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e MiniBooNE Low Energy Excess

MiniBooNE Electron-like selection has a lot of photon backgrounds.

background
(measured in-situ).

i

M iS-l D’d Event display: MiniBooNE collaboration

photon Or real

background? electron
neutrino
appearance?

Sees 4.50 excess in neutrino mode, 4.70 in antineutrino mode.
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Cathode

Scintillation
& Ionisation

Charge Readout
from Wire Planes

- Resolve the nature of miniBooNE’s low-energy excess (LEE).

Light
Readout

Science goals:

- Study GeV-scale v-Ar interactions.

- LArTPC hardware and software testbed and R&D.

MicroBOONE  MBooNE_

Large-scale LArTPC:

- 85 tonnes (active mass),

- 8192 wires (3 mm pitch) on 3 planes,

- 32 8" Cryogenic PMTs,

- UV laser calibration, Cosmic Ray Tagger.
Crucial for scaling up to DUNE.

— Cold electronics: 40:1 signal-to-noise ratio.
— Gas piston purge: >18 ms electron lifetime.




_
S
b

MicroBooNE Simulation Prefiminary -
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 470m downstream from the BNB,

» 2 Beams: — BNB (on-axis, <Ev,> 800 MeV) and
— NuMI (off-axis, <Ev.> 650 MeV).

~ * Collected data from 2015 to 2020,
- largest sample of v interactions on Ar in the world.
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e MicroBooNE LEE Analyses "B°oN2-

e can characterise any LEE excess beyond simply whether it is
lectrons or photons but also in terms of particle content and
kinematics (on both the leptonic and hadronic side).

Remaining aghostic to specific new-physics hypotheses.
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m LEE Particle Content? "BoeNE_
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oNE’s First LEE Exploration "BeeN2_
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First series of results (1/2 the MicroBooNE data set)

0oNE LEE Exploration so far.. *BeeM2_.
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*Requires heavy sterile/other new particles also
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BooNE’s Photon-Like Analysis "BeeN2_
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 NCA- Ny is a significant background oo
In the MiniBooNE analysis. 1

* This process has never been ;
measured in neutrino scattering. ® "Phys.Rev. Lett. 121, 221801 (2018) £ (Gew)

:‘.7'-” L1

* Multiplying the generator prediction for this by 3.18 resolves the
LEE — we can test this alternative model!
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MicroBooNE’s Photon Analysis "BeoN2_.

NCA — N~ Signal Topology NCA — N~ Signal Topology

Neutral Current scattering, producing a
photon which travels some distance 1yip topology, primarily targeting A—py
before pair producing an e'e” pair

Short proton candidate
with Bragg peak

Single EM shower
pointing back to track

Distinct gap

Pair production

MicroBooNE Simulation

* Uses two two-photon selections to constrain NCT1t° background.
* Signal samples are single photon.

* Physics modelled with GENIE v3.0.6 —» Berger-Sehgal resonance model.
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. 1st Test of the LEE: Sing|

80

Events

&0

50

40

10

* Beckgrd is constrained via an in-situ high-purity measurement of NC 110 evts, poss. via dedicated 2ylp & 2yOp selections.
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Well then... uBooNP _

Q 001:: S e ot 59 L F & Phys.Rev.Lett. 128 (2022) 11, 111801
g 0.163— % Nominal Prediction § - .
YY) PN %ﬁ Disfavours the NCA . Ny
£ ol explanation of LEE at 94.8%
0'1;_MedianSensitivity % Confidence IEVEI-
0.08:—1'50 j “
o.oef— !
out \\ng'&“
oce- \;. % h1p 170p
Ol bl \":??%?i L Unconstr. bkgd. 27.0 £ 8.1 1654 + 31.7
_ _ _ _ A = L 210 o Constr_bked 2054+ 36 1451 + 138
NC A = Nry 41.88 6.55
i} i : LEE (zmp = 3.18) 155 20.1
50-fold improvement over prior = = —

limit on rate of this interaction.
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https://arxiv.org/pdf/2110.00409.pdf

roBooNE’s Electron-Like Analysis HBooNE _

S WBooNP it i
B ° 3 distinct e-like LEE search analyses:

Enu=1060 MeV
Y-plane

* CCQE 1lelp. PRD arXiv:2110.14080
* Pionless: 1eNpOT1t and 1e0pOTT| PRD arXiv:2110.14065
e leX. PRD arXiv:2110.13978

e Start with high-statistics muon-like samples
to make data-driven electron-like prediction.

