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Exciting time to be working on SBN

After Neutrino 18, the goals of Short Baseline Neutrino (SBN) program continue 
to be very relevant to the field 

• Investigation of the sterile neutrino anomaly 

• New results from 𝜈e-appearance and     -disappearance do not yet exclude 
the global best fit 

• Strong tension remains between channels, especially with 𝜈𝜇-disappearance 

• Help further understanding of argon-nucleus cross sections 

• R&D in hardware, reconstruction, calibration, data analysis techniques for 
LArTPCs relevant for future LArTPC experiments like DUNE
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• Brief overview of the Short Baseline Neutrino program 

• Status of ICARUS/SBND 

• Focus will be on recent results from MicroBooNE, the 
first detector to be taking data
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Outline



Roxanne Guenette MicroBooNE and the future SBN program

The Short-Baseline Neutrino Program

6

A Proposal for a Three Detector

Short-Baseline Neutrino Oscillation Program

in the Fermilab Booster Neutrino Beam

SBNDMicroBooNEICARUS

A three liquid argon detector experiment:
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Us

Booster Neutrino Beam

L = 600 m
M = 476 ton

Three LArTPCs in the BNB

L = 470 m
M = 85 ton

L = 110 m
M = 112 ton
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The Booster Neutrino Beam (BNB) Flux
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Figure 1: The absolute neutrino flux prediction through the MicroBooNE detector as
calculated by the beam simulation. Shown is the flux for ⌫µ, ⌫̄µ, ⌫e, and ⌫̄e averaged through
the TPC volume with dimensions 2.56m⇥2.33m⇥10.37m.

0 1 2 3 4 5 6 70

0.1

0.2

0.3

0.4

0.5

0.6

9−10×

2
/P

O
T/

G
eV

/c
m

µ
ν

+Old K
+New K

MicroBooNE Simulation

0 1 2 3 4 5 6 7
True Neutrino Energy [GeV]

0.95

1

1.05

Ne
w/

O
ld

Ra
tio

 o
f

0 1 2 3 4 5 6 70

0.5

1

1.5

2

2.5

3

3.5

4

12−10×

2
/P

O
T/

G
eV

/c
m

e
ν

+Old K
+New K

MicroBooNE Simulation

0 1 2 3 4 5 6 7
True Neutrino Energy [GeV]

0.95

1

1.05

Ne
w/

O
ld

Ra
tio

 o
f

Figure 2: The ⌫µ (left) and ⌫e (right) neutrino flux just upstream of the MicroBooNE
detector. Shown is the comparison of flux constrained by global fit to K+ production data
(old) to the one that additionally includes SciBooNE data [6] (new).

2 Neutrino Flux Calculation

Figure 1 shows the predicted neutrino flux averaged through the MicroBooNE detector TPC
volume. This is the absolute flux as generated by the simulation. No scaling factors are
needed or applied.

Figure 2 shows the e↵ect on the neutrino flux when SciBooNE data [5] is included in the
global fit of K+ production data [6]. Note that the flux shown in the figure was calculated
upstream of MicroBooNE detector, and not averaged through TPC volume as in Figure 1.

2

absolute flux through MicroBooNE active volume TPC

• BNB flux has a 
lower energy 
relative to NuMI 

• Average 800 MeV 

• Intrinsic 𝜈e about 
0.5%

from Public Note: MicroBooNE-1031-PUB
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LArTPCs
How to build and operate a liquid 
argon time-projection chamber
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LArTPC Operation
Start with cryostat filled w/ LAr inside protoDUNE cryostat, similar  

to what will be used for SBND

MicroBooNE cryostat

ICARUS cryostat

LAr

cross section view  
w/ beam going into the slide(                         )
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LArTPC Operation
Insert a TPC SBND using

the DUNE
TPC design

MicroBooNE cryostat

ICARUS cryostat

Cathode (-)

Anode
wire planes (+)

T600 Design and Refurbishing III-106

FIG. 70: Left: internal TPC structure: cathode, race tracks and wire planes are highlighted. Right:
detail of the three wire plane structure.

The variable geometry design demonstrated its reliability since none of the wire broke and
no damages at the wire chamber structure occurred: in the 2001 Pavia test run; during the
transport of the two modules from Pavia to LNGS; during all the installation movements on
site; during the commissioning, run and de-commissioning at LNGS. The wires are stretched
in the elastic frame sustained by the mechanical structure, as described above. Two coplanar,
adjacent sets of horizontal wires (1056 units), 9.42 m long, form the Induction-1 plane, stretched
between the vertical beams of the wire frame and a central fixed beam. For both the Induction-
2 and Collection planes (wires inclined at ±60�) the standard length of the wires stretched
between the upper and lower beams of the frame is 3.77 m (4640 wires per plane), whereas
wires of decreasing length (960 wires per plane) are used in the triangular-shaped portions,
between one vertical and one horizontal beam, at the corners of the planes (Fig. 69). The
single wire capacitance in the various planes has been calculated to be 20 pF/m for the first
(Induction-1) and third (Collection) plane, and 21 pF/m for the intermediate (Induction-2)
plane.

The wires are anchored by special holders onto the wire frame in groups of 32 units (the
wire modules). Each holder is formed either by one or two (according to the di↵erent cases)
PEEK™ combs contained in stainless steel supports which also embed one or two printed circuit
boards. The wire ferrules, held by the PEEK™ shell at both ends of the wire module, are hung
on the comb pins. The printed circuit board establishes the electric connection between the
32 pins of the comb and a single connector also mounted onto the board. Fig. 72 shows the
technical design of the mechanical system holding 2 wire modules for the wires at ±60�.

