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PHYSICAL REVIEW C 105, 054603 (2022)

Benchmarking intranuclear cascade models for neutrino scattering
with relativistic optical potentials

A. Nikolakopoulos 27 R. Gonzilez-Jiménez @.° N. Jachowicz,! K. Niewczas,"* F. Sanchez®,” and J. M. Udias ®°

A direct comparison of RDWIA with relativistic optical potential (ROP)
with intranuclear cascade (INC) model of the NEUT generator

" In short:

The ROP removes nucleons that suffer inelastic FSI
The INC explicitly models inelastic FSI

Kinematic cuts on the INC results can be used to define
an event sample that is equivalent to the ROP results

INC and ROP are found compatible for large energy only!
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~ Broader context:

* Most precision experiments that measure interactions with nuclei
apply stringent kinematic cuts to isolate observables of interest,
minimize FSI, etc... e.q. exclusive (e,e’p), elastic p-A

 Theory to calculate/interpret these observables successfully are often
specific to the problem/experimental setup at hand

* |In accelerator-based neutrino experiments an exclusive
measurement does not exist. Measurements are semi-inclusive!
This means (in principle) all coupled final-states have to be described
consistently —» Currently done with INC

Some open questions:

 What is the minimum needed to describe a specific CClp + X signal ?
(depends on flux, kinematics, cuts)
-+ What is the ‘correct’ input for a cascade model ?

See e.g. [R. Gonzalez-Jimenez et al. PRC 105, 025502]
[J.W. Van Orden et al. PRC 100, 044620]
[J.M. Franco Patino Arxiv:2207.02086 (2022)] (Talk NuFACT)
[Isaacson et al. Arxiv:2205.06378 (2022)]
| [B. Bourgouille et al. JHEP4 (2021) 004]
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Intra-nuclear cascade model (INC) in NEUT

1.) Nucleon propagates in straight lines
2.) Check for interaction based on density and nucleon-nucleon CS

3.) Pauli-blocking: Reaction products must be above p,__.

4.) Track the created particles on the way and propagate them
Eur. Phys. J. Spec. Top. (2021) 230:4469-4481

Proton-Carbon cross-sections

”/Why? gsnoz...._..wuwlwu~~|:
Treat the involved coupled-channels ° 2501 .
problem posed by FSI »ool- E

: N-N inelastic -
Tradeoffs: 50 .
Factorized and classical approach . ]

. Expected to break down at low Energy | 1001 E

= — - N-N elastic i
S0 B
03007000 7500 2000 2500

proton kinetic energy (MeV)
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RDWIA with optical potential £ trancfer

Elastic scattering

Coupled channels problem, separate out elastic channel

(Hop — E)|po) = —Voil¢4) (1 >0) @
(H;j — E)|¢j) = —Vijolpo) (i,5 >0)e

A ..
HZ] — Hfrreeéz'j + VZ; -+ ErL’CSZj
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RDWIA with optical potential £ trancfer

Exclusive conditions T :
i (A-D)np
A* - pB’
'

Coupled channels problem - one-body problem with optical potential

(Hog — E)|¢o) = —Voild5) ( >0) e
(Hij — E)|¢;) = —Violoo) (1,7 >0)e

Elastic scattering

—Vio— E| |¢g) ®
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RDWIA with optical potential £ trancfer

(A-1)np
. .
Kinematic cut

Elastic scattering

Coupled channels problem - one-body problem with optical potential

(Hog — E)|¢o) = —Voild5) ( >0) e
(Hij — E)|¢j) = —Vjoleo) (1,5 >0)e

Exclusive conditions

—Vio— E| |¢g) ®
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Empirical relativistic optical potential (ROP)

