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Physics Motivation  

Pion production measurements 

Why? 
How? 
What? 
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Goals for next-generation experiments:  

Determine the neutrino mass ordering
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Goals for next-generation experiments:  

More matter in the universe - why? 

Measure δCP and determine if CP 
is violated 

Determine the neutrino mass ordering

Credit: Nature 

Is the 3-flavor model complete? 

Sterile neutrino & BSM 
searches 
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Long-baseline measurements:  

Count the neutrinos at Near and Far Detector

N𝜇(E𝜈 ) = 𝛷(E𝜈 ) × σ(E𝜈 ) × 𝜖(E𝜈 )
Neutrino flux

Interaction 
cross section

Detector 
efficiency

Measured
event rate 

Near detector Far detector

Long baseline (100-1000 km)
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Long-baseline measurements:  

Nℓ(E𝜈 ) = 𝛷(E𝜈 ) × σ(E𝜈 ) × 𝜖(E𝜈 ) × P (𝜈𝛼 → 𝜈β) 
Neutrino flux

Interaction 
cross section

Detector 
efficiency

Oscillation 
probability

Measured
event rate 

Precise modeling input needed 
to interpret Nℓ(E𝜈 ) as P (𝜈𝛼 → 𝜈β)

Near detector Far detector

Long baseline (100-1000 km)
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Long-baseline measurements:  

Nℓ(E𝜈 ) = 𝛷(E𝜈 ) × σ(E𝜈 ) × 𝜖(E𝜈 ) × P (𝜈𝛼 → 𝜈β) 

Sources of Systematic Uncertainty 
 

Oscillation 
probability

Measured
event rate 

Near detector Far detector

Long baseline (100-1000 km)
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Current Generation Next Generation 

Entering the precision era where 
systematics play a more important role
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Credit : google earth

1300 km

Deep Underground Neutrino Experiment (DUNE)  

     Next-generation international neutrino experiment hosted in the US  
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Eur. Phys. J. C 80, 978 (2020)

https://epjc.epj.org/articles/epjc/abs/2020/10/10052_2020_Article_8456/10052_2020_Article_8456.html


1
7

Credit : google earth

1300 km
𝝂
𝝁  

𝝂
𝝁  

𝝂
𝝁  

𝝂
𝝁  

𝝂? 𝝂? 
𝝂? 𝝂? 

Credit: google earth

Eur. Phys. J. C 80, 978 (2020)
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Credit : google earth
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Credit: google earth

Understanding neutrino nucleus interactions are key 
to oscillation measurements
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MicroBooNE: Understanding Neutrinos through a LArTPC Lens  

Data taking 2015 - 2020
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MicroBooNE: Understanding  Neutrinos through a LArTPC Lens  

Data taking 2015 - 2020

Low Energy Excess Liquid Argon R&D

Beyond Standard Model Search 
Neutrino-Ar cross section
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Neutrinos Towards MicroBooNE 
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Neutrinos Towards MicroBooNE 

468.5 m, On-axis, 0.8 GeV (E𝛎), < 1% 𝛎e 

680 m, 8° Off-axis, 0.65 GeV (E𝛎), 5% 𝛎e 
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Neutrino Nucleus interactions :

𝛎

LArTPC - a detailed look into the world 
of neutrinos
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Neutrino Nucleus interactions :

𝛎

LArTPC - a detailed look into the world 
of neutrinos
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MicroBooNE’s Cross Section Campaign: 
Inclusive 

● 1D 𝛎𝛍 CC inclusive @ BNB 
Phys. Rev. Lett. 123, 131801 (2019) 

● 1D 𝛎𝛍 CC Eν @ BNB 
Phys. Rev. Lett. 128, 151801 (2022) 

● 1D 𝛎e CC inclusive @ NuMI 
Phys. Rev. D105, L051102 (2022) 
Phys. Rev. D104, 052002 (2021) 

