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• (Anti)neutrino interactions producing 2+ pions in the 
final state – invariant mass 𝑊 ≥ 𝑚! + 2𝑚"  

• Contributions include:
• Single pion production + FSI

• Higher baryonic resonance decays

• Non-resonant pion production

• Transition region between the resonant region and deep 
inelastic scattering, i.e. shallow inelastic scattering (SIS)

• Lower-energy deep inelastic scattering (DIS)

• Difficult to reconstruct multiple pion final states  → 
(semi)inclusive measurements in the relevant 
energy regime

Adapted from 
K. McFarland

MINERvA ME



Why do we care?
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Backgrounds of today yesterday becoming signals 
of tomorrow today…

• Future oscillation experiments DUNE and Hyper-
Kamiokande will become systematics dominated
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Backgrounds of today yesterday becoming signals 
of tomorrow today…

• Future oscillation experiments DUNE and Hyper-
Kamiokande will become systematics dominated

• DUNE will span complex region of phase space
• Massive statistics @DUNE ND ~100 million 

events/year on argon

• Most events in DUNE will contain a pion

• 45% of 𝜈! CC events will have 𝑊 ≥ 1.5	GeV

C. Wilkinson

Nπ background 
to 1π AND signal
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• Future oscillation experiments DUNE and Hyper-
Kamiokande will become systematics dominated

• DUNE will span complex region of phase space
• Massive statistics @DUNE ND ~100 million 

events/year on argon

• Most events in DUNE will contain a pion

• 45% of 𝜈! CC events will have 𝑊 ≥ 1.5	GeV

C. Wilkinson

Nπ background 
to 1π AND signal`

DUNE TDR

Backgrounds of today yesterday becoming signals 
of tomorrow today…

+ FSI…

https://arxiv.org/abs/2002.03005
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• Future oscillation experiments DUNE and Hyper-
Kamiokande will become systematics dominated

• In Hyper-Kamiokande, important for the atmospheric 
samples

• Sensitive to mass ordering via 3-10 GeV region

• Primary lepton ring hard to reconstruct in DIS events

• Confused with 𝜈" appearance events

R. Wendell, NuInt15

𝜈# event 

Backgrounds of today yesterday becoming signals 
of tomorrow today…

https://indico.ipmu.jp/event/46/contributions/1303/attachments/1043/1248/wendell_skhk_syst_20151117_ver3.pdf


Experiments in the relevant 
energy regime
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• Bubble chambers – di-pion production measurements on D2
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Non-exhaustive list of Rev. Mod. Phys., Vol. 84, No. 3, 2012 

ANL flux peak ~0.5 GeV
BNL flux peak ~1.2 GeV

https://arxiv.org/abs/1305.7513
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• Bubble chambers – di-pion production measurements on D2 

• ArgoNeuT – inclusive measurements on Ar
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Rev. Mod. Phys., Vol. 84, No. 3, 2012 Non-exhaustive list of

ANL flux peak ~0.5 GeV
BNL flux peak ~1.2 GeV

Flux peak ~9.6 GeV 𝜈# (~3.6 GeV �̅�#) 

Phys. Rev. D 89, 112003 (2014)
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https://arxiv.org/abs/1305.7513
https://arxiv.org/abs/1404.4809
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• Bubble chambers – di-pion production measurements on D2 

• ArgoNeuT – inclusive measurements on Ar

• NOvA – inclusive, and semi-inclusive pion measurements on 
liquid scintillator (67% C, 16% Cl2, 11% H2, some Ti, O2)

• MINERvA – inclusive, SIS/DIS, and semi-inclusive pion 
measurements on solid scintillator CH, Fe, Pb, C (and H2O)

Non-exhaustive list of
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NOvA flux peak ~2 GeV
MINERvA LE flux peak ~3 GeV
MINERvA ME flux peak ~6 GeV 

C. Wret, NuInt2024
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Region of interest

https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf
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• Bubble chambers – di-pion production measurements on D2 

