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v detectors In the world
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Neutrino event generators
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Theory

el -
Experiment

Generators:
Bridge to connect two pillars

NEUT, GENIE, NuWro, GIBUU, Achiless
*NEUT does not have official logo.




NEUT: A neutrino event generator 2025/05/20

- Born for the Kamiokande ]

experiment in the

Source code comment.

>~ 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 ayato (my boss)

T2K NIWG conveners (Neutrino Interaction Working Group)

> Recently developed by T2K
NIWG members, mainly.

Luke Kevin Kamil Patrick Abe



NEUT: Software 2025/05/20
> The core is written in Fortran. Current generatign
- Old coding style

- C++ code provided by theorists Is
Implemented by preparing an intertace,

e.g., the Valencia model. Tra Siti
on .
Fiog

> Keep updating our coding style & build Next generation
scripts for the next-generation
experiments.

- e.g.) A major update, NEU TG
- Built with CMAKE, supports NUHEPMC format, etc.

Hard time for developers due to strict compatibility requirements---
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Electron scattering for neutrino 2025/05/20 |10
> Great talk by Adi in this workshop.
> e4d v Collaboration focuses on GENIE.
> We would like to develop discussion also for NEUT.

Unified electroweak model We can evaluate our
Weak interaction| nuclear model with

vV v, |-

BWIA: Plane wave abundant & high-precision

: Z, W )
impulse approximation % eleCtl"On SCattel"ing data.

V-A current | —
OR Final state Deexcitation
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https://indico.mitp.uni-mainz.de/event/399/contributions/5485/
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Extension to electron scattering of NEUT 2025/05/20

> J. McElwee et al. implemented electron scattering in NEUT.
- Not compliant with NEUT framework. QE only.
- Not included in NEUT.

- J. McElwee, Ph.D. thesis, University of Sheffield (2022).
- S. Dolan et al., Phys. Sci. Forum 8, 5 (2023).

> Newly iImplemented electron scattering to be compliant
with NEUT framework. S. Abe, PRD 109, 036009 (2024)
- Included from version 5.9.0.
- QE: Spectral Function
- 1 7: DCC
- DCC is an electroweak interaction model, so quite
straightforward to extend.



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

QE: Spectral function (SF) model DWW/ A 2025/05/20
> Extend SF-based model used In T2K to electron scattering.

Spectral function (SF) by Benhar et al.
Total cross section Elementary cross section

Leptonic/hadronic tensors

FFs appears here.
> We can simulate CC, NC, and EM by
changing the and FFs.
- The same method as GENIE and NuWro.




Comparison between NEUT and exp. data 2025/05/20
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Peak shift vs momentum transfer 2025/05/20

_Carbon .
= — ——_—— > Non-zero A w can be interpreted
'c | Linear fit [ Berea o
m B | ]i / Baran:1988tw aS an addltlcnal term tO the
X L
S 0 | A | Sedloctoson removal energy due to effects
<SS B I T Bagdasaryan:1988hp
EQ. ] l beyond the PWIA.
T Day:1993md .
3 i — - Smaller momentum transter results in
<-0.02 T >0 a0 000 smaller effective removal energy.
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_0.04 , , , , | , | , , b = -0.0388+0.0008 _ _
0 0.5 1
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3

momentum transfer

It can be used as “momentum transfer dependent removal energy
correction” to iIntroduce effects beyond the PWIA.
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Correction to removal energy £ 2025/05/20
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Impact of correction 2025/05/20 |16
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Impact on neutrino energy reconstruction

Assuming CLQE Charged lepton

> 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).

CCQE @ True E»=600 MeV

v,, E/*® = 600 MeV v,, E."® = 600 MeV

A.U.

a
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\
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| | | | | | | | | |
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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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Further studies: Go to “exclusive” 2025/05/20 EE
From Adi's talk.

>~ Comparison with e4nu data in JLab.
- C(e,e’'p)ipor
- C(e,e’'lpl m#) In Adi's talk.

> Interesting topic
- Compare with NEUT.

