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Before MiniBooNE : The LSND Anomaly
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LSND experiment
● Stopped pion beam 
π+ → μ+ + νμ 
           ↳e++νμ+νe 

● Excess of νe in νμ beam 

● νe signature: Cherenkov light from e+ with 

delayed n-capture
● Excess=87.9 ± 22.4 ± 6 (3.8σ)

 

ν̄e + p → e+ + n

• Stopped π beam at LANL


• appearance  of        in a        beam

•      signature : Cherenkov light from 

e+ with delayed n-capture

• Excess = 87.9 ± 22.4 ± 6 (3.8σ)

ν̄e ν̄μ
ν̄e

π+ → μ+ + νμ

e+ + ν̄μ + νe
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Before MiniBooNE : The LSND Anomaly
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• LSND’s oscillation fit yields parameter space that 
is not compatible with either atmospheric 
(Δm2~10-3 eV2) or solar (Δm2~1-5eV2) 
oscillations


• There cannot be three independent Δm2 in a 3ν 
scheme


• LSND’s result indicates a possible 4th generation 
of neutrino, but there are only 3 "active" flavors, 
that couple to the Z-boson.


• The additional neutrino must be "sterile" (not 
coupling to the Z and W bosons)



Adrien Hourlier — GDR Neutrino November 2020

The MiniBooNE Experiment
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MiniBooNE experiment

● Similar L/E as LSND 
● MiniBooNE ~500m/~500MeV 
● LSND ~30m/~30MeV 

● Horn focused neutrino beam (p+Be) 
● Horn polarity → neutrino or anti-neutrino mode 

● 800t mineral oil Cherenkov detector

p

Dirt ~500m Decay region 
~50mπ+

π- νµ

µ-

(antineutrino mode)

• Proposed to investigate the LSND anomaly, in search for sterile neutrinos

• Located on the Booster Neutrino Beam at Fermilab

• Single horn focused neutrino beam : Selection of neutrino/antineutrino modes

• Similar L/E as LSND :

• MiniBooNE ~500 m / ~500 MeV

• LSND ~30 m / ~ 30 MeV


• Different systematics due to different fluxes, event signatures and backgrounds

Fermilab’s Booster

8 GeV 
protons

Protons Mesons Neutrinos

Beryllium target

π-

π+

μ+

νμ

(neutrino mode)
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The MiniBooNE Detector
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(Neutrino mode)

• ⌀12.2 m sphere, ⌀10m fiducial volume

• 800 tons of mineral oil, 450 tons fiducial mass

• 2 optically isolated volumes

• 1280 inner PMTs, 240 veto PMTs

• Very well understood detector

• 3% change of the energy scale over 17 years of running

• Measurements of cross sections for >90% of the 

neutrino and anti-neutrino processes



Adrien Hourlier — GDR Neutrino November 2020

Events in the Detector
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- Muons

- Long straight tracks

- Sharp clean rings or disks


- Electrons

- Multiple scattering

- Radiative processes

- Scattered fussy rings


- Neutral pions

- Decay to 2 photons

- Double fuzzy rings


- NC elastic scattering

- No Cherenkov radiation

- Isotropic scintillation hits
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Data taking timeline
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1st data set :   6.46x1020 POT

1st data set : 11.27x1020 POT

ν
ν̄

3rd data set : 5.91x1020 POTν

2nd data set : 6.38x1020 POTν

Beam dump

dark matter 

search

• We have added another ~6x1020 POT to the neutrino dataset since the previous data release.

• The detector was turned off at the end of summer 2019, mothballed and waiting for future use…

• Almost 17 years of running, or as much as 5 army ants worth of protons!
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Excellent long term detector stability over 3 run periods
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• We can use two standard candles to calibrate the energy scale over the different data sets

• Scale up the energy response to match the original 2007 data release:

• 2015-2017 neutrino data => 2% energy scaling

• 2017-2019 neutrino data => 3% energy scaling
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FIG. 1: The Michel electron energy distribution for the first, second, and third running periods

in neutrino mode. The events are normalized to the first running period. The bottom plot shows

ratios of the third running period to the first and second running periods.
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FIG. 7: The plot shows the total event excesses in neutrino mode for the first, second, and third

running periods. Error bars include only statistical uncertainties.

