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Fermi MiniBooNE “Low-Energy Excess” Anomaly
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______ Phys. Rev. D 103, 052002 (2021)
i Neutrino mode only
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An excess of
electron-like
events!

Significance
~4.80
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.64.112007

What's going on at short baselines!?!

The Driving Science of the Fermilab Short-Baseline Neutrino Program

o e Investigate the source(s) of the Low-Energy Excess observed by MiniBooNE

e Definitive discovery or exclusion of ~1 eV sterile neutrinos, a region motivated by
LSND and MiniBooNE

e Study neutrino-Argon interactions with high precision, eventually using millions of
v, events and tens of thousands of v_ events

e Cast awide net in a broader search for exotic Beyond Standard Model Physics

[SBN proposal arxiv:1503.01520 (2015)]
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https://arxiv.org/abs/1503.01520
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Short-Baseline Neutrino Program: Three detectors in the same Neutrino Beam, using same Liquid
Argon Time Projection Chamber (LAFTPC) detector technology.

ICARUS-T600 Factsheet

BNB Baseline: 600m
Dimensions: 2x (19.6 x 3.6 X 3.9 M3)
Total LAr mass 760 ton

Active LAr mass 476 ton

-75 kV high voltage

1.5 m drift distance

53,248 Wires in TPC

360 8" PMTs
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ICARUS

MicroBooNE
Factsheet

uBooNE

BNB Baseline: 470m
| Dimensions: (2.33 x 256 x 10.37 M3
Total LAr mass 170 ton
Active LAr mass 90 ton
-70kV high voltage
2.5 m drift distance

32 8" PMTs

n
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8,256 Wires in TPC

Aug 4'"2022
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SBND Factsheet [FeSe%
2 SBND /&
9, ()
BNB Baseline: 1120m o

Dimensions: (4 x 4 x 5 m3)

Total LAr mass 270 ton

Active LAr mass 112 ton

-100 kV high voltage

2m drift distance

11,263 Wires in TPC

120 8" PMTs & 192 X-ARAPUCASs




“‘Same Neutrino Beam(s)' : Booster Neutrino Beam (BNB)
& NuMI Neutrino Beam (Neutrinos from the Main Injector)

"./’

- NuMiIBeam, higherenergy = &=
off-axis beam visible also at :
MicroBooNE and ICARUS :

s — | S —
wt NuMI @ ICARUS MicroBooNE \ e

D : 5.7° off-axis

NuMIl @ —
8.0° off-axis
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uBooNE  The MicroBooNE Experiment

MicroBooNE is a 170 metric ton LArTPC, sitting ~470m 107 R > P02y, 03.65%
downstream in the BNB that collected data from 2015 to 7 — W 3;19;
2020, amassing the largest sample of neutrino 107" _X“; Py

interactions on argon in the world

|l||||n'| T 11T

The BNB flux at MicroBooNE is overwhelming v, & v v, (99.54%)
with a mean energy of ~0.8 GeV

Neutrino

Initial State Final State
S\ BN\ \ Y ® 2 » p\/p
MicroBooNE's . 4,/ | TPCbeingmoved . % ' N
TPC during assembly . #8841 inside cryostat & [ / :

BNB DATA : RUN 5211 EVENT 1225. FEBRUARY 29, 2016



MicroBooNE Publications

uBooNE
2017 2018 2019 2020 2021

Novel approach for evaluating detector-related uncertainties in a LArTPC using MicroBooNE data

First measurement of energy-dependent inclusive muon neutrino charged-current cross sections on argon with the MicroBooNE detector
Search for an anomalous excess of inclusive charged-current v, interactions without pions in the final state with the MicroBooNE experiment

Search for an anomalous excess of charged-current quasi-elastic ve interactions with the MicroBooNE experiment using deep-learning-based reconstruction

49 papers published since 2017,
New theory-driven GENIE tune for MicroBooN

with more than 70 additional
Search for an excess of electron neutrino interactions in MicroBooNE using multiple final state topologies
Electromagnetic shower reconstruction and energy validation with Michel electrons and T° samples for the deep-learning-based analyses in MicroBooNE

public-notes to share with wider
3.

E
Search for an anomalous excess of inclusive charged-current v, interactions in the MicroBooNE experiment using Wire-Cell reconstruction

Wire-Cell 3D pattern recognition techniques for neutrino event reconstruction in large LArTPCs
Search for neutrino-induced NC A radiative decay in MicroBooNE and a first test of the MiniBooNE low-energy excess under a single-photon hypothesis
First measurement of inclusive electron-neutrino and antineutrino charged current differential cross sections in charged lepton energy on argon in MicroBooNE

community as we learnt
L
O Calorimetric classification of track-like signatures in liquid argon TPCs using MicroBooNE data
(o) Search for a Higgs Portal Scalar Decaying to Electron-Positron Pairs in the MicroBooNE Detector
.;§ Measurement of the Longitudinal Diffusion of lonization Electrons in the Detector
& Cosmic Ray Background Rejection with Wire-Cell LAr TPC Event Reconstruction in the MicroBooNE Detector
9 Measurement of the Flux-Averaged Inclusive Charged Current Electron Neutrino and Antineutrino Cross Section on Argon using the NuMI Beam in MicroBooNE
gl Measurement of the Atmospheric Muon Rate with the MicroBooNE Liquid Argon TPC
o Semantic Segmentation with a Sparse Convolutional Neural Network for Event Reconstruction in MicroBooNE
< High-performance Generic Neutrino Detection in a LAr TPC near the Earth's Surface with the MicroBooNE Detector
Neutrino Event Selection in the MicroBooNE LAr TPC using Wire-Cell 3D Imaging, Clustering, and Charge-Light Matching
A Convolutional Neural Network for Multiple Particle Identification in the MicroBooNE Liquid Argon Time Projection Chamber
Vertex-Finding and Reconstruction of Contained Two-track Neutrino Events in the MicroBooNE Detector
The Continuous Readout Stream of the MicroBooNE Liquid Argon Time Projection Chamber for Detection of Supernova Burst Neutrinos
C Interactions O’\;I Argon with Protons and No Pions in the Final State
uons

Measurement of Differential Cross Sections for Muon Neutrino
Measurement of Space Charge Effects in the MicroBooNE LAr TPC Using Cosmic
First Measurement of Differential Charged Current Quasi-Elastic-Like Muon Neutrino Argon Scattering Cross Sections with the MicroBooNE Detector

Search for heavy neutral leptons decaying into muon-pion pairs in the MicroBooNE detector
Liquid Argon Time Projection Chamber Using Muons and Protons

Reconstruction and Measurement of O(100) MeV Electromagnetic Activity from Neutral Pion to Gamma Gamma Decays in the MicroBooNE LArTPC
A Method to Determine the Electric Field of Liquid Argon Time Projection Chambers Using a UV Laser System and its Application in MicroBooNE

Calibration of the Charge and Energy Response of the MicroBooN

First Measurement of Inclusive Muon Neutrino Charged Current Differential Cross Sections on Argon at Enu ~0.8 GeV with the MicroBooNE Detector
Design and Construction of the MicroBooNE Cosmic Ray Tagger System
Rejecting Cosmic Background for Exclusive Neutrino Interaction Studies with Liquid Argon TPCs: A Case Study with the MicroBooNE Detector