The wire modules are individually mounted onto the beams of the elastic frame (de-tensioned
position). The elastic frame is schematically subdivided into portions about 2 m long. Each
portion comprises 18⇥ 2 combs/connectors. After the installation of the wire modules was

inside uB TPC during assembly

cathode anode

inside ICARUS T600 TPC
cathode

an
od

e
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LArTPC Operation
Anode consists of several  

charge-sensitive sense-wires
Three Wire Planes 

(using MicroBooNE as example)

U plane 
(induction)

V plane 
(induction)

Y plane 
(collection)

⊕ ⊕ =

8256 wires w/ 
pitch = 3mm
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LArTPC Operation
interaction produces  

charged particles
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LArTPC Operation
liberates ionization electrons 

(and argon ions, not shown)

deposited energy also 
produces scintillation 

photons  
(not shown in cartoon) 

within nanoseconds 
photons collected by 

detectors placed behind 
the anode wires 

light signal important for 
timing

uB PMT array 
which are 

located behind 
anode planes

(TPC not shown)



Taritree Wongjirad SBN w/ UB Results: 2018 Users Meeting 12

LArTPC Operation
ionization follows field to anode
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LArTPC Operation
drift is relatively slow (e.g. ~2.3 ms from cathode to anode in uB)

during that time 
cosmic particles, 
mainly muons, will 

also create tracks of 
ionization 
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LArTPC Operation
ionization drifts past (induction) or collects on (collection) 

wire planes. each provides 2D view of same event

data

wire direction

tim
e 

(d
ep

th
) d

ire
ct

io
n

induction plane 2induction plane 1 collection plane 2

candidate neutrino vertex
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The SBN program
• Program proceeding in two stages 

• MicroBooNE (phase 1) investigation of MiniBooNE anomaly 

• Currently taking data 

• Search for presence (or not) of excess 

• Is it electron-like or photon-like? 

• ICARUS/SBND (phase 2) definite search for sterile neutrinos 
where near and far detectors reduce the influence of beam and 
cross section systematics
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Sensitivity

Roxanne Guenette MicroBooNE and the future SBN program

The Short-Baseline Neutrino Program

10
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 disappearanceµν

In the 3+1 sterile neutrino analysis context…

Definitive answer to the short-baseline anomalies in 
the next ~5 years

SBN Proposal: https://arxiv.org/abs/1503.01520

• Reach of full program 

• SBND/ICARUS (6.6e20 POT ~ 3 years) 

• MicroBooNE (13.2e20 POT ~ 6 years)
Appearance and disappearance  

tested in one program

 arXiv:1503.01520sin2 2✓µe sin2 2✓µµ

⌫µ ! ⌫e ⌫µ ! ⌫µ DisappearanceAppearance



Status
Time projection chamber

CPA
Frame constructed.

Shipping to
Fermilab.

Foils
CPA will be fitted with
TPB coated reflector foils.

Shifts UV Ar scintillation
light to visible.

APA
Frames constructed.

Wiring in progress.

Tom Brooks SBND in 10 minutes 8 / 13Taritree Wongjirad SBN w/ UB Results: 2018 Users Meeting 17

Status: SBND
• Detector construction underway! 

• Planned data taking 2020

see Tom Brook’s New Perspectives Talk for more info



Status
Cosmic ray taggers and neutron measurements

CRT
Production in full
swing.

Several modules
delivered to
Fermilab.

Beam measurements
underway in SBND
pit.

Neutron background

Taking measurements with portable
liquid scintillator neutron detector.

Tom Brooks SBND in 10 minutes 9 / 13
Taritree Wongjirad SBN w/ UB Results: 2018 Users Meeting 18

Status: SBND
• Detector construction underway! 

• Planned data taking 2020



Status
Photon detector system

Light bars

Acrylic bars dip-coated with
TPB coupled to SiPMS.

Only sensitive to UV.

Improves tracking.

PMTs
120 8” Hamamatsu
PMTs (96 TPB
coated).

Mounts being
fabricated.

Preparing for full
system test.

ARAPUCAs
Trap photons with highly
reflective internal surface.

Detect with SiPMS.

Prototypes under
construction.

Tom Brooks SBND in 10 minutes 10 / 13
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Status: SBND
• SBND performing R&D with candidate DUNE technologies 
• E.g. Photon detection system will test candidate several candidate technologies 
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Status: ICARUS
• Detector construction underway 

• TPC arrived last summer 

• Warm vessel completed 

• Cold shield recently installed 

• Cosmic Ray Tagger being installed 
and tested 

• Detector installation will begin  
next month  (July) 

• Data taking planned for 2019!
Roxanne Guenette MicroBooNE and the future SBN program

SBN (phase 2) current status: ICARUS and SBND

11

•Detector construction underway 

•Planned data taking 2020

•Detector installation underway 

•Planned data taking 2019

•TPCs delivered 
at FNAL July 
2017 

•Warm vessel 
completed 

•Cold shield 
recently installed 

•CRT panels 
installed for 
preliminary 
beam data  

•Anode Plane 
Assemblies 
and other 
components 
under 
construction 
(US & UK)

C. Adams, Deep learning in LArTPC with SBND R. Jones, A preliminary νμCC-0π  event selection in SBND J. Tena Vidal, νμCC-1π± event selection in SBND
Posters:
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11
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•Planned data taking 2020
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•Planned data taking 2019

•TPCs delivered 
at FNAL July 
2017 

•Warm vessel 
completed 

•Cold shield 
recently installed 

•CRT panels 
installed for 
preliminary 
beam data  

•Anode Plane 
Assemblies 
and other 
components 
under 
construction 
(US & UK)

C. Adams, Deep learning in LArTPC with SBND R. Jones, A preliminary νμCC-0π  event selection in SBND J. Tena Vidal, νμCC-1π± event selection in SBND
Posters:

TPC arrive on-site (July 2017)
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MicroBooNE Operations

Roxanne Guenette MicroBooNE and the future SBN program

MicroBooNE

12

•85 ton LArTPC 
•3 wires planes 
•32 PMTs 
•Neutrino data taking 
since October 2015

Very stable detector operationVery stable detector operation

Publication: “Design and Construction of the MicroBooNE Detector”, JINST 12, 
P02017 (2017) 

Public notes: “A Measurement of the Attenuation of Drifting Electrons in the 
MicroBooNE LArTPC”, MICROBOONE-NOTE-1026-PUB, (2017) 

