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MicroBooNE @ NuFact 2024

Parallel Talks Posters

MicroBooNE’s BSM Program - Keng Lin (Monday) - NC A = 1y - Lee Hagaman
Anomalous y and e*e~ Searches - Erin Yandel (Monday)

v, Low Energy Excess Search - Ean Gao (Thursday) v,CC Inclusive - London

Cooper-Troendle
v,CC2p - Dan Barrow

v,CCOx - Panos Englezos

Inclusive and Pionless Measurements - Dan Barrow
(Thursday)

Pion Production Measurements - Patrick Green (Thursday) v,CCOp/Np - Ben Bogart

Rare Mesons - Jairo Rodriguez
Charged Pions - Philip Detje

+ MeV-Scale Physics - Diego Andrade

&) <- Lookout for this throughout the talk!

MeV-Scale Radon Measurements - Will Foreman
(Wednesday)



https://indico.fnal.gov/event/63406/contributions/297864/
https://indico.fnal.gov/event/63406/contributions/297963/
https://indico.fnal.gov/event/63406/contributions/297865/
https://indico.fnal.gov/event/63406/contributions/297563/
https://indico.fnal.gov/event/63406/contributions/297562/
https://indico.fnal.gov/event/63406/contributions/297838/
https://indico.fnal.gov/event/63406/contributions/297110/
https://indico.fnal.gov/event/63406/contributions/296955/
https://indico.fnal.gov/event/63406/contributions/296955/
https://indico.fnal.gov/event/63406/contributions/296955/
https://indico.fnal.gov/event/63406/contributions/297109/
https://indico.fnal.gov/event/63406/contributions/297450/
https://indico.fnal.gov/event/63406/contributions/297111/
https://indico.fnal.gov/event/63406/contributions/297453/
https://indico.fnal.gov/event/63406/contributions/297454/
https://indico.fnal.gov/event/63406/contributions/297844/
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MicroBooNE Papers uBoONE _
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Damonstration of neutron idantification in neutrino intaractions in the MicroBooN E liquid argon m'e‘gj\o;acb n d\é'mmr
Improving neuiino energy estimation of charged-cumant interaction events with recument necml netw n MicroBooNE
First double-cifferential cross section measuremeant of neutral-cumant ¥ production n NeLArna-argon scatternng n the MicroBooNE detactor
Measuremen| of the dj{smmuy gross section for neutral pion ducbon in charged -curent muon neulrno interactions on ir;;on with the MigoBooNE %m:ci r
Measurement of double-diferential cross sections for measonless charged-cument muon neutrno inferactons on argon with fndl-state protons using the MicroBooNE detecto
First simultanecus measurement of diferential muon-neutrine charged-cument cross sections on argon for final states with and without protons using MicoBooNE data
First search for dark-tndent processes using the MicroBooNE detector '
Search for hcavg neutral eptons in electron-posiron and neutral-pion final states with the MiacBooNE detector
Meaasurement of ruclkear efeds in neutrino-argon interactions using genemlised kKinetic mbalance variables with the MicroBcoNE detector
First demonstration for a LArTPC-based search for niranudear neutron-antineutron transitions and annihiation in “Ar using the MicoBooNE detector
Moasurement of triple-diffarential Inchsiga Muon-neutrine chargad-cument cross section on angen with the MicroBoaNE detector
Measurement of ambient radon daughter decay rates and energy specira in Iquid amgon using the MicroBooNE detector
First measurement of n ?mt_su;ban in neutrino inferactions on argon with MiooBooNE
First demenstration of O{ 1 ns) timing resclution in the MicoBooNE Iguid amgon time projection chamber
Multi-differential cross saction measurements of muon -ncutnnoar%n quasielasticke reactions with the MicoBooNE detector
First double-diffarential measurament of k A imbak in nedtrine nteractions with the MicreBooNE detector
First measurement of quasi-elastic A baryon preduction in muon antineutrine interactions in the MicroBooNE detector
a ers First measurement of differential cross sections for muon neutrdno charged curment interactions on argon with a two -proton final state n the MicroBooNE detectior
First congtrants on light sterle neutrino oscilations from combined appeamnce and disappearancs searches with the MicroBooNE detector

¢t  Generic v Selection

'+m# ? Diferential oross sedion measuemaents of charged aarnent v, interactions without final-state pions in MicroBooNE
* ’+ Search for long-lived heavy neutralleptons and Higgs portal scalsrs decaying in the MicoBooNE detector

Measuement of neutral cument single 110 production on argon with the MicroBooNE detector