First Measurement of Muon Neutrino Charged Current Neutral Pion Production on Argon with the MicroBooNE detector
A Deep Neural Network for Pixel-Level Electromagnetic Particle Identification in the MicroBooNE Liquid Argon Time Projection Chamber

Comparison of Muon-Neutrino-Argon Multiplicity Distributions Observed by MicroBooNE to GENIE Model Predictions
lonization Electron Signal Processing in Single Phase LArTPCs IlI: Data/Simulation Comparison and Performance in MicroBooNE
lonization Electron Signal Processing in Single Phase LArTPCs I: Algorithm Description and Quantitative Evaluation with MicroBooNE Simulation

The Pandora Multi-Algorithm Approach to Automated Pattern Recognition of Cosmic Ray Muon and Neutrino Events in the MicroBooNE Detector
Measurement of Cosmic Ray Reconstruction Efficiencies in the MicroBooNE LAr TPC Using a Small External Cosmic Ray Counter

Noise Characterization and Filtering in the MicroBooNE Liquid Argon TPC
Michel Electron Reconstruction Using Cosmic Ray Data from the MicroBooNE LAr TPC
Determination of Muon Momentum in the MicroBooNE LAr TPC Using an Improved Model of Multiple Coulomb Scattering

Convolutional Neural Networks Applied to Neutrino Events in a Liquid Argon Time Projection Chamber

Desian and Construction of the MicroBooNE Detector


https://microboone.fnal.gov/public-notes/

uBooNE  MicroBooNE Publications

8 pa pe rs focused on eXOtiC BSM Search for long-lived heavy neutral leptons and Higgs portal scalars decaying in the MicroBooNE detector
i i Observation of radon mitigation in MicroBooNE by a liquid argon filtration system

phySICS d nd on ﬂagSh I p Cosmic ray muon clustering for the MicroBooNE Ilyquid.ar'gorj time projection chamber using sMask-RCNN

Low_ Energy Excess sea rCheS Novel approach for evaluating detector-related uncertainties in a LArTPC using MicroBooNE data

Search for an anomalous excess of inclusive charged-current v, interactions without pions in the final state with the MicroBooNE experiment
Search for an anomalous excess of charged-current quasi-elastic ve interactions with the MicroBooNE experiment using deep-learning-based reconstruction

Search for an anomalous excess of inclusive charged-current v, interactions in the MicroBooNE experiment using Wire-Cell reconstruction
Search for an excess of electron neutrino interactions in MicroBooNE using multiple final state topologies
Wire-Cell 3D pattern recognition techniques for neutrino event reconstruction in large LArTPCs
Electromagnetic shower reconstruction and energy validation with Michel electrons and 1° samples for the deep-learning-based analyses in MicroBooNE
Search for neutrino-induced NC A radiative decay in MicroBooNE and a first test of the MiniBooNE low-energy excess under a single-photon hypothesis

Calorimetric classification of track-like signatures in liquid argon TPCs using MicroBooNE data

Search for a Higgs Portal Scalar Decaying to Electron-Positron Pairs in the MicroBooNE Detector
Measurement of the Longitudinal Diffusion of lonization Electrons in the Detector
Cosmic Ray Background Rejection with Wire-Cell LAr TPC Event Reconstruction in the MicroBooNE Detector

Measurement of the Atmospheric Muon Rate with the MicroBooNE Liquid Argon TPC
Semantic Segmentation with a Sparse Convolutional Neural Network for Event Reconstruction in MicroBooNE
High-performance Generic Neutrino Detection in a LAr TPC near the Earth's Surface with the MicroBooNE Detector
Neutrino Event Selection in the MicroBooNE LAr TPC using Wire-Cell 3D Imaging, Clustering, and Charge-Light Matching
A Convolutional Neural Network for Multiple Particle Identification in the MicroBooNE Liquid Argon Time Projection Chamber
Vertex-Finding and Reconstruction of Contained Two-track Neutrino Events in the MicroBooNE Detector
The Continuous Readout Stream of the MicroBooNE Liquid Argon Time Projection Chamber for Detection of Supernova Burst Neutrinos

Measurement of Space Charge Effects in the MicroBooNE LAr TPC Using Cosmic Muons
Search for heavy neutral leptons decaying into muon-pion pairs in the MicroBooNE detector
Reconstruction and Measurement of O(100) MeV Electromagnetic Activitz from Neutral Pion to Gamma Gamma Decays in the MicroBooNE LArTPC

A Method to Determine the Electric Field of Liquid Argon Time Projection Chambers Using a UV Laser System and its Application in MicroBooNE
Calibration of the Charge and Energy Response of the MicroBooNE Liquid Argon Time Projection Chamber Using Muons and Protons

Design and Construction of the MicroBooNE Cosmic Ray Tagger System
Rejecting Cosmic Background for Exclusive Neutrino Interaction Studies with Liquid Argon TPCs: A Case Study with the MicroBooNE Detector

A Deep Neural Network for Pixel-Level Electromagnetic Particle Identification in the MicroBooNE Liquid Argon Time Projection Chamber

31onvital LArTPC hardware

lonization Electron Signal Processing in Single Phase LArTPCs II: Data/Simulation Comparison and Performance in MicroBooNE

lonization Electron Signal Processing in Single Phase LAFTPCs I: Algorithm Description and Quantitative Evaluation with MicroBooNE Simulation and software R&D,
The Pandora Multi-Algorithm Approach to Automated Pattern Recognition of Cosmic Ray Muon and Neutrino Events in the MicroBooNE Detector R H .
Measurement of Cosmic Ray Reconstruction Efficiencies in the MicroBooNE LAr TPC Using a Small External Cosmic Ray Counter deSS|m n |t| ng P'Onee” ng
Noise Characterization and Filtering in the MicroBooNE Liquid Argon TPC 1
Michel Electron Reconstruction Using Cosmic Ray Data from the MicroBooNE LAr TPC |nf0 for DU N E and SBN
Determination of Muon Momentum in the MicroBooNE LAr TPC Using an Improved Model of Multiple Coulomb Scattering progra m
Convolutional Neural Networks Applied to Neutrino Events in a Liquid Argon Time Projection Chamber

Desian and Construction of the MicroBooNE Detector



uBooN®  MicroBooNE's Goals

Focus on
MicroBooNE's
recent results

here v

Flagship Low-Energy
Excess searches and other
Exotic BSM physics

For more info on one

aspect, energy
reconstruction and
calibration, see Wanwei
Wu's talk Aug 5th
2:56pm, in WG6

LArTPC hardware
and software R&D
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https://indico.fnal.gov/event/53004/contributions/244419/
https://indico.fnal.gov/event/53004/contributions/244419/

uBooN®  MicroBooNE's Goals

Focus on
MicroBooNE's
recent results
here

Flagship Low-Energy
Excess searches and other
Exotic BSM physics

Improving our
understanding of
v-Ar interactions

LArTPC hardware
and software R&D

Mark Ross-Lonergan Aug 4'"2022



uBooNP  What can LArTPCs do that MiniBooNE couldn't?




uBooN®  What can LArTPCs do that MiniBooNE couldn't?

Electron Cherenkov ring event in E lectrons or
MiniBooNE _ A

19



uBooN®  What can LArTPCs do that MiniBooNE couldn't?

Electron Cherenkov ring event in

MiniBooNE

A=

---------

...........