Gordon coe�cients, and the probability of pion escape from the 12C nucleus is estimated

to be 62.5%. The � radiative branching fraction is 0.60% for 12C and 0.68% for H2 after

integraton over all the invariant mass range, where the single gamma production branching

ratio increases below the pion production threshold. With these values, the ratio of single

gamma events to NC ⇡0 events, R, can be estimated to be

R = 0.151⇥ 0.0068⇥ 1.5 + 0.522⇥ 0.0060⇥ 1.5/0.625 = 0.0091.

Note that single gamma events are assumed to come entirely from � radiative decay. The

total uncertainty on this ratio is 14.0% (15.6%) in neutrino (antineutrino) mode. This

estimate of R = 0.0091± 0.0013 agrees fairly well with theoretical calculations of the single

gamma event rate [29].
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FIG. 3: The NC ⇡0 mass distribution for the first, second, and third running periods in neutrino

mode. The events are normailzed to the first running period. The bottom plot shows ratios of the

third running period to the first and second running periods.
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MiniBooNE preliminary

18.75 x 1020 POT

MiniBooNE preliminary

18.75 x 1020 POT

Michel electron spectrum π0 mass
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Neutrino energy and 3ν prediction
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• Excess of data events with respect to our 
background prediction


• We report an excess of 560.6 ± 119.6 electron-
like events (neutrino mode)


• Significance : 4.7 σ in neutrino mode only

MiniBooNE preliminary

18.75 x 1020 POT

Neutrino mode
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νe-like excess stable across 3 runs
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14

• Comparing the data-prediction excess for three 
data taking periods in neutrino mode


• Comparable statistics between the three data 
releases


• The observed excess remains well 
compatible between the three data sets

MiniBooNE preliminary

18.75 x 1020 POT

Neutrino mode
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Constraining the backgrounds

14

MiniBooNE preliminary
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Neutrino mode
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Constraining the backgrounds

14

π0 MisID 

constrained from in situ 
measurement of NC π0 
rate

Δ-> Nγ resonance 
constrained from in situ 
measured NC π0 rate and 
theoretical prediction

Dirt 

constrained from in situ 
dirt data sample

νe from μ decay 

is constrained by in situ 
νμ CCQE measurement

νe from K decay 

constrained from in situ 
high energy events + 
SciBooNE high energy νμ 
event rate
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FIG. 24: The bunch timing for data events in neutrino mode compared to the expected background

in the 200 < EQE
⌫ < 1250 MeV energy range. Almost all of the excess data events occur, as expected

from neutrino events in the detector, within the first 8 ns of the bunch timing. This data sample

uses events collected with the new fiber timing system and represents about 40% of the entire

neutrino mode sample.

Gordon coe�cients, and the probability of pion escape from the 12C nucleus is estimated

to be 62.5%. The � radiative branching fraction is 0.60% for 12C and 0.68% for H2 after

integration over all the invariant mass range, where the single gamma production branching

ratio increases below the pion production threshold. With these values, the ratio of single

gamma events to NC ⇡0 events, R, can be estimated to be

R = 0.151⇥ 0.0068⇥ 1.5 + 0.522⇥ 0.0060⇥ 1.5/0.625 = 0.0091.

Note that single gamma events are assumed to come entirely from � radiative decay. The

total uncertainty on this ratio is 14.0% (15.6%) in neutrino (antineutrino) mode. This

estimate of R = 0.0091± 0.0013 agrees fairly well with theoretical calculations of the single

gamma event rate [31].

The intrinsic ⌫e background comes almost entirely from muon and kaon decay-in-flight in

the beam decay pipe. MiniBooNE ⌫µ CCQE event measurements [28] constrain the size and

energy dependence of the intrinsic ⌫e background from muon decay, while the intrinsic ⌫e

background from kaon decay is constrained by fits to kaon production data and SciBooNE

measurements [32]. Furthermore, due to the higher energy of the intrinsic ⌫e background,

this background is disfavored from the fit to the radial distribution, as shown in Table III.

