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δCP ≠ 0,π → CPV 

標準模型とニュートリノ
修士論文発表会 42020年??月??日

‣ 素粒子標準模型ではニュートリノの質量は厳密にゼロ 

‣ ニュートリノ振動の発見 = ニュートリノに質量がある
標準模型の破れ
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Assumption in the standard model: 
“Massless neutrinos”

PMNS matrix Discovery of neutrino oscillation

Discovery

Appearance 
Disappearance

νµ
νµ

νe

ντ

Propagation 
(Vaccum/matter)

Beyond the Standard Model
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Front End Electronics Trigger

DAQ

Nsum

Digitization command  
Clock info

Data
Run condition

Mass hierarchyCP-phase (δCP)

JCP ≡
1
8

cos θ13 sin 2θ13 sin 2θ12 sin 2θ23 sin δCP

Magnitude of CP violation (Jarlskog invariant)

?
P(νμ → νe) ≠ P(ν̄μ → ν̄e)
sinδCP≠0 

JCKM
CP ∼ 3 × 10−5 JPMNS

CP ≃ 0.033 sin δCP

Quarks Neutrinos Large?!

Neutrino CP-violation could be a hint 
to reveal the mysteries of the universe.

Too small to explain our matter-dominant universe…

→ More precise measurements!
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T2K NOvAL = 295 km,  <Ev> = 0.6 GeV
https://cds.cern.ch/record/1406832

L = 810 km,  <Ev> = 1.8 GeV

Phys. Rev. D 87, 012001 (2013)

Essential challenge: 
Neutrino energy reconstruction

Off-axis 2.5° 
is employed.

Oscillation probability
- L: Baseline (fixed). 
- Eν: Neutrino energy.

T. Nosek, HEP seminar

Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

 4

The T2K   experiment

Ciro Riccio, Naples U. & INFN | WIN2019

(Anti)

* Broad energy spectra due to π/K decay in flight.

https://indico.cern.ch/event/1154836/contributions/4849060/attachments/2433808/4168159/TNosek_NOvA_WUF_talk.pdf
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Neutrino energy reconstruction Marciana 2025 
2025/06/25 5

ν

Super-Kamiokande (SK)

Interaction

50 kt Water Cherenkov Neutrino-nucleus interaction

Charged lepton 
kinematics

Reconsturcted neutrino energy:

Nucleon mass Binding energy

Main signal: CCQE Charged-Current Quasi-Elastic

Precise modeling of charged 
lepton response in many-body 
neutrino-nucleus interactions.

Key: Nuclear effects

Many body
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ν

Super-Kamiokande (SK)

Interaction

50 kt Water Cherenkov Neutrino-nucleus interaction

Charged lepton 
kinematics

Reconsturcted neutrino energy:

Nucleon mass Binding energy

Main signal: CCQE Charged-Current Quasi-Elastic

Precise modeling of charged 
lepton response in many-body 
neutrino-nucleus interactions.

Key: Nuclear effects

Many body

‣ Non-CCQE is sometimes categorized as CCQE. 
‣ It biases energy reconstruction. 
‣ Nuclear effects are matter!

Many body

CCRES (resonant pion production)

undetectable 
(below threshold)

could be undetected. 
(below threshold,  
absorbed)
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Hyper-K sensitivity on CP-violation

5σ

Impact of syst. unc.

‣ ν interactions are the dominant 
systematic uncertainty. 
- Currently dominated by stat. unc.  

‣ In the next-generation experiment, 
syst. unc. will be dominant. 

‣Toward Hyper-K in 10 Years: 
Confronting Neutrino 
Interaction Systematics Now.　

SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
4

22.5 kt 190 kt

Fiducial volume

×8

Partially adapted from arXiv:2505.15019

https://arxiv.org/abs/2505.15019


Difficulties in measuring ν interactions Marciana 2025 
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Flux: Broad energy spectra.
Phys. Rev. D 87, 012001 (2013)

‣ Large target to 
accumulate statistics, 
even with a small cross 
section.

ν

O(1-102) m

T2K flux 
2.5°

e, p,…
‣ Small target. 
‣ Suitable for precise 
measurement around the 
target.

target 
O(10) cm

No calibration sources with 
known true neutrino energy.

Except for several 
decay-at-rest sources.

Broad energy 
spectra due to 
decay in flight 
of π/K.

Limited performance on 
resolutions and threshold.

Target: To be large.
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Flux: Broad energy spectra.
Phys. Rev. D 87, 012001 (2013)

T2K flux 
2.5°

e, p,…
‣ Small target. 
‣ Suitable for precise 
measurement around the 
target.

target 
O(10) cm

No calibration sources with 
known true neutrino energy.