• ArgoNeuT – inclusive measurements on Ar

• NOvA – inclusive, and semi-inclusive pion measurements on 
liquid scintillator (67% C, 16% Cl2, 11% H2, some Ti, O2)
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C. Wilkinson

• Near future: 2x2 demonstrator (ND-LAr + MINERvA tracker) in the NuMI beamline (flux peak ~6 GeV)

Should be able to do inclusive measurements 
(e.g wrt angle) and pion multiplicity!
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• Bubble chambers – di-pion production measurements on D2 

• ArgoNeuT – inclusive measurements on Ar

• NOvA – inclusive, and semi-inclusive pion measurements on 
liquid scintillator (67% C, 16% Cl2, 11% H2, some Ti, O2)

• MINERvA – inclusive, SIS/DIS, and semi-inclusive pion 
measurements on solid scintillator CH, Fe, Pb, C (and H2O)

• Higher energy DIS measurements (>10 GeV) – FASER𝜈, 
CCFR, NuTeV, NOMAD, … 
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C. Wilkinson

• Near future: 2x2 demonstrator (ND-LAr + MINERvA tracker) in the NuMI beamline (flux peak ~6 GeV)

Focus! Recent measurements!

Should be able to do inclusive measurements 
(e.g wrt angle) and pion multiplicity!
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(Recent) measurements
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1. NOvA’s inclusive 2D 𝜈 and 3D �̅� on liquid scintillator

2. MINERvA’s 1D 𝜈 and �̅� SIS(-like) on CH

3. MINERvA’s 2D 𝜈 CC≥1𝛑! on CH

Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

D. Harris for M. Sultana, NuInt2024

A. Lozano Sanchéz, NuInt2024

“Older” measurements
MINERvA LE (~3.5 GeV)
1D 𝜈! inclusive vs A (2014)
1D 𝜈! Nπ" with W < 1.8 GeV on CH (2015) 
1D 𝜈! 1D DIS vs A (2016)
1D 𝜈!,�̅�! Nπ with W < 1.8 GeV on CH (2016)
2D 𝜈! inclusive on CH (2020)
MINERvA ME (~6 GeV)
2D 𝜈! inclusive on CH (2022)
Other NOvA (~2 GeV)
1D 𝜈! semi-inclusive π# production on liquid 
scintillator (2023)
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/
https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf
https://arxiv.org/abs/1403.2103
https://arxiv.org/abs/1406.6415
https://arxiv.org/pdf/1601.06313
https://arxiv.org/abs/1606.07127
https://arxiv.org/pdf/2002.12496
https://arxiv.org/abs/2106.16210
https://arxiv.org/pdf/2306.04028
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A. Lozano Sanchéz, NuInt2024

2024

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/
https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
https://arxiv.org/abs/1403.2103
https://arxiv.org/abs/1406.6415
https://arxiv.org/pdf/1601.06313
https://arxiv.org/abs/1606.07127
https://arxiv.org/pdf/2002.12496
https://arxiv.org/abs/2106.16210
https://arxiv.org/pdf/2306.04028
https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf


NOvA’s inclusive measurement(s)
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Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

3D �̅�$

2D ν%

NOvA Simulation, customised GENIE2

NOvA Simulation, customised GENIE3
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• 2D neutrino (𝑇!, cos 𝜃!), 3D antineutrino (𝑇!, cos 𝜃!, 𝐸$%$&')

• Flux peak ~2 GeV, expected significant contribution from Nπ – 
lower 𝑇! and higher 𝐸$%$&'

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/
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2D ν%

NOvA Simulation, customised GENIE2

NOvA Simulation, customised GENIE3
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GENIE3 and NEUT overpredict the 
data for forward-going low 𝑇%	muons 

Surprisingly (?) NOvA’s 
customised GENIE2 seems to 
model the data well 

Average fractional uncertainty 12%
Shape-only 7%

2D ν%

Where does this 
overprediction come from?

Look into the 3D! 

