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. Results
Overview

« The standard model of particle physics
« Particle content
* Forces

 Although describes well much of |
phenomenology, we know it is only an | et
approximate theory. :

Higgs bosan

w

« DM, Gravity, g-2, and more...

U

muon

« Many question arising specifically from the
neutrino sector.

=
neutring
electron T
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* Neutrinos are the most abundant massive
particle in the Universe.

charm

 Electrically neutral _.
. 2
H

Higgs boson electron

« \Very small cross section.

\

u
 Present many anomalies which cannot be T W Z ,\, neuting.
explained within the SM (e.g., mass).

boson boson

muon
I V neutrino
muon u
tau
neutrino
electron

Neutrinos live here!
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Overview
 Neutrino oscillation is a quantum _milL L- baseline
mechanical effect, occurring on vi(L)) = e "2E |v;(0)) E,. neutrino energy
macroscopic scales
2
* First predicted in 1957 by Pontecorvo Pop = (VB (L)|Va(0)>|

* Neutrinos are produced in interaction i(m2L)
eigenstate (v, , v, , v,), but propagate in Pasp = z Uy Ugie™ 2E
mass eigenstate (v, , V, , V3)
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. atinan Ve cosf  sinf V1 :
Neutrino oscillation is a quantum (V ) _ ( 0 9) . (v ) L- baseline
mechanical effect, occurring on SO ? , E,. neutrino energy
i Am?,L
macroscopic scales D = sin2(26) - sin? (127_ E12 )
v Am?, = m? —m53

Neutrinos are produced in interaction
eigenstate (v, , v, , v,), but propagate in
mass eigenstate (v, , V, , V3)

1.0 .
2 :
We can probe only Am Z WP (vu)=1-P (v)
= i ; (survival probability)
Sj : = 05 ettt
iImple example 2 neutrinocase 8§ | : ; >
=
LS
a. 2
0 Am I | P (Ve)
L/E (oscillation probability)
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A | e
« SM case 3 flavors Atmospheric
& & Accelerator Reactor
* PMNS rr_la_trlx has | 0 0 cos b3 0 sinﬁlgei‘s cosfip  sinfyp 0
« 3 mIXII:lg an_gles U=] 0 cosfeg sinfleg | x 0 1 0 X | —sinfy cosfia 0
« 1CP V|0|at|ng phase 0 —sinfy3 cosbys —Sin9136_i5 0 cosfis 0 0 1

 Different L/E probe
different mixing angles

Super-Kamiokande (and many more!) KamLAND y
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What is the neutrino
absolute mass ?

Intensity (count rate, arbitrary units)
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e

Overview

Mass Hierarchy?

Normal ™= Y- Inverted

atmospheric
~2x1073eV?

solar~7x10~3¢V?2
.

— |,
solar~7x103¢V?2 ;
_.-—’nl'

atmospheric
~2x107%eV?
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Is the neutrino Majorana / Dirac ?

JE

o ODsery,
%’Qﬁ 0@
S
g
S

| for double beta decay

Do neutrino violate CP
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Major Anomalies

1. LSND

Operating at Los Alamos
via IBD

3.80 excess
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MicroBooNE

Short Baseline Neutrino (SBN)
program

« SBND

« ICARUS

MicroBooNE - X .

« Same beam NS MicroBooNE (470m)
. i 170t

« Similar baseline N\ operating from 2015

 using LArTPC to better |

distinguish e/y

—  MiniBooNE

11/2/2021 Ran Itay, SLAC
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* Micro Booster Neutrino Experiment

 First large scale LAr TPC constructed in the U.S.

« 85 ton Liquid Argon (LAr) TPC (active mass)

« QOperating since 2015

 Longest Running LArTPC ~500k neutrinos collected Ve,
 Surface detector (~5 kHz cosmics) Ve, W

Vu

« Goals

 LEE search
e Cross-section measurements
« R&D for DUNE

25m
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* Three wire planes
2 induction planes

(2,400 wires each).
Sense Wires
) U /V Y V wire plane waveforms
* 1 collection plane (] v megonTee /,
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: Yrr/iiis
/ 1l
* 3mm wire pitch. / / i
7 i
’s Cathode in! ’
° 32 8 PMT Plane H e
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o@‘j??fj’f" % %g%g%’j X
\<:,' ; Z/;/y
« 273V/cm
Edrift
Y wire plane waveforms T>
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_ . Enu=1060 MeV 80
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° 3mm wire pItCh- Charged Particles / k/q
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100
Run 6046

Subrun 72
Event 3633
Enu=1060 MeV - 80

< Vs,

10 cm

MicroBooNE Data™ ———
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Run 3493 Event 41075, October 23"%, 2015
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Shower Vs Track
distinct topologies
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Run 3493 Event 41075, October 237¢, 2015

