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Motivation

Long baseline oscillations experiments Experiments collecting cross section data
J-PARC ) MicroBooNE
MB@Z largest LArTPC
. detector
;r_zR\ [ ] Running | T2K

I B ‘ | MINERVA

- —— Future | HyperK dedicated to o,
28 bem on different nuclei
Fermi Lab . o
Systematic uncertainties

Running | NOvA

Source (12K N(v,)

Future DUNE o,y and FSI 3.8%
Total Syst. 5.2%

Past| MiniBooNE NEUTRINO 2022

. . , Source ( @ ) N(v,)
» Neutrinos with ~ GeV energy travel between two detectors situated at S
: : : o,y and FSI 71.7%
~100s Km distance. The appearance or disappearance of neutrinos of

Total Syst. 9.2%

given flavour provides information on oscillation parameters.
Phys. Rev. D 98, 032012

» Why nuclear physics? Cross sections are extremely small ~1073% cm?:

intense beams and large detectors made of medium/heavy nuclei are Neutrino interaction uncertainties
needed. dominate the systematic error
They must be reduced for DUNE
Experimental analyses need nuclear physics input and HYPERK to succeed

Detectors: Carbon, Oxygen, Argon

Maria Barbaro MAYORANA WORKSHOP Modica, June 2025




Flux-integration and energy reconstruction

Neutrino flux

The true neutrino energy L  is not precisely known: O 1 Katori, Martini, J. Phys. G (2018)
_ - . G RN 2 — T2K/Hyper-K
v beams are not mono-energetic: broad flux distribution = T MictoB N E/SBND
E  must be reconstructed from the detected final state: — R%j‘ERVA (ME)
nuclear model dependence — DUNE

What experiments want to extract

U matrix encodes
oscillation parameters

Oscillation probability B 2 ) e |2
from flavour a to Pva—wﬁ — ‘ (| ”ﬂ(t» ‘ = ‘ Z,- UgiUpge™ =

What they do measure

Number of events: convolution over the true neutrino energy spectrum

N, (E,)) ~ [cpya (E) X Py (EnL,10)) X|ay (B) x e, x d(E,E,) dE,

I/ﬂ v 12 Va_”/ﬂ A
v flux oscillation probability | |z — A cross | | detector || migration
section efficiency | | matrix
reconstructed
v energy E — E_ Monte Carlo event generators true v
v v energy
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Monte Carlo generators

In order to reconstruct the neutrino energy and extrapolate it to the true one, nuclear models are
implemented in MC event generators which simulate neutrino interactions with nucleons and nuclei

» GENIE widely used by FermilLab experiments MicroBooNE, NOvA, MINERVA
» NEUT used in T2K
» NUWRO used for comparisons of experimental data with calculations

» GIBUU transport-based theoretical framework

The 1deal generator should contain consistent models, valid across the full energy spectrum.
In reality tunings to specific data are performed, sometimes hiding the correct physics.
It 1s crucial that reliable and tested nuclear models are implemented in generators.
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c (cm2)

A prominent example: the “Mapuzzie”

%1073 MiniBooNE, PRD 81 (2010)

14E (@) i The 2010 MiniBooNE Dipole axial mass
12 I “CCQE-like” muonic G.(0?) = 8A
10 Pt T el neutrino data on C12 A (1 + Q2/M?3)?

g ——————— u MiniBooNE data With shape error analyzed using the purce

& ﬁ“ﬁ'&iﬁ’ﬁ?g v(:?ttlilll\v/‘;tﬂh=tl(::glger§;<=l.000 RFG model suggested an ZWA=1 35 GeV ?