“Establishing a Pure Sample of Side-Piercing Through-Going Cosmic-Ray 
Muons for LArTPC Calibration in MicroBooNE”, MICROBOONE-NOTE-1028-
PUB,  (2017)  

“Study of Space Charge Effects in MicroBooNE”, MICROBOONE-NOTE-1018-
PUB,  (2016) 

And more… Smooth and steady data taking 
Efficient data acquisition

Week

• Detector operating stably 

• >95% DAQ up-time 

• 9.4E20 POT collected currently

purity vs. time

11 ms e- lifetime

3 ms e- lifetime

Run 3 (on-going)Run 2

Run 1 -

Run 2 New service boards

Run 3 Full Cosmic Ray Tagger

Results shown today from portions of Run 1
Run 1
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Detector Response
• Improvements to noise characterization+filtering plus wire 

response modeling leading to more accurate MC and 
measurements of charge deposition in data

A cloud of ionization 
produces signals on 

several adjacent wires  

Properly accounting for this 
helps better true position 
and amount of ionization 

than past method 

Enables accurate 
calorimetric information in 

all three planes -- improves 
induction planes in 

particular

Roxanne Guenette MicroBooNE and the future SBN program

Understanding a LArTPC

•Powerful filtering techniques can 
address many sources of noise 

•Excellent characterization of 
multiple wire signal response (2d-
deconvolution)  

•Robust signal processing allows 
calorimetry in all three planes 
(enabling induction planes)

Detailed characterization of the detector is key to our Physics and 
to our R&D mission for future detectors

Publications 
1. “Ionization Electron Signal Processing in Single Phase LAr TPCs II: Data/Simulation Comparison and Performance in MicroBooNE”, 

arXiv:1804.02583, submitted to JINST 
2. “Ionization Electron Signal Processing in Single Phase LAr TPCs I: Algorithm Description and Quantitative Evaluation with MicroBooNE 

Simulation”, arXiv:1802.08709, accepted by JINST 
3. “Noise Characterization and Filtering in the MicroBooNE Liquid Argon TPC”, arXiv:1705.07341, JINST 12, P08003 (2017) 
4. “Detector Calibration using through going and stopping muons in the MicroBooNE LArTPC”, MICROBOONE-NOTE-1048-PUB, 2018

15

Induction plane

Figure 11: A neutrino candidate from MicroBooNE data (event 41075, run 3493) measured on the
U plane. (a) Raw waveform after noise filtering in units of average baseline subtracted ADC scaled
by 250 per 3 µs. (b) Charge spectrum in units of electrons per 3 µs after signal processing with 1D
deconvolution. (c) Charge spectrum in units of electrons per 3 µs after signal processing with 2D
deconvolution.

the measured signal contains electronics noise, which is not necessarily as suppressed at low
frequencies. Therefore, following equation (3.3), the low frequency noise will be amplified in the
deconvolution process. The amplification of low frequency noise can be seen clearly in figure 18a.
Left unmitigated, the amplification of low frequency noise would lead to an unacceptable uncertainty
in the charge estimation.

In principle, the amplification of the low-frequency noise through the deconvolution process
can be suppressed through the application of low-frequency (high-pass) filters similar to the filters
suppressing high-frequency (low-pass) noise. However, as explained in section 3.1.1, applying such
a low-frequency filter would lead to an alteration of the charge distribution in extended (non-local)
time ranges, which is not desirable. Instead we turn to the technique of selecting a signal region of
interest (ROI) in the time domain.

The region of interest (ROI) technique was proposed [30] to reduce the data size and to speed
up the deconvolution process. The idea is to limit the deconvolution to a small time window that is
slightly bigger than the extent of the signal it contains. The entire event readout window (4.8 ms
for MicroBooNE) is replaced by a set of ROIs. For induction wire signals, the ROI technique also

– 21 –

relative wire number (3 mm wire pitch)

MicroBooNE signal processing. Data from induction plane

Raw noise removed wire-by-wire
field+electronics  

response removal

field+electronics  
removal w/ dynamic  

 induced charge

	 ▪	 “Ion. Electron Signal Proc. in Single Phase LAr TPCs II: Data/Simulation Comparison and Performance in MicroBooNE”, arXiv:1804.02583, Accepted by JINST

	 ▪	 “Ion. Electron Signal Proc. in Single Phase LAr TPCs I: Algorithm Description and Quantitative Evaluation with MicroBooNE Simulation”, arXiv:1802.08709, Accepted by JINST


https://arxiv.org/abs/1804.02583
https://arxiv.org/abs/1802.08709
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Reconstruction
• Several independent reconstruction methods taking very different approaches 

• Having independent analyses with different code-bases and approaches will 
provide valuable cross-checks 

Roxanne Guenette MicroBooNE and the future SBN program

Event reconstruction techniques

16

Pandora 

simulated νμ event  

“The Pandora Multi-Algorithm Approach to 
Automated Pattern Recognition of Cosmic 
Ray Muon and Neutrino Events in the 
MicroBooNE Detector”, Eur. Phys. J. C78, 1, 
82 (2018)” 

Machine Learning

“Convolutional Neural Networks Applied to 
Neutrino Events in a Liquid Argon Time 
Projection Chamber”, JINST 12, P03011 (2017)

WireCell 

3D event image reconstructed with 
charge matching   

• Different reconstruction techniques have been developed 
• Reached high level of sophistication 
• Essential for SBN and DUNE (shared software between all experiments!)

New Public Notes and Posters 
1. A. Hourlier, “Vertex finding and reconstruction for contained two-track events in the MicroBooNE detector”, MICROBOONE-NOTE-1042-PUB, 2018 
2. B. Russell, “Towards automated neutrino selection at MicroBooNE using tomorgraphic event reconstruction”, MICROBOONE-NOTE-1040-PUB, 2018 
3. H. Wei, “Recent progress on wire-cell tomographic event reconstruction for LArTPCs”, 
4. J. Moon, Hunting muon neutrinos in microboone with deep learning techniques, MICROBOONE-NOTE-1051-PUB, 2018 
5. L. Domine & K. Terao, Applying deep neural network techniques for LArTPC data reconstruction(Kazu/Laura) 
6. Reconstruction performance studies with MicroBooNE data, MICROBOONE-NOTE-1049-PUB, 2018

νe data event  

Finalist!
Roxanne Guenette MicroBooNE and the future SBN program
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νe data event  
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νe data event  

Finalist!

