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Abstract

In recent years, neutrino physics has become one of the most active areas of scientific research.
It has been firmly established that neutrinos oscillate and hence are massive particles. However,
several fundamental questions related to them remain open, such as the neutrino mass hierarchy,
the nature of the neutrino mass and charge-parity violation in the leptonic sector. Aiming at
solving these puzzles, a next generation of accelerator-based neutrino oscillation experiments is
being developed, leading to the precision era. These experiments require an unprecedented level
of accuracy to succeed in determining neutrino properties. One of the main sources of systematic
uncertainty arises from the modeling of neutrino interactions with the target nuclei. Therefore,
achieving a precise description of these reactions has become one of the top challenges for the-
oretical nuclear physics. Neutrinos are produced in accelerator-based experiments as the decay
products of successive reactions, resulting in broad energy fluxes. Hence, neutrino-nucleus inter-
actions involve multiple reaction mechanisms, each dominating in different kinematic regimes,
requiring robust models that properly describe these interactions over the whole experimental
range. Among the possible interaction channels, our focus is placed on quasielastic scatter-
ing, which represents a significant contribution in both current and future neutrino oscillation
experiments.

In this thesis, we present a fully relativistic and quantum mechanical model for the de-
scription of lepton-nucleus quasielastic scattering. The initial ground state nucleus is modeled
through an unfactorized representation of the spectral function, allowing to include effects be-
yond the mean-field approximation, like the depletion of the occupation of the shell model states
and the appearance of nucleons at higher missing energies due to nucleon-nucleon correlations.
Meanwhile, the final-state nucleon is described within the relativistic distorted wave impulse
approximation as a solution of the Dirac equation in the continuum using the energy-dependent
relativistic mean-field potential, accounting for final-state interactions with the residual system.

The main advantage of this description of the final state is that it preserves orthogonality and

X



ABSTRACT

consistency between the initial and final states at low energies of the final nucleon, while ap-
proaching the behavior of the phenomenological optical potentials at larger energies. We observe
that this accurate and consistent treatment of the final nucleon is essential to correctly reproduce
the experimental data.

The main aim of this work is to explore how pion exchange contributes to one-particle one-
hole final states. We extend the usual treatment of quasielastic scattering within the impulse
approximation, based on a one-body current operator, and include interactions between nu-
cleons through one pion exchange by incorporating a two-body meson-exchange current oper-
ator. Meson-exchange currents include the A-resonance mechanism (electroweak excitation of
the A(1232) resonance and its subsequent decay into N7) and the background contributions
deduced from the chiral perturbation theory Lagrangian of the pion-nucleon system. The one-
particle one-hole final state contribution stemming from these two-body meson-exchange currents
involve an intermediate bound-nucleon state, for which different modeling strategies have been
explored. We show results obtained with the most general expression of the two-body operator,
in which the intermediate nucleons are described by relativistic mean-field bound states; then,
we propose two approximations consisting in describing the intermediate states as nucleons in a
relativistic Fermi gas, preserving the complexity and consistency in the initial and final states.
These approximations simplify the calculations considerably, allowing us to provide outcomes in
a reasonable computational time. The results obtained when the description of the intermediate
nucleon is simplified are validated by comparing with those where the intermediate calculation
is described by the relativistic mean-field.

Finally, the reliability of the model has been evaluated by comparing our theoretical predic-
tions with electromagnetic inclusive data for a variety of nuclei, as well as with charged-current
neutrino—nucleus cross section measurements from T2K and MiniBooNE collaborations. The im-
pact of two-body meson-exchange currents with a one-particle one-hole final state is found to be
significant only in the transverse channel, where the response is increased, while the longitudinal
component remains largely unaffected. Overall, there is good agreement with the experimen-
tal data, which supports the predicted enhancement of the transverse channel by the two-body
currents. These results pave the way for further applications of the model and contribute to a
deeper understanding of lepton—nucleus interactions, thus advancing toward the precision era of

neutrino physics.



Resumen

En los ultimos anos, la fisica de neutrinos se ha convertido en una de las dreas més activas de la
investigacion cientifica. Se ha establecido firmemente que los neutrinos oscilan y, por tanto, son
particulas con masa. Sin embargo, siguen abiertas varias cuestiones fundamentales relacionadas
con ellos, como la jerarquia de masas de los neutrinos, la naturaleza de su masa y la posible
violacién de la simetria carga-paridad en el sector leptéonico. Con el objetivo de resolver estos
enigmas, se esta desarrollando una nueva generacién de experimentos de oscilaciéon de neutrinos
basados en aceleradores, que marcan el inicio de una era de precisiéon. Estos experimentos re-
quieren un nivel de exactitud sin precedentes para poder determinar con éxito las propiedades
de los neutrinos. Una de las principales fuentes de incertidumbre sistematica proviene del mod-
elado de las interacciones entre los neutrinos y los nicleos del blanco. Por tanto, lograr una
descripcién precisa de estas reacciones se ha convertido en uno de los principales desafios de la
fisica nuclear tedrica. Los neutrinos se producen en experimentos basados en aceleradores como
productos de desintegraciones sucesivas, lo que da lugar a flujos energéticos amplios. Por con-
siguiente, las interacciones neutrino-niicleo implican miltiples mecanismos de reaccién, cada uno
dominante en diferentes regimenes cinemaéticos, lo que requiere modelos robustos que describan
adecuadamente dichas interacciones en todo el rango experimental. Entre los distintos canales
posibles de interaccién, nuestro estudio se centra en la dispersién cuasieléstica, que constituye
una contribucion significativa en los experimentos de oscilaciéon de neutrinos tanto actuales como
futuros.

En esta tesis se presenta un modelo completamente relativista y cuéntico para la descripcién
de la dispersion cuasielastica lepton-niicleo. El estado fundamental del ntcleo inicial se modela
mediante una representacion no factorizada de la funcion espectral, lo que permite incluir efectos
maés alla de la aproximaciéon de campo medio, como la disminucién de la ocupacién de los estados
del modelo de capas y la aparicién de nucleones a mayores energias perdidas debido a correlaciones

entre nucleones. Por su parte, el nucleén en el estado final se describe dentro de la aproximacion

x1
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de impulso relativista de ondas distorsionadas, como solucién de la ecuacién de Dirac en el
continuo utilizando un potencial de campo medio relativista dependiente de la energia, que tiene
en cuenta las interacciones finales con el sistema residual. La principal ventaja de este tratamiento
del estado final es que preserva la ortogonalidad y coherencia entre los estados inicial y final a
bajas energias del nucledén saliente, y reproduce el comportamiento de los potenciales 6pticos
fenomenologicos a energias més altas. Observamos que esta descripcion precisa y coherente del
nucleén final es esencial para reproducir correctamente los datos experimentales.

El objetivo principal de este trabajo es explorar como contribuye el intercambio de piones a los
estados finales particula-hueco. Extendemos el tratamiento habitual de la dispersién cuasielas-
tica dentro de la aproximaciéon de impulso, basada en un operador de corriente a un cuerpo,
e incorporamos interacciones entre nucleones mediante el intercambio de un pion, incluyendo
un operador de corriente de intercambio de mesones a dos cuerpos. Estas corrientes incluyen
el mecanismo de la resonancia A (excitacion electrodébil de la resonancia A(1232) y su poste-
rior decaimiento en N7), asi como las contribuciones deducidas del lagrangiano de la teoria de
perturbaciones quiral del sistema pion-nucleén. La contribucién al estado final particula-hueco
que proviene de estas corrientes de intercambio de mesones a dos cuerpos implica un estado
intermedio de nucleén ligado, para el cual se han explorado distintas estrategias de modelado.
Mostramos resultados obtenidos con la expresién més general del operador a dos cuerpos, en
la que los nucleones intermedios se describen mediante estados ligados de campo medio rela-
tivista; posteriormente, proponemos dos aproximaciones en las que estos estados intermedios se
describen como nucleones en un gas de Fermi relativista, preservando la complejidad y coherencia
entre los estados inicial y final. Estas aproximaciones simplifican considerablemente los calculos,
lo que nos permite obtener resultados en tiempos computacionales razonables. Los resultados
obtenidos al simplificar la descripcién del nucleén intermedio se validan mediante la comparacion
con aquellos en los que dicho estado intermedio se describe utilizando el campo medio relativista.

Finalmente, la fiabilidad del modelo se ha evaluado comparando nuestras predicciones tedricas
con datos inclusivos electromagnéticos para diversos nicleos, asi como con medidas de secciones
eficaces neutrino-ntucleo de corriente cargada obtenidas por las colaboraciones T2K y MiniBooNE.
Se ha observado que el impacto de las corrientes de intercambio de mesones a dos cuerpos en el
estado final particula-hueco es relevante tinicamente en el canal transversal, donde la respuesta
se ve incrementada, mientras que la componente longitudinal permanece practicamente inalter-
ada. En conjunto, se obtiene un buen acuerdo con los datos experimentales, que respaldan la

prediccién del incremento de la respuesta transversal debido a las corrientes a dos cuerpos. Estos

xii



resultados abren la puerta a futuras aplicaciones del modelo y contribuyen a una comprensiéon
maés profunda de las interacciones leptén-nicleo, avanzando asi hacia una era de precision en la

fisica de neutrinos.
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Chapter 1

Introduction

The existence of neutrinos was first proposed in 1930 by Wolfgang Pauli, who suggested their
existence to explain the continuum energy spectrum observed for the emitted electron in S-decay

processes. In this way, having an additional neutral and light particle in the process,
AL — AT+ e+, (1.1)

would allow continuous sharing of the reaction energy between the two particles, the electron
and the antineutrino. Pauli initially referred to this particle as a neutron (before the actual
neutron was discovered by Chadwick in 1932). Later, in 1934, Enrico Fermi developed a theory
of B-decay that formally included this particle, giving it the name neutrino (meaning little
neutron in Italian) to distinguish it from the neutron. The detection of this particle was a major
experimental challenge due to its extremely weak interaction with matter. It was not until 1956
that Clyde Cowan and Frederick Reines successfully confirmed the existence of the neutrino

through the observation of inverse S-decay [1],
Ve + A% — AL  + e (1.2)

Since then, the study of neutrinos has led to groundbreaking discoveries in particle physics.
It has been firmly established that neutrinos oscillate and hence are massive particles (Nobel
Prize in Physics, 2015). However, absolute neutrino masses, the neutrino mass hierarchy and
the nature of the neutrino mass, whether neutrinos are Dirac or Majorana particles, are still
open questions in physics. The Standard Model (SM) of Particle Physics is one of the essential

theories in Modern Physics. However, the observation of neutrino oscillations have brought some



1. INTRODUCTION

limitations on the validity of this model, which does not contain any mechanism to account for
the neutrino masses.

In this context, understanding neutrino interactions becomes crucial. The nature of neutrinos,
being electrically neutral and weakly interacting, makes them very elusive. Neutrino experiments
rely on the interaction of neutrinos with complex nuclei to detect them. This requires a com-
mensurate effort in the understanding and modeling of the hadronic and nuclear physics involved
in these interactions to correctly analyze the experimental output. Therefore, reconciling theory
and data is essential to walk on firmer grounds in the determination of neutrino properties [2].