Finally, backgrounds from exotic ⇡0 decay in the neutrino production target are ruled out

22

Dirt constraint with timing
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• Dirt events: 

➡ beam-related neutrino interactions in the rocks 

surrounding the detector

➡ time shift due to extra flight path before particles enter 

the detector

• No cut on the event timing within the beam spill  

(RF cavity structure of 52.81 MHz)

• Event timing shows no significant excess of off-bunch data 


➡ dirt constrained to better than 5σ

Figure 4-1: External interactions contributing as background to the νe appearance
signal. The left panel illustrates how a neutrino interaction in the dirt leads to a single
photon converting in the analysis fiducial volume, while the right panel illustrates how
a π0 decaying near the wall of the tank can lead to one of the photons escaping the
fiducial volume undetected, before converting into an electromagnetic shower.

have to traverse as it enters the active detector before producing an observed track,

defined with respect to the detector wall, at radius R0. The cut is defined in terms

of Evis and Rback−to−wall to reject events with

Rback−to−wall < a0b − a1bEvis, and Rforward−to−wall > a0f , (4.9)

where a0b =347.3 cm, a1b =0.595 cm/MeV, and a0f =100 cm, and Rforward−to−wall is

defined in an analogous fashion to reject events occurring close to the boundary with

products escaping the fiducial volume, as in Fig. 4-1 right.

As discussed in Sec. 3.5.1, a large contribution of mis-identified backgrounds comes

from νµ-induced NC π0 events. Those are rejected by requiring that the reconstructed

π0 mass obtained under the two-photon-track hypothesis, mγγ , is safely smaller than

the true π0 mass, as illustrated in the top left and right panels of Fig. 4-2. This

requirement is applied using a quadratic function in terms of reconstructed Ee,

0 < m2
γγ < a0 + a1Ee + a2E

2
e , (4.10)

where a0, a1, and a2 are given in Tab. 4.3.

Two more particle identification cuts are applied, as illustrated in the middle

and bottom panels Fig. 4-2, which further enhance the rejection power against mis-

identified NC π0 and also reject other νµ-induced backgrounds. Those cuts are based
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FIG. 4. Zoomed-in example of the BNB pulse microstruc-
ture as measured by the RWM. The data points come from
neutrino-mode ⌫µ charged-current interactions in the Mini-
BooNE detector during 2015–2016. The example RWM trace
is plotted by the readout value of the trace.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [20].

erated would be (de)focused. For the rest of this paper,
this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beam line.

The decay pipe and beam dump are buried in crushed
aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another
26 inches of steel in the beam direction. A detailed
study of the neutrino flux coming from the BNB in on-
target mode seen in the MiniBooNE detector using the
GEANT4 [39] simulation package BooNEG4Beam can
be found in Ref. [40]. On-target running consisted of
neutrino, and antineutrino modes. The simulations were
updated to study the o↵-target beam configuration and
are described below.
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FIG. 6. (Top) Production of dark matter and neutrinos
when the beam hits a thin target. (Bottom) The production
of dark matter and suppression of neutrino generation when
the beam hits a thick target.

A. Beam o↵-target BNB simulation

BooNEG4Beam was updated to include materials in
the beam line that would have changed the neutrino-
mode flux �⌫ by less than a percent but are important
for the o↵-target beam configuration. Figure 7 shows
a schematic of the beam-line geometry around the tar-
get, pointing out the materials that were added. An alu-
minum window at the end of the horn and a steel end cap
with a small gap of air between the end of the beam pipe
and the steel beam dump were also added. Except for the
windows and the end cap, the other materials that were
added are hollow around the beam center, and do not add
to the primary meson production during on-target run-
ning. The starting beam parameters for the o↵-target
simulations were chosen by in situ measurements from
two multiwire planes, about one meter apart and about
four meters upstream of the target.

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

In August of 2015 a remote-controlled robotic vehicle
was employed to survey the region between the target
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FIG. 24: The bunch timing for data events in neutrino mode compared to the expected background

in the 200 < EQE
⌫ < 1250 MeV energy range. Almost all of the excess data events occur, as expected

from neutrino events in the detector, within the first 8 ns of the bunch timing. This data sample

uses events collected with the new fiber timing system and represents about 40% of the entire

neutrino mode sample.

Gordon coe�cients, and the probability of pion escape from the 12C nucleus is estimated

to be 62.5%. The � radiative branching fraction is 0.60% for 12C and 0.68% for H2 after

integration over all the invariant mass range, where the single gamma production branching

ratio increases below the pion production threshold. With these values, the ratio of single

gamma events to NC ⇡0 events, R, can be estimated to be

R = 0.151⇥ 0.0068⇥ 1.5 + 0.522⇥ 0.0060⇥ 1.5/0.625 = 0.0091.

Note that single gamma events are assumed to come entirely from � radiative decay. The

total uncertainty on this ratio is 14.0% (15.6%) in neutrino (antineutrino) mode. This

estimate of R = 0.0091± 0.0013 agrees fairly well with theoretical calculations of the single

gamma event rate [31].

