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Neutrino Physics & Neutrino-Nucleus Interactions wco-zozs, 2025/09/18

> Various neutrino physics searches are ongoing.
> Key: Understanding v -nucleus interactions, the dominant syst. unc.
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Contents WCD-2025, 2025/09/18

> Role of nheutrino generators.
- €.g.) In neutrino oscillation experiments

> Introduction to the neutrino event generator NEUT.
- History, overview, recent updates, etc.



Next generation neutrino oscillation

> vV Interactions are the dominant
systematic uncertainty.
- Currently dominated by
statistical uncertainty.

> In the next-generation experiment,
systematic uncertainty will be
dominant.

> Toward HK In the Next Decade:
Confronting Neutrino
Interaction Systematics.
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WCD-2025, 2025/09/18
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Role of Neutrino Generators WCD-2025, 2025/09/18

> A bridge between theory and experiments.  Accelerator, v
- Essential software to conduct analysis. N
> Cover a wide neutrino energies.
- ~100 MeV to TeV. Fig. by Y. Hayato
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Variety of interaction channels (e.g. NEUT)  wco-2025 2025/00/1

o/E (1038cm?/GeV)

O
o)

O
n

o

N

Charged Current (CC)

Neutral Current (NC)
Cross-sections

* This Is not a perfect list.

CC Quasielastic:

Total (NC+CC) Low

v+n—1"+p

cC Tota CC Multi-nucleon:

v+n+N->[1"+p+N

° o Fig. by Y. Hayat
CC quasi-elastic 77" ™%

CC single m:
v+ N-—->I"+N+nr

High

/| :
05 1 156 2 25 3 35 4 45 5

E, (GeV)

v+ N—->I"+N+mr(n K, etc.)

................. Deep inelastic scattering (DIS):

6
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Neutrino Generators WCD-2025, 2025/09/18

GENIE: et NuWro: -
- Main generator in US “ - Developed by theorists \Y//
e¢ / ‘ew

experiments. INn Wroclaw.
- NOVA, MicroBooNE, > Frequently used for
DUNE, etc. comparisons.

Achilles: GiBUU- ’ )

> Developed by theorists. i
' . X Y . | > Developed by theorists in oo
> Relatively new project

with theoreticall Clessen.
. Y > Sophisticated FSI model.
Important features.

> This talk focuses on NEUT.
- Main generator In Japan experiments: Super-Kamiokande and TZ2K.
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Contents WCD-2025, 2025/09/18

> Introduction to the neutrino event generator NEUT.
- History, overview, recent updates, etc.
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N E UT Y. Hayato and L. Pickering, Eur. Phys. J. Special Topics 230, 4469 (2021). WCD-2025, 2025/09/18

> Born for the Kamiokande
experiment in the 1980s.

1988.09. 06 1 |-<Z l | I 1'7151 "’. 3  '. 4 1S ADDED
> Mainly used in experiments in Japan: Super-Kamiokande (SK), T2K

- The primary target is water, but it can be used for carbon, iron, etc.

S £
RN

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

> Recently developed by T2K
NIWG members, mainly.

Kamil Patrick Abe
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NEUT in transition period WCD-2025, 2025/09/18
Passed ;953 1906 Running 1996-

21
o T2R\

Coming 2o2s- NEUT is in a transition period!
AR G,

Kamiokande

Super Kamiokande Near Detector B J-PARC

Mt. Noguchi-Goro
2924 m
Mt. Ikeno-Yaina
1360 m .
W/ water equiv. 1700 m 2

Neutrino beam -

295 km

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

> Keep updating NEUT as well.

* NEUTG6 project:
- Fortran/7 /7 — Fortran90/2008.
- Minimize dependence on CERNLIB.
- A global format, "NuHepMC".

> v6.0.3 was released!
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https.//www-SK.icrr.u-tokyo.ac.jp/hk/
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DeSCI"lptK)n of v-nucleus Interactions WCD-2025, 2025709718
Initial state Direct Preequiribrium Compound
14
wszZ X X
Oxygen . % Q
‘_l‘!,l- Mean field Weak interactions Intranuclear cascade Deexcitation
> Based on the impulse approximation (I1A): \

- A complicated many-body process Is factorized Into 4 processes.
- The generator variations are produced from the treatment of
nuclear effects.

> Based on “plane” wave IA, neglecting “distortion”, with a few exceptions.
- Direct reaction Is approximated by scattering with a single nucleon.