Starts w/ 2D patterns to get 3D recon. 
Widely used by LArTPC community

Use tomographic approach to turn 2D charge 
info. into 3D charge. Start w/ 3D earlier

Employ recent computer  
vision advances

“Three-dimensional Imaging for 
LArTPCs”, JINST 13 05 P05032 (2018)

19

FIG. 21. Neutrino event displays from CC⇡0 candidate detector data selected based on activity around the interaction vertex.
Left: input images to the network. Middle: track (yellow) and shower (cyan) physicist labels. Right: track (yellow) and shower
(cyan) labels predicted by the network.

shower pixels
track pixels

Public Note: MICROBOONE-1040-PUB

Preliminary
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Analysis Roadmap
• Employing available reconstructed quantities in 

a staged manner 

• Locate neutrino vertex and count number of 
attached charged tracks: first test of 
interaction and flux models 

• Reconstruct kinematics of individual tracks: 
inclusive 𝜈𝜇-CC cross section 

• Reconstruct showers associated to inclusive 
𝜈𝜇 CC vertices: 𝜈𝜇-CC 𝝅0 cross section 

• Producing physics while building reconstruction 
and analysis  for the low-energy excess search

~p1
~p2

~p3

~p1 ~p2

~p3
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Charged particle multiplicity

Roxanne Guenette MicroBooNE and the future SBN program

Neutrino interaction measurements

• Important step was to study the charged particle multiplicity (CPM) in νμ interactions  

• Powerful way to validate nuclear models (and generators)  

• First physics result!

19

Poster: A. Rafique, Comparison of Muon-Neutrino-Argon Multiplicity Distributions Observed by MicroBooNE to GENIE Model Predictions

“Comparison of Muon-Neutrino-Argon Multiplicity Distributions Observed by MicroBooNE to GENIE Model Predictions”, 
arXiv:1805.06887, submitted to PRD (2018)

Example of neutrino interaction with CPM = 2 

●

○
○

●

●

πν π

Aleena Rafique, KSU

Δ

Aleena Rafique, KSU

• Our first physics result!  

• CPM distribution used to test  
nuclear models in generator 

• Data lower than expectation at high 
multiplicities

Roxanne Guenette MicroBooNE and the future SBN program

Neutrino interaction measurements

• Important step was to study the charged particle multiplicity (CPM) in νμ interactions  

• Powerful way to validate nuclear models (and generators)  

• First physics result!
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Poster: A. Rafique, Comparison of Muon-Neutrino-Argon Multiplicity Distributions Observed by MicroBooNE to GENIE Model Predictions

“Comparison of Muon-Neutrino-Argon Multiplicity Distributions Observed by MicroBooNE to GENIE Model Predictions”, 
arXiv:1805.06887, submitted to PRD (2018)

Example of neutrino interaction with CPM = 2 

●

○
○

●

●

πν π

Aleena Rafique, KSU

Δ

Aleena Rafique, KSU
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FIG. 11: Bin-by-bin normalized multiplicity distributions using 5⇥1019 POT MicroBooNE data compared with three GENIE
predictions (left) in linear scale, (right) in log scale. The data are CR background subtracted. Data error bars include statistical

uncertainties obtained from the fit. Monte Carlo error bands include MC statistical uncertainties from the fit and systematic
uncertainty contributions added in quadrature.

In short, we assume that the observed distribution of events
consists of a mix of neutrino events plus CR events. The
proportions of the mix in each category are fixed by the output
of our fit, which, by construction, constrains the normalization
of the model to equal that of the data. We emphasize that only
the PH and MCS tests have been used to extract the neutrino
interaction signal sample; no information from any quantity
Xi j is used.

C. Checks on Distributions lacking Dynamical Significance

Several kinematic properties of neutrino interactions de-
pend only weakly on the neutrino interaction model; these
include the reconstructed vertex positions, the initial and fi-
nal coordinates of the long track, and the azimuthal angles of
individual tracks. These distributions provide checks on the
overall signal-to-background separation provided by the test-
category fits and flux and detector modeling. They also test for
differences between the modeling of neutrino events, which
depend on the GEANT detector simulation, and CR events,
which use the off-beam data and thus do not depend on detec-
tor simulation.

As an example, we show the observed distributions for the
selected vertex y position for the candidate muon track from
the full selected sample in Fig. 12. For this and all subse-
quent distributions, the on-beam data events are indicated by
plotted points with statistical error bars. The model predic-
tion is shown by a colored band (red for GENIE default, green
for GENIE+TEM, and blue for GENIE+MEC) with the width
of the band indicating the correlated statistical plus efficiency
systematic uncertainty from using common Nn ,n,NCR,n values
for all bins of all distributions of a given multiplicity bin n.
The CR contribution to a distribution in a given category is
shown by the shaded cyan region. For example, Fig. 12 com-
pares the on-beam data to GENIE default MC sample and also
shows the CR background.

The signal-enriched (PASS,PASS) category for vertex y has
the nearly flat distribution expected for a neutrino event sam-
ple with a small CR background. Note that in our selection,
we only allow candidate muon tracks initial y position < 70
cm. This cut rejects many cosmic rays that produce a down-
ward trajectory in the final selected sample. The remaining
background is dominated by cosmic rays with an apparent up-
ward trajectory. This can be seen in the background-enriched
sample (FAIL,FAIL) in the vertex y distribution where a peak
at negative y values corresponds to “upwards-going”CR.