The intrinsic ⌫e background comes almost entirely from muon and kaon decay-in-flight in

the beam decay pipe. MiniBooNE ⌫µ CCQE event measurements [28] constrain the size and

energy dependence of the intrinsic ⌫e background from muon decay, while the intrinsic ⌫e

background from kaon decay is constrained by fits to kaon production data and SciBooNE

measurements [32]. Furthermore, due to the higher energy of the intrinsic ⌫e background,

this background is disfavored from the fit to the radial distribution, as shown in Table III.

Finally, backgrounds from exotic ⇡0 decay in the neutrino production target are ruled out
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Dirt constraint with timing

15

• Dirt events: 

➡ beam-related neutrino interactions in the rocks 

surrounding the detector

➡ time shift due to extra flight path before particles enter 

the detector

• No cut on the event timing within the beam spill  

(RF cavity structure of 52.81 MHz)

• Event timing shows no significant excess of off-bunch data 


➡ dirt constrained to better than 5σ

Figure 4-1: External interactions contributing as background to the νe appearance
signal. The left panel illustrates how a neutrino interaction in the dirt leads to a single
photon converting in the analysis fiducial volume, while the right panel illustrates how
a π0 decaying near the wall of the tank can lead to one of the photons escaping the
fiducial volume undetected, before converting into an electromagnetic shower.

have to traverse as it enters the active detector before producing an observed track,

defined with respect to the detector wall, at radius R0. The cut is defined in terms

of Evis and Rback−to−wall to reject events with

Rback−to−wall < a0b − a1bEvis, and Rforward−to−wall > a0f , (4.9)

where a0b =347.3 cm, a1b =0.595 cm/MeV, and a0f =100 cm, and Rforward−to−wall is

defined in an analogous fashion to reject events occurring close to the boundary with

products escaping the fiducial volume, as in Fig. 4-1 right.

As discussed in Sec. 3.5.1, a large contribution of mis-identified backgrounds comes

from νµ-induced NC π0 events. Those are rejected by requiring that the reconstructed

π0 mass obtained under the two-photon-track hypothesis, mγγ , is safely smaller than

the true π0 mass, as illustrated in the top left and right panels of Fig. 4-2. This

requirement is applied using a quadratic function in terms of reconstructed Ee,

0 < m2
γγ < a0 + a1Ee + a2E

2
e , (4.10)

where a0, a1, and a2 are given in Tab. 4.3.

Two more particle identification cuts are applied, as illustrated in the middle

and bottom panels Fig. 4-2, which further enhance the rejection power against mis-

identified NC π0 and also reject other νµ-induced backgrounds. Those cuts are based
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FIG. 4. Zoomed-in example of the BNB pulse microstruc-
ture as measured by the RWM. The data points come from
neutrino-mode ⌫µ charged-current interactions in the Mini-
BooNE detector during 2015–2016. The example RWM trace
is plotted by the readout value of the trace.
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FIG. 5. The production of dark matter in o↵-target run-
ning [20].

erated would be (de)focused. For the rest of this paper,
this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beam line.

The decay pipe and beam dump are buried in crushed
aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another
26 inches of steel in the beam direction. A detailed
study of the neutrino flux coming from the BNB in on-
target mode seen in the MiniBooNE detector using the
GEANT4 [39] simulation package BooNEG4Beam can
be found in Ref. [40]. On-target running consisted of
neutrino, and antineutrino modes. The simulations were
updated to study the o↵-target beam configuration and
are described below.
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FIG. 6. (Top) Production of dark matter and neutrinos
when the beam hits a thin target. (Bottom) The production
of dark matter and suppression of neutrino generation when
the beam hits a thick target.

A. Beam o↵-target BNB simulation

BooNEG4Beam was updated to include materials in
the beam line that would have changed the neutrino-
mode flux �⌫ by less than a percent but are important
for the o↵-target beam configuration. Figure 7 shows
a schematic of the beam-line geometry around the tar-
get, pointing out the materials that were added. An alu-
minum window at the end of the horn and a steel end cap
with a small gap of air between the end of the beam pipe
and the steel beam dump were also added. Except for the
windows and the end cap, the other materials that were
added are hollow around the beam center, and do not add
to the primary meson production during on-target run-
ning. The starting beam parameters for the o↵-target
simulations were chosen by in situ measurements from
two multiwire planes, about one meter apart and about
four meters upstream of the target.

