
Stephen Dolan NuFact 2025, Liverpool

02/09/25

Modelling neutrino interactions and 
their uncertainties at T2K

1

Stephen Dolan
On behalf of the T2K collaboration

stephen.joseph.dolan@cern.ch



Stephen Dolan NuFact 2025, Liverpool

The T2K Experiment

Muon

2



Muon

Stephen Dolan NuFact 2025, Liverpool

The T2K Experiment

3



Muon

Stephen Dolan NuFact 2025, Liverpool

The T2K Experiment

𝝂𝝁

𝐸𝜈

Φ
𝜈

0.6 GeV

4

See contributions:
- Neutrino flux at J-PARC, I. Heitkamp
- Muon monitoring, I. Heitkamp

https://indico.cern.ch/event/1528564/contributions/6619888/
https://indico.cern.ch/event/1528564/contributions/6619888/
https://indico.cern.ch/event/1528564/contributions/6619888/
https://indico.cern.ch/event/1528564/contributions/6619888/
https://indico.cern.ch/event/1528564/contributions/6619922/
https://indico.cern.ch/event/1528564/contributions/6619922/
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𝑁𝜇 𝐸𝜈 = 𝜎 𝐸𝜈 Φ𝜈 𝐸𝜈 𝜖(𝐸𝜈)
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Detector 
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At the near detector

5

See contributions: 
- Multi-detector analyses, C. Jesús-Valls

- Cross-section results, K. Lachner
- Upgraded detector, T. Daret

https://indico.cern.ch/event/1528564/contributions/6617201/
https://indico.cern.ch/event/1528564/contributions/6617201/
https://indico.cern.ch/event/1528564/contributions/6617201/
https://indico.cern.ch/event/1528564/contributions/6617201/
https://indico.cern.ch/event/1528564/contributions/6617201/
https://indico.cern.ch/event/1528564/contributions/6617201/
https://indico.cern.ch/event/1528564/contributions/6622263/
https://indico.cern.ch/event/1528564/contributions/6622263/
https://indico.cern.ch/event/1528564/contributions/6622263/
https://indico.cern.ch/event/1528564/contributions/6622263/
https://indico.cern.ch/event/1528564/contributions/6607208/
https://indico.cern.ch/event/1528564/contributions/6607208/
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𝝂𝒆
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Oscillation probability
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cross section Neutrino flux
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Φ
𝜈

50kt water Cherenkov detector

0.6 GeV
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See contributions: 
- T2K plenary, Y. Prabhu

- T2K oscillation results, H. O’Keeffe
- Alternate presentations of results, M. Pfaff
- Projected sensitivities, P. Boistier 

https://indico.cern.ch/event/1528564/contributions/6642469/
https://indico.cern.ch/event/1528564/contributions/6642469/
https://indico.cern.ch/event/1528564/contributions/6619084/
https://indico.cern.ch/event/1528564/contributions/6619084/
https://indico.cern.ch/event/1528564/contributions/6623944/
https://indico.cern.ch/event/1528564/contributions/6623944/
https://indico.cern.ch/event/1528564/contributions/6619085/
https://indico.cern.ch/event/1528564/contributions/6619085/
https://indico.cern.ch/event/1528564/contributions/6619085/
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Neutrino interactions at T2K

Plot from L. Pickering
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T2K uses the NEUT neutrino 

nucleus interaction simulation

The European Physical Journal Special Topics
volume 230, pages 4469–4481 (2021)

QE: Benhar et. al. Spectral Function
RES: Berger-Sehgal 

DIS: GRV98 w/ BY corrections

Hadronization: Custom model / PYTHIA
FSI: Salcedo/Bertini et. al. cascade

T2K’s baseline in a nutshell

https://link.springer.com/journal/11734
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Neutrino interactions at T2K

Plot from L. Pickering

Hayato, Y., Pickering, L. Eur. Phys. J. 
Spec. Top.230, 4469–4481 (2021)

CC-QE
(Quasi-elastic)

ND: ~58%
FD: ~53%

Percentages show contribution to 𝜈𝜇CC interactions at 

the near (before oscillation) and far (after oscillation) 
detector sites for 𝐸𝜈 < 2 GeV simulated with NuWro 
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https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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Neutrino interactions at T2K

Hayato, Y., Pickering, L. Eur. Phys. J. 
Spec. Top.230, 4469–4481 (2021)

CC-2p2h
(Two-Particle-Two-Hole)

ND: ~10%
FD: ~9%

Percentages show contribution to 𝜈𝜇CC interactions at 

the near (before oscillation) and far (after oscillation) 
detector sites for 𝐸𝜈 < 2 GeV simulated with NuWro 

Plot from L. Pickering

CC-QE
(Quasi-elastic)

ND: ~58%
FD: ~53%

11

https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7


CC-Resonant 1𝝅

ND: ~30%
FD: ~32%
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Neutrino interactions at T2K

Hayato, Y., Pickering, L. Eur. Phys. J. 
Spec. Top.230, 4469–4481 (2021)

CC-2p2h
(Two-Particle-Two-Hole)

CC-DIS
(Deep Inelastic Scattering)

ND: ~10%
FD: ~9%

Percentages show contribution to 𝜈𝜇CC interactions at 

the near (before oscillation) and far (after oscillation) 
detector sites for 𝐸𝜈 < 2 GeV simulated with NuWro 

ND: ~2%
FD: ~5%

Plot from L. Pickering

CC-QE
(Quasi-elastic)

ND: ~58%
FD: ~53%
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https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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Neutrino interactions at T2K

Hayato, Y., Pickering, L. Eur. Phys. J. 
Spec. Top.230, 4469–4481 (2021)

CC-Other

ND: ~72%
FD: ~67%

ND: ~21%
FD: ~24%

Percentages show contribution to 𝜈𝜇CC interactions at 

the near (before oscillation) and far (after oscillation) 
detector sites for 𝐸𝜈 < 2 GeV simulated with NuWro 

?