Additionally, neutrinos are interesting by themselves, but also because they open the door
to investigate new physics. The Universe is made of matter, instead of equal parts of matter
and antimatter, but the reason why almost no antimatter survived after the Big Bang is still
unknown. A necessary condition to generate such asymmetry is the violation of charge-parity
(CP) symmetry in nature [3], i.e. the matter-antimatter transformation, which means that
production and decay rates of particles and antiparticles are not equivalent. Therefore, there must
be CP-violating processes that favor the production of matter over antimatter. CP-violation has
been observed experimentally in the quark sector, for example, in the decay of K and B mesons [4].
However, the amount of CP-violation observed is not enough to explain the matter-antimatter
asymmetry in the Universe. This leads to the search for other possible CP-violating processes
beyond the SM, and the answer could lie in the lepton sector, particularly among neutrinos.
Experimentally, a violation of CP-symmetry for neutrinos would manifest as a difference in the
oscillation rates of neutrinos and antineutrinos. For example, if an electron neutrino changes
into a muon neutrino at a different rate than an electron antineutrino changes into a muon
antineutrino, this would be a direct sign of CP-violation. Also, neutrinos have the potential
to solve other open problems, such as the dark matter search through sterile neutrinos, proton
decay and supernovae analysis. Then, neutrino physics provide an extraordinary opportunity for

fundamental discoveries in the near future.

1.1 Neutrino properties and oscillations

Neutrinos are produced through weak interactions in flavor eigenstates v., v, and v;, which are
labeled by the particular charged lepton produced in association, e, u or 7. Weak interactions

occur either via neutral currents (NC), where the neutrino couples to a Z° boson in an elastic
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process that only changes its four-momentum,
2° s v+, (1.3)

or via charged-currents (CC), with the coupling to a W* boson, additionally exchanging an
electric charge,

Wt =t vy, W =0+, (1.4)

where ¢ = e, u, 7. Therefore, charged-current interactions lead to a clear distinction between
neutrinos and antineutrinos, given by the charge of the produced charged lepton.

Within the framework of the SM, neutrinos are massless leptons and exhibit purely negative
helicity (spin antiparallel to their momentum), implying that antineutrinos have positive helicity
(spin parallel to their momentum), i.e. only left-handed neutrinos and right-handed antineutrinos
exist. Therefore, weak interactions break parity symmetry. In this massless particle limit, one
can relate helicity to chirality, providing a foundation for the vector-axial structure of weak
neutrino interactions. We distinguish a part of the interaction that transforms under rotations
as a vector, v, and shares the same structure as electromagnetic interactions, and an axial-vector
part, 7,75, that depends on helicity and is characteristic of weak interactions.

Neutrinos propagate through space as mass eigenstates v, v and vz, i.e. neutrino states
with definite mass, which do not correspond to the flavor eigenstates. The association between

the neutrino flavor and mass eigenstates can be generally described in terms of an unitary 3-by-3

Ve Uel Ue? Ue3 n
V| = Ulll ng ng Va1, (1.5)
Vr UTl U7'2 UT3 V3

such that a flavor state can be expressed as a linear combination of propagating states and

complex matrix as

vice-versa. A common parametrization of this mixing matrix is given by the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix [5; 6], and it is parametrized by three mixing angles

(612,023, 613) and one CP-violating complex phase e”C? as

1 0 0 C13 0 8136_150P cr2 s12 0
Uppyns =10 o3  So3 0 1 0 —s12 c12 0 (1.6)
0 —s23 c23/ \—gy3e¥cP c13 0 0 1

with Cij = COS(eij) and Sij = Sin(@ij).
Neutrino oscillations, predicted by Bruno Pontecorvo [5], correspond to the phenomenon

where a neutrino changes its flavor as it propagates. Given that the particle state responsible for
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the weak interaction (flavor eigenstate) is not the one that propagates (mass eigenstate), neutrino
oscillations occur. The first hint of neutrino oscillations appeared while studying neutrinos
originating in the Sun. In the 1960s, the Homestake experiment reported an unexpectedly
small flux of detected solar neutrinos [7]. Conclusive evidence of this phenomenon came in 1998
with the Super-Kamiokande experiment [8], which observed flavor transitions in atmospheric
neutrinos. This discovery was later supported by results from the Sudbury Neutrino Observatory
(SNO) [9], which attributed the loss of incoming solar electron neutrinos to neutrino oscillations.
Over the following years, additional confirmation came from experiments employing reactor and

accelerator-based neutrino sources [10].

A mass eigenstate ¢ can be expressed as a plane wave with its time evolution given by
Vi) = e~ ), (1.7)

where F; is the energy of a neutrino with mass m;. Then, the evolution of an initial flavor

eigenstate « can be represented as a linear combination of mass eigenstates, using Eq. 1.5, as
Vo (t) Z Ugie”Fit|;), (1.8)

and, substituting the mass eigenstate, we get

Vo (t) ZZUm wie” Fit|yg). (1.9)

This result means that, if mass eigenstates are different from flavor states such that the U matrix
is not diagonal, a neutrino produced initially with a flavor « can be detected some time later in
a different flavor 5. The probability that a neutrino with flavor o and energy E created in some
weak interaction change its flavor to § after traveling a distance L in vacuum is then given by

2

. Ami'
Promsus(8) = [(vslva(?) ZUmUﬁz JUsje BBt ZUmUﬁz UsUsie™ 28 7. (1.10)

where the last term have been obtained by assuming that the neutrino masses are small compared

to their energy, such that F; ~ p + m?/2p with p the momentum, and that ¢t ~ L. Finally, the
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oscillation probability can be rewritten as

R o Amij
pV&%VB(L,E) =0qp — 4 E Re(UaiUﬁanjUﬁj) sin 1E
1>7

R ) Amij
+2) Im(UaiUp,U%Us;) sin o | (1.11)

i>j

2

with Am?j =m;— m? the mass square difference. Given this dependence of the oscillation prob-
ability on neutrino masses, a fundamental consequence of the observation of this phenomenon is
that neutrinos must be massive particles, implying new physics beyond the Standard Model. A
review of the up-to-date values of the neutrino oscillation parameters from [11; 12| is shown in
Fig. 1.1. However, although the mass squared differences could be measured with precision in
neutrino oscillation experiments, the sign of the mass splitting between mo and ms3 mass eigen-
states is still unknown. The actual ordering of the masses remains uncertain, a question referred
to as the neutrino mass hierarchy problem. If mg is the heaviest, this configuration is termed
as normal hierarchy; if instead ms is the lightest, the hierarchy is called inverted. Additionally,
Am?j is the only mass parameter that can be measured in neutrino oscillation experiments.
Therefore, these experiments cannot provide information about the absolute values of the in-
dividual neutrino masses, and their determination is then addressed with other experimental
approaches. One of the most direct methods to access the absolute neutrino mass scale relies on
precision measurements of the electron energy spectrum in S-decay. In particular, the KATRIN
experiment [13| analyzes the endpoint of tritium [-decay to constrain the effective mass of the
electron neutrino.

It remains the open question whether neutrinos are Majorana particles, meaning that neu-

trinos and antineutrinos would be the same particle. If neutrinos are Majorana particles, two

more complex phases a1 and ag would be added to the PMNS matrix,

et 0 0
U=Upyuns 0 ei2 - (1.12)
0 0 1

However, the effects of these parameters cannot be observed in neutrino oscillation experiments.
A potential method to investigate this property is the search for the hypothetical neutrinoless
double -decay [16], a process that can be interpreted as two beta decays occurring simultane-

ously, with the resulting antineutrinos annihilating each other, but there is not yet experimental
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| NUFIT 6.0 (2024) |

Normal Ordering (Ax* = 0.6) Inverted Ordering (best fit)
bfp £1o 30 range bfp £1o 30 range
£ | sin? 01, 0.30775:012 0.275 — 0.345 0.30819-013 0.275 — 0.345
el
< | 612/° 33.6875°T3 31.63 — 35.95 33.6815°73 31.63 — 35.95
~
&)
f% sin? 03 0.56175012 0.430 — 0.596 0.5621 5012 0.437 — 0.597
£ | 02s/° 4851707 41.0 = 50.5 48.6707 41.4 — 50.6
o]
< | sin® 613 0.0219570-0093%  0.02023 — 0.02376 | 0.0222475500%¢  0.02053 — 0.02397
2| 0/ 8.5270 11 8.18 — 8.87 8.5870-11 8.24 — 8.91
<
2 | dcp/° 177730 96 — 422 285125 201 — 348
(=]
5 Am%l +0.19 +0.19
= | 7.4970-19 6.92 — 8.05 7.4970-19 6.92 — 8.05
2
NA?)% +2.53470-925 42463 — 42,606 | —2.51015928 2584 — —2.438
2 e
Normal Ordering (best fit) Inverted Ordering (Ax® = 6.1)
bfp £1o 30 range bfp £1o 30 range
= | sin® iz 0.30815:012 0.275 — 0.345 0.30815:012 0.275 — 0.345
S | 612/° 33.6810 7% 31.63 — 35.95 33.6810 7% 31.63 — 35.95
O
£ | sin20ss 0.47070:01% 0.435 — 0.585 0.5501 0012 0.440 — 0.584
o8
é 023/° 43.3%59 41.3 — 49.9 47.910°7 41.5 — 49.8
+~
; sin? 613 0.0221570-09935  0.02030 — 0.02388 | 0.0223175:509%¢  0.02060 — 0.02409
T | /e 8.56 7011 8.19 — 8.89 8.5970-11 8.25 — 8.93
Z | bew/e 212+20 124 — 364 274122 201 — 335
N
9 Am%1 +0.19 +0.19
05 o2 7.49170-19 6.92 — 8.05 7.4970-19 6.92 — 8.05
2
% +2.513%0920 42451 — +2.578 | —2.48470520 2547  —2.421
2 e
Figure 1.1: Three-flavor oscillation parameters from different global analysis of neutrino data

available in September 2024 [11; 12]. The results shown in the upper (lower) section are obtained
without (with) the inclusion of the tabulated x? data on atmospheric neutrinos provided by the
Super-Kamiokande [14] and IceCube [15] collaborations. The numbers in the 1st (2nd) column
are obtained assuming normal ordering (inverted ordering), i.e. ms > mg (m; > mg). Note that
Am2, = Am?, > 0 for normal ordering and Am%, = Am3, < 0 for inverted ordering.



1.2 Accelerator-based neutrino oscillation experiments

evidence of such process.

To conclude, the oscillation probability for antineutrinos, P(7, — 7g), can be obtained from
the corresponding probability for neutrinos, P(v, — vg), by considering the complex conjugate
of U, i.e. substituting U by U* in Eq. 1.11. If U is a real matrix, the neutrino and antineutrino
probabilities satisfy P(vo, — vg) = P(Vo — 7). However, this is not the case for the PMNS
matrix, which contains the complex phase dop, implying a violation of CP symmetry in the
leptonic tensor unless dcp is either 0 or m or any of the mixing angles are trivial. This can
be clearly seen when computing the difference between neutrino and antineutrino oscillation

probabilities, referred to as the CP-violating asymmetry A®F,

ASE = P(va — vg) — P(v6 — 7p)
Am?. L
— 4ZIm (UaiU3UZ,Us;) sin ( 2EU > , (1.13)
1>)
and it is commonly written as
ACP 16T n s Am3,L\ . [(Am3,L\ . [(Am3 L (1.14)
= m\|\ ——— m\|\ ———— m\|\ ———— .
op o iE )° iE )° AE )

where J,g is called the Jarlskog invariant and can be expressed in terms of the elements of the

PMNS matrix as

Jog = 012812023823033813 sin(dcp) Z €afvys (1.15)
Y

where the Levi-Civita symbol, €., accounts for the sign. Then, CP-violation requires the
Jarlskog invariant to be non-zero, implying that all sines and cosines of the 3 mixing angles and

the sine of the dcp phase should not vanish.