- Heavily reduces uncertainties on
e-like spectrum.

* Excellent rejection of cosmic-ray and photon shower backgrounds.
« High-statistics auxiliary measurements of ° and v, CC events to produce data-
driven v, estimates with constrained uncertainties.

 Use unfolded MiniBooNE-like excess to test hypothesis — Not a sterile model!

2 UNIVERSITY OF
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https://arxiv.org/abs/2110.13978
https://arxiv.org/abs/2110.14080
https://arxiv.org/abs/2110.14065
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Some tension:

~ 800 MeV In
CCQE lelp
selection, and

~ 150 MeV (& at
forward angles) in

1e0pO01t selection
(bckg. dom.).

Deficit in 1eNpOTt
and lelp selections
at ~400-800 MeV.
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—ms electron-like LEE Results MBooN2_

All analyses observe v, event rates:

p— ® MicroBooNE Observed
i Nan- s iackgropnd - agree with or are below the
@ =fL vk NN predicted rates from 3-flav v osc,
E 20 _ :
5 — TomlwielFEX=1.0) || — gver full analysis energy range and
= - in the signal-enhanced low-energy
£ { region defined by each analysis
%‘ ) prior to unblinding,
g 0] T S | - (with the exception of the 1e0pOr,
8 { { which is background dominated).
£ 051
> ( Reject the hypothesis that simple

. charged current v, fully explains

lelp CCQE  1leNpOn 1e0pOn lex the MiniBooNE excess at >97% CL
[200 MeV,500 MeV] [150 MeV,650 MeV] [150 MeV,650 MeV] [0 MeV,600 MeV] 9 in all analyses. )
2% UNIVERSITY OF
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https://arxiv.org/abs/2110.14054

onstraints on eV-Scale Sterile Neutrinos
MICROBOONE-NOTE-1116-PUB

The inclusive CC v, results have

] subsequently been turned into a direct bound
on eV scale sterile neutrinos.

[ LSND 90% CL (allowed)
LSND 99% CL (allowed)

= MicroBooNE 85% CL, (BNB data)
profiling over sin®e,,,

As the inclusive CC v, selection utilises high
statistics CC v, events to help constrain

systematics, a full 3+1 sterile neutrino fit
must be performed in order to fully take into
account all possible flavour transitions.

---- MicroBooNE 85% CL, (BNB+NuMI sens)
sin’e,, = 0.005

10

Amz, (eV?)

\ « With this full 3+1 analysis, part of the LSND
_ allowed region is excluded by the
MicroBooNE 95% CL limit,

« Combining both data sets significantly
improves sensitivity - Upcoming BNB +
NuMI analysis will be sensitive to full LSND

10—1 Lol
1074 107 1072 10" 1

Sin‘20,,,
2. UNIVERSITY OF
¥ CAMBRIDGE

Melissa Uchida

allowed regions.
BNB R v /v,: 0.005 & NuMI R v./v : 0.04

Rencontres du Vietnam Flavour 2022 17


https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1116-PUB.pdf

roBooNE Next Steps
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iIcroBooNE Next Steps

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

Reco

Models

opology
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*Requires heavy sterile/other new particles also
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Summary

MicroB’_ooNE has performed the first detailed study of the MiniBooNE excess.
* Photon-like:
— NCA - Ny explanation of LEE disfavoured at 94.8% CL.
* Electron-like:
- Results consistent with nominal v, rate expectations from BNB - no excess of v, events observed.
- Simple v, CC as full explanation of MiniBooNE LEE disfavoured at >97% CL.

« 3+1 eV scale Sterile Neutrinos:
- The data are consistent with the 3v hypothesis and provide no evidence for a sterile neutrino.
- Exclusion limits cover a large fraction of sterile v parameter space allowed by results from other experiments.
- A combined BNB+NuMI oscillation analysis is planned to mitigate the degeneracy of oscillation parameters.
* The LEE is real - so it is far more exciting than we thought!
» Stay tuned—more to come from MicroBooNE!
- Double the data statistics (all analyses reported here are still statistics-limited).
* Tests of additional LEE models:
- Improved analyses: different interpretations of MiniBooNE LEE with the same final states.
- Analyses targeting new final states topologies also well underway.
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WSS
QP

Higgs boson e

I

Three Generations of Matter

CAMBRIDGE

Neutrinos

e 2nd |ightest 2@ most abundant
particle in the Universe.