. Obsaration of radon mitiggtion in Mlu?o% by a fquid argon fikration system
a n CO u n I n Cosmac ray muon clusterng for the MicroBooNE Iiguid argon time pmz:_cwn thamber using sMask-RCNN
" Novel approach for evalating detector-related uncedaintiss in 8 LA/TPC usng MicroBooNE data

First measurameant of energy-dependent indusive muon neutring chamged-cumant cross sections on argon with the MicroBooNE detector
Search for an anomalous excess of incusive charged -cumrent v, interactions without pions in the final state with the MicoBooNE experiment
Search for an anomalous excess of charged-cumant quasi-elasiic ve interactions with the MicroBooNE experiment using deep-leaming-based reconstr uction
+ New theory-driven GENIE tune for MicroSooNE
Search for an ancmalous excess of inclusive charged -cument v, interactions in the MicrcBcoNE experment using Wire-Cell reconstrudion
Search for an excess of eledron newtrino iMeradions in MicroBooNE using multiple final state topologies

Wire-Call 3D pattem recognition techniques for neutrino event reconstruction in large LAITRCs

Electromagnetc shower reconstructon and energy validation with Michel electrons and n0 samples for the deep-leaming-based analyses in MicroBooNE

Search for neutrno-induced NC A radiative decay n MicoBooNE and a first test of the MiniBocoNE low-energy excess under a single-photon hypothesis

First measuamaent of indusive eledron-neutrine and antineutrdno charged current differential cross sactions in charged lepton enangy on amgon in MiccoBooNE

Calorimetnc dassfication of track-lke signatures in liguid argon TPCs using MicroBooNE data
Search for a Higgs Portal Scalar Decaying fo Eleciron-Posiron Pairs in the MicroBooNE Detector
Measurement of the Longitudinal Diffusion of lonization Electrons in the Detector
Cosmic Ray Background Repction with Wire-Cell LAr TPC Event Reconstrudion in the MicroBooNE Detector
Measurement of the Flux-Averaged Inclusive Charged Current Bectron Neutrino and Antineutrino Cross Section on Argon using the NuM| Beam in MicoBooNE
Measurement of the Atmosphenc Muon Rate with the MicroBooNE Ligud Argon TPC
Semantic Segmentation with a Sparse Conwolutional Neural N etwork for Event Reconstruction in MiaoBooNE
High-parformance Genernc Neutrino Detaction in 8 LAr TPC near the Eath's Suface with the MicroBooNE Datector
Neutrino Event Selection in the MiccoBooNE LAr TPC using Wire-Cell 30 Imagng, Clustering, and Charge-Light Matching
A Convolutional Neural Network for Muliple Particle Identfication in the MicoBooNE Liquid A'[gon Time Propection Chamber
Venax-Finding and Reconstrudion of Contained Two-track Neutrino Evants in the MicroBooNE Datector
The Continuous Readout Stream of the MicoBooNE Liqud Argon Time Propction Chamber for Detection of Supemova Burst Neutrinos
Measurement of Differential Cross Sections for Muon Neutrino CC Interactions on Argon with Protons and No Pions in the Final State

Measurement of Space Chamge Effects in the MicroBooNE LAr TPC Using Cosmic Muons
First Measurement of Diff al Charged Current Quas-Elastic-Like M N n Scatlerng Cross Sections with the MicroBooNE Detector
Sean or haavy neutral e Mo : s in the Mic
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A Method to Determine the Elecric Field of Liquid Argon Time Projection

o Gamma Gamma Decays in the MicroBooNE LATFC
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O Chambers Using a UV Laser Systemn and its Application in MiccoBooNE
! I ! ! ! ! ! I ! ! ! I ! ! I ! Calibration of the Charge and Frmrrﬁ‘.' Responss of the MicroBooNE Liguid Argon Time Proection Chamber Using Muons and Protons
First Measurement of Inclusive Muon Neutrino Chamged Current Differential Cross Sections on Argon at Enu 0.8 GeV with the MicroBooNE Detector
'\‘6 '\‘6 '\‘b '\‘6 '\j\ '\j\ '\j\ '\j\ '\‘% '\‘% '\‘% *\9 '\‘q »\9 »\9 ’LQ Design and Construction of the MicdoBooNE Cosmic R?; Tagger System "
0 0 0 0 0 0 Q Q 0 0 Q Q 0 0 Q 0 Rejectng Cosmic Background for Excdusive Neutrino Interadtion Studes with Liquid Amgon TPCx A Case Study wih the MicroBooNE Detector
First Measurement of Muon Neutrino Charged Current Neutral Pion Production on Argon with the MicoBooNE defector
Ne oL 8 Ne o1 ¢ oV Ne NG o’ oY Ne ¢ N Ne o1
Q Q 0 '\, Q Q 0 '\, 0 Q '\, 0 0 Q '\, 0 A Deep Neural Network for Pixel-Level Electromagnetic Partticle identification in the MicoBooNE Liquid Argon Time Projection Chamber
Comparison of Muon-Neutrino-Argon Multipicity Distributions Observed by MiaoBcoNE o GENIE Mogel Predictions

