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MicroBooNE
• Study low E νe appearance

• Measure ν-Ar cross section

• R&D for LArTPC technology for the 

SBN program and DUNE


• 8 GeV protons on Be target (BNB)

• 470 m baseline

• (2.6x2.3x10.4)m3 fiducial volume

• 85 tons active mass of liquid Ar

• 3 planes of sense wires

constrained by fits to kaon production data and the recent
SciBooNE measurements [18]. Other backgrounds from
misidentified !" or !!" [20,21] events are also constrained
by the observed CCQE sample. The gamma background
from NC #0 production mainly from " decay or " ! N$
radiative decay [22] is constrained by the associated large
two-gamma data sample (mainly from " production)
observed in the MiniBooNE data [23]. In effect, an
in situ NC #0 rate is measured and applied to the analysis.
Single-gamma backgrounds from external neutrino inter-
actions (‘‘dirt’’ backgrounds) are estimated using topologi-
cal and spatial cuts to isolate these events whose vertex is
near the edge of the detector and point towards the detector
center [3].

Systematic uncertainties are determined by considering
the predicted effects on the !", !!", !e, and !!e CCQE rate
from variations of parameters. These include uncertainties
in the neutrino and antineutrino flux estimates, uncertain-
ties in neutrino cross sections, most of which are
determined by in situ cross-section measurements at
MiniBooNE [20,23], uncertainties due to nuclear effects,
and uncertainties in detector modeling and reconstruction.
A covariance matrix in bins of EQE

! is constructed by
considering the variation from each source of systematic
uncertainty on the !e and !!e CCQE signal, background,
and !" and !!" CCQE prediction as a function of EQE

! . This
matrix includes correlations between any of the !e and !!e

CCQE signal and background and !" and !!" CCQE
samples, and is used in the %2 calculation of the oscillation
fits.

Figure 1 (top) shows the EQE
! distribution for !!e CCQE

data and background in the antineutrino mode over the full
available energy range. Each bin of reconstructed EQE

!

corresponds to a distribution of ‘‘true’’ generated neutrino
energies, which can overlap adjacent bins. In the antineu-
trino mode, a total of 478 data events pass the !!e event
selection requirements with 200<EQE

! < 1250 MeV,
compared to a background expectation of 399:6!
20:0ðstatÞ ! 20:3ðsystÞ events. For assessing the probabil-
ity that the expectation fluctuates up to this 478 observed
value, the excess is then 78:4! 28:5 events or a 2:8&
effect. Figure 2 (top) shows the event excess as a function
of EQE

! in the antineutrino mode.
Many checks have been performed on the data, includ-

ing beam and detector stability checks that show that the
neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
events are stable over energy and time, and the inferred
external event rate corrections are similar in both the
neutrino and antineutrino modes.

The MiniBooNE antineutrino data can be fit to
a two-neutrino oscillation model, where the proba-
bility, P, of !!" ! !!e oscillations is given by P ¼
sin22'sin2ð1:27"m2L=E!Þ, sin22' ¼ 4jUe4j2jU"4j2, and

"m2 ¼ "m2
41 ¼ m2

4 %m2
1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).

E
xc

es
s 

E
ve

nt
s/

M
eV

0.0

0.1

0.2

0.3

0.4

Antineutrino

Data - expected background
2=1.0eV2m=0.004,22sin

2=0.1eV2m=0.2,22sin

 Best FitMiniBooNE 2

/GeVQEE

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

E
xc

es
s 

E
ve

nt
s/

M
eV

-0.2

0.0

0.2

0.4

0.6

0.8

Neutrino

3.01.5

FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
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external event rate corrections are similar in both the
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1. The oscillation parameters are
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! event
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fit assumes the same oscillation probability for both the
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FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).
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FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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constrained by fits to kaon production data and the recent
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neutrino event rates are stable to<2% and that the detector
energy response is stable to <1% over the entire run.
In addition, the fractions of neutrino and antineutrino
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external event rate corrections are similar in both the
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1. The oscillation parameters are

extracted from a combined fit of the observed EQE
! event

distributions for muonlike and electronlike events. The
fit assumes the same oscillation probability for both the
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FIG. 1 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) EQE

