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Motivation uBoo
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future precision neutrino experiments: — CCRes — CCDIS
e Requires accurate understanding of neutrino i
interactions

e Mismodeling can limit experimental sensitivity
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Covering the pionless cross-section results:
e See P. Green’s talk for pion production results

Nature 599, 565-570 (2021)
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https://www.nature.com/articles/s41586-021-04046-5
https://arxiv.org/pdf/2103.04797
https://indico.fnal.gov/event/63406/contributions/297562/

MicroBooNE uBoo

MicroBooNE: 85-tonne active mass liquid Argon TPC
e Observes two neutrino beams at Fermilab: BNB and NuMI

IC ARUS Fermi!ab
(600m, 476t) Neutrino

MiniBooNE A CamPpus
(540m, 450t)

MicroBooNE
(470m, 85t)

Completed 5 years of data taking (2015-2020):
e \World’s largest dataset of neutrino interactions on Argon
e ~ (0.5 million events

BNB Neutrino Flux at MicroBooNE:
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Detector Technology uBoo

MicroBooNE is a tracking calorimeter (fully active TPC)
e Multi-plane readout on induction and collection wires
e PMTs detect scintillation light and TO of interaction

Sense Wires
UV Y V wire plane waveforms

Color scale shows
deposited charge
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Appl. Sci. 2021, 11(6), 2455
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http://dx.doi.org/10.3390/app11062455

Addressing Modeling Issues uBoo

Leptonic
B part

e Oscillation measurements require accurate reconstruction

of both the lepton and hadronic kinematics v

W

Lepton
A Hadronic
Ev EL X \P
e Leverage LArTPC reconstruction and particle o == B, induced shift

identification to obtain Ereco EEV q:z 8t

S 6}

e TPC cannot reconstruct all particles (e.g. neutrons or g 4t

. - Z

particles below threshold) — missing energy, E . 5
0

e Dedicated analyses targeting all parts Neutrino energy (E )
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Leptonic System Modeling

uBoo
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https://arxiv.org/pdf/2307.06413
https://indico.fnal.gov/event/63406/contributions/296955/

Inclusive Measurements - Proton Multiplicity p@

Use inclusive selection to separate 0 Protons 21 Protons

events with and without protons: e : TR
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, Phys. Rev. D 110, 013006 (2024) < s
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.013006

Inclusive Measurements - Proton Multiplicity

uBoo
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Proton Multiplicity

Leveraging low proton detection threshold to investigate events with/without detected protons:
e Stressed need for sophisticated treatment of low energy hadron re-interactions

Daniel Barrow
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https://journals.aps.org/prd/pdf/10.1103/PhysRevD.110.013006
https://arxiv.org/pdf/2402.19281

Deeper Dive into Nuclear effects uBoo

Eur. Phys. J. Spec. Top. 230, 4449-4467

Different models of the initial nuclear state result in

different distributions of initial nucleon momentum: < 0.1~
e Result in different outgoing momentum 'Z 0.081 REG
O
a
Hadronic re-interactions also modifies the final state ) 0.06 LFG
particle kinematics and multiplicity § 0.04{-
o
Charge "..Exchange PS Clastic & 0.02F CFG
SCaEtering 0 | | : :
0 01 02 03 04 05

P, [GeV/c]

Utilise low proton detection threshold to probe nuclear

ground state distributions and hadron re-interactions:

e Transverse and generalized kinematic imbalance
. o variables

Pion Production

Absdrption
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https://link.springer.com/article/10.1140/epjs/s11734-021-00295-7#citeas

Nuclear effects with pionless analyses uBoo

Phys. Rev. C 94, 015503

We know initial momentum perpendicular to beam
direction is zero:
e Measuring non-zero transverse momentum tells us
about missing momentum

OP_=| P+ PP

Imbalance due to initial nucleon motion or hadronic final
state interactions (FSI)

In the absence of FSI, the transverse kinematic
imbalance (TKI) parameters:
e SP.: momentum of the struck momentum
e Ja,: angle between momentum transfer and initial
state nucleon momentum

Daniel Barrow
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.94.015503

CCNpOx Selection - TKI

uBoo
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Using events with at least one proton in
the final state:

Double-differential measurements
of TKI variables using the leading
proton
Novel full treatment of correlations
across 359 bins

o Correlations between

kinematics reported

Poor agreement suggests
correlations between kinematic
distributions are not well modeled

Daniel Barrow
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CC1p0x Selection - TKI

uBoo

Double-differential measurement of TKI variables studying nuclear effects of event with exactly

one proton in final state:

e Distinguishes regions of large nuclear effects more completely than single variable

measurements

-+ Single muon with

100 < PP- <1200 MeV/c
* Single proton with

300 <P <1000 MeV/e
* No neutral mesons,

electrons or photons

* No charged pions with
PTr > 70 MeV/c
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Phys. Rev. Lett. 131, 101802