(2) ;— RFG model with M{"=1.35 GeV,x=1.007 | | 9xial mass larger than the

04 06 08 1 12 14 16 1.8 2 standard valueof I

El*‘[GeV]
CCQElke cross-section Including 2p2h excitations
16 T T

— 14 — vy - O 0

c

£ 12 -

=

g w0  opeE - 1 . \f/

Ng 8 ———————— —.:

g © ]

=T 1

) 5 | :

) | l The data are reproduced without need
2 2.5 of increasing the axial mass
E*[GeV]
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Inclusive and exclusive measurements

Lepton-nucleus cross-section measurements are usually classified depending on the final particles detected
» inclusive: only the final charged lepton is detected
» semi-inclusive: some final hadron is detected in coincidence with the lepton

» exclusive: all the final particles are detected

Example: neutrino-nucleus two-nucleon knockout

Exclusive processes are more sensitive to nuclear model details than inclusive ones
They can better discriminate between different nuclear models

Experimental measurements are more demanding
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Electron and neutrino inclusive scattering

e+A—-e'+X v,+A->pu +X

/ Electromagnetic u CC weak
e, e -
(e, €’) W 17)

e
7
do do
do = |dE, ®(E)
dk,dQ, dk,dQ,
dk,dQ, E,
Inclusive cross section at fixed electron beam energy Flux-averaged inclusive cross section

Nuclear effects in e-A and v-A are the same, in both 1nitial and final state.

Different experimental conditions: monochromatic electron beams versus broadly distributed v beams
Different couplings and currents: axial vector EM current versus V-A weak current

Many high quality inclusive electron scattering data exist (Saclay, Bates, Mainz, Nikhef, JLab)
Electron scattering data are necessary test for any model for neutrino-nucleus cross sections

They can also be used as input to predict neutrino cross sections, at least for the vector responses

v Vv VvV Vv Vv Vv
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elastic interaction with a
bound nucleon

interaction with a pair of
correlated nucleons
Meson Exchange Currents

Resonance

Quasielastic

Energy spectrum

RES
resonance
production

DIS
deep inelastic scattering
interaction with quarks

DIS

>
w transferred energy

In electron scattering the experimental conditions can be chosen to isolate a specific channel

In neutrino scattering, due to the flux integration, different processes contribute to the same experimental signal

— need to model several channels at the same time
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Channel overlap

As a consequence of the flux integration, in neutrino experiments different processes occurring in the
nucleus cannot be disentangled in the experimental inclusive signal.

(e,e) Similar kinematics (I/ﬂ, W)
<E,>=600MeV, 29°<0 <37

E=680 MeV, 6=36", q,.=402.5 MeV/c _ — I T T
[ 1|2C| T | T T T [ T T T ] T T T [ T T T _ § ____ 080<Coseu<087 __
300001 Saclay data 2p-2h MEC g 2] ———r
Inelastic

- NPA402 ——-QE - g 10+ c— . — ME( -
= - (1983) —— Total = 1 T4 |..... A
& i E 3T S -
% 20000 |- s 1 t ltl |

ota
Q _ 2” 6T -
vg i IS L + T2K data -
—~ 10000 I ;1 4t PRD87  _
_g . § | 1 (2013)
O} i FO:L 27
o . (o
< i 3 < 1l
® >~ © _
(@\ O I I I | I I I | 1 e L= =y — NFU O
> 0 0.1 0.2 0.3 0.4 0.5 0 0.5 1 1.5 2
w (GeV) P, (GeV/c)
Megias et al., PRD94 (2016) MBB et al., Universe (2021)

The quasi-elastic and A resonance peaks can be separately identified in the (e,e’) spectrum, the 2p2h response filling the dip
in w between the two. In neutrino data the three contributions overlap due to the flux integration.

“Tuning” one of the three contributions to adjust theory to v-A data may destroy the agreement with e-A data.
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Theoretical framework

Inclusive lepton-nucleus cross section

do
dk,dC);

o, contains couplings and kinematic factors

— uv
= 0y ”yyW

Leptonic tensor 77, = Z j; J, - very well known, depends on the analyzed interaction (EM or weak)

Nuclear hadronic tensor W = Z <A|JNX><X|J'|A > (M, + q— Py)
X

| A > nuclear ground state, described using a nuclear model
| X > hadronic final states: residual nucleus + hadrons |(A — 1)*,N >, |[(A —2)*, NN >, |(A — 1)*, Nz > --
J# nuclear current, depends on the process and interaction: J* = J#(1b) + J*(2b)