● 2D 𝛎𝛍 CC0pNp inclusive @ BNB
PhysRevD.110.013006, 
PhysRevLett.133.041801

Pion production 

● 𝛎𝛍 NCπ0 @ BNB, Phys. Rev. D 107, 012004 
(2023)

● 2D 𝛎 NCπ0 @ BNB, arXiv:2404.10948
● 𝛎𝛍 CCπ0 @ BNB, arXiv:2404.09949

 

Pionless 

● 1D 𝛎e CCNp0π @ BNB 
Phys. Rev. D 106, L051102 (2022) 

● 1D & 2D 𝛎𝛍 CC1p0π Kinematic Imbalance @ BNB 
Phys. Rev. Lett. 131, 101802, Phys. Rev. D 108, 053002 

● 1D & 2D 𝛎𝛍 CC1p0π generalized imbalance @ BNB
 Phys. Rev. D 109, 092007

● 1D 𝛎𝛍 CC1p0π @ BNB 
Phys. Rev. Lett. 125, 201803 (2020) 

● 1D 𝛎𝛍 CCNp0π @ BNB 
Phys. Rev. D102, 112013 (2020) 

● 2D νμ CCNp0π @ BNB, arXiv:2403.19574 

Rare channels 

● η production @ BNB 
          PhysRevLett.132.151801 

● Λ production @ NuMI 
PhysRevLett.130.231802

● Neutron identification, arXiv:2406.10583

Anything 
else

https://link.aps.org/doi/10.1103/PhysRevLett.123.131801
https://link.aps.org/doi/10.1103/PhysRevLett.128.151801
https://link.aps.org/doi/10.1103/PhysRevD.105.L051102
https://link.aps.org/doi/10.1103/PhysRevD.104.052002
https://link.aps.org/doi/10.1103/PhysRevD.110.013006
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.041801
https://link.aps.org/doi/10.1103/PhysRevD.107.012004
https://link.aps.org/doi/10.1103/PhysRevD.107.012004
https://arxiv.org/pdf/2404.10948
https://arxiv.org/pdf/2404.09949
https://journals.aps.org/prd/supplemental/10.1103/PhysRevD.106.L051102
https://link.aps.org/doi/10.1103/PhysRevLett.131.101802
https://link.aps.org/doi/10.1103/PhysRevD.108.053002
https://link.aps.org/doi/10.1103/PhysRevD.109.092007
https://link.aps.org/doi/10.1103/PhysRevLett.125.201803
https://link.aps.org/doi/10.1103/PhysRevD.102.112013
https://arxiv.org/abs/2403.19574
https://link.aps.org/doi/10.1103/PhysRevLett.132.151801
https://link.aps.org/doi/10.1103/PhysRevLett.130.231802
https://arxiv.org/abs/2406.10583
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  Topics Today: 

 arXiv:2404.09949  arXiv:2404.10948

● Two recent π0 production results from MicroBooNE

○ Using ~50% of available MicroBooNE data sets and Booster Neutrino Beam (BNB)

https://arxiv.org/pdf/2404.09949
https://arxiv.org/pdf/2404.10948
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Neutrino Nucleus interactions :

𝛎

Neutral pion production in LArTPC 

● Crucial for oscillation and BSM physics 

● Benchmark event generators

○ More insights into modeling 
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Signal in 𝛎e appearance 

𝜋0 mimics signal if 1𝛄 shower is missed

● LArTPCs provide powerful e/γ discrimination, 
but it is not perfect

● Remaining π⁰ background must be estimated 
via simulation
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2𝛄0p

𝝲

𝝲

● LArTPCs provide powerful e/γ discrimination, 
but it is not perfect

● Remaining π⁰ background must be estimated 
via simulation

MICROBOONE-PUBLIC-NOTE

Rare BSM Search with 
e+e- as the signal 

https://microboone.fnal.gov/wp-content/uploads/2024/06/MICROBOONE-NOTE-1124-PUB.pdf
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Joanna Sobczyk (NuFact 2024)

PhysRevD.83.052009

MiniBooNE (2011)
MINERvA (2017)

PhysRevD.96.072003

MiniBooNE (2010)