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

In August of 2015 a remote-controlled robotic vehicle
was employed to survey the region between the target

MiniBooNE preliminary

40% of 18.75 x1020 POT

Neutrino mode
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FIG. 24: The bunch timing for data events in neutrino mode compared to the expected background

in the 200 < EQE
⌫ < 1250 MeV energy range. Almost all of the excess data events occur, as expected

from neutrino events in the detector, within the first 8 ns of the bunch timing. This data sample

uses events collected with the new fiber timing system and represents about 40% of the entire

neutrino mode sample.

Gordon coe�cients, and the probability of pion escape from the 12C nucleus is estimated

to be 62.5%. The � radiative branching fraction is 0.60% for 12C and 0.68% for H2 after

integration over all the invariant mass range, where the single gamma production branching

ratio increases below the pion production threshold. With these values, the ratio of single

gamma events to NC ⇡0 events, R, can be estimated to be

R = 0.151⇥ 0.0068⇥ 1.5 + 0.522⇥ 0.0060⇥ 1.5/0.625 = 0.0091.

Note that single gamma events are assumed to come entirely from � radiative decay. The

total uncertainty on this ratio is 14.0% (15.6%) in neutrino (antineutrino) mode. This

estimate of R = 0.0091± 0.0013 agrees fairly well with theoretical calculations of the single

gamma event rate [31].

The intrinsic ⌫e background comes almost entirely from muon and kaon decay-in-flight in

the beam decay pipe. MiniBooNE ⌫µ CCQE event measurements [28] constrain the size and

energy dependence of the intrinsic ⌫e background from muon decay, while the intrinsic ⌫e

background from kaon decay is constrained by fits to kaon production data and SciBooNE

measurements [32]. Furthermore, due to the higher energy of the intrinsic ⌫e background,

this background is disfavored from the fit to the radial distribution, as shown in Table III.

Finally, backgrounds from exotic ⇡0 decay in the neutrino production target are ruled out
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Dirt constraint with timing

15

• Dirt events: 

➡ beam-related neutrino interactions in the rocks 

surrounding the detector

➡ time shift due to extra flight path before particles enter 

the detector

• No cut on the event timing within the beam spill  

(RF cavity structure of 52.81 MHz)

• Event timing shows no significant excess of off-bunch data 


➡ dirt constrained to better than 5σ

Figure 4-1: External interactions contributing as background to the νe appearance
signal. The left panel illustrates how a neutrino interaction in the dirt leads to a single
photon converting in the analysis fiducial volume, while the right panel illustrates how
a π0 decaying near the wall of the tank can lead to one of the photons escaping the
fiducial volume undetected, before converting into an electromagnetic shower.

have to traverse as it enters the active detector before producing an observed track,

defined with respect to the detector wall, at radius R0. The cut is defined in terms

of Evis and Rback−to−wall to reject events with

Rback−to−wall < a0b − a1bEvis, and Rforward−to−wall > a0f , (4.9)

where a0b =347.3 cm, a1b =0.595 cm/MeV, and a0f =100 cm, and Rforward−to−wall is

defined in an analogous fashion to reject events occurring close to the boundary with

products escaping the fiducial volume, as in Fig. 4-1 right.

As discussed in Sec. 3.5.1, a large contribution of mis-identified backgrounds comes

from νµ-induced NC π0 events. Those are rejected by requiring that the reconstructed

π0 mass obtained under the two-photon-track hypothesis, mγγ , is safely smaller than

the true π0 mass, as illustrated in the top left and right panels of Fig. 4-2. This

requirement is applied using a quadratic function in terms of reconstructed Ee,

0 < m2
γγ < a0 + a1Ee + a2E

2
e , (4.10)

where a0, a1, and a2 are given in Tab. 4.3.

Two more particle identification cuts are applied, as illustrated in the middle

and bottom panels Fig. 4-2, which further enhance the rejection power against mis-

identified NC π0 and also reject other νµ-induced backgrounds. Those cuts are based
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FIG. 4. Zoomed-in example of the BNB pulse microstruc-
ture as measured by the RWM. The data points come from
neutrino-mode ⌫µ charged-current interactions in the Mini-
BooNE detector during 2015–2016. The example RWM trace
is plotted by the readout value of the trace.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [20].

erated would be (de)focused. For the rest of this paper,
this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beam line.