* Know of three active neutral
flavours, each corresponding
to a charged lepton flavour.

 |nteract via the weak force.
Neutral Current NC (via z°

exchange).
— Charge Current CC (via W+
11 III exchange).
Melissa Uchida Rencontres du Vietnam Flavour 2022 22



Neutrinos: What We Know
Justhandles  conrols ® They have mass and “oscillate”:

the units. f
nt (appearance) requency

- Produced in flavour states v,_,

travel in mass states v ..
L(km)

P(vy — vy) = sin®(20) Siﬂ2(1-27ﬁm2(evg)§(}w)) - Flavour changes as a function of

Controls the
amplitude

Measured:

58 UNIVERSITY OF
¥ CAMBRIDGE

energy and distance travelled.
* Described by 3 mixing angles, 2

\ mass splittings and 1 phase.
0,,=45.6+2.3° Amz,, = 7.53%0.18x10+5 eV?2
0,,=33.620.85° | Am2,,| = 2.45+0.05x10- eV/?2
0,,=8.33+0.22°

Melissa Uchida Rencontres du Vietnam Flavour 2022 23



trinos: What We Don’t Khow

Normal : :
b Do neutrinos violate CP? 6¢P# 0.

e Are neutrinos their own anti-particle?

A2
Am LD

 What Is the absolute neutrino mass?

e How are neutrino masses ordered?

ﬂmzza
L —— * What is the origin of neutrino mass?
(m, _}[ - 1
j * Are there other neutrinos yet to be
EV. BV, HV. EV. discovered?
5B UNIVERSITY OF

xxxxx
S
58
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aseline Neutrino Experiment Anomalies

Beam Excess

Phys.Rev.D64:112007(2001

>
17.5 LSND ® Beam Excess % 6
,5| 3.80 excess <
: ~ 4
p(v,e)n 28]
12.5 , e
~ pther
Slgnal model not shown g
10 > 2
7.5
5 + 0
1 2
- e H %
s e O = sEeei e e Q
—— (?P\
R7d
0.4 0.6 0.8 1 1.2 1.4

S0
L/E, (meters/MeV) e

Definitive test of short baseline v,
appearance requires new experiments

Phys.Rev. D65 112001 (2002
AN L B B R L

E KARMEN -
i No excess ] M decay.
| e (1.60 deficit)] at"’es{
-
i é
- 1 I 1 1 1 1 I 1 1 1 1 %

20 30 40 50

energy prompt event  [MeV]

Events/MeV

and detector technology:

- enter the MicroBooNE Liquid argon
time projection chamber (LArTPC).

Phys Rev. Lett 121 221801 (2018

- Datld sldl l-_'rr)
C v, fo
v, fro*n K
= v, from K
] r misid
CJa—~Ny
I it
[ other
Constr. Syst. Error
Bast Fit

‘™ MiniBooNE
- 4.50 excess
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JINST 13, PO7007 (2018)

Advanced signal processing:
produces 2D de-convolved waveforms,
which represent the number of drift ‘
electrons that arrive at each wire as a

Melissa Uchida
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« Data-driven electric field maps:
- UV laser: JINST 15, P07010 (2020),

— cosmic muons: JINST 15, P12037 (2020).
 Calorimetric and EM shower calibrations:

- JINST 15 P03022 (2020), JINST 15 P02007 (2020),

- JINST 13 (2018) PO7006.

uBooNE _

* Longitudinal diffusion of ionization e- ’s: arXiv:2104.06551

Data: taken since 2015

POT on tape !
Run 3, Rung4

—— Delivered POT
Run1 Run 2

2015 | 2016 | 2017 - | 2018, | 2019
1

Run 5

2020

2.0E21

1.5E21

1.0E21

5.0E20

0.0E00

Cumulative POT

Rencontres du Vietnam Flavour 2022
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https://arxiv.org/pdf/1910.01430.pdf
https://arxiv.org/pdf/2008.09765.pdf
https://arxiv.org/pdf/1907.11736.pdf
https://arxiv.org/pdf/1910.02166.pdf
https://arxiv.org/pdf/1802.08709.pdf
https://arxiv.org/pdf/2104.06551.pdf

uBooNE

Event Reconstruction

Co-developed 3 fully-automated and independent event
reconstruction frameworks - excellent LArTPC resolution:
* Pandora

— Multi Algorithm approach provides robust automated pat-rec.
Proton

e — Multiple neutrino cross section results (CC inclusive, CC o,
CC Np, QE-like, v.), BSM searches (HNL, Higgs portal scalar).