- Talking with Julia about this.
- Implement other channels (MEC, DIS)



https://indico.mitp.uni-mainz.de/event/399/contributions/5485/
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Nuclear deexcitation 2025/05/20

PWIA: Plane wave impulse approximation ~1022g << ~10-15g
Sl;'/b_GeV~TeV - | Initial state  \Weak interaction Final state Deexcitation
mteractlon A nse'/er
v ~ Excited 04 , a/ Me 4
® no o
Compound
nucleus Ground
Binding energy, state

momentum V-A current Intranuclear cascade Compound process

> The last process.
> [t emits various particles: r, n, p, a,-
> Typical energy iIs several MeV.
- Invisible at many v detectors.
- Neglected in many generators so far,
but becoming a hot topic recently.



- - - TP
Example: Neutron detection via recoil/capture [t
Neuron capture

A. Olivier, Nulnt2024

Limited efficiency

High-energy threshold: Ex > ~ 30 MeV for any Ex
— jnsensitive to deexcitation. Occurs with all neutrons.
. _ | Initial state Weak interaction Final state Deexcita;tion
mteractlon 1 p 4 e'/er
W Excited Ol /Mel/
X Z, W 4 .
Q Compound
nucleus Ground
Binding energy,

momentum V-A current Intranuclear cascade Compound process

Precise understanding of deexcitation is essential for capture.


https://indico.fnal.gov/event/59963/contributions/286992/
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Neutron capture is so sensitive to nuclear deexcitatioin [P

> |[dentical signal with delayed coincidence.
> [t occurs for all neutrons,
l.e., no threshold for neutrons

JUNO, KamLAND SK-Gd
(hlquid scintillator)

> Important to precisely describe
deexcitation process.

> Highly In demand to maximize
the ability of these detectors.



e.g.) Diffused Supernova Neutrino Background (DSNB) 252;2”520

Neutrino background from past supernova bursts.
Undiscovered yet, but SK-Gd leads the world.

> +
v,p—> e n

~ 8 MeV

only 2 MeV if

hydrogen.
M. Harada, Neutrino 2024

[ l——— BG: Atmospheric v
- Large sys. unc. from ry and n: ~60%

2.30 excess| * SK will run until the end of 2028 JFY.
Signal? > Need to reduce the systematic to
reach 30.



https://agenda.infn.it/event/37867/contributions/233922/attachments/122065/178295/20240620_v9.pdf

deexcitation simulations




Deexcitation in v generators 2625/05/20
> Deexcitation is not simulated in major v generators (NEUT,

GENIE, NuWro) with a few exceptions®*.

* NEUT employs a naive data-driven model for 160 only.
* A study of ABLA coupled with INCL++ was conducted in NuWro.

- A. Ershova et al.,, Phys. Rev. D 108, 112008 (2023).

A dedicated software of deexcitation is nhecessary.

Theretore, | developed:-:
NucDeEx: S. Abe, Phys. Rev. D 109, 036009 (2024)

- GrtHub: https://github.com/SeishoAbe/NucDeEXx
> Open-source & standalone.

Unique - Easy to be integrated into v generators.
features: - Based on the nuclear reaction calculator TALYS.
’ SuppOr‘tS ]ZC and ]60_ A. Koning et al., Eur. Phys. J. A 59, 131 (2023).



https://doi.org/10.1103/PhysRevD.109.036009
https://github.com/SeishoAbe/NucDeEx
https://link.aps.org/doi/10.1103/PhysRevD.108.112008
https://doi.org/10.1140/epja/s10050-023-01034-3
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Deexcitation (evaporation) models 2025/05/20

Model Features

Weisskopf-Ewing (WE) |Angular momentum is NOT conserved.
V. F. Weisskopf and D. H. Ewing Phys. Rev. 57 472, 935 (1940).

Hauser-Feshbach (HF) [It considers angular momentum conservation.
W. Hauser and H. Feshbach, Phys. Rev. 8/, 366 (1951).

Generalized Evaporation . .
A specific model based on WE prescription.
MOdeI (G EM) p S. Furihara, Nucl. Instrum.l:a)nd Meth. Bp1 /71(2000) 251.

. All decays happen at the same time. Frequently
Fermi breakup (FB) used for light nuclei (A < 16). E Fermi, Prog. Theor. Phys. 5 570 (1940).

> The more sophisticated HF model is known to be generally
favored, but that's for heavy nuclei.