Ran Itay, SLAC 28



« Shower Vs Track
distinct topologies

e v Vse
Gap from vertex
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Run 3493 Event 41075, October 237¢, 2015
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for an electron neutrino excess

MicroBooNE

 Four independent analyses targeting different final states,
hence probing different theoretical models

« Single photon analysis

1. Targeting NC A —> Ny hypothesis (1y0p, 1y1p)

 Analyses searching for a ve rate excess

2. Restricting to quasi-elastic kinematics (1elp)
3. MiniBooNE-like final states (1eNp, 1e0p)
4.  All ve final states (1eX)

MicroBooNE's new results from the 2-body CCQE DL-based search

1yOp candidate data event

Y

nBooNE

MicroBooNE Data
15¢em Run 5187 Subrun 188 Event 9430

BNB Data, Run 5924 Subrun 2 Event 1069

Reconstructed shower energy: 2.8 Ge

. 1eX candidate data event
18.cm

Introduction
MicroBooNE
The DL Analysis
Results

1e0p candidate data event

8cm BNB Run: 11001 Subrun: 42 Event: 2145
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HRoo for an electron neutrino excess MicroBooNE
The DL Analysis
MicroBooNE
 Four independent analyses targeting different final states, 1y0p candidate data event
hence probing different theoretical models v

« Single photon analysis

nBooNE

MicroBooNE Data
15¢em Run 5187 Subrun 188 Event 9430

1. Targeting NC A—> Ny hypothesis (1y0p, 1y1lp) arXiv: 2110:00409

 Analyses searching for a ve rate excess

2. Restricting to quasi-elastic kinematics (1elp)
3.  MiniBooNE-like final states (1eNp, 1e0p)
4.  All ve final states (1eX)

. eX candidate data event 1e0p candidate data event

18.cm 8cm BNB Run: 11001 Subrun: 42 Event: 2145
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\
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No evidence for enhance rate of single photons from NC A—Ny decay

Disfavor the interpretation of the MiniBooNE anomalous excess as a factor of
3.18 enhancement to the rate NC A—Ny, in favor of the nominal prediction at
94.8% CL
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)

412_

P lo Best Fit: x,= 0.0
0 ....90% x2_=5.5315 dof)

5%

data , x

Elevate this normalization scaling to
a continuous parameter, X,, and

perform a fit to extract the best fit sf-
and classical confidence intervals,

Ax?(

via the Feldman-Cousins procedure i
T . LEE Model
Small under fluctuation results in L - (Xyp=3.18)
best fit x, = 1, SM is within 1 sigma Best Fit: - i
X,=0 00.1.1E....é.:..,au.l.l.l..l...,l..l.l.

4 5 6 7
/ x, (Scaling of NC A—Ny)

Nominal GENIE NC A—Ny x, < 2.3 at the 90% CL

rate (X, = 1) within 1o
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 Four independent analyses targeting different final states,
hence probing different theoretical models

« Single photon analysis

1. Targeting NC A—> Ny hypothesis (1yOp, 1y1p)

 Analyses searching for a ve rate excess

MicroBooNE's new results from the 2-body CCQE DL-based search
for an electron neutrino excess

MicroBooNE

2. Restricting to two-body quasi-elastic kinematics (1elp) -DL
3.  MiniBooNE-like final states (1eNp, 1e0p)
4.  All ve final states (1eX)

arXiv: 2110.14054 ; arXiv: 2110.14080 ; arXiv: 2110.14065 ; arXiv: 2110.13978

http://ubdllee.org

1yOp candidate data event

Y

nBooNE

MicroBooNE Data
15¢em Run 5187 Subrun 188 Event 9430

. 1eX candidate data event
18.cm

Introduction

MicroBooNE

The DL Analysis
Results

1e0p candidate data event

8cm

BNB Run: 11001 Subrun: 42 Event: 2145
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MicroBooNE

Phys. Rev. D 103, 052002 (2021)

i S AN
. _ =q0f] T e e 6138a0% ot
« Unfold 2018 MiniBooNE excess under ve hypothesis 208k | 3 v, 5.91x10% POT
« Considers only Ev dependence “50.6_%71: -
L 0.4 4 3
Tof Tt _
0.0 : ,;,‘_fi:_?
* Derive scaling template to model enhancement of ;S TP NP TS
Intrinsic ve rate in the Booster Neutrino Beam / ECE (GeV)
6 —— Unfolded MiniBooNE LEE Mgdel
— 3
* Does the data prefer the ve prediction or this simple  §
114 99 L 44
eLEE” model? s
* Ay? hypothesis testing g 31
=
i 7]
1_
0_ _______________________________________________

200 400 600 800 1000 1200 1400
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Three independent searches across multiple single electron final states

 Exclusive two-body charged-current quasi-elastic (CCQE) ve scattering [1elp]

)