CC-0𝝅 CC-1𝝅+/−

?

?

ND: ~7%
FD: ~9%

Plot from L. Pickering
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https://link.springer.com/article/10.1140/epjs/s11734-021-00287-7
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Neutrino interactions at T2K

Hayato, Y., Pickering, L. Eur. Phys. J. 
Spec. Top.230, 4469–4481 (2021)

CC-Other

Percentages show contribution to 𝜈𝜇CC interactions at 

the near (before oscillation) and far (after oscillation) 
detector sites for 𝐸𝜈 < 2 GeV simulated with NuWro 
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Three things we need to know but don’t

1. The energy (and target) dependence of cross sections
• So we know how to extrapolate from our near to far detectors

(a non exhaustive list)
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1. The energy (and target) dependence of cross sections
• So we know how to extrapolate from our near to far detectors

16

Plots from C. Wilkinson

Three things we need to know but don’t
(a non exhaustive list)

𝑂16𝑂 𝜈𝜇CC0𝜋 cross section
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2. The smearing of our neutrino energy reconstruction
• So we can infer the shape of the oscillated spectrum
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Three things we need to know but don’t
(a non exhaustive list)



Stephen Dolan NuFact 2025, Liverpool

2. The smearing of our neutrino energy reconstruction
• So we can infer the shape of the oscillated spectrum
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Plots from C. Wilkinson

Three things we need to know but don’t
(a non exhaustive list)

𝑂16𝑂 𝜈𝜇CC0𝜋

   T2K Flux
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3. Differences in the cross section for 𝜈𝑒/𝜈𝜇 and 𝜈/ ҧ𝜈 
• So we can use 𝜈𝑒  appearance to probe CP-violation

19

Three things we need to know but don’t
(a non exhaustive list)
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3. Differences in the cross section for 𝜈𝑒/𝜈𝜇 and 𝜈/ ҧ𝜈 
• So we can use 𝜈𝑒  appearance to probe CP-violation
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Three things we need to know but don’t
(a non exhaustive list)

𝑂16𝑂 𝜈𝜇CC0𝜋

Plots from C. Wilkinson
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• Our baseline model is missing physics

21

Our interaction ignorance
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• Our baseline model is missing physics

• It also doesn’t match external data
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Our interaction ignorance
Phys. Rev. D 111, 033006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.033006
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• Our baseline model is missing physics

• It also doesn’t match external data
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Our interaction ignorance
Phys. Rev. D 111, 033006

As we enter the precision era of neutrino oscillation 

measurements, a comprehensive parametrisation of 
what we don’t know is essential*

* at least in the current style of oscillation analyses 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.033006
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• Our baseline model is missing physics

• It also doesn’t match external data
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Our interaction parametrised ignorance
Phys. Rev. D 111, 033006

As we enter the precision era of neutrino oscillation 

measurements, a comprehensive parametrisation of 
what we don’t know is essential*

We need parameterised ignorance
(Coined by J. Wolcott)

* at least in the current style of oscillation analyses 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.033006
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T2K’s approach to neutrino 
interaction uncertainties
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The CCQE Model

𝑑5𝜎𝜈ℓ

𝑑Ω ෠𝑘′ 𝑑Ω 𝑝𝑁 dEℓ′
~𝑆 𝐸𝑚, 𝒑𝑚 L𝜇𝜈W𝜇𝜈𝛿(𝜔 + 𝑀 − 𝐸𝑚 − 𝐸𝑝′)

“Spectral Function”

Single nucleon tensor 
contraction 

(no nuclear effects)

• The Benhar Spectral Function model

✓ More sophisticated description of the nuclear ground state (i.e. Fermi 
motion and removal energy) than Fermi-gas (FG) models 

✓ Shell model largely derived from electron scattering data

✓ Better predictive power for outgoing nucleon kinematics than FG

NEUT, Oxygen

26
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Identifying the natural d.o.f.

