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Protons in 40Ar

o Liquid argon is the detector material in some present and future neutrino
experiments: MicroBoone, SBND, ICARUS and DUNE.

@ Precise information about the structure of the target nucleus (binding energies
and momentum distributions) is important for v energy reconstruction.

o Recently, the E12-14-012 experiment studied the spectral function of *°Ar.
Results for the proton spectral function were obtained from the analysis of
10Ar(e, e’'p). PRD 105, 112002 (2022).

s
) <:\) 15.75
o> 7
- O
S 105
N
=
S 525
l
s 0
g 40?)

60
80

D
<
00 B

FIG. 10. Reduced cross section as function of missing energy and missing momentum.
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112002

Neutrons in 4°Ar (protons in 48Ti)

e That was for protons. What about neutrons? Because neutrino and

antineutrino couple both proton and neutron, both spectral functions are

needed.

o Determination of proton spectral function of titanium from **Ti(e, ¢'p).

PRD 107, 012005 (2023).

[ 3]

0

00007

L

o0
Q9000

[F18]
Q00000

o0
9000

o9

Energy levels

“°Ar
neutrons
9.87
11.39
12.23
13.23

1772
1d3/2

2s1/2
1d5/2

“Ti
protons
11.45
12.21
12.84
15.45

Agreement to 0.6-2.2 MeV

Fig. from Ankowski, talk@QECT™ 2024

J. Garcia-Marcos (UCM & UGent)

NuFact 2025, Liverpool (UK)

P’s

20
000071

29
900000t

00007

o0

September 4th, 2025

3/20


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.012005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.112002

Neutrons in 4°Ar (protons in 48Ti)

PHYSICAL REVIEW D 107, 012005 (2023)

Determination of the titanium spectral function from (e, e’p) data

L. Jiang,I A.M. Ankowski,2 D. Abrams,3 L. Gu,] B. Aljawrni:h,4 S. Alsalmi,5 J. Bane, A Batz S. Barcus M. Barroso, 8

V. Bellini,9 0. Benhar,m J. Bericic,“ D. Biswas,12 A. Camsonne,ll J. Castellanm J.-P. Chen, ""M.E. Chrlsly,“
K. Craycmft,6 R. Cruz»Torres,14 H. Daj,] D. Day,3 A. Dirican,]5 S.- C Du%a 'E. Fuchey,16 T Gautam 2c. Gll.lSLl
J. Gomez,'"" C. Gu " T.J. Ha, ue, ¥ J1-0. Hamen 'E Hauemtem ’D.W. ngmbotham C Hyde,” Z. Jerzyk 2
A M. Johnson 2 C. Ke pel C. Ldnha.m S.Li® R. Lmdgren H Liun C. Mmdm o "R.E. MCC]EHdH 1" R
D. Meekins,'' R. Mlchael% M. M1h0v110v1c M. Murphy, D. Nguyen M. Nycz °L.Ou," B. Pandey, V Pandey,
K. Park,l G. Perera, A.J.R. Pucke[t % S.N. Santlesteban 2z S Slrca 2625 7, Su, 19 L Tang, 12y Tlan " N. Ton3
B. Wojtsekhowskl, S. Wood,"' Z. Ye,”® and I. Zhang

(The Jefferson Lab Hall A Collaboration)

The results of the pioneering work of Barbieri et al. [4]
that uses one of our previous results [3,5,6] demonstrate the
importance of the availability of electron scattering data in
Ar and Ti. The work in Ref. [4] showed that a replacement
of the neutron SF of argon with the proton SF of 33Ti in the
calculation of the ?gAI(I/W 4~ ) cross section at beam energy
E, =1 GeV has a few-percent effect. It has to be kept in
mind, however, that the inclusive cross section, which only
involves integrals of the SFs, is rather insensitive to the
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details of the missing-energy distributions. Therefore, the
findings of Barbieri et al., while being very encouraging,
cannot be taken as clear-cut evidence of the validity of the
assumption that the proton SF of natural titanium can be
used as a proxy for the neutron SF of Ar, as suggested by
isospin symmetry. More work will be necessary to put this
hypothesis on a firm basis. Here, we only note that our
estimate of the top four energy levels of neutrons in ‘l‘gAr
suggests that they agree to within 0.6-2.2 MeV with those
of the protons in 33Ti listed in Table I.
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Single pion production as an alternative

o We investigate the potential use of the triple coincidence experiment
10Ar(e,e’pr™) as a way to constrain the neutron spectral function of “Ar.
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Fig. 32. Spectrum of the triple coincidence reaction
12Cle,e'pn ) in the A resonance region as a function of the

L. excitation energy of the residual nucleus *'C.
Missing momentum: p,, = p, + k- —q

Nuclear Instrument and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment, 403, 263 (1998).
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Theoretical models

o Elementary vertex for single-pion production: Ghent-Hybrid model.
PRD 95, 113007 (2017)

o Nuclear model: relativistic plane-wave impulse approximation (RPWIA).
PRC 100, 045501 (2019), PRC 109, 024608 (2024)

» Initial state: independent-particle shell model (IPSM), the relativistic mean-field
model (RMF).
» Final state: relativistic plane-waves for both proton and pion.