Initial state Direct Preequiribrium Compound

Mean field Weak interactions Intranuclear cascade Deexcitation

Initial state



Initial State we-2025, 2025/00718 JIS
> NEUT ofters several models to predict the momentum and removal

energy of bound nucleons. Bl Beuhar S Local FG

- FG (Fermi Gas) 60— Global FG NEUT 5.5.0, v,'°0O l
- Global: Without nuclear density. ‘
- Local: With nuclear density.
- Compatible with various
Interaction channels and targets.

“Global” 1s often referred to as “relativistic”.

Emiss (MGV)
IEN
-

DO
-
:;I | ; |

> Spectral Function (SF)
- Derived from (e,e’p) experiments.
- Involves shell-level structure.
- For quasielastic on 12C, 160, °¢Fe

-
T

0 100 200 300
momentum Pmiss (MeV/c)

Eur. Phys. J. Special Topics 230, 4469 (2021).

removal energy



>

>

Initial state Direct Preequiribrium

Direct scattering

Quasielastic

Multi-nucleon

Single pion production

Shallow and deep inelastic scattering

Compound
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Quasielastic (Q E) Interaction WCD-2025, 2025/09/18

CC/NC/EM Form factors

Model Initial state CC NC EM Vector Axial Comments/reference

v X . i _
Dipole, Dipole,
1T v P P

BBBAOD, 3-component,
X | X or BBBAbO/7 |or Z-expansion

S1aglinalVilelglF4 Global FG
Benhar et al. SF

New! S. Abe, PRD 111, 033006 (2025).

R. Gran et al., PRD 88, 113007 (2013).
B. Bourguille et al., JHEP 04, 004 (2021).

WIEVESE =R Local FG

ED-RMF RMF

S S XK

x | vV Dipole Dipole New! J. McKean et al, PRD 112, 032009 (2025)

=M: Electronmagnetic interaction for electron scattering

> Various models and form factors are available.
> Recent progress Is remarkable!



Quasielastic (QE) interaction Unlque to NEUT!
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WCD-2025, 2025/09/18

CC/NC/EM o

Model Initial state cC NC EM Vectc

S1aglinalVilelglF4 Global FG
Benhar et al. SF Vi v | v

WS ezl Local FG | vV | x | x or BBBA

ED-RMF vix| v Dipole

* Model incorporates nucleon “distortion”
> Consistently combines with the

INtranuclear cascade.
-

do

dp,

Benchmark against
T2K CCOmNp

[10~%em? Nucleon ™ GeV ™'
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J. McKean et al, PRD 112, 032009 (2025)
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Quasielastic (Q E) Interaction WCD-2025, 2025/09/18

- CC/NC/EM Form factors
Model Initial state CC NC EM Vector Axial Comments/reference

STaliia\/(e)alv4 Global FG | vV |V | X
Benhar et al. SF vV i v ] v

Dipole, Dipole,
BBBAOS, 3-component,
MEVEETEIEIN Local FG | vV | x | x or BBBA507 |or Z-expansion

New! S. Abe, PRD 111, 033006 (2025).

R. Gran et al., PRD 88, 113007 (2013).
B. Bourguille et al., JHEP 04, 004 (2021).

ED-RMF RMF vV | x|V Dipole Dipole New! J. McKean et al, PRD 112, 032009 (2025)

> Electron scattering has been recently implemented into NEUT!

0.08 oo T ED-RMF has also been added!

: q3=0.3308i0.0004 GeV — QE + 1nt : o | |
S Ao =-0.0168 + 0.0011 GeV —QE i S S i i_j McKean.
O — 1n - Lrevyminary ..
< 0.06 12C(e e’) ---- 17 with PB o0 |
50_04 | £ (QF) S Abe PRD 111, 033006 (2025)
3 A ( ) _ 2ol = cwile =7
£ + single m production (DCC) | a i

0 of = 09 63 04 " 08 0 100 200 300 100

Energy transfer o (Gev) Energy transfer (MeV)




. . . (®
Multi-nucleon interaction .. el

> [t accounts for ~20% (depending on
models) of QE interaction in

electron scattering.
- 2p2h (2-particle 2.—hole) G o e
> Inclusive 2p2h: Valencia model by Nieves et al. oonorneuron  Science 320 (5862)

(2008) 1476 1478.
R. Gran et al., PRD 88, 113007 (2013).

electron

\

O

Knocked-out

- Two nucleons are emitted isotropically.