NEUT, Oxygen

27

Phys. Rev. D 109, 072006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.109.072006
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Identifying the natural d.o.f.
• Fermi motion and removal energy in the mean field region:

• Change relative occupancy of the shells (2 shells for C, 3 for O)

NEUT, Carbon

Phys. Rev. D 109, 072006
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Identifying the natural d.o.f.
• Fermi motion and removal energy in the mean field region:

• Change relative occupancy of the shells (2 shells for C, 3 for O)
• Change shape of the momentum distribution of each shell

NEUT, Carbon

Phys. Rev. D 109, 072006
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Identifying the natural d.o.f.
• Fermi motion and removal energy in the mean field region:

• Change relative occupancy of the shells (2 shells for C, 3 for O)
• Change shape of the momentum distribution of each shell
• Shift the whole removal energy distribution

NEUT, Carbon

Phys. Rev. D 109, 072006

30



Stephen Dolan NuFact 2025, Liverpool

Identifying the natural d.o.f.
• Fermi motion and removal energy in the mean field region:

• Change relative occupancy of the shells (2 shells for C, 3 for O)
• Change shape of the momentum distribution of each shell
• Shift the whole removal energy distribution
• Plausible alterations derived from (𝑒 → 𝑒′, 𝑝) data

Phys. Rev. D 109, 072006
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Identifying the natural d.o.f.
• Fermi motion and removal energy in the mean field region:

• Change relative occupancy of the shells (2 shells for C, 3 for O)
• Change shape of the momentum distribution of each shell
• Shift the whole removal energy distribution
• Plausible alterations derived from (𝑒 → 𝑒′, 𝑝) data

• Short range correlations:

• Normalisation of the SRC 
contribution (high nucleon 

momentum tail, 2 nucleon final states)

• NEUT predicts 5%, other models 
predict closer to 20%

• New: shape + pair fraction 
alteration to SRC contribution

Phys. Rev. D 109, 072006
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Identifying the natural d.o.f.
• Fermi motion and removal energy in the mean field region:

• Change relative occupancy of the shells (2 shells for C, 3 for O)
• Change shape of the momentum distribution of each shell
• Shift the whole removal energy distribution
• Plausible alterations derived from (𝑒 → 𝑒′, 𝑝) data

• Short range correlations:

• Normalisation of the SRC 
contribution (high nucleon 

momentum tail, 2 nucleon final states)

• NEUT predicts 5%, other models 
predict closer to 20%

• New: shape + pair fraction 
alteration to SRC contribution

Crucial check: the parameter constraints 

from T2K’s near detector are reasonable 
given electron scattering data

Phys. Rev. D 109, 072006
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The CCQE Model

𝑑5𝜎𝜈ℓ

𝑑Ω ෠𝑘′ 𝑑Ω 𝑝𝑁 dEℓ′
~𝑆 𝐸𝑚, 𝒑𝑚 L𝜇𝜈W𝜇𝜈𝛿(𝜔 + 𝑀 − 𝐸𝑚 − 𝐸𝑝′)

“Spectral Function”

Single nucleon tensor 
contraction 

(no nuclear effects)

• The Benhar Spectral Function model

✓ More sophisticated description of the nuclear ground state (i.e. Fermi 
motion and removal energy) than Fermi-gas (FG) models 

✓ Shell model largely derived from electron scattering data

✓ Better predictive power for outgoing nucleon kinematics than FG

NEUT, Oxygen
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The CCQE Model

𝑑5𝜎𝜈ℓ

𝑑Ω ෠𝑘′ 𝑑Ω 𝑝𝑁 dEℓ′
~𝑆 𝐸𝑚, 𝒑𝑚 L𝜇𝜈W𝜇𝜈𝛿(𝜔 + 𝑀 − 𝐸𝑚 − 𝐸𝑝′)

“Spectral Function”

Single nucleon tensor 
contraction 

(no nuclear effects)

• The Benhar Spectral Function model

✓ More sophisticated description of the nuclear ground state (i.e. Fermi 
motion and removal energy) than Fermi-gas (FG) models 

✓ Shell model largely derived from electron scattering data

✓ Better predictive power for outgoing nucleon kinematics than FG

X Relies on “factorization”, breaks down at low 𝑞0, 𝑞3 (~15% of events)

X FSI + long-range correlation effects not included

X Simplistic approach to Pauli Blocking (also important at low 𝑞0, 𝑞3)

NEUT, Oxygen

35
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The CCQE Model

𝑑5𝜎𝜈ℓ

𝑑Ω ෠𝑘′ 𝑑Ω 𝑝𝑁 dEℓ′
~𝑆 𝐸𝑚, 𝒑𝑚 L𝜇𝜈W𝜇𝜈𝛿(𝜔 + 𝑀 − 𝐸𝑚 − 𝐸𝑝′)

“Spectral Function”

Single nucleon tensor 
contraction 

(no nuclear effects)

• The Benhar Spectral Function model

✓ More sophisticated description of the nuclear ground state (i.e. Fermi 
motion and removal energy) than Fermi-gas (FG) models 

✓ Shell model largely derived from electron scattering data

✓ Better predictive power for outgoing nucleon kinematics than FG

X Relies on “factorization”, breaks down at low 𝑞0, 𝑞3 (~15% of events)

X FSI + long-range correlation effects not included

X Simplistic approach to Pauli Blocking (also important at low 𝑞0, 𝑞3)

NEUT, Oxygen
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Beyond factorisation 
• Pauli blocking is considered via a simple Fermi-gas approach

• Sets zero cross section below some (pre-FSI) outgoing nucleon mom.

