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standard model of particle physics

) Standard Model of Elementary Particles
* standard model that describes the y

three generati_ons of matter interactions / force carriers
elementary particles has been very AR R e
Successful SO far Cr:n::;: ;—;JZ.ZMeVlc2 ;—/'31.28Gevlc2 ;—;3173.1Gevlc2 2 ) :124.97GeV/t:2
- spin | ¥ y ¥ 9 % y 1 ‘ 0 H
* however, there are still unsolved | up || cham JI top || gluon higgs
qguestions in SM, especially in neutrino marveve | (soweves ) (sadocove ) o
sector -@ IO (O || @
& down L strange J bottom L photon
- neutrino OSCiIlatiOn Observation ;:0.511MeV/c2 ::105.66MeV/c2 ;—~1.7768€aeV/c2 =91.19 GeV/c2 m
implies neutrino has non-zero mass - @ |0 O || @ |3
electron muon ) tau J LZ boson 8%
— but we still do not know neutrino % orrme | (asevee)(omame ) Lo
masses, mass ordering, precise = I"t} - @ | :’} S W 55
electron muon au O
Value Of 6CP, L Ii|J neutrino neutrino neutrino W boson (DE
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neutrino oscillation

https://en.wikipedia.org/wiki/Neutrino_oscillation
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* neutrino flavor eigenstates are not the same as the mass eigenstates

e neutrinos generally are produced in a flavor eigenstate, which is a superposition of three mass

eigenstates

e this critical phenomenon is now very well known for 3-neutrino oscillation, and physics parameters

precisely measured with experiments in last two decades
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https://en.wikipedia.org/wiki/Neutrino_oscillation

short-baseline neutrino experiment anomalies

Phys. Rev. D 64 112007, 2001 Phys. Rev. D 103, 052002 (2021)
 Series of anomalous results seen at short- 2 s N Ph e
baselines using a variety of neutrino sources 9 —Hy E
— LSND ve excess & 125 e e
— MiniBooNE ve/Ve excess 10 + o E
— GALLEX/SAGE/BEST ve deficit 75 + + vug :
— Reactor v, deficit 5+ + """""""""" E
2.5 B
* recent experiments/joint analyses 0 + o - 2
addressed this fairly well: issues in R Ry —— Phys. Rev. C 73, 045805 (2006)
predicting reactor neutrino flux LIE, (meters/MeV) | e
* Interpretations initially focused on oscillations arXiv:1204.5379 §
driven by “vanilla” eV-scale sterile neutrinos T T ;%%g i ;
+ Disfavored by non-observation of v, 2 v
disappearance, so explanation of these 1 § R
requires a more rich phenomenology o > AL

10'
Distance to Reactor (m)
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MiniBooNE low energy excess

29 3
* nature of the excess could be » 3 :
“electron-like” (eLEE) or “photon-like” = ] C
HER) R
J -
— MiniBooNE could not distinguish B—

between electrons and photons,
also did not have hadron information

Events

* can we separate electrons and
photons?

* can we understand the excess with
enough event topology information
such as hadronic activities?

Phys. Rev. D 103
—

, 052002 (2021) Mi.'iiBOONE
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LArTPC: Liquid Argon Time Projection Chamber

NUCLEAR INSTRUMENTS AND METHODS 120 (1974) 221-236; © NORTH-HOLLAND PUBLISHING CO.

* LAr as total absorption calorimeter
LIQUID-ARGON IONIZATION CHAMBERS AS TOTAL-ABSORPTION DETECTORS*

— denser than water, leads to more interactions W. J. WILLIS!

Department of Physics, Yale University, New Haven, Connecticut 06520, U.S.A.
and
— abundant and cheap V. RADEKA

Instrumentation Division, Brookhaven National Laboratory, Upton, New York 11973, U.S.A.

Received 14 May 1974 19 74

— easy ionization and high scintillation light

The Time-Projection Chamber
- A new 4r detector far charged particles

David R. Nygren 1976

. . . Lawrence Berkeley Laboratory
— 3D reconstruction with fully active volume Berkeley, California 97420

« TPC as 4z charged particle detector

THE LIQUID-ARGON TIME PROJECTION CHAMBER:

* LAr+TPC to obtain fine-grained 3D tracking with
local dE/dx information and fully active target & NEW CONCEPT FOR NEUTRINO DETECTORS 1977
medium

C. Rubbia

, o uBoo
6 4/12/22 Jay Hyun Jo, Yale | Exploring v Physics with LArTPC N -




LArTPC: Liquid Argon Time Projection Chamber

charged particle enters
detector

4

scintillation light emitted by
excited Ar, detected by PMTs

4

ionization electrons drift to
anode plane, detected by
sense wires
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result in fine-grained 3D images,
with calorimetry information

RUN 8617 SUBRUN 46 EVENT 2328
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testing eLEE vs. yLEE hypotheses with MicroBooNE

Y vertex
—_— /et
14
electron shower
dE/dx <
difference
<4 <>
gap <
Kernares -

photon shower

fopology mformation

[ MicroBooNE NuMI Data 2.4x10*° POT

@ ;

puBooNE
=<

RUN 8617 SUBRUN 46 EVENT 2328

—+¢— Beam-On Data (Stat.)
Beam-Off Data
{777 Out-of-Cryostat
I NC
[ Ne
] v,CC
Il Cosmic
[ v, CC Out-FV
[ .CC
MC + Beam-Off
Stat. Uncertainty

0°< 6 <60°

(Data - MC) /MC

1 2 3 4 5 6 _ 7 8 9 10
Leading Shower dE/dx (Collection Plane) [MeV/cm]

wire

ionization dE/dx

25 Cm MicroBooNE Data, Run 5462 Subrun 14 Event 732

MicroBooNE uses the excellent properties and resolution of its LArTPC
to select both eLEE and yLEE signals with high purity
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https://arxiv.org/abs/2101.04228

testing eLEE vs. yLEE hypotheses with MicroBooNE

Y vertex fopology information
— /et
ey 1 00: MicroBooNE NuMI Data 2.4x10%° POT E g::::g; g:: (Stat.)
L Out-of-Cryosta
electron shower - 2 oeromesta
— I NC
. L [ v, cc
¢“‘ - Il Cosmic
*_/“\ - — Mot
C v, cc
puBooNE - e e,
dE/dx < \& 0°< 6<60°
difference RUN 8617 SUBRUN 46 EVENT 2328
<+ <>
gap <
40*
*------ 0,... 5
T =
S b1 2 3 4 5 6 7 8_9 10
Leading Shower dE/dx (Collection Plane) [MeV/cm]
photon shower —
ionization dE/dx
25 Cm MicroBooNE Data, Run 5462 Subrun 14 Event 732
...also to identify hadronic final states to provide more information of different interactions
Boo
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https://arxiv.org/abs/2101.04228

MicroBooNE experiment
* LArTPC Detector

» 85 tons of LAr active volume

+ TPC: 8192 anode sense wires in 3 planes
PMT: 32 8-inch PMTs

+ CRT (cosmic ray tagger) is installed around TPC

* located at BNB beamline in Fermilab, started taking data since
Oct. 2015

+ physics goal

+ strong understanding of the detector and highly developed event
reconstruction, paving the way to future LAr detectors (SBN &
DUNE)

* neutrino interaction measurements

+ towards low-energy excess: definitively address the MiniBooNE
anomaly
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- -
MicroBooNE experiment
Obsarvation of radon mitigation In MicroSooNE D?‘ & liguld ar X filtration system .
Cosmic ray muon clustenng for the MicroBooNE liguid argon time projection chamber using sMask-RCNN
° Novel approach for evaluating detector-related uncertainties in a LAITPC using MicroBooNE data
St ro n g trac re Cor O Furst measurement of energy-degendent mcusive muon newtnno charged-current cross seclions on argon with the MicroBooNE detecior
Search for an anomalcus excess of inclusive charged current v, interactions without pions in the final state with the MicroBooNE experiment
. . Search for an anomalous excess of r.hzrgcd-mmm quasi-elastc ve interactions with the MicroBacaNE experiment using deep-leaming-based reconstruction
OONE
p u bl ICatIO n S Search for an anomalous excess of inclusive charged current v, inleractions in the MicroBooNE experiment using Wire Cell reconstruction
Search for an excess of electron neulrino intéractions in MicroBooNE using multiple final state topologies
—_ >40 papers Electromagnetic shower reconstruction and energy validation with Michel electrons and n® samples for the deep-leaming-based analyses in MicroBooNE
°
~1/2 JINST, ~1/2 Phys Rey,
Measurement of the Atmospheric Muon Rate with the MicroBooNE Liguid Argon TPC
Semantic Segmentation with a Sparse Convolutional Neural Network for Event Reconstruction in MecrcBooNE
High-performance Genenc Neutring Datection in a LAr TPC near the Earth's Surface with the MicroBooNE Detector
tector

Neutrino Event Sedection in the MicroBooNE LAr TPC using Wire-Cell 3D Imaging, Clustering, and Charge-Light Matching
A Conveolutional Neural Network for Multiple Particle kientification in the MicroBooNE Liquid Argon Time Projection Chamber
The Conlinuoug Readout Stream of the MicroBooNE Liquid Argon Time Projection Chamber for Detection of Supermova Burst Neutrinos
.C Interactions an Argon with Protons and No Plons In the Final State
ulrine Argon Scattering Cress Sections with the MicroBooNE Detector

New theory-driven GENIE tune for Micr

Wire-Cell 3D pattern recognition technigues for neutrino event reconstruction in large LAITFCs

Search for neutring induced NC A radialive decay in MicroBooNE and a first test of the MiniBeoNE low energy excess under a single photon hypothesis
First measurement of inclusive electron-neutrino and antineulrino charged current differential cross sections in charged lepton energy on argon n MicroBooNE

metric classification of track-like signaturas in lkquid argon TPCs ising MicroBooNE data

for a Higps Portal Scalar Decaying to Electron-Positron Pairs in the MiccoBooNE Deteclor
Measurement of the Flux-Averaged Inciusive Charged Cumrent Electron Neutrino and Antineutring Cross Section on Argon using the NuMI Beam in MicroBooNE

