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Neutrino-nucleus interactions in LArTPC
• Liquid Argon Time Projec2on Chamber (LArTPC) is one key technology in the 

current and future neutrino oscilla2on experiments
• Understanding 𝜈-Ar cross sec2ons in GeV energy range is cri2cal in reducing 

systema2c uncertain2es to reach desired precision of these experiments
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LArTPC: Fully Active Tracking Calorimeter
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Made by Bo Yu (BNL)

Drift velocity 1.6 mm/μs  à  several ms drift time
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MicroBooNE Experiment

• Both 𝜈! and 𝜈" cross sec-ons are important for oscilla-on measurements
• At MicroBooNE, two beamlines are available:
– Booster Neutrino Beamline (BNB): on-axis, 99.5% 𝜈! + 𝜈̅!  &  0.5% 𝜈" + 𝜈̅"
– Main injector neutrino beam (NuMI): off-axis, 3% 𝜈" + 𝜈̅" 4

On-axis BNB Flux
at MicroBooNE



MicroBooNE Detector: An 85-ton LArTPC
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8192 wires

• 8192 wire channels to detect ioniza4on charge
• 32 8-inch PMTs to detect scin4lla4on light

• Physics Mo4va4on:
• Address MiniBooNE Low Energy Excess & BSM
• LArTPC hardware & soDware R&D
• Study 𝝂-Ar interac(ons

• ~0.5 M events in 2016-2021 𝜈-Ar data set



Search for a Light Sterile Neutrino in a 3+1 Model
• No evidence of 𝜈# oscillaAon

• 𝜈! to νe app. and νe dis. can 
cancel, creaAng degeneracies 

• A combined BNB+NuMI 
search can probe the full 
phase space in a single 
experiment 
(soon to be released)
– Two neutrino beams + 

One detector 
– ~10× difference in νₑ/ 𝜈! flux 

ra=o breaks degeneracy

Phys. Rev. Lett. 130, 011801
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.011801


Neutrino-Nucleus Interac4on Physics
• Precision oscillation studies require a detailed understanding of 

neutrino-nucleus interactions:
– Xs quantify the nuclear response to a neutrino probe
– Interaction rates impact statistical power
– Final-state particles enable event identification and tagging
– Energy mapping from reconstructed to true neutrino energy for accurate 

oscillation modeling
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Impact of Neutrino-Nucleus Cross Sections 
on Oscillation Analysis

PRD 105 112005Signal efficiency
Mapping between true and 
reconstructed neutrino energy

Background predic=on 
(aka signal purity) Signal prediction

Requires an end-to-end model combining flux 
predic=on, interac(on cross sec(ons, detector 
response, event reconstruc=on/selec=on 
among others 8

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005


What is a Model?
• A model is an approximation of nature that captures essential physical behavior

• Includes effective degrees of freedom 
(or knobs) to represent underlying 
dynamics

• Each knob represents a tunable parameter 
(e.g., nuclear response shape) 
à Central-Value (CV) 

• Every knob is associated with a 
quantified uncertainty to reflect modeling 
limitations
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Model Limitations
• The number of degrees of freedom in a model is oGen underes2mated

• Meanwhile, parameter uncertain2es tend to be overes2mated
• Reflects a conserva4ve approach→ Absorb poten8al model deficiencies within larger 

uncertain8es
• Achieves the goal à Ensure that discrepancies from missing physics remain sta8s8cally 

insignificant rela4ve to total uncertainty
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J. Taylor
“An introduc=on to 
Error Analysis”

•✅ A and B: Conserva=ve uncertain=es absorb possible 
modeling deficiencies — results remain acceptable even if 
some physics is missing

•❌ C: Small uncertainty fails to cover a large discrepancy — 
suggests underes=ma=on despite possibly using a more 
complex model



How to Improve Model?
Data-driven Calibration Model Valida8on

• Follows the same philosophy as data 
calibra8on, but applies when no dedicated 
calibra4on dataset exists
• Involves checking compa-bility between model 

predic-ons and real data

• A successful valida4on means the model is 
consistent with data within its stated 
uncertain8es