Figure 13 shows the distribution of azimuthal angle f , de-
fined in the plane perpendicular to the beam direction, of the
muon candidate track for the full selected sample. The CR-
dominated (FAIL,FAIL) category shows the expected peak-
ing at f =±p/2 from the mainly vertically-oriented CR. The
asymmetry in the peak’s structure is due to the requirement on
vertex y position described previously in Sec. V D. By contrast
the signal-enriched (PASS,PASS) category has the nearly flat
distribution expected for a neutrino event sample with a small
CR background.

Similar levels of agreement exist between data and simula-
tion for distributions of the event vertex x and z positions, for
the (x,y,z) position of the end point of the muon track candi-
date, and for the azimuthal angles of individual tracks in mul-
tiplicity 2 and 3 topologies. We thus conclude that the simu-
lation and reconstruction chain augmented by our method for
estimated CR backgrounds satisfactorily describes features of
the data that have no dependence on the neutrino interaction
model.

D. Dynamically Significant Distributions

Events with N reconstructed tracks have potentially 4N dy-
namically significant variables�the components of each parti-
cle 4-vector�which will have distributions that depend on the
neutrino interaction model. Azimuthal symmetry of the beam

same as left, 
but log-scale
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Inclusive 𝜈𝜇-CC Cross section

Roxanne Guenette MicroBooNE and the future SBN program

νμ CC Inclusive measurement

Double-differential cross section coming soon!
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• inclusive 𝜈𝜇-CC differential cross section 

• Comparison to GENIE with different model 
choices 

• First comparisons for Argon  
at low energies (<1 GeV)

forward bin a 
handle  

for 
investigating 

nuclear  
effects
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FIG. 4: The measured total flux integrated ⌫µ charged current single pion cross section, right panel, with the

inner error bars denoting the statistical uncertainty and the outer error bars denote the quadratic sum of

statistical and systematic uncertainties. The left panel shows the full BNB flux (gray) we integrate over and

the two GENIE cross sections we compare our measurement to.

IX. Conclusions263

In conclusion, MicroBooNE has utilized the first implementation of a fully automated electromagnetic264

shower reconstruction to measure the first charged current neutral pion cross section on argon. This265

measurement is in agreement with the default GENIE plus empirical MEC prediction for this process.266

The dominant systematic uncertainty in this analysis arises from the detector modeling. Future im-267

provements in our sense wire signal modeling and signal extraction procedure should aid in mitigating268

the impact of these e↵ects [20 and 21]. Furthermore, future analyses can improve on the shower recon-269

struction by utilizing a better track-shower separation as an input to the clustering stage. This would270

enable us to explore kinematic properties on the ⇡0 decay and provide a more robust constraint of the271

backgrounds to mitigate the model dependence. Together these will enable us to extract a di↵erential272

cross section as a function of the ⇡

0 kinematics to test models of final state interactions and nuclear273

e↵ects.274
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𝜈𝜇-CC 𝝅0

• Measurement requires crucial components to low-energy excess analysis 

• Shower reconstruction and validation of shower resolution 

• First 𝜈𝜇-CC 𝝅0 measurement on argon

Roxanne Guenette MicroBooNE and the future SBN program

CC-π0 reconstruction and selection

23

Mass of π0: 135 MeV/c2

This tests the assumptions 
made in the DUNE CDR 

and SBN Proposal
 

We are achieving a better 
energy resolution in data 

than expected

Poster: J. Zennamo,  First measurement of muon neutrino charged-current neutral pion production in LArTPC 
Public Note: MICROBOONE-NOTE-1032-PUB, 2018

Reconstruction of 
the π0 mass peak:

Next steps: higher statistics analysis leading to differential cross-section

Roxanne Guenette MicroBooNE and the future SBN program

CC-π0 reconstruction and selection

23

Mass of π0: 135 MeV/c2

This tests the assumptions 
made in the DUNE CDR 

and SBN Proposal
 

We are achieving a better 
energy resolution in data 

than expected

Poster: J. Zennamo,  First measurement of muon neutrino charged-current neutral pion production in LArTPC 
Public Note: MICROBOONE-NOTE-1032-PUB, 2018

Reconstruction of 
the π0 mass peak:

Flux integrated cross section Two-photon invariant mass
D
�⌫µCC⇡0

E

�
= (1.94± 0.16[stat.]± 0.60syst.)⇥ 10�38 cm

2

Ar
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DL on data
• Next-gen. reconstruction tools coming on-line soon from all techniques 
• Example:  pixel-labeling of MicroBooNE images on data using a deep convolutional neural network 

• DL-techniques showing promise for DUNE reconstruction 

• MicroBooNE provides the opportunity to establish that these techniques work on LArTPC data, 
despite being trained on MC

19

FIG. 21. Neutrino event displays from CC⇡0 candidate detector data selected based on activity around the interaction vertex.
Left: input images to the network. Middle: track (yellow) and shower (cyan) physicist labels. Right: track (yellow) and shower
(cyan) labels predicted by the network.

raw image human labeled machine labeled

Study on 𝜈𝜇-CC 𝝅0 data events
14

FIG. 16. (a) The binned distribution of ICPF where the pixel-
level labels are produced by a physicist. The Data (black) and
simulation (red) distributions are area-normalized, produced
from 100 CC⇡0 events. There is no event outside the shown
range on the horizontal axis. (b) The normalized, binned soft-
max probability distributions for shower pixels by the network
on data and simulation. (c) The same as (b) for track pixels.

D. Disagreement Between U-ResNet and a776

Physicist Labeling on CC⇡

0 Sample777

The CC⇡0 events present far richer topologies than778

the Michel events, and we do not attempt to perform the779

pixel-masking and the deduction exercise to learn how780

the network works in this sample. Instead, we study781

the CC⇡0 data events where the disagreement between782

the physicist and the network label is largest. Four such783

FIG. 17. The ICPF mean in percent for CC⇡0 data (blue) for
varying pixel scaling factor shown on the horizontal axis. A
category-wise physicist-network disagreement pixel fraction in
percent is shown in red for track and shower pixels separately.