Measurement of the Longitudinal Diffusion of lontzation Elactrons in the Detector
Cosmic Ray Background Rejection with Wire Cel LAr TPC Event Reconstruction in the MicroBooNE Deteclor

EPJC

Vertex-Finding and Reconstruction of Contained Two-track Neutrino Events in the MicroBooNE
surament of Differentls’ Cross Sactions for Muon Neutring ©
ement af Space Charge Effects in the MicroBoaNE LAr TRPC Us ng(.osrmc Muons
e
g nte muon-pon pars in the MiccoBeoNE delector
00) MaV Electromagnetic Activity from Neutral Pion to Gamma Gamma Decays in the MicroBooNE LAITPC
ojection Chambers Using a UV Laser System and its Application n Micro8ooNE
Liguid Argon Time Projection Chambeér Using Muons and Prolons

— >60 public notes
* sharing with the
H 1855
1, C
Com m u n Ity aS W, i sﬁ@uremem of Differential Charged Current Quasi-Elastic-Like Muon
Search for heavy neutral leplons dr:ca?'m
Reconstruction and Measurement of O(
A Methad to Determine the Electric Fiekd of Liguid Argen Time Pr
Calinration of the Charge and Energy Responsé of the MicroBooN
First Measurement of Inclusive Muon Neutrina Charged Current Differential Cross Sections on Argon at Enu ~0.8 GeV with the MicroRaoNE Detlector
Design and Construction of the MicroBooNE Cosmic Ray Tagger Systam
Rejecting Cosmic Background for Excusive Neutrino Interaction Studies with Liquikd Argon TPCs: A Case Study with the MicroBaoNE Detectar
First Measurement of Mucn Neutrino Charged Current Neutral Plon Production on Argon with the MicroBooNE datector
Deep Neural Netwark for Pixed- Level Electromagneatic Particle Identification in the MicraBooNE Liquid Argon Time Projection Chamber
Comparizen of Mucn-Neutrina-Argon Mulliplicity Distributions Cbserved by MicroBooNE 1o GENIE Model Predictions
lonizaton Electron Signal Pracassing In Single Phase LArTPCs |1: DatalSimulation Comparison and Performanca in MicroBooNE
lonization Electron Signal Processing in Single Phase LAITPCs I: Algorithm Description and Quantitative Evaluation with MicroBooNE Simulation

A
The Pandora Multl-Algorithm Approach o Automated Pattemn Recognition of Cosmic Ray Muon and Neutrdno Events in the MicroBooNE Detector
Measurement of Cosmic Ray Reconstruction Efficiencies in the MicroBooNE LAr TPC Using a Small External Cosmic Ray Counter

Noise Characlerizalion and Fiteding in the MicroBooNE Liguid Argon TPC
Michel Electron Reconstruction Using Cosmic Ray Data from the MicroBooNE LAr TPC
Nyl in th i TP ing & Mode] of Mult komb i
Comdtunonal Neoral Networks Arpies 16 Neulis Events if 3 Lizaid Alghn ind Brojecion Crambers'c Coulomb Scatlering
Design and Construction of the MicraBagiNE Deteclor
Jay Hyun Jo, Yale | Exploring v Physics with LArTPC
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MicroBooNE'’s first series of LEE search analyses

1yOp candidate data event
=P pBooNE

four independent analyses targeting different

final states, hence probing different theoretical S ,_ Y _J
models .

pBOONE 1y1p candidate data event
* single photon analysis T e 0N o D, st i 14 e 7

— targeting NC A —> Ny hypothesis (1yOp, 1y1p) 1eNp candidate data event

1e1p candidate data event

« analyses searching for a ve rate excess
— MiniBooNE-like final states (1eNp, 1e0p)
— restricting to quasi-elastic kinematics (1e1p)
— all vefinal states (1eX)

. teX candidate data event 1e0p candidate data event

18cm 8cm BNB Run: 11001 Subrun: 42 Event: 2145
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MicroBooNE'’s first series of LEE search analyses

1yOp candidate data event
=P pBooNE

four independent analyses targeting different
final states, hence probing different theoretical < Yy

models .

1y1p candidate data event

® Single photon anaIySiS i{i amlztﬂ}i\ent!usu 25 Cm MicroBooNE Data, Run 5462 Subrun 14 Event 732
— targeting NC A —> Ny hypothesis (1y0p, 1y1p)

Results presented in PRL 128.111801

« analyses searching for a ve rate excess
— MiniBooNE-like final states (1eNp, 1e0p)
— restricting to quasi-elastic kinematics (1e1p)
— all vefinal states (1eX)

. teX candidate data event 1e0p candidate data event

18cm 8cm BNB Run: 11001 Subrun: 42 Event: 2145
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https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.128.111801

MicroBooNE'’s first series of LEE search analyses

NC A — Ny [ NC1r® Resonant A(1232)

[2] =
£ 2 o INCANy [ NC 10 Resonant A(1232)
@ LEE Model (x,,=3.18) I NC° DIS O 3505_ LEE Model (x,, =3.18) NC° DIS
[ Al Other Backgrounds |l NC® Higher Resonances - [ cc v,/v, on° [ NC1r° Higher Resonances
4 Total Unconstrained 300 :—. CC v,/¥, (>0)° Il NC° Coherent
g : o W Va
Background & Error MicroBooNE #y1p Data - 22 Total Unconstrained [T] All Other Backgrounds
(6.80x10%° POT) 250" Background & Error 9
\ Total Constrained -
\\ Background & Error 7,

i

SN

\f MicroBooNE 1yOp Data
(6.80x10%° POT)
% Total Constrained
\\ Background & Error
Unconstrained Constrained

Unconstrained Constrained

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

, o uBoo
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MicroBooNE'’s first series of LEE search analyses

1yOp candidate data event
=P pBooNE

four independent analyses targeting different
final states, hence probing different theoretical = %

models .

1y1p candidate data event

® Single photon anaIySiS i{i amlztﬂl«;\ent!usu 25 Cm MicroBooNE Data, Run 5462 Subrun 14 Event 732
— targeting NC A —> Ny hypothesis (1y0p, 1y1p)

results in arXiv:2110.14065, arXiv:2110.14080,
arXiv:2110.13978, and arXiv:2110.14054

. Gnalyses searching for a ve rate excess

— MiniBooNE-like final states (1eNp, 1e0p)
— restricting to quasi-elastic kinematics (1e1p)

- all ve final states (1eX)

~

. teX candidate data event 1e0p candidate data event

18cm 8cm BNB Run: 11001 Subrun: 42 Event: 2145
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MicroBooNE’s search for an excess of electron neutrino interactions

three independent searches across multiple single electron final states

* exclusive two-body charged-current quasi-elastic (CCQE) ve scattering [1e1p]
P\

* semi-inclusive ve scattering without final state pions [1eNpOrt (N=1) + 1e0p0r]

p
p\/ ) .

e

e-

* inclusive ve scattering [1eX]

12

e-
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MicroBooNE’s search for an excess of electron neutrino interactions

three independent searches across multiple single electron final states

* inclusive ve scattering [1eX]
X=0

18 4/12/22

BNB Data, Run 5924 Subrun 2 Event 109
econ d sh

Reconstructe ower energy: 2.8 GeV

1eX candidate data event

P\ .
p
p\/ e + e
V.
| e

* less cross-section model dependent

+ topology-agnostic; high statistics

+ type of analysis that will be performed in

selection

the future wide-band DUNE

Jay Hyun Jo, Yale | Exploring v Physics with LArTPC

MBoONE _



simple model of the MiniBooNE low energy excess

Phys. Rev. D 103, 052002 (2021)

« unfold 2018 MiniBooNE excess under

>12F T T T T L
Ve hypothesis ESd 1)
— considers only E, dependence S B ]
@ 0 65% + MiniBooNE Data
Q04f E
. : : o + {4 —+- .
derive scaling template to model i _l“f—%;_ti*r"%’"'-.r-
enhancement of intrinsic ve rate in the N
H 02 o4 06 08 10 12 14 16
Booster Neutrino Beam % (Gov)
. MicroBooNE Simulation
6 —— Jnfolded MiniBooNE LEE Model > 80 ; E-E Scaled to 6.4><1(?2°lPOTA
- apply to MicroBooNE allowing e 2 700 T e
. - 5 S 60} :
normalization to float g = 5ol
g g 401!
| &30
 does the data prefer the constrained ve -, Werosoone simutaion | 8 201[
P . . “ ” M E \
prediction or this simple “eLEE” model? O s
— Ax2 hypothesis testing s True E, (MeV)

o nBoo
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Wire-Cell event reconstruction & pattern recognition: overview

S ———

multi-track fitting

. . . 3D imaging i
noise filtering SSCt;/?jjfzttﬁrnyg&

clustering 3D vertexing

signal processing :
charge-light matching cosmic muon tagger

particle identification

MicroBooNE

After Noise Filtering 1-D Deconvolution 2-D Deconvolution /
750/ (@) (b) (c) MigroBooNE / "
/ 7
/ sk
/1 dede b
,;7? X
¥ “ A\

o
=3
5}

fn/ ‘

AN !’//'i:f\

5 i \ * \ *
\ . \
. 10° MicroBooNE Simulation / . y
N N ) Fl E 140F " 4
150 N \ N \ ] X ‘o 120 * Reconstructed i N :
v v : . £ =) B
A 1y 74 = . < e
Fae at . A At 1/3 MIP |
< A AN =

v .
% 20 40 60 80" 0 20 40 60 80" 0 20 40 60 5‘0\\ S [ } ~
/ > Y 2 MIP
Wire [3 mm spacing] \ \'\ K \
JAN

/ 4 MIP
MicroBooNE Data N f K
< P . . . . .
\ % 5 10 15 20 25 30
Residual range [cm]

>
@
=)

Time [3 ps]

w
S
S}
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Wire-Cell event reconstruction & pattern recognition