« Semi-inclusive ve scattering without final state pions [1eNpOn (N>1) + 1e0pOn]
Y
p\/ N

e-

* Inclusive ve scattering [1eX]
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Introduction
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MicroBooNE

MicroBooNE

Three independent searches across multiple single electron final states

 Exclusive two-body charged-current quasi-elastic (CCQE) ve scattering [1elp]

)

« Semi-inclusive ve scattering without final state pions [1eNpO= (N>1) + 1e0p0Ox]
Y
p\/ N

e-

* Inclusive ve scattering [1eX]

The DL Analysis
Results
Summar

Today’s talk
will focus on
this analysis,
with results
from all other
at the end



In today's talk | will be
presenting results based on
~6.67x10%° (DL specific)
protons-on-target (POT) from
Runs 1-3
These were blind analyses, so
all development and validation
took place first using a small
unblinded 0.4x102° POT from
Run 1 sample (~1/17"the size)
and 0.1x10%° POT from Run 3
sample
Sequential unblinding

« 700-1200 MeV

« 500- 700 MeV

« 200- 500 MeV

for an electron neutrino excess

MicroBooNE

MicroBooNE's new results from the 2-body CCQE DL-based search

Introduction

MicroBooNE

The DL Analysis
Results
Summar

- Delivered POT

~— POT on tape !

Run 1 Run 2 Run 3: Run 4 Run 5
: /_/_
I ///”_’ //—
I 4;,.
I
I
I
I
il | |
il !
2015 | 2016 | 2017 | 2018i | 2019 2020
I

2.0E21

1.5E21

1.0E21

5.0E20

0.0EOO

Cumulative POT




MicroBooNE's new results from the 2-body CCQE DL-based search Introduction
for an electron neutrino excess MicroBooNE

The DL Analysis

Results

DL-LEE

The Exclusive analysis, looking only for CCQE
two-body topologies using deep-learning-
based reconstruction
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The DL Analysis o

Analysis range

A. Schukraft, G. Zeller

Exclusive analysis, looking only for

f;: 1.4;—

CCQE two-body topologies (121p). E 1.2F
350 1|;—

* EXxpected signal peaks at low energies E 0-8F
(200-500) MeV. g gi:
 The dominant cross section in these S 0'35‘

energies is QE. 107

E, (GeV)

« QE interactions are better understood.

Deep inelastic scattering

Yu
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Exclusive analysis, looking only for
CCQE two-body topologies (121p).

ad 2-body == 1GeV
8 - = 0.8 GeV
é 251 == 0.5GeV
= - 0,2 GeV
© 20
=0
151 V
g n’l\ e
E 104 S Vis
S TN
= \ s h""h""h
(’E 05 \ ~ So - -
A Y Sa -~ -
|. \ ~ “\
09 10 11 12 14 15 16

protou(ch)

MicroBooNE's new results from the 2-body CCQE DL-based search
for an electron neutrino excess

The DL Analysis

Erange *
v
Dy
EE)E—E
AQE
30 -
2-body 1 GeV
== 0.8 GeV
25 - 0.5GeV
== (.2 GeV
20
18 V/,t
101 SO
I \:h";_ .~
N -~
LY ~ I P
05{ 1\ \ Seo Sl
l‘l \ ‘\\ "'q"‘.
ool | \ \ \
09 10 11 12 13 14 15 16
protﬂn(ch)

Introduction
MicroBooNE

The DL Analysis

Results
Summar

EP+E@—(m —Eb)

Ep(mn — Ey) + 3(m§ — (m, Eb) —m?)
(my — Ep) + |pp|cost, —
Ey(mp, — By) + 5(m2 — (my, — Eb)2 —mj)

( mp, Eb) + |pg|0089g —

 (B957 — E9B-0y? 4 (B95~P _ pronse)’ 4 (E9E-¢ — ponee)’

 Selected events, are kinematically
consistent with two-body scattering.

 purely physics-based separation, e.g.,
 forward going protons.
* reconstructed energy consistent
with CCQE.
* near unity Bjorken-X.

« Not many background interactions pass
these requirements.
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100

) . - Run 6046
Deep-learning-based reconstruction Sl 7
_ _ Event 3633
 Treating our data as sets of images. Enu=1060 MeV 80

« An example 90 x 90 cm? image, cropped
around interaction.

60

« Allows utilizing the great capabilities of
deep learning algorithms.

40

* Pixel intensity — integrated signal over 6
time-ticks.

20

* Pixel resolutionis 3 x 3.3 mm.