1.2 Accelerator-based neutrino oscillation experiments

Neutrino sources employed in oscillation experiments are diverse, going from nuclear reactions in
the center of the Sun, collisions of highly energetic cosmic rays with the atmosphere, supernovae,
nuclear reactors and particle accelerators. Current experimental efforts focus on accelerator-
based neutrino oscillation experiments, where L and E can be optimized to maximize the sensi-
tivity to neutrino oscillations. These facilities aim to measure the neutrino oscillation parameters,
but also produce data that can help to reduce the systematic and theoretical uncertainties related

to neutrino-nucleus scattering.
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Figure 1.2: Neutrino beam production in an accelerator-based neutrino oscillation experiment.

Accelerator-based neutrino oscillation experiments create neutrino beams in accelerator fa-
cilities as the decay product of pions and kaons, covering the intermediate range of neutrino
energies bewteen several hundreds of MeV up to a few GeV. As shown in Fig. 1.2, the process
initiates with protons accelerated in a synchrotron, which are then extracted and directed to-
ward a heavy, fixed target, where pions and kaons are produced. Subsequently, a set of magnetic
horns isolates the produced mesons with either positive charge, to generate a neutrino-dominated
flux, or negative charge, to produce an antineutrino-dominated one. The selected mesons pass
through a long decay volume where they decay into leptons and neutrinos, and a final region
with absorbing material stops unwanted particles from propagating with the produced neutrino
beam. The dominant decay channels contributing to the neutrino-dominated flux correspond to
™ — uT+v, and KT — pt +v,(+7°), while for the antineutrino case these are 7= — pu~ +1,
and K~ — u~ + 7,(+7Y). However, the resulting neutrino fluxes inevitably include contam-
ination from both neutrinos with opposite helicity and different flavors. Undesired neutrinos
mainly appear from subsequent muon decay, p* — e* + 7, + v, and p~ — €~ + v, + Ve, and

alternative decay modes of kaons, KT — et + v, + 7% and K= — e~ + 7, + 7°

. Therefore,
accelerator-based experiments produce non-monochromatic beams with broad energy distribu-
tions, consisting predominantly of muon neutrinos or antineutrinos but, despite experimental
setups can be optimized to reduce contamination to the percent level, these beams still include
neutrinos of other helicities and flavors. As an example, the T2K flux corresponding to neutrino
and antineutrino beams is shown in Fig. 1.3, consisting of a mixture of v, v, v, and 7.
Finally, the neutrinos travel through the Earth towards a set of detectors placed strategically:
a near detector and a far detector (see Fig. 1.4). The near detector is located close to the
production region and measures the initial flavor composition and intensity of the neutrino beam.
This measurement establishes a baseline for the number and type of neutrinos before oscillation,
serving as a reference point. Additionally, near detectors serve a complementary role as a valuable

resource for studying neutrino-nucleus cross sections. The far detector is located hundreds of

kilometers from the source. During this journey, neutrinos oscillate, changing from one flavor to
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Figure 1.3: Predicted flux as a function of energy at the ND280 detector of T2K for the neutrino
beam (left) and antineutrino beam (right). In each case, the v, 7, v, and 7. components of the
beam are shown. Figure from [17].

another depending on their energy, travel distance and oscillation parameters. The far detector,
usually located at the place where a maximum or minimum oscillation is expected, measures the
flavor composition and intensity of the neutrino beam after oscillation, allowing comparison with
the initial measurement from the near detector. In this way, neutrino oscillations are inferred
from flavor transitions between the source and detector by measuring either the disappearance of
muon (anti)neutrinos or the appearance of electron anti(neutrinos). The disappearance method
measures the reduction of the expected number of muon (anti)neutrinos in the detector due
to oscillations to electron or tau flavor. Meanwhile, the electron (anti)neutrino appearance
measurement searches for an enhancement of electron (anti)neutrinos with respect to the initial
beam.

As neutrinos only interact through the weak force, their direct observation is not possible
with traditional particle detectors. Instead, one measures the particles that are produced in the
interaction of the neutrino with the detector material. Given the relatively low scale of weak
cross sections, huge amounts of detector material are required in order to detect neutrinos with
the desired statistics. All present and future generations of neutrino oscillation experiments use
complex nuclei as target material, which allows for the accumulation of tons of it, significantly
increasing the number of events in the detectors. Mineral oils (CHx), water and liquid argon are
examples of the targets used. This highlights the need to study neutrino-nucleus interactions, as

well as the importance of the nuclear physics involved. Another challenge is that the neutrino
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Figure 1.4: Representation of the T2K accelerator-based neutrino experiment. Figure from [18].

energy is known only as a broad distribution. As the oscillation probability depends on the
neutrino energy, this has to be reconstructed in every neutrino-nucleus scattering event. Ideally,
the neutrino energy would be reconstructed by measuring the energy deposited by final-state
particles in the detectors. However, due to the limited detector acceptances, it is experimentally
unfeasible to fully capture the complete final state. The gaps in information are addressed by
using Monte Carlo (MC) event generators, which rely on theoretical models to simulate neutrino
interactions and reconstruct the neutrino energy, which, however, faces further complications.
Despite these significant scientific and technical challenges, accelerator-based neutrino ex-
periments provide an outstanding opportunity to investigate the fundamental nature of these
elusive particles. Precise measurements of neutrino properties are among the highest priorities
in fundamental particle physics, involving worldwide efforts through current experiments (e.g.
T2K [19], NOvA [20], MINERvA [21] and MicroBooNE [22]) and next-generation facilities (e.g.
Hyper-Kamiokande 23] and DUNE [24]). With the future generation of neutrino experiments,
the field will enter the precision era. The statistical errors will be largely reduced and the exper-
iments will become much more sensitive to the details of neutrino-nucleus interactions. In what

follows, some neutrino experiments are briefly described.

T2K and T2HK

The Japanese neutrino program started with the Super-Kamiokande detector, which provided
the first experimental evidence of atmospheric neutrino oscillations [8]. The collaboration con-

tinued with the K2K project [25], focusing on confirming the previous observations from Super-
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1.2 Accelerator-based neutrino oscillation experiments

Kamiokande, but with the main difference of using a well understood muon neutrino beam. Now,
its successor, the current T2K (Tokai to Kamioka) experiment [19], is a neutrino oscillation pro-
gram that operates over a long-baseline between the J-PARC accelerator-based muon neutrino
source in Tokai and the Super-Kamiokande detector in Kamioka, at a distance of 295 km.

T2K studies neutrino oscillations with two separate detectors, both of which are 2.5 degrees
away from the center of the neutrino beam. This method significantly narrows the flux energy
distribution, with a peak around 0.6 GeV, constraining the kinematical range of neutrino-nucleus
interactions. The ND280 near detector, made of hydrocarbon and hybrid water-hydrocarbon
targets, is located at 280 meters of distance from the source, and measures the number of muon
neutrinos in the beam before any oscillation occurs. It allows for monitoring the beam direction
as well as a precise measurement of neutrino interactions. As for the far detector, T2K uses the
water Cherenkov Super-Kamiokande detector. The walls of Super-Kamiokande are lined with
more than 10.000 sensitive photo-multipliers which detect the Cherenkov light from charged
particles. Its main advantage is that this detector has an excellent ability to distinguish muons
produced by muon neutrinos from electrons produced by electron neutrinos.

In addition to neutrino oscillations, the collaboration has also worked on understanding the
structure of neutrino-nucleus interactions and its impact on the systematic uncertainties in oscil-
lation analyses. Many ND280 cross sections measurements with different event topologies, kinds
of scattering neutrinos and targets have been performed, providing highly valuable experimental
data for the developing of theoretical interaction models.

Next step in the Kamiokande investigations is the Tokai to Hyper-Kamiokande (T2HK)
experiment [23], which will operate on the same beamline as T2K, using the upgraded Hyper-K
far detector. This large size detector, equipped with improved detection techniques, will provide

an enhanced sensitivity to neutrino oscillation parameters, particularly to CP-violation.

NOvA

The NOvA (NuMI Off-axis v, Appearance) long-baseline experiment [20; 26| studies neutrino
oscillations using the NuMI beamline from Fermilab with an off-axis configuration for the near
and far detectors. The far detector, made of mineral oil, is located at Minnesota, 810 km
away from the muon neutrino source, which presents a narrow-band energy spectrum peaked
around 2 GeV. This optimizes the sensitivity to electron neutrino appearance and muon neutrino
disappearance, as the oscillation from muon neutrinos to electron neutrinos is expected to be at

maximum with this configuration.
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The main focus of the NOvA experiment is to measure the o3, Am§2 and d¢p oscillation
parameters, as well as to determine the neutrino mass ordering. The latter modifies the effects
of matter when neutrinos travel through the Earth and, therefore, the oscillation rates are also
affected. Due to the large baseline used by the experiment, matter effects are important for

NOvA, allowing to determine the sign of Am%Q and thus the mass ordering.

MINERVA

MINERvA (Main INjector ExpeRiment v — A) is a neutrino-scattering experiment [27; 21| based
at Fermilab, with its detector located on-axis of the NuMI beam. It measures neutrino interac-
tions in an energy range from 1 GeV to 20 GeV and on a variety of nuclear targets (C, CH, Fe,
H»0, Pb), allowing to achive precise measurements of nuclear effects. MINERvVA focuses on im-
proving the modeling of neutrino-nucleus interactions in order to reduce systematic uncertainties

in neutrino oscillation experiments.

MiniBooNE and MicroBooNE

MiniBooNE (Mini Booster Neutrino Experiment) [28] was a short-baseline neutrino experiment
at Fermilab designed to investigate neutrino oscillations, focusing on detecting the electron neu-
trino appearance from the muon neutrino beam. Neutrino and antineutrino beams were produced
in the Booster Neutrino Beamline (BNB) with a flux peaked around 0.7 GeV. The experiment
used a single Cherenkov detector setup made of mineral oil (CHg). Over its run, the Mini-
BooNE collaboration reported a low-energy excess of electron-like events in both neutrino and
antineutrino modes [29].

The BooNE experiment continued with MicroBooNE [30; 31], also located along the BNB
at Fermilab. MicroBooNE has been established to further investigate this low-energy excess
using more advanced detection technology. Employing a Liquid Argon Time Projection Cham-
ber (LArTPC), this detector offers high spatial resolution and accurate particle identification
capabilities. Additionally, MicroBooNE plays a key role in providing precise measurements of
neutrino—argon cross sections, which are essential for the interpretation of results in current and

future LArTPC-based experiments, as DUNE.

