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Abstract: In this talk, | will present MicroBooNE's first results probing the nature of the excess of low-energy interactions observed b
MiniBooNE collaboration. The talk will cover all four electron neutrino analyses that comprise MicroBooNE's first results, with a particular fc
on the exclusive search for CCQE-like electron neutrino interactions containing one electron and one proton in the final state (1elp). The r
the lelp analysis, along with results from the other electron analyses and the single-photon analysis, will be discussed in terms of their impl
for the MiniBooNE excess. Specifically, | will examine the viability of the single sterile neutrino explanation of the MiniBooNE excess in ligh
the MicroBooNE electron neutrino results. Additionally, 1 will introduce the Coherent CAPTAIN-Mills (CCM) experiment at Los Alamos Natior
Laboratory. CCM has unique sensitivity to a number of exotic BSM models, including leptophobic vector-portal dark matter and axior
particles, some of which may be able to explain the MiniBooNE anomaly.

Zoom Link: https://pitp.zoom.us/j/93290406752?pwd=ajlvZkhvVU5YMW90W,|VpU3lySUphdz09
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Neutrinos

e (Qscillations between three flavor states
imply small but nonzero masses
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Neutrinos

e (Qscillations between three flavor states

’ 2
imply small but nonzero masses =

* Mixings and mass splittings well-
measured by accelerator, reactor,
atmospheric, and solar experiments ™

(Normal Ordering)
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Neutrino Sector Anomalies

Difficult to explain within
the standard three-
neutrino oscillation
paradigm

Explanations often
invoke oscillations with a
fourth “sterile” neutrino*

*tension in global picture
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The MiniBooNE Anomaly
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e This talk focuses on the MiniBooNE
2 misid
anomaly: an excess of electron =

. . X . . 5 other
neutrino-like events in a predominately = o syt o
muon neutrino beam M

Events/MeV

PRD 103, 052002

Tested by the follow-up MicroBooNE

experiment, a liquid argon time-
projection chamber situated on the
same beam-line

Presented today: MicroBooNE'’s first
results exploring the nature of the
MiniBooNE low energy excess

BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016.
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The MiniBooNE Anomaly

e Data (stat err.)

e This talk focuses on the MiniBooNE a =

v, from K
a” misid

anomaly: an excess of electron ikt — i
[ other

- - E - 5
neutrino-like events in a predominately Cona. Sy Eroe
muon neutrino beam M

PRD 103, 052002 7

» Tested by the follow-up MicroBooNE
experiment, a liquid argon time-
projection chamber situated on the
same beam-line

Presented today: MicroBooNE'’s first
results exploring the nature of the
MiniBooNE low energy excess

BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016.
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Outline

. The MiniBooNE anomaly

. The MicroBéoNE experiment

. MicroBooNE’s first results

. Bonus: Coherent CAPTAIN-Mills @ Los Alamos

Page 7 of 195
Perimeter Institute Seminar; 24 May 2022

Pirsa: 22050066 Page 9/64



Outline

1. The MiniBooNE anomaly
2. The MicroBooNE experiment

3. MicroBooNE’s first results
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The MiniBooNE Experiment

800-ton Cherenkov detector
Situated along Fermilab’s Booster Neutrino Beam
 ~540 m from the beryllium target

e ~70 m downstream from MicroBooNE

Originally designed to test oscillation interpretation of LSND

MicroBooNE MiniBooNE

oscillations?
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FNAL booster  target and horn . A ‘

(8 GeV protons) (174 kA) decay region 170 tons Ar 800 tons CH,
(50 m)

470 m 540 m
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The MiniBooNE Detector

Electrons: “fuzzy” rings Muons: “clean” rings from Neutral Pions: two rings
from multiple scattering long, straight tracks from decay to two photons
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The MiniBooNE Detector

Electrons: “fuzzy” rings

from multiple scattering 4.80 excess observed in
the electron-like channel
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Constr. Syst. Error

indistinguishable ot _
' PRD 103, 052002

* No hadronic information

The excess could be...

1 1.2 1.4 3.0
E (GeV)

1. Mis-modeled photon _
background? - PRD 103, 052002 +‘

i

=

Electron-like (e.g. sterile-
driven oscillations?)

More exotic new physics
(e.g. dark sector ete-
production?)