Except for several 
decay-at-rest sources.

Broad energy 
spectra due to 
decay in flight 
of π/K.

Approach using “surrogate” reaction, e, p, etc., is effective. 
→ Electoweak. Electron scattering! 

‣ Large target to 
accumulate statistics, 
even with a small cross 
section.

ν

O(1-102) m

Limited performance on 
resolutions and threshold.

Target: To be large.
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ν

Z, W

ν, l-
Weak interaction

V-A current

EM interaction

V current

e

γ

e

ORν
W

l-

≃ X

Initial state

Binding energy,  
momentum

X X

Final state 
interaction

Intranuclear cascade

PWIA: Plane wave 
impulse approximation

Excited

Deexcitation

α, d, …
γ p, n

Compound process

several MeV

Ground 
state

Compound 
nucleus

Unified electroweak model

‣We can evaluate our nuclear model with abundant & high-
precision electron scattering data. 
- Various monochrome electron energies and scattering angles. 
‣Extend neutrino event generators to electron scattering.
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‣ Mainly used in experiments in Japan: Super-Kamiokande (SK), T2K 
- The primary target is water, but it can be used for carbon, iron, etc. 

‣ Not open to the public, but distributed upon request. 
- e.g.) KamLAND, JUNO

NEUT: A neutrino event generator Marciana 2025 
2025/06/25 12

‣ Born for the Kamiokande 
experiment in the 1980s.

Source code comment.

UK: Luke, Kamil, Patrick, Jake 
Japan: Hayato, Abe 
+ other contributors

‣ Recently developed by T2K 
NIWG members, mainly.

T2K NIWG conveners (Neutrino Interaction Working Group)

Luke Kevin Kamil Patrick Abe

Hayato



SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos

2020.6.3 ugap2020 
4

NEUT is in transition period Marciana 2025 
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Running

Coming NEUT is in a transition period!
‣ Keep updating NEUT as well. 
‣ NEUT6 project: 
- Fortran77 → Fortran90. 
- Minimize dependence on CERNLIB. 
- NuHepMC format. 
‣ v6.0.0 was released!https://www-sk.icrr.u-tokyo.ac.jp/hk/

Passed

https://www-sk.icrr.u-tokyo.ac.jp/about/history/

1983-1996 1996-

Kamiokande

2027-
Super‐Kamiokande J‐PARCNear Detectors

Neutrino Beam

295 km

Mt. Noguchi‐Goro
2,924 m

Mt. Ikeno‐Yama
1,360 m

1,700 m below sea level

 4

The T2K   experiment

Ciro Riccio, Naples U. & INFN | WIN2019

(Anti)

https://www-sk.icrr.u-tokyo.ac.jp/hk/
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Extension to electron scattering of NEUT Marciana 2025 
2025/06/25

‣Newly implemented electron scattering to be compliant with 
the NEUT framework. 
- S. Abe, PRD 109, 036009 (2024) 
- Included from version 5.9.0. 
- Two interaction modes (other modes are future tasks). 
- QE: Spectral Function [1-6]. 
- 1π: DCC (dynamical coupled-channels) [7-8]. 

‣ It undergoes FSI cascade and deexcitation in the same way as 
neutrino scattering.

15

[5] J. McElwee, Ph.D. thesis, University of Sheffield, 2022. 
[6] S. Dolan et al., Phys. Sci. Forum 8, 5 (2023). 
[7] S. X. Nakamura et al, Phys. Rev. D 92, 074024 (2015). 
[8] K. Yamauchi et al., Proc. Sci. TAUP2023 (2024) 30.

[1] O. Benhar et al., Nucl. Phys. A579, 493 (1994). 
[2] O. Benhar et al., Phys. Rev. D 72, 053005 (2005). 
[3] C. Juszczak et al., Nucl. Phys. B, Proc. Suppl. 159, 211 (2006). 
[4] A. P. Furmanski, Ph.D. thesis, University of Warwick, 2015.

https://doi.org/10.1103/PhysRevD.109.036009


QE: Spectral function (SF) model Marciana 2025 
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‣Extend SF-based model used in T2K to electron scattering.
Spectral function (SF) by Benhar et al.

Total cross section Elementary cross section

Coupling constant

Leptonic/hadronic tensors 
FFs appears here.Coupling constant

‣ We can simulate CC, NC, and EM by changing 
the coupling constant and FFs. 
- The same method as GENIE and NuWro. 
‣ Based on Plane Wave Impluse Approx.