• Requires event generation in expanded phase space (no Pauli Blocking)

Causes significant alteration to the cross-
section at low momentum transfers

Separate parameters for [C, O], [𝜈, ҧ𝜈]

Phys. Rev. D 109, 072006

37
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Beyond factorisation 
• Long-range correlation and FSI corrections to inclusive cross section 

• Use the CRPA implementation in GENIE to derive 3D corrections [𝐸𝜈,𝜔, 𝑞]

Phys. Rev. D 106, 073001

Baseline QE Long range correlation 

“CRPA” correction
Nuclear potential “FSI” 

correction

38

NEW! (not yet in a public T2K analysis)
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Beyond factorisation 
• Long-range correlation and FSI corrections to inclusive cross section 

• Use the CRPA implementation in GENIE to derive 3D corrections [𝐸𝜈,𝜔, 𝑞]

Phys. Rev. D 106, 073001

Baseline QE Long range correlation 

“CRPA” correction
Nuclear potential “FSI” 

correction

• CRPA is only one model: allow the shape of the corrections to vary
• Split each correction into three bins of 𝜔 to change shape of correction

• Also split by [C, O], [𝜈, ҧ𝜈]

• Employ correlations to ensure only smooth corrections are permitted

39

NEW! (not yet in a public T2K analysis)
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Beyond factorisation 
• q-dependent cross section shift from (e,e’) data

• e,e’ scattering data indicates a shift in the QE peak as a function of q

40

arXiv:2301.09195, Phys. Rev. D 111, 033006

Phys. Rev. D 111, 033006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.033006
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Beyond factorisation 
arXiv:2301.09195, Phys. Rev. D 111, 033006

• q-dependent cross section shift from (e,e’) data
• e,e’ scattering data indicates a shift in the QE peak as a function of q

• The T2K model was compared to data, and a correction derived

• (Note that this analysis was just updated by S. Abe) Phys. Rev. D 111, 033006

41

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.033006
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Beyond factorisation 
arXiv:2301.09195, Phys. Rev. D 111, 033006

• q-dependent cross section shift from (e,e’) data
• e,e’ scattering data indicates a shift in the QE peak as a function of q

• The T2K model was compared to data, and a correction derived

• (Note that this analysis was just updated by S. Abe)

• The correction derived is consistent with other work*
• RMF calculations imply the same correction [Phys. Rev. C 90, 035501]

• Employ a parameter to vary the correction strength

42

* And consistent with our first version of this study in arXiv:2301:09195

Phys. Rev. D 111, 033006

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.033006
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CCQE Uncertainties

• Fairly complete set of 48 parameters for 
altering both lepton and nucleon kinematics

• The uncertainties are split between carbon 
and oxygen where required

• Some degeneracies due to model limitations 

• Ideally would like to move to an unfactorized 
and non-dipole model for future analyses

• Model improvements will be required as we 
begin to use our significantly upgraded near 
detector

CCQE parameters

2(3) shell occupancy 
uncertainites for C(O)

2(4) SRC norm (shape) 
uncertaintes (split for C/O)

Nucleon axial mass

3 Q2 shape uncertainties*

4 removal energy shift 
uncertainies (split C/O, p/n)

4 Pauli blocking uncertainies 
(split C/O, p/n)

12 long-range correlation 
uncertainties (split C/O, p/n)

12 FSI correction uncertainties 
(split C/O, p/n)

q dependent 𝜔 shift 
uncertainty

*These are designed to cover physics 
beyond the dipole parametrisation 
of the axial form factor. See backup 
slides for details. 
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CCQE Uncertainties

• Fairly complete set of 48 parameters for 
altering both lepton and nucleon kinematics

• The uncertainties are split between carbon 
and oxygen where required

• Some degeneracies due to model limitations 

• Ideally would like to move to an unfactorized 
and non-dipole model for future analyses

• Model improvements will be required as we 
begin to use our significantly upgraded near 
detector

CCQE parameters

2(3) shell occupancy 
uncertainites for C(O)

2(4) SRC norm (shape) 
uncertaintes (split for C/O)

Nucleon axial mass

3 Q2 shape uncertainties*

4 removal energy shift 
uncertainies (split C/O, p/n)

4 Pauli blocking uncertainies 
(split C/O, p/n)

12 long-range correlation 
uncertainties (split C/O, p/n)

12 FSI correction uncertainties 
(split C/O, p/n)

q dependent 𝜔 shift 
uncertainty

*These are designed to cover physics 
beyond the dipole parametrisation 
of the axial form factor. See backup 
slides for details. 
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Can the model describe T2K 
cross-section measurements? 
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Can the model describe T2K cross-

section measurements? 
Test: fit the model to T2K cross sections, check the goodness of fit

• First: T2K’s CC0𝜋 measurement on C and O in 𝝁 kinematics

Phys. Rev. D 109, 072006

46
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Can the model describe T2K cross-

section measurements? 
Test: fit the model to T2K cross sections, check the goodness of fit

• First: T2K’s CC0𝜋 measurement on C and O in 𝝁 kinematics

✓ Find a good description!

Phys. Rev. D 109, 072006

47

(Note that this uses a slightly older version 
of the uncertainty model)

Phys. Rev. D 101, 112004 
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Can the model describe T2K cross-

section measurements? 
Test: fit the model to T2K cross sections, check the goodness of fit

• First: T2K’s CC0𝜋 measurement on C and O in 𝝁 kinematics

✓ Find a good description!