Daniel Barrow

NuFACT Parallel - 19" Sept 2024

12


https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.131.101802

CC1p0sx Selection - GKI

Generalise kinematic imbalance (GKIl) variables to three dimensions
by considering longitudinal component of missing momentum:

We know the neutrino mass is (nearly) zero:
e Energy and momentum should be equal

= = t 4 P
Ev EM N KP +B I:)L pL
Define the longitudinal missing momentum:

pszLM+pLP'(Eu+KP+B)

Daniel Barrow
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CC1p0sx Selection - GKI

Generalise kinematic imbalance (GKIl) variables to three dimensions v
by considering longitudinal component of missing momentum: p
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First measurement using novel GKIl variables:
e Enhanced sensitivity to ground state
modeling and hadron re-interactions

Region of a,, > 135° contains large fraction of
events which undergo FSI interactions
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CC2p0s Selection

uBoo

First two-proton final state differential cross-section
measurement:
e Sensitive to modeling choices for meson
exchange currents (MEC) and FSI

1 muon with
0.1< PH <1.2 GeV/c

2 protons with
0.3<P,<1.0GeV/c

u

Run 3493 Event 27435, October 23rd, 2015
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1133-PUB.pdf

CC2p0s Selection uBoo

Initial State Final State
eutron Muon

First two-proton final state differential cross-section
measurement: "
e Sensitive to modeling choices for meson
exchange currents (MEC) and FSI
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New results for this conference!
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1133-PUB.pdf

CC2p0s Selection - Proton Kinematics

uBoo

Variety of variables investigated:
e Proton kinematics particularly sensitive
to modeling choices
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https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1133-PUB.pdf

CC2p0s Selection - TKI

uBoo

Results include differential T R e T——— Preliminary | ©  Uroued Data (St +Sys)
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Conclusion uBoo

Strong MicroBooNE cross-section program with
novel high-precision measurements:
e World’s largest neutrino-Argon data set with
0.5 million events
e Inclusive, one-proton, and two-proton pionless
final state selections
e Novel kinematic distributions and unfolding
techniques utilised

Demonstrate sensitivity to expose interaction
mis-modeling:
e Isolate regions of phase space particularly

sensitive to hadron re-interactions or nuclear
ground State 30 cm Run 3493 Event 27435, October 23rd, 2015

Results using full data set (x2 stats) to follow soon!
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Watch out for other MicroBooNE talks/posters! pBoo

MicroBooNE Talks throughout NUFACT

N Nayak: Results from MicroBooNE

P Green: Pion Production Cross Sections

K Lin: MicroBooNE’s BSM Physics Program

E Yandel: Searches for anomalous photon and
dark-sector e+e- pairs

F Gao: MicroBooNE’s electron neutrino Low Energy
Excess Search

W Foreman: MeV-Scale Radon Measurements

Cross-section posters:
L Cooper-troendle: 95

D Barrow: 103

P Englezos: 118

B Bogart: 106

J Rondon: 127

BSM poster:
L Hagaman: 104

MeV Scale poster:
D Andrade: 115
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https://indico.fnal.gov/event/63406/contributions/297166/
https://indico.fnal.gov/event/63406/contributions/297562/
https://indico.fnal.gov/event/63406/contributions/297864/
https://indico.fnal.gov/event/63406/contributions/297963/
https://indico.fnal.gov/event/63406/contributions/297963/
https://indico.fnal.gov/event/63406/contributions/297865/
https://indico.fnal.gov/event/63406/contributions/297865/
https://indico.fnal.gov/event/63406/contributions/297838/
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/297110/
https://indico.fnal.gov/event/63406/contributions/297844/

uBoo

Backup Slides
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Conditional Constraint pro@

Poster - L Cooper-troendle: 95
Data-Driven

Model Validation

Conditional Constraint

Example Diagram
1

1
|
Constraint

> Measurement
Constraining

Variable

Target Variable
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https://indico.fnal.gov/event/63406/contributions/296955/

Conditional Constraint uBoo

Arxiv: 2307.06413v4

First, through conservation of energy the sensitivity to the modeling of E[-5*"® can be seen:

E,=E, + E, + Eiweing (11)

Ei%i is directly measured, E), is determined through the measurement of P, and the distribution over E, is

controlled by the flux prediction, which is constrained by the muon kinematics measurements. This leaves E;" 3" as

the only undetermined quantity, meaning that the constrained GoF test is sensitive to its mismodeling.
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