PhysRevD.81.013005

  Status quo: 

CCπ0 CCπ0

NCπ0

CCπ0

PhysRevD.107.112008

NOvA (2023)

https://arxiv.org/abs/1010.3264
https://link.aps.org/doi/10.1103/PhysRevD.96.072003
https://link.aps.org/doi/10.1103/PhysRevD.81.013005
https://link.aps.org/doi/10.1103/PhysRevD.107.112008
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World Measurements of v-Ar Neutral Pion Production: 

𝛎μ and 𝛎μ NCπ0 
production 
(PhysRevD.96.012006)

𝛎 NCπ0 total cross section
(PhysRevD.107.012004)

CCπ0 NCπ0

𝛎μ CCπ0 total cross 
section 
(PhysRevD.99.091102)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.012006
https://link.aps.org/doi/10.1103/PhysRevD.107.012004
https://link.aps.org/doi/10.1103/PhysRevD.99.091102
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World Measurements of v-Ar Neutral Pion Production: 

𝛎μ and 𝛎μ NCπ0 
production 
(PhysRevD.96.012006)

𝛎 NCπ0 total cross section
(PhysRevD.107.012004)

CCπ0 NCπ0

𝛎μ CCπ0 total cross 
section 
(PhysRevD.99.091102)

𝛎μCCπ0 single-differential 
cross section 
(This talk,  arXiv:2404.09949)

𝛎 NCπ0 double-differential cross section 
(This talk,  arXiv:2404.10948)

https://journals.aps.org/prd/pdf/10.1103/PhysRevD.96.012006
https://link.aps.org/doi/10.1103/PhysRevD.107.012004
https://link.aps.org/doi/10.1103/PhysRevD.99.091102
https://arxiv.org/pdf/2404.09949
https://arxiv.org/pdf/2404.10948
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 Topics Today: 

 arXiv:2404.09949  arXiv:2404.10948

● Two recent π0 production results from MicroBooNE

○ Using ~50% of available MicroBooNE data sets and Booster Neutrino Beam (BNB)

https://arxiv.org/pdf/2404.09949
https://arxiv.org/pdf/2404.10948
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 arXiv:2404.09949

● First single-differential cross section measurement on argon 
with π0 in the final state    
 

● CCπ0 results reported as a function of 5 kinematic variables: 

○ π0 kinematics

○ muon kinematics

○ muon-pion opening angle

● Additional kinematic information on 𝜋0 production beyond 
what we measure in the NC channel 

 𝝂μ CC Single 𝜋0 Differential Cross Section Measurement

https://arxiv.org/pdf/2404.09949


Signal Definition : 
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Signal: 𝛎𝛍 +Ar →  1 𝛍 + 1 𝜋0 + 0 𝜋± + X (nucleons) 
                                         ↳𝛄 𝛄

● 1 𝛍 candidate (K.E. > 20 MeV)

● neutrino event contains 1 𝜋0

● No 𝜋± (K.E. > 40 MeV)

● No requirements on presence(or absence)of X  

    



Event selection 
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𝛎𝛍 𝛎𝛍
𝛍±

𝜋±

𝛎𝛍
𝛍±

# of Showers Muon Selection 𝜋±  veto

𝛎𝛍
𝛍±

Leading shower selection 

𝛎𝛍
𝛍±

sub-leading shower selection 

𝛎𝛍
𝛍±

Requirement on  𝜋0 

mass 



Event selection 
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𝛎𝛍 𝛎𝛍
𝛍±

𝜋±

𝛎𝛍
𝛍±

# of Showers Muon Selection 𝜋±  veto

𝛎𝛍
𝛍±

Leading shower selection 

𝛎𝛍
𝛍±

sub-leading shower selection 

𝛎𝛍
𝛍±

Requirement on  𝜋0 

mass 
                

              F
inal Event Selection Purity 69% Efficiency 8.5%



 Pion Kinematic Variables 
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1392 candidate data events 