lonization Electron %gnd Processing n Singb hase LArTPC s |I: Data/Simubstion Comparison and Peformance in MiooBooNE
lonization Electron Si Processing n Singk Phase LATPCs I Algorithm Description Quantitative Evaluation with MicoBooNE Simuiation
The Pandora Muli-Algos! Poiplooeh 10 Automated Pattem Racognition of Cosmic Ray Muon and Neutrine Events in the MicreBooNE Detector
Megsurement ofCosn'-i_Ray Reconstruction EMdencias in the M{g 0ONE LAr TPC Usng 8 Smal Extemal Cosmic Ray Counter
Noise Chamctenzation and Filtering n the MicoBcoNE Liquid Argon
Michal Els?ron Reconstnuction Using Cosmic RR{ Da%nom the MicraBooNE LAr TPC
Determnation of Muon Momentum in the lcroBo'a')E Ar TPC Using an Impeoved Model of Muliple Coulbmb Scattering
Gioavolusanal Neur! Networs, Apgiied Jo Newtrya Events in a Liauid Argin Time Projecion Chamber



Neutrino Beams @ MicroBooNE
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Absorber

NuMI

- MicroBooNE’s placement enables “one
detector, two beams” concept

- 0(500k) interactions across both beams

- BNB Is on-axis

* NuMl spans 8° (target) -> 120°
(absorber) and has significantly more

v, D,
MicroBooNE Simulation, Preliminary E, > 60 MeV

~_ 10"

&

O

S~

=

® 10" L

= T

LO Al

<

~ 9 ™

= 107

O =

o jln
o 1
C\IO —

— 10°pE"

X —

© —

=~ -

>

10" - )
— -'"Il:l'l;l.--
llllllllllllllllllllIIT:I4IH:I:J!4-I1LJLJLILIlIJLJLILlJL

o
o
o
—
—
o

2 2.5 3 3.5 4 4.5 )
Neutrino Energy (GeV)



MicroBooNE Science Goals

Enhancing our previous BSM searches .‘ ..



Low Energy Excess Search single-y

candidate

Phys’Rev. D 103, 052002 MiniBooNE Collab.

:F o T Ty Datastaterr) - >
S F ] v, from p* —
TE 1 v, from K;/' ] MBOONAJ
- ﬁ v, from K : TicroBoo ata
«— [ 5| 1] 0 misid — 15em S S o B BT
Miike 4o :
S s[C cter G PRL 128 (2022) 111801
E _ + ; Constr. Syst. Error E
C:4 . . :
Simulated Event RS . 4.80 excess : 2 First generation
W " [T Unexplained for over a decade - L | |
‘ . % danalyses
17cm e . R ]
2 F -
| ST e - ?,
e S U ¢
5 .
0.2 0.4 0.6 0.8 1 1.2 1.4 3.0
EJE (GeV)

+  Famous MiniBooNE/LSND anomaly that is consistent with well-motivated BSM models!

- Sterile neutrinos, Dark neutrinos, enhancements to SM 1y production etc Proton

Simulated Event

PRL 128 (2022) 24, 241801

- MicroBooNE has much better e/y separation capabilities

. Can shed light on the sources of this anomaly - ongoing/updated analyses targeting all topologies PRL 130 (2023) 1,01180
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https://arxiv.org/abs/2210.10216
https://arxiv.org/abs/2110.14054
https://arxiv.org/abs/2110.00409

LEE Search (v,-like)

Events

1st Round - saw no evidence of v, - like
excess

Since then, updates to PRD 105 (2022) 11. 112004

- Same topology as MiniBooNE LEE
(v,CCOr)

First analysis to use full MicroBooNE dataset!