J. E. Sobczyk et al., PRC 102, 024601 (2020).

J. E. Sobczyk et al., PRC 111, 025502 (2025).
Inclusive le—5 Exclusive

1500
> Exclusive 2pZh is in a No Correlated

1400

progress. | correlation : two nucleons :

%" 1300 i : 2.5§ % 1300 _5§

- Correlated two nucleons. = . lIsotropic) 205 2 4T

~ 1200 08 9 ~ 1200 [

_ . . W -- . 1.5 £ u.? _3.:

Computational cost is a 00 [ RIS g - 2,§

task to be solved. 1. A 1

1000F 4 ¢ 1000

1000 1100 1200 1300 1400 1500 1000 1100 1200 1300 1400
K. V. Srinivas. Work in progress. Ep, (MeV) Ep, (MeV)




Single Pion Production
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WCD-2025, 2025/09/18

> Rein-Sehgal model w/ Berger-Sehgal lepton mass effect correction.

- Described by 2 steps:

- Produce a baryon resonance & decay.
- Resonances up to W < 2 GeV.

- Single n, w, and y production Is also Implemented.

> New 3 models are under implementation:
- DCC, HNV, and MK.
- More sophisticated modes.

do/dp_ (cm*/(GeVi/c)/nucleon)

> Investigating 4 model variations using NEUT!

6)

W

AV

o)
T

§AN
I -

Q%=1.025

|
OS|penko etal. —+— _

04
FKR -
New Vector Form Factor
0.3
£
0.1 / \
; g PRD 77, 053001 (2008) \
0.2 0.3 0.4 05X06 0.7 0.8
x10°°
_ CC1rn* FS
_1 DCC W<2
- I L Rein-Sehgal W<2
- ;-l—L“: HNV W<1.4
dg- }_E : --- Rein-Sehgal, norm to DCC
. jth ——————— HNV, norm to DCC
T LZH T2K flux,
: . CH target

llllllllll lllllllllllllll;fl’l ffffff
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Pion momentum *-

(8 S\//c)



Shallow and Deep Inelastic Scattering sis, pis we

> Need to avoid double-counting single- and multi- channels.

My+M,

1.07 1.3

Single m production model

Single-7 (Rein-Sehgal, etc.)

Multi- 7T Custom multi- 7z model

Unlque to NEUT! Ve

> The same parton distribution
functions (PDFs) were used for both
SIS and DIS:
- GRV938 with Bodek Yang correction.

OHNUJ-DLIIO\\]OO\OC
[ TT

2 W (GeV/c?)

: DIS model
: (PYTHIA 5.72)

ol
—+— Fermilab 15 Pl

0.5793 £ 0.07086
1.351% 0.02535

| III|IIII|IIII|IIII|IIII|IIII|

Tuned hadron multlp

C Bronner et al., JPS Conf. Proc. 12, 010041
Eur Phys J SpeCIal TO,DICS 230 4469 (2021 )

[ |IE!5}III;; |IIII|IIII|IIII|IIII|I

1 15 2 25 3 35 4 45 5 55 6

Log(W?)

v generators, S. Abe 20
D-2025, 2025/09/18

cities
016).



Initial state Direct Preequiribrium

Mean field

Intranuclear cascade

Weak Interactions tranuclear cascagge

Compound

Deexcitation
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Intranuclear Cascade (77.') WCD-2025, 2025/09/18
> Particle transportation within a nucleus.

- The transportation continues until the particle goes out.
> Various interaction channels: Charge exchange, absorption, etc.

> Cross section for each channel were tuned using experimental data.
Nucleon: Bertini et al. MECC-7
Interactions of other mesons (K, n, w) are also considered.

. . [ -I-\ u
Figure by F. ae Perio @" | Inelastic and elastic Ve [ Unlque to NEUT!

Input it @ scattering - 0,,,;, O, [ —— ABS Geant4 @ ABS DUET (statssyst)
: ‘ E - =—— CX Geant4 @® CXDUET (stat+syst) o
(for scattering & J B ABS FLUKA A ABS Previous Exp. g
. . 200 ‘ y [1 CX Previous Exp. _—
simulation) o Q 9 . Y T i % :
S -0 Particle . N cXNEUT | £ §..- % % i
——— \ . S S, RS _—
- ~ Production o B e e - :
- %4 ~ o © A B E [ - ~,absorption :
Charge | mP° out@ e N\aPe® e \\" | ° 100 - o
Exchange - P o = . . :
20, o P@< ) ° o o B e :
Q B . u
@n Absorption b7
- @ P = Ogps

Input m*@ ~ o —>9 100 150 200 250 300 350 400 450

vel Cys \ 4 p_(MeV/c)

E. S. Pinzon Guerra et al., PRD 99, 052007 (2019)

Woods-Saxson nucleon density with Local FG.



