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1. Flux-averaged neutrino cross section from the Euclidian response
w. Noemi Rocco (FNAL)

2. Semi-Exclusive nucleon knockout: RDWIA and INC
w. R. Gonzalez-Jimenez, N. Rocco, J. Isaacson, K. Niewczas,
J.M. Udias, F. Sanchez, A. Ershova, N. Jachowicz

3. What data do we need to constrain the exclusive cross section?



Inclusive nuclear response functions
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Euclidian response function

E(r.a) = £[Rw.0) (rq) = | " R(w, g)e " dw

Calculated in Green’s function Monte-Carlo (see A. Lovato’s talk)
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Euclidian response function

E(r.) = £{Rw.q)] (r.q) = | " R(w, g)e " dw

Calculated in Green’s function Monte-Carlo (see A. Lovato’s talk)
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Euclidian response function

E(r.a) = £[Rw.0) (ra) = | " R(w, g)e " dw

Calculated in Green’s function Monte-Carlo (see A. Lovato’s talk)
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Energy-averaged neutrino cross section

E=w+E,
d E
(i) = G | dw Lot En) 3 (e By 0 Rl a)
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Energy-averaged neutrino cross section

do :qu/ dw%qﬁ(w—l-Ef)z['Uz'(waEfaQ)Ri(waQ)]

<dEqu>




Energy-averaged neutrino cross section

do 9
(dEqu>—Gq/ dw

[ Frepeke = [ cinmewman

Is the Euclidian response

— Can compute weighted integrals of the response from the Euclidian response

- The energy-averaged cross section is a weighted integral of the response



Energy-dependence of v(w, E., q)

All v-factors can be decomposed in five functions of w
Do(w)=1=w", Di(w)=w, Di(w)=w?
1 1

— C &w) = |
Ep+w ) (Bf +w)’

81 (w)

With known inverse Laplace transforms



Energy-dependence of v(w, E., q)

The energy-averaged cross section is given by five integrals of the Responses

Energy weighted sum rules:

I; |D,] = / dw Ww"R;(w,q) = E,gn)(()) Forn =(0,1,2)
0

E.— dependent integrals:

> Rz(wafﬁ > n—1_—FE¢1
I; &, :/0 dw (Ef +w)" —/0 drE;(7)7 e Forn=(1,2)




Energy-dependence of v(w, E., q)

The energy-averaged cross section is given by five integrals of the Responses

Only the n-th moments of the response:

Are non-trivial to compute




Numerical evaluation of n-th moment of the Response

We develop a robust method to compute higher moments with uncertainty from E(7)
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Energy-averaged cross section: toy model response

2.5 T T
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Contributions from w-dependence

Dominated by 2 integrals:
wR(w) and R(w)/(w+E))

Second moment is negligible:

Dependence enters as w?g?




Flux-averaged cross sections
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Flux-averaged cross sections
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Flux-averaged cross sections
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Realistic responses: PWIA with realistic spectral function

We address two main uncertainties

1. Integral is restricted to the physical region w < q

( do
dEqu

) = G?q

i

Ey

in

d(w+Ey) Z vi(w, Ef, q)Ri(w, q)]

(]

Upper limit g < « ! Need to correct for contribution from w € [q,]

w+ My ~ Ex = \/(q+pn)? + M3

The large-w dependence comes from high-p_ contributions (SRC)



Realistic responses: PWIA with realistic spectral function

We address two main uncertainties
1. Integral is restricted to the physical region w < q

2. Euclidian response has uncertainty, is noisy

We assian a realistic statistical uncertainty based on the magnitude:

Var [ — f{}\/E

— Calculate observables with ensembles of E(1) sampled within uncertainty
To propagate uncertainty to observables



Energy-dependent integrals

q"Icc [E,] (dimensionless)
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Realistic responses: uncertainties small and under control

1. Euclidian response has uncertainty: is noisy
- percent-level shape uncertainties under control

2. Integral is restricted to the physical region w < q
- Corrections come from large p_ region

Inversion of Laplace = nucleus specific, sensitive to low-w region
Instead : need estimation of large-w behavior:
== Small corrections & driven by SRC ~ universal !