« 68x10" = 11.1 x10% POT

New background constraint from v,CC and
NCr° rich sidebands

BNB Data

New Results! Y

@ - v, Low Energy Excess Search - Fan Gao

1eNpOrn

Run 20248 Subrun 210 Event 10515

match hadronic final states of v, signal channel

2500 A

2000 A

1uNpOm selection
MicroBooNE Preliminary, 6.38 x 10%° POT

Events

1250 A
1000 A
750 -
500 -
250

—

1u0p0m selection
MicroBooNE Preliminary, 6.38 x 10%° POT

1eOpOr

BNB Data Run 22298 Subrun 74 Event 3723

constrain dominant 7" background

NC n® selection
MicroBooNE Preliminary, 6.38 x 102° POT

+

s v, CCn°

ve CCONOp = v NC

v. CCOnNp v NC n®

v, CC = Out. fid. vol.

ZZ1 Cosmics

— Total Predicted
Uncertainty

<4 Data

v, CC

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Neutrino Reconstructed Energy (GeV)


https://arxiv.org/abs/2110.14065
https://indico.fnal.gov/event/63406/contributions/297865/
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1127-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1127-PUB.pdf
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e ) BNB
Unfolded MiniBooNE LEE models
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LEE Search (v, -like)

Ve CC FZ1 Cosmics <4 Data
v other Total predicted, - == LEE signal
v with ° constrained = == model 1

Uncertainty

Runs 1-5, 1eNpOm selection
MicroBooNE preliminary, 1.11 x 102! POT

1eNpOrn

—4—

0.5 1.0 1.5 2.0

Reconstructed neutrino energy (GeV)

Events

Ve CC FZ1 Cosmics <4 Data
v other Total predicted, - == LEE signal
» with m° constrained == model 1

Uncertainty

25

20 -

15 A

10 A

Runs 1-5, 1e0p0mr selection
MicroBooNE preliminary, 1.11 x 10%! POT

1e0OpOr

0.5 1.0 1.5 2.0
Reconstructed neutrino energy (GeV)

Signal Strength

€ Best Fit Point T 90% C.L.
99% C.L. I 68% C.L.
I e e
0.8 ~
0.6 -
0.4 ~
0.2 -
00 +--—-—@-——-------- i ———————————————
Shower Shower Neutrino
Energy cos(6) Energy

With ~65% more stats and new sideband constraints => able to provide strong limits on the MiniBooNE LEE-like

models

Inconsistent with v, -like excess at > 99% CL!

Consistent results across all kinematic observables
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3+1 v, Oscillations

. 10°E y
45F MicroBooNE 6.369 x 10 POT : | | .
40 - —¢— BNB data, 338 = = = Prediction of 4v best-fit B ! MicroBooNE 6.369x10™" POT
— v, CC,340.0 v, CC, 190 _ 95% CL
: NC,22.3 ] Others, 10.1 f S
> 35F “# Pred. uncertainty 10 \ 4 a? Prf) 1ing B
O = I v, > VU, > U, - ) - = = = Sensitivity, profiling
- H — ~ l/ — = Sensitivity, v, App. only
: " I \
— = 1F
= Ve = Uy g -
3 S
- 107
— = I LSND 90% CL (allowed)
= i LSND 99% CL (allowed)
O E | : I=I I l : : : I _ : : 10—120_4 1 I1II0|_3 | L1 11 llllOI_2 | L1 1.1 llllol_1 ll1
0 500 1000 1500 2000 2500 . 250
Reconstructed E,, (MeV) sin“20,,

Previously, 3+1 v, search based on BNB-only v, analysis (inclusive v,CC)

Able to reject some LSND allowed regions at 95% CL

PRL 130 (2023) 1,01180

However, sensitivity limited by cancellation effect of v -appearance and v, disappearance @ BNB

12


https://arxiv.org/abs/2210.10216

3+1 v, Oscillations

w - . . . . .
£160(— v,CC FC channel MicroBooNE Simulation Preliminary
> _ _—
L s No oscillations
5140 e
- B Oscillation with:
o) _
€120 Am?,=1.2 eV?, sin’26, ,=0.003
- -
Z ool NuMI e sin’g,,=0.018
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80— poee B R
60— [
40— |— L
20— I e
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0 500 1000 1500 2000 25|
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50 :_ v,CC FC channel MicroBooNE Simulation Preliminary
- No oscillations
i Oscillation with:
401 Ami,=1.2 eV?, sin’26, ,=0.003
E BNB .. e sin%,,=0.018
30— L. sin0,,=0.0045
- —_ " e,
20| T
S B ™
10{— T L
0 j-__i' l: 1 1 | 1 | 1 | 1 1 | 1 I 1 1 | | | 1 1 1 |
0 500 1000 1500 2000 250

BNB + NuMI

Reconstructed E, (MeV)

2 (eV?)