\ A . ‘ \ f
\ 3 N 't Fa N - e / J <
X / y/ NG s : N\ /
. »,,\y‘: 1 / S < \ / ’ ) | v
i . \ = - gt
s, ' v = \
= A " = >N
first projection view second projection view third projection view

* starting with three 2D recorded images, one for each wire plane

* each image is at 60 degrees to others

— uBooNE _
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Wire-Cell event reconstruction & pattern recognition: 3D imaging & clustering

SNBSS Run 10711 | Subrun 140 | Event 7036 View Syster * General
*» Helper
* Monte Cario
» Optical Flash
* 3-D Imaging
* Box of Interest

~ Time Slice

Fullscreen

4 Voice Control [l

Close Controls

Tomographic image reconstruction: 1) slice three 2D images according to time
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Wire-Cell event reconstruction & pattern recognition: charge-light matching

The separated interaction clusters are further matched to the light signal to determine its interaction time
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Wire-Cell event reconstruction & pattern recognition

>
selected neutrino event track/shower particle-level 3D dQ/dx information particle flow with
separation sub-clustering with PID capability DL-assisted
neutrino vertex
" . - "' - - 4
o / 7 ,
A - o
t,’ -
. / ) y, }
P «
~2 MIP
4 MIP

o nBoo
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event reconstruction performance

arXiv:2110.13978

* neutrino energy reconstruction is

performed based on calorimetry with FC* v, CC FC* vo CC
partICIG ID |nf0rmat|on _ 3MicroBooNE .Simula,tio.n/ _ 3»MicroBooNE ilation
- 15-20% resolution for Sas i s R

fully contained v, CC o e B2 o

- 10-15% resolution for 1? . lj I
fully contained ve CC 05 05 AT

¢ E2 L D B Ry

E (GeV) Ey* (GeV)

*FC “fully contained”: events with reconstructed activity
entirely within fiducial volume

— uBooNE _
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https://arxiv.org/abs/2110.13978

event reconstruction performance

= » > C TAZMCHEXTI093:001( +0. d
T I S
9 E % g?sm o = Ezf; 3 % F % Etg‘ml“é ]é‘\/ 2910.1 = OU[C]:(;IT\:‘ZO} IS:V 9149
% 12005: = ggcyé 5/:33 2;1 535 v' ce TnnF'{/FYs:st%m é 800:— = VCCZ 5‘-:"{/ F\zlog I l CC in BV, 4902
L] L] L] 2 F =} -
- track energy is calibrated with &= :
£ wE CCr0 |2 wof NC#0
muons and protons o W
200~ o =
. . . 0k Oke ; ; :
- shower energy is calibrated with z it 2 e e
0 i . g ' g 1 g e e et ';:@;;;*‘**++
7V Invariant mass *F
50 100 150 200 250 30 O 50 100 150 200 250 300
Reconstructed 7° mass (MeV/c?) Reconstructed ° mass (MeV/c?)
, o uBoo _
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MicroBooNE data

——== Protons

- ==== Muons
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arXiv:2110.13978
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https://arxiv.org/abs/2110.13978

preselection: generic neutrino selection

using Wire-Cell cosmic rejection, achieved 235005_ < MicroBooNE o goam.on data, 17305
high efficiency/purity neutrino selection 3000 E- T e et ey o7
22 500 E_ %% cosmic (beam-on MC), 589
o . . . \ - v, CCinFV, 11379
- 99.999% cosmic background rejection  g,000E L Mo inFY. 1629
> s .
m = - v, outside FV in cryo, 964
. . 1500 = 7, 5,v, in cryo, 257
v.cosmic-ray improved from 1000E o Il nan, 0
1:20k to 5.2:1 500 E
o 0
- high v, and ve selection efficiency g !
& 08Ff
ECF [ 4l
. . ] E 0.6 -o- Purity.of v interaf:tions in FV ' 0.6
- Ve purlty IS Only 0'40/0 at thls Stage g 04 iﬁ-{ —:— :Tf‘f?c:‘i::\‘::::ovs":::::zesractions in FV —:04
m UE ' 1
02F *e- e 902
. E R ST S WPU o SRS P "*‘Z-+- P
serves as a preselection for ve and v, 0=t —eo bl Lady

. . E, [MeV]
selection for eLEE analySIS Phys. Rev. Applied 15 064071 (2021)

— uBooNE _
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.15.064071

event selection: v, CC & ve CC 211013078
68% efficiency, 92% purity 46% efficiency, 82% purity
1.0 , ——1.0 1.0 , ———1.0
0.8 0.8 0.81 0.8
206] 0.6 50.6\: 0.6
= | Vu CC 5 = | Ve CC 2
T04 0.4 S04 04~
efﬁciency Cfﬁ(}j(\,ncy
0.2 purity 0.2 0.21 purity 0.2
------ finalized v,CC BDT cut value -----= finalized v,CC BDT cut value
0.0 — T 00 0.0 = — ; —— 0.0

v, CC BDT cut value

v,CC BDT cut value

combination of traditional tagging technique and machine-learning (BDT/XGBoost)
excellent performance in v, and ve selection

- ve purity improved by more than a factor of 800 from the preselection stage
- absolute efficiency is estimated with respect to total number of v, /ve in active

MWBooNE _

volume
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event selection: v, CC & ve CC
68% efficiency, 92% purity 46% efficiency, 82% purity

E Data POT: 6.369¢+20 Pred. uncertainty % 100 - Data POT: 6.369e+20 Pred. uncertainty
=35000 == [ Cosmic, 862.8 [ EXT, 3250.9 = L [ Cosmic, 1.0 [ EXT, 4.6
o E [ Dirt,693.4 out FV, 1599.0 o - [ ]Dirt,10 out FV, 14.4
230000 NC «° in FV, 374.4 O S 30 NC «’ in FV, 27.1 v, CCn’ in FV,26.5
- E NCin FV, 25323 I v, CC in FV, 106866.8 I - L NCinFV 132 v, CCinFV,17.6
‘E 25000 [ v.CCinFV,862 E - I [ ] v.CCinFV,486.6 I = = = LEE(x=1),39.8
2 E 2 60
520000 S C
5 15000E 5 .F
15000 - e
@ E == VM CC a F e T Ve CC
10000 ; r ret
E 20— = N
5000 : r =
P 9 _—
] o]
E 15 :_ |:| Pred total uncertainty |:| Pred stat+xsec+lux uncertainty E L |:| Pred total inty |:| Pred sta 1l
R s 3
= N = [ S
A osk A
00 500 1000 1500 2000 2500 00 500 1000 1500 2000 2500
Reconstructed E,, (MeV) Reconstructed E,, (MeV)

combination of traditional tagging technique and machine-learning (BDT/XGBoost)
excellent performance in v, and ve selection

- ve purity improved by more than a factor of 800 from the preselection stage

- absolute efficiency is estimated with respect to total number of v, /ve in active
volume
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7-channel selection & fit

30

utilize 7 neutrino interaction channels to
cross-check and constrain uncertainties in the

ve Signal channel and enhance eLEE
sensitivity
signal: fully contained ve CC

- partially contained ve CC sideband:

less sensitive to eLEE search, mainly
serves as control sample

- FC/PC v, CC sidebands:
mainly constrains flux & cross section
systematics

- FC/PC CC #%, NC =0 sidebands:

mainly constrains background
components in signal channel

ve CC signal (FC)

control sample

1 ve CC sideband (PC)

. 2 v, CC sidebands
constrain

background
components

2 CCx0 sidebands

1 NC=0 sideband

4/12/22 Jay Hyun Jo, Yale | Exploring v Physics with LArTPC

constrain
flux & Xs
systematics
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7-channel selection & fit

Event counts

Data/Pred

Data POT: 6.369¢+20

[ Cosmic, 0.5

[ Dirt, 10

[ INCainFV, 163
NCinFV, 104

[ v. CCin FV,3109

ve CC signal (FC)

Pred. uncertainty
[ EXT.29
out FV,5.7
v, CCainFV, 122
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= = = LEE(x=1),34.7

8
£
3
2
S

=
15}
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(&3]

1500 2000 2500
Reconstructed E, (MeV)

Data POT: 6.369+20
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[ Dirt,00
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[0 EXT. 17
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[ Cosmic, 336.9
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Event counts /

arXiv:2110.13978

MicroBooNE

EDATAZMC/EXT)=1.0520.00(dag em)=0.18(pred cr)
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NGV 1429
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Ve CQ sideband (PC)

400 600 800 1q
Reconstructed n° kinetic energy (MeV|

e) NCr°

400 600 800 1
Reconstructed ¢ kinetic energy (MeV)

d) PC CCr®

400 600 800 1
Reconstructed x kinetic energy (MeV)

¢) FC CCr°

70 sidebands

[ ettt mraimy [ st oot ey

Data/Pred

sideband channels with high-statistic,
good data-MC agreement within systematics

1500 2000
Reconstructed E, (MeV)
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systematic uncertainties

arXiv:2110.13978

® oo
5, FCv.Ce PC v,CC FC v,CC PC v,CC O (e
13 total systématic uncertainty is | — total
~25% in signal channel, — flux
Lo before copstraints | o — V-ArXs
2 14 F : 5 5 5 — hadron-Ar int.
% 1.2 - — detector
2 — MC stat.
= 1
o [
Z 08
-
3 06
0.4
0.2
0k

| iy uBoo
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systematic uncertainties

arXiv:2110.13978

FCv,CC  PCv,CC  FCv,CC  PCv,CC

100

80

60

40

Syst. percentage (%)

. MC stat.

oleoleololeololelelelelololle oo No Nl ol e Ro R Ro)
SO OO0 DO OO OO o COo CO
in general, negqreELeggq gt e e s
cross section uncertainty Reconstructed energy (MeV)
dominates

| iy uBoo
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systematic uncertainties

arXiv:2110.13978

X oo
FCvCC  PCvCC  FCv,CC  PCv,CC ?CC CC et

100

80

60

40

Syst. percentage (%)

. MC stat.