𝛍± candidate

𝝿0 candidate



 Pion Kinematic Variables 
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Data and MC agree within the uncertainty 

𝛍± candidate

𝝿0 candidate



 Muon Kinematic Variables 
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𝛍± candidate

𝝿0 candidate



47

 Topics Today: 
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 Topics Today: 

 arXiv:2404.10948

● First double-differential cross section measurement of 
neutral-current π0 production on argon

● Simultaneous single-differential measurements of final 
states with (Np) and without (0p) protons

● NCπ0 results reported as a function of the π0 kinematics
Benjamin Bogart 

https://inspirehep.net/authors/2117345

https://arxiv.org/pdf/2404.10948
https://inspirehep.net/authors/2117345
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 Signal Definition: 

 arXiv:2404.10948

Signal: 𝛎x +Ar → 𝛎x + 1 𝜋0 +  X 
                                     ↳𝛄 𝛄 ↳(nucleons + hadrons)

● Neutrino event contains 1 𝜋0 ( P𝜋0 < 1.2 GeV/c)

● All neutrino flavors are included

● Any hadronic final state

● 0p and Np  (K.E. > 35 MeV)

 

    

https://arxiv.org/pdf/2404.10948
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 Event Selection : 

● NC π0 analysis utilizes a Boosted Decision Tree based 
event selection 

● Trained on “tagger” variables designed to characterize 
νμCC, νe CC and NC π0 events

● Selection efficiency 35% and Purity 54%

 arXiv:2404.10948

https://arxiv.org/pdf/2404.10948


Uncertainties: 
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● Both CCπ0, NCπ0 measurements are 
systematics dominated 

● Dominant sources of systematic 
uncertainties

○ Detector response 
 

○ Neutrino flux
Number of Ar Targets 
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 Cross Section Extraction with Wiener SVD Unfolding:
From event distributions to cross sections→ unfolding

Unfolding

● Data measurement

● Background (Cosmics + MC)

JINST 12 P10002 (2017)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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 Cross Section Extraction with Wiener SVD Unfolding:
From event distributions to cross sections→ unfolding

Unfolding

● Response Matrix

○ Mapping between true and reconstructed distributions
○ Accounts for bin migration effects due to limitations of the 

reconstruction and the inefficiencies

JINST 12 P10002 (2017)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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 Cross Section Extraction with Wiener SVD Unfolding:
From event distributions to cross sections→ unfolding

Unfolding

● Total Covariance Matrix 

○  Statistical and systematic uncertainties

JINST 12 P10002 (2017)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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 Cross Section Extraction with Wiener SVD Unfolding:
From event distributions to cross sections→ unfolding

Unfolding

● Extracted cross section

JINST 12 P10002 (2017)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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 Cross Section Extraction with Wiener SVD Unfolding:
From event distributions to cross sections→ unfolding

Unfolding

● Additional Smearing Matrix: 
○ Applied on theory 

predictions and info 
included in data release

JINST 12 P10002 (2017)

https://iopscience.iop.org/article/10.1088/1748-0221/12/10/P10002
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Anatomy of Neutrino Nucleus Interaction:

The nucleon isn’t stationary inside 
a nucleus → initial momentum

The neutrino can interact with multiple 
nucleons, and additional processes can occur 
inside the nucleus

Cartoon Credit Callum Wilkinson at NNN 2017

https://indico.cern.ch/event/657167/contributions/2677886/
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The nucleon isn’t stationary inside 
a nucleus → initial momentum

The neutrino can interact with multiple 
nucleons, and additional processes can occur 
inside the nucleus

Model differences 

Anatomy of Neutrino Nucleus Interaction:

Cartoon Credit Callum Wilkinson at NNN 2017

https://indico.cern.ch/event/657167/contributions/2677886/
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 Topics Today: 

 arXiv:2404.09949  arXiv:2404.10948

● Two recent π0 production results from MicroBooNE

○ Using ~50% of available MicroBooNE data sets and Booster Neutrino Beam (BNB)

https://arxiv.org/pdf/2404.09949
https://arxiv.org/pdf/2404.10948
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● Pions interacting with nuclear medium shift momentum 
to lower values, contribute to buildup of peak 