Am

102§ )
- | MicroBooNE 6.369x10%° POT
. } 95% CL,
10 L == Data, profiling
= ) = = = = Sensitivity, profiling
- l/ — = Sensitivity, v, App. only
| i N
107
= I LSND 90% CL (allowed)
i LSND 99% CL (allowed)
jo2b——d
107 10~ 1072 107! 1
sin®20,,,

This appearance-disappearance degeneracy can be broken by using NuMIl sample

Different baseline, different intrinsic v, contribution in flux (~4% vs 0.5% in BNB => disappearance effect
dominates relative to BNB)

Pioneering “one detector, two beams concept”
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Updating the NuMI simulation
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| Old Flux (Geant 4.9.2)
= —— New Flux (Geant 4.10.4)

LL MicroBooNE Simulation

L"LLLHLL Preliminary

More details at MICROBOONE-NOTE-1129-PUB

MicroBooNE Simulation, Preliminary

20 —f
i p+C — K" +X (120 GeV) =
,‘g 1af- —4— NA49 (xF scaled) —
E 12F — Geant4.10.4 —
2% ok — Geant 4.11.1 =
?: 85— — Geant 4.9.2 —f
© 6:_ _:
- p. = 0.3 GeV -
41— ! E
21— E
0 = P I T T TR N P B B oSS =

0 0.2 0.4 0.6 0.8

Feynman - x

Old Flux (Geant 4.9.2) 1o Uncertainty |

0o 1 2 3 A 5

Neutrino Energy (GeV)

NuMI sits at ~8° (highly off-axis!) => very little phase space coverage for external hadron
production data

We have overhauled our NuMI simulation
Beamline geometry updates
Updated to a modern G4 version (4.10) for a better base model
Constraints from NA49 and others similar to NOvA, MINERVA

Conservative treatment of uncertainties outside data coverage
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1129-PUB.pdf

3+1 v, Oscillations

MicroBooNE Preliminary
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BNB + NuMI

Allows for significant increase in sensitivity
when including both beams!

Stay tuned for upcoming results!

More details in MICROBOONE-NOTE-1132-
PUB


https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1132-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1132-PUB.pdf

LEE Search (single-y) aNE

Inclusive single-y Enhancement in NC Coherent Enhancement in NC A — 1y
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€CO INeulrino .
NC =" Sidebands
MICROBOONE-NOTE-1126
* Previously, saw no evidence of enhancement to NC A — 1y @ - Anomalous y and ete~ Searches - Erin Yandel

@ - NC A - 1y - Lee Hagaman

-+ Disfavor sole MiniBooNE explanation at 95% CL
- Now, casting a wider net with new and updated analyses - both generic (inclusive) and specific enhancements

- Stay tuned for results!
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1125-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1131-PUB.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1126-PUB.pdf
https://indico.fnal.gov/event/63406/contributions/297963/
https://indico.fnal.gov/event/63406/contributions/297110/

MicroBooNE Science Goals

Extending our BSM program .‘ ‘.



LEE Search (BSM ¢"¢ ™)

Dark neutrino models

Decay into ~collinear e*e™ pairs via dark gauge
boson, Z’

Ballet, Pascoli, Ross-Lonergan

Mimics LEE signature with single shower topology
PRD 99 (2019) 071701

Single or multiple dark neutrino states Bertuzzo, Jana, Machado,

Zukanovich Funchal

" _ _ -10 PRL 121 (2018) 24, 241801
mZ'=30 MeV, ocD—O.25, 0e?=2%x10 Fixed £ : 8e-4 . A: 0.50 ' , ,

a_ 107°

z E ~
= | | == uB 95%CLs sens /
6 i MB 1o \

OE MB 30
E — CHARM reinterp

10~ = | — Minerva reinterp
- |~ HNL searches / More details at:

| MICROBOONE-NQTE-1124-PUB
i Mlcroli)zzll\illﬁlllii;r;l;llatlon, e = 882 — 8§ B I%/I-izg:?oBooNE 95% CL (F0 I Anomalous 14 and

107 re e - 0.1 0.8 oo Sensitivity ete™ Searches - Erin Yandel

T (GeV) 1072 | 107 | 100

MicroBooNE sensitivities 18 ms | GeV


https://arxiv.org/abs/1808.02915
https://arxiv.org/abs/1807.09877
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1124-PUB.pdf
https://indico.fnal.gov/event/63406/contributions/297963/
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Dark tridents -> light dark matter production via dark photon mediation

-> e¢te” topologies

Higgs portal searches -> scalar Higgs produced via kaon decay @ NuMI ->

di-lepton topologies

Exploring new phase space and setting competitive limits!