20

00
00

nmn

detector systematlcs dominates
where statistics are low
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impact of constraints from sidebands

arXiv:2110.13978

c 60 MicroBooNE 6.369¢20 POT Pred i
— 1icroBoo . [S red. uncertaint
E - FC [ Cosmic, 0.5 EXT, 2.9 g
— Dirt, 1.0 out FV,5.7
S sopveCC o NCRInEV, 163 vutcc 0 inFV, 122
o _ ~ = NCinFV, 104 v, CCinFV,10.3
« ve prediction increases, 2 40k = v.CCinFV,3109 - = = LEE(x=1),347
5 =
mainly driven by v, sidebands 3 30 Unconstrained
Q -
2k
] " m 20 __
* systematic uncertainty =
decreases by more than a e
factor of 3 Ok
= 2
SR
Q_‘ .
g 1r
- 0.5 —
% 500 1000 1500 2000 2500

Reconstructed E, (MeV)
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impact of constraints from sidebands

Ve prediction increases,
mainly driven by v, sidebands

* systematic uncertainty
decreases by more than a
factor of 3

36 4/12/22

Event counts / 100 MeV

Data/Pred

arXiv:2110.13978

60 :— FC MicroBooNE 6.369¢20 POT Pred. uncertainty
- [ Cosmic, 0.7 EXT,29
~ ] Dirt, 1.1 out FV,53
50 Ve CC I NCainFV, 138 v, CC 7 in FV, 109
— NCinFV,8.7 v,CCinFV,8.5
40~ [ v,CCinFV,333.1 = = = LEE(x=1),37.0
30F- Constrained
20 o p
10
0'_ 1 T I 1 1
2
15 B Pred total uncertainty
1 e
05
00 500 1000 1500 2000 2500
Reconstructed E, (MeV)
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blind analysis

_ _ “signal region” . “far sideband”
* sequentially unblind sample - >H—> >
. > > + + aaerr+ red err
from higher to lower energy 2 60 6360000 o S s
) ita, 338.0 Pred uncertainty
region S {0 out FV 3.3
: > A W EE RS
far sideband: *2 40 n FV,333.1 = == LEE(x=1),37.0
=}
E, > 800 MeV 5 20 FC ve CC
g after constraints
=20
0
o 2
o taint;
g 15 d ‘i’
X et
00~ 500 1000 1500 2000 2500

Reconstructed E,, (MeV)

arXiv:2110.13978
o nBoo
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blind analysis

_ _ “signal region” “far sideband”
* sequentially unblind sample . = >H—> >
ffom higher to lower energy 3 @ T
region S S?é‘“fﬂ 07 — Eﬁi?&’é—a
- ~ NCminFy, 133 v Sgﬁléﬂsm
far sideband: g 40 v, CC in FV, 333.1 = = = LEE(x=1),37.0
=
E, > 800 MeV 3 20 FC ve CC
e} .
- o after constraints
* near sideband: 3 o
800 MeV > E, > 600 MeV 0 T L
0 ——
- 2
E 15 rtal uncertainty +
P T, + +
<
A o5 + ++
Og~ 500 1000 1500 2000 2500

Reconstructed E,, (MeV)

arXiv:2110.13978
o nBoo
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blind analysis

* sequentially unblind sample
from higher to lower energy
region
* far sideband:

E, > 800 MeV

* near sideband:

800 MeV > E, > 600 MeV
* signal:

E, <600 MeV

. o Bo _
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blind analysis

_ _ “signal region” . “far sideband”
* sequentially unblind sample _ b >—>i >
from higher to lower energy 2 60F Dt POT: 6 360600 S s
H - —e— BNB data, 338.0 sz Pred. uncertainty
region § S0E- = 1%%8::(11010}3:/ 138 Eﬁé;zg” FV, 109
— — | n v 7 in
far sideband: =T = — Ivicclg EIVF\§7333.1 - {tﬁﬁ‘ﬂf\%s
= -
E, > 800 MeV 5 WE- FC v« CC
s — .
. - . Q - after constraints
near sideband: SR
800 MeV > E, > 600 MeV 105
* signal: E = =—— _ __ =i
E, <600 MeV 3 Z_T — 1_
Q;: 15 | | red total uncertainty
i =
3 osH T +++ ++++
% 500 1000 1500 2000 2500

Reconstructed E, (MeV)

arXiv:2110.13978
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results: CC selection

arXIV 2110.13978

ATA/Z(MC+EXT) 088 0.05(data err) 004( d err)
- observed 56 events in R
reconstructed E, 0-600 MeV range

after
constraints

Event counts / 100 MeV

- after constraints, we predict

- 69.6 £ 5.0 (sys) + 8.0 (stat) events with
no LEE hypothesis (eLEEx=0)

Data/Pred

1000 1500 2000 2500

Reconstructed E, (MeV)

- 103.8 £ 7.4 (sys) + 9.0 (stat) events with
LEE hypothesis (eLEEx-1)

Category Evts w/o constr. Evts w/ constr.
Beam v,CC 426 £ 106 51.5 £ 2.6
v,CC =° 0.6 & 0.8 0.8 + 0.8
- 0
- data agrees better with eLEEx-o than eLEEx- Gyt ) nin Bin
NC (non-7°) 3.0+ 1.4 29412
Out of FV 3.8 + 2.0 3.4+ 1.6
Dirt 1.0 + 1.0 1.2 4 0.9
no excess of low energy Cosmic 03 + 0. 05 + 0.6
EXT (beam-off data) 1.9+ 1.7
: : Pred. total (eLEEx<0)|61.5 £ 15.3 + 7.7 69.6 £ 5.0 £ 8.0
ve candidates is observed! Pred. total (GLEE.)|O18 £ 234 £ £7 1058 & 7 £ 8.0
BNB data 56

o nBoo
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simple vs. simple likelihood ratio test arXiv:2110.13978

probability of the data rejecting one hypothesis assuming the other is true

nominal nue model nominal nue + eLEE model
MicroBooNE Simulation MicroBooNE Simulation
% 80 — Scaled to 6.4x10% POT % 80 — ¥ Scaled to 6.4x10% POT
> 701 MC prediction without LEE > T0E e MC prediction without LEE
() - o o T e LEE (x=1) prediction
S 60p S 60} :
2 S0 2 S0
£ 40 VS. | § 40}
5 [ = =’ C
S 30} S 30}
5 20 5 20F:
Q 10F Q 10F
=l ITEEEERRN RN R R R AR R RN SRR RRRINNNY 0 = IVERRRRRVERRRRRN R R R RN SRR RRRNNSY
00 1000 2000 3000 4000 0 1000 2000 3000 4000
True E, (MeV) True E, (MeV)
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results: simple vs. simple likelihood ratio test AXiv:2 11013978
assuming eLEEx-o hypothesis is true assuming eLEEx-1 hypothesis is true

F : 0.025] i
0.05— - 2 N
- AXZ =12.977 - AX" . =12.977 (ol
T simple - simple 5 <t
- : — p-value = 0.326 - — p-value = 9.0 x 10 & i
0.04 : 0.02~ enn
- i — 0450 C —3.756 Eolt
E Simple vs. simple L Simple vs. simple 2
= 0.03F ol Test eLEEx=0 m 001 TesteLEEx=1 Zi
S q = . A
0.02F Zil 0.01 :
': £l -
0.01- 3 0005
0: — T e —q;OI — —IOOI — I—éO — (I) E— 50
—40 =20 0 20 40 60 80 A =2 v
A =y - x> simple  “"eLEEx=1 ’“eLEEx=0
simple eLEEx=1 eLEEx=0

2 — A2 2 _
- Dlgimple =X leLEEx=1 =X leLEEX=0 = 12.977

- consistent with eLEE«-o at 0.450

- disfavors the eLEEx-1 hypothesis at 3.750 significance level

o nBoo
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MicroBooNE’s search for an excess of electron neutrino interactions

three independent searches across multiple single electron final states

* exclusive two-body charged-current quasi-elastic (CCQE) ve scattering [1e1p]

\ _ arXiv:2110.14080
e
MicroBooNE 6.67 x102° POT +  Data (25)
20.0 B CCuv. (25.8)
Fitted
excludes eLEE s Background (3.2)
model at 2.40 goodness of fit p-value | ... faﬁéﬁ?s)
2 15.0 (with respect to eLEE):  Constrained
= 5x10-4 7/ Uncertainties
8125
S
£ 100
c
(0]
> 75
5.0
2.5
0.0
200 400 600 800 1000 1200

Reconstructed E, (MeV) Note: E, definitions differ
between analyses

, o uBoo
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MicroBooNE’s search for an excess of electron neutrino interactions

1eNpOr v, selection 1e0p0rm ve selection o )
L] _ . 20 Note: Ey definitions differ
. MicroBooNE @86 x102° POT MicroBooNE 6.86 x10<° POT between analyses
20l 1 — Constrained pred'ction v with r° 17.5 —— constrained prelliction  m— Cos‘mics0
1 ——- eLEE model (x=1) v other 15.0 ; EDEE(OmZd_EJ D_:_:::l)) v WC‘tCh m
. N . irt utside Ve
> 1 = Dirt (Outside TPc: Ve CC 2 » other H + BNBDats
s 1 B Cosmics 4 BNB Data s
P 151 == ¥ py 12.5 1
=1 J | s,
Z : oo Goodness of fit p-value: 2100 Goodness of fit p-value:
3107 0.182 3 45l 0.126
= 1 b=}
C 1 C
w 1 W 5.01
51
i T4 |
f arXiv:2110.14065
0 - - - - 0.0
500 1000 1500 200 500 1000 1500 2000
Reconstructed E, [MeV] Combined p-value: 0.098 Reconstructed E, [MeV]

* semi-inclusive ve scattering without final state pions [1eNpOrt (N=1) + 1e0p0r]

P\

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

o nBoo
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what we’ve accomplished

 co-developed 3 different fully-
automated event reconstructions
and 3 distinct LEE search analyses
targeting both exclusive and
inclusive ve final states: CCQE
1e1p, 1eNpOrt + 1e0p0r, 1eX

 used the powerful imaging
capabilities of the LArTPC to
isolate high-purity ve CC event
samples with excellent rejection
backgrounds