NOvA’s inclusive measurement
2D neutrino

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/


NOvA’s inclusive measurement
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300 MeV < 𝐸!"!#$ < 600 MeV (RES dominated)

1 GeV  < 𝐸!"!#$ < 2 GeV (DIS dominated)

P. Singh, Wine&Cheese, 2024
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• 𝐸$%$&' slices powerful to localise problems in modelling

• Antineutrino, but like in ν, GENIE3 overprediction at 
lower 𝑇! and higher cos 𝜃!

• In the RES (and RES→DIS transition) rather than in the 
DIS dominated

• Some variation in the RES dominated region, NEUT 
close to the data at low 𝑇! and higher cos 𝜃!

• Different FSI and transition hadronisation with Bodek-
Yang in the DIS dominated region (except GiBUU) – 
GENIE3 seems to model the data the best

NOvA Preliminary

24% RES
72% DIS

Average fractional uncertainty 14%

~45 000 events (5% of 
the sample)

68% RES
22% DIS

~126 000 events (14% of the sample)

3D �̅�$

3D antineutrino

https://indico.fnal.gov/event/63149/


(Recent) measurements
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1. NOvA’s inclusive 2D 𝜈 and 3D �̅� on liquid scintillator

2. MINERvA’s 1D 𝜈 and �̅� SIS(-like) on CH

3. MINERvA’s 2D 𝜈 CC≥1𝛑! on CH

Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

D. Harris for M. Sultana, NuInt2024

“Older” measurements
MINERvA LE (~3.5 GeV)
1D 𝜈! inclusive vs A (2014)
1D 𝜈! Nπ" with W < 1.8 GeV on CH (2015) 
1D 𝜈! 1D DIS vs A (2016)
1D 𝜈!,�̅�! Nπ with W < 1.8 GeV on CH (2016)
2D 𝜈! inclusive on CH (2020)
MINERvA ME (~6 GeV)
2D 𝜈! inclusive on CH (2022)
Other NOvA (~2 GeV)
1D 𝜈! inclusive π# production on liquid 
scintillator (2023)

 

A. Lozano Sanchéz, NuInt2024

2024

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/
https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
https://arxiv.org/abs/1403.2103
https://arxiv.org/abs/1406.6415
https://arxiv.org/pdf/1601.06313
https://arxiv.org/abs/1606.07127
https://arxiv.org/pdf/2002.12496
https://arxiv.org/abs/2106.16210
https://arxiv.org/pdf/2306.04028
https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf
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• 1D neutrino and antineutrino cross-sections reported in (anti)muon 
momentum variables and variables sensitive to the hadronic system

• Calorimetric reconstruction of visible recoil energy with model-
dependent correction for invisible energy

• QE, resonant, and higher 𝑊 DIS background constraint in sideband 
regions via simultaneous shape+normalisation fit to data

A. Lozano Sanchéz, NuInt2024

𝑊!"# = 𝑚$
% + 2𝐸&'(𝑚$ − 𝑄%

𝑄% = 2𝐸) 𝐸* − 𝑝* cos 𝜃* −𝑚*
%

First measurement of this region since bubble chambers!

Reduces single-
quark DIS 

1.5 GeV/c2 < 𝑾 < 2 GeV/c2 

G
E
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at
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or

ie
sMINERvA’s SIS measurement

Reduces 
contrib. from 
delta resonance

https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf
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Reduces 
contrib. from 
delta resonance

ν% ,ν%

Low 𝑄! suppression 
too strong

High 𝑝"# underprediction, 
shape not quite right 
(true SIS region with 𝑄! > 1)

ME datasets
2 GeV	< 𝐸2 <	20 GeV

Uncertainties dominated by 
flux, interaction model (𝑀$/&

'()), 
and detector response

~0.78~0.78

Mostly 𝑄3 > 1 Mostly 𝑄3 > 1

https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf


MINERvA’s SIS measurement
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A. Lozano Sanchéz, NuInt2024