New Results! Y

@) - MicroBooNE’s BSM Program - Keng Lin

HNLs relevant for neutrino mass (see-saw), Baryon
asymmetry, Dark matter

Competitive limits across broad range of HNL mass,
including < 100 MeV (multiple final states)

produced in beam via mixing

decay in the detector
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https://arxiv.org/abs/2310.07660
https://arxiv.org/abs/2207.03840
https://indico.fnal.gov/event/63406/contributions/297864/

MicroBooNE Science Goals

Looking Ahead to the Future .‘.



Neutrino Interactions

. YV
Leptonic
: art 3 .
P
v, 1 @\ N0
Inclusive i ’é' ‘ Protons
d ~ - @
b\ Hadron h\‘ Pionless
adaronic Ar on
Argon X\\ part 5 X Argon ¥
GENIE 2.12.10, DUNE FD TDR CV Tune Pions (Charged/Neutral)
— CC Inclusive CC 1p1h+2p2h
—— CCRes 1t —— CCDIS
DUNE flux MicroBooNE has a large and comprehensive neutrino cross-
(before oscillation) 1 04 SeCtiOn program

i

—r
I | I I

o
o

v
o
I

o(E )/E, 10°® (cm? /GeV /Nucleon)
o

—>
MicroBooNE/ E, (GeV)
SBN

Aims to support both our BSM program and future LArTPC
experiments like DUNE

Probes nuclear effects at the GeV scale across multiple final

®fP(E,) 10 (/lem? /GeV /POT)

T T—_ state topologies

21



v — Ar Datasets from MicroBooNE

CC inclusive
* 1D v, CC inclusive @ BNB,
Phys. Rev. Lett. 123, 131801
° 1DVp CCEy@ BNB,
Phys. Rev. Lett. 128, 151801
- 3D CC Ey @ BNB, arXiv:2307.06413
* 1D ve CC inclusive @ NuMI,
Phys. Rev. D104, 052002
Phys. Rev. D105, L051102
« 2D v, CCOpNp inclusive @ BNB,
arXiv:2402.19216, arXiv:2402.19281

Pion production
* Vu NC1t? @ BNB, Phys. Rev. D 107, 012004

» 2D vy NC1i® @ BNB, arXiv:2404.10948
» vy CC® @ BNB, arXiv:2404.09949

CCOmn

* 1D ve CCNpOmnt @ BNB,
Phys. Rev. D 106, L051102

* 1D & 2D v, CC1p0rt transverse imbalance @ BNB,
Phys. Rev. Lett. 131, 101802
Phys. Rev. D 108, 053002

* 1D & 2D v, CC1p0m generalized imbalance @ BNB,
Phys. Rev. D 109, 092007

» 1D vy CC1p0mt @ BNB, Phys. Rev. Lett. 125, 201803

« 1D v, CC2p @ BNB, arXiv:2211.03734

* 1D v, CCNpOmt @ BNB, Phys. Rev. D102, 112013

« 2D vy, CCNpOmt @ BNB, arXiv:2403.19574

Rare channels & novel identification techniques

N production @ BNB, Phys. Rev. Lett. 132, 151801
 \ production @ NuMI, Phys. Rev. Lett. 130, 231802
* Neutron identification, arXiv:2406.10583
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801
https://arxiv.org/abs/2307.06413
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://arxiv.org/abs/2402.19216
https://arxiv.org/abs/2402.19281
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012004
https://arxiv.org/abs/2404.10948
https://arxiv.org/abs/2404.09949
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.L051102
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.053002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.092007
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.201803
https://arxiv.org/abs/2211.03734
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://arxiv.org/abs/2403.19574
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.132.151801
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.231802
https://arxiv.org/abs/2406.10583

Measurements with Pions New Results!

2%
"
_ ( ) AN MicroBooNE 6.4 x 102° POT: NCnt® Op > 0
g 0.81 (a //' \\ — NuWro (7.8/6) - T
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£ 067 % GENIEV3 no FSI (40.3/6) " b
. oton
; 0.5 \\\ NEUT (7.3/6) / 7. candidates | Argon
e\ no . - .