PHYSICAL REVIEW C VOLUME 47, NUMBER 1 JANUARY 1993

Global Dirac phenomenology for proton-nucleus elastic scattering

E. D. Cooper, S. Hama, and B. C, Clark
Departmeni of Physics, The Ohio State University, Columbus, Ohio 43210

E. L. Mercer
IBM Thomas J. Watson Research Center, Yorktown Heighis, New York 10598
(Received 3] August 1992) 5
S — 10 EI.‘ Ir 1||r|1—|—:
o z(mb} b ]
e — 104
EDAD-fit m E
T 2 10%
Target T, (MeV) EDAI-fit fit 1 fit 2 ~ fit3  Reference ) g
s 29.00 4202 435.5 433.1 422.7 [6] fz 102
30.30 415.9 429.0 425.6 4142 [7] =
49,00 358.8 363.0 348.4 327.7 [6] 351 3
49.48 3574 361.8 347.0 326.1 [8] & 100 &
61.40 3233 335.6 317.0 294.8 [9] g 3
65.00 313.5 329.0 300.7 287.4 [10] 10-1
122.00 202.2 269.0 2544 230.5 [11] 3
160.00 177.8 252.3 246.4 215.2 [11] 10?2
200.00 177.6 243.0 2439 205.0 [11-13] o 10 20 30
300.00 201.1 233.0 235.4 194.9 [14]
398.00 215.8 227.4 218.6 199.1 [15]
494,00 2272 2237 203.0 211.6 [16]
797.50 238.4 2353 200.9 250.0 [17,18]
1040.00 198.6 259.4 243 8 232.2 [ 19, 20]
Energy-dependent potentials &
fit to elastic proton-nucleus scattering
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N-A scattering with INC and ROP

N-A data is used as benchmark/input to INC

Total neutron cross section with ROPs
1.8

1.6 F >
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Otot = Oreqc T O]

O ¢] not modeled in (NEUT) INC

otot (barn)

O-t()t Obtained in ROP with optical theorem

) . Dytman et al. PRD104, 053006]
Proton reaction cross section ROPs and NEUT [Dy
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Exclusive electron scattering with ROP

k |[ 1%0(e.ep)'®N J
ky |- 80 < p, < 160 MeV/c
> s /. 200 }—
'- Oll:(wl q-) 3/2 |
! = |
H £ 150 - | '
% ‘ /2
Pp=(Ey,, k) < ‘
5 |
L \
— 100
Paﬂ:(M ,0) . -’E |[ |
Pr=(Ey, p,=q- kN) 33;5 | I i
= -y R | |
50 ! | i
=P Know/measured | Il | |
r §| | 1
Y T S
- PR . . {.__.n_.,JJl ;;:_.._.,;_..;L)!‘m‘w&—M—ﬂ:ﬁ-ﬁE——ﬁh—J
Exclusive conditions: everything is known 214 1e s 20 22 24 26
Incoming energy is known [M. Leuschner et al. PRC49, 955 (1994)]

Never satisfied for accelerator neutrinos!

4 August 2022 NUuFACT 2022 10/29



Independent particle model (|

E
En (1,1/2.4,01.07)
X

neutrons j"I.LL protons

L _

\\ "LLL / | /7

5 —e— / 1 1]f2
1pl/2 - — I
151/2 \ %/ lslfa

Quantum numbers:
angular momentum
Energy

(No momentum eigenstates)

Experimental data implies smaller
occupations than IPM
- Correlations and FSI
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RDWIA with ROP for exclusive (e,e’p)

[Udias et al. PRC48, 2731]
[Meucci et al. PRC64, 014604]

p(Pn) [(GeV)™]

10 s E \ ' i \ i E T m o
(2) “’Pb(e,e’p)™'T1 1 (b) X “*Ca(e,e'p)™K : 3
10 * ‘ | 3 %
i ] o
i 3 ’ P
? 3 i /2 A
] 10:1300 e o [ R R
g 3 P [MeV/cl
10~ | %
[ 1 bg
-100 0 100 200 —-100 0 100 200 300 : o
a0 'Qloo | I‘1|°f; - flJ' I I1C|IOI - l2(|10 300
Pm [MeV/cl

The optical potential removes nucleons that suffer | o
. . FIG. 11. The reduced cross section (o4 of the "O(e.e'p)
inelastic FSI -» changes E_

reaction as a function of the recoil momentum p,, for the transitions

to the 1/2~ ground state and to the 3/2~ excited state of °N, in

The ROP also changes the observed p_ spectrum!
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Direct comparison of INC and ROP

1. Input to NEUT INC N\ 1(§ - rROP .

: : . ) I EDRMF .