• ⚠ Cau-on: Agreement with data does not imply the 
model is complete across the en?re phase space — 
limita?ons (e.g. missing degrees of freedom) may 
s?ll exist 11

Part of systematic uncertainties are replaced by the 
data statistical uncertainties



Apply the Philosophy to Neutrino Oscilla4on
• Direct Calibra,on of Nuclear Response to 𝝼 

Probes
– Provides neutrino energy–dependent cross 

sec2ons: 𝝈(𝑬𝝂)
– Includes differen=al Xs across a wide range of final-

state topologies
– Improve/tune the event generators

• Energy Mapping in Broad-Band Neutrino Beams
– 𝐸) is not known event-by-event
– Accurate neutrino oscilla=on predic=ons require 

valida2ng the mapping between	𝑬𝒓𝒆𝒄 vs. 𝑬𝝂
• Also essen(al for extrac(ng energy-dependent 𝜎(𝐸%)

• Be#er energy resolu-on, higher efficiency, lower 
background, detector calibra,ons, side-band 
constraints … 12



Model Validation 
& 

Inclusive 𝜈! − 𝐴𝑟 charged-current 
interaction Cross Sections
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MicroBooNE Model (I)
• Neutrino Flux Simula2on

– Based on GEANT4 simula4on following 
the earlier work by MiniBooNE

• Neutrino-Nucleus Interaction
– GENIE-v3 + Tune to T2K CC0𝝿 data
– Full Valencia model assuming local Fermi 

gas, CCQE, CC2p2h interactions
– RPA, Coulomb interactions, FSI 

improvements
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PRD 79, 072002

Strong correlations between 
𝜈& and 𝜈' given the decays 
from charged pions and kaons

PRD 105, 072001

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.072002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.072001


MicroBooNE Model (II)
• Detector Simula2on 

– GEANT4: Secondary Interac4ons 
– LArSoa: Conversion from energy 

deposi4on to ioniza4on charge
– Wire-Cell: from ioniza4on charge to 

observed waveform

• Detector Systema2cs
– Varia4ons in Light Yield, Space Charge 

Effect (SCE), recombina4on model, 
discrepancies in detector response 
between data and CV MC (WireMod)

• Event Reconstruc2ons
– Wire-Cell tomographic 

reconstruc4on
– Pandora
– Deep-Learning

15

PRD 105 112005

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112005


• 𝝌𝟐/ndf calculated from the full systema2cs and sta2s2cs  à combine all 
informa2on to a single number

• Differen2al Goodness-of-Fit Test
– Allow examine local structure

• Condi2onal constraining Procedure
– Examine uncertain4es layer-by-layer

Model Validation: Goodness-of-Fit Test
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Condi-onal expecta-on & covariance

𝝁𝑿,𝒀 =
𝝁𝑿
𝝁𝒀 , 𝚺𝑿,𝒀 = (

𝚺𝑿𝑿 𝚺𝑿𝒀
𝚺𝒀𝑿 𝚺𝒀𝒀

)

𝜇!|# = 𝜇! + Σ!#Σ##$% 𝑋 − 𝜇#
𝚺𝒀|𝑿 = 𝚺𝒀𝒀 − 𝚺𝒀𝑿𝚺𝑿𝑿$𝟏𝚺𝑿𝒀

arXiv:2411.03280, to be published in PRD

Si
gm

a 
de

vi
at

io
n 

https://arxiv.org/abs/2411.03280


Valida&on of Model of Neutrino Energy Reconstruc&on
& Inclusive νμCC Cross Sec&ons

• Comparison M(𝐄,-.
𝐫𝐞𝐜 ) vs. 𝜇(𝐄,-.