Vi leptonic kinematic factors

Rosenbluth decomposition Ry (g, w) response functions embodying nuclear dynamics

components of the hadronic tensor

F J 1 (e.e)
o
=0 V. R*™ 4+ V.. Rt™ 2 electromagnetic responses
B d 7 (U/p/’l)
o
= 0y (VCCRCC + 2V Rop + Vi Ry + ViR £ VT’RT’) 5 weak responses
dk,d,
s d+
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Super Scaling Approach (SuSA): use (e,e’) data as input

1. Start from the reduced (e,e’) cross section defined as

f(qa a); kF) — kF

(e,e)

|d*c/dwdQ)]

exp

O¢N

> f(w)

In certain conditions (scaling region) f depends on one, instead of three, scaling variable v = v (q, w; ky)

1.2
0.8

0.4

0

Different kinematics, same nucleus

Scaling of first kind

e TR
) A TR
i‘g#i {%;i%‘fiiifé gi ifi
g
- g%t QEP %;fﬂig

N
P i l

. (l) /4 :

1.2

f

0.8 —

0.4

Different nuclei, same kinematics

Scallng of second klmi 4 *H

C,Al Fe, Au ﬁwﬁwﬁ*”

E,=3.6GeV
g
0=15 deg ¢

-1 0 1
Al

SuperScaling

Day et al., ARNPS 40 (1990);
Donnelly and Sick, PRL82 (1999)

Very well realized by data in
the region below the QEP
and for g 2 400 MeV

» The scaling function f encodes the nuclear dynamics, in both the initial and final state, for different
kinematics and nuclei. Superscaling sets stringent constraints to nuclear models.

» The analysis of separated L and T data has shown that scaling violations mainly occur in the transverse
channel and arise from non-QE processes: A production and 2p2h excitations

|d*6/dwdQ)]

2. Use fto predict the neutrino scattering cross section (v, /) as

wl) _ 1 _
’ GUN f(l/j)
F




l. Quasi-elastic scattering: SuSA model (v1 and v2)

The scaling function f can be extracted from longitudinal data or calculated within a model.

0.8

Sué AVI/I/\\\ - : SuSAv1l model (phenomenological)

' / ! B N ' » one scaling function extracted from longitudinal (e,e’) world
data [J. Jourdan, Nucl. Phys. A 603 (1996)]

» great improvement on the Relativistic Fermi Gas result

» it is assumed that f; = f- (assumption, true in RFG)
Amaro et al., PRC71 (2005)

SuSAv2 model (microscopic)

—
AL

» a set of scaling functions in L, T and 1sospin channels, based
on Relativistic Mean Field calculation

-~
l

l[_r'bl [_:"‘:I ,_]"'71
T
o
|

» fr > f; in agreement with L/T separated (e,e’) data

» parameters fitted once and for all to carbon data
Gonzalez-Jimenez et al., PRC90 (2014)

E <
S - ~ —
e e —

The superscaling approach describes simultaneously electron and neutrino scattering
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Il. Beyond QE scattering: Two-Body Currents
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Meson Exchange Currents

MEUC is derived from a chiral Lagrangian (nucleon and pions) plus A interaction terms.

' ' P p: ' '
A resonance P P> ! £ P P2 P 1 AP/Q
A A A A A T
T r =~ | | -

- - - - - S ..-<- _>_'. ﬂ',',
P, T ’
q

hl

“A pole” (dominant)

Feynman diagrams for the 2-body J¥ __ in free space

off-shell pion

N\ N N

h, hy

MEC

Q" A A
0\ qg A f“‘ hy hy

“Pion pole”

“Seagull” or “contact” “Pion in flight” (only for neutrinos,

purely axial)

The corresponding inclusive nuclear tensor W** is evaluated in the RFG model, where the ground state is the Fermi

2p2h

sphere | F' > and the final states are |2p2h > = aTagzah

Inclusive RFG 2p2h hadronic tensor

P1

ap | F>.

oo
Wopon =

4
|% my

P P dPh,d®h

(27:)9/ R NN 7

X r””(p’l, p/2, hl’ h2)5(E’1 + Elz — El — E2 — 0))
x O(p', p5, hy, hy)6(p) +p5 —hy —h, —q),