Intranuclear Cascade (hucleon)
> Bertini et al. for MECC-7.

- Lacks reproducibllity in the low-energy region, dominated by elastic.
- A study to understand this discrepancy is ongoing (Pauli blocking, effective mass)

> Implementations of other cascade models (INCL and GiBUU) are ongoing.

300

v generators, S. Abe 23
WCD-2025, 2025/09/18

H.W. Bertini, Phys. Rev. C 6, 631 (1972).

p-12C reaction
| I I

3 - 1 | 1 1 I 1 | 1 o
E F p-T12C - s 300 |
£ reaction =
B Bl GENIE hA2018 — + GENIE hN2018
- - NEUT 2019 —ems NuWro 2019
200 — - il g GENIE INCL++ o Various data o
: _ lglsitctadien] |l e
150 elastic =
B — 2 400 =
B g O
100 — - Ql)
B 5 gy SES g e B R e e
50 = 20()—_, 5" éﬁ#ﬂ%.@ﬁ ".“é“"“::&""-if"'""“ """ "'";' g
5 g i
- | | | | = ' N E UT
% 500 1000 1500 2000 2500 L | | | | |
. 0 0.2 0.4 0.6 0.8 1
proton kinetic energy (MeV) T [GeV]

Eur. Phys. J. Special Topics 230, 4469 (2021).



Initial state Direct Preequiribrium Compound

14
Oxygen ﬂ;m% . % X @Q X
AN | -

W Mean field Weak interactions Intranuclear cascade Deexcitation

Nuclear deexcitation
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Nuclear Deexcitation WCD-2025, 2025/09/18
> A data-driven model for 160

- The data was measured In a limited phase space (energy, particle)
- Various simplifications and assumptions were made.

Unique to NEUT!
~ New deexcitation event generator NucDekEx 1s now available.

- [t enables theoretical calculation (TALYS). NucDeEx vs default in
Sranching ratios Benchmark existing deex. gen. N—UT at TZK
1 , 0.5 e e NCQEd la y eds g al (0. 01/ Gd) :
B * -y —p —-p -3 = : 2 NucDeEx v2.1 i = ’g 1 ~
B SN i H aE 35— x1/2 | I INCL++/FB - NEUT default
0.8 - | B INCL++/ABLAvV3p - | L NEUTwiNucDeBx
9 : -0 _d —t ’%O - i - G4Pr§C0mp0undModel = 04__ .................................................................................................................................................
gt e i B Yosoi et al. (CASCADE) L = [ | Impact on neutron
?:D 0.6 = * é 2 e p beam exp. (Yosoi1 et al.) E - | é ;
= - o 25:_ - ——_J( 15N* § 0.9 ~rordnt.. multlpllcrty ........... —
504 € onF i tati , = [ | e .
el o 2():_ Wfr excitation energy 20-40 W\/]eV gl : Of NCQ _ at ZK
- Moo = i . ] g 02__ ................................................................................................................................................
0.2~ o i s I TZK PRD 112 032003 (2025)
B & | B 0 s | 0 L T S R W
Bl . s L T | SR S N O SO HNN N S S -
OO g 10 15 20 25 30 35 40 45 50 10 E i H‘ + >
Excitation energy (MeV) 5 B § SEE TP
S. Abe, Phys. Rev. D 109, 036009 (2024) ) m Iﬂ I$ - S T RS Té%ﬂ;é
S. Abe, arXiv:.2508.04040 (2025) 0C | jﬂk neutron capture multiplicity
A. Koning et al., Eur. Phys. J. A 59,131 (2023). n p d ! ol



Notable Software: Reweight

> [t estimates the impact of
changing parameters without
regenerating events.

> A critical tool to estimate model

uncertainty In experiments.

- It reduces simulation (event generation)
COSts.
- Need to meet the experimental needs.

> The reweight package for NEUT Is
Kept updated to catch up on
recent model iImprovements.