Electrons o

r

LArTPC's give us

CCv_ +1 proton candidate data event

fully active Electro” Sh‘ie'ﬂ L
calorimeter 2T
alongside g
high-resolution N roton
tracking

_,e'f;roton

/' Allows for strong
. photon < electron
separation and
particle identification
,3'?‘ across whole SBN
Shower program!

NC single photon + 1 proton candidate data event

20




uBooN®  MicroBooNE'’s First Low-Energy Excess

MicroBooNE's first search for a photon excess targeted an extremely rare standard model process,

Neutral Current A radiative decay (A—Ny).

e This process has never been observed in the neutrino
sector before

e Previous experimental limits from T2K at O(1) GeV energies
were two orders of magnitude higher than prediction

e Only needs to be ~3.18 times higher than predicted in
order to explain the MiniBooNE anomaly

Perform a search in MicroBooNE for single photons from
NC A—Ny both with and without an associated proton:

*
g

</ 1yap 1y0p

Shower

Wb showe” N

Mark Ross-Lonergan Aug 4'"2022
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.052002

uBooN®  MicroBooNE'’s First Low-Energy Excess
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This result disfavors NC A—Ny backgrounds as a
sole source of the MiniBooNE excess at 94.8% C.L

For details of this search and more, see
Kathryn Sutton's Aug 5th, 4:10pm in WGAH

Mark Ross-Lonergan

Phys.Rev.Lett. 128 (2022) 11, 111801
£
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https://indico.fnal.gov/event/53004/contributions/246273/
https://doi.org/10.1103/PhysRevLett.128.111801

uBooNE  MicroBooNE's First Low-Energy Excess (Electron) Results

Three independent searches targeting different final states each with different novel reconstruction
approaches developed in MicroBooNE.

Exclusive 2-body charged-current
quasi-elastic (CCQE) v_ scattering.
[1e1p CCQEI

Using image based Deep-Learning
reconstruction

Run 6046
Subrun 72
Event 3633
Enu=1060 MeV
Y-plane

10 cm

MicroBooNE Data——

Semi-inclusive v scattering without final
state pions. [1eNpox] and [1e0p0z]

Using Pandora reconstruction framework

1eop candidate data event
BNB Run: 11001 Subrun: 42 Event: 2145

e

1e1p candidate data event
Run 8617 Subrun 46 Event 2328

Mark Ross-Lonergan Aug 4'"2022

Fully Inclusive v_ scattering. [1eX]

using Wire-Cell Reconstruction
framework

Cosmic-ray muons + neutrino interaction in an event

BNB DATA
Run 5906
Event 3710

Color scale: 3D dE/dx

Neutrino beam 5
A /’:/ -

e e | GeV electron

30cm \).26 GeV proton B B proton 263 MeV
— » B Be-1120 MeV



https://doi.org/10.1103/PhysRevD.105.112003
https://doi.org/10.1103/PhysRevD.105.112005
https://doi.org/10.1103/PhysRevD.105.112004

uBooN®  MicroBooNE's First Low-Energy Excess (Electron) Results

https://doi.org/10.1103/PhysRevl ett.128.241801

® MicroBooNE Observed
Non-v. background

N
w
1

Intrinsic ve
&4, Total, no eLEE (x=0.0)
= Total, w/ eLEE (x=1.0)

N
o
1

[
o
1

o
n

Events Observed / Predicted (no eLEE)
wv

2
o

lelp CCQE  leNpOm 1e0p0n lex

[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV]

e Observed v, rates are statistically consistent with the
predicted background rates

e \With exception of the low- v_-purity (1e0p0x) channel, a

mild deficit of intrinsic v_is actually observed

-.l -

Mark Ross-Lonergan

Aug 4'"2022

Events/100 MeV

Inclusive CC v_ results (1eX)

45 MicroBooNE 6.369 x 10* POT
E —e— BNB data, 338 Pred. uncertainty
40 [ Others, 10.0 NC,22.5
o v, CC, 193 [ v, CC, 333.1
35E- - = =+ eLEE Model (x=1), 37.0
30E T
BE
0E .].
15 .l. ‘1’ 8
10F
S i
0 = e = w
0 500 1000 1500 2000 2500

Reconstructed E, (MeV)

The hypothesis that v_ events are fully
responsible for the median MiniBooNE LEE
is rejected at >30 in the inclusive channel.



https://doi.org/10.1103/PhysRevLett.128.241801

uBooNE  New Constraints on eV-Scale Sterile Neutrinos

These inclusive CC v_ results have subsequently been MICROBOONE-NOTE-1116-PUB
turned into a direct bound on eV scale sterile neutrinos. 10°

MicroBooNE 6.369x10*° POT
95% CL,

As the inclusive CC v selection utilises high statistics CC v,
events to help constrain systematics, a full 3+1 sterile 10
neutrino fit must be performed in order to fully take into
account all possible flavour transitions

== BNB data, profiling
BNB data, v, App. only

eV?)

2
41

e \ith this full 3+1 analysis, part of the LSND
allowed region is excluded by the MicroBooNE
95% CL limit §

o Note this is result has profiled over 6,, and 10
as such is the most conservative result

(.

B LsND 90% CL (allowed)
LSND 99% CL (allowed)

. \X/hlle the glvesa more 10—2 y — lllllll 1 1 1111111 1 1 11““1 1L Ll
i imit this | - 107 107 1072 107! 1
stringent limit this is non-physical, as non-zero v, s
appearance strictly requires both v_ and v, si“20,,.
disappearance.

or details of this 3+1 sterile neutrino result, alongside all electron
searches see Xiangpan Ji's talk Aug 2nd, 2:30pm in WGAH

- A
e g~

Aug 4'"2022
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https://indico.fnal.gov/event/53004/contributions/244567/
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

uBooN®  MicroBooNE's Goals

Focus on
MicroBooNE's
recent results

here \

Flagship Low-Energy
Excess searches and other
Exotic BSM physics

LArTPC hardware
and software R&D
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uBooNE  Understanding Neutrino < Argon Interactions

Rev. Mod. Phys. 84, 1307 (2012)

e Anydiscovery in the neutrino sector requires detailed

: o : BNB fl
understanding of neutrino interactions. & ux

L—p-\X/ith NuMI
extends further!

e MicroBooNE has developed an

cross section / E, (10'38 cm?/ GeV)

extensive cross-section program to 0.8
study neutrino-argon interactions using Quasi-elastic 0.6
both BNB and NuMI beams Vi o 0.4
e Will highlight only a snapshot of recent W 0.2

&
e .
whly
[Pty
| [

0 1
. ) 10 /1

results today.

Resonance production
Yu - Deep inelastic
Vy w-
To learn more of the extensive cross-section program from W X
MicrobooNE see Afroditi Papadopoulou’s talk Aug 5th, 11:15am mp
in WG2 , and Elena Gramellini's talk on Aug 5th, 11:35am in WG2 ’ n,p

Mark Ross-Lonergan Aug 4'"2022


https://indico.fnal.gov/event/53004/contributions/243610/
https://indico.fnal.gov/event/53004/contributions/243610/
https://indico.fnal.gov/event/53004/contributions/243611/

I.IBO@ Recent XS Results: ¢ Inclusive Cross-Sections

'g' MicroBooNE NuMi Data: 2.0x10”° POT 'g 30: MicroBooNE NuMI Data: 2.0x10°° POT
_ H H @ I Data(Stat. + Sys.) K] - I Data(stat. + Sys.)

