the rainbow gets broken up into 28 = 256 distinct possible colors. For the low energy neutrinos
(2 � 10 MeV) in reactor experiments like Double Chooz, 8 bits of precision is marginally su�cient
to accurately measure the size and shape of a typical PMT signal. On the other hand, for the
higher energy neutrinos encountered in the MLF, being limited to 8 bits results in electronics
saturation and significant information loss. To avoid this issue, this proposal calls for electronics
which measure PMT signals with 14 bits of precision (214 = 16384) instead of 8, an improvement
of 26=64 in resolution. With 14-bit electronics (or 16384 possible colors in the rainbow analogy), it
is possible to cover the full dynamic range of possible signals in JSNS2 with ultra-high resolution,
especially important for simultaneously being able to precisely reconstruct high energy KDAR
events (236 MeV), lower energy pion and muon DAR events (0-53 MeV), and even lower energy
8 MeV neutron capture signals.

In addition to improving PMT resolution, vital for vertex/energy reconstruction and particle
identification, the proposed electronics will also make the detector significantly “smarter” when it
comes to data collection. In particle physics (and in JSNS2 in particular), the data rate is often
too high for all of the events recorded by the detector to be stored for later analysis. To avoid
throwing out interesting events, it is important to have “smart” electronics which can quickly make
decisions about whether to keep an event based on pre-programmed selection criteria. As such, the
Michigan-designed electronics can be programmed to trigger on a variety of complex signatures in
the detector. Data collection in JSNS2 is limited to 1 Gbps of data transfer from the detector to
long-term storage at the KEK computing cluster, so the capability to design smart triggers will
allow us to make better decisions about which events to keep and will improve the quality of the
data collected. In particular, with the improved electronics proposed here, we will be able to more
intelligently select events to calibrate the detector and measure backgrounds which will directly
enhance the KDAR analyses.

We propose to produce eight novel electronics readout boards (256 channels total) for reading
out light signals produced in the JSNS2 liquid scintillator target volume (193 PMTs) and veto
volume (48 PMTs), with a few spare channels. Working with Professor Spitz and a PhD student,

8



PROSPECT
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FIG. 4. Ratio of measured IBD prompt Erec,p spectra in six base-
line bins from 6.7 to 9.2 m to the baseline-integrated spectrum.
Also shown are the no-oscillation (flat) expectation and an oscillated
expectation corresponding to the the best fit Reactor Antineutrino
Anomaly oscillation parameters [12]. Error bars indicate statistical
and systematic uncertainties, with statistical correlations between nu-
merator and denominator properly taken into account.
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FIG. 5. Sensitivity and 95 % confidence level sterile neutrino oscil-
lation exclusion contour from the 33 live-day PROSPECT reactor-on
dataset. The best fit of the Reactor Antineutrino Anomaly [12] is
disfavored at 2.2� confidence level.

of oscillated toy datasets generated at that grid point [41]. The
present dataset excludes significant portions of the Reactor
Antineutrino Anomaly allowed region [12], and disfavors its
best fit point at 2.2� confidence level (p-value 0.013). The
present sensitivity is limited by statistics. Shown along with
the data exclusion contour is the expected PROSPECT 95 %
confidence level sensitivity curve for this dataset. This re-
sult was further cross checked with an independent oscillation
analysis using the Gaussian CLs method [42].

In summary, the PROSPECT experiment has observed in-

teractions of 25461 reactor ⌫e produced by 235U fission in
33 live-days of reactor-on running. The current signal se-
lection provides a ratio of 1.32 ⌫e detections to cosmogenic
backgrounds, as well as the capability to identify reactor-
on/off state transitions to 5� statistical confidence level within
2 hours. These demonstrate the feasibility of on-surface reac-
tor ⌫e detection and the potential utility of this technology for
reactor power monitoring. A comparison of measured IBD
prompt energy spectra between detector baselines with the 33
live-day dataset provides no indication of sterile neutrino os-
cillations. This disfavors the Reactor Antineutrino Anomaly
best fit point at 2.2� confidence level and constrains signif-
icant portions of the previously allowed parameter space at
95 % confidence level.
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FIG. 4. Ratio of measured IBD prompt Erec,p spectra in six base-
line bins from 6.7 to 9.2 m to the baseline-integrated spectrum.
Also shown are the no-oscillation (flat) expectation and an oscillated
expectation corresponding to the the best fit Reactor Antineutrino
Anomaly oscillation parameters [12]. Error bars indicate statistical
and systematic uncertainties, with statistical correlations between nu-
merator and denominator properly taken into account.
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FIG. 5. Sensitivity and 95 % confidence level sterile neutrino oscil-
lation exclusion contour from the 33 live-day PROSPECT reactor-on
dataset. The best fit of the Reactor Antineutrino Anomaly [12] is
disfavored at 2.2� confidence level.

of oscillated toy datasets generated at that grid point [41]. The
present dataset excludes significant portions of the Reactor
Antineutrino Anomaly allowed region [12], and disfavors its
best fit point at 2.2� confidence level (p-value 0.013). The
present sensitivity is limited by statistics. Shown along with
the data exclusion contour is the expected PROSPECT 95 %
confidence level sensitivity curve for this dataset. This re-
sult was further cross checked with an independent oscillation
analysis using the Gaussian CLs method [42].