! distributions for !e CCQE data (points
with statistical errors) and background (histogram with system-
atic errors).
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FIG. 2 (color online). The antineutrino mode (top) and neu-
trino mode (bottom) event excesses as a function of EQE

! . (Error
bars include both the statistical and systematic uncertainties.)
Also shown are the expectations from the best two-neutrino
fit for each mode and for two example sets of oscillation
parameters.
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
parameters, "m2 and sin22$, is determined from frequent-
ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
Multinucleon processes and !e and !" disappearance

can affect the results of the MiniBooNE oscillation analy-
sis. Specifically, nuclear effects associated with neutrino
interactions on carbon can affect the reconstruction of the

neutrino energy, EQE
! , and the determination of the neutrino

oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual

but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin22$app=4

q
and with the

same "m2. This is a disappearance model where all four
types of neutrinos (!e= !!e=!"= !!") disappear with the same

effective sin22$disapp ¼ 4ð1$U2ÞU2. A comparison of the

results for these models versus the nominal MiniBooNE
analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy
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FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
The shaded areas show the 90% and 99% C.L. LSND !!" ! !!e

allowed regions. The black stars show the MiniBooNE best fit
points, while the circles show the example values used in Fig. 2.
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
[4], the confidence level values for the fitting statistic,
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occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
little change in probability in a broad region up to
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(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
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allowed region and consistent with the limits from the
KARMEN experiment [24].
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oscillation parameters [25–27]. These effects can change
the visible energy in the detector and the relative energy
distribution for the signal and gamma backgrounds. These
effects are partially removed in this analysis since the
gamma background is determined from direct measure-
ments of NC %0 and dirt backgrounds.
In order to estimate the possible effects of a

multinucleon-type model, an oscillation fit was performed
using event predictions based on the Martini et al. [25]
model. The prediction was implemented by smearing the
input neutrino energies as a function of reconstructed
energy to mimic the behavior of the model. For an estimate
of the effects of disappearance oscillations, a (3þ 1) type
model was used. Fits were performed where the appear-
ance "m2 and sin22$app parameters were varied as usual
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analysis is given in Table II. Results are presented for the
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model. Also shown are the ICARUS [28] and KARMEN [24]
appearance limits for neutrinos and antineutrinos, respectively.
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but disappearance oscillations were also included with

jUe4j2 ¼ jU"4j2 ¼ jUj2 ¼
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analysis is given in Table II. Results are presented for the
best fit with the given prediction model and for a test point
with "m2 ¼ 0:5 eV2 and sin22$ ¼ 0:01. The difference in
#2 values for the different prediction models is<0:5 units,
suggesting that multinucleon or disappearance effects do
not significantly change the oscillation fit and null exclu-
sion probabilities.
Even though the MiniBooNE antineutrino data are a

direct test of the LSND oscillation hypothesis, the
MiniBooNE neutrino-mode data can add additional infor-
mation, especially for comparisons to various sterile neu-
trino models. The previous MiniBooNE oscillation
analysis [2] found no evidence for neutrino oscillations
in the neutrino mode by fitting over the neutrino energy

range 475<EQE
! < 3000 MeV, excluding the low-energy

)2
 (

eV
2

m

-110

1

10

210

LSND 90% C.L.

LSND 99% C.L.

KARMEN2 90% C.L.

