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Discovery science with neutrinos requires
understanding their interactions

Rev. Mod. Phys. 84, 1307 (2012)
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.84.1307
https://indico.fnal.gov/event/23110/contributions/190690/

MicroBooNE’s expanding cross-section program iIs
providing much-needed data with an argon target

* Liquid argon time projection
chamber (LArTPC) at Fermilab

- Low-threshold, fully active
tracking calorimeter

- Detector technology shared by
SBN and DUNE
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» 30 active cross-section analyses



Answering key nuclear modeling questions
with MicroBooNE data

3 examples in this talk

1. Neutral-current (NC) m°©
backgrounds to Ve
appearance

2. Hadronic energy for
neutrino calorimetry

3. Nuclear effects In

quasielastic-like (QE-like) /l/t
events Nature 599, 565 (2021)



https://www.nature.com/articles/s41586-021-04046-5

NC rt° events are an important background to ve appearance

 I° = yy looks like e- if one shower is
missed

- Mimics ve Interaction

uBooNk
* | ArTPCs provide powerful y/e- — s

RUN 8617 SUBRUN 46 EVENT 2328

discrimination, but it is not perfect

» Remaining n° background must be
estimated via simulation

» How well-modeled are the NC tt° p .
inte ra CtionS? MicroBooNE Data, Run 15318 Subrun 159 Event 7958




MicroBooNE NC 11’ total cross sections

e First NC 11’ inclusive on
argon with <Ey> ~ 1 GeV

* First exclusive NC 1m°
measurements in the Op and
1p channels (any target)

* Deficits seen compared to all
models studied

- ~10 In terms of GENIE v3
uncertainty band

 Results also useful for
non-ve BSM searches
(see talk by Hanyu Wei)

I\
N o

—
(&)

IIII|IIII|IIII|ITI

Ope 1.0 L1 0°°° cm?/Atom]

—r

0.5

arXiv:2205.07943, submitted to PRD
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N. Oza, Poster #756



https://indico.fnal.gov/event/23110/contributions/190690/
https://arxiv.org/abs/2205.07943
https://neutrino2022.org/virtual/posters_view?seq_no=756

Differential NC t° cross sections

* Analysis for NC (=1)rt° well underway
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https://neutrino2022.org/virtual/posters_view?seq_no=759
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1111-PUB.pdf

Hadronic energy modeling is crucial for neutrino calorimetry

* Oscillation measurements require
understanding energy-dependent event rates

EI/:ELA +

* Eca = Ev: add up everything, correct for
mMIssing energy

:Ehad+E :

IT11SS

* Emiss can be a large fraction of the total



Hadronic energy modeling is crucial for neutrino calorimetry

 Oscillation measurements require CLAS and edv Collaborations,
understanding energy-dependent event rates Nature 599, 565 (2021)
(See talk by Or Hen)
“Easy!!
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https://www.nature.com/articles/s41586-021-04046-5

* Shed light on the “easy” part of the model: Ee

* Recent work has pursued the “hard” part: w
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Neutrino 2020 era: lepton kinematics in CC inclusive
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801

Enabling measurements of Ey and w with MicroBooNE

o Key Observab|eS, but a Phys. Rev. Lett. 128, 151801 (2022)

reliable model is needed to MicroBooNE 5.3 x 10”°POT

extract them from data 300 E —+- Data (FC)

—— Pred no constraint
: " : : 2 — Pred w/ constraint from E;” and cos6;*
= - » .

e Suitability vall_dated with a 2 400 | y2/ndf: 10.28/16

novel constraint procedure ___

200 —a—

- Refine E, ~- prediction

using muon Kinematics

- Sensitive to ~15%
mismodeling of missing
energy

Data / Pred



https://doi.org/10.1103/PhysRevLett.128.151801

Initial results already discriminate between models

 Preference for GiBUU at low Ey and w

* Foundation for multi-differential measurements (L. Cooper-Troendle, Poster #766)
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https://doi.org/10.1103/PhysRevLett.128.151801
https://neutrino2022.org/virtual/posters_view?seq_no=766

LArTPCs enable greater understanding of QE-like interactions

* Real-world analyses are sensitive to full

final-state modeling

B
- Efficiency corrections, backgrounds, etc. ”Boﬂ{

e High-quality proton reconstruction In Beam Direction
LArTPCs

- Probe nuclear physics of v, CC 0Ort
events with unprecedented detalil

= .
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Initial State Final State

Proton momentum thresholds

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

T2K: 500 MeV/c MINERVA: 450 MeV/c
Phys. Rev. D 99, 012004 (2019) Phys. Rev. D 98, 032003 (2018)

MicroBooNE: 300 MeV/c
Phys. Rev. D 102, 112013 (2020)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.012004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.032003

vy CC Ot 2p

* First neutrino-argon cross sections
for an exclusive 2p final state

- Various observables studied

* VLab: angle between the two protons

- Sensitive to modeling choices for
MEC and QE

S. Sword-Fehlberg, Poster #723
MICROBOONE-NOTE-1117-PUB

Final State
Muon

Initial State
Neutron

» Leading Proton

Recoil Proton

Meson exchange currents (MEC)