The decay pipe and beam dump are buried in crushed
aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another
26 inches of steel in the beam direction. A detailed
study of the neutrino flux coming from the BNB in on-
target mode seen in the MiniBooNE detector using the
GEANT4 [39] simulation package BooNEG4Beam can
be found in Ref. [40]. On-target running consisted of
neutrino, and antineutrino modes. The simulations were
updated to study the o↵-target beam configuration and
are described below.
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FIG. 6. (Top) Production of dark matter and neutrinos
when the beam hits a thin target. (Bottom) The production
of dark matter and suppression of neutrino generation when
the beam hits a thick target.

A. Beam o↵-target BNB simulation

BooNEG4Beam was updated to include materials in
the beam line that would have changed the neutrino-
mode flux �⌫ by less than a percent but are important
for the o↵-target beam configuration. Figure 7 shows
a schematic of the beam-line geometry around the tar-
get, pointing out the materials that were added. An alu-
minum window at the end of the horn and a steel end cap
with a small gap of air between the end of the beam pipe
and the steel beam dump were also added. Except for the
windows and the end cap, the other materials that were
added are hollow around the beam center, and do not add
to the primary meson production during on-target run-
ning. The starting beam parameters for the o↵-target
simulations were chosen by in situ measurements from
two multiwire planes, about one meter apart and about
four meters upstream of the target.

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

In August of 2015 a remote-controlled robotic vehicle
was employed to survey the region between the target
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16

• Improved statistics allow for more 
distributions to be investigated


• Radial distribution shows that the excess is 
spread evenly within the volume of the 
detector


• An excess of π0 background would have 
peaked near the edge  
(higher probability of missing one of the γ)


• Similar approach to SNO’s CC/NC constraint

• Second best candidate : NCγ background

Statistics only χ2

Excess shape tests

MiniBooNE preliminary

18.75 x 1020 POT


Neutrino mode

TABLE III: The result of log-likelihood shape-only fits to the radial distribution in neutrino mode,

assuming only statistical errors, where di↵erent processes are normalized to explain the observed

event excess. The two-neutrino hypothesis fits the radial distribution best with a �2 = 8.4/9ndf ,

while the NC ⇡0
hypothesis has a worse fit with a �2 = 17.2/9ndf . Also shown is the multiplicative

factor that is required for each hypothesis to explain the observed event excess.

Hypothesis Multiplicative factor �2/9ndf

NC � ! N� Background 3.18 10.0

External Event Background 5.98 44.9

⌫e & ⌫̄e from K0
L Decay Background 7.85 14.8

⌫e & ⌫̄e from K± Decay Background 2.95 16.3

⌫e & ⌫̄e from µ± Decay Background 1.88 16.1

Other ⌫e & ⌫̄e Background 3.21 12.5

NC ⇡0 Background 1.75 17.2

Best Fit Oscillations 1.24 8.4

from the MiniBooNE beam-dump run, where the incident proton beam was steered above

the Be target and interacted in the steel beam dump at the downstream end of the decay

pipe. No excess of events was observed [24], which set limits on light dark matter and other

exotic ⇡0 decays.

VII. CONSTRAINTS ON NC ⇡0 BACKGROUND WITH TIGHTER RADIUS SE-

LECTION

Explanations for the event excess have included unsimulated photons entering the detec-

tor from external interactions and the undersimulation of photons lost from ⇡0 production

within the detector. To test these explanations in a model-independent way, we can use

our higher event statistics to study the change in the excess as a function of tighter fiducial

volume cuts. The NC ⇡0 and external event backgrounds preferentially populate higher

radius compared to electron neutrino interactions. Therefore, reducing the fiducial radius

is expected to reduce the significance of the excess if it is due to these backgrounds and

increase the significance of the excess if its distribution is ⌫e-like. If we change the stan-

dard 5 m cut to 4 m, we find there are 1978 data events in neutrino mode, 1519.4 ± 81.9
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• Improved statistics allow for more 
distributions to be investigated


• Radial distribution shows that the excess is 
spread evenly within the volume of the 
detector


• An excess of π0 background would have 
peaked near the edge  
(higher probability of missing one of the γ)


• Similar approach to SNO’s CC/NC constraint

• Second best candidate : NCγ background

Statistics only χ2

Excess shape tests

MiniBooNE preliminary

18.75 x 1020 POT


Neutrino mode

TABLE III: The result of log-likelihood shape-only fits to the radial distribution in neutrino mode,

assuming only statistical errors, where di↵erent processes are normalized to explain the observed

event excess. The two-neutrino hypothesis fits the radial distribution best with a �2 = 8.4/9ndf ,

while the NC ⇡0
hypothesis has a worse fit with a �2 = 17.2/9ndf . Also shown is the multiplicative

factor that is required for each hypothesis to explain the observed event excess.