𝐫𝐞𝐜  | 𝐄𝝂, 𝐄𝛍𝐫𝐞𝐜) is sensi4ve to 
the modeling of missing energy given the overall energy 
conserva4on and separated lepton and hadronic energy 
measurements
in LArTPC
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PRL 128, 151801

𝐄𝛎 = 𝐄𝝁 + 𝐄𝐡𝐚𝐝,𝐯𝐢𝐬 + 𝐄𝐡𝐚𝐝,𝐦𝐢𝐬𝐬𝐢𝐧𝐠

• No sign of mis-modeling 
of the missing hadronic 
energy à valida4ng the 
model of Eν reconstruc4on

• Enable energy-dependent 
cross sec4ons & eLEE &
ν oscilla4on measurements

efficiency (57%→68%) 
& purity (50%→92%)

Procedure also demonstrated by 
the fake data studies

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.151801


Model Valida4on of Missing Hadronic Energy
• Condi2onal constraint procedure akin to 

reweigh2ng based on 𝑃5  measurement

• QE, RES, DIS predict different 𝑃5 , 𝐸678
9:;;:<=, and 

𝐸678>:;  distribu2ons
– The constrained predic4on of 𝐸56789:  is thus sensi4ve to 

the modeling of 𝐸567
;9::9<= in each process

• Constrained 𝐸678>:;  is thus sensi2ve to the model 
of 𝐸678

9:;;:<= à valida2on of the mapping 
between the true and reconstructed 𝐸?
– Greater sensi4vity than Xs owing to reduced 

uncertain4es 18More details @ Lee Hagaman’s NuSTEC seminar 

https://indico.fnal.gov/event/66782/


Valida&on of Model of Eν Reconstruc&on in 2D
& 3D Inclusive νμCC Cross Sec&ons
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{Ehad, cos(𝜽μ)} Distribution

• Validation of model of Eν reconstruction was 
successfully demonstrated in 2D {Ehad, cos(𝜽μ)}

• Enabled extraction of triple differential cross 
sections for inclusive νμCC in {Eν,Pμ,cos(θμ)}
• Large wealth of information 

arXiv:2307.06413, London Cooper-Troendle’s Wine & Cheese

Preliminary

https://arxiv.org/abs/2307.06413
https://indico.fnal.gov/event/60462/


1D à 3D inclusive 𝝂𝝁CC cross sections
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𝜎 𝐸?  @ PDG 𝜎(𝐸%, 𝑝&, 𝜃&)
arXiv:2307.06413Focus on the lepton kinema4cs

Successful Model Valida4ons so far

http://arxiv.org/abs/2307.06413


Hadronic Final State of 𝜈"CC
• Despite the lack of a first-principle theory, 

hadronic final states offer valuable insight into 
neutrino–nucleus (ν–A) interac4ons

• First simultaneous measurements of final states 
with (Np) and without (0p) protons 

– 0p events are defined by a 35-MeV kine?c energy 
threshold, and include interac?ons with no detected 
final-state proton

21
arXiv:2201.04664

PRL 133, 041801 PRD 110, 013006

https://arxiv.org/abs/2201.04664
https://doi.org/10.1103/PhysRevLett.133.041801
https://doi.org/10.1103/PhysRevD.110.013006


Hadronic Final States: 
Exposing Model LimitaHons 

Through ValidaHon
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PRD 110, 013006

• While (GENIE-v3) model works well for 
inclusive channel, 
– its limita=ons become apparent when including 

detailed hadronic final states

• Introducing reweighAng uncertainAes based 
on leading proton kineAc energy 
– restores agreement in a comprehensive, 

mul=-dimensional model valida=on procedure
– See Ben Bogart’s Wine & Cheese Talk

PRL 133, 041801

https://doi.org/10.1103/PhysRevD.110.013006
https://indico.fnal.gov/event/66472/
https://doi.org/10.1103/PhysRevLett.133.041801


Comprehensive Results for Event Generator “Calibration”
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PRL 133, 041801

PRD 110, 013006

https://doi.org/10.1103/PhysRevLett.133.041801
https://doi.org/10.1103/PhysRevD.110.013006


Using MicroBooNE 3D (𝐸" , 𝐸! , 𝐶𝑜𝑠𝜃!) inclusive 
𝜈!𝐶𝐶 Xs to tune Event Generators

24

• Robust fits with both 
GENIE and NEUT event 
generators à 
No observa*on of “PPP” 
(aka normaliza*on issue)