Axial mass [CCQE d o /dQ?2

v generators, S. Abe 26
WCD-2025, 2025/09/18

M, (GeV) Q2 NEUT(Mode == 1)

From: MaCCQE 1.210000, integral: 88636.000000
MaCCQE 0.818000, integral: 62587.539268
MaCCQE 1.014000, integral: 76371.027497

MaCCQE 1.406000, integral: 99228.525785

_Count

5000

10000 F

5000

Ratiot

0.5

MaCCQE 1.602000, integral: 108245.370325

| AT arge M, — Large do/dQ?2
- - A

TTTT T 1

S I i e RS

[ I i e I

AT
L e . oo el '
B2 _Q_I,ﬂ_r—*——_+_J S 4 ' 1 1 1 | | I
—E.‘ﬁ;;—’_’_‘_’_*_'_‘—
— ‘——\__t__\__m
i , e 1 |
= . : . | . K . : | : : e ——  —— i i

1 1 2
0 0.5 5 Q? (GeVA2



Thinking of HK era, what can we do for NEUT? wep.202s, 2006/00/1 LU

> Modernize software. User-friendliness!

- C++7? open-source? L & T+
: : Oxygen ”“' ............ >
> Single m production: M P
- Nuclear effect of baryon resonance. S— i o

N 4

> Theoretical consistency btw QE, multinucleon, and single .
- The current model is sometimes referred to as "Franken-model”.
- Are we avoiding double-counting of the same effects?
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Summa 'y WCD-2025, 2025/09/18

> Neutrino event generators are an essential tool in various
neutrino physics analyses.

> NEUT provides a set of models for neutrino interactions.

- A long and rich history, mainly in water Cherenkov detectors.

- Not only maintaining It, but also keep updating for the next
generation.

> Factorisation is hecessary, but it misses essential physics
In the reaction.
- Various challenges are ongoing to deal with this task.
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Quasielastic (Q E) Interaction WCD-2025, 2025/09/18

Model Initial stat CC/NC/EM Form factors
odel  Initialstal® ~o NC EM  Vector Axial

Smith-Moniz He R Nz X | | _
e — Dipole, Dipole,

Benhar et al. v BBBAO5, | 3-component, |[\¢%/ S Abe, PAD 111, 033006 (2025)

: : . |R. Gran et al., PRD 88, 113007 (2013).
NEVERSEEIN Local FG [ vV | x | x or BBBAb0O7 |or Z-expansion B. Bourguille et al., JHEP 04, 004 (2021).

Comments/reference

ED-RMF RMF vV | x| VvV Dipole Dipole New! J. McKean et al, PRD 112, 032009 (2025)

A. M. Ankowski et al, PRC 110, 054612 (2024)

1. New SF on carbon was implemented. .
- For precise simulation of low-lying excited states. 10 Ex= 2.1 MeV p-hole
2. g1 was introduced for NC form factors. 7, | [F*x=>0MeV
O 5 New
E [
- For precise BG estimation at DSNB. =S sl
. 5 = 01 Previous (implemented in NEUT]
1 2 | :
FEC — §(ngA -+ gi) 1 | ]32 ] ().Ol:— IIIIII S'h()le

strange quark contribution Me\/] 00 120



Neutrino energy reconstruction (in T2K) wob-2025, 2008/00716 [k
Water Cherenkov detector Key: Nuclear effects ‘“distortion’
CCQE (Charged-current Quasi Elastic) [vA — ["pA’  |Precise modeling of charged
<E»>=06GeV lepton response in many-body
Snown direction neutrino-nucleus interactions.
!

P Undetectable
.y (below Cherenkov

"’ .................. L
OXygen tﬂreshold)

‘ distortion
A || A
A
Neutrino energy reconstruction:

2B M — (m? + M? — M?)
Q(M — E; 4+ pycos b)) 7
M v MZ e Eb7

Nucleon mass Binding energy

Largest systematic uncertainty

1TcC. .
VPt —



Neutrino energy reconstruction (in T2K) Web-2025, 2025100715 L2
Water Cherenkov detector CC] 7T (Charged-Current Single Pion Production)

CCQE (Charged-Current Quasi Elastic) LA — l_pA, . R pA’ "

<Ev> = 0.0 GeV U
Known direction Vu

Y p Undetectable

. . (below Cherenkov Oxygen I
Oxygen " e threshold)
distortion ‘—m-—
-—\ll-_ -
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https://indico.cern.ch/event/1154836/contributions/4849060/attachments/2433808/4168159/TNosek_NOvA_WUF_talk.pdf