Single pion production by DCC Marciana 2025 
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W < 2.1 GeV‣ DCC is an electroweak interaction model. 
‣ Nucleon-level code provided by the 
authors was implemented [8]. 
- Limited to neutrinos. 
‣ It is naturally extended to electrons.

‣All single-pion production models in NEUT do NOT consider binding energy. 
- The target nucleon has an on-shell mass with Fermi motion. 
- The interaction is first described in the nucleon at rest, then boosted to the LAB. 

‣ Implementing the binding energy is one of the important future tasks.

on-shell mass 
Fermi motion
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‣QE peak shift is observed. 
‣ It’s known to depend on three-
momentum transfer q3. 
- A smaller q3 gives a larger 
peak shift. 

- From effects beyond the PWIA.

‣ Analyze the relation between q3 
and peak shift Δω. 

‣ Fit the QE peaks with Gaussian.
peak positions

‣ Calculate q3 from ωdata
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Linear fit
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Linear fit ‣ Non-zero Δω can be interpreted 
as an additional term to the 
removal energy due to effects 
beyond the PWIA. 
- Smaller momentum transfer results in 
smaller effective removal energy. 

‣ Correlation is parameterized by 
a linear function.

It can be used as a momentum-dependent correction to the 
removal energy to empirically introduce “distortion” effects.
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f(q3): Linear function.

From SF. From e scat.

truncate to be negative.

‣ Removal energy can be negative. 
‣ Two ways of correction: 
- w/o truncation: Negative  is allowed. 
- w/ truncation:  Negative  is truncated to zero.

Ẽ

Ẽ
“w/o truncation” should have a stronger correction effect.

Correction term:
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w/ truncation

Before correction

w/o truncation

‣ “w/o truncation” gives much 
better agreement. 
- Both in peak position and 
height. 

‣ This is an empirical correction. 

‣Better to have an alternative 
way to maintain physics 
consistency. 
- e.g.) Theory-driven correction for real optical 
potential. A. M. Ankowski et al., PRD 91, 
033005 (2015)

https://doi.org/10.1103/PhysRevD.91.033005
https://doi.org/10.1103/PhysRevD.91.033005
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Assuming CCQE ‣ Shifted by ~20-30 MeV. 
‣ Consistent with similar studies: 

- A. M. Ankowski et al., PRD 91, 033005 (2015)
- A. Bodek and T. Cai, Eur. Phys. J. C 79, 293 (2019).
‣ Demonstrated that the “distortion” 
has a large impact using NEUT.

Charged lepton
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https://doi.org/10.1103/PhysRevD.91.033005
https://doi.org/10.1140/epjc/s10052-019-6750-3
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‣Comparison with e4nu data in JLab. 
- C(e,e’1p0π) 
- C(e,e’1p1π±)

‣ Additional topics to be studied: 
- Implement other channels (Multi-nucleon and DIS)  
- Implement binding energy in single π production.

Julia’s talk
Nature volume 599, pages 565–570 (2021)

https://agenda.infn.it/event/44828/contributions/262331/attachments/137432/206490/LeptonsNucleiElba2025_JTenaVidal_e4nuTalk.pdf
https://www.nature.com/articles/s41586-021-04046-5
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‣ Confronting neutrino interaction systematics is important for 
precise measurements at the next-generation experiments. 

‣ Electron scattering is useful to constrain model uncertainties. 
- Known electron energies, more precise measurement around the 
target. 

‣Electron scattering is newly implemented in NEUT. 
- NEUT is now open to electron scattering discussion. 

‣Planning to compare with the “exclusive” data.
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Y. Hayato and L. Pickering, Eur. Phys. J. Special Topics 230, 4469 (2021).

Primary

QE Global Fermi gas, Local Fermi gas (Valencia),  
Spectral Function, and ED-RMF.

Multi-nucleon Valencia
1π (W < 2 GeV) Rein(Berger)-Sehgal, DCC, MK, and HNV.
Multi-π (W < 2 GeV) GRV98 with Bodek Yang correction + Custom model.
DIS (W > 2 GeV) GRV98 with Bodek Yang correction + PYTHIA v5.72 
Coherent π Rein-Sehgal and Berger-Sehgal
Diffractive π Rein

FSI
π cascade Salcedo et al. + Piozon et al. (tuned to exp. data)
nucleon cascade Bertini et al. for MECC-7

Deexcitation - Data-driven original model (only oxygen) and NucDeEx.

+ new works (part of them are ongoing)