10 cm

: —
MicroBooNE Data ————__




Classify pixels into
tracks/ shower

Before
r100

Run 8549
Subrun 21
Event 1074

Y-plane 80

60

40

10 cm

MicroBooNE Data

MicroBooNE's new results from the 2-body CCQE DL-based search

for an electron neutrino excess

The DL Analysis

. . . Y
“ Semantic Segmentation ‘
Using SparseSSNet
[ Cosmic Tagging ]

Vertex and Track /
Shower Reconstruction

[ mPiD L)

[ 1lelp sample } 0 [ 1pulp sample }
20

A 4

Systematics
Results

Introduction
MicroBooNE

The DL Analysis

Results
Summar

| 10.1103/PhysRevD.103.052012

After

Run 8549 HIP
Subrun 21 MIP

Event 1074
Y-plane Shower

[l

10 cm

MicroBooNE Data



https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.103.052012&v=0673628d
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The DL Analysis o

Use of SSCN, more efficient for our sparse data

(<0.5% important pixels) II ““““““““““““““““““““““““““““““““““““““““““““““ MI III

cvpr:2018 ; arxiv:1706.01307 Q!!I MII

UResNet — a hybrid of Unet & ResNet

Conv-s2-finc

Single hot labels -
Highly lonizing Particles ( protons )
Minimum Ionizing Particles (p , n* ) |

shower (e, v), -

delta (knock-on electron), _ Shower - Enhance;d BNB I

Michel electrons (decay of muons) _ Ve SAMpPle | sample
Track 0.992 0.992 0.998

Predictions in 2D — different network per plane Shower 0996 0.859 0.823

—— Residual connection
————— Concatenation

—  Track
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Remove Cosmics

Before

11/2/2021

MicroBooNE's new results from the 2-body CCQE DL-based search Introduction
for an electron neutrino excess MicroBooNE

|

v

i
W

The DL Analysis

The DL Analysis o

(

10.1103/PhysRevApplied.15.064071

Using SparseSSNet

Semantic Segmentation j

After

e

( Cosmic Tagging )
e

Shower Reconstructio

Vertex and Track / T

Vv
{ /”
[ lelp sample

\ 4

Systematics
Results
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The DL Analysis o

Cleaner image

Identify vertex, cluster showers and tracks :
_ arXiv: 2110.11874 |
Relies on labels from SparseSSNet Semantic Segmentation 10.1088/1748-0221/16/02/P02017 JINST |
Using SparseSSNet &
Before After
[ Cosmic Tagging ]

Run 6046 HIP Run 6046 HIP

Subrun 72 MIP Subrun 72 MIP

Event 3633 Shower ' Event 3633 Shower

Enu=1060 MeV Vertex and Track / Enu=1060 MeV

Y-plane Shower Reconstruction Y-plane

——

Track
MPID L) ‘
e Shower
[ 1lelp sample } 0 [ 1pulp sample }

A 4

[

lolcm . . 10 cm .
MicroBooNE Data ==~ [ R eaits j MicroBooNE Datad ==

[

Track

Results



https://arxiv.org/ct?url=https://dx.doi.org/10.1088/1748-0221/16/02/P02017&v=8f16cc26
https://arxiv.org/ct?url=https://dx.doi.org/10.1088/1748-0221/16/02/P02017&v=8f16cc26
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The DL Analysis o

Identify particle content

Semantic Segmentation :
: - 10.1103/PhysRevD.103.092003
( Using SparseSSNet } L) e
Before After
[ Cosmic Tagging ]

Vertex and Track /
Shower Reconstruction
+

MPID : p e 7 p 7
L) MPID Score 0.89 0.95 0.85 0.06 0.17

r

[ 1lelp sample } 0 [ 1pulp sample }

A 4

MicroBooNE Simulation : Systematics
Results
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The DL Analysis o

512x512x1

 Multiple Particle y

|Dentification
 Image based
identification CNN

AvgPooling, 2x2

 For each event gives 5

SCOIES (p9 c v, U, 7T) .

AvgPooling, 2x2

AvgPooling, 2x2

Fully Connected Layer, 12,288 nodes

Fully Connected Layer, 1,536 nodes

| !
MicroBooNE Simulation . ‘ |

p e vy p 7 Il
MPID Score 0.89 0.95 0.85 0.06 0.17 Proton |l :

11/2/2021



MicroBooNE's new results from the 2-body CCQE DL-based search
for an electron neutrino excess

The DL Analysis

Knowledge about particle
content and clusters

Divide into the various
samples

Semantic Segmentation
Using SparseSSNet

[ Cosmic Tagging ]

11/2/2021

Vertex and Track /
Shower Reconstruction

1ulp sample

—
Lo
\\

Systematics
Results

Ran Itay, SLAC
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The DL Analysis
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The DL Analysis

The DL Analysis commen

« Orthogonality Cut (lelp or 1ulp
candidates)
Shower fraction in most shower-like
cluster.

« >0.2 = 1lelpcandidate.

 <=0.2 > 1ulp candidate.

S ey
10 cm ' P
MicroBooNE Simulation ].I,B_-ﬂ@

11/2/2021



MicroBooNE's new results from the 2-body CCQE DL-based search
for an electron neutrino excess

The DL Analysis

 Broad data quality selection.
 E.g., forward going proton

* Variation of “Random BDT Forest” taking the
average score. Reduces bias and variation. Especially
Important for low statistics event samples.