Events according to unfactorized 2 - i -

fluxfolded five-fold differential 5 | /k?g |
nucleon knockout cross section 0 — — '

10 20 30 40 50 60

2. Kinematic cuts on NEUT result 1 B ' By w— )

- rROP i

Select events with E_ corresponding B EDRMF )

to shell-model peaks - 160 -

10 20 30 40 50 60

- TROP i

Signal with only ‘elastic’ FSI - P

That does not change E_ B | | T Ca) -

Can be directly compared to ROP 1020030 405060

E,=w-T, (MeV)

4 August 2022 NUuFACT 2022 13/29



NEUT Cascade with rROP input

8000

7000 +

5000

(10742 em?/MeV)

do /dE,,

1000

0

1000
100
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do /dE,, (107*2 ¢cm?/MeV)

0.1
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Simplified E_ contains recoil energy

~

/,/"/ : ) \k“\\\
/ N

T2K flux-folded calculations

* rROP+NEUT moves strength
from shell model peaks to
larger E_

« Resulting strength of shell
model peaks agrees with
ROP predictions

* FSI leads to mostly large
~50 MeV shifts in missing
energy
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Tpdistributions INC and ROP

200

= g0 | ROP The INC agrees with the ROP for high T_
< 160 | L
S | . +NEUT cut E,, —— | _
2 190 . +NEUT 1 track — — At T <100 differences go up to 100% !
) = _
3100
S 80 In NEUT low energy nucleons don't
=~ 0 undergo FSI at all!
= 40 - j}%rﬂn
~
S ow

0 . | . | . l . | .

0 100 200 300 400 500
T, (MeV)
40 . ‘ |
ROP
35 rROP+NEUT .
B RPWIA+NEUT
- N rROP — — ]
95 ~ N RPWIA — —
.

do/dT, (10~** ¢cm?/(MeV neutron))

0 100 200 300 400 500
T, (MeV)
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Large model dependence in INC's at low E

50'07 The INC agrees with the ROP for high T

©0.06 —— MnvGENIE-v1.1 P
g — ~ NuWre At T < 100 differences go up to 100% !
Seoaf \ .. NEUT °

0.03 In NEUT low energy nucleons don’t

0.02F\ N undergo FSI at all!

— - Will influence a.o. neutron rates

0 20 40 60 80 100 120 140 160 180 200
neutron Kinetic energy (MeV)

How do other INC perform ?

[MINERVA PRD100, 052002] You can use these results!
0.6 800 \ T i I
0.55  NEUT — — ~wv GENIE hA2018 — - GENIE hN2018
0.5 NEUT 2019 - NuWro 2019
— ) = 600 ... GENIE INCL++ o Various data 7
= 045 E |
& 04 o
. 035 ¢ ‘& -
0.3 A A 3
© O S [
0.25 2 00| |/ %“i‘ﬁ;;g:%;i:rw B
0.2 ;
0.15 .
0 I I ] | I
0 0.2 0.4 0.6 0.8 1
T, [GeV]

[Dytman et al. PRD104, 053006]
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Important issue: the input to the INC

1. Input to NEUT INC RDWIA calculations with real

Events according to unfactorized ’ final-state potentials

fluxfolded five-fold differential ——(

nucleon knockout cross section * Describe inclusive (e,e’)

[PRC 100 045501 (2019)]

(computationally non-trivial work by RGJ)

e Similar to SuSAv?2
ED-RMF (— ) vs SuSAv2 (- - -) 1500 —— | [PRC 101 015503 (2020)]

1
08¢ 1238
B N
06} 300 1 o _ _
204 | \ : * Not limited to inclusive CS!
©
502 N o [PRC 105 025502 (2022)]

0 .