CC v, +1 proton candidate data event - Eur. PhyS ‘JC781 82 (2018)
Run 8617 Subrun 46 Event 2328 W Deep Learning (DL)

uBOONE — First of their kind applications in a LAr TPC.

_ - PRD 103, 052012 (2021), PRD 103, 092003 (2021),
Proton - JINST 16, P02017 (2021), PRD 99, 092001 (2019).
Candidate

 Wire-Cell

- fully 3D, next-generation charge-to-light matching, improved
cosmic removal.

- Phys.Rev.Applied 15 (2021) 6, 064071,
JINST 16 (2021) 06, P06043, arXiv:2012.07928 (PRA).

Photon
Candidate

NC A =Ny candidate data event

] |
LGSR | Sce poster Jingyuan Shi: Comparison Studies 27



https://arxiv.org/pdf/1708.03135.pdf
https://arxiv.org/pdf/2012.08513.pdf
https://arxiv.org/pdf/2010.08653.pdf
https://arxiv.org/pdf/2002.09375.pdf
https://arxiv.org/pdf/1808.07269.pdf
https://arxiv.org/pdf/2101.05076.pdf
https://arxiv.org/pdf/2011.01375.pdf
https://arxiv.org/pdf/2012.07928.pdf

MicroBooNE Systematics nBooNE! _

uncertainties uB GENIE
tune params

detector systematics.
EPJ C arXiv:2111.03556 o

utrino cross section uncertainties
— Apply best practices from other experiments

. (MINERVA, NOVA, T2K) efc, 1 3 :
- and the results from our own GENIE tuning. W N e

Sample Wavetorm, Channel=697

ovel data-driven technique using wire responses@nificantly reduced our

—— Original Wiwawlcrm, |

— Modifizd Wirsehon
=== Drigial bibs

- Vary > 50 different parameters to assess v interaction uncertainties.
- PRD arXiV:2111.03556.

* Neutrino flux uncertainties

- Make use of the very well-understood BNB from MiniBooNE.

- MicroBooNE public note #1031. Parallel talk Alex Moor: ve/v Ratio Weds @11
5 UNIVERSITY OF H
S C AMBRIDGE Maelissa Uchida Rencontres du Vietnam Flavour 2022



https://arxiv.org/pdf/2111.03556.pdf
https://arxiv.org/pdf/2111.03556.pdf
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1031-PUB.pdf

MicroBooNE Blind Analysis nBooNE_

BNB v, data only accessed after:

gl After preselection
|

- analyses were developed on simulated
samples and e bend

- validated on sideband data samples + a
small open subset of data in Runs 1 & 3. "Near"

side band
» After the analyses were frozen and before
unblinding, LEE analyses defined “far” and
. Nue signal
“near” v, sidebands,

— used to step progressively closer to LEE-

signal-model-enhanced low-energy region. PIb
Results presented today are unchanged since data unblinding.
BB UNIVERSITY OF
29
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utrino Interaction Modelling HBooNE _

' |, ST BT " Model ¥? «=icazm e MicroBoONE drove the
T b e L A GENIE v2 + MEC | 2459 development of v3
Yl S, L% GENIE w3 108.8 GENIE; 2 yr effort:
I;.=" I 1-1 F i el Sl U _';= H& = .
“a' ) !__r.ﬁ e . L e ' - * MicroBooNE GENIE

- I-:"ﬁ z s T T MNuWro 1265 F¢ tune
E (2T w sl o F._'Eui- 045 w Coa™) w52 % ’ 062 w sl ™) = T | — includes new nuclear
i o o models, new fits to
-Eu ] AR ! T global data,

|_._ e | 15 i '

) s D V| J% | - MicroBooNE public

;l:'"|!'.rJ'||1 1] -] =K F-.'H::‘:_ﬁ F F1] g ) ;:_II.I'-‘!IJ E; 1] note #1074_
gy 017 = o) o 55 T o 0B o™ ] B L 05 5 008 H™) o 100  We are the first to
‘i S . = o examine neutrino
Al AU ] |_|+ ; scattering in argon at
< = 4t i iy these energies and with
% I : == L e