DUNE

DUNE (Deep Underground Neutrino Experiment) [24] is a next-generation neutrino oscillation

experiment currently under construction, and expected to start taking data in 2030’s. The
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collaboration is aimed at making definitive determinations of CP-violation in neutrinos, the
neutrino mass hierarchy as well as searching for neutrinos beyond the currently known three.
Neutrino and antineutrino beams produced at Fermilab will be detected at a LArTPC far detector
located 1.5 km underground at the Sanford Underground Research Facility (SURF) in South
Dakota, at 1300 km from the source, and at a near detector installed in the Long-Baseline
Neutrino Facilify (LBNF) at Fermilab. DUNE is also expected to achieve important discoveries
in forthcoming years related to physics beyond the Standard Model, such as the possibility of

proton decay and supernova neutrino detection.

1.3 Neutrino interactions

To carry out accurate oscillation analyses, it is essential to understand the complexities of
neutrino-nucleus interactions and how nuclear effects influence the measurements obtained by
neutrino experiments in the detectors. Theoretical uncertainties derived from our limited under-
standing on neutrino-nucleus scattering propagate into systematic uncertainties in the oscillation
analyses. In the next decades, the future generation of experiments will quickly accumulate an
unprecedented number of neutrino interaction events and, instead of statistics, systematic un-
certainties will be limiting the physics reach of the experiments. Reducing these uncertainties by
improving our ability to describe neutrino-nucleus cross sections with high accuracy is therefore
fundamental for the success of neutrino oscillation experiments.

As the incoming neutrino beam spans a broad energy range in present and next-generation
experiments, theoretical models must be able to provide reliable descriptions of the various
neutrino-nucleus reaction mechanisms that can occur. These mechanisms range from coherent
interactions with the entire nucleus, to scattering off individual nucleons, and, at the highest
energies, to processes that probe the internal structure of nucleons through interactions with
their constituent quarks. At the lowest neutrino energies, the only available channel is elastic
scattering, in which the neutrino probes the entire nucleus as a single coherent object that recoils
intact. As the energy increases to a few MeV, additional channels become accessible, allowing
the excitation of the nucleus into its low-lying resonant states. When the neutrino energy reaches
the range from hundreds of MeV to several GeV, which corresponds to the energy range relevant

for neutrino oscillation experiments, the dominant channels are:

e Quasielastic (QE) scattering. The neutrino scatters off a nucleon, bound by the nuclear

potential, that is knocked-out from the nucleus.
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e Multi-nucleon contributions. Nuclear effects such as short-range correlations in the nuclear
medium and meson-exchange currents between nucleons can produce the ejection of more
than one nucleon from the nucleus. The main contribution in this case comes from two-

nucleon knock-out processes.

e Single-pion production (SPP) in the resonance region. The scattering off a bound nucleon
produces its excitation into a resonance state, which subsequently decays into a pion and a
nucleon (and possibly other hadrons) that are ejected from the nucleus. The main contri-
bution comes from the A(1232) resonance, but also contributions from heavier resonances
(N*) are important in high energy experiments as DUNE. Other non-resonant reaction

mechanisms also contribute to this pion production channel.

e Deep-inelastic scattering (DIS). A high-energy neutrino directly interacts with the con-
stituent quarks of the nucleon, including those that make up the quark—antiquark sea,
which continually emerges and vanishes due to quantum fluctuations. At relatively low
momentum transfer, nucleons contain mostly up, down, and strange quarks, but at higher
momentum transfer, heavier and shorter-lived quarks also come into play. This high-energy
impact causes the nucleon to break apart, releasing quarks and gluons. As these particles
reassemble, a cascade of hadrons is produced in the final state. The region between DIS
and SPP mechanisms, referred to as shallow-inelastic scattering (SIS), is an extremely
difficult-to-model part of phase space, involving a smooth transition between the different

scales of physics.

A scheme of the different mechanisms discussed as a function of the energy transfer is shown
in Fig. 1.5. At the kinematics of most current and future experiments, the most relevant contri-
bution to the cross section comes from charged-current quasielastic (CCQE) scattering and pion
production. In particular, the quasielastic channel is the the dominant one in the low-energy
experiments T2K and MicroBooNE, and a major contribution in MINERvA, NOvA and DUNE.
Motivated by this situation, in this work, we focus on quasielastic scattering in order to provide
a more realistic description of this mechanism.

The interaction of a neutrino with a nucleon bound in the ground state nucleus—a strongly
interacting many-body system—typically leads to a final state in which hadrons are ejected
and may further interact with the residual nuclear system. Accurately modeling this process is
extremely challenging, and therefore neutrino-nucleon interactions have to be described within

a theoretical framework that captures the complexity of the nuclear structure and dynamics.
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Figure 1.5: Electroweak nuclear response as a function of the energy transferred by the neutrino
to the nucleus. From low to high energy transfer, the mechanisms are: elastic interaction, nuclear
giant resonances (GR), quasielastic (QE) scattering, pion roduction (A and N*), multi-nucleon
contributions (dominated by two-nucleon knock-out reactions, 2N) and deep inelastic scattering

(DIS).

For that, several models have been proposed over the years [32; 33]. The simplest choice is
the global relativistic Fermi gas model, where the bound nucleons are described as free on-
shell particles constrained to have a momentum below the Fermi momentum. This is the most
employed model in oscillation analyses [34; 35; 36] and it allows to describe the neutrino-nucleus
interaction process within a fully relativistic framework, conserving the fundamental symmetries
of quantum field theory and capturing the gross features of the nuclear response. However, it is an
oversimplified approach that does not reach the level of precision required by the next generation
of neutrino oscillation experiments [37]. Improvements of this model have been proposed within
the local Fermi gas [38; 39; 40| approach. Other models based on the factorized spectral function
formalism [41; 42| have also been widely employed, offering a more realistic description of the
nuclear framework. More recently, ab initio models have allowed quantitative and successful
“first-principles’ understanding of many nuclear properties [43|, but the extensive computational
time they require greatly limits their practical application.

In this thesis, we employ a fully relativistic and quantum mechanical framework by means
of an unfactorized representation of the spectral function. This spectral function is represented
as a combination of single-particle momentum distributions computed within the relativistic

mean-field (RMF) model. The mean-field approach simplifies the study of many-body systems
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by replacing the complex interactions between individual particles with an average, or mean,
field. Within this framework, each nucleon is treated as moving independently in an effective
potential generated by the other nucleons, rather than explicitly accounting for all individual
interactions, which are replaced by their effect in the average potential. Therefore, nucleons
are now described as independent-particle wave functions that are solutions of the mean-field
equations with an effective potential, allowing an easier treatment of the problem [44; 45]. The
single-particle momentum distributions obtained within the RMF, when compared to the cross
sections measured in exclusive (e,€’p) experiments, where it is assured that one and only one
nucleon is present in the final state, display the right shape. However, the mean-field fails to
allocate or describe the observed missing energy and momentum when the energy employed
in excitations of the target nucleus, to unbind one or more nucleons, is above the two-particle
emission threshold. Under these conditions, correlations in the initial state, as well as final-state
interactions, make it possible to knock out more than one nucleon. From the experimental point
of view, in (e, e'p) experiments, this appears as a contribution at large missing energies, because
there is energy not detected in the final state (missing), carried by the additional knocked out
nucleons that are not detected. This multi-nucleon emission generally also shows a noticeable
increase in strength compared to the mean-field prediction in the high missing momentum region.
This is also due to the momentum carried away by the additional knocked out nucleons that are
not detected in the experiment, and thus their energy and momentum are not accounted for,
thus they are ‘missing’.

The probability of knocking out one nucleon from a given nucleus, i.e., the probability of one-
nucleon removal with a given energy and momentum from the target nucleus, can be computed
from many-body calculations in what is usually named as ’the spectral function’, S(E, p). Theo-
retical spectral functions have two contributions. The first is computed within the independent-
particle shell model, that is, the contribution to the final states where only one nucleon is knocked
out, thus made of single-hole states in the initial nucleus. This contribution can be compared
to (e, e'p) and other exclusive experimental data, in order to ascertain the shape and strength
of it. The second is the ‘correlated contribution’, which accounts for nucleon-removal processes
involving additional nucleons. This would be coming from, for instance, short-range correla-
tions of deeply bound nucleons. These are thought to be quite universal, depending only on
the nuclear density. This contribution can be easily computed in nuclear matter, and then built
into the theoretical spectral function. To determine the spectral function for finite nuclei, ini-

tial nucleon occupancies are shared in between the independent-particle content of the spectral
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function, which would then contain ‘less nucleons’ than in the calculation without correlations,
and the correlated part. Occupancies of different shells and of the correlated part, as well as the
momentum distributions (the shape of each contribution) are tuned to experimental data. This
prescription builds a so-called ‘semi-phenomenological spectral function’. This object would de-
scribe everything that contribute to knocking out a nucleon from the target nucleus, and would
have a distinct missing energy and momentum content, in accordance with the observations in
experiments, compared to simple mean-field calculations.

Thus, in order to achieve a more realistic description of our lepton-nucleus scattering process,
we go beyond the mean-field approximation by including correlation effects, taking the semi-
phenomenological spectral function formalism as reference. Contrary to other works along similar
lines, we do not factorize the cross section into the spectral function times the phase space and
the elementary lepton-nucleon cross section. Instead, we use a representation of the spectral
function amenable to our relativistic distorted wave and unfactorized calculations.

Finally, it is worth noting that studying neutrino-nucleus interactions is of great interest
in itself, beyond their relevance to the neutrino oscillation program. Such investigation offers
unique insights into the weak response of nuclei and nucleons, providing crucial information
that complements what is obtained through electromagnetic probes. In particular, it enables
the study of the axial structure of the nucleon, which is not directly accessible via electron or
photon scattering. Charged-current neutrino-nucleon interactions, in this context, are especially

valuable for constraining the axial form factor of the nucleon.

1.4 Outline

This thesis focuses on the study of lepton-nucleus interactions using a realistic theoretical frame-
work for the treatment of nuclear effects. In particular, quasielastic scattering is studied using an
unfactorized representation of the spectral function, where the momentum distributions of bound
nucleons are obtained from a relativistic mean-field model for finite nuclei, and the final-state
nucleon is described as a scattering solution of the Dirac equation with relativistic potentials.
Then, the contributions from every matrix element to the total process are consistently computed
using solutions of the Dirac equation with scalar and vector potentials for the initial and final
nucleons. This approach includes effects beyond the mean-field description, taking as reference
the semi-phenomenological spectral functions. Our calculation is fully relativistic and includes

a full quantum mechanical description of both the initial and final nucleon states. Additionally,
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the usual treatment of quasi-elastic scattering, based on one-body currents, is extended by in-
corporating the contribution from two-body meson-exchange currents with a final one-particle
one-hole state.

In Chapter 2, we present the general formalism for quasielastic lepton scattering on nuclei, as
well as the approach adopted to describe the nuclear structure of the nuclei considered: 2C, 160,
and 4°Ca. In Chapter 3, we focus on the hadronic part of the interaction, describing the modeling
of the initial nuclear state, the interaction dynamics and the final-state interactions undergone
by the outgoing nucleon within the residual system. In Chapter 4, we introduce the contribution
from two-body meson exchange currents to particle-hole excitations, accounting for those pro-
cesses where the initial nucleon is interacting with another bound nucleon in the target nucleus
through meson exchange. The modeling of this contribution is discussed at length, proposing
three different approaches and evaluating their differences. Then, our theoretical predictions
are compared with experimental data from both electron and neutrino scattering, presented in
Chapters 5 and 6, respectively. Electromagnetic hadronic responses and cross sections are com-
puted for 2C, 160, and 4°Ca, providing a solid benchmark to validate our model before its
application to neutrino interactions. Charged-current (anti)neutrino-nucleus cross sections are
calculated both at fixed neutrino energy and averaged over the neutrino and antineutrino fluxes
of the T2K and MiniBooNE experiments. Comparisons with the experimental results from these

collaborations are presented for v, and 7, reactions. Finally, conclusions are given in Chapter 7.
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Chapter 2

Quasielastic lepton-nucleus scattering

Quasielastic scattering corresponds to the lepton being scattered by a single nucleon that is
consequently ejected from the target nucleus. In Fig. 2.1, the Feynman diagrams corresponding to
lepton-nucleon interactions are displayed. The electromagnetic (EM) interaction occurs through
the exchange of a photon, while weak interactions are distinguished between charged-current
processes, where a charged lepton is emitted, and neutral-current ones, where the neutrino does

not change in the final state.