1 . . . . , [Arxiv:2207.02086 (2022)]
s EDAD (— ) vs SUSAV2 (- - 1) 1800 ——
g - - ] -
Zos| S\ 500 : = J.M. Franco-Patino’s talk
204 | -
go2| /N, N} . ' wt| [ e=440Mev, 6,-60deg

0 . . — . —

1 - - - ; - 500 —— 5 2| A
S 08 00— | EDAI-C (— ) vs SuSAv2 (- - -) 1500 I g ‘\
3 = XN
5 0.6 A 5 sl 7" ‘.,'\ ‘\
Soz} I\, \_ g ° i \\\ ]

0 ; : . = 4 y R e

0 01 0 0.2 0.4 3 / N T @y
o (GeV) 2tV =T
o LEZ S

0 005 01 015 02 025 03 0.35 04
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Important issue: the input to the INC

do/(dQ2dw) nb/MeV/sr

1. Input to INC includes some FSI! |
FSI treatment is important to reproduce the inclusive cross section
In RDWIA, CRPA, effective SF, LFG+RPA, ... some FSl included!
~ Cannot always (ever?) separate ‘initial’ and ‘final’!
250 \ \ \ \ 1000 \ \ \ ; 500 . : . .
. =161 MeV, 6,=60 deg £=240 MeV, 0,=36 deg £=320 MeV, 6,=36 deg
- 200 | o 800 | 400 | RPWIA ---------
g .7+ PB-RPWIA — - — -
2 RRWIA(py>230) - - - - -
S 150 } 600 | 300 | N RMF
g 100 ¢ 400 - 200 |
:E 50 | 200 | (o)’ 100 |
0 0 : = ST 0
0 0.02 004 006 008 01 0.12 0.14 0
o (GeV)
; . ‘ ‘ 40 . . \ 8 ‘ . : : ‘
14 g=440 MeV, 0,=60 deg £;=680 MeV, 6,=36 deg - £,=961 MeV, 0,=37.5 deg
35 | 0 7t /A\\
12 | _ i\ AN
7R 30 | A\ 6 ¢ L
10 | A \\ o | / "%\-.‘ . | " B
° !'7 ‘\"\_ :\ 151 j' ‘\‘\\ 3t | - ’ /:/\ \“
4 7 b gam= 10t/ \ = 2 | Y/ N2
! N s ~ i W o / N N -
2 J/ N 5 | f N N P /’ o )
ol S ol .. Sl e Y /SR S
0 005 01 0.15 0.2 025 03 035 04 0.1 0.2 0.3 04 0.5 0.6 01 02 03 04 05 06 07 0.8
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Inclusive cross sections in generators

Implementation of the CRPA model in the GENIE event generator and analysis of

10 % cm?