Perimeter Institute Seminar; 24 May 2022

Page 14/64



The MiniBooNEEx.
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Outline

1. The MiniBooNE anomaly
2. The MicroBooNE experiment

3. MicroBooNE’s first results
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MicroBooNE

* Designed to directly address the MiniBooNE anomaly

* Harnesses the imaging power of liquid argon time projection
chamber (LArTPC) technology to observe detailed pictures of
neutrino interactions

oon N
BNB DATA : RUN 5360 EVENT 45. MARCH 8, 2016. BNB DATA : RUN"5904 EVENT 2038. APRIL 13, 2016.
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The MicroBooNE Detector

170-ton LArTPC
O(mm) spatial resolution

Ability to reconstruct hadronic
activity

Important contributions to our
understanding of LArTPCs:

* Electric field distortions from

space charge effects
P. Abratenko et al 2020 JINST 15 P12037

Noise characterization/filtering
R. Acciarri et al 2017 JINST 12 PO8003

Neutrino-Ar cross sections
Phys. Rev. Lett. 123, 131801

GENIE event generator tuning
arXiv 2110.14028 (submitted to PRD)

Data-driven detector uncertainties
arXiv 2111.03556 (submitted to EPJ-C)

BNB DATA : RUN"5904 EVENT 2038, APRIL 13, 2016.
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The MlcroBooNE Detector
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Photon/Electron Discrimination

nBooNE

v qate
1/ Photon (,a“d"da‘
Candidates E\ec.“cn

Gap ~ photon
radiation length Proton No gap for
Coniubute electrons
Proton

Candidate

NC =° + 1 proton candidate data event CCyv, +1 proton candidate data event
Run 15318 Subrun 159 Event 7958 Run 8617 Subrun 46 Event 2328
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The MicroBooNE Dataset

e Data taken from 2015-2021

* The analyses covered today consider the first ~7e20
protons-on-target (~1/2 of the full dataset)

I 2.0E21
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Outline

1. The MiniBooNE anomaly

2. The MicroBooNE experiment

3. MicroBooNE'’s first results
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What is tested In
MicroBooNE'’s first results?

Three independent analyses
have targeted v, final states,

testing whether the excess is
due to an enhancement of v,
interactions?

1 I 1 T ) | T 1 1 i 1 T
e Data (staterr.)
v, from p*"

—1 "
] v, from K
s v, from K°

\II;IIIII

Events/MeV
ook

Constr. Syst. Error

Best Fit Another analysis has

searched for an
enhancement of NC A—>Ny

events

MicroBooNE has not yet
performed a generic single
photon search—stay tuned!
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The Simplified LEE Model

* MicroBooNE focused on a simplified, phenomenological model for an excess of
low-energy ve events based on MiniBooNE results

» MiniBooNE observation is unfolded under a ve assumption to obtain LEE model
weights as a function of true neutrino energy

» Weights are applied to MicroBooNE simulated intrinsic CC ve events

* NOTE: this method assumes the MiniBooNE excess would have the same
neutrino energy dependence in MicroBooNE

— Unfolded MiniBooNE LEE Model

- Above 800 MeV,
- weights are zero

o

w

Constr. Syst. Emor
---- BestFit

Events/MeV

LEE Model Weight
: SO

MiniBooNE inputs:
PRL 121, 221801 (2018)

Unfolding method: 800 1000 1200 1400
MICROBOONE-NOTE-1043-PUB True E, [MeV]
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Electron Neutrino Results

N
kY

/ Very pure 2- A "Mini- :
'( body CCQE | BooNE-Like" | A% [nclusive
/  Sample
sample Sample
\ p

» Three analyses which use the same input data but have been
developed independently, each using different reconstruction tools

* You can find the full suite of papers at: http://ubdllee.org
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The CCQE Analysis in a Nutshell

e This analysis uses novel image-based deep
learning algorithms alongside traditional
reconstruction algorithms to isolate a highly-
pure sample of electron neutrinos in the
MicroBooNE detector

We focus on charged-current quasi-elastic
(CCQE) interactions creating one electron and
one proton (1e1p) in the final state

* These requirements give strong kinematic
and topological handles on event selection

Perimeter Institute Seminar; 24 May 2022
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CCQE 1e1p Motivation

 The QE cross section is dominant around the peak of the
MiniBooNE excess (200-500 MeV)

e The QE cross section is also better understood than other
neutrino interactions

————— Analysis range
! . Datll (stat err.)I y 9
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v cross section / E, (10 cm?/ GeV)
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CCQE 1e1p Motivation

e Simple topology: one track from the proton
and one electromagnetic shower from the - 1Gev

| 2-Body = gzge:
electron v, CCQE -- o26e

e Kinematic handles:

Scattering Angle (RAD)

9 10 11 12 13 14 15 16

* Forward-going protons Eproton(GeV)