● Generators underestimate data extracted cross section 
in the peak (FSI dominated region)

 Cross Section Results: CCπ0 
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 Cross Section Results: CCπ0 FSI Effects

 π0

π+

● E.g., CCπ+ production feeding to the π0 channels 
through charge exchange → FSI increases the cross 
section
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● Similar trend as π0 momentum 

○ Suppressed generator predictions in lower 
momenta ( ~200 - 400 MeV) 

○ In higher momenta, generator predictions are 
higher than the data

 Cross Section Results: CCπ0 



63

● Generators overpredict cross section at cos(θμ) > 0.9

○ Indicates shortcomings of models 

● The forward angle corresponds to low momentum transfer (Q2) 
events, not well reproduced by models in MINERvA, 
MiniBooNE measurements  

 Cross Section Results: CCπ0 

https://link.aps.org/doi/10.1103/PhysRevD.96.072003
https://arxiv.org/abs/1010.3264
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 More Insights into Modeling:

● GiBUU 2023 (default)

○ Valencia-Oset collisional broadening for the ∆ 
resonance → increases Δ decay width 

                    
Reduced Δ production + increased Δ absorption

● GiBUU with free spectral function for ∆ resonance

    

∆→ π
0
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 More Insights into Modeling:

● GiBUU 2023 (default) 

○ Valencia-Oset collisional broadening for ∆ 
resonance

○ Nucleon-nucleon (NN) cross sections in vacuum 
while evaluating FSI

● GiBUU in medium NN xsec 

○ Free spectral function for ∆ resonance
○ NN cross section calculated in medium 

∆→ π
0
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CCπ0 Takeaways:
● First single differential measurements of CCπ0 on argon

● Sensitive to Final State Interactions 

○ Effect on ∆ decay width and hence pion production

○  Effect on pion re-interaction

∆ → π
0

 π0

π±
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 arXiv:2404.09949  arXiv:2404.10948

● Two recent π0 production results from MicroBooNE

○ Using ~50% of available MicroBooNE data sets and Booster Neutrino Beam (BNB)

https://arxiv.org/pdf/2404.09949
https://arxiv.org/pdf/2404.10948
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 Cross Section Results: NCπ0 

Predictions overestimate measured Np NCπ0 cross section, around the peak (0.2-0.5 GeV/c momentum range)

GiBUU underestimates the cross section around the peak of the distribution in both the 0p and Np channels
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 Cross Section Results: NCπ0 FSI Effects 

● π0 production feeding to the π± channels through charge exchange → FSI reduces the cross section

● FSI shifts 0p to Np ratio

∆→ π
0

π+
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 Comparing Cross Section Results: 
π0 momentum: Relatively consistent in the hierarchy of generators 

● Best agreement with data: NEUT, followed by GENIEv3
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 Comparing Cross Section Results: NCπ0 
π0 momentum: Relatively consistent in the hierarchy of generators 

● Best agreement with data: NEUT, followed by GENIEv3

● Poor performance: GENIEv2

● GiBUU shows low normalization, around the peak (FSI dominated region)
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 Cross Section Results: NCπ0  
● First double-differential cross-section 

measurement

○ sensitive to mis-modeling in different 
regions of phase space



74

 Cross Section Results: NCπ0  
● First double-differential cross-section 

measurement

○ sensitive to mis-modeling in different 
regions of phase space

○ sensitive to ∆ production modeling

∆

∆ production
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 Axial Form Factors:    

∆

∆ production

Parameterized with axial 
and vector form factors

● Axial and vector form factors obtained from fits to data 

● Axial form factors commonly fit using two bubble chamber CCπ+ data sets 

○ One from ANL and one from BNL

○ Data sets differ in normalization by ~30% leading to large theoretical uncertainties p n

π+
Δ++
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 Axial Form Factors:    