28 5 .. B e g z 24 L - ta L. S E-“-.?-i- SUCh hlgh StatiStiCS'
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Neutrino Cross Sections HBOONE _

¢ v, CCinclusive (v, + Ar—> e + X), NuMI beam!
a9 - ArXiv:2101.04228 (2021)

- ST — x10
= | —%— D - — . | e P .
';5: """"" GENIE v3. yfidof=128/12 ] ol 12§ & oata .« sy CCNp (VH + Ar —> | + Np,0m):
£ A Nuwm, Ca19512 1 | <R e - PRD 102, 112013 (2020)
g NEUT, y%idaf=25 612 1 3 == GEMIE w206 _
2;: o GIBUL, ' Mdof2%.5/12 1 = 10} = NI 19,021 « QE-like (Vu +Ar—>p + p):
= MicroBooNE + .E. g - PRL 125, 201803 (2020)
2 2} + + S 8 I - v, CCinclusive (v, + Ar—> p + X):
S f ++ 1 & 7771 - PRL 123, 131801 (2019)
L et ] 8 ! « Charged track multiplicities:
TR B ] G e e
o '_{;_5' .{.} e “' E 5 - Eur. Phys. J. C79, 248 (2019)
cost] o, | -« CCmo(v,+Ar—>p+TO0):
| ki
PRD 102, 112013 (2020) A A T—— -~ PRD 99, 091102R (2019)
' [Deta2A0TPOT, More coming inc.: NC elastic, CC 2p,

ArXiv:2101.04228 (2021)  fransverse kinematics, NC %, CC/NC m°,
CC 1+, CC coherent 11+, kaon and n production.
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oBooNE Publications

Search for long-lived heavy neutral leptons and Higgs portal scalars decaying in the MicroBooNE detector
Measurement of neutral current single 1° production on argon with the MicroBooNE detector

il
Observation of radon mitigation in M?croBooNE by a liquid argon filtration system
Cosmic ray muon clustering for the MicroBooNE liquid argon time projection chamber using sMask-RCNN
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,
with more than 70 additional
New theory-driven GENIE tune for MicroBooNE
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
C
Electromagnetic shower reconstruction and energy validation with Michel electrons and 11° samples for the deep-learning-based analyses in MicroBooNE

public-notes to share with wider
commun |ty as we |ea rnt A, Wire-Cell 3D pattern recognition techniques for neutrino event reconstruction in large LAITPCs
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

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 Flux-Averaged Inclusive Charged Current Electron Neutrino and Antineutrino Cross Section on Argon using the NuMI Beam in MicroBooNE
PC

Measurement of the Atmospheric Muon Rate with the MicroBooNE Liquid Argon T
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 Differential Cross Sections for Muon Neutrino CC Interactions on Argon with Protons and No Pions in the Final State
Measurement of Space Char?e Effects in the MicroBooNE LAr TPC Using Cosmic Muons
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
Reconstruction and Measurement of O(100) MeV Electromagnetic Activit% 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
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 II: 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
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croBooNE Publications

Search for long-lived heavy neutral leptons and Higgs portal scalars decaying in the MicroBooNE detector

8 papers focused on exotic BSM : : lars dec:
. . Measurement of neutral current single T° production on argon with the MicroBooNE detector

phys|cs and on flagsh |p Observation of radon mitigation in MicroBooNE by a liquid argon filtration system

iEl;OSTiC ray mLéOP clustlering foé the MicroFoodNE liquid argon timigr_?_jggion Ch?\nmbeiSUSipl% deask-RCNN
- ovel approach for evaluating detector-related uncertainties in a LAr usini icroBoo ata

LOW Energy Excess searChes First me%gurement of energy?dependent inclusive muon neutrino charged—curr%nt 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 reconstructit

New theory-driven GENIE tune for MicroBooNE
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 technigues for neutrino event reconstruction in large LArTPCs
Electromagnetic shower reconstruction and energy validation with Michel electrons and T° 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
First measurement of inclusive electron-neutrino and antineutrino charged current differential cross sections in charged lepton energy on argon in MicroBooNE

