Anna Ershova
anna.ershova@llr.in2p3.fr
LLR, Ecole polytechnique

W8 boLvTECHNIGUE :
{ A RIS

L STTN UPER ..
Laboratoire » K
Leprince-Ringuet ‘rovrecuniaue Hyper K




Liege Intra Nuclear Cascade

Intra-Nuclear
Cascade

Liege Intra Nuclear Cascade: is a code initially
designed to simulate nuclear reactions induced by
hadrons and light nuclei in the few tens of MeV
to few GeV range. Its development is ongoing at
CEA Saclay, and the results presented in this talk
were achieved there.

De-excitation
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Intra-Nuclear

Cascade

De-excitation

Liege Intra Nuclear Cascade

n Projectiles: baryons (nucleons, A, ¥),
mesons (pions and Kaons) or light nuclei
(A < 18). We use neutrino vertex from (W
------------------- NuWro

Versatile tool: has been implemented in
GEANT4, GENIE, and other

De-excitation: ABLA, SMM, GEMINI
We will use ABLA, since it is

proved to work for the light nuclei
(Phys. J. Plus 130, 153 (2015))

Neutrino simulation results:
PRD 106, 3 (2022), PRD 108, 11 (2023)
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https://nuwro.github.io/user-guide/
https://link.springer.com/article/10.1140/epjp/i2015-15153-x
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112008

B Lo Neutrinos in INCL

ecole
POLYTECHNIQUE

Llewelyn-Smith formula is implemented in INCL:

do?/?  M2G2? (fCC/NC)2
dlg?| 8 E?2

s—u C (¢?) (s —u)?
M2)+ (Q)]\;4 )

A@) 7B

Validation on NuWro calculations for scattering angle in CM

2

L o
e 00—
wof-

E,=200 MeV

® Full systematic comparisons with
NuWro are needed before making this

coufe) = LRI IS version available
£ £ 600 Mev Lom ® A paper is expected to be published

— INCL
— NuWro

E,=1500 MeV

1200F- 3500

next year

100 000F

® Work of Antoine Legendre
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Cascade ingredients of INCL

Potential Space—kinetic-energy density of protons in 2°8Pb

Each nucleon in the nucleus has its position and

: 340 . (@) g0
momentum and moves freely in a square poten- =, ¢ Classical picture - >
. . . 0 > =
tial well. Nuclear model is essentially classical, 2, %
. .. . . . . c 1
with some additional ingredients to mimic quan- ¢ s 1p removal =
tum effects. g 3 5 5 10°3
=~ distance from origin [fm] 3
Pauli Blocking =0 ©)
[0} .
T : = Shell-model picture
e strict: blocked is p < prermi 24 b - 10
— statistical: count only nearby nucleons gz
® strict for the first event and statistical for ot
the subsequent ones 2 ; '
d ~ d%tance fr%m origiLO[fm] 107

Events inside cascade

® decay/collision
e reflection/transmission with probability to
leave the nucleus as a nuclear cluster

Phys.Rev.C 91, 034602 (2021)

More details about INCL in Jean-Christophe’s
talk today!
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.91.034602

Cascade ingredients of INCL

Potential
Each nucleon in the nucleus has its position and

momentum and moves freely in a square poten- I\:uclear
tial well. Nuclear model is essentially classical, cluster _
e T T production

with some additional ingredients to mimic quan- - .
tum effects. 0 0 0

Pauli Blocking 3

S~
/

® strict: blocked is p < prermi e
— statistical: count only nearby nucleons '\o OH
® strict for the first event and statistical for R
the subsequent ones \\\ 0 ) 0
Events inside cascade N -’ Ejection
® decay/collision " Reflection

e reflection/transmission with probability to
leave the nucleus as a nuclear cluster
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Excitation energy calculation

. w(Eyr, k?) Ma4_1 is the rest mass of the A — 1 nucleus
l/(Ek7 ki) @»©< M 4 is the rest mass of the initial A nucleus
= M is the rest mass of the target nucleon
A=12 A-1=11 Op(Ep/,p ) Ernissing is the missing energy

For interaction on carbon,

Experimental definition:
P Mpa— Ma_1 — M = 15.4 MeV

eXP — S — — 0.09 3
Em Emzssmg (MA ]\{:4—1 M) QogélMA'MA-‘l M| ‘ . E
constant I SEprofile
0.075 — lpspshell
. . T 0.06F 3
® A constant shift of missing energy by e oosk E
~15.4 MeV leads to non-physical, g 0'04§ E
negative values 2 o0sf E
e We use experimental data (J. Phys. G: 002 3
Nucl. Part. Phys. 16 507 (1999)) to 0.01F -