Energy dependent |nClu5|Ve g —— GENIE v3.0.6 (yps tune) /N, = 2.4/7 ‘3’ 25} —— GENIE v3.0.6 (ypB tune) x°/N,,, = 3.8/5
charged -current .v cross section on a rgon | S GENIE v3.0.6 /N, = 2.217 £ e GENIE v3.0.6 32N, = 3.3/5

% NUWro v19.02.2 2/, = 2.2/7 (E 205 NuWro v19.02.2 /N, = 3.8/5
using the BNB beam Phys Rev Lett 128 151801 (2022) % = GBUU 2019 £N,, = 227 o . - GBUU 2019 N, = 4175

9,0 = o 15
Based on 11,528 selected v CC interactions & 8% 105

) o =

with a high ~92% purity and 68% selection gy Lt R
efficiency. £ T 51

6 ~1 703 06 04 02 0 02 04 0.6 08 1

OO
N{
w
~
o
o

#  MicroBooNE 5.3 x 10°POT . 4 MicroBooNE 5.3 x 10"°POT E. [GeV] cosf,
[ Gl«N]F v3.00.06 NuWro 19.02.1 ' L - GENIE v3.00.06 NuWro 19.02.1
T ndf=188/10 " x2/ndf=12.5/10 Y + X*/ndf=32.4/11 x2/ndf=25.1/11
. NEUT 5.4.0.1 GiBUU 2019.08 [ —+— v NEUT 54011 GiBUU 2019.08 . . . e
15 ¥2/ndf=8.6/10 %2/ndf=6.5/10 Lok + x2/ndf=18.0/11 ¥2ndf=16.7/11 F”’St energy dependent d|ﬁerent|al ve + ve
t:. /"'._ MicroBooNE MC
3 X ¥%/ndf=20.4/11

MicroBooNE MC D
+ + + $2/ndf=8.0/10 ata.

flux-averaged charged-current inclusive cross

section measurement on argon using NuM| Beam
Phys Rev D 104 5, 052002 (2021)

o
®
T

o
(2]
L

v

o
~
T

do/dE,, (10 cm?/GeV/nucleon)

c(EV)/(E ) (10°® cm?/GeeV/nucleon)

o
o
T

L - ~ Highest number of v_ever recorded on argon and a
& ' E, (GoV) ' first v_cross-section extraction at O(1 GeV) energies
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
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Recent XS Results:

e Neutral Pion Production

Neutral Current z° events produce a large amount of background showers
for both CC v_analyses as well as many BSM searches.

Uncertainties on NC pion production in many neutrino generators are very

large.

First NC 1z° inclusive on argon with <E > ~ 1 GeV, and first exclusive NC 1r®
measurements in the op and 1p channels (any target).

A consistent deficit of NC z° events is observed relative to all neutrino 05
generators predictions.

Proton
Candidate

Run 15318 Subrun 159 Event 7958

Mark Ross-Lonergan Aug 4'"2022

hep-ex: 2205.07943 (Submitted to PRD)
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MicroBooNE

Inclusive

NC 1x°

e e e — e}
S —— §

Exclusive
NC 12 + 1 proton

GENIE v3.0.6 (G18_10a_02_11)

GENIE v2.12.10

== == NEUT v5.4.0.1

NuWro v19.02.1

Exclusive

NC 1 a° + 0 proton

Further work ongoing to extract a
inclusive NC (>1) z° differential
cross-section well under way!

Preliminary results with only 5% of
total data shows similar deficit

See MICROBOONE-NOTE-1111-PUB

[107** ecm? / GeV/c / nucleon]

do_
P,

Data/Prediction

0.00 +

@ Wire-Cell NCn® (Total)
@ Wire-Cell NCn® (Stat. only)
=+ GENIE v3 MicroBooNE tune

MicroBooNE
5.327 x 1019 POT,
Preliminary

;?L

|

——t

l

08 10 12 14
m°® Momentum [GeV/c]


https://microboone.fnal.gov/document/microboone-note-1111-pub/
https://arxiv.org/abs/2205.07943

pBo@ Recent XS Results: e Baryon Production

v,CC+2proton+ox v,CC+1proton+ox (TKI)

True cos(yLab)

MicroBooNE 6.79 x 10% POT, Preliminary

7/ ——F—— 2 lterations Unfolded Data (Stat. + Sys.)

MicroBooNE Tune (x%DoF: 7.1/8)

UtI[IZIﬂg the Calorimetric and All events, MicroBooNE Preliminary

low threshold particle ID

L ' ’%'; 6 Lwellyn QE + Empirical MEC (%/DoF: 15.0/8) — 50 3 t[:l_lﬁ)rfrl%?;wll)\gTDalulS!dl@Shapeb
capabilities of LArTPC's one can . Nives G+ VEO (11D0F: 24 wb |
. § SuSAv2 QE + MEC (x2/DoF: 39.8/8) gl Ir STNG
select and study precise $ oo G« MEG D0 6.06) % { f i
baryonic final states s £l % H e
% ) ‘ o ‘ | E%L 201 :
Design analyses to be capable %-%Hi{——i— ; ®10r iz »
i I 1 | 177 i (=3
Of prObIr.]g r.egl.or]s. Of greateSt 04 -0.8 ‘ -06 -04 -0.2 0 0.2 0.4 0.6 0.8 1 00 0.2 0.4 0.6 0.8
model discrimination power, for True cos(r,,) Gy G V]
a variety of important nuclear First neutrino-argon cross sections . :
. Extract first cross-section using
models for an exclusive 2-proton final state.

Transverse Kinematic Imbalance
variables on argon

Sensitive to initial nucleon motion
& proton FSI modeling
MICROBOONE-NOTE-1108-PUB

Sensitive to MEC modelling and
2p2h effects in contemporary
neutrino generators
MICROBOONE-NOTE-1117-PUB
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1117-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf
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ICARUS




The SBN Far Detector: ICARUS-T600

The ICARUS detector was the first large scale demonstration of LAfTPC technology
for neutrino physics, when it ran for 3 years (2010-2013) at Gran Sasso in ltaly, using
the CERN Neutrino to Gran Sasso (CNGS) beam.

o
w

L Neutrino Energy: 700 MeV P. Machado et al.,
- AmE =15 eV? arXiv:1903.04608V11

sin°26,,, = 0.002

©!
o

It sits now at 600m from the BNB target, as the

Oscillation Probability [%]

a 2 _—— far-detector of the SBN program, close to the oscillation
pd . . . . .
o 8 io “7 maximum for O(1 eV?) sterile neutrinos and has an active
[ ' volume over five times that of MicroBooNE!
T BT ianif Vi |
Lerigth o Neutrino: Fiight [in] ~Significantly increased exposure!