• Good fits with both small 
and large amount of 
model parameters

L. Cooper-Troendle et al.  under prepara=on



Tuning of Event Generator 
& 

Peelle’s Pertinent Puzzle (PPP) 
& 

Wiener-SVD Xs Extraction 

25



Peelle’s Per4nent Puzzle (PPP)
• Common Challenges in Model Fi@ng
– Fits oQen fail or yield non-physical best-fit 

parameters (e.g. normalizaAon)

• Typical responses include:
– Ignoring correlaAons between data points 

(e.g. in obtaining MicroBooNE tune in fiTng T2K 
cross-secAons)

– Modifying the covariance matrix in ad-hoc ways
• Absolute à rela=ve à transforma=on

 à rela=ve à absolute 

26

PRD 109, 072006

https://doi.org/10.1103/PhysRevD.109.072006


Origin of PPP: Mismatch between Data and Model

• Incorrect models  ???

• Apples Vs. Oranges
– Impact of AC matrix with unfolding
– (unknown) real vs. nominal flux
– Profiling vs. marginaliza2on of model 

parameters

• Let’s review the data unfolding 
27

L. Cooper-Troendle, N. Nayak et 
al. under preparation



Introduc4on to Data Unfolding Problem

28

True	distribution	 :	 S x 	on	variable	𝑥	with	dimension	𝑑D
Measured	distribution	 :	 M y 	on	variable	𝑦	with	 C𝑦	=	𝑅(x)	and	dimension	𝑑E
Unfolding	problem	is	 M(y) → S(x)



Wiener-SVD: Uncertainties and Regularization

• Unfolded results
– M𝑆 = 𝐴F ⋅ (𝑆 + 𝑅G𝑅 ⋅ 𝑅G ⋅ 𝑄 ⋅ 𝑁)  

– Expecta(on TU𝑺 	= 𝑨𝑪 ⋅ T𝑺 (truth 
expecta(on)

• Difference between unfolded results 
w.r.t. truth depends on the (oGen 
known) AC matrix
– AC must be applied on the predic(ons, 

ensuring consistent comparison with 
data

• Regulariza2on language
– Minimizing 𝜙 𝑠 = 𝜒I 𝑠 + Λ(𝑠)

• Tikhonov regulariza2on

– Λ 𝑠 = 𝜏 ⋅ ∫ 7):
7J)

I
 

– k=0, 1, 2 ~ amplitudes, slopes, 
smoothness of S 

• Wiener-SVD

– Λ 𝑠 = K
I
∑9 log

E*	,
-

L-

29

Signal in the effective 
frequency domain

Noise in the effec=ve 
frequency domain

JINST 12 P10002

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002


Applica4on: Cross Sec4on Extrac4on Procedure

30



Applica4on: Cross Sec4on Extrac4on Procedure
• Event generator predic/ons (e.g., for tuning) are typically made at the 

nominal neutrino flux & spectrum
• Extracted cross sec/ons—based on the true (unknown) flux—must be 

corrected to the nominal flux for fair comparison

• This correc/on depends on a mapping 
between kinema/c variables and the 
neutrino energy spectrum

• ✅ Valida/ng this mapping is essen/al 
to ensure reliable model-data comparisons

31

Kinematics 𝐸%



Real vs. Nominal Neutrino Flux Issue

32

𝑁9 	(𝐵9): # of  candidate (bkgd) in reco bin 𝑖
NM-NOPM	: # of  argon nuclei
ΦQ.: integrated neutrino flux
𝛥𝑝R 9

	: width for reco bin 𝑖
̃𝜖9 : effective efficiency for reco bin 𝑖

@ Real flux

Addi=onal correc=on steps are required to infer nominal-
flux–averaged (differen=al) cross sec=ons from data

•❌ Incorrect: Comparing Xs extracted at the real (unknown) flux 
with model predic=ons at the nominal flux, without including flux 
uncertain?es
•⚠ Flawed: Model predic=ons include flux uncertain=es, but 
ignore correla?ons with the extracted cross sec=on
•✅ Correct: Correlated flux uncertain?es between the extracted 
cross sec=on and model predic=on are properly accounted for

arXiv:2411.03280 (to be published @ PRD)

https://arxiv.org/abs/2411.03280


PPP Observed in various Apple vs. Orange Cases

❌ Missing AC: Trea2ng unfolded Xs as truth ❌  FiCng Xs @ Real with 
Predic2ons @ nominal neutrino flux