« 19 kinematic variables (e.g., QE consistency)
* 4 1onization variables (e.g., shower labeled pixel
fraction)

» Particle content criteria.

« MPID
« °rejection

11/2/2021

Run 10807
Subrun 82
Event 4146
Enu=636 MeV
Y-plane

Backward .
r F

.

10 cm

MicroBooNE Data

Introduction
MicroBooNE

The DL Analysis

Results
Summar

Forward
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The DL Analysis

The DL Analysis o

» Broad data quality selection.

 E.g., forward going proton
« Variation of “Random BDT Forest” taking the / J \

average score. Reducgs plas and variation. Especially N N L. P
Important for low statistics event samples. \ / \
« 19 kinematic variables (e.g., QE consistency)
* 4 1onization variables (e.g., shower labeled pixel \ V
fraction) '
<a>
« Particle content criteria. ¢
° MPID BDT score

« °rejection

11/2/2021 Ran Itay, SLAC 52
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The DL Analysis o

» Broad data quality selection.

- D Data/Q Pred = 0.93 + 0.16 (sys) + 0.19 (stat) " LEE (10.0)
 E.g., forward going proton 20

B . CCQE (20.5)
MicroBooNE 6.67 x10%° POT mmm U CC other (3.7)

Background (2.8)
* Variation of “Random BDT Forest” taking the 15 /# Systematic Error

average score. Reduces bias and variation. Especially P
important for low statistics event samples.
« 19 kinematic variables (e.g., QE consistency)
* 4 1onization variables (e.g., shower labeled pixel
fraction)

Events

wu

» Particle content criteria.
e MPID
« °rejection

oo o
{
Ml
N
T~
Aig

Data/Pred
OO KM= N

95 0.96 0.97 0.98 0.99 1.00
lelp BDT Score
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= - "2TMicroBooNE Simulation n Background Prediction
e The selected background V[J, a>) 1.50 from Simulation (BDT score > 0.95)
. . w 1.251 -+-  Landau + Linear Fit
SImUIatlon Sample SUﬁerS from IOW -CC) 1.00_ Uncorrelated Fit Uncerta|nty
statistics. 30.75 ==
?0.50
8 0'0g T . .

* We use an empirical fit to the 2 200 400 600 800 1000 1200
simulation and produce background . ' mmm Stat Uncertainty from Simulation
predictions (reducing uncertainties £ 20 we Uncorrelated Fit Uncertainty
from MC size r

’
©
o
(.
400 600 800 1000 1200
E, [MeV]
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The DL Analysis o

* Final selection (MC) 141 MicroBooNE Simulation (6.67 x102° POT) msm v. CCQE (20.5)

B v. CCother (3.7)
Background (2.8)

7/, Systematic Error

=
N

 Purity - 75% (all CCQE events)

=
o

 Efficiency — 6.6% (all CCQE events)

(o))

« Compromising efficiency for high
purity.

N

Events / 100 [MeV]
o0

1200

E, [MeV]
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The DL Analysis ooy

Run 5191 HIP ) HIP
Subrun 46 MIP MIP
 \We use // Shower Shower
dedicated |

m9samples to
measure our
dominant
background.

T 10 cm e
 MicroBooNE Data MicroBooNE Simulation MB@

11/2/2021



MicroBooNE's new results from the 2-body CCQE DL-based search Introduction
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Zdata/ZPred = 0.87 £ 0.22 — . weighted Pred (wPred)
500, 2 data/> wPred = 1.04 + 0.22 NC n° (238.9)
MicroBooNE 6.67 x 10%° POT CC m° (1037.3)

mm Offvtx m° (463.9)
Background (542.7)
Systematic Error

$ Data (1988)

B
o
o

« Asmall (within systematic) deficit is obsereved.

* \We use a data-driven method to re-weight the MC.

200

Events / 16 [MeV/c?]
3
o

« All simulations with rz%at the final state, are then re-scaled
(for the 1elp and 1ulp)

100

Ve

50 100 150 200 250 300 350

0
* Also serves as a standard candle for our reconstruction. 5 2.0
e )
a AL AL A ‘ S KA KK ) v
E ég”// &K AR A A S S A . /(M ///4'/ /T/f
S 0.
0 0.0—455 100 150 200 250 300 350
T 2.0 T
T Tokhs P 0 2
& ML . o~ " 7 ¥ L XL
%(1):? A S A SIS KA S A / g
arXiv: 2110.11874 8 0.0 50 100 150 200 250 300 350

n°® mass [MeV/c?]
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_ 700 > Data/> Pred = 1.08 + 0.13 EEm BNB v, CCQE (3369.27)
We use the 1ulp sample to constrain. 600 | mricroBoaNE 6.67 x 1020 POT Neutrino Background (699.15)
— ) El BNB Offvtx (313.08)
- Broad data quality selections 3 500 ; W Cosmic Background (97.77)
E Systematic Error
o 400 4 _ Data (4848)
* Variation of “Random BDT Forest” taking the 0 :
average score. n 300
c
< 200
« MPID proton score > 0.9 — rejecting cosmic rays -
100