* both are transformative for the field
and feed directly into DUNE

46 4/12/22

Entries / 140 MeV

arXiv:2110.14080

+#+ Data (25)
B CC v, (25.8)

MicroBooNE 6.67 x102° POT

Fitted
Background (3.2) 20
_____ eLEE(x=1) >
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—
~
_@ 10
__________ _
=}
c
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1000 12

arXiv:2110.14065
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4 BNB Data

fn

500 1000 1500
Reconstructed E, (MeV)
arXiv:2110.13978

2000

arXiv:2110.14065 45F MicroBooNE 6.369 x 10°° POT
F —e— BNB data, 338 Pred. uncertainty
MicroBooNE 6.86 x102° POT 40E [ Others, 10.0 NG, 22.5
—— constrained prelliction == Cosmics o A CC, 193 [ v.CC,333.1
——. eLEE model (x 1) vwithn® |~ 35F = = =+ eLEE Model (x=1), 37.0
W Dirt (Outside TPE) ve CC [P
ther 1 + BNBDan [ S 30F 1 eX
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~ E
P 2 20F
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+ 5; : g + 1
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comparisons to ve prediction arXiv:2110.14054

* Ve prediction adequately describes % MIODOONE Observed
. m 2.5 1
the data across many different i) ton-v. background
. . .. Intrinsic va
kinematic quantltleS § w0 Total, no eLEE (x = 0.0)
= 2.01 [ Total, w/ eLEE (x = 1.0)
L
. &
* observe ve candidate event rates B sl
in general agreement with or -
below the predicted rates g @
— same overall picture in the low- i
energy region >
£ 057
g
w
0.0 T T T T
lelp CCQE leNpOn 1le0pOn leX

(200 MeV 500 MeV) (150 MeV,650 MeV] (150 MeV,650 MeV] [0 MeV,G00 MeV]

o Physico MBoONE
47 4/12/22 Jay Hyun Jo, Yale | Exploring v Physics with LArTPC )



https://arxiv.org/abs/2110.14054

comparisons to ve prediction

arXiv:2110.14054

Ve prediction adequately describes
the data across many different
kKinematic quantities

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

— same overall picture in the low-
energy region
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Channels Reconstruction Efficiency Purity Data
Events

CCQE 1elp Deep Learning 6.6% 75%
1e0pO0mn Pandora 9% 43% 34
1eNpOn Pandora 15% 80% 64
Inclusive Wire-Cell 46% 82% 606
leX
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MicroBooNE’s exploration of the MiniBooNE excess

First series of results (1/2 the MicroBooNE data set)

Reco

Models

opology

1e0p

1elp

1eNp

1eX

e'e

+ nothing

e'e’X

1y0p

1ylp

1yX

eV Sterile v Osc

v

v

v

Mixed Osc + Sterile v

v,

v,

v

v,

Sterile v Decay

Vua.u]

Vua,m]

AN

(4,11,12,15)

Dark Sector & Z’

*

V.,

V.,

AN

2,3]

More complex higgs *

6,10]

Axion-like particle

*

v
v,

ANA N

(8]

Res matter effects

v,

(V4

v,

SM y production

<

* Requires heavy sterile/other new particles also
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evolving theory landscape

motivated by attempts to explain the new MiniBooNE results as well as other experimental data; eg., ve
appearance but no v, disappearance (Caution: not an exhaustive list!)

* Decay of O(keV) Sterile Neutrinos to active neutrinos
— [13] Dentler, Esteban, Kopp, Machado Phys. Rev. D 101, 115013 (2020)
— [14] de Gouvéa, Peres, Prakash, Stenico JHEP 07 (2020) 141

* New resonance matter effects
— [5] Asaadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018)

Produces
true electrons

* Mixed O(1eV) sterile oscillations and O(100 MeV) sterile decay - Target
— [7] Vergani, Kamp, Diaz, Arguelles, Conrad, Shaevitz, Uchida, arXiv:2105.06470 PRL 121, 241801 (2018)
* Decay of heavy sterile neutrinos produced in beam
— [4] Gninenko, Phys.Rev.D83:015015,2011 Produces * many of these models predict more
- [12]A/var'ez-Rus?, Saul-Sala, Phy's. Rev. D 101, 075045 (2020) > true photons Complex final states (e+e_) and/or
— [15] Magill, Plestid, Pospelov, Tsai Phys. Rev. D 98, 115015 (2018) . R . .
— [11] Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 (2020) dlffenng Ievels Of had ronic aCtIVIty
* Decay of upscattered heavy sterile neutrinos or new scalars mediated by Z’ or more )
complex higgs sectors , M) — the hadronic state is becoming
— [1] Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121, 241801 (2018) . . ,
— [2] Abdullahi, Hostert, Pascoli, Phys.Lett.B 820 (2021) 136531 l ncreaSIng ly more | mp Ortan t asa
— [3] Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019) mOde/ discr iminator
— [10] Dutta, Ghosh, Li, PRD 102, 055017 (2020) — PrOdUC_eS
— [6] Abdallah, Gandhi, Roy, Phys. Rev. D 104, 055028 (2021) e*e- pairs
+ Decay of axion-like particles * we are fortunate that LArTPCs are
— [8] Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021) sensitive to these possibilities
* A model-independent approach to any new particle
— [9] Brdar, Fischer, Smirnov, PRD 103, 075008 (2021) -

, o uBoo
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summary

* our results are found to be consistent with the nominal ve rate
expectations from the Booster Neutrino Beam
— no excess of ve events is observed
— disfavor generic ve interactions as the primary contributor to the excess

— reject simple eLEE model of the MiniBooNE low energy excess at
>97% for both exclusive and inclusive event classes

10 cm BNB Run: 16341 Subrun: 27 Event: 1359

* we disfavor the interpretation of MiniBooNE LEE as a x3.18
enhancement of NC A—>Ny rate at 94.8% CL

 together, these are the first detailed study of the MiniBooNE low
energy excess that first appeared in 2007

* MicroBooNE laid groundwork for the SBN and DUNE experiments

BNB Run: 11001 Subrun: 42 Event: 2145
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summary

 stay tuned—more to come!
— tests of additional LEE models
* analyses targeting additional models and new final states topologies are well underway
— X2 data statistics
» all LEE search analyses reported here are still statistics-limited
— Fermilab Short-Baseline Neutrino Program will soon add further to this picture

. . 1bo _
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reactor anomaly and gallium anomaly u@

« measurements of ve disappearance from nuclear 12 : , 30 anomaly
] ) . ! Fully TH driven
reactor W8 I A P iT standard -
. . 11k iHE ;g : gg‘g 1 non-zero f, , fit 2 § -

* ~6% discrepancy from the standard fit o - l T ' i / :

* current running experiments addressed this fairly well: .§ i JHE 1 T \\LK
issues in predicting reactor neutrino flux -’:§°::: ﬂ i% =1 \ T3
(e.g. PROSPECT, STEREO) = I Ll , .

P mean average ratio

- could this still be consistent of sterile neutrinos o8 1

scenario? o Ll L1 Co ol
10’ Dletance 1o RelSor - Miiller et al 201 | 10’
i —~ GALLEX SAGE B
Cr1 Cr
3 -  gallium-based experiments (GALLEX, SAGE) measured a deficit of
>4 GALLEX . . . .
S .0 ¢ Toe Tan ve in their calibration run
Z o
e * recent BEST result confirmed this deficit
_ ' « possible hint of ve disappearance?
~ f R=0.84+0.05 ]

(L)catex = 1.9m  (L)sace = 0.6m  phys. Rev. C 73, 045805 (2006)

, o uBoo
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LSND & MiniBooNE anomaly

Phys. Rev. D 64 112007, 2001

Phys. Rev. D 103, 052002 (2021)

()

a [

) s
E 17.5 3-8 o ¢ Beam Excess % o "o Data (;talt elrr.)I o ]
IS 15| 7 48 0 == :e 222 &" =
] i o] + D [ v, from 3
3 - 1 pE,etn w S misid -
o 125 - T =PI :
) i .
5 [0 other -]
—— Constr. Syst. Error ]
A Best Fit s
" | | | 3.0
0.4 0.6 0.8 1 1.2 1.4 EV (GeV)

L/E, (meters/MeV)
e LSND (1 990-2001 ) « MiniBooNE (1998-2020)

— - - measured v, » ve and v, - Ve appearance
* v, = veexcess over background suggests

evidence for oscillation at Am2 ~ 1eV2 - the excess of events at low energy

, o uBoo
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tension in global picture

e * Unfortunately, it's more complicated than
= 99.73% CL that. ..

=
|8 = 2 dof
10%¢ fib :::::,
“ = « significant tension between
— U, appearance and

v, and Uy disappearance

10°F Appearance
( wj/o DiF)
— * lots of different independent observations
— currently unexplained
Disappearance
— Free Fluxes
_ 1| - - - Fixed Fluxes .
10 b s w4« we need to understand the anomalies
10 10 10 10

/
Sin 26, better!

From Pedro Machado’s Neutrino 2020 talk: Sterile Neutrino Global Picture
, o uBoo
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Inclusive 1eX Observatlons

F %4 MiniBooNE 68.3% ClI (stat.)
:— MiniBooNE 68.3% CI (stat.+syst.)

F Best-it value 0.00

/\
AN
/Y
/
./
R4
/
/%gj
/
i 0

~ ~ 9 15:_ [ 68.370 CI

= f . NS s i UF 0 955%Cl

B 1eX candidate data event \‘\ NG E . : [ m@wma
~_ 1 r : o 10F
X ~ 3 F Q C
MicroBooNE Data ~U . z "5?T |:| i *lr -l:H g
icroBool a ~ R : SE
A //’/ A 0_55 T‘f W *‘I“FT‘Q‘ TIT+ "t*! l F

e- - 0 5‘&] IOOO I500 00 G_ A 1
Reconstructed E, (Me V) 0 0.5 1 1.5 2

eLEE strength

- Wire-Cell eLEE analysis aims to search for anomalous excess of inclusive ve CC interactions
with Wire-Cell 3D tomographic reconstruction and 3D pattern recognition

- leveraging high-statistics sideband samples and using 7-channel fit to enhance eLEE sensitivity
- simple vs. simple hypothesis test rejects eLEE hypothesis (eLEEx-1) at 3.750

- best-fit eLEE strength x is determined to be 0, disfavoring MiniBooNE 68% confidence
interval at over 2.60

— uBooNE _
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eLEE search: why Wire-Cell reconstruction?