= PR S A NS S
simulate discrete levels % 20 30 40 50

E,y (MeV)

We assume all strength below the peak comes from the symmetric 1ps/, shell
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NST

Excitation energy calculation

ecole
POLYTECHNIQUE

Experimental data used to simulate the

Experimental data used for the carbon spectral .
discrete levels

function

= 3298 R TINY
~ T —T T d -_— ———
NL 2 " _ [‘ (P12 MaVE
N;‘lZ Clee’p) B | T o Y7, 2025Mev
X g #
2 0 P 60MeV/c s A I ’ 37,5020Mev
L without radiative corrections ] = {
¥ —  with radiative corrections =
e 1 <
e & \69- vii §
z =
6 - -
8 2 i ] | 7
2 4 - L; I \
@ “ “ i
it - l! l |||
4 W ”" | u | i
PR
o - 20 30 40 50 &0
MISSING ENERGY (MeV) Ex (MeV ¢!
Fig. 7. Energy spectrum of the '*C(e, &'p) reaction before and after the radiative corrections. Figure 22. Excitation-energy spectrum of "B observed in the reaction *C(e,e’p). Both

negative and positive-parity final states are shown.

Nuclear Physics A262 (1976) 461-492 J.Phys.G: Nucl.Part.Phys. 16 507 (1990)
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Excitation energy calculation

MF, is the mass of the excited remnant

W
I/(Ek, k) #(Err, k') MpE is the rest mass of the remnant
) . Tr is the kinetic energy of the excited remnant

=12 A-1=11 @(Ey,p') Pm is the missing momentum
10_7§‘ ‘ —SF !
For the continuous spectrum part, S F ]
. S — SF+INCL
we can calculate excitation energy as: = 0 E
T f ]
- ]
E, = M}, — Mg, where: g
* 9 S o9 E'\Elo_m% 3
Mp = \/(Ek+MA—Ek/ —Ey)? —pml* & © E
@ 1071 =
E P S S S S SN M SO ST SA SRS N E
Otherwise, we model 3 discrete peaks with 0 5 10 15 2

E, (MeV)
strength of 79%, 12%, and 9% (p-shell)

Excitation energy of the nuclear remnant after
neutrino interactions for 169.5 <p,, <174.5 MeV
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Excitation energy calculation

= I =
- — SF .
101 =
[ — SF+INCL
3 [ ]
€ 102} E
o = =
S F ]
= 3
S0 E
— L | P P P
10— 5 10 15 20
E, (MeV)

Final distribution of the excitation energy
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Carbon studies

We use INCL+ABLA to simulate neutrino CCQE events with the T2K energy spectrum. We
compare the obtained results to NuWro.

Anna Ershova « ECT* « October 23, 2024

In the paper Phys.Rev.D 106, 3 (2022) we show
the nuclear cluster production for the first
time in FSI.

In the paper Phys.Rev.D 108, 11 (2023) we
study the impact of the subsequent de-
excitation modelling, that predicts more nu-
clear clusters.

Important! Gamma production during de-
excitation is just a small fraction of possible
scenarios
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032009
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.112008

Production of the nuclear clusters

ABLA features a massive production of particles with low momentum.

5
=> C | T
L; 16f — ”‘\ICL E 0.16] —— alpha cascade
g 16E —INCLeABLA | | 0ME R e alpha de-excitation
5 M —— NuWro E —— D cascade
3 L2E [ = T o | = D de-excitation
s o;? E —— proton cascade
3 o.ei 31 Boosbifiin proton de-excitation
E % ] E
Z 04 E ]
Q = ] q
8" 0.2 — —
T ot | = Bl 1 Tt raeged T e
z p n D a 3He T % 100 200 300 400 500 600 700 800 900 1000
p (MeV/c)

Average number of particles per event Momentum of nuclear clusters produced during

produced by INCL, INCL4+ABLA, and NuWro. the cascade and de-excitation
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INSTITUT

ST e Proton momentum before FSI

écoLe
POLYTECHNIQUE

® Large fraction of "no FSI" events (i.e. proton untouched) is now feature production of
other particles (and nuclear clusters) in the final state due to de-excitation