In summary, the PROSPECT experiment has observed in-

teractions of 25461 reactor ⌫e produced by 235U fission in
33 live-days of reactor-on running. The current signal se-
lection provides a ratio of 1.32 ⌫e detections to cosmogenic
backgrounds, as well as the capability to identify reactor-
on/off state transitions to 5� statistical confidence level within
2 hours. These demonstrate the feasibility of on-surface reac-
tor ⌫e detection and the potential utility of this technology for
reactor power monitoring. A comparison of measured IBD
prompt energy spectra between detector baselines with the 33
live-day dataset provides no indication of sterile neutrino os-
cillations. This disfavors the Reactor Antineutrino Anomaly
best fit point at 2.2� confidence level and constrains signif-
icant portions of the previously allowed parameter space at
95 % confidence level.
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PROSPECT Collab., PRL 121 251802 (2018) 

• Segmented liquid scintillator (4 tons in Phase 1) 
• Highly-enriched uranium reactor @ 85 MW 
• Moveable w/ 7-12 m baselines 
• Initial results reported for 33 days of reactor-on (750 IBD 

events/day). 
• First oscillation analysis excludes Reactor Antineutrino 

Anomaly best-fit at 2.3σ.



Conclusion
• A number of neutrino anomalies at short baseline may be 

indicative of new physics.


• The parameter space of new oscillations/interactions 
continues to be explored with accelerator-based, 
including decay-in-flight and decay-at-rest, and reactor-
based experiments.


• We can look forward to many more results with short-
baseline experiments in the future, including impactful 
cross section measurements, exotic searches, and R&D, 
all in addition to the anomaly probes.
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FIG. 1. Observed spectra for the DANSS (left) and NEOS (right) experiments compared to the
predicted spectra at the individual best fit points (dashed) and the best fit point from a global
analysis of all reactor data (solid). The left panel shows the ratio of the observed event rates at
the two detector locations in DANSS (24 bins). The right panel shows the NEOS spectral data
relative to the prediction extrapolated from the measured Day Bay spectrum (60 bins). The best
fit points are �m

2
41 = 1.32 eV2, sin2 ✓14 = 0.012 for DANSS, �m

2
41 = 1.78 eV2, sin2 ✓14 = 0.013

for NEOS + Daya Bay, and �m
2
41 = 1.29 eV2, sin2 ✓14 = 0.0089 for the fit to all reactor data,

assuming a free normalization for the neutrino fluxes from the four main fissible isotopes.

distortion, leading to a preference in favour of sterile neutrino oscillations, as illustrated
by the red dashed curve in fig. 2. The remarkable observation is that the preferred region
from DANSS overlaps with the one from NEOS, which also observes a spectral distortion
consistent with sterile neutrino oscillations, see right panel of fig. 1. Results of the combined
analysis of DANSS and NEOS are given in table II. We find that the no-oscillation hypothesis
is disfavoured with respect to sterile neutrino oscillations at a significance of 3.3�. Let us
stress that this result is completely independent of reactor neutrino flux predictions. It is
only based on bin-by-bin spectral comparison between two detector locations in DANSS,
and between the spectra observed in NEOS and Daya Bay.

Combing all available reactor data, we obtain the results shown table II and fig. 2. These
results confirm the ' 3� hint in favour of sterile neutrinos from DANSS and NEOS in the
analysis with free fluxes. If the fluxes are fixed and the predicted neutrino rate is used
(“reactor anomaly”), the significance increases to 3.5�, with a best fit point consistent with
the DANSS/NEOS spectral indications. Note that in the analysis using fixed fluxes there
is minor tension between “old” reactor data and the DANSS/NEOS best fit region, see
fig. 2. Despite this small tension, the significance for sterile neutrinos increases from 3.3�
for NEOS+DANSS to 3.5� for the global data. We conclude that recent data support the
indication in favour of sterile neutrinos from the reactor anomaly, a conclusion that is solely
based on spectral distortions, but independent of reactor flux predictions.

Let us comment on the impact of the Daya Bay measurements of the individual neutrino
fluxes from di↵erent fissible isotopes [37] by using the time evolution of the observed reactor
anti-neutrino spectra. These data have been used to compare the hypothesis H1 of no-
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