== ] GeV

 CCQE-consistent reconstructed energy = .| 2Body -

e Bjorken x near unity

E:ju]gc — Kp ek K(? -+ A,[é‘ + A'I-p - (ﬂf“ S B).
FRE-p _ (1) 2- (M, — B) - E, — (M, — B)? + MZ — M})

“
2 (M, — B) — Ep o5 \/(Eg = ﬁfﬁ) - COS 91, 08 10 111: 12 (1(?(.\/]
“proton | \&

1) 2. (M, — B) - E¢r — (M, — B)? + M? — M2)

2 (M, — B) — By + /(B2 — M?) - cos b
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Deep Learning Motivation

e LArTPC data come in the form

of high-resolution images of Run 6046
charged particles Spallies

) . _ Enu=1060 MeV
MicroBooNE spatial resolution: [REEERS

3 X 3.3 mm

e This lends itself to the use of
image-based deep learning
algorithms like convolutional
neural networks (CNNs)

10 cm

MicroBooNE Daﬁm
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Analysis Chain

Semantic Segmentation y
via SparseSSNet ChiN=based

Cosmic Tagging

Vertex and Track/Shower
Reconstruction

Particle Identification

via MPID CNN-based

1e1p Selection =0 Selection 1u1p Selection

Statistical Results
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SparseSSNet

Phys. Rev. D 103, 052012

* We use the Sparse Semantic Segmentation Network to
perform pixel-level labeling of LArTPC images

e Built using sparse convolutions, more efficient given the
sparse nature of our data arxiv 1706.01307

UResNet architecture: = One-hot Labels

hybrid of U-Net and . Track
ResNet e Highly ionizing particle
(protons)
e Minimum ionizing particle
(muons, charged pions)
o Shower
%« EM shower (electrons,
photons)
» delta (knock-on electrons)
* Michel electrons (from
muon decay)

Perimeter Institute Seminar; 24 May 2022
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Run 8549
Subrun

E t 1074
Y-plane

MicroBooNE Data

SparseSSNet

Phys. Rev. D 103, 052012

Run 8549
Subrun 21
Event 1074
Y-plane

Predicted

MicroBooNE Data 0.00

HIP
MIP
Shower

MicroBooNE Simulation

0.00

075

0.00 0.00 0.00

Accuracy

Test Intrinsic v, Full-BNB

Track
2 Shower

0.992 0.992 0.998
0.996 0.859 0.823

uBooNP

MicroBooNE Data
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Phys. Rev. D 103, 092003 M P I D 512x12x1

e Multi Particle |Dentification network

e QOutputs likelihood that a particle
exists in a given LArTPC image

T -.-..l ne
Fully Connected Layer, 12,288 nodes

Fully Connected Layer, 1,536 nodes

!
Il,ll

MicroBooNE Simulation . - l
Y

proonfl 7 -l

p e v pu
MPID Score 0.89 0.95 0.85 0.06 0.17
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Analysis Chain

Semantic Segmentation y
via SparseSSNet ChiN=based

Cosmic Tagging

Vertex and Track/Shower
Reconstruction

Particle Identification

via MPID CNN-based

1e1p Selection #% Selection 1p1p Selection

Statistical Results
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1el1p Sample

Selection Criteria / \
1. Broad data quality requirements ;05 ?: '»5 ?‘ .’5 ?'

e e.g. forward-going proton

Ensemble of boosted decision trees \ / /

* 19 kinematic variables (e.g. electron/
proton energies and angles)

Y Data/3 Pred = 0.93 + 0.16 (sys) + 0.19 (stat) --==- LEE (10.0)

201 pa: 20 . v, CCQE (20.5)
MicroBooNE 6.67 x104" POT v, CC other (3.7)

Background (2.8)

* 4 topological variables (e.g. fraction of | et A
SparseSSNet-labeled shower pixels) -

» Accept/reject based on the average
score

=]
o
V)]

0.96 .98 0.99 1.00

%(/ //{4’/%///(//)(///////1////%/ 4

0.96 0.97 0.98 1.00
lelp BDT Score

Particle content requirements

* e.g., low MPID muon/photon scores

Data/Pred
cCOoOHHN
oo
1
wn
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1el1p Sample

» Final sample is dominated by ve CCQE events, with 76%
purity and 6.6% efficiency

e This is by design—we optimize for purity at the expense
of efficiency in this exclusive analysis

14| MicroBooNE Simulation (6.67 x102° POT) LEE (10.0)
Ve CCQE (20.5)
Ve CC other (3.7)

Fitted
Background (3.2)

Systematic Error

=
o N

Events / 100 [MeV]
(80]
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