° Final Selection- 900 400 600 800 1000 1200

» Purity of 77.3% (all CCQE events)
» Efficiency of 4.3% (all CCQE events)

//{//a/////////’//-////w/'/»//.////,/////‘////’///

Data/Pred
=

D00 400 600 800 1000 1200
E, [MeV]
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All Information is there
Semantic Segmentation
Get Results Using SparseSSNet
[ Cosmic Tagging ]

Vertex and Track /
Shower Reconstruction

[ lelp sample

[ 1ulp sample }

\ 4

Systematics
Results
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HBooNE _ it

The DL Analysis

The DL Analysis o

MicroBooNE Simulation MicroBooNE Simulation
0.45 0.45
0.40 - lelp Uncertainties: 0.40 - 1lulp Uncertainties:
— Flux —— Detector — Flux —— Detector

E‘ 0.35 1 —— Cross section —— Pred. stat. E‘ 0.35 1 —— Cross section —— Pred. stat.
T 0.30 - —— Hadron re-int. —— Total © 0.30 - —— Hadron re-int. —— Total
— | -
Q ()
9 0.25 - © 0.25 - e
D I . ) 3
= 0.20 - I = 0.20 - I
— P -
2 0.15 20159 | I_‘—\_. |
O | i | © ;‘_I ]
= 0.10 - I I I &= 0.104 — |_

0.05 — —— 005{ — - ——

l_| L |
0.00 T T T T 0.00 T T T T
200 400 600 800 1000 1200 400 600 800 1000 1200
E, [MeV] E, [MeV]
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 Detector systematic uncertaies are
evaluated by comparing the detector
variation to the central value MC
MicroBooNE Pub-note 1075

 Detector systematics MC samples
suffer from large statistical
fluctuations.

* We mitigate that by smoothing the
MC spectra using a KDE algorithm

11/2/2021

The DL Analysis

The DL Analysis o

KDE

Ran Itay, SLAC

arbitary units

arbitary units

B00

=
=1

&

&
=1

200 1

100 1

500 1

400

300 1

200 1

100 1

One realization distbutions

B CY orealization
B DY realization

200 400 B00 800 1000 1200
some variable

One Smoothed realization distbutions

B OV smooth
B DY smooth

200 400 BO0 800 1000 1200
some variable
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« Applying the constraint procedure
gives the final systematic uncertainty

budget. yeeyeu
D
« Allows comparison to data and not to dHEY HH
GENIE model

Me, constr. __ ue 4 yep (Z‘u‘u’)—l (ﬂ?'u o /iu)
Y€€, constr. __ yee _ yep (Zuu)—l ype

where xt is the 1u1p observation,
and p# (ue) is the Tulp (1el1p) prediction

measured  constrained
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@ nalysis
The DL Analysi
e na ySIS Summar
« Applying the constraint procedure MicroBooNE
gives the final systematic uncertainty 045 —
lelp Uncertainties:
budget. 0.40 1 :
—— Nominal
_ _ _ _ E‘ 0.35 1 —— Constrained
* Notice constraint results in reduction 8 0.30-
of systematic uncertainty. S 025
= —
MicroBooNE Simulation o 0.20 4
= _'_|_
2 0.151
. 0.06 v % _|—|_\__I_I7
é 0.05 E iC 0.10 1
0.05 -
"“r_'_; 0.03 ©
g 000 £ 0.00 . . . .
© 2 200 400 600 800 1000 1200
0.01 Ep [MEV]

0 5 10 15 20 25
Global Bin Number
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T TT—S The DL Analysis

Results
Summar

Results
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fioo T vl AP MicroBooNE's new results from the 2-body CCQE DL-based search Introduction
—s —=c0 . .
S Sy Pk I\ for an electron neutrino excess MicroBooNE

The DL Analysis

Results _Rosult

MicroBooNE 6.67 x10%° POT BN CC v, (25.8)
20.0 Fitted
Background (3.2)
eLEE(x=1)

Model (11.6)

- Constrained
* Uncertainties

0.0
200 400 600 800 1000 1200
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Results

Results

>
)

HBooNE _ |

(N
IJ...
(

20.0 D data/> pred = 0.86 + 0.06 (sys) + 0.19 (stat) ¢ Data (25)
' . B CC v (25.8)
20 e

>17.5 MicroBooNE 6.67 x10<° POT Fittad
S 150 Background (3.2)
o Pre-Constraint
E 12.5 Prediction
— 10 0 ----- LEE (11.6)