68%

90%

95%

99%

Antineutrino

22sin

-310 -210 -110 1

)2
 (

eV
2

m

-210

-110

1

10 ICARUS 90% C.L.

Neutrino

FIG. 3 (color online). MiniBooNE allowed regions in the
antineutrino mode (top) and the neutrino mode (bottom) for
events with EQE

! > 200 MeV within a two-neutrino oscillation
model. Also shown are the ICARUS [28] and KARMEN [24]
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right-sign !!e and wrong-sign !e, and no significant !", !!",
!e, or !!e disappearance. Using a likelihood-ratio technique
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"#2 ¼ #2ðpointÞ $ #2ðbestÞ, as a function of oscillation
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ist, fake data studies. The critical values over the
oscillation parameter space are typically 2.0, the number
of fit parameters, but can be as a low as 1.0 at small
sin22$ or large "m2. With this technique, the best
antineutrino oscillation fit for 200<EQE

! < 3000 MeV
occurs at ð"m2; sin22$Þ ¼ ð0:043 eV2; 0:88Þ but there is
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ð"m2; sin22$Þ ¼ ð0:8 eV2; 0:004Þ as shown in Fig. 3
(top). In the neutrino oscillation energy range of

200< EQE
! < 1250 MeV, the #2=ndf for the above

antineutrino-mode best-fit point is 5:0=7:0 with a proba-
bility of 66%. The background-only fit has a #2 probability
of 0.5% relative to the best oscillation fit and a #2=ndf ¼
16:6=8:9 with a probability of 5.4%. Figure 3 (top) shows
theMiniBooNE closed confidence level (C.L.) contours for
!e and !!e appearance oscillations in the antineutrino mode

in the 200< EQE
! < 3000 MeV energy range. The data

indicate an oscillation signal region at the greater than
99% C.L. with respect to a no oscillation hypothesis, which
is consistent with some parts of the LSND 99% C.L.
allowed region and consistent with the limits from the
KARMEN experiment [24].
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neutrino energy, EQE
! , and the determination of the neutrino
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MiniBooNE

Booster

Target Hall

➡ MiniBooNE :

• 3σ excess νe appearance 

[200-500] MeV

• Compatible with a 3+1 model 

• Tensions with LSND and ICARUS

• Could be linked to systematic 

uncertainties, e/γ mis-ID

Low Energy Excess

Vertex Finding
• Search started from 3D vertex position

• Stochastic search in near-by 3D-space

• Once reached the end of a track, remove 

pixels and iterate search from vertex

• Self diagnostic tool to remove failed 
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Track Vertex Seeds
• Determine vertex seeds 

1. Location of defect point 
• tell you where contour is curving 

2. Location of PCA crossings

PCA crossing 

PCA line 

• Apply principle component analysis 
(PCA) to each straight cluster 

• extrapolate 2D track direction  

• Find PCA crossing points between 
lines 

• Indicate curvature where 
large kink may not exist 

• Locate the LC-HC    
transition 

• Crossing point must be near 
charge!

DL Review Day 1
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Track Reconstruction

Reconstructed Example

Simulated: 
Eν     = 974.8 MeV

KEμ = 602.9 MeV

KEp = 225.9 MeV

Reconstructed: 
Eν    = 993.4 MeV

KEμ = 626.8 MeV

KEp = 220.6 MeV

➡ MicroBooNE : 
• LArTPC : good e/γ separation

• Dominated by CCQE 1L1p events

• Constrain intrinsic 1e1p 

background with 1μ1p
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True Nu Energy: 600 MeV 

Electron dep Energy: 279 MeV 
Proton dep Energy: 278 MeV
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Nu PDG: 14 
True Nu Energy: 950 MeV 

Muon dep Energy: 395 MeV 
Proton dep Energy: 397 MeV

Shower Pixel Label

Track Pixel Label
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Performances

• Reconstruct μ and p KE from lengths

• Visible energy resolution ~4%

• Reconstruction aimed at low energy events

• First use of Neural Networks to reconstruct 

neutrino interactions in LArTPC

MicroBooNE Simulation Preliminary 1μ1p
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• Neural Network : 

- Semantic Segmentation Network

- track/shower pixel labeling


• OpenCV tools to find vertex seeds

- defect points of convex hulls

- PCA line crossings


• Scan tracks around seeds to find best 
position


• Match seeds across 3 planes to find 3D vertex
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