‘s IS Vg IS Vg Ve
Y w+ 70
N N n p N N
(a) Electromagnetic scattering (b) Charged-current scattering (c) Neutral-current scattering

Figure 2.1: Lepton-nucleon scattering processes. N denotes either a proton or a neutron.

In this chapter, we present the kinematics and general formalism for the calculation of the
quasielastic lepton-nucleus scattering cross section. Given the connection between electron and
neutrino scattering, and the wealth of electron scattering data with well-defined beam energies, an
effective way to enhance our understanding of neutrino-nucleus interactions is through electron-
nucleus scattering experiments. Accordingly, in this work, electron-nucleus scattering will be
used as benchmark to assess the validity of our theoretical neutrino interaction approach. On

the other hand, CC processes are the primary contributors to the signals observed in neutrino
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oscillation experiments, as they produce charged leptons that are readily detectable and provide
clear flavor identification. The experimental study of NC neutrino processes is significantly more
challenging than that of CC reactions, due to the smaller cross sections involved and the absence
of charged leptons in the final state. As a result, event identification relies solely on hadron

detection. Therefore, this work focuses on the study of the electron-scattering processes

e +A—e +p+(A-1),
e +A—e +n+(A-1), (2.1)

and the corresponding charged-current (anti)neutrino-scattering ones,

vw+A—=0 +p+(A-1),
+ A=l +n+(A-1), (2.2)

with ¢ = e, pi, 7, A the nuclear target and (A — 1) the residual nucleus after the interaction. The
resulting expressions are general and can be directly applied to both interactions.

The leptonic part of the interaction is readily described within the plane-wave Born approx-
imation, treating the leptons as plane waves. In contrast, the hadronic part is more complex, as
it contains all the information related to the boson-nucleon interaction and the nuclear model.
The chapter concludes with a discussion of the approach used to describe the nuclear structure
of the target nucleus, while further details on this part of the interaction are provided in the
following chapter.

Finally, it is also important to stress that due to the fact that the energy (w) and momentum
(q) transfer between the lepton and the nucleus are in some cases comparable or larger than the
mass scale set by the nucleon mass, relativistic effects, both in the kinematics and dynamics, are

relevant.

2.1 Kinematics

The kinematics for the quasielastic lepton-nucleus scattering are shown in Fig. 2.2. The incoming
lepton has four-momentum K; = (F;,k;), and its interaction with the target nucleus leads to
a scattered lepton in the final state with four-momentum Ky = (E¢,ky). In this work, we
appeal to the first-order Born approximation, where only one boson is exchanged between the

lepton and the hadronic system. The four-momentum transferred to the hadronic system is
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Figure 2.2: Kinematics for the one-nucleon knock-out lepton-nucleus interaction.

Q=K,—K;=(w=E;—Ef,q=k;—ky) and leads to the invariant quantity Q* = w? —¢* < 0.
We work in the coordinate system with the z axis along the transfer momentum q, such that
Q* = (w,0,0,q9), and the lepton scattering plane coincides with the zz plane. The target
nucleus has four-momentum P4 = (E4,p4) and the residual nucleus and outgoing nucleon have
Pp = (Ep,pp) and Py = (En,pn), respectively. We chose the laboratory reference frame for
the calculation, in which the target nucleus is at rest, such that P4 = (My,0).

The residual nucleus may be left in an excited state rather than in its ground state. To

account for this possible scenario, we define a missing energy
Epy =Mp+ My — My~ Efy+ MY+ My — My, (2.3)

where Mp is mass of the excited state, and we have approached it as Mp ~ Ej + Mg I with
Mg the mass of the residual nucleus in its ground state and E the internal excitation energy.
In this way, the missing energy refer to the part of the transferred energy, w, that transforms
into internal energy of the residual nucleus.

It results convenient to study and understand the number of independent variables needed to
describe lepton-nucleus quasielastic scattering. The initial state consists in an incoming lepton
and the target nucleus, while in the final state we find the scattered lepton, the knocked-out
nucleon and the undetected residual nucleus. This means that there are 20 unknown variables, 4
for every particle involved. However, there are constraints in the process that reduce the number

of independent variables. Energy-momentum conservation gives 4 constraints. The energy-mass

IThe relation Mp =~ Ej+ M3 is obtained when the kinetic energy of the recoiling nuclear system is neglected.
The residual nucleus is heavy, so its recoil energy is small in comparison to its mass at rest, i.e. it can gain
momentum with a relatively small gain in kinetic energy. It allows us to simplify the kinematics of the problem
such that Ejy = Eg — E% ~ Mg — M$.

21



2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

relation of the on-shell particles (E? = p? + M?) provides 4 additional ones. Note that the
masses of all particles are known, except for that of the undetected residual system. After the
interaction, the nucleus may be left in an excited state, therefore, this constraint does not apply
to it. Finally, the three-momenta of the initial state particles are assumed to be fixed: we work
in the laboratory reference frame, where the target nucleus is at rest; we fix the the coordinate
system relative to the lepton beam, such that its direction is known; and we select the incoming
lepton energy, being a fix value for electrons and an average according to the flux distribution for
neutrinos. This eliminates 6 variables and, then, the number of independent variables reduces to
6. All the four-vectors involved in the scattering can be written in terms of these 6 independent

variables and the fixed three-momentum of the incoming particles.

2.2 Cross section

The general formula for the cross section is given by

ISP

do
(I)inc T

dNj. (2.4)

where \ST%\Q is the squared matrix element, T is a normalization time, ®;,. is the incident flux
and dNy represents the number of final of states in phase space. A general Lorentz-invariant

expression of the cross section is possible if one uses the definition of the flux [46]

1 \/(Ki - Pp)% —mi M3

E; Ey ’

where V' is the normalization volume. In this work, we consider the target nucleus at rest and

neglect the mass of the leptons, in which case the incident flux simplifies to

Bjpe = (2.6)

1
v
The number of states within a momentum range dpy for each on-shell fermion in the final state
is

dp f

dNs =V .
=" 2n)3

(2.7)
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T
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/ (_/
(a) Electron-nucleus interaction. (b) CC (anti)neutrino-nucleus interaction.

Figure 2.3: Feynman diagrams for lepton-nucleus quasielatic scattering. The initial nucleus is
denoted by I, meanwhile the final hadronic system, containing both the knocked-out nucleon and
the residual nucleus, is denoted by F'

In our case, the particles in the final state are the scattered lepton, the knocked-out nucleon and

the residual nucleus, then

(;) B V) dpx (QZ)Sde P(En)dEn, (2.8)

ANy =

where p(E,,) is the missing energy profile of the target nucleus. The term p(E,,)dE,, accounts for
the fact that the residual nucleus may not necessarily appear in its ground state, as a result, there
is no direct correlation between its energy and momentum. This term represents the number of
accessible final states for the residual system within a given missing energy range dF,,, hence,
p(E.,) is a probability density distribution.

The matrix element, Spy;, contains the dynamics of the process. The interaction is schemat-
ically represented by the Feynman diagrams in Fig. 2.3, where we distinguish between electro-
magnetic and charged-current interactions. Using the Feynman rules given in Appendix B, it is
given by

—z/dA‘Xz/d‘lY]Z S (X,Y) J4(Y), (2.9)

where j; and Jp are the leptonic and hadronic currents, respectively, and S is the boson propa-

gator.

The modeling of the scattering process is performed within the first-order Born approxima-

tion, in which one considers that only one boson is exchanged between the lepton and the nuclear

23



2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

system. The boson propagator is given by

d*'Q  —iguw  o(x_
SwX) = [ (rige e (2.10)

where Mg denotes the mass of the exchanged boson. Then,

d*Q —igu ;
EM _ W iQ(X-Y)
SEM(X,Y) /(%)4 0 ° (2.11)
in the EM case and
dQ  —ig - 4'Q g
ccC _ wy  iQ(X-Y) o S M iQ(X-Y)
X Y)= ~ 2.12
S0 = [ g [ e 212

in the CC case, where we have neglected Q? with respect to MI%V (My ~ 80.4 GeV/c?), as the

energies involved in the process are significantly smaller than the mass of the W boson.

The leptonic current, jy, is defined as

7y (X) = Uy 4 (X) O

B Wei(X). (2.13)

In the electromagnetic process, the leptonic current involves only vector components. Meanwhile,
in charged-current interactions, it is constructed as a sum of vector and axial terms, where the
axial part leads to parity violation in weak interactions. Then, the leptonic current operator,
O’éﬁ, is given by

Ofe = el = ex” (2.14)

for the EM interaction and

I

g o i
e = 575 Wwne = 557" (LAY, (2.15)

for the CC interaction, with h = —1(+1) for (anti)neutrinos and the projection operator, (1 +
h~%), selects right-handed neutrino or left-handed antineutrino. Considering the leptons as plane
waves (Plane Wave Born Approximation, PWBA), such that their wave function is given by A.23,
we get

Jp (X) = ———===T(ky, s7) O u(ki, 5;)etHr—K)X (2.16)

mimf
V\/E.E;

24



2.2 Cross section

Finally, the hadronic current, Jg, is computed as
T = (F10%]3), (2.17)

where ¢ refer to the initial A-body nuclear ground state and f to the final scattering state, i.e. an
A — 1-body residual nucleus and a scattered nucleon. O is the hadronic current operator, which
ideally includes all processes that lead to a final one-particle one-hole (1p-1h) state. Factoring

out the coupling constants, we write it as

Ok ;= —elh (2.18)
for the EM interaction and
—gcos O, -
0k, = e ———T% (2.19)

for the CC interaction, with cos . = 0.974 the Cabibbo quark mixing angle.