® Events with only nucleon production now feature nuclear cluster production

E T £ T E T T T
14000 E . B rnendcusters 14000 E B3 rnandcusters 14000; B8 nnangcusters
C r ~. 0 wony C EE wony C 3 wony
12000~ P nuclear clusters production 12000~ B nuctear clusters production 12000— [ nuclear clusters production
Biooh. & S P — g F N | B ok poun- deeciaion g F B o o - co-ocnin
& s f h no cascade FSI & e L] o cascade FS1 & e o cascade FSI
5 sl | mliple nuceons - 4 il nuceons 5 sl miple miceons
B C one proton z C 5 £ ne proton
E 6000~ proton + pion £ 6000~ £ 6000— proton + pion
= E ] z L ] z = E!
4000 — 4000/~ — 4000— —
2000 — 2000 — 2000— —
v @ w
S o E S o E g ok
zS 08- E = 08% E w5 O
53 08 53 06F 53 065
S= 3 8= 3 SE o4
BE 0o BE o | ] HE 0
Lo y=—=S—- 3 Lo o 8
%~z o4 06 o8 1 1z 14 %2 o4 o6 o8 1 1z 14 % o2 04 06 08 1 1z 14
P (Gevic) Py (Gevic) Py (GeVic)

NuWro INCL INCL + ABLA
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Proton momentum after FSI

DE PARIS

ecole
POLYTECHNIQUE

INCL+ABLA simulation features massive difference in nucleon kinematics in comparison to
NuWro

L A oo e e e e IS s s e s ey s ey e

T T T T T T T T T T T T T T T T T T T

no cascade FSI
no cascade FSI 14000|

QE proton + de-excitation

D multiple nucleons

nuclear clusters

QE proton + de-excitation

12(
000 D multiple nucleons

nuclear clusters

one proton

one proton

proton + pion

proton + pion

Number of Events
g
Number of Events
3
8

%] v —

5 = & i 3
B E E
52 52 oo E
3% o 8% o2
o g ——— - LO o= . ‘

0 02 04 06 08 1 12 14 02 04 06 08 1 12 14
P, (Gev/c) P (GeVic)
NuWro INCL + ABLA
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INSTITUT
POLYTECHNIQUE
DE PARIS

Transverse kinematic imbalance

We use Single Transverse Variables (STV) that allow to disentangle different effects for
better FSI estimation. STV are observable and measurable.

- — k0P
sensitive to FSI: dap = arccos -
kil -0pTn

sensitive toHFernli Motion:
Spr = ph + vl = pif

K (By) 7

additional variable: 0¢7 = arccos W (o)1

Anna Ershova « ECT* « October 23, 2024

v vertex
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INSTITUT

POLYTECHNIQUE
DE PARIS

ecole
POLYTECHNIQUE

High dap strongly depends on FSI and is affected by de-excitation and Pauli blocking

no cascade FSI nuclear clusters production

QE proton + de-excitation one proton

|:| multiple nucleons proton + pion

LA e e e B

[T T[T o rrT
s B B R b

Looabvoadorebone byl o1

oo sy sSSP 4
6000— =
4000 |
2000 -
:H\HMH\H‘MHMHMHMH\H: RS DO P L SO SO SO S0 S S SO Y S S S A S
OO 20 40 60 80 100 120 140 160 180 00 20 40 60 80 100 120 140 160 180
3at (deg) da; (deg)
NuWro INCL+ABLA
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CEE o Comparison to data

DE PARIS

ecole
POLYTECHNIQUE

Current detector threshold in ND280 and MINERVA scintillators is Lower threshold provides better sensitivity to
too large, so we cannot see the difference between INCL and  distinguish models

NuWro
xloﬂg

T E 0 —
8 = C no cos(®,) cut 7
E ] 1= g 3
= E . E no cos(©,) && p_ > 350 MeV/c B
3 = b C P .1
3 3 &8 09= no cos(©,) && p_>250 Mevic 17777 ==
S E 2 C P ' ]
£ El = 0sF e 3
3 - .8 , —
s —+4-T2Kdata — INCL+ABLA E § F '_I__|_:
ol El C =
3|g — INCL — Nuwro E R INCL + ABLA PR =
] | | | | L4 c —
05 1 15 2 25 3 E m
St (rad) S —
ol
F"’E? + MINERVA data —— INCL+ABLA E o % 7:
E : E
o — INCL —— NuWro E| 1
: f E
5 3 8 =
E = ® E
£ E = E
2 g E
o E 3
U@ 2b E = 3

Evvv b b b b b Lo b 1o

% ™20 20 60 80 100 120 140 160 180

8ot (red)
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INSTIT

W 8o Vertex Activity as a fraction of neutrino energy

POLYTEGHNIQUE

What can be actually seen in the detector

The actual fraction of neutrino energy going (Birks quenching applied):

to the kinetic energy of the subleading hadrons Nuwro
is non-negligible. . .
g
3
*
g
INCL+ABLA
INCL
g 500 700 900 1100 1300
2 Ey (MeV)
~ T T T T T £
é INCL+ABLA E
53] ® 3cm E
= lcm _g