S 04 \ NEUT no FSI (32.4/6) j X
= N GiBUU (12.9/6)
¢ 0.3 ‘ GiBUU no FSI (27.2/6)
= 0.2 pate NCrY
-83.: 0.1 Prot;h_

0.0 Candidate

0.0 0.2 0.4 0.6 0.8 1.0 1.2 NC z° + 1 proton candidate data event
Pro [GeV/c] Run 15318 Subrun 159 Event 7958
_ (b) MicroBooNE 6.4 x 102%° POT: NCmt° Np
e 0.87 . —— NuWro (11.3/6)
2 0.7 AN ~—- NuWro no FSI (58.0/6) : .
3 RN GENIEV3 (14.8/6) - All single-y analyses have NCz" as main background
- ‘ \\ GENIEv3 no FSI (56.3/6)
S 0.5 N NEUT (9.3/6)
\ . . .
8 04 T o T (49:2/6) - We have dedicated cross-section measurements for this
~ '\ .
"t 0.3 GiBUU no FSI (40.9/6) channel
v 0.2 4+ Data
3 0.1 Sl
a Q. . . C
0o | —— ] , » Informs not just nuclear modeling uncertainties but acts
0.0 0.2 0.4 0.6 0.8 1.0 1.2 -
P.o [GeV/c] as an important SM-level handle

@ - Pion Production Measurements - Patrick Green
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https://indico.fnal.gov/event/63406/contributions/297562/

Measurements with Pions

VUCC1n® Selection

VUCC1nC Selection
MicroBooNE 6.86 x 10%° POT 06 MicroBooNE 6.86 x 1020 POT
.......... 2 — ' '
T 25 GENIE V32“B tune (x*/ndf = 15.27/8) ] e GENIE v3 uB tune (x?/ndf = 3.27/7)
@ ----- NuWro (x*/ndf = 20.73/8) c I NUWro (x2/ndf = 4.27/7) ol
O NEUT (x*/ndf = 14.96/8) 2 NEUT (x2/ndf = 3.93/7) r‘='
§ 2.0 _._ ....... -—— GENIE v2 (Xz/ndf= 3004/8) g -—— GENIE v2 ()(Z/ndf= 1_92/7) J
" : ' Sl | ooty B S
@ GIBUU (x%/ndf = 20.54/8) o 0.4 GIBUU (x?/ndf = 6.66/7) [
~ 1.5 ™1 -4 BNB Data S 4 BNB Data | ;
= O 03 L
o E____| I < I B
1.0 —Jr— ............... CCr X SE
S T T — =5 e Y f'.....j-—o—-___ I
x ‘ | | o ] :
— : N 7 ot S J R
slgosf o oo e 1 1S, * """" B CC]Z'O
S | ~---+— __________
....... + ke
0.9 1 , , 1 l L 0.0 ' , .
0 01 02 03 04 05 06 0.7 =1.0 —0.5 0.0 0.5 1.0

% Momentum [GeV]

- Measurements in the resonance (RES) regime - A(1232)
@ - Pion Production Measurements - Patrick Gr

+ NC and CC =" released, »* final states also being analysed . @9 - Rare Mesons - Jairo Rodriquez
- (@ - Charged Pions - Philip Detje

- Detailed description over 7' kinematics

- Also able to measure higher order resonances with »-production

- Novel EM calibration sources, improvements to reconstruction relevant for proton decay @ DUNE
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https://indico.fnal.gov/event/63406/contributions/297562/
https://indico.fnal.gov/event/63406/contributions/297453/
https://indico.fnal.gov/event/63406/contributions/297454/

uﬂCC Inclusive + Pionless
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New Results! Y

. High statistics based, 3D phase space coverage with ¢(E , P, , cos8,)
Z H H
“—| measurement
+ Further probe hadronic modeling using Op/Np topologies
- Measurement in kinematic imbalance variables (missing momentum etc) to
get sensitive probe into final-state interactions and other nuclear effects
- Significant model discrimination power across the board! Will inform next
generation improvements in interaction model
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uﬂCC Inclusive + Pionless New Results!
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https://indico.fnal.gov/event/63406/contributions/297563/
https://indico.fnal.gov/event/63406/contributions/297563/
https://indico.fnal.gov/event/63406/contributions/296955/
https://indico.fnal.gov/event/63406/contributions/297109/
https://indico.fnal.gov/event/63406/contributions/297450/
https://indico.fnal.gov/event/63406/contributions/297111/

MeV-scale physics

> 1r Phys. Rev. D 109, 05200
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New Results! Y

PRD109 (2024) 052007

Phys. Rev. D 109, 052007

0.15

0.1

0.05

MicroBooNE Data
Rn-doping period
Filter bypass mode

—eo— Data

— MC
12Indf = 58.2 / 33

-------- MC, -5% energy shift
y2/ndf = 42.0 / 33

Reconstructed ﬁBi energy [MeV]

Techniques to reconstruct “blips” (isolated 6(MeV) energy depositions from various sources) pioneered at ArgoNeut