3.0
. Constrained
2 2:3 77 Uncertainties
v 2.0
=15
5 1.0 f%//;/—%%—/—%-/—-/r-/--fw%ﬁ-ﬁ-ﬁ ot 7474-/-%-%-%747474-/7/1////{"/#
0.5 l [
9900 400 600 800 1000 1200
E, [MeV]
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The DL Analysis
Results
Results
_ _ Nominal Predictions
First looking at the data to MC
Hy i

agreement Range

Xenp /dof p-value | xénp/dof  p-value
200-500 MeV | 6.06/3  0.138 8.30/3 0.053

* H,— MB=0 200-1200 MeV | 23.02/10 0.024 | 25.37/10 0.014
* H;—MB=1 Constrained Predictions

i Range Ho Hy
« 200-1200 — full analysis range g ch «p/dof p-value ch «p/dof p-value

200-500 —LEE enhancedrange 555560 eV | 7.91/3  0.075 | 17.3/3  0.002

200-1200 MeV | 25.28/10 0.014 | 36.35/10 5.0 x 10~*

P-value are calculated using
frequentist approach
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=R for an electron neutrino excess MicroBooNE
The DL Analysis
Results
Results
_ _ Nominal Predictions
First looking at the data to MC
Hy i

agreement Range

Xenp /dof p-value | xénp/dof  p-value
200-500 MeV | 6.06/3  0.138 8.30/3 0.053
H, - MB=0 200-1200 MeV | 23.02/10 0.024 | 25.37/10  0.014

H;, —MB=1 Constrained Predictions

Range Ko // "

Xenp/dof p—valuyf Yenp/dof  p-value
200-500 MeV | 7.91/3  0.07 17.3/3 0.002

200-1200 MeV | 25.28/10 0.014 QMO 5.0 x 10~

200-1200 — full analysis range
200-500 - LEE enhanced range

P-value are calculated using
frequentist approach
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Second Comparing the two hypothesis
using a Ay? formalisem

+ H,— LEE (x=0)
+ H, - LEE (x=1)

* Rejecting H, with 3.6¢
« Using CLs to mitigate under-fluctuation
results in a reduced significance of 2.4¢

11/2/2021

for an

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

MicroBooNE's new results from the 2-body CCQE DL-based search Introduction

electron neutrino excess MicroBooNE
The DL Analysis
Results
Results
O o
= “Ho
® /
% H,

\

_IIIlIIIIIIIlIIIIIIIIIIIlIIIlIII|

AN

Data Ay2 = -11.08

| P(Ay2 < -11.08 | Ho) = 0.020
P(Ay2<-11.08 | H1) = 1.6 x 104

\ MicroBooNE 6.67 x 1020 POT

Ran Itay, SLAC

|
\
-10

30 40 50

Ax® =2~ Xh,
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I The DL Analysis

Results

Results

MicroBooNE 6.67 x 10%° POT
—— CL, Feldman-Cousins lo (~68%) ClI
------ CL, Wilks Theorem 90% CI
* Best fit LEE(x=0) ///, MB 1o Cl (stat) 20 (~95%) Cl
MB 1o CI (stat+sys) -==Best fit, x,gg = 0.00
» We reject LEE(x=0.25) with 90% C.L. 100 7

Finally, signal strength.

e
A
’/;// ,//://
%% %%
LA
V876 % Yoo
WY V9.8
%% %%
LS
VoY% Yole
WIS V9
59% %%
LA
5757575
OIS 999
5949 3%
V%% V%Y.
69678 %%

80 A

In conclusion, the analysis reported in this paper is in-
consistent with observation of an excess of v, events in
the signal range. Hence, these results disfavor explana-
tions of the MiniBooNE low energy excess based purely
on v, interactions.

60

40 4

Confidence Level [%]

20

0 I VAT AYd VAV AY]

0.0 0.2 0.|4 Of6 Of8 1.0 1.2
LEE Signal Strength (x| gg)

11/2/2021 Ran Itay, SLAC 70



MicroBooNE's new results from the 2-body CCQE DL-based search
for an electron neutrino excess

Introduction
MicroBooNE

The DL Analysis

Results

Results

Three independent searches across multiple single electron final states

 Exclusive two-body charged-current quasi-elastic (CCQE) ve scattering [1elp]

)

Summar

« Semi-inclusive ve scattering without final state pions [1eNpO= (N>1) + 1e0p0Ox]

p
p\/ N

e-

* Inclusive ve scattering [1eX]



MicroBooNE's new results from the 2-body CCQE DL-based search Introduction

for an electron neutrino excess MicroBooNE
The DL Analysis
Results
Results
] " H 20
MicroBoONE €86 x10% POT | MicroBooNE 6.86 x 10" POT
—— constrained prediction v with r° 17.31 . COLEZtramdec: fm';q)mmes - Cosn?.:cso
| - model (x = v with i
—=- eLEE model (x = 1) v other 15.0 —— mmm Dirt (Outside TPC) ve CC
mmm Dirt (Outside TPC) Ve CC I v other 4 BNB Data
B Cosmics | 4 BNB Data 12.5
|