• Second: T2K’s CC0𝜋 measurement on C in 𝝁 and p kinematics

Phys. Rev. D 109, 072006
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Can the model describe T2K cross-

section measurements? 
Test: fit the model to T2K cross sections, check the goodness of fit

• First: T2K’s CC0𝜋 measurement on C and O in 𝝁 kinematics

✓ Find a good description!

• Second: T2K’s CC0𝜋 measurement on C in 𝝁 and p kinematics

Phys. Rev. D 109, 072006

49

(Note that this uses a slightly older version of the uncertainty model)

Reasonable description (p~0.06)

Likely pushing the model to its limits

Phys. Rev. D 98, 032003  
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Robustness checks
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Robustness checks
The T2K uncertainty model is far from complete

• Thanks to nuclear theory developments and creative cross-section 

measurements, we have a good idea of what we may be missing

• We test the robustness of our analyses via studies where we treat an 

alternative model as if it was data and assess the bias
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Robustness checks
The T2K uncertainty model is far from complete

• Thanks to nuclear theory developments and creative cross-section 

measurements, we have a good idea of what we may be missing

• We test the robustness of our analyses via studies where we treat an 

alternative model as if it was data and assess the bias

Examples (of 16 studies used for our latest analysis):

1. Swap the CCQE model to CRPA

2. Use the Martini model for pion production 
3. Change pion kinematics based on MINERvA data

4. Alter the CCQE/2p2h fractions based on ND280 data
5. Simulate real photon emission via radiative corrections 

to CC interactions
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Robustness checks
The T2K uncertainty model is far from complete

• Thanks to nuclear theory developments and creative cross-section 

measurements, we have a good idea of what we may be missing

• We test the robustness of our analyses via studies where we treat an 

alternative model as if it was data and assess the bias

Examples (of 16 studies used for our latest analysis):

1. Swap the CCQE model to CRPA

2. Use the Martini model for pion production 
3. Change pion kinematics based on MINERvA data

4. Alter the CCQE/2p2h fractions based on ND280 data
5. Simulate real photon emission via radiative corrections 

to CC interactions

• The bias on oscillation parameters was usually found to be far smaller than 

our systematic uncertainty (which is smaller than the statistical uncertainty)

• Exceptions: the bias on Δ𝑚32
2  in studies 1 and 4 is comparable to the size of 

the systematic uncertainty (but less than half the total uncertainty).

• An uncertainty inflation is made to account for this 
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Robustness checks
The T2K uncertainty model is far from complete

• Thanks to nuclear theory developments and creative cross-section 

measurements, we have a good idea of what we may be missing

• We test the robustness of our analyses via studies where we treat an 

alternative model as if it was data and assess the bias

Examples (of 16 studies used for our latest analysis):

1. Swap the CCQE model to CRPA

2. Use the Martini model for pion production 
3. Change pion kinematics based on MINERvA data

4. Alter the CCQE/2p2h fractions based on ND280 data
5. Simulate real photon emission via radiative corrections 

to CC interactions

• The bias on oscillation parameters was usually found to be far smaller than 

our systematic uncertainty (which is smaller than the statistical uncertainty)

• Exceptions: the bias on Δ𝑚32
2  in studies 1 and 4 is comparable to the size of 

the systematic uncertainty (but less than half the total uncertainty).

• An uncertainty inflation is made to account for this 

54

Note that this bias is before a set of new 

uncertainties has been added. We expect a 
reduction in the next analysis
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Outlook for model 
improvements
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Outlook for the T2K model

56

New ED-RMF model is ready

CCQE

Phys. Rev. D 112, 
032009

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
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Outlook for the T2K model

57

New ED-RMF model is ready

Phys. Rev. D 112, 
032009

DCC is ready, MK and HNV on the way 

CCQE

CC1𝝅

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074024
https://arxiv.org/abs/2409.02890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.033005
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Outlook for the T2K model

58

New ED-RMF model is ready

DCC is ready, MK and HNV on the way 

CCQE

CC1𝝅

Work in progress to 
implement the fully 

exclusive Valencia 
model update

(Use ML methods for high 
dimensional sampling)

2p2h

Phys. Rev. D 112, 
032009

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074024
https://arxiv.org/abs/2409.02890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.033005
https://arxiv.org/pdf/2407.21587
https://arxiv.org/pdf/2407.21587
https://journals.aps.org/prd/abstract/10.1103/v7sz-vn3b
https://journals.aps.org/prd/abstract/10.1103/v7sz-vn3b
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
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Outlook for the T2K model
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New ED-RMF model is ready

DCC is ready, MK and HNV on the way 

CCQE

CC1𝝅

FSIWork in progress to 
implement the fully 

exclusive Valencia 
model update

(Use ML methods for high 
dimensional sampling)