» fully relativistic calculation
» all many-body diagrams involving 2 pions included
» each many-body diagram is a 7D integral+flux integration

» np, nn and pp can be separated

Maria Barbaro

—> 7-dimensional integral
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Many-body 2p2h diagrams

Exchange diagrams

De Pace et al., Nucl.Phys. A726 (2003) EM
Ruiz Simo et al., J.Phys. G44 (2017)  WEAK
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lll. High energy spectrum:
Resonance production and deep inelastic scattering
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Extension of SUSA to the inelastic channel

MBB et al., PRC69 (2004) (electrons), Gonzalez-Rosa et al., PRD105 (2022) & PRD11 (2025) (neutrinos)

» introduce a generalized scaling variable vy, for each invariant mass Wy

» fold the elementary inelastic structure functions with the SuSA scaling variable

Quasielastic Inelastic
Wmax
Wmin

Uk

. single-nucleon inelastic structure functions taken from available parameterizations:

» Electron scattering: w,, w, from Bodek and Ritchie PRD 24 (1981), Bosted and Christy PRC76 (2008), PRC81 (2010)

» Neutrino scattering: w,, w,, w; weak structure functions (less well known)
* RES: Dynamical Coupled Channel model [S. Nakamura et al., PRD 92 (2015)]
* DIS: Bodek and Ritchie parametrization plus quark-parton model assumptions
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Validation: SuSAv2+2p2h comparison with (e,e’) data

E=680 MeV, 636", g, =402.5 MeV/c E=400 MeV, 6=36", q =239 MeV/c ~ 4(GeV)
_ — ~ 26405 0.25
% 12 2p-2h MEC | Z
% 30000_ C Inelastic %
S St 10.24
5 S
= i =
‘8’ 20000 ~
3 : S 1e+05}F 10.24
< S
N,.: 10000 NB B 40.23
s = :
. N 0 0.23
% 01 02 03 04 05 0 '
o (GeV)
Megias et al., PRD94 (2016)
E,=2222GeV, 0,=15.541deg
Data: Barreau, NPA402 (1983) 140 o | - | - | - | -
> 120 AT _dal MEC \ | MBeral ,PRCY9(2019)
@) -—— QE I .
E 100+ o ngh / - Data: Dai, PRC98 (2018)
< gl Inelastic ! |
~ 13358 i : I /l
= R
< gl /
% 40 I~ R Frpigil // ]
~°  20F 7T .
o R S
e m g ———— =TT — 7| L - -
02774 16 18 2 22
E’(GeV)

Good agreement with data for different nuclei in a wide kinematical region, with the exception of the very
low g regime, where the superscaling approach and IA fail and collective effects dominate.
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SuSAv2+2p2h comparison with (v, 4) CCOx data

094 < cosGM <0.98
10 [ [ | [ | [ | [ | [
i . e T2K T
2p2h
8 C . OE _
i — QE+2p2h i
6 | ]

Megias et al., JIPG46 (2019)

nw
N

dcosO (10'39cm2/GeV/nucleon)

u

d’o/dp
(\

[
e,
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Implementation of SuSAv2+2p2h in GENIE

/g 0.850 < cosO < 0.900
u

3 12 B B L e B S S B B

;:) : ‘ —.~ SuSAv2-2p2h _

S 10 | --- ?}‘gﬁ‘éz(épég > 2h) 7 The SuSAv2 model is now

O i d — uSAv2-2p ] : : :

S qf THES GENIE (SuSAv2-1plh) implemented in GENIE, in both the
C\IE - I"__ \ GENIE (7-abs) 1 QE and 2p2h channels

i / \ GENIE (Total) i

%o 6 , e T2K +H  Check: for the inclusive cross section
2 / \ ] versus the muon variables, the results
5 4r % : S.Dolan et al,, PRDIOL (2020) 4 of the implementation (histograms)
qé / ] arein good agreement with the

S 2r -1 original calculation (curves)

o F I

E O L o e ]

% 0 0.5 1 1.5 2 2.5

p, (GeV)

Important warning: the SuSA model is intrinsically inclusive, hadronic variables do not
appear in the calculation —> GENIE-SuSAv2 cannot be used to predict final proton(s)
distributions