JINST 16 P06043 (2021)

Y (vertical)

* Wire-Cell: 3D tomographic imaging

reconstruction algorithm X (Earn)
* reconstruct events in 3D, unlike other 2 (beam)
2D-based reconstruction paradigms /

— topology-agnostic reconstruction;
good for high efficiency, inclusive
selection

— does not need all 3 wires to be
active; resulting in nonfunctional
volume decrease from 30% to 3%

MicroBooNE Data

Active detector if three live wires are required prior to tiling

/ 30% volume with
at least 1 wire nonfunctional

Beam

nonfunctional Active detector if two live wires are required to tile

regions

vertcal| ] 3% volume with
at least 2 wire nonfunctional

MicroBooNE

Beam
.
| - nBoo
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https://iopscience.iop.org/article/10.1088/1748-0221/16/06/P06043

eLEE search: why Wire-Cell reconstruction?

JINST 16 P06043 (2021)

Y (vertical)

* Wire-Cell: 3D tomographic imaging

reconstruction algorithm X (Earn)
* reconstruct events in 3D, unlike other 2 (beam)
2D-based reconstruction paradigms /

— topology-agnostic reconstruction;
good for high efficiency, inclusive

. MicroBooNE Data
selection

Y Plane (Deconvoluted) MicroBooNE Data

— excellent in recovering “broken”
tracks/showers from

unresponsive TPC wires;
better particle ID performance

L
‘I.
.

gap-recovered track with
Wire-Cell reconstruetion-

gap in a track from
unresponsive wire
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Wire-Cell event reconstruction: imaging, clustering, matching

JINbI 16 PO6043 (2021)
i AMicr‘onoNE MicroBooNE

- 3D imaging & clustering T / \\ > ';-l
— 2D wire-to-3D cell: K x \1
| ol BRORK N
capitalize all information &,
from the TPC 2D wires, (s | K /‘
reconstruct 3D cell image = 2u FN\”
of ionization electrons ’
* (many-to-many) charge-light matching S .c.‘.‘.,
— pairing TPC charge activity to scintillation light L - o ee @0

signal detected with PMTs

— among reconstructed 3D images, remove
cosmic-ray muon events by a factor or 30-40 T 3
Lt
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Wire-Cell generic neutrino selection

Phys. Rev. Applied 15 064071 (2021)

* majority of the remaining in-beam
candidates still originate from cosmic-ray
muons, such as: through-going mons,
stopped muons, or light-mismatched

Y

L Z, Beam direction

through-going muon

« «Observed light
flash information

Side view

Prediction light
® *flash information

MicroBooNE

End view

Effective detector boundary

Lo

events
* advanced tools developed

— precise estimation of effective TPC
boundary

— trajectory and dQ/dx fitting

Side view

stopped muon

3 .. B
: direéli:m\\' e
z

End view Top view

Y= X \
L4 L,

1

dQ/dx [1000 e/em]

MicroBooNE

o]
S
T

. Bragg peak

— various tagger for cosmic muons
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0 80 120 160 180 200 240
Distance from Start of Track [cm]
a) b)
MicroBooNE %103 MicroBooNE Simulation
space points |l § 140F
. . - 4l ° 120 —— Reconstructed
fitted trajectory / . Truth
% 100 o

e

' -
Sl
ege |

fﬁ,
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https://journals.aps.org/prapplied/abstract/10.1103/PhysRevApplied.15.064071

energy resolution & bias

arXiv:2110.13978

MicroBooNE Simulation

(=]
wn
T

1L
0 05 1

E* (GeV)
(a) v, CC candidates, FC

2 MicroBooNE Simulation

E™ (GeV)
(e) vu CC candidates, FC
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152 253"

152 25 3 '

, MicroBooNE Simulation

L: o --ILJ'.LLH:‘M

05
ES (GeV)

(b) v, CC candidates, PC

MicroBooNE Simulation

E™ (GeV)
(f) vu CC candidates, PC

15 2 25 3

15 2 25 3

05 1

152 25 3
E* (GeV)
(c) ve CC candidates, FC

MicroBooNE Simulation

EU™ (GeV)
(g) ve CC candidates, FC
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Y05 115 225 3 !

152 25 3
EJ* (GeV)
(d) ve CC candidates, PC

2 MicroBooNE Simulation

EJ/E™
=

0.5

05 1
E™ (GeV)

(h) ve CC candidates, PC

152 25 3
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https://arxiv.org/abs/2110.13978

selection efficiency: ve CC

arXiv:2110.13978

g‘ I L MicroBooNE Simulation E»‘ I _ MicroBooNE Simulation
3 [ 5 [
S 081 € 08l
O B O B
UU B UO B
e = > -
0.6 0.6 ]
04 - 04 L
02 02+ -
0 i L 1 1 l 1 1 L 1 l L 1 1 1 l L 1 1 L O -.—l l L 1 1 1 I L 1 1 1 l L L 1 1
1000 2000 -1 -0.5 0 0.5 1

3000 4000
True E, (MeV) True shower cos0

(f) Efficiency as a function of true shower cosfl

MBoONE _

(e) Efficiency as a function of true neutrino energy
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selection efficiency: v,CC

arXiv:2110.13978

v, .CC efficiency
=)
oo Pt

g
a

04

0.2

(e) Efficiency as a function of true neutrino energy
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]lll]lll
|

Illlllll‘lll

P

-
-

MicroBooNE Simulation

1

1

l 1 1 1 L l | | 1 L

1000
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2000 3000
True E, (MeV)
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4000

v,.CC efficiency
o
o0 —

o
o

04

0.2

llllllxllll]lllllll

MicroBooNE Simulation

I 1 L 1 l 1 1 L 1

0 05 1
True muon cos0

(f) Efficiency as a function of true muon cosf
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interaction type breakdown: ve CC

arXiv:2110.13978

Event counts / 100 MeV

Data/Pred

(c) Neutrino energy, broken down with interaction types
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(d) Shower cosf, broken down with interaction types
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interaction type breakdown: v, CC

arXiv:2110.13978

25000

Event counts / 100 MeV
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BDT score distribution:

Ve CC

arXiv:2110.13978

g 1000 - EDATA/Z(MC+EXT)=0.95+0.02(data err)=0.14(pred err)
= - Data POT: 6.369%9e+20 »*/ndf=10.98/16
() » = BNB data, 23900 ed. uncertainty
et 800 ] Cosmic, 24.1 [ ) EXT, 365.2
= ] Dirt, 144 out FV, 1401
5] B [ | NC 2’ inFV, 3453 v, CC n’ in FV,555.0
> B ' NCinFV,922 v ‘CCinFV,2547
— B | v. CC in FV, 7316
600—
400 :
MicroBooNE
2000 L T e
0 X | PR ) 1 n 1 | — T s 1
— 2
é 15 ™ Pred total uncertainty Pred stat+xsec+flux uncertainty
o B O T Y o s o o B uh o L RRREFTY COGLELL o S T T LTy
= IF - g g i &k oy W_‘)—H—
A osf
0 2 4 6 8 10 12 14 16
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BDT score distribution: v,CC

arXiv:2110.13978
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selected ve variable: neutrino energy

arXiv:2110.13978

% 60 EDATA(MCEXTI=0.9120. ns(dm em)0.1T(pred err) > S0F EDATA/ZMCHEXT)=0.9920.07(data em)e0.17(peed err)
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selected ve variable: shower energy

arXiv:2110.13978

MicroBooNE MicroBooNE
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(a) ve CC shower energy, fully contained events. (b) ve CC shower energy, partially contained events.
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selected ve variable: shower cos@

arXiv:2110.13978
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selected ve variable: hadronic energy

arXiv:2110.13978

Event counts / 10 MeV

Data/Pred
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(e) ve CC hadronic energy, fully contained events.
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Reconstructed hadronic energy (MeV)

(f) ve CC hadronic energy, partially contained events.
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7-channel selection & fit
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S ©
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* high statistics selection
« data excess in lower energy and deficit in higher energy observed
* lower (higher) energy region is CCQE (CC Resonance) rich

 hadronic energy studies suggest cross section model is the reason for this behavior
 data and MC still agrees within systematics
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7-channel selection & fit

arXiv:2110.13978
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Data POT: 6.369¢ Data POT: 6.369¢ 2/ndf=; Data POT: 6.369¢+20
—e— BNB data, 28450 Prcd uncertainty —e— BNB data, 51080
[ EXT,24.1 =) Cosn'uc,28.7
out FV 11.6 ) Dirt,
NCJ\"mFV 179.2 vCC‘r“mFV 23170
NCinFV,455 v CCinFV, 4652
o v, CCin FV,6A6

—e— BNB data, 5936.0 d. uncertainty
[ Cosmic, 1883 [ EXT,952.2
[ Dirt, 116.8 out FV,678.8
1 NC n” in FV, 28499 v, CC 2 in FV,8734
NCinFV,193.5 Vu % CCinFV, 4732
o v CCinFV, 422

NC ‘n"-inFV, 1628 Vi CC1°mFV 3968.9
NCinFV,40.7 v CCinFV, 1118.0
v.CCinFV,114

Event counts / 100 MeV
Event counts / 100 MeV
Event counts / 100 MeV

FC

FC+PC

'zi

——

2
L T — : : [T o Fe——
. -
*- Y

* T
+

400 600 800 1000 800 1000
Reconstructed n kinetic energy (MeV) Reconstructed 7 kinetic energy (MeV)

Reconstructed 7 kinetic energy (MeV)

e) NCr?