%}For more info see Biswaranjan Behera’s talk Aug 2nd, 4:18pm in WG1 on ICARUS's oscillation searches and Minerba
Betancourt's talk Aug 4th , 4:30pm in WG2, on cross-section capabilities leveraging off-axis NuMI beam

- A
e g~

Aug 4'"2022
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https://indico.fnal.gov/event/53004/contributions/244476/
https://indico.fnal.gov/event/53004/contributions/243625/

#ICARUSTrip

New readout
electronics

New Photon
Detection system
(360 8" PMTS)

New 4rn
Cosmic-Ray tagger
(1200 m? plastic

o ‘ scintillator)

Refurbished at CER

N, 20
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ICARUS took data at Gran ~
_— Sasso from 2010-2013
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3 ‘ |  For more info on ICARUS's cosmic rejection see
Refurbished at CERN and "% o 1 L : NAVAVAVAVAT 4 Biswaranjan Behera's talk Aug 5th. 439pm in WGA
moved to Fermilab in 2017! =7 |

INT . — . . — ]

~3m concrete overburden
installed, June 2022

Full physics data taking with BNB

Start of TPC/PMT s | and NuMI began gth June 2022!
operation, Aug 2020

Electron neutrino

NuMI Data CC v, candidate

Installation of cold & ~ T Vo ‘ N
< VesselAug 2018 y : % | Jit - ] Electron

B \\§

iy Mark Ross-Lonergan  Aug 4'"2022 Fae 40 cm ICARUS 34


https://indico.fnal.gov/event/53004/contributions/244726/

While physics data with full CRT and overburden began June
2022, ICARUS was taking data with both BNB & NuMI beams

BNB SPILL WINDOW 1.6 us

750 = = Avg background: 561 counts 4
Beam gate [ 9.6 us, 112 us ]
Average counts: 708 counts

since March 2021, in parallel with commissioning activities. o 2 e '
g 650 1
G o
This data that has been collected is being used for trigger, o + + } + + H + H 4
. . . . . “6 | ‘ + {
calibration and reconstruction studies that are in progress b & % H‘H . }+ P +T++ + + { Hﬁw W# 1
| Py T
Excellent performance so far, the detector shows stable noise 00 ICARUS Preliminary 1
level with electron lifetime > 3ms : - y ! w “
Flash time [us
SA COLLECTION View CA COLLECTION View
2 : S

BNB CC QE b o e GabiG EzrgaElnled NuMI g Stopping upward going 2\//!;%

H = muon , L~80 cm electron = hadron, L ~43 cm .
m“Zr_‘dnf“t”no e T = or more info on
candidate, = : 5 ) : ,

Evep ~ 200 MeV candidate, £ Vertexd,-.,v.,’,“_‘? . calibrations see Gray
Y A ) Eoer ~ 800 MeV o Sl Putnam’s talk Aug 5th
= Eso\tgr\:vir:’gz:g ™ Electron develobinginto e.m. shower . WG6

’ . 3:32pMm in
<€ > € 72 cm Wires

60 cm Wires

-.l N
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https://indico.fnal.gov/event/53004/contributions/244422/
https://indico.fnal.gov/event/53004/contributions/244422/

Outline




SBND is a brand new LAFTPC being % O'Sj Z‘er:;':‘: _ES”Zif’zy RIINE 1003 0480811
constructed at Fermilab. = [ siren,,=0.002

3 o2
Located only 110m from the BNB target, ni " .
one of the main goals of SBND is to S . g iz
constrain the un-oscillated flux for % I %’ =
sterile neutrino searches \_S/Z .

% 0 TAe T 800 800

Length of Neutrino Flight [m]

Given its proximity to neutrino production, the sheer number of neutrino-Argon interactions expected
gives SBND unprecedented capability for improving our cross-section measurements

e More than 2 million neutrino interactions will be collected per year
o Of which 12,000 intrinsic v_ interactions will be recorded

e SBND will collects more data in 1 month, than MicroBooNE did in 2 years!

Mark Ross-Lonergan Aug 4'"2022



Anode Wire Planes
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\ installed

LTl

Photon Detection System

close to completion

Cold il
electronics for ="
readout il

>

7

YN .

Wilii!
vl.,,#
’" *) /

|
LY

b
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Y
is complet
PITTTINY

: TPC Assembly
%

i 7.

All this will sit inside a membrane cryostat.
Installation going well, 2 out 3 phases completed

On track for filling & operation in late 2023

or complete info on SBND status and capabilities see Miquel Nebot-Guinot’s talk Aug 2nd, 4.00pm
iIn WG1 and Gabriela Vitti Stenico's talk on SBND trigger development Aug 4th, 4:50pm in WG6
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https://indico.fnal.gov/event/53004/contributions/244478/
https://indico.fnal.gov/event/53004/contributions/244478/
https://indico.fnal.gov/event/53004/contributions/245837/

Neutrino Y [cm]

As SBND is so close (~110m) to the intense BNB beam, different sections of the detector see different fluxes
based on their effective off-axis angle.

Far Off-Axis
200 7 I 1e-7 Area Normalized
i 8 — Can eI 4 Ongoing studies exploring the
=l Ly physics potential of SBND-PRISM:

—— OAA €[0.8°,1.0°)
—— OAA €[1.0°,1.2°) .
— om cuz1e ® Improve flux & cross-section
, constraints
Far Off‘Ax'S e Study Energy Dependance
On-Axis of Cross Section
e Reduced backgrounds for
increasing off-axis in BSM
searches

. SRR ' ...and more!
—200 . . 0.0 0.5 1.0 1.5 2.0 2.5 3.0
200 150 100 50 0 -50 —-100 —-150 —200 Neutrino Energy [GeV]

Neutrino X [cm]

o

EN

-50 §

—100

v, Neutrino Flux / 10% POT / m? / 50 MeV

—150

Can select lower energy, more mono-chromatic

. - or more info see Marco Del Tutto’s
beams by going more off axis.

talk Aug 4th, 11:38am in WG1
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https://indico.fnal.gov/event/53004/contributions/244480/

Outline

Putting it all
together: Full
Sensitivities




MicroBooNE u@ SBND Factsheet

ICARUS-T600 Factsheet Factsheet

BNB Baseline: 60om BNB Baseline: 4g70m BNB Baseline: 110m
Dimensions: 2x (19.6 x 3.6 X 3.9 M3) | Dimensions: (2.33 x 2.56 X 10.37 M3) Dimensions: (4 x 4 x 5 m?)

Total LAr mass 760 ton Total LAr mass 170 ton Total LAr mass 270 ton

Active LAr mass 476 ton Active LAr mass 9o ton Active LAr mass 112 ton

-75 kV high voltage -70kV high voltage -100 kV high voltage

1.5 m drift distance | 2.5 m drift distance 2m drift distance

53,248 Wires in TPC ] 8,256 Wires in TPC 11,263 Wires in TPC

360 8" PMTs 32 8" PMTs 120 8" PMTs & 192 X-ARAPUCAs

n
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Ewa Sterile Neutrino Sensitivities

F—fr——1

----- 90% lceCube ..
----- 99% IceCube "ot

SBN v, appearance only SBN v, disappearance only
2 SBND (6.6¢20 POT) MicroBooNE (1.32¢21 POT) ICARUS (6.6¢20 POH ) sB\Dm 6220 POT) MicroBooNE (1.32¢21 POT) IC: \RLsm 6¢20 POT)
/'\]0’_ T L L L U U TTTT] TTTTT] T T T H AIO‘ZI T"?TI““T =T TTTT T rTlrE]I IFTTTTH
a = . 3 [ E : )
> £ SBN Preliminary B > = SBN Preliminary Gt =
() n : Injected Point, | O L % Z 3 -
~ - ccio T ~ >
~ B + sin20,, = 0.003, B - e
o <t ) o " ol <t 3
E Amj, = 1.32eV* E Injected Point, . }I R Ll
10:_ = 10_7+ 2y el &
4 g = 4 sin26,, = 0.07, i {
— — = ) ’ g 4
L — Amy, =1.32eV"- . 7
[
E 1 n H :
1 = = 1 = \\ i
C . = ST
E ] - P

--------- MiniBooNE (v) 99% CL"*+..