10 papers improving our
H H Calorimetric classification of track-like signatures in liquid argon TPCs using MicroBooNE data
underStandlng Of neutrino 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 Flux-Averaged Inclusive Charged Current Electron Neutrino and Antineutrino Cross Section on Argon using the NuMI Beam in MicroBooNE

cross-sectionson Argon,
Measurement of the Atmospheric Muon Rate with the MicroBooNE Liquid Argon TPC

with ~ 30 more analysis on
Semantic Segmentation with a Sparse Convolutional Neural Network for Event Reconstruction in MicroBooNE

|
the wa y 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 Differential Cross Sections for Muon Neutrino CC Interactions on Argon with Protons and No Pions in the Final State
Measurement of Space Char?e Effects in the MicroBooNE LAr TPC Using Cosmic Muons
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
Reconstruction and Measurement of O(100) MeV Electromagnetic Activilz from Neutral Pion to Gamma Gamma Decays in the MicroBooNE LAITPC
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
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 .
.Colmparison of M.uon-NeutrinoTArglon Multiplicity Distributions Observelzd by MicroBooNE to GENIE Model Predlictiolns 310on V|ta| LArTPC hardwa re
lonization Electron Signal Processing in Single Phase LArTPCs II: Data/Simulation Comparison and Performance in MicroBooNE
lonization Electron Signal Processing in Single Phase LArTPCs I: Algorithm Description and Quantitative Evaluation with MicroBooNE Simulation and SOftwa re 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 deSSI min Itl ng P'Onee”ng

info for DUNE and SBN

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 progra m
Convolutional Neural Networks Applied to Neutrino Events in a Liquid Argdn Time Projection Chamber
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Global Bin Number

Global Bin Number

MicraBaoNE Simulation

0‘07 - - -
Covariance Matrix Formalism
0.06
0.05 8 . -
S * To test the compatibility between our prediction m and the measured
0048 data n, we construct a x?2 test statistic using the covariance matrix
0.03 & formalism: N
e —
0.02 C x* = Z (ni —m;) Cz’jl (nj —m;)
e i,j=1
0.01
0.00 * We construct the full systematic covariance matrix as a sum of
0 5 10 15 20 25 individual components, depending on the source of the systematic
Global Bin Number uncertainty:
MicroBooNE Simulation
1.00 CSyst — CFlux i CXSec L CDetector + CMCstat
25 A 0.75
20 030 « Systematic uncertainties are calculated by varying simulation
F025 g parameters within their uncertainties N times individually (*unisim”)
15 1 000 B or simultaneously (“multisim”) either through reweighting events or
E by re-running the simulation and then computing bin shifts with
10 1 050 respect to the central value simulation:
5 - o C.. — €L i k_.cv)(.k_ . CV
—0.75 ] T N ni _ni n] _nJ
k=1
0 - ' ; T . -1
o 5 10 15 20 25 Ho0 Rencontres du Vietnam Flavour 2022 34
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700/
2 Data/> Pred = 1.08 + 0.13 B BNB v, CCQE (3369.27)

600 MicroBooNE 6.67 x 102° POT

% 500
=
o 400
u
w 300
c
2 200
w

100

EQO

2

Data/Pred

00

Neutrino Background (699.15)
m BNB Offvtx (313.08)
{ BN Cosmic Background (97.77)
w4 Systematic Error
} Data(4848)

1200

1 p A SIS ST S f NS B e f 85 o TS 280 06)

400 600 800 1000 1200
E, [MeV]

MicroBooNE

lelp Uncertainties:
—— Nominal
—— Constrained

T T

.

400 600 800 1000 121
E, [MeV]

Conditional Constraint nBooNE_

- All analyses: leverage v, and v, correlations:

- Common flux parentage.
— Lepton universality.

Vv, samples + high-statistics v, sidebands

correlated - shared sources of modelling
uncertainty - encoded in joint v -v, cov. matrix.

Conditional constraint formalism used to update
the central value v, prediction me and its

uncertainties given the measured v, data mv.
me conslrained = me + O (CW;)—I ('IE‘UJ _ mp,)
Cee constrained _ Cee _ Ce.p (Cp.p)—l Cp,e

« This reduces uncertainty in v, prediction by >

factor of 2-3.
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1°% v, 6.46x10°° POT ]
2% v, 6.38x10%° POT
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w2
L
|
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200 400 600 800 1000 1200 1400

True Ey [MeV]

..'.m.P.'? qugl of the MiniIBooNE LEE

To simulate the MiniBooNE LEE in
MicroBooNE, we construct a simple model:

- Extract an energy-dependent event rate of v,

interactions by iterative unfolding of the
MiniBooNE event excess,

« considering only statistical uncertainties on the
MiniBooNE data and simulated events.