33
L. Cooper-Troendle, N. Nayak et al.  under prepara=on



Key Take-away Points
• To properly calibrate (tune) an event generator, avoid apple-to-

orange comparisons between data and predic/ons
• Unfolded results CANNOT be treated as true values without cau2on
• Be explicit about cross sec2on defini2ons:→ Comparing results 

extracted at the real (unknown) flux vs. predic2ons at the nominal 
flux is problema2c

• Emphasize model valida0on of the mapping between true 𝑬𝝂 
and kinema0c observables → essen/al for obtaining nominal-
flux–averaged cross sec/ons for fair model comparison

34



Deep-Learning Neutrino 
Energy Reconstruc4on

35



Neutrino Energy Reconstruc4on
Kinematics Reconstruction

• Assuming 2-body 
scaNering kinema=cs 
under energy and 
momentum 
conserva=on

Calorimetric Reconstruc2on

• K: kine=c energy
• M: mass
• B:  binding energy

36

Deep-Learning Neutrino 
Energy Es2mator

Recurrent Neural Network (RNN) to 
effec=vely leverage the reconstructed par=cle 
flow informa=on, which encapsulates both 
the calorimetric energy and the kinema=c 
proper=es of the final-state par=cles



Neutrino Energy Es4mator with RNN
• Motivated by NOvA and applied to LArTPC; Use long short-term memory (LSTM) cells 

for stable training (Phys. Rev. D 110, 092010).

• Successfully demonstrated in MicroBooNE data to improve resolution and reduce bias
– leads to sensitivity improvement in sterile neutrino search

• Trained with simulation (e.g., GENIE v3 with MicroBooNE tune), 
will it successfully infer on data?

37

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092010


Model Valida4on Results on Data

• Successful model valida=on suggests that any 
inaccuracies in modeling the final-state kinema=cs in 
the event generators are insignificant compared to the 
overall uncertain=es

• More precise data with reduced systema=c 
uncertain=es—and higher sta=s=cs—will naturally lead 
to more stringent model valida=on, poten=ally 
revealing issues in models 38

Condi-onal expecta-on & covariance

𝝁𝑿,𝒀 =
𝝁𝑿
𝝁𝒀

, 𝚺𝑿,𝒀 = (
𝚺𝑿𝑿 𝚺𝑿𝒀
𝚺𝒀𝑿 𝚺𝒀𝒀

)

𝜇!|# = 𝜇! + Σ!#Σ##$% 𝑋 − 𝜇#
𝚺𝒀|𝑿 = 𝚺𝒀𝒀 − 𝚺𝒀𝑿𝚺𝑿𝑿$𝟏𝚺𝑿𝒀

𝑃 𝑋 𝑌 	≔ 𝜇+|-	𝑣𝑠. 𝑑𝑎𝑡𝑎



Broader Look at MicroBooNE’s Recent 
Cross Section Measurements

39



Rarer Topologies

40

Neutron Tagging Eur. Phys. J. C84, 1052 (2024) arXiv: 2503.00291Kaon iden(fica(on

• Further improve missing energy 
reconstruction

• Constraining Background for 
Proton Decay Searches

https://link.springer.com/article/10.1140/epjc/s10052-024-13423-z
https://arxiv.org/abs/2503.00291


Dive into Hadronic Final State

• Kinema2cs Imbalance

41

TKI: PRL 131, 101802, PRD 108, 053002 
GKI: PRD 109, 092007 
 

• CC2p0𝝿 à sensi2ve to 
NN correla2ons and FSI

arXiv:2211.03734

• CC	1𝜋± à resonance,
𝜇/𝜋 separation

Coming soon

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://arxiv.org/abs/2211.03734


𝜈$CC and 𝜋% produc4ons
• Recent focus on exclusive channels, 

especially coming from RES (Δ-decay) 
• First differen4al and double-differen4al in 𝜋_

• NC 𝜋_ (Major background for 𝜈`CC oscilla4on 
signal)