______ KARMEN 99% CL "~.,... . s 90% MiniBooNE ;

| EiLsNDwDiFs9% CL Crean gl e 90% MINOS/MINOS+ b SR
107" o 1071 E =
|ipwaeaus 99% SBN Stat+Syst Ty F ==+ 90% SBN Stat+Syst 3
50 SBN Stat+Syst - 56 SBN Stat+Syst |
i D ———— o | [ 50 SBN Stat+Syst ) m
[~ #9079 55 SBN Stat-Only ™ 22077 50 SBN Stat-Only el

10—2—4 ! ! 111111‘_1 1 L llll‘_‘) Ll 1»—1 1 1 Liial 10—2 L L Lol : I L L1l : I l?‘;lllll‘ l I Lo e
10 107 107 0! 10° 102 10 o1

sin“20 in”

s sin"20,,

e SBN sensitivities for 6.6 x 102° protons on the BNB target (MicroBooNE at 13.2e20) as per SBN proposal

e Updated from proposal sensitivities to reflect as-built detector size/position, more realistic systematics,
etc..

Aug 4'"2022
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=4 Sterile Neutrino Sensitivities

H——

SBN v, disappearance only

l 02 SBND (6.6e20 POT) MicroBooNE (1.32e21 POT) ICARUS (6.6e20 POT)
C\f‘\ E . ; VI : - T T T 1T ‘ !‘ X T T T T %
= ESBI\ S 1 e Asmentioned SBND will see over 35,000 intrinsic v_in
~F T N 6.6e20 POT.
E l{l}t\:L‘ICd Point, gz
10 = o+ sin"20,, = 0.4, ) )
4  F i e Allows for a direct accelerator based v, disappearance
- Am;, =3eV" =
- : search, complementary to both reactor and
il =—— radioactive source v_disappearance experiments
g ~~~—~__ 1 e Inaddition ICARUS will leverage its position ~5.7° off
- o axis in the NuMl beam to perform av_ disappearance
107 = search as part of Neutrino-4 signal investigation
E  ——-. 90% SBN Stat+Syst =
[~ == 50 SBN Stat+Syst 7
|~ [ 50 SBN Stat+Syst o
{75 50 SBN Stat-Only
1 -2 ! I | I L
107 107 .
sin“20,,

Mark Ross-Lonergan Aug 4'"2022



Cﬁ Protons-on-target (POT) exposure

H——

BNB POT Projections

The BNB has delivered high quality beam for 2.5E421 ‘

almost two decades, regularly achieving ' SBND

‘design” capability 2.0E+21

The original SBN proposal was for 6.6e20 POT (Bt f.."::?.E.Z,P.!%.R.HS.TTC’END .........................
o I

However, current plans are for BNB to continue LOERZT 6 6E20 ICARUS !

to operate at design until the LBNF

long-shutdown ~Jan. 2027. 5.0E+20

0.0E+00
Oct-22 Oct-23

As such by 2027
e ICARUS will have obtained over x3 the proposal POT
e SBND+ICARUS will have obtained over x2 the proposal POT

o  Stay tuned for updated sensitivities including larger dataset soon!

Aug 4'"2022
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= .. and Beyond Simple 3+1 Sterile Neutrinos!

H——

As a community, interest has expanded past simple 3+1 sterile neutrinos, and or

have opened up a whole new field where neutrinos might be the portal to a

“dark sector” with rich and complex new interactions. @

Rich phenomenology developing in recent years around the possibility of the . _
cnp 9 PINg years e P Y or Overlapping ete

MiniBooNE and LSND excess being due to e’e” pairs from decays of new

exotic particles such as dark-photons, axion-like particles or new scalars! le+> &,J&

e u A
.9:50.

~ot

e Published results in MicroBooNE on decays of Heavy Neutral
leptons and Higgs Portal Scalars (arXiv.2207.03840)

e Multiple ongoing analyses searching for exotic e’e” production due %ﬁé

to Dark neutrinos in MicroBooNE as potential LEE explanation or more info on SBND's BSM
program see Supraja
Balasubramanian's talk _Aug
2nd, 4:36pm, WGAH

e Developing Boosted light dark matter and Millicharged particles
searches to take advantage of SBND's intense flux

Mark Ross-Lonergan Aug 4'"2022


https://indico.fnal.gov/event/53004/contributions/243138/
https://indico.fnal.gov/event/53004/contributions/243138/
https://doi.org/10.48550/arXiv.2207.03840

‘ 0 Evolving Theory Landscape, not just a simple sterile v anymore!

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

e New resonance matter effects .
o Asaadi, Church, Guenette, Jones, Szelc, PRD 97, 075021 (2018) >Pr°duces The SBN program is the
o Alves, Louis, deNiverville, [hep-ph]2201.00876 (2022) True Electrons  perfect platform to
e Mixed O(1eV) sterile oscillations and O(100 MeV) sterile decay = explore to this rapidly
o Vergani, Kamp, Diaz, Arguelles, Conrad, Shaevitz, Uchida, arXiv:2105.06470 |/ growing field! Majori tv of
e Decay of heavy sterile neutrinos produced in beam Produces , ] Y
o Gninenko, Phys.Rev.D83:015015,2011 these in last couple years!
o  Alvarez-Ruso, Saul-Sala, Phys. Rev. D 101, 075045 (2020) True Photons
o Magill, Plestid, Pospelov, Tsai Phys. Rev. D 98, 115015 (2018) ’ ’ ’
o Fischer, Hernandez-Cabezudo, Schwetz, PRD 101, 075045 (2020) '
o Dutta, Kim, Thompson, Thornton, Van de Water [hep-ph]2110.11944 N ’
e Decay of upscattered heavy sterile neutrinos or new scalars S
mediated by Z’ or more complex higgs sectors ' \W \-_ch Th‘ ‘
o  Bertuzzo, Jana, Machado, Zukanovich Funchal, PRL 121, 241801 (2018) Produces . ' Ce
o Abdullahi, Hostert, Pascoli, Phys.Lett.B 820 (2021) 136531 > ete pairs { > Pa /
o Ballett, Pascoli, Ross-Lonergan, PRD 99, 071701 (2019) @ ’ ’
o Dutta, Ghosh, Li, PRD 102, 055017 (2020) V4 ~y
o Abdallah, Gandhi, Roy,Phys. Rev. D 104, 055028 (2021)
e Decay of axion-like particles
o Chang, Chen, Ho, Tseng, Phys. Rev. D 104, 015030 (2021) J

-.l N
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MicroBooNE has finished its data collection.
o First LEE results on ~%2 data set released in 2021, with analyses utilizing the
rest well on their way

ICARUS operating very well in commissioning mode and has begun

first physics run as of June 2022
o ICARUS will reach nominal dataset by mid-2024

SBND Installation is progressing very well, and is on track for operation
in late 2023

Expect 2-3X higher statistics for SBND/ICARUS than proposal by 2027

The SBN program is going to be a BSM factory capable of probing
many of the exciting new models in the community!
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LArTPC electron-photon separation