𝑊!"# = 𝑚$
% + 2𝐸&'(𝑚$ − 𝑄%

𝑄% = 2𝐸) 𝐸* − 𝑝* cos 𝜃* −𝑚*
%

Model comparisons

Reduces single-
quark DIS 

1.5 GeV/c2 < 𝑾 < 2 GeV/c2 
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Reduces 
contrib. from 
delta resonance

ν%

• None of them describe data well across the full kinematic region

• At low 𝑝,! central value does pretty well 

• At high 𝑝,! GENIE3 gets shape right, NuWro and NEUT fit well

• Other variables, dedicated 𝑄- > 1 GeV2 analysis for multi-quark 
component of SIS, full systematics info in the publication

ν% ,ν%
ME datasets
2 GeV	< 𝐸2 <	20 GeV

Mostly 𝑄3 > 1 Mostly 𝑄3 > 1

~0.78~0.78

https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf
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1. NOvA’s inclusive 2D 𝜈 and 3D �̅� on liquid scintillator

2. MINERvA’s 1D 𝜈 and �̅� SIS(-like) on CH

3. MINERvA’s 2D 𝜈 CC≥1𝛑! on CH

Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

D. Harris for M. Sultana, NuInt2024

“Older” measurements
MINERvA LE (~3.5 GeV)
1D 𝜈! inclusive vs A (2014)
1D 𝜈! Nπ" with W < 1.8 GeV on CH (2015) 
1D 𝜈! 1D DIS vs A (2016)
1D 𝜈!,�̅�! Nπ with W < 1.8 GeV on CH (2016)
2D 𝜈! inclusive on CH (2020)
MINERvA ME (~6 GeV)
2D 𝜈! inclusive on CH (2022)
Other NOvA (~2 GeV)
1D 𝜈! inclusive π# production on liquid 
scintillator (2023)

A. Lozano Sanchéz, NuInt2024

2024

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/
https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
https://arxiv.org/abs/1403.2103
https://arxiv.org/abs/1406.6415
https://arxiv.org/pdf/1601.06313
https://arxiv.org/abs/1606.07127
https://arxiv.org/pdf/2002.12496
https://arxiv.org/abs/2106.16210
https://arxiv.org/pdf/2306.04028
https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf
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A. Lozano Sanchéz, NuInt2024

2024 Phys. R
ev. D

 92, 092008 (2015)

CCNπ±

Not the first time 𝑊 < 1.8 GeV! 
LE vs ME, 1D vs 2D, tuned GENIE 2.6.2 
vs tuned GENIE 2.12.6

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/
https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
https://arxiv.org/abs/1403.2103
https://arxiv.org/abs/1406.6415
https://arxiv.org/pdf/1601.06313
https://arxiv.org/abs/1606.07127
https://arxiv.org/pdf/2002.12496
https://arxiv.org/abs/2106.16210
https://arxiv.org/pdf/2306.04028
https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf
https://arxiv.org/abs/1406.6415
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D. Harris for M. Sultana, NuInt2024

• Extended π' momentum reach, including pions only found through Michel tag (unconstrainted 
kinematic region, model tuned to get more realistic smearing, see Deborah’s talk)

• Significant Nπ'contribution at higher 𝑝(% – transition from RES to SIS to DIS

Signal

0.6 < 𝑝*# < 0.9 GeV/c 0.9 < 𝑝*# < 1.2 GeV/c

Reconstructed 𝑇++  (GeV) Reconstructed 𝑇++  (GeV)

Event rates

W < 1.8 GeV/c2
Reconstructed 𝑇++  (GeV)

0.4 < 𝑝*# < 0.6 GeV/c

https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
https://indico.ectstar.eu/event/216/contributions/5190/attachments/3464/4889/MINERvA_Systematics_ECT_v5.pdf


MINERvA’s CC ν! ≥1π"
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D. Harris for M. Sultana, NuInt2024

• Clear peak shift from low 𝑝%& to high 𝑝%& 

• Underprediction at high 𝑝%& 

• Similar behaviour as the SIS measurement

Cross-sections

0.6 < 𝑝*# < 0.9 GeV/c 0.9 < 𝑝*# < 1.2 GeV/c0.4 < 𝑝*# < 0.6 GeV/c

W < 1.8 GeV/c2

MINERvA tune 
v4.3.1 + SVD pion 
range reweight  

MINERvA tune 
v4.3.1 + SVD pion 
range reweight  

MINERvA tune 
v4.3.1 + SVD pion 
range reweight  

https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf
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• MINERvA and NOvA probe multipion production via inclusive and semi-inclusive 
measurements – complex contributions from multiple interaction channels