TABLE III. Values of the network performance metrics for
the CC⇡0 electron sample. The top row indicates the type
of a sample used (simulation or data), the second shows the
source of a label used for analysis, and the third shows the
source of a pixel prediction. The forth and the fifth rows indi-
cate the ICPF mean value over all samples and 90% quantile,
respectively. The bottom two rows show the mean of ICPF
for track and shower pixels, separately. Values are given as
percentages.

Sample Data Simulation Simulation Simulation
Label Physicist Physicist Simulation Simulation
Prediction U-ResNet U-ResNet U-ResNet Physicist
ICPF mean 3.4 2.5 1.8 2.0
ICPF 90% 9.0 5.7 4.6 4.8
Shower 4.8 3.4 3.0 2.6
Track 2.7 2.4 2.2 2.9

events are identified and shown in Figure 18. The four784

events shown are ordered by level of disagreement rates785

of 0.166, 0.166, 0.162, and 0.125, respectively. In the ex-786

ample shown on the top of the figure, the disagreement787

is mainly in a long track-like trajectory originating from788

the interaction vertex. While a physicist analyzer de-789

cided this is a track, it could also be a minimum ionizing790

electron that should be classified as a shower. The sec-791

ond display from the top shows the network’s attempt792

to separate a track-like trajectory that is present inside793

a high energy shower. In the third event display, a large794

portion of particle trajectory is invisible due to unrespon-795

sive region of the detector running vertically toward the796

right of this image. This makes it di�cult to analyze797

the remaining particle trajectories where the U-ResNet798

mixes track and shower pixel decisions for the same tra-799

jectory. Finally, in the bottom event display, the network800

predicts two track-like trajectories coming from the in-801

teraction vertex while the physicist analyzer merged two802

disagreement between human and machine

preliminary: publication coming very soon!

preliminary
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Building to Low Energy Excess

Stable operation of both detector and beam
wire response understanding and modeling

calibrations

Pandora Deep 
Learning Wire Cell and 

more…

Automated Reconstruction Tools
1e+Np 1e+1p 1e + X

1𝛾+0p

1𝛾+1p

Have built a foundation 
from which to investigate 
the excess using different 

tools and channels 

Such approaches important 
to test different possible 

explanations of the excess, 
not just sterile neutrinos 

These are current analyses, 
but more to come

Roxanne Guenette MicroBooNE and the future SBN program

Towards the low-energy excess
Our current plan 
• Several complementary LEE analyses:  

➡ νe analyses 
✓1e1p (Deep Learning) 
✓1eNp (Pandora) 
✓ Inclusive: 1e (Pandora, WireCell) 
✓… 

➡  Single photon analyses 
✓1γ0p (Pandora) 

✓1γ1p (Pandora) 

✓…

25

Crucial for testing different LEE models 
(e.g. 3+1 neutrinos, NC radiative decays,…) 

Figure 1: Monte Carlo ⌫

e

CC0⇡-Np event display of the collection plane with an electron and two
protons in the final state. The reconstructed shower-like object is represented by the green
cone. The reconstructed track-like objects are represented by the red lines.

3.1 Data and Monte Carlo samples97

In this note we will analyze a subsample of the data collected by the detector between February and98

April 2016. It corresponds to an exposure of the MicroBooNE detector of 4.4⇥ 10

19 POT.99

The data was collected in two different modes, obtaining two different samples:100

Data BNB. Each event was triggered in the detector by a flash in the optical system during the101

beam gate window, with the beam on;102

Data EXT. Each event was triggered in the detector by a flash in the optical system during the103

beam gate window, with the beam off.104

Two different Monte Carlo samples were produced:105

⌫

e

CC0⇡-Np + cosmic sample. Each event has a simulated ⌫

e

CC0⇡-Np interaction in the Mi-106

croBooNE cryostat and simulated cosmic rays hitting the detector in the same readout window;107

BNB + cosmic sample. Each event has a simulated ⌫ interaction, where the neutrino flavors are108

weighted according to the BNB neutrino flux composition, and simulated cosmic rays hitting109

the detector in the same readout window.110

Neutrino events have been generated using the GENIE Neutrino Monte Carlo generator version111

2.8.6 [12] and cosmic rays have been generated using the CORSIKA Monte Carlo generator ver-112

sion 7.4003 [13]. Simulated secondary particle propagation utilizes GEANT version 4.9.6 [14], and113

detector response simulation and reconstruction employs LArSoft version 6.26.01.10 [15].114

3.2 Overview115

The reconstruction and selection chain to identify ⌫

e

CC0⇡-Np electron neutrino candidate events116

for this analysis is divided into several stages:117

1. Cosmic-ray removal: in order to suppress the cosmogenic background [9, 10], the Pandora118

framework runs in two different modes with different settings [7], one optimized for cosmic119

rays reconstruction, and one optimized for neutrino interactions reconstruction. After running120

the cosmic-optimized module, the reconstructed cosmic hits that are deemed to be of cosmic121

origin by several tagging algorithms, described in [11], are removed from the event.122

4

Example of reconstructed nue signal MC event

Cosmic BDT cut BNB BDT cut Signal E�ciency Significance ( sp
b

)

1�1p 0.547 0.518 3.91% 1.58 �

1�0p 0.541 0.527 5.38% 1.00 �

Combined - - 9.29% 1.87 �

Table 3: Statistical-only signal significance for each analysis selection sample (1�1p and 1�0p), and for
their combination, corresponding to the BDT response cut values as shown in the first two columns, optimized
independently for each selection sample, and for 6.6E20 POT.

Figure 6: An example event display of a well-reconstructed NC � radiative event (Monte Carlo), showing
the ionization recorded in the collection plane (bottom) and two induction planes (top and middle) of the
TPC. Reconstructed vertex is shown by the red star. The dE/dx of the shower is ⇠4 MeV/cm, and there
is a clearly identifiable gap between the proton track and where the photon converts into an e

+
e

� pair and
begins to shower. One can also see several coincidence cosmic muons that occurred in the same beam spill.