The model implemented in GENIE must be improved starting from the semi-inclusive
calculation. Very few microscopic models for the semi-inclusive neutrino-nucleus cross
section exist at present
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Semi-inclusive scattering

Recently semi-inclusive data have been published by T2K, MINERVA, MicroBooNE
The outgoing lepton and one ejected nucleon are detected in coincidence

scattering plane
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Semi-inclusive scattering

Quasi-elastic channel Two-particle-two-hole channel
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l. QE scattering

p,  PWIA

d°c © @,k ,
< > - | ak—2Zk, F2(E, — E,)
dk'dQ'dp,dQ, . k

P, =4 —Pn =Pa-1 missing momentum

E,=w—-Ty—T,_, missing energy

Initial state:

Spectral function S(p m’ Em) =5 SP(p m? Em) + Scorr(pm’ Em)

Joint probability of finding a nucleon of momentum p,,
in the nuclear ground state A and reaching final states in
the daughter nucleus A-1 characterised by missing energy E

Sqp(p, E) shell contribution evaluated in the RMF
model, including spectroscopic factors extracted
from (e,e’p) data, accounts for ~80% of the strength

Scori(P> E) high missing energy and momentum tail due
to NN correlation extrapolated from nuclear matter
using LDA [Benhar et al., NPA 579 (1994)]

En (MeV)
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Final-state interactions

Distorted wave impulse approximation T2K 14CCOzNp signal: at least one proton in
the final state with momentum above 0.5 GeV

0.8 < cos(8) < 1.0 ; 0.3 < cos(6\H) < 0.8

[ T _
3x10-40F f T -

‘_74.2)(10'39 T T T T
S Franco-Patino et al., o~
2 -7 PRD 106 (2022) rov :
S 9x10-40F % — RPWIA i
- S S -~ ED-RMF -
> ! T ----- GENIE-SuSAV2 |
(D 6x10-401 .
S ! e — 2p2h
% --=- Other
=
Q.
L,
S
=)

» Srong dependence on the treatment of FSI
» All curves include 2p2h from GENIE simulation, based on inclusive predictions (unreliable)

» Relativistic Optical Potential (ROP) model seems to agree better with the data BUT the model/data
comparison is much affected by the 2p2h contribution

» No clear conclusions on the best treatment of FSI

» Microscopic calculations for the 2p2h semi-inclusive process are needed
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Il. Two-body currents in semi-inclusive scattering
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2p2h semi-inclusive cross section

( 6 )
o ~ 1, WH” =0,pE, F*
da)dQﬂdTdep HY " 2p2h(N) 0F™=p
_ Y,
Hadronic tensor: same model used in the inclusive case, RFG based
wio oV Jd3p &3hdh m—]%/r””(p o N G he )
2p2h(N) (271-)6 2 1 2E1E2Eé 1> 25 7515 722 1> F25 151> 742

Xo(E|+E,—E —E,—w)o(p; +p,—h; —hy,—q)

» Integration over one particle and two holes momenta
» Four-momentum conservation

» No more azimuthal invariance

» 5-dimensional integral

Response functions

92 = VL RL + VT RT - VLT RLT + VTT RTT } 4 EM I'CSpOIlSGS

gz - VCCRCC - 2 VCLRCL + VLLRLL + VTRT + 2 VT/RT/

» 10 weak responses
—VerRer + Vir Ry + Vir Ryr — Ve Rep + Vip Ry
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Comparison with semi-inclusive EM data

E. =470MeV, o =263MeV, q =303 MeV
kinematics selected to hit the dip region between QE and A

6p=38°

N |

L B TOT —
> 15 direct = -

)

S exchange — - -

o) NIKHEF ———

& 10

Q.
G

©

LLIE

S Or
G

o

s O
®o | | | | | |
©

0 0.05 0.1 0.15 0 0.05 0.1 0.15

E, [Ge
oev] V. Belocchi et al., PRC 109 (2024)

» Pronounced peak corresponding to 2p2h excitation

» Direct and exchange contributions included

» A dominates (~ 50%) over pure 7 and 7 — A interference
» Very good agreement with data below E_ ~ 130 MeV
» For E_ > 130 MeV pion production starts to contribute
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Isospin separation in 2p2h

Kinematics: E, = 470 MeV, w =263 MeV, q = 303MeV — dip region

» pn channel dominates over pp

d®0/dE,.dQ.dE,, dQ, [pb/MeV?/sr?]