2p2h

Improved and 
reweightable 

treatment of Pauli 

blocking

First steps of 

interfacing NEUT with 
GiBUU FSI modelling

Phys. Rev. D 112, 
032009

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.045501
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.074024
https://arxiv.org/abs/2409.02890
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.76.033005
https://arxiv.org/pdf/2407.21587
https://arxiv.org/pdf/2407.21587
https://journals.aps.org/prd/abstract/10.1103/v7sz-vn3b
https://journals.aps.org/prd/abstract/10.1103/v7sz-vn3b
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
https://arxiv.org/abs/2502.10629
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• T2K’s uncertainty model is built from more than a 

decade of iteration through analysis cycles

• Updated based on theory developments and 

benchmarking against new measurements

• By our standards, it’s ~100 mostly-well-motivated 

parameters makes it pretty sophisticated

Summary

T2K number of parameters vs time
From J. Wolcott’s excellent ECT* talk

N
. 
P

a
ra

m
e
te

rs
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• T2K’s uncertainty model is built from more than a 

decade of iteration through analysis cycles

• Updated based on theory developments and 

benchmarking against new measurements

• By our standards, it’s ~100 mostly-well-motivated 

parameters makes it pretty sophisticated

• But it still misses plenty of plausible freedom and risks 
assigning data/MC differences incorrectly

• Is it suitable for:
• T2K now? Yes; For analyses with our upgrade? Maybe

• For Hyper-K? Almost certainly not!

Summary

T2K number of parameters vs time
From J. Wolcott’s excellent ECT* talk

N
. 
P

a
ra

m
e
te

rs

From K. Skwarczyński’s ECT* talk
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https://indico.ectstar.eu/event/216/contributions/5208/attachments/3451/4863/2024-10-21%20Wolcott%20NOvA%20and%20T2K%20osc%20experience%20-%20ECTstar.pdf
https://indico.ectstar.eu/event/216/contributions/5187/attachments/3460/4877/Kamil_T2K_Uncertainties.pdf
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BACKUP
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2p2h
• Base model: Valencia 2p2h

• 11 parameters controlling:
• Normalisation
• Shape
• Pair contributions (pN vs NN)
• Energy dependence

• Fairly complete set of variations for 
the lepton kinematics

• Lacking freedom to fully cover 
plausible variations in nucleon 
kinematics (which T2K doesn’t 
currently need so much)

q
0
 [

G
e

V
]

q
0
 [

G
e

V
]

|q3| [GeV/c]

|q3| [GeV/c]

Phys. Rev. C83 , 045501

Nucleon-like

Delta-like
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Single Pion Production
• Base model: Rein-Sehgal with lepton 

mass corrections

• 15 parameters controlling:
• Form factors (MA

RES, CA
5)

• Non-resonant background
• Channel normalisations
• Removal energy
• Resonance decay kinematics
• Pauli Blocking

(annals Phys. 133  (1981) 79–153)

𝑑
𝜎

/𝑑
𝑝

𝜋
+

 (
𝑐

𝑚
2

𝑁
𝑢

𝑐𝑙
𝑒

𝑜
𝑛

−
1

𝑀
𝑒

𝑉
−

1
)

𝑝𝜋+ (MeV)

• Particularly important to model well 
due to increased use of pion focussed 
samples at T2K’s far detector

• Fairly complete set of nucleon-level 
uncertainties, but room for further 
variations of the pion kinematics and 
nuclear effects
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Shallow/Deep inelastic scattering
• Base model: T2K uses GRV98+Bodek-Yang 

corrections with a hadronization from PYTHIA 

at high W and a custom model below

• 9 parameters controlling:
• Normalisation

• Low W hadronization

• BY corrections (split for high/low W 

and axial + vector parts)

Variation of Axial 
low W BY corr. 

E
v
e

n
ts

 [
A

.U
]

R
a
ti
o

 t
o
 n

o
m

.

• Important to model to account for 

contributions to pion / photon 

production ND samples

• Relatively small contribution for T2K 
with a relatively primitive uncertainty 

model! 
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Final State Interactions
T2K uses NEUT’s cascade model (similar to GENIE “hN”). 

• Pion final state interactions by Salcedo-Oset cascade, tuned to 
world π-A scattering data [Phys. Rev. D 99, 052007]

• This tuning provides uncertainties on the probability for different 
interactions to occur within the cascade (6 parameters)
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Final State Interactions
T2K uses NEUT’s cascade model (similar to GENIE “hN”). 

• Pion final state interactions by Salcedo-Oset cascade, tuned to 
world π-A scattering data [Phys. Rev. D 99, 052007]

• This tuning provides uncertainties on the probability for different 
interactions to occur within the cascade (6 parameters)

• Nucleon final state interactions do not yet have such a detailed 
treatment, but these are also less crucial for T2K analyses. 

• One parameter to control the total FSI probability, one for 𝜋 prod.
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Differences in the 𝜈𝑒/𝜈𝜇 cross section
• Updated uncertainty on ratio of 𝜈𝑒 to 𝜈𝜇 cross section

• Measure 𝜈𝜇 at ND but need to know about 𝜈𝑒 to measure 𝛿𝐶𝑃

• Potentially very important for oscillation analyses!

• Sources: radiative corrections, second class currents, nuclear effects

Unchanged
Phys Rev D 86 053003
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Differences in the 𝜈𝑒/𝜈𝜇 cross section
• Updated uncertainty on ratio of 𝜈𝑒 to 𝜈𝜇 cross section

• Measure 𝜈𝜇 at ND but need to know about 𝜈𝑒 to measure 𝛿𝐶𝑃

• Potentially very important for oscillation analyses!