We can now introduce the expressions of the propagator, Eq. 2.10, and the leptonic current
within PWBA, Eq. 2.16, in the S-matrix element, Eq. 2.9. Then, the integral over X can be
performed immediately using Eq. A.40, leading to an energy-momentum conservation Dirac delta
for the leptonic vertex that, integrating over @, gives the relation Q = K; — K. The resulting

expression for the S-matrix is

Spi = —iFx Ve @Y (U p|Th | T)), (2.20)

V\/ﬁ]“ / T

with X = EM, CC,

2 2
e 4o g“cosl. Gpcosf,
Ty = & = 2TC g - , 2.21
with « the fine structure constant and we have redefined the leptonic current as
Ju = mimy U(ky, sp)Cgee pu(ks, si). (2.22)

Now, we focus on the hadronic current. In our framework, the contributions to the process
will be obtained as matrix elements of an independent-particle shell model calculation, where
each nucleon is subjected to a central potential created by the others. Then, the initial and
final nuclear states can be described in terms of single-particle wave functions orthogonal to each

other. In addition, factorizing the center of mass, the initial nuclear state is given by the product
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2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

of a single-nucleon independent-particle wave function coupled to the rest of the initial nucleus,
and the wave function for these remaining A — 1 nucleons. The final state is given by the product
of a wave function for the A — 1 residual nucleus, which we assume to be a hole state of the
initial A-body nucleus, and a distorted wave describing the ejected nucleon. Taking into account
all these considerations, the hadronic current can be expressed in terms of the initial and final

single-particle states [47; 48], we finally get

, R | My | M
4y ,—iQY Bos A B 454 _ —
/d Ye (fIT%|2) VEa VEB(27T) 0*(Pa+Q— Pp — Pn)x

x/dyeiq'y (an;alTh|F). (2.23)

where |F') denotes the ground state of the target nucleus and |a) and |ay) represent the initial
bound nucleon and the knocked-out final nucleon, respectively. Further, most often the impulse
approximation (IA) is employed in the QE region, meaning that the lepton interacts only with
one nucleon, that is subsequently knocked-out from the nucleus. Then, the hadronic current

operator reduces to a one-body current operator and the hadronic matrix element is given by

/ dye' Y (an;all%|F) = / dy YT (pn, y)Th, x Ui (y). (2.24)

For convenience, we change the hadronic wave functions in position space to momentum space

using the Fourier transform, A.38, and redefine the hadronic current as

Jh=VV / dy U™ (pn, y)Tl, x YW (y) = VV / dp U™ (pn,py = p + QT x ¥ (p).

(2.25)
The initial nucleon is described by a bound wave function, U,.”, where p is its momentum, s
represents the nuclear shell and m; is the third-component of its total angular momentum j.
The wave function of the knocked-out final nucleon, ¥*~ is a distorted wave function with py
the asymptotic momentum, p/y, its momentum inside the nucleus, which is related by momentum
conservation to the other particle states involved in the hadronic vertex, and sy its spin. It is
described as an energy-eigenstate with energy E?V = EE\Q, = p?\, + MJQV The form of the one-body
current operator, as well as more details about the bound and distorted wave functions are given

in Chapter 3. An extension of this model by including two-body meson-exchange currents is

presented in Chapter 4.
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2.2 Cross section

The matrix element for a given initial shell x reads

1 1 MaMp
Vo2 JE;E; VEAER

and the squared matrix element is given by

Stin = —iTx (2m)*6*(Pa + Q — Pp — Pn)j.JY, (2.26)

- ~ T 1 MsMp
Syinl = 3, J85ial” = g g, Ty 009 (Pa+ Q= Py~ PY)LwHLY,  (227)

where ii, ¥ denote the appropriate sum over the final and average over the initial particles’
unobserved degrees of freedom. The squared matrix element have been decomposed in terms of
leptonic and hadronic tensors, L, and HE”, respectively. Therefore, introducing the first-order
Born approximation—assuming the exchange of a single boson—and applying the plane-wave

Born approximation for the leptons allows us to treat the lepton and hadron parts separately.

The leptonic tensor for the electromagnetic interaction is computed as
1 o
szfw = 522]“]” = ZZ kf78f VMu(klﬂs )[ (kfasf)7vu(ki7si)]T7 (2'28)
8; Sf S;i Sf

where m, denotes the electron mass. The sum over initial and final helicities allow us to use the

closure relation of Dirac spinors, A.35, then

LEM = ST+ mo(K g+ me) (2.20)

and, using the properties of the v matrices, we finally obtain
LY = [Kz uKio+ KinKpy — gu(Ki - Ky +m?)]. (2.30)
The result for the CC interaction can be readily derived by following the same steps, leading to

LSE =378 iy = 2K u Ky + KiwKpyy — g (Ki - Ky) — iheuas K K, (2.31)

s; Sf
with ¢#¥*# the Levi-Civita symbol. Note that in the (anti)neutrino case only left(right)-handed
(anti)neutrinos interact. There is no average over the two spin states, but we can sum over it
because the V 4+ A term will only give contribution to the adequate case. Then, there is a factor

2 with respect to the ordinary sum and average.
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2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

The hadronic tensor for the interaction with a nucleon in the s shell is defined as

H 2] i SN I (2.32)

mj SN

In contrast to the other particles, for the initial bound nucleon we average over the 2541 possible
m; states, rather than over the spin.
Finally, the differential cross section reads

d¥o, 1 Mp 1
= pu(E )SFX
dkfdededEm E;E; Ep (27‘()

6 (PA+Q*PB*PN)LMVH5V’ (2'33)
where, since the target nucleus is at rest, we have taken into account that F4 = My. We use
the delta of 3-momentum to integrate over the undetected residual system, then

d’oy 1 Mg 1
e = pu(Bm) Tk
dkfdedEm E; Ef EB (271')

0(Es+w— Ep — Ex) Ly H™. (2.34)

The remaining energy-conservation delta is used to integrate over py. This integration is carried
out by taking into account that Ep is a function of the independent variables and using the

property of the delta function given in equation A.42,

S(pn — %)

10f(PN)/OPN =0 0, (2.35)

SLf (o)) =

with

flon) =My +w— \/(Em—MN+MA)2+q2—l—p?\,—quNcoquN— \/MJQV +p?v, (2.36)

and pQ; satisfies f(p%;) = 0. Then, it is given by

Cqcosbyn — A\/q2 cos Oyn? M3, + O2 — A2M3,

0
= 2.37
Py q% cos O,n? — A2 (237)
where
_ _1.5 2 2 2

A=Ma+w, C=3(@+ME— A= M3). (2.38)

The derivative of f(px) with respect to py yields,
‘Bf(pN)’ 'pN—q0089qN+m _ Eapn 1+pr—qENcos®N (2.39)

OpN Ep En| ENEp Eapn
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2.2 Cross section

with F4 = Eg + Eny — w and, from this result, we define the recoil factor

WPN — qEN COS @N

frec =1+ y (240)

Eapn pv=p%

which is a correction to the phase space due to the kinetic energy carried away by the residual

nucleus. The most differential cross section reads,

dbo,,

_ kaf pNnENMp 1
dkd2;dndEy,

E’LEf EAfrec (27T)5

pr(Em)T% L, HY. (2.41)

The inclusive cross section corresponds to the case where the outgoing nucleon is not detected.
This implies the summation over all active occupied nuclear shells of the target nucleus and the

integration over the outgoing nucleon variables. The inclusive cross section is then given by

B kK pvExMp 1
=Y [d dcosOy [ dEp, pr(Em)F% —1 Lo H"™. (242
dkfdﬂf K / ¢N/ eos N/ mP ( m) XEZEf EAf?"ec (271-)5 g " ( )

Note that, in the electromagnetic interaction, the electron can scatter on a neutron or a proton,
so both possibilities must be summed, while in the (anti)neutrino case the charged-current in-
teraction occurs only with neutrons (protons). Therefore, the sum over x runs over neutron and
proton occupied shells for the EM case and over neutron (proton) shells for the (anti)neutrino
CC interaction.

To conclude, it is convenient to define a hadronic reference system {i,?,f’)} with its axes
oriented such that the transferred momentum is aligned with the 3 (z) axis and we perform a

rotation over ¢ along the 3 axis. Then, the system is defined by the following vectors

q X PN

5= AXPN
\qXpN!

§=z=9
q

1=2x3. (2.43)

The hadronic tensor is independent of ¢ in this hadronic reference system. Therefore, the
dependence on ¢y in the {Z, g, 2} system is factorized in the Lorentz transformation that relates
both coordinate systems. The rotation does not affect the time-like and longitudinal (parallel

with ¢) elements, then
H” = Hi)g?n H” = H?SS? HY = Hf)g&a H% = Hio’gdv (244)

meanwhile, the purely transverse components of the hadronic tensor and the mix up with the
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2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

time-like and longitudinal ones change according to

11 2 292 .
H'" = cos® ¢NH123 + sin® ¢ Hijs — cos N sin oy 123 123),

(H

H? = sin® ¢y Hids + cos® oy Hizy + cos y sin oy (Hing + Hias),
H' = cos® ¢ Higs — sin® ¢ Higs + cos ¢ sin oy (Higg — Hids),
H?' = cos® gy Hs — sin? ¢y Hing + cos ¢ sin oy (Hiag — Hizs),
H = cos qZ)NH?ng — sin ¢NH?223 , H'" = cos ¢NH1133 — sin ¢NH1283,
H = sin ¢y HY%5 + cos oy HY%y , H? = sin ¢y Hivg + cos oy Hvs,
H3' = cos ¢NHf’213 — sin ¢NH?223 , H' = cos ¢NH11§’3 — sin quHng’g,

H* = sin gy Hizs + cos gy Higs , H? = sin gy Hi3s + cos ¢ Hisg, (2.45)

with H and Hy3 the hadronic tensor in the {z, ¢, 2} and {1,2, 3} reference systems, respectively.
In the inclusive cross section (Eq. 2.42), only the hadronic tensor depends on ¢y, so the integra-
tion over this variable can be analytically performed. It implies a straightforward integration of

sines and cosines, obtaining

HY = 2n H{3s, H% = 2nHY3s, H* = 2nHi3s, H* = 2mHi3,,
H" —7rH123+7rH123, H* _7TH123+WH1237 H' _WH123—7TH12213, H* :WH12213—7TH11§3»
Ho' =0 H'Y =0 H” =0 H? =0

H3 =0, H3 =0, H3? =0, H? =0. (2.46)
Therefore, the computation of the hadronic tensor in the hadronic reference system allows us to
avoid the numerical integration over ¢ by simply substituting it according to Eq. 2.46.

2.2.1 Hadronic Inclusive Responses

The coordinate system used in this work, with the z axis along the transferred momentum,
allows us to decompose the contraction of leptonic and hadronic tensors in physically meaningful
variables [49]. In this way, the differential cross section can be expressed as a linear combination

of hadronic responses, which includes all the information about the nuclear dynamics.
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2.2 Cross section

Electromagnetic inclusive responses

The electromagnetic inclusive cross section can be expressed as [48]

do

B Ry, 2.47
B0 oMot [VLRL + v R7] (2.47)

where the subindices L and T refer to the longitudinal and transverse components of the currents
with respect to the direction of the exchanged boson. The factor is the Mott cross section

o —41‘2192 20./2 2.48
Mott—Q4 fcos e/2. (2.48)

The functions v, contain all the lepton kinematic information,

QY 2 1’
vp, = <q2 , vp = tan 96/2—5(1—2. (2.49)

Ry are the inclusive hadronic response functions,
Ri =) 2r / dcosOy / dE, R, (2.50)
K

where K = L,T and the sum over s includes both neutron and proton occupied shells. R} are
the exclusive hadronic response functions for each particular shell, which are obtained by taking
the appropriate components of the hadronic tensor as
¢ w w2
r; = L [ 20w 4w+ ]
R = WH + w22 (2.51)

where
MpEnNpN

MAf rec
Note that the integration over the angle ¢n have been already performed in Eq. 2.50 taking into

account the results of Eq. 2.46, this leads to the global 27 factor.