∆

∆ production

Parameterized with axial 
and vector form factors

● Axial and vector form factors obtained from fits to data 

● Axial form factors commonly fit using two bubble chamber CCπ+ data sets 

○ One from ANL and one from BNL

○ Data sets differ in normalization by ~30% leading to large theoretical uncertainties

NCπ0 measurements provide an invaluable benchmark

p n

π+
Δ++
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 Cross Section Results: NCπ0  

● NCπ0 data compared to predictions with 5 different form factors using NuWro

● NuWro and NuWro FF1 MA = 1.05 favor BNL data 

∆

∆ production
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 Cross Section Results: NCπ0  

● NCπ0 data compared to predictions with 5 different form factors using NuWro

● NuWro and NuWro FF1 MA = 1.05 favor BNL data 

● NCπ0  data prefers the predictions that agree better with ANL data

∆

∆ production
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NCπ0 Takeaways:
● First double differential measurements of NCπ0 on argon

● Sensitive to ∆ production modeling 

● Sensitive to Final State Interactions 

○ Effect on pion re-interaction

○ Effects on with (Np) and without (0p) proton final states  

∆→ π
0

π+



80

 Summary: 

● Two MicroBooNE analyses providing novel information about neutral pion production on argon with single 
and double-differential cross section measurements  arXiv:2404.09949,  arXiv:2404.10948

● These are sensitive to the initial nuclear state, multi-nucleon effects, and FSI

NCπ0 CCπ0 NCπ0

https://arxiv.org/pdf/2404.09949
https://arxiv.org/pdf/2404.10948


81

In a nutshell:

∆

∆ → π
0

∆

∆ production

∆→ π
0

π+

p

NCπ0 CCπ0 NCπ0
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 π0

π+∆→ π
0

π+

 Outlook: 
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 π0

π+∆→ π
0

π+

 Outlook: 
Stay tuned for π+ measurements!
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 Outlook: 
● A deeper dive in neutral pion productions currently being explored 

○ NC π0 measurement that compares directly to CCπ0 production

● Exploring variety of analysis techniques and demonstrating sensitivity to understand mismodeling effects

● Analyses using our full data set (2x stats), electron neutrinos, and charged pions to follow soon!
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Thank you!
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The Crux of LArTPC  

● Excellent particle imaging detector

● mm scale spatial resolution

● Light signal by PMTs Current 
generation LArTPCs    
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● Generators overpredict cross section at cos(θμ) > 0.9

○ Indicates shortcomings of models 

● The forward angle corresponds to low momentum transfer (Q2) 
events, not well reproduced by models in MINERvA, 
MiniBooNE measurements  

● MicroBooNE CCQE measurements show good agreement with 
models with low-Q2 suppression implemented 

 Cross Section Results: CCπ0 

● Tuning GENIE pion production model with MINERvA data reported by 
MINERvA → improvement in 𝝌2 values for π0 production 

PhysRevD.108.053002

https://link.aps.org/doi/10.1103/PhysRevD.96.072003
https://arxiv.org/abs/1010.3264
https://journals.aps.org/prd/pdf/10.1103/PhysRevD.100.072005
https://link.aps.org/doi/10.1103/PhysRevD.108.053002
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 Reconstruction:
● Wire-Cell reconstruction paradigm 

○ forms 3D images of particle-induced electron ionization tracks and showers via 1D wire position 
tomography

○ The 3D images are then processed by clustering algorithms and matched to light signals for cosmic 
rejection, before a deep neural network is used to determine the neutrino candidate vertex. 