25

20 -

12
10

N O N M O ©

V. Belocchi et al., PRC 109 (2024)
I

pn — - -

I I
6,=38°

T — - -
— . —
— o — -

» T contribution is the most important, TT reduces by ~ 15%
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v, — C semi-inclusive 2p2h cross section

Incident energy and four-momentum transfer fixed = span over the detected particle phasespace

12C E,, ;=750 MeV, w=200 MeV, 6,=15, ¢,=0

200
180
160
140
120
100
80
60
40
20

2/GeV? sr?]

N
o
o

O 180

40
g

— 140 |-

10

—100

dq,

£y
o

Q 50 +

N
o o

-20

d®o/dw dT, dQ

=

01 T,[GeV]

Valerio Belocchi: https://tesidottorato.depositolegale.it/handle/20.500.14242/199440
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Py distribution from 2p2h at fixed neutrino energy

Leading proton: the proton carrying the highest momentum in a multinucleon knockout event

Proton E, =550 MeV Leading proton
| | I I I | I | I I T | I I
TOT —
200 -+ - 200
150 -+ - 150
100 - T - 100
50 -+ - 50
S
(H]
o 0
g 200 300 400 500 600 700 800 900 200 300 400 500 600 700 800 900 1000
o
5
=, 300 T T T | T T I 300
=
=
5 250 - 250
©
200 - 200
150 - 150
100 - 100
50 - 50
0 ~ | | | | B e, 0
200 400 600 800 1000 1200 1400 200 400 600 800 1000 1200 1400
Pn [MeV]
» pp emission channel dominates over pn
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py distribution from 2p2h at experimental conditions

2p2h contribution to the CCOzNp cross section averaged over the incident T2K flux. Experimental cuts applied

do/dp [10"%%cm?/GeV nucleon]

do/dp [10*%cm?/GeV nucleon]

-0.3<€c0s6<0.3, 0.85<c0s6,'<0.94

0.5 T I I I
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
005 .. — = == [

0.5 0.6 0.7 0.8 0.9 1

Pn [GeV]

0.3<c0s6<0.8, 0.8<cosepL<1

0.5 0.6 0.7 0.8 0.9 1

Pn [GeV]

do/dp [10*%cmZ/GeV nucleon]

do/dp [10*9%cm?/GeV nucleon]

0.3<c0s6<0.8, 0.5<c0s6,<0.8
1.8 T T l
1.6
1.4
1.2

T
GENIE
TOT —

0.8
0.6 X
0.4 W

0.5 0.6 0.7 0.8 0.9 1

Pn [GeV]

0.8<cosB<1, 0.3<cosepL<0.8

0.5 0.6 0.7 0.8 0.9 1

Pn [GeV]

V. Belocchi et al,
in preparation

» GENIE 2p2h from Dolan et al., PRD 101.3 (2020), based on inclusive model results, FSI included (cascade model)

» Present computation: consistently higher cross section, peaked at higher pN, but FSI not included
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Summary

» Nuclear physics input is crucial for present and future long baseline oscillation experiments.
The present situation does not match the desired precision.

» SuSAv2 model with the addition of 2p2h successfully tested against inclusive (e,e’) data, yields
CCOx neutrino cross sections compatible with errorbars.

» Several new data (T2K, MINERVA, MicroBooNE) on semi-inclusive measurements: both leptons
and hadrons detected in the final state. More sensitive to nuclear effects, theoretical studies still
quite rare.

» We have studied the QE semi-inclusive process in the framework of the RMF model. Results are
extremely sensitive to the treatment of FSI. The comparison with data requires the inclusion of
2p2h contribution, until now not available.

» A new calculation of the 2p2h contribution to the CC semi-inclusive cross section has been
recently completed. Test against the (few) available electron scattering data is satisfactory, but FSI

must be included. Comparison with neutrino data is underway.