Can leverage to dramatically improve thresholds at low energies

Measurements of Rn*?? decays during calibration runs

Important for assessing radiopurity and radiological backgrounds

Important for DUNE supernova and BSM physics

« (9 - MeV-Scale Radon Measurements - Wi

@ - MeV-Scale Physics - Diego Andrade
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https://arxiv.org/abs/2307.03102
https://indico.fnal.gov/event/63406/contributions/297838/
https://indico.fnal.gov/event/63406/contributions/297844/

Events /0.1 ns

Novel LArTPC techniques

nanosecond beam timing in LArTPCs

PRD 108 (2023) 5, 052010 N
e A N

a 2.13 x 10 POT 4

I H Cut Window -
150— (0 .
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100[— _
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50— —
: L ‘l', T l . e y L | :

BT O Ol N S
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Interaction Timing [ns]

Use fine-timing from PMTs and beam spill to extract ns-resolution

New Results! Y

First n-nbar demonstration in LArTPCs!

T

JINS]

- (2024) 19 PO7032

P
2 odrg 2 \ -
/n\/<
-

Y plane
extent

Enables long-lived BSM particle searches, better cosmic rejection

Other Deep-learning based
reconstruction

’

+optical info

Wireplane
Images

MICH

3D Spacepoint Reco.

e i | Clustering of
L~ . | 3D points into
/| particle
| candidates

SSNet CNN
particle-type o
pixel labels B

Wire-Cell Charge-

Light Matching LArPID CNN
Cluster
particle ID
LArMatch CNN w/ context
T p =
AR 3D Spacepoint . / P
/N : Neutrino )
T 3581 and Keypoint . A
—— Candidates \ |

OBOONE-NOTE-23-PUB

arxiv:2406.10123

Demonstrate new LArTPC reconstruction techniques for exotic topologies, deep-learning based methods for 3D

reconstruction, neutrino energy estimation etc
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https://arxiv.org/abs/2304.02076
https://iopscience.iop.org/article/10.1088/1748-0221/19/07/P07032
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1123-PUB.pdf
https://arxiv.org/abs/2406.10123

Conclusions

Wealth of new results across its science program
New LEE results rejecting v, -like interpretation at >99% CL!
New results on HNLs and Dark tridents
Upcoming results for single-y and e*te~ based BSM searches

Upcoming 3+1 sterile neutrino search with unique “one detector, two
beams” analysis

Continues to lead the community in its cross-section program with
diverse results across multiple topologies

Able to probe much deeper into nuclear initial state and final state | e Gl R n o i zons
modeling

Pioneering new techniques for MeV-scale reconstruction

Other novel techniques for LArTPCs looking forward to next generation
experiments

Stay tuned for more results!
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Thank you!
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v, LEE models and results
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v, LEE analysis
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Results in Np / Op channels separately and combined



LEE Search: v, results
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Events

Events
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3+1 parametrization

Py .y, =1=4(1 —|Ups|?)|Ups|“sin“ Ay,
Full 3+1 search — Py, v, = 1= 4(1 = |Upal|?) | Upal*sin® Ay,

2 2 (3an2
Pvu—>ve:4‘Up4‘ | Upq|"SIN"Ay;.

sin“20,, =sin®2614 = 4(1 = |Ug4|*) | U4 l*
sin“20,,, =4 cos” 014 sin” B4 (1 — cos” O14 sin” Oy4) = 4(1 — |Ups|?) U psl*
sin“20,,, = sin“20;4 sin® G,y = 4|U 4% Ueal?
sin®20,; =sin?20y4 cos® B4 cos? O34 = 4|U ,4|?|Us4)?
sin“20,,; = cos® 614 sin“26,4 cos® O34 = 4|Upa|*|Us4l?

Nve = Nintrinsic Ve Pve—we + Nintrinsic vy Pv“—we
= Nintrinsi 1+ (R in“6,4 — 1) - sin“26,4 - sin“A
= Nintrinsic v, * |1+ ( vulve < SII U24 )-sIn“2014 -SIN" Ay |,
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NuMI v data-simulation comparison

MicroBooNE BNB 6.369x10%° POT / NuMI 1.054x10%' POT
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1132-PUB.pdf

Updated NuMI flux @ MicroBooNE

MicroBooNE’s updated NuMI flux prediction vs. U, data:
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Good data/MC agreement. Blue histogram shows NuMI v, prediction constrained
by BNB U, which largely cancels out cross section and detector systematics.
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3+1 sensitivities
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Heavy Neutral Lepton Searches GRS
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Rare Mesons and Baryons
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