Hypothesis Multiplicative factor �2/9ndf

NC � ! N� Background 3.18 10.0

External Event Background 5.98 44.9

⌫e & ⌫̄e from K0
L Decay Background 7.85 14.8

⌫e & ⌫̄e from K± Decay Background 2.95 16.3

⌫e & ⌫̄e from µ± Decay Background 1.88 16.1

Other ⌫e & ⌫̄e Background 3.21 12.5

NC ⇡0 Background 1.75 17.2

Best Fit Oscillations 1.24 8.4

from the MiniBooNE beam-dump run, where the incident proton beam was steered above

the Be target and interacted in the steel beam dump at the downstream end of the decay

pipe. No excess of events was observed [24], which set limits on light dark matter and other

exotic ⇡0 decays.

VII. CONSTRAINTS ON NC ⇡0 BACKGROUND WITH TIGHTER RADIUS SE-

LECTION

Explanations for the event excess have included unsimulated photons entering the detec-

tor from external interactions and the undersimulation of photons lost from ⇡0 production

within the detector. To test these explanations in a model-independent way, we can use

our higher event statistics to study the change in the excess as a function of tighter fiducial

volume cuts. The NC ⇡0 and external event backgrounds preferentially populate higher

radius compared to electron neutrino interactions. Therefore, reducing the fiducial radius

is expected to reduce the significance of the excess if it is due to these backgrounds and

increase the significance of the excess if its distribution is ⌫e-like. If we change the stan-

dard 5 m cut to 4 m, we find there are 1978 data events in neutrino mode, 1519.4 ± 81.9
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 resonanceNC Δ → Nγ

17

Phys. Lett. B 740 (2015) 16-22

• The production of  is highly correlated to the measurement of



• Same probability of a NC interaction, the difference in final state is the relative 
rate of resonant  production.

➡ Our predicted single γ/π0 ratio is ~0.9%, which takes into account pion 

absorption in the nucleus, higher mass resonances, coherent scattering, and 
non-resonant processes


• Apply the same correction and fractional uncertainties to  as 

• Additional uncertainty to account for final state interactions (FSI)

• The single gamma estimate agrees with theory

NC Δ → Nγ
NC π0

NC Δ → Nγ NC π0

https://www.sciencedirect.com/science/article/pii/S0370269314008272
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Constraints from the beam dump run
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2. Electron

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

vis
, cos ✓e, and bunch time, with a

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

Systematic uncertainties were not included in the fit
as the predicted number of background events has a sta-
tistical relative uncertainty much greater than the pre-
dicted systematics, especially when considering some of
the systematic uncertainties are constrained by the con-
trolled region. The normalization parameter is fixed dur-
ing fitting so the data/fake data and null predictions are
the same for the number of events in the control region.
When generating the fake data for the electron analysis,
each bin is assumed to be independent with an underlying
Poisson distribution with a mean equal to the predicted
plus dark matter distribution.

3. Neutrino oscillation events in o↵-target mode

As previously stated about 40% of the events that pass
⌫-e cuts also pass neutrino oscillation cuts [23]. Figure 19
shows the EQE

⌫ distribution [Eq. (5) is used with the re-
sults from the electron track fit and EB = 0] for o↵-target
running. Simulation predicted 8.8 events assuming there
are no oscillations. Six events were measured. All but
one of the observed events were above 475MeV. Impli-
cations of this data are discussed in Sec. VIIB.

VI. CONFIDENCE LEVEL LIMITS ON LIGHT
DARK MATTER THEORY

A fixed-target dark matter Monte Carlo simulator, Bd-
NMC, was used to simulate the energy and position dis-
tributions of the expected dark matter scattering signal
in the MiniBooNE detector [29]. There are a number of
production channels in fixed-target experiments, though
often one will dominate for a given set of dark matter
model parameters. For MiniBooNE, the decay of two
pseudoscalar mesons, the ⇡0 and the ⌘ were considered,
as well as production through proton bremsstrahlung
plus vector mixing up to mV = 1GeV c�2. The param-
eter values and equations used in the simulation were
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FIG. 19. The E
QE