» Future work: inclusion of FSI, 2p2h beyond RFG, contribution of heavier mesons MEC, sensitivity
to form factors....

THANKS FOR YOUR ATTENTION

Maria Barbaro MAYORANA WORKSHOP Modica, June 2025
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2p2h models presently 1mplemented in the GENIE generator
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Model comparison in the QE channel
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» Quite large spread between theory
predictions for the “no pions” process
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SuSAv2

GIBUU )
RPA/Valencia
HF-CRPA Ghent

Present experimental precision not sufficient
to discriminate between models

» All results agree on the important role of
two-body currents (2p2h excitations)

» However, large differences between 2p2h
calculations

S. Dolan et al., PRD101 (2020)
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How to resolve discrepancies?

» validation versus other data: electron scattering ideal tool to discriminate between models
» comparison with more exclusive neutrino data, involving the final hadrons variables, now available from T2K,

MINERVA, MicroBooNE




2p2h calculations

Large discrepancies between 2p2h models implemented in the GENIE generator

S. Dolan et al., PRD101 (2020)
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Further constrains can be obtained from:
1. wvalidation versus other data: electron scattering

2. comparison with more exclusive data, involving the final
proton variables, now available from T2K, MINERVA,
MicroBooNE
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Scaling variable

The scaling variable y is defined in the framework of QE scattering the relativistic Fermi gas model

w(q, ) = £ 4/— To==\1+1/t1———-m

T, is the minimum kinetic energy of the hit nucleon
at given momentum and energy transfer

my ( 102 ) In the relativistic Fermi gas model o6l
w(g.0) == - 3 s )
gk 2my fRFG(w) _ Z (1 _ 1/12) 0 (1 _ w2> Zo4f
w = 0 at the QEP VT

y is analogous to the Bjorken variable x in DIS

Extension to the inelastic regime

Ty
,) = *x —_—
(g, ®) T

T(;k = % 1+1/7 —% - W W is the invariant mass of the final hadronic state



Super Scaling in the Longitudinal and Transverse channels

Donnelly and Sick, PRL82; PRC60 (1999)
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The analysis of the separate longitudinal and transverse responses shows that
- the longitudinal response scales

- scaling violations are mainly transverse (2p2h, A resonance and other inelastic processes)



Validation: electron scattering
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Relativistic Mean Field

The RMF model is based on the impulse approximation (IA):
scattering off a nucleus = incoherent sum of single nucleon scattering processes.

Bound wave function

Nuclear Current —> One-body operator
J%(w7®:fdﬁﬁF(ﬁ+®Jﬁqu(@ 40

The nucleon wave functions are finite nucleus solutions
of the Dirac equation with relativistic scalar and vector
potentials obtained from a Walecka-type Lagrangian
fitted to properties of nuclear radii and masses:

(iy"d, — M =S+ V)y(F,1) =0

Repulsive Vector Potential

20

Up =

PUP

¢down

= au + Bv -20

[MeV]

Attractive Scalar Potential

Scattered wave function

-40

-600

r [fm]

The ejected nucleon wave function is distorted by FSI with the residual nucleus.

It is a scattering solution of the Dirac equation with the same potentials used to describe the bound state.

Orthogonality is preserved: the initial and final nucleons are eigenstates of the same Hamiltonian.

Maria Barbaro

MAYORANA WORKSHOP Modica, June 2025



To describe the inelastic v — N scattering in the RES region we use the Dynamical Coupled Channel

Resonance region: DCC model

model [S. Nakamura et al., PRD 92 (2015)]

- Widely tested for electron and neutrino scattering off a single nucleon

- Describes the resonant and non-resonant regimes, including the interaction between the different

resonance channels (niN, N, NN, KA, KX), the interference between resonant and non-resonant

amplitudes and the neutrino induced two-pion production.