100|— MicroBooNE NuMI Data 2.4x10°’ POT ~ —+— Beam-On Data (Stat.)
L Out-of-Cryostat
- % ‘:‘ea;"'Off Deta ely separation
80— [ Muon 60 MicroBooNE 6.86 x102° POT
i = iy mmm Dirt (Outside TPC) ve CC
B ion v other Uncertaint
8 60— g:;t;? g 50 _— Cgsme}cs FS BN‘I:BeD:ta ’
% N [ Electron > v with ®
L L MC + Beam-Off g 40-
40 Stat. Uncertainty
C 0° < 6 <60° (LQ
L © 301
20 — ;
- £ 20 '+'
0 et 5
g ! - 5 6 10 -
= osf- HJr ........ ++++++++Tm — l o
s o 43 | 0 . : : ;
EINP ) [ - . ;oY H(* ______ e 1 2 3 4 5
& o T, s & iy I hax Ve shower dE/dx [MeV/cm]
0 1 2 3 4 5 6 T 8 9 10
Leading Shower dE/dx (Collection Plane) [MeV/cm]
https.//journals.aps.org/prd/pdf/ https://doi.org/10.1103/PhysRev
10.1103/PhysRevD.104.052002 D.105.112004
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@ 0 Effect of 2y1p constraint

% 30:1:} NC A — Ny [_INC 17 Coherent
10} [~ 3 NC 17° Non-Coherent @ CCv, 1n°
= 25771 BNB Other [ CC v/¥; Intrinsic 1?1p
S E- Dirt (Outside TPC) =29 Cosmic Data
B 2044 Total Background and Error LEE Model (xMB=3.18)
S E+ BNB Data, Total: 16 MicroBooNE
o 15 Runs 1-3 (6.80x10% POT)
- 1y1p Selection
10 . Unconstrained CV
5
— = I
% 15— : :
(O] C i IS | sEEEES Unconstrained Backgrounds & Error
: 10 ___ < Constrained Background & Error
- - 2 A\N : :
) -
£ sE
> - : 5
S S ; ;\WW\\&‘
0 0.1 0.2 0.3 0.4 0.6

Reconstructed Shower Energy [GeV]

Constraint has two effects:
o Overall drop in expected backgrounds by 24.1%

o Reduction in systematic uncertainty
(29.8% —17.8%)

Mark Ross-Lonergan

= EC NCas Ny 1 NC 17° Coherent
0 180 —mm NC 17° Non-Coherent @ CCv, 1n°
i 160:—:' BNB Other :l CC ve/v Intrinsic
@ Dirt (Outside TPC) ===3 Cosmic Data
14044444 Total Background and Error
E—e— BNB Data, Total: 634
1205 Y MicroBooNE
1001 2y1p Runs 1-3 (5.84x10?° POT)
80— 2y1p Selection
60F- NC #° purity: 63.5%
40—
20 e 14 L
i) E E : :
S 15 ; ; e
2% 77 P27 %%THNT
S oo AR I
s /] :

01 0.15 02 0.25 0.3 035 0.4
Reconstructed 7° Invariant Mass [GeV/c?|

o
o T
o
o
o

Use high statistics NC z° 2y1p sample to
constrain the NC z° backgrounds in signal rich
1y1p sample
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0 What about 1yop ? (no proton sample)

FEEEINC A > Ny

—@ NC 17° Non-Coherent
—[1 BNB Other

—{ Dirt (Outside TPC)

— 44 Total Background and Error
——e— BNB Data, Total: 153

¥

N ©
==

o)}
(=}

Events/ 0.05 [GeV]
I o
[=} (=]

w
o

= N
o O

[ NC 1n° Coherent
EmCCv, 1n°
[ CC v/V; Intrinsic
Cosmic Data

LEE Model (x,,,=3.18)

MicroBooNE

Runs 1-3 (6.80x10”° POT)
1yOp Selection
Unconstrained CV

S E 5 ; :
8 40 ;— ------ Unconstrained Backgrounds & Error
g 30 ;_ =% —_— C(j)nslrained Backgrogund & Error
© 20 :
%) =
< 10F
3 M; : 3 -
9 02 03 04 05 06 0.7

Reconstructed Shower Energy [GeV]

Overall, this results in a lower NC A—Ny purity and a

more diverse category of backgrounds (still NCx°

dominant).

Less sensitive to enhanced NC A—Ny rates.

Mark Ross-Lonergan

Going from 1y1p to 1y0p we lose the
proton to help tag the vertex. Lose
idea of photon conversion distance,
and the correlations between
proton and photon.

1y0p

shOWer
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Quantify: How well does data agree with our constrained prediction?

SDATA/E(MC+EXT)= 0 88+0.05(data err)+0 04(8pred err)

> —
o 60— Data POT: 6.369¢+20 ¥2/ndf=17.86/25
E = —e— ?NB datg 7’%380 j— El)?% Léngcertamty
- 3 Cosmic .

= S0 = Ry, 138 L - From this we can conclude that
e [ NCinFV, 8.7 vC(‘mFV 8.5 . .
£ a0f EE Y CCIEV3B0 e LEEGED, 370 the observed data is in good
S = MicroBooNE P :
S E agreement with our predicted v
g 30 FC, constrained g P e
> -
Mo 20F

10 E—

9':’ ........................ ‘
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Need an energy dependent scaling

Events/MeV

| T T T | T T T | L T
. Data (stat err.)

1 v, fromp*”
O v, fromK""
3 v, from K°

I «° misid

[— e

I dirt

[ other

Constr. Syst. Error
------- Best Fit

MiniBooNE Collaboration
Phys. Rev. Lett. 121, 221801 (2018)—
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Neutrino mode only
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Unlike NC A—Npy cant just use a flat scaling here as
the shape of intrinsic v_ is completely different!

Map this to
MicroBooNE by scaling
our prediction of the v_
spectrum!

Event countsp/100 MeV
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@ @ How much additional v_ is needed to explain the anomaly?

w » w [}

LEE Model Weight

N

—— Unfolded MiniBooNE LEE Model

Above 800 MeV,
weights are zero
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MicroBooNE Simulation

Scaled to 6.4x10%° POT

..... LEE (x=1) prediction
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MC prediction without LEE



https://arxiv.org/abs/1805.12028

Search for Neutrino-4 Oscillation signal with ICARUS

« The Neutrino-4 collaboration claim a reactor neutrino disappearance signal with a clear modulation with L/E
~1-83 m/MeV

+ ICARUS has sensitivity to this parameter space as a single-detector and is planning an oscillation analysis
investigating the Neutrino-4 signal using data taken in the coming year (prior SBND operations)

+ ICARUS will do analyses in two independent channels using different neutrino beams
* v, disappearance using the BNB
* V. disappearance using NuMI

NEUTRINO-4 reactor signals ICARUS projection (BNB)
14
A Observed, 24p, 500keV. Dec, 2019. The period > 1 3;- Neutrino-4 best fit:
: r #cachecon E 12F Am2=7.25 eV?, sin220 ~0.26
1.5 Am',, =17.26,5in'20 , = 0.38 for neutrino energy 8 TE = ’ : :
§ 4MeV is 14m 8 E
_ . hne S 1E; .
l_l:' : '1. &ﬁ N ‘; A.PSerebrov, et al. nh_ OQE ‘:‘T':' G '.*' +_.+_ T ....
= 4 .P.Serebrov, et al. — SE . > & . 0
- 104 = é- WY ’l‘ 5‘; Ff "F{ ] it o] E Sh . + _+_ 2 3 - . -
m) 1 lF ! 1 Volume 109, = 08F '.__-.:_ e ‘.:*" D ol Tear
g 1 Issue 4, pp 213-221. g 0.7E =
z 0.5 Am'=7.25¢V",5in’(20) = 0.38 /DoF  17.0917  GoF 045 |40iy:1809.10561 N o6F + ICARUS v, Disappearance (BNB)
Unity L/DoF  27.98/19  GoF 0.8 = E g W
> os[- Statistical errors (3 months), 3% energy scale
110 115 zio 215 Od:ljllljAllAAl‘AAlAAAlAAAlAAAlAlAlAA L
04 06 08 1 1.2 1.4 1.6 1.8 2
LIE, L/E(m/MeV)
18 R.J.Wilson/CSU SBN@Fermilab
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Pandora Reconstruction

Based on the pandora reconstruction
framework as already mentioned in the Photon
NC A radiative search.