d°c

12 -1<cos, <0 3 0 < cosB, <0.6 nuclear effects in low-energy transfer neutrino-nucleus interactions
10F -
v, CCOn Carbon S. Dolan,' A. Nikolakopoulos,2 O. Page,® S. Gardiner,* N. Jachowicz,? and V. Pandey®
8F HF-CRPA YCERN, European Organization for Nuclear Research, Geneva, Switzerland®
6BF - HF 2 Department of Physics and Astronomy, Ghent University, Proeftuinstraat 86, B-9000 Gent, Belgium'
SUSAV2 3School of Physics, University of Bristol, Bristol BS8 1TL, United Kingdom
4F ) *Fermi National Accelerator Laboratory, Batavia, IL 60502, USA
LFG-RPA 5 Department of Physics, University of Florida, Gainesville, FL 32611, USA*
2 LFG ( (Dated: November 2, 2021)
no RPA) '
1 1 1 1 1
o
S 12F & 0.6<cosd, <0.75 0.75 < cos, < 0.86
3 10 1% Implementation of the SuSAv2-MEC 1plh and 2p2h models in GENIE and analysis of
put nuclear effects in T2K measurements
o B8
@ S. Dolan,%%? G.D. Megias,"* %% and S. Bolognesi?
g 6 IN2P3-CNRS, Laboratoire Leprince-Ringuet, Palaiseau 91120, France
c 2DPhP, IRFU, CEA Saclay, 91191 Gif-sur-Yvette, France
= 4 YCERN, European Organizalion for Nuclear Research, Geneva, Switzerland
% A University of Tokyo, Institute for Cosmic Ray Research,
o 2 Research Center for Cosmic Neutrinos, Kashiwa, Japan
% , , . , (Dated: February 21, 2020)
[oiy
T 12F [ 086<cosf, <093 | 093 <cosf, <1
i B n N
10 d / . \\
8 Implementation strategy
6
4 Include inclusive responses
2

o 1 2 3 12 3  Add nucleon final state in GENIE
Muon momentum (GeVic) based on momentum distribution

* SuSAv2, LFG+RPA (Valencia),
\ - CRPA, SuSA-MEC, 4
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Inclusive cross sections in generators

The idealized version of the event generator:

YZD +\€Z; AN

Neutrino-nucleon Initial nuclear Extra nuclear Final state
scattering state effects interactions

[Fig. From K. Niewczas]

The reality:

(part of) the initial-state, the ‘extra effects’ and the FSI are included

It is not possible to obtain the hadron information from inclusive CS!!
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Nucleon variables in GENIE

Input to the generator is inclusive cross section:

dO(Ey) 9 /fl /
= Q)
dE;d cos 0, Gy A€y Z

Lost nucleon information - Need to generate |t in GENIE

1. Draw initial nucleon p_ from p? n(p) (e.g. LFG)

112. Compute E ?=p 2+ M 2
3. Ey=E,+ w-Ey(q)
4.k2=E2 M2

1 [P+l # ky = \/EJQV_MJ%

kn
—ky = Pm +q
Y pm + ( |

5. Give residual momentum to remnant
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Nucleon variables in GENIE and RDWIA

Comparison of the nucleon kinematics

® The full 5-fold RDWIA calculation

©® The GENIE algorithm for ‘adding’ the nucleon

P(|pp]) (1/MeV)

0.5 —[
U Al

Al

|

| | rR.OlP |':|
rROP GENIE

E. =11 GeV |
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0.1 02 03 04 05 06 07 08 09

|Pp| (MeV)
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0

rROP GENIE

E, =22 GeV |

| rROP l|:I

(e,e’p) at fixed
Incoming energy

©,>10°

= e4nu kinematics
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Nucleon variables in GENIE and RDWIA

Comparison of the nucleon kinematics
® The full 5-fold RDWIA calculation

©® The GENIE algorithm for ‘adding’ the nucleon

20 | Iy — | 'ROP —— (e,e’p) at fixed
E. =11 GeV rROP GENIE E. =22 GeV rROP GETNIE Incoming energy
2 b | 4 2+t | -
| 0,>10°
2! L i = e4nu kinematics
2 PRELIVINARY
s 1 PRELII\/'I_LNARY 4 1L | 1L 4
q, A il |
- 05 F i
(ejeiﬂﬂﬂﬂ‘—ﬂ»
| | U | 1
—1 —0.5 0 0.5 1 —1 —0.5 0 0.5 1
cos f,. cosflp,
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Conclusions

« The ROP and INC approaches both use nucleon-nucleus scattering to
constrain FSI, albeit in very different ways.

« A consistent comparison of the NEUT INC and optical potential
approaches shows that there is quantitative agreement only at large
kinetic energies.