@ Nuclear energy levels:

> Eigenvalues from the IPSM smeared into Gaussians (o = 0.5 MeV). Occupancies
of 80%.

> The missing 20% of nucleons are modeled as a high-F,,, high-p,, background
starting at the 2/N-knockout threshold.

o Final state interactions (FSI): we propagate the events through NuWro
intranuclear cascade (INC). PRCC 86, 015505 (2012), PRC 100, 015505 (2019)
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In this work...

MAMIQ@QMainz CLAS@JLab

clas;

MAMI website CLAS website

MAINZER MIKROTRON

Nuclear Instrument and Methods in Physics Nature volume 599, pages 565-570 (2021).
Research Section A: Accelerators,
Spectrometers, Detectors and Associated
Equipment, 403, 263 (1998).
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MAMI simulation: a quick overview

MAMI is a three-spectrometer
facility for electron beams at
University of Mainz.

The spectrometers have small
acceptances and extremely good
momentum resolution.

The energy beam for the MAMI
accelerator is E; = 855 MeV.

We want balance between large
cross sections and QE-dominated
process. We choose 0, = 30 deg.

Spec. Particle p [MeV] Ap [MeV] 0 [deg] Af [deg] ¢ [deg] A¢ [deg]
A Proton 470 10% 25.00 7.73 198 4
B Lepton 505 7.5% 30.00 1.15 0 4
C  Pion 145 12.5% 95.00 7.73 90 4
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MAMI simulation: channels taken into account
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o Inclusive cross section for F; = 855 MeV, 6, =30+ 1.15 deg and ¢, =0+ 4
deg.

o We show all the channels taken into account in this study.

e No FSI.
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MAMI simulation: estimation of the backgrounds

Total
Elastic prr 1
Inelastic pm” ———

do/(Ad; Acosd; Aw) [nb/(MeV-sr)]

o E; (w) close to the A-resonance peak but below it so the contribution from
27 production and higher-mass resonances is negligible.

o FSI: events that end up in the at least 1plm~ channel.
e Backgrounds coming from QE are completely negligible (less than 1%).
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MAMI simulation: estimation of the backgrounds

35

~

E, <70 MeV and p,, < 350 MeV
~

e E; (w) close to the A-resonance peak but below it so the

o [MeV]

27 production and higher-mass resonances is negligible.
o FSI: events that end up in the at least 1pln~ channel.

contribution from

e Making cuts in missing energy (E,,) and missing momentum (p,,) helps

eliminate backgrounds.
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Where do we place the detectors for the hadrons?

We want large cross-sections and as less FSI as possible (small backgrounds)
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Where do we place the detectors for the hadrons?
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MAMI simulation: results
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o Cuts in F,, and p,, are implemented.

o We see our input model for the E,,-profile. Each peak corresponds to a
different energy level.

o The levels 1d3/, and 2s,/, overlap.

The p,,-distributions of these two ¢ = 0 and ¢ = 2 states are different.

One could disentangle them by looking at the cross section in terms of p,, (in
the corresponding E,, window).
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CLAS simulation: a quick overview

o CLAS is a large solid angle

spectrometer at JLab.
CEBAF

Large
Acceptance
Spectrometer

e We use a energy beam of
E; = 1159 MeV.

o We use the following acceptances
and momentum resolutions:

Particle  p [MeV] 0 [deg] Resolution

DC: Drift Chamber
cc

Proton > 300 > 10 3.0% SE: Semlation Countr
Lepton > 400 30 :l: 15 1 5% EC: Electromagnetic Calorimeter
Pion > 150 > 22 2.1%
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CLAS simulation: channels taken into account
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e Inclusive cross section for F; = 1159 MeV and 6; = 30 &+ 15 deg
o We show all the channels taken into account in this study.
e No FSI.
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CLAS simulation: estimation of the backgrounds
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o After FSI: contributions that end up in at least 1plw~ and could
contaminate the measurements.

e Backgrounds coming from QE are completely negligible (less than 1%).

e Making cuts in missing energy (FE,,) and missing momentum (p,,) helps
eliminate backgrounds.
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CLAS simulation: results
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o Cuts in E,, and p,, are implemented.

@ The final particles’ momenta are smeared using Gaussian distributions
with o = 1.5% (lepton), o = 3.0% (proton) and o = 2.1% (pion).

o Using the momentum resolution of CLAS we cannot solve the shell structure.
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Final remarks

o We propose the triple coincidence experiment 40Ar(e7 e'pr”) as a way to
constrain the neutron structure in “CAr.