• 𝜈`CC 𝜋± (U4lizing off-axis NuMI beam)

42

arXiv:2404.10948
Accepted by PRL

Phys. Rev. D. 
110, 092014arXiv: 2503.23384

https://arxiv.org/abs/2404.10948
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092014
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.092014
https://arxiv.org/pdf/2503.23384
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Data-driven Model Validation Techniques

Charged particle multiplicity

Double-differential cross section

Single-differential cross section with updated detector and 
interaction models

Energy-dependent single-differential cross section

Triple-differential cross section

Multi-differential with proton multiplicity
Phys. Rev. Lett. 123, 131801 (2019)

MICROBOONE-NOTE-1069-PUB 

Phys. Rev. Lett. 128, 151801 (2022)

Eur. Phys. J. C79, 248 (2019)
arXiv:2307.06413 [hep-ex]

Phys. Rev. Lett. 133 (4), 041801

Phys. Rev. D 110 (1), 013006νμ CCQE-like differential cross section

νμ CCπ1p double differential TKI cross 
section

νμ CC0pi1p multi-differential cross 
sections

νμ CC0pi1p generalised kinematic 
imbalance

νμ CC0π≥1p differential cross section

νμ CC0π≥1p double-differential cross 
section

      

      νμ CC0π2p differential cross section

νμ CCπ0 differential cross section

νμ NCπ0 total cross section

νμ NCπ0 double-differential cross 
section

      

      νμ CC kaon production

νμ CC Λ0 production

νμ eta production

νμ NC1p differential

νμ NC elastic differential

νμ  Neutron tagging

arXiv: 2503.00291

MICROBOONE-NOTE-1067-PUB 

Phys. Rev. D 102, 112013 (2020)

arXiv:2403.19574 [hep-ex]

arXiv:2211.03734 [hep-ex]

Phys. Rev. Lett. 130, 231802 (2023)

MICROBOONE-NOTE-1101-PUB 

Phys. Rev. D 108, 053002 (2023) Phys. Rev. Lett. 132, 151801 (2024)

Phys. Rev. D 109, 092007 (2024) (PRD 
Editor’s suggestion)

arXiv:2404.10948 [hep-ex]

Phys. Rev. D. 110 (9), 092014 (2024)

Phys. Rev. Lett. 131, 101802 (2023)

Phys. Rev. D 107, 012004 (2023)

Total inclusive νe+ν̅e cross section

Inclusive differential νe+ν̅e cross section

Theory-driven tune of cross-section models

Differential νe CC0π cross section

Differential νe CCπ±	cross section

Phys. Rev. D 105, L051102 (2022)

Phys. Rev. D 104, 052002 (2021)
Phys. Rev. D 105, 072001 (2022)

Phys. Rev. D 106, L051102 (2022)

uBooNE Cross-sec-on Program

ü Comprehensive 𝜈 – Ar program, includes the most detailed cross-secBons

ü Also want to focus on solving issues for users, model-benchmarking for DUNE

arXiv: 2503.23384

Eur. Phys. J. C84, 1052 (2024)

arXiv:2411.03280

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.131801
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1069-PUB.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.15180
https://link.springer.com/article/10.1140/epjc/s10052-019-6742-3
https://arxiv.org/abs/2307.06413
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.041801
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.013006
https://arxiv.org/abs/2503.00291
https://microboone.fnal.gov/wp-content/uploads/MICROBOONE-NOTE-1067-PUB.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.112013
https://arxiv.org/abs/2403.19574
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Summary
• MicroBooNE has a comprehensive cross-section program focused on 

neutrino-argon interactions
– Inclusive, dynamics in hadronic final-states, rare topologies …

• MicroBooNE’s cross-section results are expected to provide valuable 
input for next-generation precision neutrino oscillation measurements
– Care must be taken when tuning event generators to avoid ‘apples-to-oranges’ 

comparisons
– Particularly in the context of data unfolding and discrepancies between real 

and nominal neutrino fluxes

• Model validation is a critical step to ensure that theoretical models 
and simulations are compatible with experimental data within model 
uncertainties 
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Seven-channel fit
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