* For small kinetic energy the differences are up to 100% !!

« The ROP should be more reliable in this comparison, but the true
answer is unknown!

« Results of the generator will depend crucially on the input to the
INC, but current implementations (necessarily) use unrealistic
approximations

 Unfactorized Events for flux-averaged signals over the whole
phase space can be generated
- You can use these for validation/error estimation/...
of your own INC/simulation/...
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Transverse Kinematic Imbalance

=N W
T T[TT

Effect of non-elastic FSI visible in P.and o,

~ 2 ] 7 RPWIA4NEUT - )

g .1 | SHORNEUT , Because p > 450 MeV low energy differences
LI RPWIA are not seen

7 ROP

\9/ 4 piizis non-QE ------ 7

<

o

Large non-QE ‘background’ not separable from
FSI effects

do/dsar (1073° cm? /rad)

0 0i2 0i4 0i6 0i8 1 1i2 1t4
5(}57‘ (Iad)
Non-QE from [Bourguille et al. JHEP04(2021)004]
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(e,e’p) results for CLAS e4nu kinematics

Fixed-E experiment
(e,e’p) in CLAS

Range of nucleon and
lepton kinematics

Restrict E_to probe

specific interaction
mechanisms

do/dE,, (ub/MeV)

1.6

14 +
1.2 +

0.8
0.6 -

0.4 | /'

02 /)

‘ ROP
RPWIA+NEUT
'ROP+NEUT — —

E =1.1GeV

18 20 22 24
E,, (MeV)

But with full range of w, g, T, to study FSI

_ ROP
= RPWIA+NEUT ------
O rROP+NEUT — —
~
o)
3
- E=1.1GeV
=) By < 25 MeV
=
~
o)
=

0 005 01 015 02 025

T, (GeV)
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0.02 r
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Em < 25 MeV —» No 2p2h, RES, inelastic FSI
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Degeneracy of interaction channels

Is reduced, but not removed by fixing incoming energy

Is removed by restricting the energy/momentum of residual system
Restricted Unrestricted

kinematics l + A — l, + N -+ B kinematics
-_—

Fixed-E experiment

Accelerator

exclusive : : [
(e,e’p) (v,I'p) or (e,e’p) (v,I'p)
Fixed nucleon Range of nucleon and Range of

and lepton lepton kinematics nucleon and
kinematics lepton
Restrict E_to probe kinematics
Severely specific interaction
restrict Em mechanisms No Em
restriction
Learn nuclear possible
structure and
Reduce FSI
and kinematic
effects
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Saclay data for °O(e,e’p)
[Mougey et al., Nucl. Phys. A335, 35 (1980)]
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Relativistic mean field with nlsw Iinteraction

L = V(iyod"'— M)V + % (0,00"0c — m2a?®) — U(o)

Extension of the original

1 1 1 o-o Walecka model
B MY —m?2 o g _ pv (Ann. Phys.83,491
1 QWQ 2mww#w 413{”3,1:{ 5 mpp#p 4F JF Fhys.8

— — — 1
— goVoU — g, Vv,V — g, ¥y, 7"V — g, Ty

Uy, AP
U(O’) = %gggg + %Q’gffﬁl

@-p+ B (my+5(r) = (E=V(r)]y=

Where: ) ) )
/ Main approximations: \
S(r) = goo(r) 1) Mean-field
1 + T3 aBpro o
V(r) = guw’(r) + gpmap§(r) + e=—5—=A%(r). RrOGTENAY o ()] e 2 ()
2) Static limit:
Owy = 8%py = % = 0| Wy = 0u0w0 5, Py = 0u0P0
(V*=m2) a(r) = gops(r) + g2o*(r) + gso°(r), 3) Spherical symmetry for finite
V2 —m2) W’ (r) = gups(r), \\nwo—woirl po=po(r)] o =0(r)] /
(V2 —mp) p3(r) = gppi(r),
Vio(r) = —epe(r),
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