- Derive a scaling template from the increased
event rate relative to the MiniBooNE prediction
and then apply it to the simulated intrinsic v,

events in MicroBooNE.
- Define a signal strength x that scales the
normalization of this template, with x=1

corresponding to the median unfolded
MiniBooNE LEE.
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PDF

0.08

0.06

0.04

0.02

$% F @ S H, . -
T B “H, Statistical Tests
* |s data consistent with constrained expectation?

1-B(0.977) «(0.426 | 0.20)

+io
1-B(0.841) «(0.067 | 1.50)

-1o
1-${0.159) a(10°22 | 3.80)

/‘/ 1|3{uozs}a(1u | inf)
/ﬁ /74,,,»-._@_...%...

107"
107
107
10

107

10°°

1077

-10 ,60 70

Ay = xﬁu-x;‘:‘

MicroBooNE 6.369x10%° POT

z A =12977
= ¥ —> p-value = 0.002
Bk —3.140

w ‘

Reject eLEEx=1

1 1 1 1 1 1 1 1 I I: 1 : 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
0 5 10 5 20 25 30|a
Ax_ 2 )

nested gk xeLEEx:l ) xmin

— Addressed by x2 goodness-of-fit test

115(0.500) a(0.003 | 27o) e WR.T Simple model of the MiniBooNE LEE

- Do we reject the constrained expectation in favour of
our median unfolded MiniBooNE LEE model? Or vice
versa?

» 2-hypothesis log-likelihood ratio test:

2 2 2
AXsimple =X |BLEEx=1_X |eLEEx:U

- If we adjust our constrained expectation upwards in a
manner similar to the MiniBooNE LEE by scaling our
simple model, is the agreement with the data better?
What signal strength is preferred by the data?

* Addressed by nested log-likelihood ratio test:

Axnebted X |eLEEx x'0™ Xmm|eLEEx x'mins Lmin 2 0
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WLEE Hadronic Energy

25 ZDatafEPred = 0.93 = 0.14 {sys} = 0.19 {stat)
MicroBooNE 6.67 »10°° POT

L]
=

-t
w
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=

Events [ 45 [MeV]
.

wn

The powerful LArTPC allows
us to measure interactions in
terms of Hadronic variables
— not possible at previous
LEE experiments.
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ctron-LEE Lepton Angle HBooNE _

leNpOm v, selection
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25| 70 6.86 x10% PO
[ s - = wccuens) B e 0 Both the leptonic and
® 20 und (2. 60{ == cosmi o CC . ) .
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ation Parameter Degeneracy

- MicroBooNE Preuminarty v, disappearance Veappearance
- nueCC Mo oscillation
60 Oscillation with am2, = 7.3 eV? \
50 = BNB sin28,, = 0.36, sin'8,, = 0 N ve — 4Vintrinsic ve P, Ve—ve T Nintrinsic Vp o Vy—Ve
: sin°26,, = 0.36, sin’6,, = 0.010
L [— sin’28,, = 0.36, sire,, = 0.005 —
: S | sin®20,, = 0.72, sin’0,, = 0.005 = Nintrinsic v. [1 + (Ry, v, in® 624 — 1) sin® 26, sin? Tg:l 1
L 30F : ,
En:_ L] [ ] [ ]
: . Cancellation if sin2024 = Rve/vy
10k -y : :
s e = (ratio of Ve to vy, in beam)
= I 1 L I L I I 1L | 1. L I 1 I 1 1 1 i I.. I L i I“ .
0 500 1000 1500 2000 2500 — about 0.005 in BNB
Reconstructed neutrino energy (MeV) — about 0.04 in NuM|
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Powerful

FP=—= Short Baseline near-
detectors — more Neutrino Program detector 0
interaction and drgstlcally
detector reduce
uncertainties can be SyStertnatltq
cancelled. uncertainties
450m. 85t 110m 112t on baseline-
600m, 476t - m, dependent

physics.

=2 &

SEND

Illlhilm
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