- Validity range my +m_< W < 2.1 GeV

€—p

o (x 10738 cm2)

Maria Barbaro
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Inclusive neutrino scattering in the SuSAv2-DCC model

T2K E ~ 0.6 GeV MINERvVA (ME) E ~ 6 GeV
2 _
= 0.87< cosf,, <0.92 o5 | X" =54.35
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g 1 5 i + Exp. Data (GENIE) x? =255.07 % ~ All Contr.
3 + Exp. Data (NEUT) x? =252.08 = _QE
% 1 2 I gl};}COntr. § 20 B % 777MEC
S MEC 3 —RES
g 9 I N _f[{izms 5 % — TrueDIS
2 | {: ~ SoftDIS = 15 - --SoftDIS
= 6 I R O
= D = %
S — S
;;1 3 E - 1| | = %I 10 +
: ey e et e === H N =
O as ' X
<~ 0 05 10 15 20 S|
o)
p, (GeV) S

- Fair agreement with data pr (GeV)

- QE dominates
- RES essential to reproduce the data
- DIS small contribution

- Data are underestimated
- All channels are comparable in size

- The discrepancy is likely due to poor
description of the “SoftDIS” region

J. Gonzalez-Rosa et al., PRD 108 (2023)
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Relativistic Plane Wave Impulse Approximation (no FSI included)

Striking differences in the cross section due to initial state physics described by different spectral functions.
The precise knowledge of the SF is crucial for a reliable modelling of semi-inclusive reactions.
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Argon spectral function

4047 is the target in experiments using Liquid Argon Time Projection Chambers technique
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Conservative error bands are assigned to the SF
parametrization, related to the extraction from (e,e’p) data
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Comparison with T2K semi-inclusive data

1uCCOzNp with at least one proton in the final state with momentum above 0.5 GeV
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No clear trend emerges from the model/
data comparison at different lepton and
proton kinematics

All curves include 2p2h and “Other” (pion
emission followed by re-absorption) from
GENIE simulation.

Microscopic calculations for these
processes are needed!




MicroBooNE

1uCCOxNp “at least one proton” 1uCCOx1p “one and only one proton”
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J.M. Franco-Patino, PRD 109 (2024)

No clear trend emerges from the model/data comparison at different lepton and proton kinematics

» ROP model is the closest to data » ROP model is the closest to data
» 2p2h give sizeable contribution and are » 2p2h are negligible in the “only
evaluated using GENIE simulation, based on one proton” data

inclusive SuSAv2-MEC model

» Microscopic calculations for exclusive 2p2h
are much needed!
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MINERVA

1uCCOxNp with at least one proton in the final state

kinematic restrictions
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» ROP is

favoured by data

» 2p2h provide ~30% of the strength at MINERVA kinematics (E ~ 3 GeV)
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Transverse Kinematic Imbalance (TKI)

Data are often represented in terms of new variables devised to enhance sensitivity to nuclear effects

Lu et al., PRC94, 015503 (2016)

y
opr = |0pr| = |kt + PnT| | |
kin -6
dQp = arccos (— /T Tk : .
k| [0pT|
0@ = arccos [ ——; :
k| [P
On a free nucleon at rest Ky = — py 1 \
opr = 0¢pr = 0 —> peaked distribution Trarllsverse
plane
oar undefined —> flat distribution

Deviations from these behaviours “measure’ nuclear effects with
minimum dependence upon the neutrino energy:

opr distribution is related to the nucleon momentum distribution

oa sensitive to non-QE effects (2p2h) and FSI
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T2K

TKI distributions
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» In the absence of FSI, the op; distribution is

the RFG is clearly ruled out

» The role of FSI is sizeable, especially in the
ROP approach

» 2p2h mainly affect the high momentum tail

related to the nucleon momentum distribution:

Maria Barbaro

MAYORANA WORKSHOP

» ROP describes better the data versus oa;,

» The departure from flat distribution is
determined by the 2p2h contribution

» No model is able to reproduce the oscillatory
behaviour of data

Modica, June 2025



MINERVA

kinematic restrictions
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Oy, [10**cm?/neutron]

MEC in total neutrino cross section:
L,T, T’ channel separation

CCQE-like cross-section 2p2h cross-section
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MEC in the 1p1h channel

Two-body currents can also excite 1plh states
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The negative interference dominates Iplh MEC can be incorporated in the SuSA formalism
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