_ o _ 79 sidebands
* high statistics selection

« data deficit is observed in all z° channels
« CC/NC Resonance rich
« consistent behavior with v, high energy region
 data and MC agrees within systematics
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event breakdown in signal region

arXiv:2110.13978

75
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Category Evts w/o constr. Evts w/ constr.
Beam v.CC 42.6 + 10.6 51.5 £+ 2.6
v,CC 7 0.6 = 0.8 0.8 £0.8
v,CC (non-7") 3.9+ 4.2 3.1 +3.1
NC =° 45+ 2.3 43 + 1.6
NC (non-7?) 3.0+ 14 2.9+ 1.2
Out of FV 3.8+ 20 34+£16
Dirt 1.0 £ 1.0 1.2+ 0.9
Cosmic 0.3 £ 0.6 0.5 £ 0.6
EXT (beam-off data) 19+ 1.7

Pred. total (eLEE.—o)
Pred. total (eLEE.—)
BNB data

61.5 £ 15.3 £ 7.7 69.6 = 5.0 = 8.0
91.8 + 23.4 £ 8.7 103.8 = 7.4 + 9.0

56
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p-values for signal sample

arXiv:2110.13978

76
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x*/ndf, eLEE,—¢

Energy region

w/o constr.

w/ constr.

(0, 2500) MeV

12.55/25
pval = 0-982

17.86/25
Pual = 0.848

(0, 600) MeV

4.25/6
Pual = 0.643

5.78/6
pva[ = 0.448

x°/ndf, eLEE,—

1

Energy region

w/o constr.

w/ constr.

(0, 2500) MeV

13.02/25
Pual = 0.976

28.24/25
p\ra[ = 0. 297

(0, 600) MeV

4.23/6
Pual = 0.646

15.73/6
Pyal = 0.015
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Op-Np separation arXiv:2110,13978

MicroBooNE MicroBooNE
2 F TDATAIZMCHEXT)=1 0020.08(data =0 21 pred er) 2 o TDATAIZMCHEXT)=1.1920.11(data =0 24(pred er)
2 E Data POT: 6369¢- 2/ndf=20.12/25 2 c Data POT: 6.369¢+20 7725
25— —e— BNB data, 148.0 d. uncertainty - —e— BNB data, 111.0 d. uncertainty
s F — gomlmooz COEXLze s 20 — gwml;com COEXLIT
z 20:_ :Nc:ﬁva 93 vCCn“mFV ;50 = o *ngn“lx‘_r{/}-';/ 68 vyg(cz_}:“}i‘_,{/%ss
‘2 E |:v CCmFV 1163 ---‘K'EE(x—l) 169 E 15— :vC%va 704 e Eta(x;"l),lfo'
2 E =3 -
g 15 8 E
o - 1= o -
§ = IR FC, 0pX7 § 10 + PC, 0pXm
@ o ; s} C
E —s: ' + g c :
obE iy » 0 1 = ﬁ—»—l_LLa—x'_ﬂ_‘_I_
] 3 ) 3
E e \:| Pred total uncertainty \:| Pred stav+xsec+lux uncertainty 31 L %om \lncc*ty E Pred statxsec+flux uncertaint
i b § 4.
Pl bty ,L+ ERN: +4~.71 i
N: . FTT P iE
500 1000 1500 2000 2500 500 1000 1500 2000 2500
Reconstructed E, (MeV) Reconstructed E, (MeV)
(a) FC v, CC, 0pXm (b) PC v, CC, OpXm
MicroBooNE MicroBooNE
> 40 EDATAIZMCEXT)0 8620.06(data =0 17(pred er Z s EDATAIZMCEXT)0 5420.08(data =0 19(pred er)
2 Data POT: 6.3 9/25 2 F 6.369 Shas
= 35 —e— BNB dat, 2190.0 E)?dT .anaccna.my = F —— gNB ga%, 31080 b xrll_ Iangcna.mly
§ == bit.00 - out FV. § 20k = Dirt,00 out FV, 4.6
Z 30 [ NC 2 in FV, 7.0 v, CCn“mFV 72 Z C [ NC 2 in FV, 40 v, CC ¥ inFV,90
> NCinFV,56 > F NCinFV,05 Vi CCinFV,4.6
§ 25 [ v, CCin FV, 194.6 e DG E' F [ v, CCin BV, 105.3 - oo TEEGaD), 35
15—
] <] C
o Qo -
g + FC, NpX« g E PC, NpXm
z 15 2 10F
[43] m F
10 F o 1 =
S5 + [ b ~ =
: - LT T
0 0 —— e : :1‘:
] 2 k] 3
é 15 [ Pred total uncertainty p Pred stanx+'lux uncertainty __L é o 1‘:’ Pred total uncertainty D Pred stat+xsec+flux uncertainty
[ Py
1
8 1 g F
5 N T—FT' + T [ [ = [oorbes ++ Tk 1.1 .1_
A osk + -+t a ! T T T
s | LT : AT Tyt |
0O 1000 1500 000 2500 00 500 1000 1500
Reconstructed E, (MeV) Reconstructed E, (MeV)
c Ve by Ve g
FC v. CC, NpX: d) PC v, CC, NpX
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Op-Np separation

arXiv:2110.13978

78

4/12/22

Event counts / 100 MeV

Data/Pred

Event counts / 100 MeV

Data/Pred

).Dr\'l }}%&M(JLX l'; 1.2 ’GOUUI(dM(crE):O 76[gn:d err)
§152. [

] EXT, 43
e
W ((A"ml-V 647
v CCin BV, 13187

'ou

MicroBooNE
FC, 0pXm

5000

3000

ol Qr::x_mm uncertainty D Pred stal+xsec+{lux uncertainty | |

T

500 1000 2000 2500
Reconslructed E, MeV)

(a) FC v, CC, 0pXm

).'DATA/}.'&!\(C-‘PJ(T)‘:I 0120.01(data cn)xl“‘)grcd err)
Data POT: 6.369¢+20 “/ndf=8 45/25

—e— BNB data, 231380 ed. uncertainty
3 Cosmic, 132.6 EXT, 1710
C Dirt, 17.0 out FV, 402
- v(.L'l“ml"V lll47
v, CCin FV, 2041
V CCin I"V 17 9
*—.—
MicroBooNE
FC, NpXm

T T T ¥

T LT ——— |

F ] e
500 1000 1500 2000 2500
Reconstructed E, (MeV)

(¢) FC v, CC, NpXm

Event counts / 100 MeV

g
SH32EEEEE

—e— BNB data, 31755 - uncertainty
C ] Cosmic, 295.3 C 1 EXT, 19099
C ] Dart, 380. .3
NC='mFV, 714 v, CCn'inFV. 12556
NCiinFV, 3144 v, CCinFV, 219575
v, CCinFV, 183
*ﬁ-.-
———ee MicroBooNE
PC, 0pXn

).DATA/}.&_\‘ILMJ(T;:I -1820.01(datg cxrz*ﬂ ’-ﬂyrcd err)

T

S —————————————m—

" W Pred stat+xsecHlux uncertainty

Data/Pred
o

IRV s o0

500

1000 1500 2000 2500
Reconstructed E, (MeV)

(b) PC v, CC, 0pXm

LR RARNRRRNRRRY LARLE LALNLRRS R

Event counts / 100 MeV

—— BNB data, 56616.0 red. uncertainty
2306 EXT

i 8285
s v.CCinFV, 422

).DATA/). Vlg ;hXTl:() 990, ()U(dau cngx() l‘)(yred err)

FV, 23014
V:CCin 333056

8000 e )
p MicroBooNE
000 PC, NpX7
4000
2000
g T T T ¥
- =
E 15 |:I Pred total uncertainty |:| Pred statexsec+lux uncertainty
3 1F
e ol o
a 05 4_ IaRAna s Rt ST S 5
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Reconstructed E, (MeV)
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Jay Hyun Jo, Yale | Exploring v Physics with LArTPC



https://arxiv.org/abs/2110.13978

flux uncertainty arXiv:2110.13978

XX,
FCvCC  PCvCC  FCv,CC  PCv,cC ¢ %0 e

Flux syst.

7 . 7+ production
. K production
. K* production
- nucleon QE Xs

. horn: skin effect

Syst. percentage (%)

others
0 R EEEEEEEEEEEEEEFEEEEEEEEEEEEEREEEERE
s R=R=t=R=R=t===R=R=t==R==R=R=R=R=R=R=0=R=R=R=k=]
NSRS A SRS R SRS ARSI RS S VWS
— N — N ] — N N — N O — o o
Reconstructed energy (MeV)

. y uBoo
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cross section uncertainty arXiv:2110.13978

T .o
Sk
FC v.CC PCv,CC ECv,CC PCv,CC $CTgCRCT

» ] _1
g lii
ST | . B 0 [ aa0.8
% B e TG Tk —H0.6
N R I R
: : < —0.4
* strong correlation of cross section z : b fe 0
. A ' al i i i .
systematics observed between veand v, g e=n S T 0
* 46 tuning parameters within uB-tuned Q . .[__m*_g_ o 02
GENIE v3.0.6 are simultaneously varied ; ’ BE S o4
- | .
S | E el
] - S— e e — foo sl 0.6
3 | | =
> . I b -0.8
< 9 oL e .