• Dimensionality and correlation with recoil help localise problems

• Highly tuned central values often perform well, need to be cautious of model dependence

• Model variation in the N𝜋 region from FSI and transition hadronisation

• Focused on low 𝑝%& and high 𝑝%& behaviour – indication of missing low 𝑝%& (𝑄') 
suppression across the board in the RES→SIS→DIS transition at least in GENIE3 models



Final thoughts (2)
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• Getting cross-section results into NUISANCE for 
comprehensive quantitative comparison is crucial

• Data preservation – future models can be benchmarked 
against these measurements

• More measurements in preparation – inclusive and DIS 
vs A in 1D and 2D, 2D SIS both in neutrino and 
antineutrino
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Will we understand SIS transition and DIS interactions sufficiently well in time for DUNE? (And 
for MO and 𝜈( uncertainties for atmospherics)

These measurements can indicate where we are missing degrees of freedom (or what) in 
our models

Will we understand nuclear effects in Ar nucleus in time? 
Measurements vs A in this region from MINERvA, 2x2 measurements on argon, ND-GAr?



Back-up
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• 1D neutrino and antineutrino cross-sections reported in (anti)muon 
momentum variables and variables sensitive to the hadronic system

• Calorimetric reconstruction of visible recoil energy with model-
dependent correction for invisible energy

• QE, resonant, and higher 𝑊 DIS background constraint in sideband 
regions via simultaneous shape+normalisation fit to data

October 23rd, 2024 Anežka Klustová | Recent Neutrino-Induced Multipion Production Measurements 15

𝑊!"# = 𝑚$
% + 2𝐸&'(𝑚$ − 𝑄%

𝑄% = 2𝐸) 𝐸* − 𝑝* cos 𝜃* −𝑚*
%

MINERvA’s SIS measurement
First measurement of this region since bubble chambers!

Reduces single-
quark DIS 

1.5 GeV/c2 < 𝑾 < 2 GeV/c2 

G
E

N
IE

 c
at

eg
or

ie
s

Reduces 
contrib. from 
delta resonance

ME datasets
2 GeV	< 𝑬𝛍 <	20 GeV

2D inclusive neutrino measurement from 2021
Model had no low 𝑄- suppression
High 𝑝,!	behaviour ‘washed out’ but visible

Phys. Rev. D 104, 092007 (2021)
A. Lozano Sanchéz, NuInt2024

ν% ,ν%
~0.78~0.78

Mostly 𝑄3 > 1 Mostly 𝑄3 > 1

Low 𝑄! suppression 
too strong

High 𝑝"# underprediction, 
shape not quite right 
(true SIS region with 𝑄! > 1)

Uncertainties dominated by 
flux, interaction model (𝑀$/&

'()), 
and detector response

ME datasets
2 GeV	< 𝐸2 <	20 GeV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.092007
https://indico.fnal.gov/event/59963/contributions/286979/attachments/177000/240806/NuINT_2024.pdf


MINERvA’s CC ν! ≥1π"
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• Model unconstrained in this kinematic region (trackless pions down to zero π momenta)

• Tuned to get the smearing right (SVD to study migration between pion range and kinetic energy)

Agreement is poor:  previous models unconstrained in this kinematic region!