Eva/Ey (%)

00 500 700 900 1100 1300 1500
E, (MeV)

9 o
° o
° 1
...".... =
© 000 0 o

500 700 900
E, (MeV)
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Argon studies: arxiv 2406.0924

Main goal: describe semi-inclusive one-nucleon knockout on argon for the kinematics of the
MicroBooNE experiment

® consistent vertex simulation: RPWIA, 95

T T 4
EDRMF H ——
e e . . . . . 5 20 + ‘He B with cuts
® no initial interaction excitation calculation: § 3 - :
not enough data CE 15 I i
e generators: ACHILLES, NEUT, NuWro, o 2 iy
INCL Lo 1
= 1L _
. LER il
MicroBooNE cuts:
0 | 0 | |
® 100 MeV <p, < 1200 MeV 0 400 800 1200 0 400 800 1200
® only one proton with momentum (300; p (MeV) p (MeV)

1000) MeV

0 L Momenta of a-particles and deuterium
® no w°, no ™= with p >70 MeV

produced in INCL+ABLA
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Kinematic variables, comparison to ROP

DE PARIS

ecole
POLYTECHNIQUE

Comparison of intranuclear cascade models and the relativistic optical potential

NuWro NEUT

_ 60 ———— 60 T 4
= RPWIA —— | = RPWIA'——
Z 50 no FSI ----- | % 3 50 1o FSI -----
= = = EDRMF ——
ERT) g1 R ROP ——
2 %0 3 % %0
2 2 2
20 - ~20
2 10 3 2 10
) N < S ) N
0 e 0 L L 0

0 200 400 600 0 60 120 180 0 60 120 180 0 200 400 600 0 60 120 800 60 120 180

5Pr (GeV) ar (deg) 567 (deg) 5Pr (GeV) ar (deg) o7 (deg)
30 T T T 30 T T T 30 30 T T T 15 T

# %
2 S
& =
g ]
= =
£ 0

0 = 0 " ;| 0 L 0 = 0 M [ j— —

-1 —0.5 0 .5 —0.5 0 0.5 1 0 200 400 600 800 1000 -1 —0.5 0 0.5 1 -1 —0.5 0 0.5 1 0 200 400 600 800 1000

cosh, cosf, T, (MeV) cost, cost, T, (MeV)

NuWro NEUT
Space-like cascades: NuWro and NEUT compare well to ROP
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Kinematic variables, comparison to ROP

DE PARIS

ecole
POLYTECHNIQUE

Comparison of intranuclear cascade models and the relativistic optical potential

INCL ACHILLES
60 T T T T 4 T T

RPWIA' ——

50 no FSI -----

EDRMF ———

10 \\ ROP ——

do/d3Pr (1072 em?/GeV)

) < o
0 200 400 600 0 60 120 180 0 60 120 180 0 200 400 600 0 60 120 180 0 60 120 180

5Pr (GeV) ar (deg) 547 (deg) 5Pr (GeV) ar (deg) o7 (deg)
T T T T T T T T T T T T

T 30 T

do/dcosb, (1073 em?)

do/dcosf, (107

0 T [
-1 —0.5 0 0.5 0 200 400 600 800 1000
cosh, cosf, T, (MeV) cost, cost, T, (MeV)

INCL ACHILLES
Time-like cascades: INCL and ACHILLES show remarkable agreement with ROP
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(1073 cm?/GeV /deg)

do
d6Prdar

0
3

[V}

T T T
ACHILLES ——
NuWro
NEUT ——
I INCL ——
{ RPWIA ——

e < 45° |

T T T
45° < aff® < 90°

1 L L
0 02 04 06 08

0 1
0 02 04 06 0.8
3

T T T
90° < afff® < 1359

T T
135° < agee

| ]j
R

1

0 02 04 06 038
5Pree (GeV)

0 1 1
0 02 04 06 08

5P5ee (GeV)

Double differential cross sections
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do /ddPr (10728 cm?/GeV)

45
40
35
30
25
20
15

10 ]

MicroBooNE data

I I I
CHILLES
NuWro
NEUT
INCL

>

0 0.10.20.30.40.50.60.70.80.9
SPrec (GeV)

Single differential cross section
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3) S5 aue Summary

® the effort is ongoing to integrate CCQE reaction in INCL with subsequent
implementation in Geant4

® "transparent events’ are no always transparent: nuclear clusters may be produced