14


https://neutrino2022.org/virtual/posters_view?seq_no=723
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1117-PUB.pdf

vy CC Ot 2p

Final State
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Initial State
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: : : Vﬂ """""""" - |Leading Proton
* First neutrino-argon cross sections
for an exclusive 2p final state
- Various observables studied Recoll Proton
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S. Sword-Fehlberg, Poster #723
MICROBOONE-NOTE-1117-PUB
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https://neutrino2022.org/virtual/posters_view?seq_no=723
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1117-PUB.pdf

vy CC Ot 2p

* First neutrino-argon cross sections
for an exclusive 2p final state

- Various observables studied

* VLab: angle between the two protons

- Sensitive to modeling choices for
MEC and QE

S. Sword-Fehlberg, Poster #723
MICROBOONE-NOTE-1117-PUB
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https://neutrino2022.org/virtual/posters_view?seq_no=723
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1117-PUB.pdf

Transverse kinematic imbalance (TKIl)

o

F Icc /
neutron

pp
at rest /

/Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 17



https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf

Transverse kinematic imbalance (TKIl)
Spr=|Ph+ Dy =0

Transverse projections
trivially equal and opposite
(Momentum conservation)

F rce /
neutron

P pP
at rest { /

/Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 18



https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf

Transverse kinematic imbalance (TKIl)

— H P
Opp = pT+pT| > ()
Imbalance due to initial nucleon motion
pV and other nuclear effects
pV
b p / pp
Heavy Pr /
nucleus
Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 19



https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf

Transverse kinematic imbalance (TKIl)

Hadronic final-state interactions (FSI)

H

®, arXiv:2201.04664
0®

Intranuclear Medium

Hadron Absorption

P@o

i _7[+ Charge Exchange

VM e

PN n CCQE Interaction

pV
.8 >

Heavy Pr /

nucleus

Pion Absorption

G

(In)elastic
Scattering Pion Production

Elastic Scattering

Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 20



https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.fnal.gov/event/23110/contributions/190690/
https://arxiv.org/abs/2201.04664
https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf

Transverse kinematic imbalance (TKIl)

Orientation of the imbalance (6ar)
also meaningful

pV
.)
)~
Heavy Pr /

nucleus

Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 21



https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf

Transverse kinematic imbalance (TKIl)

High 0ar values correspond to
proton deceleration due to FSI

N\, p
7 4 P

p". ’

w ,, Op;
Heavy 28 / P
nucleus

Adapted from S. Dolan, “Exploring nuclear effects with transverse imbalances” 22



https://indico.fnal.gov/event/23110/contributions/190690/
https://indico.ectstar.eu/event/19/contributions/409/attachments/313/414/sdolanTalk.pdf

TKI variables in v, CC Ot 1p events A
ot // Y
P/ \
* First neutrino-argon differential cross sections in TKI variables . “
8pT

* Sensitive to details of proton FSI modeling
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https://indico.fnal.gov/event/23110/contributions/190690/
https://neutrino2022.org/virtual/posters_view?seq_no=723
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf

TKI variables in v, CC Ot 1p events

* Extension to 2D for the first time (any neutrino target)

* Probe regions with greatest model discrimination power
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https://indico.fnal.gov/event/23110/contributions/190690/
https://neutrino2022.org/virtual/posters_view?seq_no=723
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1108-PUB.pdf

Measurements of electron neutrinos

 Much exciting progress in detecting and understanding Ve interactions in liquid argon

Charged-current inclusive CC on (>1)p
Phys. Rev. D S. Berkman, Poster #734

104,052002 (2021} Pnys. Rev. D 105, 1051102 (2022) || MICROBOONE-NOTE-1109-PUB
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.L051102
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.052002
https://neutrino2022.org/virtual/posters_view?seq_no=734
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1109-PUB.pdf

Measurements of electron neutrinos

 Much exciting progress in detecting and understanding Ve interactions in liquid argon
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https://neutrino2022.org/virtual/posters_view?seq_no=734
http://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1109-PUB.pdf

MicroBooNE cross-

Publications

Phys. Rev. D 102, 112013 (2020)
v, CC Ot (=1)p

Phys. Rev. D 104, 052002 (2021)
Total v, + v, CC inclusive

Phys. Rev. D 105, L051102 (2022)
Differential v, + v, CC inclusive

Phys. Rev. Lett. 128, 151801 (2022)
Energy-dependent v, CC inclusive

Phys. Rev. D 105, 072001 (2022)
MicroBooNE GENIE Tune

arXiv:2205.07943, submitted to PRD
Total NC 17

And much more coming soon from our 30 active analyses!
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Special thanks to our funding
agencies, Fermilab, and all involved In
L — making our neutrino cross-section

science possible!
://microboone.fnal.gov/public-notes/
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