MicroBooNE has extensive experience with
Pandora based reconstruction.

MicroBooNE publications using Pandora!

arxivi2110.00409(2021) Phys. Rev. Lett. 125, 201803 (2020)

arxiv:2109.06832 (2021) Phys. Rev. D 101, 052001 (2020)

arxiv:2109.02460(2021) JINST 15 (2020) 02, P02007

Phys. Rev. Lett. 127, 151803 (2021)  JINST 15, P03022 (2020)

JINST 16 (2021) 09, P09025 Eur.Phys.J.C 79 (2019) 8, 673

Phys. Rev. D 104, 052002 (2021) Phys. Rev. D 99, 091102 (2019)

JINST 16 (2021) 04, P0O4004 Eur. Phys. J. C (2019) 79:248

Phys. Rev. D 102, 112013 (2020) JINST (2017) 12 P12030 NC z° candidate in BNB data
JINST 15 (2020) 12, P12037 Run 15318 Subrun 159 Event 7958
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NuMi @ MicroBooNE

NuMI Beam line Top View i

1 Absorber
NuMI Beam line Side View = Il

Main Injector

120 GeVv T
Beam o o
~8
(o]
~120
*
. " mnos, BNB NuMI
S Abso MINERVA,
Ia NOVA
NOt tO SCa'e ber Not to Scale
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Search for Neutrino-4 Oscillation signal with ICARUS

+ The Neutrino-4 collaboration claim a reactor neutrino disappearance signal with a clear modulation with L/E
~1-3 m/MeV

+ ICARUS has sensitivity to this parameter space as a single-detector and is planning an oscillation analysis
investigating the Neutrino-4 signal using data taken in the coming year (prior SBND operations)

+ ICARUS will do analyses in two independent channels using different neutrino beams
+ v, disappearance using the BNB
* Vg disappearance using NuMI

NEUTRINO-4 reactor signals ICARUS projection (BNB)
14¢
A Observed, 24p, S00keV. Dee, 2019, The period z. 1 3;; Neutr|n0'4 beSt ﬂt
f oscillati £ E -
1.5 Am'| = 7.26,5in20 = 0.38 forze:stcrlin;e'::rgy B "2? Am? =7.25 eVZ, sin220 ~0.26
§ 4MeV is 14m 9 1E
3 z LI O 1E : e .
3 1.0 :l' ;L’%ij 1 N/ L.i" I; APSerebro, etal. O oof ‘Tr e -+—+ + + + .
2 T W Phytt® e Soefl S ST T
I 1 Issue 8, pp 213-221. g 07E- i : =
< 0.5 AM'=7.25¢V',5in’(20) = 038 '/DoF  17.0917  GoF 045 | 351809 10561 O o06E + ICARUS v, Disappearance (BNB)
Unity 2/DoF 279819  GoF 008 = E e ¥
> osE- Statistical errors (3 months), 3% energy scale
. - . e 045 ——5a 06 08 1 12 14 16 18 2.
LIE, LE(m/MeV)
18 R.J.Wilson/CSU SBN@Fermilab
Slide From Bob Wilsons Snomass talk LINK
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https://indico.fnal.gov/event/22303/contributions/244923/attachments/157263/205671/SBN-Wilson-Snowmass22-18jul22.pdf

uBooNP  Successful running for over 5 years

Since turning on in 2015, MicroBooNE has amassed the largest sample
of neutrino interactions on argon in the world

2.0E21
—— Delivered POT POT on tape |
Run 1 Run 2 Run 3! Rung4 Run 5
I 15621
| @)
l . Q.
(O]
=
10E21 5
: E
| S
I 3
: 5020 O
|
mlll\l“ ' L 0.0E00
2015, 2016 | 2017 - |, 2018] | 2019 2020
|
I . . .
In today's talk | will be presenting results based on | Analyzing remaining 72 of our data from Runs
6.80x102° protons-on-target (POT) from Runs 1-3 ° 4-5 is well underway!
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uBooN2  Successful running for over 5 years

Since turning on in 2015, MicroBooNE has amassed the largest sample
of neutrino interactions on argon in the world

2.0E21
—— Delivered POT POT on tape |
Run 1 Run 2 Run 3! Rung4 Run 5
I 15621
. :
Q.
I ' )
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l | ks
b
‘ I g
I =
| : 5020 O
|
|
! ‘ - — 0.0E00
2015 | 2016 | 2017 - | 2018] | 2019 2020
|

MicroBooNE uses 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 0.1x102° POT from Run 3 sample
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LArTPC's give us fully active calorimeter
alongside high-resolution tracking

uBooNE g uBooNE

No Gaps
Photon P

Candidates

~—— S Proton
S —— . Candidate
Proton S
Candidate

NC #° + 1 proton candidate data event CC v, +1 proton candidate data event
Run 15318 Subrun 159 Event 7958 Run 8617 Subrun 46 Event 2328

Allows for strong photon < electron separation
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Transverse kinematic imbalance (TKI)
Spy = | P+ pf;| —0

Transverse kinematic imbalance (TKI)
oL /4"' /;” _ '!'ransverse projections.
trivially equal and opposite
(momentum conservation)

P
pv pV Il
Free Free
neutron neutron
PP 24 PP
at rest at rest
Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 17 Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 18
Transverse kinematic imbalance (TKI)
Hadronic final-state interactions (FSI)
o arXiv:2201.04664

Intranuclear Medium

Transverse kinematic imbalance (TKI)
Spy = |pf;+ pf;| >0

pr i /;u ne

Imbalance due to initial nucleon motion
and other nuclear effects
o _
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Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 20

Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 19




Transverse kinematic imbalance (TKI)
Orientation of the imbalance (6ar)
also meaningful

"
' N
Pr’ /;,u A \\\ .
Y /,/ N p T
5 ; al \
”. d . Py \
) 4
/
p? y
Heavy Py ; op
P T
nucleus \'SJ
aT
Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 21 Transverse klnematlc Imbalance (TKI)
High &ar values correspond to
proton deceleration due to FSI
H 4 N
Pr H N P
2 il | Py
1’ //l N
v / p* 7
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/
w ) / Pr
P ¥
Heavy Py 3
nucleus \SJ
/ a’T
Exploring nuclear effects with transverse imbalances” 22

Adapted from S. Dolan, “
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