Paper and code soon: [A.N. & N. Rocco, arxiv:2506.xxxx]



From inclusive to (semi)-exclusive cross sections

Electron experiments A(e,e’p)B*: Measure 1 specific kinematic (usually)
Strict kinematic cuts : specific state B*
- This is exclusive

Neutrino experiments A(v,up) X: Measure a range of kinematics
The residual system is many states X
— This is semi-inclusive/semi-exclusive



From inclusive to (semi)-exclusive cross sections

Electron experiments A(e,e’p)B*: Measure 1 specific kinematic (usually)
Strict kinematic cuts : specific state B*
— This is exclusive

Neutrino experiments A(v,up) X: Measure a range of kinematics
The residual system is many states X

M{i} = {HP = | ' IM{EE = DDIAPEY = (DI




Input to the INC in generators

Some implementations in generators: Only inclusive cross section
— The generator invents the nucleon final-state
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[A.N., S. Gardiner, A. Papadopoulo, S. Dolan, R. Gonzalez-Jimenez, arxiv:2302.12182]



Terminology : RDWIA RPWIA & PWIA

-Relativistic Distorted Wave Impulse Approximation (RDWIA)

T (Q,Py) = /dp Y(p+a,ky,sy) O 4 (p)

/

Distorted wave function for final-state




Terminology : RDWIA RPWIA & PWIA

-Relativistic Distorted Wave Impnulse Abpnroximation (RDWIA)

T (Q, Pn) = /dp Y(p+q,ky,sy) O 7 (p)

- Relativistic Plane Wave Impulse Approximation (RPWIA)

3/2 — -
J = (2n)3? u(ky, sy) O" ¢ (kny — q)
By treating the final-state wavefunction as a plane-wave:

U(p,kn,sn) — (2m)%/%6(p — kn)u(kn, sn)

- Neglect all final-state interactions



Terminology : RDWIA RPWIA & PWIA

-Relativistic Distorted Wave Impulse Approximation (RDWIA)

T (Q, Py) = / dp B + q, k. s5) O ¢ (p)

- Plane-Wave Impulse Approximation (PWIA)

The initial state is assumed proportional to a positive-energy spinor:

= (p) < f(Ip)u(p)

One obtains a factorized expression (‘spectral function approach’)

do(E,) - G cos® b, pip?\r ﬂ/f%,_

p— L yh‘uy S Emj T
dp,d$0,dQ,dpN (212 E,E, ENE "'sn (Ems prm)




Terminology : RDWIA RPWIA & PWIA

-Relativistic Distorted Wave Impulse Approximation (RDWIA)
* Remove elastic FSI

- Relativistic Plane Wave Impulse Approximation (RPWIA)
* Project onto particle spinors

- Plane-Wave Impulse Approximation (PWIA)

Remember

 All results use the same spectral function but different final-state
- can consistently check effect of FSI




RDWIA with real potential

- Energy-Dependent Relativistic Mean-Field (ED-RMF)
Final-state in real potentlal - swtable for FSI In inclusive cross section
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[R. Gonzalez-Jimenez et al Phvs. Rev. C 100. 045501 (2019)]



RDWIA with optical (complex) potential

- Relativistic Optical Potential (ROP)

Final-state in complex potential - suitable for FSI in exclusive cross section
[Udias et al. PRC48, 2731]
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E.g. recent Jlab analyses
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[PRD 107, 012005]

[PRD 105, 112002]



RDWIA with optical (complex) potential
- Relativistic Optical Potential (ROP)

Final-state in complex potential - suitable for FSI in exclusive cross section

[Udias et al. PRCA48, 2731]

(b)

-‘Standard’ approach for
FSI in exclusive (e,e’p)
analysis

E.g. recent Jlab analyses
of “OAr & *8Ti



Where do the nucleons go ? : Intranuclear Cascade model (INC)

Production of final-state | X) = |p)|*’Ar")

|,/\/l\2 ~ |Z<\I!0|le|wa>(wa|X>|2, — Restrict to 1-body operator
(84

~ Z|<Q0|le|wa)|2|(¢a|X)|2 —» Classical approximation

%Z|<‘I’O|T1b|¢a>|2P(X|05)- —p Intranuclear Cascade



Where do the nucleons go ? : Intranuclear Cascade model (INC)

Production of final-state | X) = |p)|*’Ar")

|,/\/l\2 ~ |Z<\I!0|le|wa>(wa|X>|2, — Restrict to 1-body operator
1o ROP

~ Z|<\P0|le|wa)|2|(¢a|X) 2 — 3 Classical approximation

%ZI(%IMI%)I P(X|o)|] — Intranuclear Cascade
o ED-RMF INC




Results from NEUT INC with simple spectral function
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Results from NEUT : simple spectral function
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[A.N. et al. PRC 105, 054603]



PHYSICAL REVIEW C 110, 054611 (2024)

Final-state interactions in neutrino-induced proton knockout from argon in MicroBooNE

A. Nikolakopoulos @.'" A. Ershova©.? R. Gonzilez-Jiménez ©.? J. Isaacson,' A. M. Kelly .’
K. Niewczas ®,* N. Rocco®,! and F. Sanchez ®°