® INCL+ABLA simulation features important difference in nucleon kinematics in
comparison to NuWro (and the other similar generator used in neutrino scattering)

® An essential novelty of this study is the simulation of nuclear cluster production
during cascade and de-excitation. It is important for the understanding of the vertex

activity and calorimetric method of v energy reconstruction

® According to INCL prediction, nuclear clusters can be measurable in LArTPCs
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BACK UP

Anna Ershova « ECT* « October 23, 2024 23 /22



INSTITUT
POLYTECHNIQUE
W DE PARIS

v energy reconstruction

vy W vy wo
/vj\‘ z
~ AT
n p n
CCQE RES

Energy reconstruction using only muon kinematics
(works well for quasi-elastic reaction):

m%—(mn—EB)2—mi+2(mn—EB)Eu

FOF _
v 2((mn—ER)—E+pucost,,)

Energy reconstruction using muon and kinetic
energy of the nucleon:

EYs =E, +Tn
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1% - VN I

u 1
/ *L
— N N
N N N——N
DIS

had

Phys. Rev. D 105, 032010 (2022)
T T T T

b

=} [
203¢
0.25

0.2

0.15F

0.1

0.05

oL =
06 04 02 0

RO AR

EY*, dashed line — QE formula

solid line — p + N formula
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032010

Importance of nuclear effects

© + N formula gives us more opportunities, but also it creates more challenges for modelling
and we need to understand better nuclear effects also on neutrons and protons.

N e o e o 0
- L e9 < e® 09
) t /0009 + /009 + /900 6.\
\ \ \
0" \\00 ,// \\ o\o ,// \\0 0,/ °
~_.__-- \9_,/ ~___--
Free Fermi Nuclear Hadron
Nucleon Motion correlations Reinteractions
initial state final state

We will focus on CCQE v reaction channel and the Final State Interactions (FSI) that are
described by cascade models and on the nuclear excitation energy.
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Standard INCL cascade

radius and diffusiness of the

NSTITUT
POLYTECHNIQUE

DE PARIS
target nucleus density

2
skc

ecole
POLYTECHNIQUE

spectator: E < Ef + Ey +
1/2
)"

. participant
. . /
. ejectile tot
_ 0
/ Tint = (UNN
total NN X-sec at the

incident energy per

nucleon

Emission threshold

and Coulomb barrier*
\
\

*only for protons
\

< Moy g sp}‘\f{ei -

Separation energy, taken from mass ~ T ---
tables, for the emission from the actual

. E—E;— 85" >0
nucleus ‘\/f i

ECT™* « October 23, 2024

Anna Ershova
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ecole
POLYTECHNIQUE

The ablation model ABLA describes
the de-excitation of an excited
nuclear system through the emission
of ~-rays, neutrons, light-charged
particles, and intermediate-mass
fragments (or fission in case of hot
and heavy remnants).

Anna Ershova « ECT* « October 23, 2024

Phys. Rev.

C 105, 014623 (2022)

INCL input

A

T>T

freeze-ou

Multifragmentation

Evaporatiol

n or fission

>

Fission fragment
distributions

Tfreeze—out = maxr |:

Emitted particles or
cold fragments

_tibe= |

| Output file (Root) ‘

5.5 9‘336(432“0—%%)}

Smin—minimum particle separation energy

27 / 22


https://journals.aps.org/prc/abstract/10.1103/PhysRevC.105.014623

INSTITU

Stpove Neutrino energy reconstruction

ecole
POLYTECHNIQUE

. . 0.12; é
Using © + p is better than Jy — E
using muon only, but here we |- 1
. . ® 0.08— -
show that we gain even higher E b —moessia l 1
.. . £ 0.06— —
precision by using all £ | 1
. . S 004 J ll E
subleading particles g ‘/ﬂ 1
0.02- 4
Y5 o4 o5 o2 o1 0w
(E..-E)/E,
proton only: " s .
- all particles” reconstruction
Erec = E,u =+ Tp Saan \ 3 AR \ 3
008 — proton only 4 0'16; — proton only E
0.07F E 0145 E
B oose —all particles El 8 o12f — all particles El
T oost T oo E
S ot S oos E
all particles (including clusters) 5 o=t ] 50 E
0.02 = .04 3
E — E } T 0.01E : ‘ ‘ ; 0.02;— ‘ ‘ : —;
rec 'LL + Zl v %.5 -04 -0.3 -02 -0.1 0 01 l:i:l.S -04 -0.3 -0.2 -0.1 0 01
(Enee- EVEE, (Epee- EVEE,

INCL+ABLA cascade FSI INCL+ABLA no cascade FSI
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