• Sources: radiative corrections, second class currents, nuclear effects

• Radiative corrections
• QED corrections are different for 𝜈𝑒 to 𝜈𝜇 interactions

• Updated detailed calculation of differences allows reduced uncertainty

• Still potentially impactful via alteration of lepton kinematics and radiative 

emission of hard photons 

Nature Commun. 13 1, 5286
Phys. Rev. D 106 , 093006 

69



Stephen Dolan NuFact 2025, Liverpool

Differences in the 𝜈𝑒/𝜈𝜇 cross section
• Updated uncertainty on ratio of 𝜈𝑒 to 𝜈𝜇 cross section

• Measure 𝜈𝜇 at ND but need to know about 𝜈𝑒 to measure 𝛿𝐶𝑃

• Potentially very important for oscillation analyses!

• Sources: radiative corrections, second class currents, nuclear effects

• Nuclear effects
• Only impact on CC cross-section is via 𝑚𝜇 vs 𝑚𝑒

• Impact depends on cross section in regions where lepton mass matters

• New model comparisons estimate updated uncertainty

• Larger uncertainty on 𝜈𝑒/𝜈𝜇, but smaller on (𝜈𝑒/𝜈𝜇)/( ҧ𝜈𝑒/ ҧ𝜈𝜇)

Phys. Rev. Lett. 123 , 052501
Phys. Rev. D 108 , L031301 
Phys. Rev. C96 , 035501
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Differences in the 𝜈𝑒/𝜈𝜇 cross section
• Updated uncertainty on ratio of 𝜈𝑒 to 𝜈𝜇 cross section

• Measure 𝜈𝜇 at ND but need to know about 𝜈𝑒 to measure 𝛿𝐶𝑃

• Potentially very important for oscillation analyses!

• Sources: radiative corrections, second class currents, nuclear effects

• Overall uncertainty:
• 𝜈𝑒/𝜈𝜇: 3.2% (up from 2.8%)

• ҧ𝜈𝑒/ ҧ𝜈𝜇: 1.9% (down from 2.8%)

• (𝜈𝑒/𝜈𝜇)/( ҧ𝜈𝑒/ ҧ𝜈𝜇): 3.3% (down from 4.9%)

71

NEW! (updated uncertainties are not yet in a public T2K analysis)
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What do we need to know 
about neutrino interactions?
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Event rates to oscillation parameters

Plot from L. Pickering

𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  Φ𝜈 𝐸𝜈

Our physics of interest

73

https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf
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Event rates to oscillation parameters

What we would 
like to measure

Plot from L. Pickering
𝑁ℓ 𝐸𝜈 = 𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  𝜎 𝐸𝜈  Φ𝜈 𝐸𝜈  𝜖(𝐸𝜈)
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https://indico.stfc.ac.uk/event/227/attachments/422/695/RALSeminar20201117.pdf
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Event rates to oscillation parameters

What we can 
actually measure

Plot from L. Pickering
𝑁ℓ 𝐸𝑅𝑒𝑐. = 𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  𝜎 𝐸𝜈  Φ𝜈 𝐸𝜈  𝜖 𝐸𝜈  𝑆(𝐸𝜈, 𝐸𝑅𝑒𝑐. )
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Event rates to oscillation parameters

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒 × 𝟏𝟎−𝟑𝒆𝑽

• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

Plot from L. Pickering

What we can 
actually measure

𝑁ℓ 𝐸𝑅𝑒𝑐. = 𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  𝜎 𝐸𝜈  Φ𝜈 𝐸𝜈  𝜖 𝐸𝜈  𝑆(𝐸𝜈, 𝐸𝑅𝑒𝑐. )
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟓𝟒 × 𝟏𝟎−𝟑𝒆𝑽

𝚫𝐦𝟑𝟐
𝟐 = 𝟐. 𝟐𝟒 × 𝟏𝟎−𝟑𝒆𝑽

Plot from L. Pickering

What we can 
actually measure

𝑁ℓ 𝐸𝑅𝑒𝑐. = 𝑃 𝜈𝜇 → 𝜈ℓ 𝐸𝜈  𝜎 𝐸𝜈  Φ𝜈 𝐸𝜈  𝜖 𝐸𝜈  𝑆(𝐸𝜈, 𝐸𝑅𝑒𝑐. )
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!

• Constraints on 𝛿𝐶𝑃 rely on differences 

between electron neutrino and anti-
neutrino appearance

No CP-Violation

Max CP-Violation
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!

• Constraints on 𝛿𝐶𝑃 rely on differences 

between electron neutrino and anti-

neutrino appearance

• But we mainly measure muon neutrino 
interactions at the near detector

No CP-Violation

Max CP-Violation
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Event rates to oscillation parameters
• For a precision probe of oscillation 

parameters, reconstructing the shape 

of the oscillated spectrum is crucial 

• Require a good control over cross 

section energy dependence and 
energy reconstruction!