Extended study:
1. Argon target & MicroBooNE data

2. Realistic spectral functions

3. Comparison of many INC: ACHILLES, NEUT, NuWro, INCL

4. Many kinematic observables



do/dSPr (10728 cm?/GeV)

Kinematic distributions : ACHILLES INC
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Realistic spectral functions
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Large variation in E_ profiles to check sensitivity of observables

“OAr spectral functions
[Butkevich PRC 85, 065501]
& [Jlab, PRD 107, 012005]

BT from Jlab
[PRD 107, 012005]
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[Butkevich PRC 85, 065501]



Sensitivity to the spectral function

Observables for MicroBooNE flux-averaged signal
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Find no sensitivity to missing energy, only to momentum distribution



Significant variation between different INCs: ‘transparency’

NuIWro — We understand (mostly) the INC variation
NEUT —— (you'll need to read the paper)
0.8 ACHILLES —— -~
INCL ——

0.6 Less ‘transparent’:

: The difference in absorption between
0.4 KA T ROP and INC
as function of T.?

0.2 I/ ROP/EDRMF _
ROP/RPWIA -----

O I I |
0 200 400 600 800
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MicroBooNE data

(10739 em?/GeV /deg)
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MicroBooNE data

(10739 em?/GeV /deg)
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MicroBooNE data

(10739 em?/GeV /deg)
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Phase space dominated by
Direct knockout
An increase is needed ?

Interference with 2-body ?

[T Franco-Munoz et al. PRC 108 064608]
[Lovato et al arxiv:2312.12545]

Increase axial form factor ?

Misinterpretation of the data ?



Summary: INCs and all that stuff

- The INC relies on a classical factorized approximation
. Agreement with exclusive calculations to 0.5" order
-~ Unclear when this approximation is valid - further study needed

- Can use realistic spectral functions + distorted waves as input

- [PhysRevC.110.054611] and [PhysRevC.105.054603]

— Recently implemented in NEUT : [J. McKean et al. Arxiv:2502.10629]

— Can use ACHILLES for electron/neutrino scattering studies consistently
- Comparison to data might need enhancement in ‘direct knockout’

- Interference 1-2 body ?
— Increase axial form factor ?

-~ Constraints from (e,e’p) ?



Constraints from data: What data do we need ?

Focus here on electron scattering data
- Mainz Microtron (MaMl) : capability for precision experiments

- See talk R. Gonzalez-Jimenez : (e,e’pm) experiment
— See talk S. Bacca : current and future planned data

| will discuss CLAS
— Have inclusive & semi-inclusive measurements from e4nu

| give my view on how we can learn more from CLAS data



CLAS data: The ‘full’ problem

The data mimic a neutrino experiment

a 2.257 GeV
FEREN -+- Data

= 0.5 .,/ — SuSAvV2 (Total)
S oal; : — QE — MEC
) . '|‘ — RES DIS
S o3}

o '

= 0.2 '
sld

0.1 —./

O 0.2 0.4 0.6
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[M. Khachatryan et al. (e4nu) Nature 599, 565 (2021)]



CLAS data: The ‘full’ problem




Where does the complexity come from
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Controlling missing energy

le
S =
A 1-proton 1-electron measurement
Y O=(w, q) 7
. p .
. — Events in full lepton/proton
- Phase space
(like a neutrino experiment)
Missing energy to control the
Content of the full final-state
kﬂOWﬂ/ Em — v — Tp (not like a neutrino experiment!)
measured

=Ppem= |nferred
yu T L LU
Q"+ Py = P, +Pg



Simulation: CLAS kinematics
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The full problem
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Cuts in missing energy : E <M

l““:::;i’,‘

----->

IIII"---‘-‘

spmus
.-:\ ammm APty
‘..%lll{F".:;"ﬁ‘%llllllllllllllllllllll P
” e ety EEEEEEEEEEEEEEEEEEEEE
“‘lllll‘.“‘:llllll...... BRI S
. smmmsm
av*® ....““--: .-.IIIIII---------.---.. wmnrmnt

.
‘:lllll""“‘

gummun®
.'...'EI.:.. “““‘“
. . .
", Taag, ."“ ‘G“
", “ LY FPN
ages® .
2t o NEmy
ev® . fren
PRy

2
IIIIIIIIIIIII--

gdaumunmummuunnn

cuts



Setting increasingly difficult constraints
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Setting increasingly difficult constraints

1.2 | | Excitation energy distributions
lplp
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Correlations + MEC If you can’t match direct knockout,

No chance for rescattering



Setting increasingly difficult constraints
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