> |It’s not clear which model is the best for light nuclel,
carbon and oxygen.



https://link.aps.org/doi/10.1103/PhysRev.87.366
https://doi.org/10.1143/ptp/5.4.570
https://link.aps.org/doi/10.1103/PhysRev.57.472

Deexcitation generators 2025/08/36

(Generator Comments

Open-source & standalone event

NuebeEx Ve Ar generator based on TALYS.
Default model for light nuclei (A <
INCL++/FB FB 16) in INCL++
Alternative model in INCL++. Not
INCL++/ABLAV3p WE considers low-lying discrete

excited states.
GEM and FB Default model in Geant4.

CASCADE HE Closed-spurce..Cmng values of
branching ratio from paper.

Note:
> GEMINI++4 v Is not listed here. v nivera, physiens ss0 139203 (2025)



https://doi.org/10.1016/j.physletb.2024.139203

Deexcitation generators 2025/08/36

(Generator Comments

Open-source & standalone event
generator based on TALYS.

Default model for light nuclei (A <

NucDeEx v2.1

INCL++/FB FB 16) in INCL++
Alternative model in INCL++. Not
INCL++/ABLAV3p WE considers low-lying discrete

excited states.
GEM and FB Default model in Geant4.

CASCADE HE Closed-spurce..Cltmg values of
branching ratio from paper.

s S. Abe., Phys. Rev. D 109, 036009 (2024).
Hauser_FeShbaSh (HF) base F. PUhlhofer, Nucl. Phys. A 280 267 (19/77).

> NucDeEx 1s open-source, but CASCADE i1s closed.



https://doi.org/10.1103/PhysRevD.109.036009
https://doi.org/10.1016/0375-9474(77)90308-6

Deexcitation generators 2025/08/36

Generator Comments
Open-source & standalone event
NucDebx vz.1 HF generator based on TALYS.
Default model for light nuclei (A <
INCL++/FB FB 16) in INCL++
Alternative model in INCL++. Not
INCL++/ABLAV3p WE considers low-lying discrete

excited states.
GEM and FB Default model in Geant4.

CASCADE HE Closed-squrce..Cmng values of
branching ratio from paper.

> From INCL++ cascade simulators. S Leray. et al. J. Phys. Conf. Ser. 420, 012065 (2013).

> " . y : "™ /1 J. Benlliure et al., Nucl. Phys. A628, 458-4/8 (1998).
SImUIate deeXCItathn part IndIVIdua”y A.R. Junghans et al., Nucl. Phys. A629, 635-655 (1998).



https://iopscience.iop.org/article/10.1088/1742-6596/420/1/012065
https://doi.org/10.1016/S0375-9474(97)00607-6
https://doi.org/10.1016/S0375-9474(98)00658-7

Deexcitation generators 2025/08/36

Generator Comments

NUCDeEX v2 1 o= Open-source & standalone event

generator based on TALYS.
Default model for light nuclei (A <

INCL++/FB FB 16) in IN(?L++ (
Alternative model in INCL++. Not

INCL++/ABLAV3p WE considers low-lying discrete
excited states.

GEM and FB Default model in Geant4.

CASCADE HE Closed-squrce..Cmng values of
branching ratio from paper.

> Many neutrino experiments use Geant4 for detector

SlmUIathn J. M. Quesada et al.. Progress in Nuclear
' Science and Technology 2, 936 (2011).



https://www.aesj.net/document/pnst002/936-941.pdf
https://www.aesj.net/document/pnst002/936-941.pdf

Algorithm 2025/05/20

Input parameters

> Discrete: Simple—Refer to experimental data.
g Complicated—Use TALYS (Hauser-Feshbach model).



Validation with experimental data
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Two types of experiments: Both (p,2p)

Normal kinematics: nucleon beam

2p ©

160 /12C

Low-energy

15N*/11B*
High detection energy
threshold ~4 MeV

— ~50% inefficiency

392 MeV -
at RCNeP O Deexcitation VS
— O(1) MeV

: CL

Inverted kinematics: ion beam

M. Yosoi et al., Phys. Atom. Nucl. 67, 1810 (2004).

400 MeV/u 2p ‘
at:GSI &oosted!

Deexcitation

Decay from
boosted nucleus

12C 11B°

High energy in LAB frame.

— Can measure almost all
deexcited particles

Panin et al., Phys. lLett. B 753, 204 (20106).