• Constraints on 𝛿𝐶𝑃 rely on differences 

between electron neutrino and anti-

neutrino appearance

• But we mainly measure muon neutrino 
interactions at the near detector

• A good modelling of 𝜈𝑒/𝜈𝜇 cross 

section ratio is essential

No CP-Violation

Max CP-Violation
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Beyond the dipole
• The latest and greatest LQCD calculations suggest serious issues with 

dipole (or even usual z-exp) axial form factor parametrisations

• T2K’s simplistic approach: Add binned 

normalisation uncertainties in problematic 

regions of 𝑄2

o Test robustness with mock data studies arXiv:2201.01839

arXiv:2201.01839
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Reconstructing neutrino energy

Proxy for 𝐸𝜈 from lepton kinematics is exact only for 
CCQE elastic scattering off a stationary nucleon

CCQE (1p1h)

𝐸𝜈 =
𝑚𝑝

2 − 𝑚𝑛 − 𝐸𝐵
2 − 𝑚ℓ

2 + 2𝐸ℓ 𝑚𝑛 − 𝐸𝐵

2(𝑚𝑛 − 𝐸𝐵 − 𝐸ℓ + 𝑝ℓ cos 𝜃ℓ)
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The motion of the nucleons inside the nucleus 

(Fermi motion) causes a smearing on 𝐸𝜈

CCQE (1p1h)

Reconstructing neutrino energy

𝐸𝜈 =
𝑚𝑝

2 − 𝑚𝑛 − 𝐸𝐵
2 − 𝑚ℓ

2 + 2𝐸ℓ 𝑚𝑛 − 𝐸𝐵

2(𝑚𝑛 − 𝐸𝐵 − 𝐸ℓ + 𝑝ℓ cos 𝜃ℓ)
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The motion of the nucleons inside the nucleus 

(Fermi motion) causes a smearing on 𝐸𝜈

The energy loss in the nucleus (to extract the struck 
nucleon from its shell) introduces a bias

CCQE (1p1h)

Reconstructing neutrino energy

𝐸𝜈 =
𝑚𝑝

2 − 𝑚𝑛 − 𝐸𝐵
2 − 𝑚ℓ

2 + 2𝐸ℓ 𝑚𝑛 − 𝐸𝐵

2(𝑚𝑛 − 𝐸𝐵 − 𝐸ℓ + 𝑝ℓ cos 𝜃ℓ)

𝐸
𝑟𝑚

𝑣
 (

𝑀
𝑒𝑉

)

𝑝𝑛 (𝑀𝑒𝑉/𝑐)
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The motion of the nucleons inside the nucleus 

(Fermi motion) causes a smearing on 𝐸𝜈

The energy loss in the nucleus (to extract the struck 
nucleon from its shell) introduces a bias

Not a good proxy for non-CCQE events: 2p2h and 
CC1π with pion abs. FSI

2p2hCCRES

𝜋+

Final state interactions 

(FSI) can cause different 
interaction modes to 

have the same final state 

Interactions off a bound 

state of two nucleons can 
result in 2p2h final states  

CCQE (1p1h)

Reconstructing neutrino energy

𝐸𝜈 =
𝑚𝑝

2 − 𝑚𝑛 − 𝐸𝐵
2 − 𝑚ℓ

2 + 2𝐸ℓ 𝑚𝑛 − 𝐸𝐵

2(𝑚𝑛 − 𝐸𝐵 − 𝐸ℓ + 𝑝ℓ cos 𝜃ℓ)
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2p2hCCRES

𝜋+

Final state interactions 

(FSI) can cause different 
interaction modes to 

have the same final state 

Interactions off a bound 

state of two nucleons can 
result in 2p2h final states  

CCQE (1p1h)

Reconstructing neutrino energy

Fermi motion causes a smearing on 𝐸𝜈
𝑄𝐸

Nuclear removal energy effects introduce a bias

2p2h and pion abs. FSI cause further bias

First-order effects

𝐸𝜈 =
𝑚𝑝

2 − 𝑚𝑛 − 𝐸𝐵
2 − 𝑚ℓ

2 + 2𝐸ℓ 𝑚𝑛 − 𝐸𝐵

2(𝑚𝑛 − 𝐸𝐵 − 𝐸ℓ + 𝑝ℓ cos 𝜃ℓ)
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MINERvA CC0𝜋 in 𝛿𝑝𝑇
• How about the same measurement with MINERvA?

• Our model is not really supposed to work here

Phys. Rev. D 109, 072006

• The fit is awful … 

• The tail is reasonably described but the early 

rise in the bulk gives very poor agreement
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MINERvA CC0𝜋 in 𝛿𝑝𝑇
• How about the same measurement with MINERvA?

• Our model is not really supposed to work here

Phys. Rev. D 109, 072006

• The fit is awful … 

• The tail is reasonably described but the early 

rise in the bulk gives very poor agreement

• However, MINERvA have since updated their 

TKI result (following a bug fix to their signal 

model) which does affect this region 
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What about 𝜇BooNE?
• A slightly adapted version of the model can be compared to similar 

measurements from MicroBooNE 
• This time there’s no fit, just a comparison

• Again, our model is not really supposed to work here

• The 𝜒2 are fairly poor 

due to disagreement at 

high 𝛿𝑝𝑇 and 𝛿𝛼𝑇

• Potential issue with FSI 
or 2p2h?  

• Contrasts to good 

agreement in T2K and 

MINERvA 𝛿𝑝𝑇 tails: issue 
with A-scaling?

89

Phys. Rev. D 111, 032009 

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.032009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.032009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.032009
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