WH = p, (Epn) oy, . (2.52)

Charged-current inclusive responses

In the (anti)neutrino case, the charge-changing inclusive cross section can be written as [50]

d?o
——— = oplveccRoc + 2verRer + v Rrr + vr Ry + h(2vp Ryv)], (2.53)
dEpdQ) g

31



2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

where we have an expression of the cross section with charge-charge (C'C'), charge-longitudinal
(CL), longitudinal-longitudinal (LL) and two types of transverse (T,7T") responses. The cross

section factor is given by
B G% cos 0,2

00 =~ 3 kiEcos®0/2, (2.54)

with © the generalized scattering angle. It reads

2
tan@/2:|cj s U():(Ei+Ef)—q2:4EiEf—’Q2|. (2.55)
0

The lepton kinematic functions are given by
°)
voe = 1 — 6% tan? >
ver =V + — tan”
P

| @

) 2
VLL :V2+52tan2§ <1+V+p(52),
p

vr =

§p+tan 2,] —?tan 5 V—F*ppé y
©) )
v = | - tan 5 (1 —vp'6?), (2.56)

where the neutrino mass has been assumed to be zero and we have defined

§= (2.57)
[o8
w
v=—, 2.58
. (2.58)
2
p:|§2’ =1-17 (2.59)
tan (©/2
o= 1 — = an (0/ ) e [0,1]. (2.60)
(Ef + Ei) \/p+tan?©/2
The inclusive hadronic response functions are given by
Ry = Z27T/dCOSHN/dEmR“K (2.61)
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2.3 Nuclear structure

with K = CC,CL,LL,T,T" and the sum over x includes the neutron (proton) occupied shells
for the (anti)neutrino interaction. As in the electromagnetic case, the integral over ¢ have been
analytically performed using the results obtained in Eq. 2.46. The exclusive hadronic responses

are computed in terms of the components of the hadronic tensor as

:RE’C’ = W207
1
i =~ (W0 W),
:RZL = Wzga
Ry =W, + W2,

Rf, = — (W12 = W2, (2.62)

L
2

where W, is obtained according to Eq. 2.52.

2.3 Nuclear structure

We now introduce the framework employed to describe the structure of the target nucleus. In
this work, we adopt a shell model description basis space, so to say. This allows the hadronic
current to be easily computed from the added-up contribution of single-particle-like matrix el-
ement calculations. We can use an extreme independent-particle shell model (IPSM), where
occupancies and momentum distributions for each nucleon in the bound state are taken from the
mean-field calculation, or we can go beyond this IPSM picture which does not fully capture the
complexity of nuclei. Indeed, we introduce a more realistic treatment of the nuclear structure
by employing a missing energy profile, p(E,,) (see Eq. 2.8), based on the semi-phenomenological
spectral function (SF) formalism. This study focuses on three nuclear targets, 12C, 0 and
40Ca, all of which have a closed-shell structure and are isospin symmetric nuclei, making them
a suitable choice for the initial development of the model. '2C is particularly relevant, as it is
used as the target material in the near detectors of several neutrino experiments, including Mini-
BooNE, MINERvA, T2K and NOMAD |28; 27; 19; 51]. Moreover, the availability of extensive
12C.electron scattering data makes it possible to benchmark our model against well-established
electromagnetic measurements. While the experimental data for electron scattering on 00 is sig-
nificantly more limited, studying this nucleus remains essential for T2K and Hyper-Kamiokande

neutrino oscillation experiments, which use water Cherenkov detectors [19; 23]. Finally, °Ca is
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interesting by itself, but also because its close similarity to “°Ar, the target material in several

neutrino experiments: ICARUS, MicroBooNE, SBND and DUNE [52; 22; 24; 53].

2.3.1 Missing energy profile

In an independent-particle shell model, also referred to as pure shell model, 12C is made of 2 and 4
nucleons in the 1s;/; and 1pg/y states, and accordingly for 160 and 4°Ca, as shown in Tables 2.2

and 2.4. Each shell has a unique binding energy, EF

~ , which means that the missing energy

distribution predicted by the model would be the sum of one Dirac delta per shell, normalized

to its occupancy (see Fig. 2.4),
p1psm(Em) =Y NuS(Em — E3), (2.63)
K

with N, = 2j + 1 the occupation of the shell in the pure shell model. However, the IPSM is a
very crude approximation to describe the missing energy distribution of nuclei, which has been
measured for carbon, oxygen, calcium and other nuclei in (e, e’p) and (p,2p) experiments [54;
55; 56; 57; 58; 59]. The experimental data reveals that the energy response of each shell exhibits
a finite width. Additionally, it is observed that the occupancy of the shells is depleted with
respect to the independent-particle shell model predictions [60; 61; 62|, and that these ‘missing
nucleons’ re-appear in deeper missing energy (F,,) and missing momentum (p,,) regions [63; 64].
This behavior is due to effects beyond the independent-particle approach, ascribed to short- and
long-range correlations [65; 66; 67; 68]. To say it in a few words, whenever there is enough
energy transferred to the nucleus, so that more than one nucleon may be knocked-out (that is,
beyond the two nucleon emission threshold), correlations in the initial state would make possible
the emission of additional nucleons (spectators in the impulse approximation), which will carry
energy and momentum.

The analysis of (e, ¢'p), both below and above the two nucleon threshold, made it possible to
obtain a semi-phenomenological spectral function [69; 70|, composed from discrete and continuum
contributions. The discrete spectral function arises from the mean-field contribution at low and
intermediate missing energy regions, it is sharply peaked in F,, around the bound energy values
of the single-particle states in the nuclear shell model. The continuum contribution, coming from
strongly correlated nucleons, produces the depletion of the discrete part of the SF, with a shift of

strength (that is, probability of knocking out nucleons from the initial state) to higher excitation
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Figure 2.4: Missing energy profile of protons in '?C within the independent-particle shell model.

energies, among other reasons because correlations allow to knock-out additional nucleons, even
if the exchanged boson interacts only with one nucleon.

The spectral function, S(E,,, pm), incorporates the probability of finding the nucleon in the
initial state with certain energy and momentum. Within a fully factorized scheme, it is easy to
incorporate this formalism in a plane wave calculation [37], with the exclusive 6-differential cross

section given by
dSo
dkfdededQN

= KS(Epm, pm)oen (2.64)

where K is a function containing kinematical factors and oy is the elastic lepton-nucleon cross
section for an off-shell nucleon with initial momentum p,,.

In this work, following Ref. [71; 72|, we take as reference the semi-phenomenological spectral
function formalism, but using a representation of the spectral function amenable to our relativis-
tic distorted wave and unfactorized calculations. We substitute the discrete component of the
momentum distribution by the one given by RMF single-particle states and construct a contin-
uous missing energy profile, including the depletion of the shell model occupations, inspired by

the one of the spectral function

psr(Em) = 47r/dpmp%15(Em,pm)- (2.65)

Thus, we reproduce the SF missing energy profile by identifying each discrete contribution with
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the corresponding shell, taking into account the missing energy region where it appears, and
artificially construct the missing energy distribution of each shell using a Gaussian distribu-
tion normalized to the SF occupation, together with a representation of the contribution from

correlations. The resulting missing energy profile is of the form,

P(Em) = PSM(Em) + pcorr(Em) = an(Em) + pcor'r(Em)y (2-66)

_ <E7n20_ﬁ“ﬂ>2] 7 (2.67)

where p,; is the mean value, o, is the standard deviation and S, is the occupation number from

with

pr(Em) = \/ﬁa erp
K

the SF approach. We use the same occupations for protons and neutrons in all cases.

For 12C and 0, the missing energy profiles of protons are constructed to reproduce those
of the Rome spectral function for each nucleus [69; 73]. The contributions from the shells are
parametrized using the Gaussian function of Eq. 2.67 with the parameters given in Tables 2.1
and 2.2. We use the same missing energy profile for neutrons, but with a shift in the energy
peaks to account for the Coulomb interaction in the proton case. This shift is computed as the

difference between proton and neutron separation energies from nuclear mass tables [74|. For

12, we get
E§ == MIQC - MllB - Mp = —15.96 MeV, (268)
Eg = MIQC - MllC — M, = —18.72 MGV, (269)
and for 160,
Eg = M160 - M15N - M, =-12.13 MeV, (270)
E? = MIGO - M15O - Mn = —15.67 Me\/, (271)

with M 4x the nuclear mass.

For 4°Ca, the missing energy profile has been constructed taking as reference the results
from several analysis [56; 58; 57; 62; 60; 61; 59|. For the most external shell, ld3/9, we use

the separation energy from nuclear mass tables [74] to set the peak in the proton and neutron
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2.3 Nuclear structure

K No  ng ey (MeV)  pen (MeV) o, (MeV)
Ipsy 4 082 16.0 18.7 2.0
Is12 2 090 36.0 38.7 10.0

Table 2.1: Parameters of the missing energy profile for the 12C shells. & is the shell model state;
N, is the occupation of the shells according to the independent-particle shell model; n, is the
occupation probability of the shells from the SF approach, the corresponding occupation is computed
as S, = ng X Ny e, N and o, are the parameters of the Gaussian function in Eq. 2.67, where the
subscript N indicates the isospin of the nucleon.

kK Ng ng  pep MeV)  pen (MeV) o, (MeV)

Ipijy 2 0.76 13.0 16.5 1.0
Ipyy 4 0.87 19.0 22.5 1.0
1syy 2 081 45.0 48.5 15.0

Table 2.2: Parameters of the missing energy profile for the 90O shells. & is the shell model state;
N, is the occupation of the shells according to the independent-particle shell model; n, is the
occupation probability of the shells from the SF approach, the corresponding occupation is computed
as S, = n, X Ny; e, v and oy, are the parameters of the Gaussian function in Eq. 2.67, where the
subscript N indicates the isospin of the nucleon.

distributions. These are

E§ = M4OCa - M39K — M, = —8.46 Me\/, (2.72)
E" = Myoca — Mzgcq — My, = —15.62 MeV. (2.73)

For the internal shells, the peaks of the proton distribution have been taken from [58], and for
neutrons, as done in the case of C and 00, we shift the proton values to account for the
Coulomb interaction using the difference between the neutron and proton separation energies.
Again, the missing energy distribution for each shell is parametrized as the Gaussian distribution
in Eq. 2.67, narrower for the external shells, and wider for the deeper ones, with the parameters
given in Table 2.3. Nevertheless, we stress that the inclusive observables that are studied in this
work, responses and cross sections, are mostly sensitive to the overall occupation probability of
the shells and not to fine details of the missing energy profile. Finally, in this case, occupation
ranges for the shells have been introduced to account for the uncertainties and discrepancies of
the different studies, the used values are shown in Table 2.4.

Until now, only the discrete part of the spectral function, coming from the shell model states,
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2. QUASIELASTIC LEPTON-NUCLEUS SCATTERING

K tip (MeV)  pen (MeV) o, (MeV)
2512 11.0 18.3 2.0
1d3/2 8.5 15.6 2.0
lds /o 15.7 23.0 4.0
Ipis 298 37.1 8.0
1ps 2 34.7 42.0 8.0
sy /o 53.6 60.9 15.0

Table 2.3: Parameters of the missing energy profile for the 4°Ca shells.  is the shell model state,
tx, N and o, are the parameters of the Gaussian function in Eq. 2.67, where the subscript IV indicates
the isospin of the nucleon.