@ We have performed theoretical predictions for the cross sections and
estimated the main background using constraints compatible with the M AMI
and CLAS facilicites.

o We account for FSI using NuWro INC. Most of the background could be
eliminated just performing cuts in E,, and p,.

o In the case of MAMI we have studied the optimal position for the three
spectrometers. We solve the shell structure. For CLAS, due to the momentum
resolution, the shell structure is unsolved.

This is a proof of concepts.

Next steps would include the distortion of the hadrons (with different nuclear
potentials), state-of-the-art SPP models, the use of different INCs.
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Thank you so much
for your attention!
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Just-in-case slides
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How do we model SPP on nuclei?

All the nuclear information is enclosed in the nuclear current J*

The lepton only interacts with one nucleon inside the nucleus

JH = <N’A_1|ON |A> L}J”o( / (ﬁ; Ogn,efbody\pl_g

many—body

e O from lepton-(free) nucleon interaction
° , o=, and Vg are single-particle wave functions
e Exchanged boson: Q = (w,q)
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Impulse approximation and nuclear model

Most general: both pion and nucleon are distorted waves
They account for the interaction with the residual nucleus

I / dp / dply 5(p+a— Dy, ke) O (Q, P, P) Wi (p)

X
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Impulse approximation and nuclear model

Asymptotic (or local) approximation: O is evaluated only once

T

J" oc/dp/dp& ¢r(P+a— Py, k)| O11(Q, Px, P) |¥5(p)

Ky

4
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Impulse approximation and nuclear model

The pion is a plane wave, the nucleon is still a distorted wave

01 (Q, Pv, P) V5 (p)

" o

A{ U Py }B
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Impulse approximation and nuclear model

Both pion and nucleon are plane waves

Mn
2E.EN

JMO( Olltﬂ(QapN,P)\I/B(pN+kﬂ7q)

== 5

N J
PA\/PB
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Ghent-Hybrid 7-model

Resonances + ChPT Nr-Lagrangian

(@) P, Kg P ) P, Ki P
\\Q\ A el \Q\U/KL
@ ") e

‘;\\ . ‘\’\’(3"’\1—"{’

w K v

N ) B

Resonances: Ps3(1232) (A-baryon), D13(1520), S11(1535), P11(1440)
Works up to /s =W < 1.4 GeV — Extended via Regge Theory

PRD 76, 033005 (2007)
PRD 95, 113007 (2017)

Matthias Hooft (UGent) is working on the unitarization

J. Garcia-Marcos (UCM & UGent) NuFact 2025, Liverpool (UK) September 4th, 2025

7/12



Relativistic Mean Field

L =T (i, 0" — M) ¥+ % (0p0d"o — m302) —-U(o)

1 L1 1 L1 1 ,
- ZQWQ“ + §miwuw“ - ERWR“ + §m,2)pup“ — ZFWF“
1+ 7 Uy, AMD.

— 9o VoV — g, Uy, ¥ — g, Uy, 7p" ¥ — g

[—io- V+V(r)+ B(M+ S(r)]¥i(r) = E;¥i(r)
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Regge Theory

o For increasing energies — higher order contributions

RTh: Infinite summation over all partial waves in the t—channel amplitude (—
contour integral in complex angular momentum space)

A Regge pole corresponds to a pole in that complex space

Regge pole = whole family of t—channel contributions

o Regge propagator (with Regge trajectory) replaces the previous one

Pr(t, 5) = —pon (DT [—an ()] () *" "

—T

ax(t) = ax(t—mz) ., Tlan(t)] = o ome ]

Nucl. Phys. A 627, 645 (1997)
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Independent variables and cross section

Lepton-induced SPP on nuclei: | + A — '+ B+ N+«

Counting independent variables

4x6 particles +24
four-mom. conservation —4
5xon-shell (E? = p* + m?) -5
Target at rest -3
Fixed projectile direction —2
Fixed incoming energy -1

d%
dE¢+dQYy dENdQIN dE-dQ

o Ly H"

Four-momenta of every actor

l-Ki A—Pa|l! 5Ky B—Pg NPy nm—K,
(Ei,ki) (ma,0) | (Ef,kf) (Es,pp) (En,py) (Ex kr)

PoS(NuFACT2018)086
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Kinematics of SPP on nuclei
Nothing depends on ¢, Is the residual system excited?

o
“~

@

G
d°c

Fon) Ly H
B dcos 0, dBndSy dEndsy, diy, > PEm e

o Energy conservation: w +ma = Ep + En + Ex
e Mom. conservation: q = pg +py + kr
o Mass of the residual system: mp = E,,, + ma — M

o Nucleon binding energy: E. = E,,
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Independent particle shell model: 2C

Let’s take 2C:

o In a pure shell model
P(Em) = 6(Em — Ex)

4
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FIGS. Tania Franco-Munoz
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@ More realistic approach: spectral
function S(Em, pm)
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