> Inverted kinematics (ion beam) is powerful experiment.
> But, facilitiies are limited (GSI, RIKEN RIBF).


https://doi.org/10.1016/j.physletb.2015.11.082
https://doi.org/10.1134/1.1811183

A.U.

e.g) Energy spectra of neutrons from deex 2025/05/20

threshold in RCNP exp. (Yosol et al.)

SF by Benhar et al. neutron 150Q* 20 < Ex < 40 MeV

: 1 g NucDeEx v1.3
i EO 025 INCLXX/FB
0.1 15N*/ 150" g ——— INCLXX/ABLAV3p
: % 0.02 G4PreCompoundModel
i e, :
- ':>§0.015 Undetectgble Iin
0.051 _ TVE normal kimematics
i} o e
: 1 0.005 (~50%)
O_ L —|—|J|7 | o Tl—f_l_:_lﬁ | |3| I R R B R R |5
-10 0 10 20 0 40 0 0 =—FR
Excitation energy (MeV) P2 %0 Kinelic eneray (MeV)
> obtainead by subtracting the - Inverted kinematics is essential.

separation energy.



Validation with GSI (inverted) result 2025/05/20

lon beam: “inverse kinematics”

:?g g/IIeV/u 2rfe Deexcitation
: Boosted!

12C 1MB°

> Inverted. 12C(p,2p)!'B*

e ———————
> Measures n, d, and a only. : :
_ Simulation
> Relative BRs.
» o o .
NucDeEx agrees within ~15%. n + 10B d+9°9Be/a+7L]
> FB ShOWS dl-ﬁ:erent trends S. Abe et al., Phys. Rev. D 107, 072006 (2023).

H. Hu et al., Phys. lett. B 831, 137183 (2022).
Panin et al., Phys. Lett. B 753, 204 (2016).



https://doi.org/10.1103/PhysRevD.107.072006
https://doi.org/10.1016/j.physletb.2022.137183
https://doi.org/10.1016/j.physletb.2015.11.082

Gamma-ray BRs at RCNP 2025/08/26

16 15NI* K. Kobayashi et al., arXiv:nucl-ex/0604006 (2006)
Normal, O(p’zp) N 16 < Ex < 40 MeV 0 Energy spectra

x 1

-
= u — NucDeEx v2.1
s b
250 ——— INCL++/FB
= B .
—% B — INCL++/ABLAv3p
@ 40~ — G4PreCompoundModel
o [ - -
30
20 i
L
— ! . =
u | # _
0 Bl i N . I".
3 4 S 6 7 8

Total Gamma energy (MeV)
Deviation Is visible in spectra,

but the experiment had poor resolution

>~ NucDebEx: Underestimates BR above 6 MeV (unknown reason).

> FB: Looks nice, but not good for hadronic particles (next page).

- ABLA: Has no predictive power for r. Not suitable for Super-K.
- G4PreCo: Neither BR reproduces well.


https://arxiv.org/abs/nucl-ex/0604006

Hadronic particle BRs at RCNP 2025/05/20

Solid/hatched: Two-body decays.
Open: Three or more body decays (sequential decay).

M. Yosoi et al., Phys. L ett. B 551, 255 (2003). S. Abe et al., Phys. Rev. D 107, 072006 (2023).
M. Yosoi et al., Phys. Atom. Nucl. 67, 1810 (2004). H. Hu et al., Phys. lett. B 831, 137183 (2022).



https://doi.org/10.1016/S0370-2693(02)03062-9
https://doi.org/10.1134/1.1811183
https://doi.org/10.1103/PhysRevD.107.072006
https://doi.org/10.1016/j.physletb.2022.137183

Hadronic particle BRs at RCNP

Solid/hatched: Two-body
decays.

Open: Three or more
body decays.

Generator

x2/ndf (stat. err. only)

RCNP 11B* RCNP 15N*

NucDeEx v2.1 483 /8 280/10

INCL++/FB 1038/8 | 1409/10

INCL++/ABLAvV3p 7320/8 | 737/10

G4PreCompundModel | 1181/8 | 777/10
Abe et al. (TALYS) 947 /8 -
674 /8 -

Yosoi et al. (CASCADE)| 676/8 263 /10

NEUT MITP
2025/05/20

The best (or comparable to the best) reproducibility.

|
I

Overestimates a emission.