○ The events are characterized in terms of energy deposit, topology, and kinematics, for eventual event 
building, classification (e.g., νe CC, νμ CC, π0, cosmic), and neutrino energy reconstruction
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 Reconstruction:
Neutrino energy reconstruction is performed based on calorimetry with particle ID information - 

15-20% resolution for fully contained v𝜇 CC 

10-15% resolution for fully contained ve CC
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 Reconstruction:
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 Resolution:

 The NC π0 resolution ranges from about 15% at low 
momenta to about 40% at high momenta
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 Reconstruction:
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Because of its near-surface location, the MicroBooNE detector is exposed to a significant amount of cosmic 
rays resulting as backgrounds. Cosmic ray events recorded during off-beam data taking are used to estimate 
the background arising from such events. The event selection requirement is applied to this off-beam data to 
estimate the background. To model the background from cosmic rays in neutrino induced triggers, we overlay 
unbiased data collected in a beam-off environment onto a simulated neutrino interaction.
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● ~83% of predicted signal events from RES 

● 14.3% contribution from deep inelastic scattering (DIS) interactions

 Interactions:
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 Model Configurations:
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Uncertainties: 

10
0

7-10%
5-15%

Number of Ar Targets 

2%

1%

5-10%

2%

CCπ0
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 Systematics:
As the differential cross section is measured across multiple correlated bins, we utilize a covariance matrix to 
incorporate the uncertainties in the final calculation of cross sections. The covariance matrix for each source of 
systematic uncertainty is determined by considering multiple systematic variations
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 Systematics: Flux
we use the MiniBooNE flux with its uncertainties, updated for MicroBooNE’s baseline

Considers hadron production and beamline geometry uncertainties 

Hadron production dominates

 Systematics: Cross Section 

Secondary interactions outside the Ar nucleus. MicroBooNE uses Geant4Reweight, combined with fits to 
pion data

 Systematics: Reinteraction 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.79.072002
https://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08042#:~:text=Geant4Reweight%20is%20an%20open%2Dsource,the%20simulation%27s%20hadron%20interaction%20cross
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 Systematics:
The detector systematic uncertainties are estimated using dedicated samples that are generated by changing 
model parameters in the nominal simulation



10
4

 Systematics:
The detector systematic uncertainties are estimated using dedicated samples that are generated by changing 
model parameters in the nominal simulation
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 Xsec Systematics:
Cross section model uncertainties on signal events are incorporated by evaluating the effect of model 
variations on the smearing and efficiency of the predicted event rate, and on the rate of predicted neutrino 
backgrounds.
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 Unfolding:
● Cross sections are extracted from the reconstructed distributions with the Wiener-SVD unfolding method 

○ Analogous to digital signal processing with a Wiener Filter

● Maximizes the signal to noise ratio in an effective frequency domain

● The motivation for data unfolding is to estimate the true signal (e.g. energy spectrum) given a measurement 
that is affected by the detector response as well as statistical (e.g. associated with signal and backgrounds) 
and systematic uncertainties (e.g. associated with backgrounds, mis-modeling of detector response due to 
imperfect calibration or finite statistics in simulations). In many applications, data unfolding is not 
necessarily required

● unfolded results are convenient to compare results from different experiments that have different detector 
responses

● SVD approach -unfolding problem is expressed as a minimization of a chi-square function comparing the 
measurement with the prediction. The large fluctuations (also called variance) in the unfolded results are 
regularized by adding a penalty term into the chi-square function. The penalty term can be chosen to 
regularize the strength or the curvature (second derivative) of the unfolded results, among other possible 
choices. A parameter commonly known as the regularization strength can be adjusted freely to control the 
power of the penalty term relative to the chi-square
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 Unfolding:
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 Unfolding:
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 Wiener-SVD Unfolding:



 Pion Muon Opening Angle:

11
0

𝛍± candidate

𝝿0 shower 
candidate
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 More Insights into Modeling:

(Not to scale, just for visual aid) 

𝚪 (Δ decay width)

● GiBUU 2023 (default)

○ Valencia-Oset collisional broadening for the ∆ 
resonance → increases Δ decay width 

                    
Reduced Δ production + increased Δ absorption

● GiBUU with  free spectral function for ∆ resonance

    

∆→ π
0
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 More Insights into Modeling:

    

Absorption processes in collisional broadening ΔN → NN or ΔNN → NNN

Δ can disappear without producing a pion 

Elastic scattering, ΔN → ΔN contributes to broadening 



Event Selection: 
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