Goodness of fit p-value:

|

|

. |
Goodness of fit p-value: r-
' 0.126

0.182

Entries / 140 MeV
Entries / 140 MeV
=
o
(wn]

5.0

2.51

0.0

1
500 1000 1500
Reconstructed E, [MeV]

, 500 1000 1500 2000
2000 Reconstructed E, [MeV]

Combined p-value: 0.098 I

Excludes eLEE Low sensitivity,
model at 97.9% prefers eLEE model
level over nominal v, model

11/2/2021 Ran Itay, SLAC 72



for an electron neutrino excess

T

o
L L L

A x* (data | )
D

MicroBooNE 6.86x10° POT

Data: 90% CL for = 0.00
CL interval: [ 0.00, 0.82]
sznin =15.18 (10 dof)

Sensitivity: 90% CL for u =0
Upper limit: 1.16

4
ol
B | - | | T | L1 1 :l 1 1 ||E | (o | L1l ||||
S Sl [ - G 7 e
eLEE Signal Strength n
P
P\/
o
11/2/2021

A x? (data | w)

Results

6

- MicroBooNE 6.86x10”° POT
sl Data: 90% CL for Hge = 4.00

CL interval: [ 1.13, 15.01 ]

[} == X2 =10.48 (10 dof)
[

B Sensitivity: 90% CL for u =0

N e Upper limit: 3.41
3r
2
1t

L I|III|IIlllllllllllilllllllll
b2 "7 6 8 10 12 14 16 18 20

eLEE Signal Strength n

Ran Itay, SLAC

MicroBooNE's new results from the 2-body CCQE DL-based search

Introduction
MicroBooNE

The DL Analysis

Results

Summar

(o]

A %7 (data | w)

| MicroBooNE 6.86x10>° POT

Data: 90% CL for P = 0.36
CL interval: [ 0.00, 1.57 ]
""" X2, =30.91 (20 dof)

Sensitivity: 90% CL for u =0
""" Upper limit: 1.07

.
ol
I\L Ll I :l L1 1 | :l L1 1 I [ . | 1111 I | I .| | 1
05 1 15 25 3 35
eLEE Signal Strength n
p
P\
o + o
73



MicroBooNE's new results from the 2-body CCQE DL-based search Introduction
for an electron neutrino excess MicroBooNE

The DL Analysis

Results

Results

Three independent searches across multiple single electron final states

 Exclusive two-body charged-current quasi-elastic (CCQE) ve scattering [1elp]

)

« Semi-inclusive ve scattering without final state pions [1eNpOn (N>1) + 1e0pOn]

p
p\/ N

e-

* Inclusive ve scattering [1eX]




MicroBooNE's new results from the 2-body CCQE DL-based search Introduction

for an electron neutrino excess MicroBooNE
The DL Analysis

Results

Results

@ T R " Jnd], LB,
% 50 = ﬁg i 1]:111v ry, 8 — g%g;%:gsm Energy region wl/ ; ;50;12321" v\;/7 (écér;zt;
2 40 |y, CCin BV 333.1 - e TBEGa1). 370 . .
2 e (0, 2500) MeV'| | " 0 982 poay = 0.848
2 30 | 12576 5.78/6
5] constraints
Z (0,600) MeV 1 1 = 0.643|puar = 0.448

s i P X2/ndf, eLEE,_,

' T - Energy region | w/o constr.| w/ constr.
- 13.02/25 | 28.24/25
< (0,2500) MeV'| | " 0.976| poar = 0.207
: o |38 T
1500 2000 2500 Pval = Y. Pval = U
Reconstructed E, (MeV)

Inclusive ve scattering [1eX]

11/2/2021 Ran Itay, SLAC 75



MicroBooNE's new results from the 2-body CCQE DL-based search Introduction

for an electron neutrino excess MicroBooNE
The DL Analysis
Results
Results
Finally, signal strength. - MicroBooNE 6.369x10%° POT

* Best fit LEE(x=0) = MiniBooNE 68.3% CI (stat.)

25 MiniBooNE 68.3% CI (stat.+syst.)
. W reject LEE(x=0.5) with 95.5% C.L. g F
T 2F Best-it value 0.00
«F [ [D683%cCl 7
i OF [395.5% Cl
O @ 99.7%CI
Nxt: 10_—
= »
SE
- R T PR WY TR S N SR T SR
% 0.5 1 1.5 2

11/2/2021 Ran Itay, SLAC 76



* ve prediction adequately describes
the data across many different
Kinematic quantities

 Observe ve candidate event rates in
general agreement with or below
the predicted rates

 Results from LEE enhanced region
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