Banus?
Not so good. Better to replace it with NucDeEX!
Predecessor of NucDeEx

Closed-source. Quality is comparable to NucDeEx

— |t can be replaced with NucDeEx



Hadronic particle BRs at RCNP
x2/ndf (stat. err. only)

(Generator

RCNP 11B*

RCNP 15N*

NucDeEXx v2.1 483 / 8 280/10
INCL++/FB 1038 /8 1409 /10
INCL++/ABLAvV3p 7320/ 8 737 /10
1181 /8 777 /10

NEUT MITP
2025/05/20

Abe et al. (TALYS)

considers angular
momentum

conservation
> [t seems that the Hauser-Feshbach model tends to give

better agreements also for carbon & oxygen (light nuclei)
- The same conclusion with heavy nuclel.

Yosoi et al. (CASCADE




NEUT MITP

Implementation in v generators 2025/05/20

> NucDeEX Is relatively easy to implement into gser
Vv generators. ?jmo 160
> |t is implemented in NEUT from version | Purely rely on the SF
5.9.0. lLM
- Limited to QE. I FLN——

Excitation energy (MeV)

- Excitation energy I1s determined by pre-FSI*.
* Can be improved with a method in A. Ershova et al, PRD 108, 112008 (2023).

Lots of room to be improved!

Particles =

Primary | | [
interaction 7 and N*| NucDeEx

------------------------------------------------------- > (]60 and 'IZC)
Excitation energy (neglecting FSI)

Outputs




What'’s the next step?

> Inverted kinematics is essential.

> Plan to take the data with inverted kinematics in Japan.
> SAMURAI-79 experiment!



SAMURAI-79 experiment at RIKEN RIBF, Japan [

RIKEN RIBF can generate ion beam, like GSI.

Target Energy
180(p,2p) '>N*

See below.

LEI0 ) (el elg) 0 200 MeV/u

Newly construct knockout neutron
170(p,pn) 160* detectors downstream of the magnet.

Measure excitation energy

knockout proton

Si tracker
Csl calorimeter

150 mm STRASSE

160

LH2 target

Missing mass res. 2 MeV [4]

4

5] Y. Kondo et al., NIMB 463, 173 (2020)

O]
O]
4

7] T. Nakamura et al., NIMB 376, 156 (2016)

H. N. Liu et al., Eur. Phys. J. A 59, 6, 121 (2023).

T. Kobayashi et al., NIMB 317, 294 (201 3)

Efficiency: 32.5%/2 layers,
E resolution: 2.72 MeV [5]

NEBULA and
NEBULA-Plus

SAMURAI

Neutron detectors

vagnet Recon. energy

Residual
nuclei

@

Drift Chamber and
hodoscope

with ToF.

decay particles

ldentify nuclear species with
ToF, charge, and vertex.


https://doi.org/10.1140/epja/s10050-023-01018-3
https://doi.org/10.1016/j.nimb.2019.05.068
https://doi.org/10.1016/j.nimb.2013.05.089
https://doi.org/10.1016/j.nimb.2016.01.003

It’s really comming! 2025/05/20

> Our beam time request is
approved by the PAC In
2024 JFY.

> We are discussing when we
have the beam.

Spokes: Yasuhiro Nakajima



Strategy 2025/05/20
Event generator CCONE Geant4

(p,Zp), (p,np) Alterngtive Direct Provide aIINeW physics list

theory 0%
DWIA by Ogata-san (v.,p), (v,n) theory
NEUT by Minato-san

“ Direct

Plane-wave impulse Approx.
Tuning

(PWIA)
(HF level density) Pre-equiribrium

Distorted-Wave Born Approx.
(DWBA)

Pre-equiribrium

—Xxclton model

S/79 data

! Compound :

. Hauser-Feshbach (HF)

INCL++ (in preparation)

Import tuned HF N\ )

Compound
. Hauser-Feshbach (HF)

CCONE (calculates Japanese nuclear data library JENDL) has the key.



Summary 2025/05/20

> NEUT Is In a transition period, together with experiments.

> Electron scattering in NEUT.
- “Inclusive” Is discussed, wants to go “exclusive” like e4nu.
- Need further development: mplementing MEC & DIS.

> Deexcitation:
- Actively growing these days.
- NucDekEx 1s developed and implemented in NEUT.
- Further topics to be studied:
- More careful treatment of excitation energy.
- SAMURAI-79 experiment (inverted kinematics) to tune the model.