~
[0
(@]
=]
=
Z;
=
=
C
-
[¢]
o
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o nBoo
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detector systematics

arXiv:2110.13978

* detector systematics are
estimated by varying

I\} O
e et

o I|ght y|e|d S|mUIat|0n FC v.CC i PC v.CC i FCv,CC E PCv,CC
* space charge effect
* recombination model

Detector Syst
B Ligh yield
- WireMod
Bl sce

- Recombination

* deconvolved ionization charge
waveforms
* bootstraping (re-sampling)
method is used to improve

statistical uncertainty of the used
MC samples

Syst. percentage [%)]

1 1 i - 0‘ = g
81 4/12/22 Jay Hyun Jo, Yale | Exploring v Physics with LArTPC


https://arxiv.org/abs/2110.13978

Correlation matrix: Total systematics

arXiv:2110.13978

FC v.CC PCv,CC FCv,CC PCv,CC ¥¢

L cf o
C’%CC’%C‘"
-

e

FC v,CC PC v,CC FC v,CC PC v,CC o channels

Reconstructed energy (MeV)
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validation process
NuMI data simulated data #5

nueCC_FC_bnb_5_kine_reco_Enu_all numuCC_nopi0_nonueCC_FC_bnb_5_kine_reco_Enu_all
2 2 . —
s EDATASMCHEXTI=1 0120 03(datg =0 18(pred o) s _F IDATASMCHEXTI=1 01=0.05(data em)=0.1(pred er) Ead SDATA/E(MC+EXT)=1.18+0.01 (data err)0 21 (pred err)
2 {3 POT: 2009120 2 sof— BNB POT: 7 14125 2 BNB POT: 7243¢+20 ndf=9.93125
8 200— e DB T3 ed. uncem..my g TF e BNB G 4020 e mccriainty S —e— BNB data, 47640 B uncertainty
= = Commi 159 C O EXT 1072 = F 3 Cosmic, 0’5 C O EXT00 = L 1 Cosmic, 303.7 EXT, 00
: i 90 EY. 58 s Dirt, 0.0 outFy.3 I} = D6 out FY, 2850
] . :NCn inFV, 106.3 CCn _mFV 166.4 i) - NC " in FV, cCn’ ml-v 147 0 8000— C a”in FV, 239.7 CC 2’ in FV, 2067.7
NCin v, CCinFV,522 40— NCinFV.34 v, CCinFV/58 - NE R b v, CCin FV, 366976
ok 1% CCinEV, 4908 == ahti v, CCin FV, 1103 - v, CC in FV, 3573 L V. CCinFV,225
H . : C B oo
L | MicroBooNE Preliminary - 6000 — s
30f— Ly L
o Ve CC : ol Ve CC - 1% CC
20— 4000[— & M
50 - B
o= 2000 —
0 0l 0
< 2 - 2 v/ 5 2
£ s - |:| Pred total uncertainty |:| Pred stat+xsec+flux uncertainty % s d total uncertainty E] Pred stat +xsec n certainty £ s total uncertainty D Pred stat.+xsec+lux uncertainty
E - = = 1
g —f— 2 3
g B= e SRS o S 4 a "*."..*..*.. :+;+, ={+ a Y - PO o) +
=G R SRR 2 == Y o EEN- T Y 7 4 9, N ST ihdcscarabiior- - Rakaid e 1L
e LR & & B ++ ¥ + il
05 E 05 05
0 3 P G g 10 2 17 16 % 500 1000 1500 2000 2500 4 500 1000 1500 2000 2500
nue BDT score Reco neutrino energy [MeV] Reco neutrino energy [MeV]

* various checks were performed to validate event selection, analysis chain, and
model

 apply the selection to NuMI & artificially generated “simulated data”
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validation process

NuMI data

84

Event counts

Data/Pred

200

150

DATA/SMCLEXT)=1.0120,03(data om)=0.(8(pred ori
0

ed. uncertainty
— E 107.2

CC nym EV, 1664
v, CCinFV,
[ ] anuv CCmFV 1103

:’ Cosmlc 159
1: NC n(ngV 106.3
Ve CCmFV.AQO.B

MicroBooNE Preliminary

Ve CC

HH_{._‘+

4 6 8 10 12 14 16

nue BDT score

Event counts

Data/Pred

S|mulated data #7

IDATA/IMCHEXT)- 1 0420.07(data a0, 19(pred cir)
Data POT: 3.842¢+20 =28 82/25
40 —e— Fuke data, 223 0 md. uncertainty
—— Cosmic,0.2 EXT, 0.0
1 Dirt.q0 out Fy;38
35 S NCR I FY. 84 CC ' in V. 6.9
NCinFV,3.6 v, CCinFV.5.1
» =3 V. CCin FV, 1872
25
20
15
10
5
a ——=—am
2
w5+ lux uncertainty
" .f- +
0s +
05 500 1000

Reco neutfino energy [McV ]

numMuCC_nopiu_nonueCC_KC_bnb_6_kine_reco_Enu_all

s
2

ZDATA/SMCHEXT)=0.98:0.01 dats or)<0.18(pred crr)
a POT: 3.842e+20 125
e Fake data, 216060 rcd unccl'la\nly
= Cosmic, 204.7 EXT, 0.0

Event counts
IS
&
8
8

1 Di L FY 132
\:|NC'("ml‘V 1190 R 10753
NCin FV., 854. v, CCin FV. 19561 4

Ve CClnFV 123

@ Vi CC

w W
g 4
g 2
3 3

2500

2000

1500

1000

Data/Pred
O

0 500 1000 1500

Reco nentring enerov IMeV1

various checks were performed to validate event selection, analysis chain, and

model

 apply the selection to NuMI & artificially generated “simulated data”
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validation process

Channel |x?/ndf w/o constr.|x?/ndf w/ constr.|Notes

FC v,CC 6.64/25 N/A No constraint, see other checks

PC v,CC 5.84/25 6.94/25 Constrained by FC v,CC

FC CCnr’ 6.17/10 7.39/10

PC CCx° 5.51/10 6.80/10 Constrained by both FC and PC v,CC

NCr° 2.81/10 5.33/10

PC v.CC 24.93/25 24.19/25 See Sec. VII A; constrained by the above five channels; eLEE,_o hypothesis

* various checks were performed to validate event selection, analysis chain, and
model

* goodness of fit of all the sidebands before & after constraints

o nBoo
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model validation

arXiv:2110.13978

86

hadronic energy constrained
with muon kinematics

data show good agreement
(chi2/ndf) with constrained MC
prediction even with
significantly reduced
systematics

this is an evidence that the
origin of data-MC
disagreement is from the
common systematics (most
likely XS), shared by both
leptonic and hadronic final
states

4/12/22

Entries

Data / Pred
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before & after constraints

arXiv:2110.13978

MicroBooNE 6.369x10%° POT

MicroBooNE 6.369x10%° POT

40¢ 40
E 4~ Data E —+— Data
155—P‘C eLEEx = 0 35._':—P‘ e¢LEEX |
30 s Pred no constraint 30F == Pred no constraint
3 xndf: 12.55/25 2sE s Vindk: 13.00/23
, 29 = AV &= Pred with constraint g “F == Pred with constraint
g 20E Lndf: 17.86/25 E 20F Lndf: 28.24/25
&3 2 8 3
IS + ISE
10 E— 10 ;_.
SE- SE
()5 . SN U RPN R PR oE
2 2
"Bl <
1.sH = L5H =
z : I .f. z ]
' o 4% A A
s | - T&%*%-}*-‘F ++% 8 Vo e < 8 s rv-#, i :*: #:#-*%_F_*__*_ ++ %.....“.,.. N4 '
: R O o
2 osp +F + 2 osp :#4: ++ =+: #
3 :
Py - N U B I R 1) = S N RS S S R SR
0 S00 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Reconstructed EJ™ (MeV) Reconstructed EJ (MeV)
(a) eLEE,—o hypothesis. (b) eLEE.—; hypothesis
. . DO _
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comparisons to eLEE model

« estimate uncertainty on eLEE || @ MicroBoollE Observed (1,20} -
model from a simple re- 10l Expected, no eLEE (20) l
. . . — i| = MiniBooNE approx. (x10)
interpretation of MiniBooNE X ; T
excess significance c 2.01 f :
— does not take correlations é\ : E
between MiniBooNE and o | !
MicroBooNE into account & 197 ~ | i
© : L)
- fitting for the eLEE model signal & ; q I Y
strength, we disfavor generic ve 0 T : E 1 i
interactions as the primary o : b !
contributor to the excess, witha g 0.5 ! : | : T |
10 (20) upper limit on the _ T ! ! !
inclusive ve CC contribution to L | I 1 l
the excess of 22% (51%) 0.0 & — — —
lelp CCQE leNpOmn 1e0p0Om le

| o uBoo
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results: nested likelihood ratio test & best-fit of eLEE strength x

arXiv:2110.13978

30

#+ MiniBooNE 68.3% CI (stat.)

2 ) .2
A)(nested =X |eLEEx=x0 X min |eLEEx:xm.
MiniBooNE 68.3% CI (stat.+syst.)

N
(Xo represents null hypothesis, Xmin is ]
best-fit value of x) w20

Best-fit value 0.00
[ 168.3% CI
[ ]95.5%C1
[199.7% C1

K&K
SRR

NN
\x\\\

SRS

3
"

- best-fit x is determined to be 0 .

SRR
NN
R

"
\\\\\

SNSRI
nmia
\‘\‘\E\\\\\
RN

- lower limit of MiniBooNE 68% full
(stat-only) confidence interval is
disfavored at over 2.60 (3.00) 0

N

[
N
IIII|Il|l|lIIIIlIIIIIIlIIIIII

KX

N
N
N

1 — 11.51 — 2
eLEE strength

low-energy ve cannot solely

explain MiniBooNE low energy
excess

| - uBoo
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Wire-Cell “exclusive” selections AXiv:2110.13978

. . 30
- to further validate consistency of E —— 7-ch (default inclusive)
the model used, Separate 1eX 25 — 11-ch (OpXn and NpXn separated)
. . [ —— 0pX
selection into 1e0pXz and 1eNpXrx F 20F — Nixz
- 35 MeV proton reconstruction  +& 1sF
threshold % Lo
< N
- eLEE strength fits consistently s
return O for all these exclusive .
channels o o5 1 15 2

eLEE strength

| - uBoo
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landscape of possible MiniBooNE LEE final state topologies

) ) . X 3
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landscape of possible MiniBooNE LEE final state topologies

MicroBooNE's first series of LEE search results
a )

. . - X )
P \p//.ﬁ*y’?’ &i/ﬁﬁ’f N/;ff’”””’
< e_ < e_ p L e_ 4 e_

| 2 4
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o nBoo
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landscape of possible MiniBooNE LEE final state topologies
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