D. Harris for M. Sultana, NuInt2024

Untuned Tuned

https://indico.fnal.gov/event/59963/contributions/286977/attachments/176992/240831/MINERvA%20NuInt%202024%20Pions_v4.pdf


NOvA’s inclusive measurement
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• Slices of 𝑇% and cos 𝜃% in neutrino mode (2023), and 𝑇%, 
cos 𝜃%, 𝐸)*)+, (2024)

• Highly customised GENIE2 (ν) and GENIE3 model (,ν)

• Lower 𝑇% and higher 𝐸)*)+, means more Nπ

Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

ν%

Average fractional uncertainty 12%
Shape-only 7%

�̅�$

2D 𝛎 

GENIE3 and NEUT overprediction at low 𝑇# and higher cos 𝜃# 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/


NOvA’s CC $ν inclusive
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Average fractional uncertainty 14%

DIS dominatedRES dominated, transition

Similar to neutrinos, GENIE3 overpredicts at lower 𝑇2 and higher cos 𝜃2
𝐸!"!#$ gives power to localise this to mostly RES→DIS transition, less so in DIS
 

Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/


NOvA’s CC $ν inclusive
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Average fractional uncertainty 14%

DIS dominatedRES dominated, transition

Lot of variation in the RES region, NEUT close at lower 𝑇2 and higher cos 𝜃2
DIS: different FSI with.Bodek-Yang model (except GIBUU) – GENIE seems to model DIS the best
 

Phys. Rev. D 107, 052011, 2023
P. Singh, Wine&Cheese, 2024

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.052011
https://indico.fnal.gov/event/63149/


Models
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• NOvA 2D: GENIE 2.12.2 (RFG with high-momentum tail, QE Llewellyn-Smith, empirical 2p2h, Rein-
Sehgal RES, DIS Bodek-Yang, custom hadronization Pythia 6, FSI hA) + QE MA =1.04 GeV/c2 based 
on ANL/BNL, 57% reduction of single pion non-resonant production, neutrino and antineutrino weights 
from neutrino NOvA ND fit to empirical MEC (Eur. J. Phys. C 80, 1119 (2020))

• NOvA 3D: GENIE 3.0.6 (LFG, QE Valencia+Z-expansion, Valencia MEC and RPA, Berger-Sehgal RES, 
DIS Bodek-Yang, custom hadronization Pythia 6, FSI hN) + FSI and MEC tuned

• NEUT 5.4.0: LFG, QE Valencia, MEC Valencia, Rein-Sehgal RES, DIS Bodek-Yang, Pythia 5, FSI 
Oset+external data

• NEUT 5.7.0: LFG, QE Valencia, MEC Valencia, RES Rein Sehgal, DIS Bodek-Yang, FSI Oset+external 
data

• GENIE 3.4.0 (DUNE): spectral function LFG, QE Valencia, SuSAv2 MEC, Berger-Sehgal RES, DIS 
Bodek-Yang, custom hadronization Pythia 6, FSI hA

https://link.springer.com/article/10.1140/epjc/s10052-020-08577-5


MINERvA model
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• GENIE 2.12.6 
• QE – Llewellyn-Smith formalism with the vector form factors modeled using the BBBA05 model
• RES – Rein-Sehgal model
• DIS –  a leading order model with the Bodek-Yang prescription
• Nuclear environment – relativistic Fermi gas with additional Bodek-Ritchie high momentum tail
• FSI – INTRANUKE-hA 

• MINERvA modifications based on our data
• Added RPA to better simulate QE
• Added + enhanced Valencia 2p2h – increased by 50% over the nominal prediction (integrated over 

all phase space) based on low recoil fit
• Non-resonant pion production reduced to 43%
• FSI reweight

• V2: Low Q2 suppression
• V4.3.1: Coherent Pion Reweight, Diffractive Reweight, Low Q2 Pion Reweight based on ME CC1π' 

https://arxiv.org/abs/1705.02932
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.116.071802
https://link.springer.com/article/10.1140/epjc/s10052-016-4314-3
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072005
https://inspirehep.net/literature/2159830
https://inspirehep.net/literature/2070948


Models

October 23rd, 2024 Anežka Klustová | Recent Neutrino-Induced Multipion Production Measurements 37



October 23rd, 2024 Anežka Klustová | Recent Neutrino-Induced Multipion Production Measurements 38

C. Wret, NuInt 2024

https://indico.fnal.gov/event/59963/contributions/284572/attachments/176775/240370/NuInt_Oscillations.pdf