12

Example of reconstructed photon signal MC event
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Figure 6: An example event display of a well-reconstructed NC � radiative event (Monte Carlo), showing
the ionization recorded in the collection plane (bottom) and two induction planes (top and middle) of the
TPC. Reconstructed vertex is shown by the red star. The dE/dx of the shower is ⇠4 MeV/cm, and there
is a clearly identifiable gap between the proton track and where the photon converts into an e

+
e

� pair and
begins to shower. One can also see several coincidence cosmic muons that occurred in the same beam spill.

12

Example of reconstructed photon signal MC event
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Summary
• MicroBooNE, the first phase of the SBN program, has built a 

solid foundation from which it has put out first results with 
many more on the way 

• MicroBooNE has developed our first fully automated nue 
and single photon selections, some with independent 
techniques, and are addressing the improvements needed 
for the low-energy excess search 

• SBN progressing towards phase 2: ICARUS and SBND 
detector construction on-going with full three detector data 
taking by 2020



Backups

31
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More on 
MicroBooNE
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These tools have been 
building on a small sample 

of data which cannot 
provide significant 

indication

Taking a blind approach

NuMI sample recorded: 
provides sample of electron 

neutrinos to validate with

Building to Low Energy Excess

Stable operation of both detector and beam

wire response understanding and modeling

calibrations

Pandora Deep 
Learning Wire Cell and 

more…

Automated Reconstruction Tools

1L+Np 1L+1p 1L incl.

1𝛾+0p

1𝛾+1p
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Stable operation of both detector and beam

wire response understanding and modeling

calibrations

space charge measurements/corrections

cosmic tagging with CRT

Pandora Deep 
Learning Wire Cell and 

more…

Automated Reconstruction Tools

1L+Np 1L+1p 1L incl.

1𝛾+0p

1𝛾+1p

Adding Improvements to 
foundation as well

Building to Low Energy Excess

CRT data will be 
incorporated to assist in 

cosmic removal

measurements of space 
charge will improve current 

model
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 Good wire coverage

Roxanne Guenette MicroBooNE and the future SBN program

Unresponsive wires

38

All unresponsive wires on all three planes (~10%)

All unresponsive wires with no redundancy (~3%)

1. “Towards automated neutrino selection at MicroBooNE using tomorgraphic event reconstruction”, 
MICROBOONE-NOTE-1040-PUB, 2018
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Neutrino Interactions with Nucleons
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CCPi0 
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CCpi0 backups
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FIG. 1: The ⌫µ + Ar ! µ+ (1 ⇡

0 ! ��) +X shower reconstruction e�ciency as a function of the deposited

energy of the shower. Overlaid is the energy distribution of the decay photons from neutrino induced ⇡

0 in

our simulation. The leading shower in red and the subleading shower in blue.

all of the charge from this particle [22]. These clusters are compared to the neutrino vertex and if they131

are not well aligned with it they are rejected. Further, if the cluster appears to be too linear or possibly132

originating from a track-like particle it is rejected [23]. This procedure will struggle for lower energy133

EM particles, near the Michel spectrum of around 50 MeV, as these will shower in a more stochastic134

fashion [24] and appear track-like in our readout. In the second stage of EM shower reconstruction135

the hits designated as shower-like are passed to a re-clustering procedure that works radially from the136

candidate neutrino vertex using OpenCV, an open source image processing tool [25 and 26]. During137

image processing all contiguous hits are formed into a 2D cluster on a given plane.138

The resulting OpenCV clusters are matched via the time extent of the cluster between the collection139

plane and one of the two induction planes. With matched clusters, shower properties such as 3D140

direction and energy from the summed hit charge on the collection plane can be calculated. This141

shower reconstruction procedure aims to reconstruct photons emanating from neutral pion decays with142

a clearly defined vertex location.143

The algorithm results in highly charge pure showers (on average 92% of the charge comes from the144

same particle) at the expense of charge completeness (on average 63% of a particles’ total charge is145

collected) which impacts the overall energy resolution. The shower reconstruction e�ciency for photons146
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Collected Neutrino 
18 Results
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 Neutrino 18: Sterile Summary
Summary 25

• Anomalies in ⌫e ! ⌫e disappearance and ⌫µ ! ⌫e appearance experiments point to-
wards conversion mechanisms beyond the well-established 3⌫ oscillation paradigm;

• each of these anomalies can be individually explained by sterile neutrinos;

• sterile neutrinos still succeed in simultaneously explaining groups of anomalies sharing
the same oscillation channel. However some problem arises:

� ⌫e ! ⌫e disappearance data face issues with flux normalization and the 5 MeV bump,
as well as small tensions in reactor vs gallium and “rates” vs DANSS/NEOS;

� ⌫µ ! ⌫e appearance data show an excess in low-E neutrino data, which is not so
manifest in antineutrino data.

• in contrast, no anomaly is found in any ⌫µ ! ⌫µ disappearance data set;

) sterile neutrino models fail to simultaneously account for all the ⌫e ! ⌫e data, the
⌫µ ! ⌫e data and the ⌫µ ! ⌫µ data. This conclusion is robust;

• if the ⌫e ! ⌫e and ⌫µ ! ⌫e anomalies are confirmed, and the ⌫µ ! ⌫µ bounds are not
refuted, new physics will be needed. Such new physics may well involve extra sterile
neutrinos, but together with something else (or some “unusual” neutrino property).

Michele Maltoni <michele.maltoni@csic.es> Neutrino 2018, 8/06/2018

https://zenodo.org/record/1287015#.WyKcxRJKjOQ

https://zenodo.org/record/1287015#.WyKcxRJKjOQ


FIRST RESULTS �22

OSCILLATION SEARCH RESULTS
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PRELIMINARY
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Disfavors RAA best-fit point at >95% (2.3!)