⌫ distribution for events that pass the ⌫e

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

given in Ref. [29].
The simulation loop begins by determining the maxi-

mum probability in the angular momentum distribution
of each production channel, as it is not known analyt-
ically [29]. This maximum is used in an acceptance-
rejection algorithm to sample the angular momentum
distribution of each channel when generating dark mat-
ter trajectories. The total number of dark matter parti-
cles expected from each production channel is then calcu-
lated, and the output events are split between these chan-
nels according to their fraction of the total dark matter
production rate.
For the case of pseudoscalar meson decays, meson 4-

momenta and positions are generated in the MiniBooNE
beam line 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 single
pion (1⇡0 if a ⇡0 is produced, and 1⇡± if a ⇡± is pro-
duced). The neutrino detector simulation, discussed in
Sec. IVA, was used to simulate the response of the detec-
tor. This simulation used neutrino events generated by
NUANCE and contained the nuclear model and all final-
state interactions. We define the weight of each neutrino
simulated event as the ratio N� (!) /N⌫ (!), where N (!)
is the number of true interactions as a function of energy
transfer ! that generated the simulated event. N� (!)

Ev
en

ts
/G

eV

• Reduction in neutrino production by a factor of ~50

• No change to neutral meson production and proton 

bremsstrahlung to first order

➡ Can directly test models that predict the oscillation 

excess does not scale as neutrino scales  
(e.g. vector portal, inelastic dark matter, …)


• Expected  :  35.5±7.4 excess events in [200,1250] MeV 
for a POT-scaling excess


• Measured : 6 events, 8.8 backgrounds expected

➡ -2.8 excess events

➡ Explanation that scale only by POT instead of 

neutrino production are disfavoured out at 4.6σ See Jordan et al. Phys. Rev. Lett. 122,081801 (2019)  
for constraints on different models

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.112004
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Excess interpretation in a sterile neutrino hypothesis
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• Combined  fit

• LSND and MiniBooNE points follow the same best fit 2ν oscillation interpretation
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Neutrino + Anti-Neutrino Mode
(Δm2, sin2 2θ) = (0.043 eV2, 0.807)
χ2/ndf = 21.7/15.5 (prob = 12.3%)

• Neutrino mode excess 4.7σ,

• Neutrino+Anti-neutrino modes excess : 4.8σ

MiniBooNE preliminary 
Combined  fit 

 : 18.75 1020 POT 
 : 11.27 1020 POT

(ν + ν̄)
ν
ν̄

MiniBooNE preliminary 
Combined  fit 

 : 18.75 1020 POT 
 : 11.27 1020 POT

(ν + ν̄)
ν
ν̄
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Full νe statistics excess plot

• The grey area corresponds to the 
allowed 1σ region of the oscillation fit


• The excess is well explained at high E 
(> 300 MeV) by a simple oscillation 
model


• Need an additional explanation for the 
first two bins


• Value in the 150-200 MeV bin is with 
statistical error only, and unconstrained 
backgrounds
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cos(θ) VS Evis Distributions for νe samples
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• Compare data to backgrounds in the (Evis,cosθ) space

• We believe that these distributions will guide theorists to 

explain our data

• These data will soon be provided in a data release with 

systematic errors
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cos(θ) VS Evis Distributions for νe samples
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• The excess at low energy occurs across a wide range of cos θ

Excess
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FIG. 13: The total numbers of excess events in neutrino mode as functions of visible energy and

cos ✓. There are 20 columns of visible energy from 150 to 1250 MeV and 20 rows of cos ✓ from -1

to 1.
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FIG. 14: The cos ✓ distribution of data events (points with error bars) and background events

(colored histogram) in neutrino mode for the 20 di↵erent visible energy bins from 150 to 1250

MeV.
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Summary

24

• MiniBooNE presented a full analysis of 17 years of data taking

• The event excess has remained stable in shape and magnitude over the different 

data releases

• We now have a 4.7σ significance in neutrino mode only, and a 4.8 σ significance in a 

combined  analysis for our nominal cut of R<500 cm.

• Several explanations for the excess are disfavored

• NC 

• Dirt event

• Dark matter run ruled out non-neutrino-related beam backgrounds


• In the spirit of responding to requests for more information, we are now in a position to 
provide additional information on timing, visible energy VS angle of lepton scatter, and 
radius.


• Further studies under way to better understand the excess, including investigating 
Meson Exchange Currents, stay tuned!

(ν + ν̄)

π0

preprint available at arxiv:2006.16883

https://arxiv.org/abs/2006.16883
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Thank you!
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