▸ Feldman-Cousins based confidence 
intervals for oscillation search 

▸ Covariance matrices captures all 
uncertainties and energy/baseline 
correlations 

▸ Critical "2 map generated from toy 
MC using full covariance matrix 

▸ 95% exclusion curve based on 33 
days Reactor On operation 

▸ Direct test of the Reactor 
Antineutrino Anomaly

Thomas Langford - Yale UniversityNEUTRINO 2018 - Heidelberg
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 Neutrino 18: Reactor Results
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Yoomin Oh / NEOS Neutrino 2018 @ Heidelberg

Active-to-sterile oscillation

• Normalized with the Daya Bay shape

• Best fits at: 
(1.73 eV2, 0.05), (1.30 eV2, 0.04)  
with χ2(3ν)-χ2(4ν) = 6.5, 
p-value = 0.22

• Fine structures in reactor ν spectrum 
or oscillation?
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FIG. S1. The χ2 difference between the 3-ν hypothesis and the best 
fit for 3+1 hypothesis from 200,000 Monte Carlo (MC) data sets 
generated based on 3-ν hypothesis with statistical and systematic 
fluctuations (blue). For the uncertainties of the neutrino flux, the 
data from Fig. 29 in Ref. [31] are used. The p-value corresponding 
to Δχ2=6.5 is estimated at 22%. Superimposed is the χ2 distribution 
with two degrees of freedom (green).
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16New preliminary result

� Phase-I + phase-II 
(66 + 47 days)

� Two measurements 
treated as fully 
independent 
(detector maintenance 
between the two phases.)

ÆBest fit value of the RAA rejected at 98% C.L. 
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 Neutrino 18: MINOS+

4 June 2018 Adam Aurisano - University of Cincinnati 21

Sterile Disappearance Limit

● MINOS and  MINOS+ 90% C.L. exclusion 
limit over 7 orders of magnitude in Dm241

● Improvement at large Dm241  over 
previous MINOS result due to:
– Near Detector statistical power 
– Sensitivity to normalization shiMs
– Improved binning around atmospheric dip 
in Far Detector

● Increased tension with global best fit
– Displayed here with |Ue4|2 = 0.023

● Final year of data is still to be analyzed
● Poster: Monday #140, A. Aurisano
● Posted to arXiv:1710.06488 and 
submiOed to PRL
– See arXiv paper and ancillary materials for 
more details

Ŝ. Gariazzo, C. Giunti, M. Laveder, Y.F. Li, 
E.M. Zavanin, J.Phys.G43, 033001 (2016)
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MINIBOONE 
EXCESS BACKUPS 
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MiniBoonE Low Energy Excess

• MiniBooNE saw an excess of 
(anti-)electron neutrino events 
at low energy 

• Potential explanation:  

• Neutrino oscillations, but at 
this distance (500 m) 
incompatible with previous 
measurements like Super-K 

• possible explanation are 
sterile neutrinos!Phys. Rev. Lett. 110, 161801 (2013) 

e-
pνe
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MiniBoonE Low Energy Excess

• Other possibilities for the 
excess 

• due to mis-id backgrounds, 
such as photons coming 
from some un-modeled 
neutrino process 

• Need a detector that can 
distinguish photon vs. 
electrons and potentially 
address these other issues

Phys. Rev. Lett. 110, 161801 (2013) 

𝛾pnot νe
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Photons versus Electrons in LArTPCs

Colton Hill - University of Manchester

• Why use liquid argon to investigate this anomaly? 

• Liquid argon detectors have high spatial resolution and calorimetric information. 

• Using dE/dx liquid argon detectors can separate electrons and photons.

7
NuMI DATA: RUN 10811, EVENT 2549. APRIL 9, 2017.

Phys. Rev. D 95, 072005 (2017)

e-

Electron leaves one unit of charge near start of shower

Photon converts (much of the time), leaves two unit of charge
photon e-e+

Demonstration 
of handle in  the 

ArgoNeuT 
Detector
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SBN BACKUPS 
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Rate

SBN Physics Program I-42

FIG. 21: Electron neutrino charged-current candidate distributions in LAr1-ND (top),
MicroBooNE (middle), and ICARUS-T600 (bottom) shown as a function of reconstructed neutrino
energy. All backgrounds are shown. In the left column, only muon proximity and dE/dx cuts have
been used to reject cosmogenic background sources. In the right column, a combination of the inter-
nal light collection systems and external cosmic tagger systems at each detector are assumed to con-
servatively identify 95% of the triggers with a cosmic muon in the beam spill time and those events
are rejected. Oscillation signal events for the best-fit oscillation parameters from Kopp et al. [41] are
indicated by the white histogram on top in each distribution.

counts listed for Dirt and Cosmogenic events are larger than those given in Sections II F and
IIG. This is a result of energy smearing e↵ects which are properly simulated in the final sen-
sitivity analysis (15%/

p
E), but not in the earlier stages of simulations where true energies

were used to display the predictions. The predicted background energy spectra are provided
well below the 200 MeV cuto↵ value used in the analysis such that events can be properly
smeared in both directions. Because both backgrounds are steeply falling functions of photon
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Status: SBND
• SBND performing R&D with candidate DUNE technologies 

• E.g. Photon detection system will test candidate  
several candidate technologies  

• operating side-by-side 

• PMT system (uB and ICARAUS-like)  
serves as reference to well-known system 

• Light-guide bars 

• ARAPUCAS 

• Reflecting foils to increase light-yield

PDS	Enclosure	with	5	each	
PMTs	–	no	covers.		
Boxes	designed	to	include	
op0onal	Scin0llator	Bars	and	
ARAPUCA	detectors.	
Designed	to	be	light	weight	and	
protect	PMTs	(Jan	Boissevain).	

PMT

lightguides ARAPUCAs
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DL BACKUPS
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ConvNets In a Slide

▸ ConvNets work by finding complex, 
hierarchal features to represent 
abstract information in images 

▸ Begin with image pixels (layer 1) 
▸ Start by applying convolutions of 

simple patterns (layer 2) 
▸ Find groups of patterns by 

applying convolution on feature 
maps (layer 3) 

▸ Repeat 
▸ Eventually patterns of patterns can 

be identified as faces (layer 4)