Nk
Kk Ny (e,e’p) (e,e’p) (e,e’p) (e,e’p) (p,2p) This work
[56] [62] [60] [61] [57]
2512 2 0.58-0.70 0.57-0.63 0.48-0.54 0.51 0.49 - 0.57 0.50 - 0.70
ldz;, 4 0.58-0.72 0.67-0.75 0.72-08 049-0.69 0.60-0.70 0.50-0.70
lds;, 6 0.78-0.88 0.76 - 0.94 0.60 - 0.80
Ipiyp 2 0.42-0.56  0.60 - 0.80
Ips;y 4 0.42-0.56  0.60 - 0.80
Is 2 0.80 - 0.98 0.70 - 0.85

Table 2.4: 4°Ca shell model states (x), their occupations according to the independent-particle
shell model (N,), and occupation probabilities (n,) from the references [56; 62; 60; 61; 57] and the
ranges used in this work, the corresponding occupation is computed as S, = n, X Ny.
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2.3 Nuclear structure

has been considered. This implies that a fraction of nucleons remains unaccounted for in the
model, corresponding to the continuum contribution. To incorporate this missing component,
an additional contribution is included to represent knock-out of correlated nucleons, i.e., more
than one nucleon is knocked-out in the process due to correlations, and that shows up in the
high missing energy and momentum regions. In what follows, we refer to this contribution as the
background. The momentum distribution of this contribution is modeled as an s-wave, broad
in momentum space, fitted to reproduce the correlated part of the Rome spectral function. A
comparison between the resulting momentum distribution and that of the Rome spectral function
for 12C is shown in Fig. 2.5. Notably, for the kinematical settings included in this work, inclusive
cross sections and responses are anyway very insensitive to the actual shape of the momentum
distribution of this background component. With respect to the missing energy profile, the
background contribution starts at the two-nucleon emission threshold, it has a soft maximum
at around 100 MeV and follows an exponential decay extending to high momentum [71; 72].
In the region 25 < E,, < 100 MeV, both the discrete contribution from the deeper shells and
the continuum one from the background coexist. The missing energy profile in this region is

parametrized as

a exp(—1000)
exp|—(Em — ¢)/w]+1°

pcorr<Em) = Secorr (2-74)

Meanwhile, in the region E,, = 100 MeV, we assume that there is only background, which is

~

well described by an exponential fall-off

pcorr(Em) = Scorraexp(_bEm)a (275)

where a = 0.022078 MeV ™!, b = 0.0112371 MeV !, ¢ = 40 MeV, w = 5 MeV and S, represents
the number of nucleons in the background such that, after summing over all shells, the 12, 16
and 40 nucleons of 2C, 0 and %°Ca, respectively, are recovered.

Finally, the missing energy profiles of carbon, oxygen and calcium used in this work are
shown in Figs. 2.6, 2.7 and 2.8. In the case of calcium, the missing energy distribution, as
well as the results of this work, are presented as bands that account for the uncertainty in the
occupation probability of the single-particle states. To obtain these bands, we have generated
10* random configurations for the 4°Ca shell occupations within the limits shown in Table 2.4,
and the number of nucleons in the background is set such that the total number of protons
and neutrons is 20. However, using this method, we can get configurations with up to 42% of

nucleons in the background, which is clearly unrealistic. Therefore, a certain configuration is only
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Figure 2.5: Momentum distribution of protons in ?C from the Rome spectral function [69; 73] and
from our representation.

accepted if satisfies the constraint that the amount of nucleons in the background is between
20% and 35% of the total number of nucleons. The two extremes of these 10* configurations,
which correspond to the limits of the bands, are taken as those with the most and least nucleons
in the background within the allowed values (see Table 2.5). Nonetheless, we stress that a
background containing the 35% of the total amount of nucleons may still be an overestimated
scenario. Recent works have estimated about 20% [63; 64] of short-range correlated pairs in
nuclei, therefore, when considering a larger contribution, we should take into account that our
large background is effectively accounting for other mechanisms, as long-range correlations. A
more accurate modeling of these effects would be required to fully capture the complexity of
nuclear dynamics. For instance, short- and long-range correlations have been investigated using
microscopic approaches that incorporate correlation functions |75; 76; 77; 78; 79]. However, a
detailed treatment of such effects lies beyond the scope of the present work and is left for future

investigations.
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Figure 2.6: Missing energy profile of protons in 2C from the Rome spectral function [69; 73] and
from our representation.
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Figure 2.7: Missing energy profile of protons in 6O from the Rome spectral function [69; 73] and
from our representation.
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Figure 2.8: Missing energy profile of protons in *°Ca from our representation.

N
: Lower limit  Upper limit
2519 0.69 0.67
ld3/o 0.68 0.50
lds5 /o 0.78 0.67
1p1y2 0.77 0.76
1p3/2 0.79 0.64
Is1/2 0.85 0.76
Background 0.24 0.35

Table 2.5: 4°Ca shell model states (k) and their occupation probabilities (n,) in the limits of the
bands of the missing energy profile.
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Chapter 3

Hadronic current

In our approach, considering the first-order Born approximation and describing the leptons within
the plane wave Born approximation, the cross section can be expressed as the contraction of lep-
tonic and hadronic tensors. The leptonic part can be readily obtain in this scenario. Meanwhile,
the hadronic tensor requires further study, as it contains all the information about the boson-
nucleus interaction as well as the hadronic final-state interactions. As shown in Sec. 2.2, the
hadronic tensor is computed in terms of the hadronic current which, within the independent-

particle shell model, is given by
Je = ﬁ/dP U (pw, PY)THEY (p). (3.1)

We distinguish three components: the initial bound nucleon, ¥.”(p); the hadronic current
operator, I'*; and the final knocked-out nucleon, ¥*" (pn,Ply)- In this chapter we discuss in

detail how we describe these three parts of the computation.

3.1 Initial bound nucleon

Within the independent-particle shell model, bound nucleons occupy discrete shells that are
eigenstates of a spherically symmetric potential. These states are labeled by the angular mo-
mentum quantum numbers x and m;, with a fixed energy eigenvalue for every x, while there is
a degeneracy in m;. Depending on the level of detail required, the chosen potential can vary
from a simple harmonic oscillator to a sophisticated microscopic model with realistic nucleon-
nucleon interactions. In this work, we consider a potential derived from a relativistic mean-field

model. This model extends the original o—w framework by including non-linear couplings of
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3. HADRONIC CURRENT

the o meson [80]. Its starting point is the construction of a phenomenological Lorentz-covariant
Lagrangian density that includes the nucleon-nucleon interaction through meson exchange. The
parameters are adjusted by fitting general properties of nuclear matter and some finite nuclei
(see Appendix E for more details). Finally, the bound wave function is given by the general
solution of the Dirac equation in the presence of scalar and vector central potentials,

MR — gn(r)q’znj.(Qr)
v = (Ga)) &

where the spin-spherical harmonics, ®,.7 (2,.), contain the angular dependence of the wave func-

tion and are given by

. 1 m
(blij(QT) = Z <lvml; iva’jvmj>§/} Z(QT)Xms' (33)
mp,mg

The relativistic quantum number & is related to the total angular momentum by j = |x| — 1/2

and to the orbital angular momentum by

if 0
l:{ﬁ if x>0, (3.4)

-k—1 if k<O

my and ms are the projections of the orbital angular momentum and the spin, s = 1/2, re-

spectively. (I, my; %, ms|j, m;) are Clebsch-Gordan coefficients, ¥, are the spherical harmonics

1
0

functions g, (r) and f.(r) are solutions of the following coupled differential equations

and Xy, is a Pauli spinor of two components, with x4/ = (é) and x_1/2 = ( ) The radial

Gelr) _ 5Ly )= (B = My = ()~ V()anlr).
dg;”y) = L 0ur) + B+ M + 8(7) — V()] ulr), (3.5)

with S(r) and V (r) the relativistic mean-field scalar and vector potentials, respectively. Although
an explicit dependence on the isospin has not been introduced, the difference between neutron

and proton wave functions is given by the vector potential (Eq. E.8).

The Fourier transform yields the bound state wave function in momentum space,

v ) = () (5, /e ) B2, 36)
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3.2 Hadronic current operator

where Sk = k/|k|, o is a row vector containing the Pauli matrices and

—K

2TL0) =~ FRU(). (3.7)

The radial functions in momentum space are obtained from the respective functions in coordinate

Gu(p) = \/f / " dr g (rior),

fﬁ(p) = \/E/Ooo drr2ffi<r)jl_(pr)7 (38)

with j; the Riccati-Bessel functions and [ is defined as

space as

_ k—1 if k>0,
[ = { ] (3.9)
|k if k<O.
Finally, the relativistic wave functions in either space are normalized as
[arraio)+ 2200 = [ dora2o) + £2) = 1. (310)

and the integral over the solid angles is trivial as the spin-spherical harmonics are normalized to

one.

3.2 Hadronic current operator

The hadronic current operator ideally includes all the processes that lead to a final 1p-1h state.
However, this computation poses a significant challenge, so it results necessary to appeal to
some approximations. The usual treatment of the quasielastic scattering relies on the impulse
approximation, in which one considers that the boson couples only to the knocked-out nucleon
(see Fig. 3.1). It gives the main contribution to the QE response, through the one-body current.
An extension of the model, going beyond IA and including one-pion exchange effects by incorpo-
rating two-body meson-exchange currents with a final paticle-hole state is presented in the next

chapter.
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| B

Figure 3.1: Scheme for the process A(¢, ¢’ N)B within the impulse approximation.

3.2.1 One-body current operator

The one-body current is computed as

Tiy = \/‘7/dp T (pn, p+ )T}, U (p), (3.11)

with I“fb the one-body current operator. In this work, it is computed using the CC2 prescrip-
tion [60; 81; 82].
The one-body current operator for the electromagnetic interaction, as in the leptonic case,

only contains vector current contributions. It is given by

F7M(Q%)

) 2 o
Yy o = Dy = FUM Q) + i 2M

THQa, (3.12)

where o7 = (i/2)[y*,~*]. Unlike the leptonic current, where the involved particles are point-
like, nucleon form factors are now introduced in the hadronic current operator to account for the
inner structure of nucleons. F f /M and Fg’ /n are, respectively, the Pauli and Dirac electromagnetic
form factors of proton or neutron and they are computed using Kelly’s parametrization [83].

In the charged-current case, the one-body current operator now contains vector and axial

terms,

Flfb,CC =Dyyy =0y - Tl (3.13)
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3.3 Final knocked-out nucleon

The vector current operator is

v
If = F Q)" + iF;]\(gj)aWQa, (3.14)

being Flv o the weak vector form factors, which are related to the electromagnetic ones for protons
and neutrons by the conserved vector current (CVC) hypothesis as Flv o =FPy— F'y. The axial
current operator is

Gp(@%)

Fffl = GA(Q2)’YM75 + W@Q“’Y‘E’, (3.15)
N

with G4 the axial form factor and Gp the pseudo-scalar axial form factor. A standard dipole

parametrization is used for the axial form factor, which is computed as

GA(Q2)::(1_(§$%QQ27 (3.16)

where g4 = 1.26 is known from S-decay and we use a value of the axial mass, M4, of 1.05 GeV
extracted from neutrino-deuteron scattering and pion electro-production experiments [84; 85; 86;
87; 88]. However, it is worth noting that recent Lattice-QCD calculations and measurements of
antineutrino-proton scattering from MINERvA collaboration suggest a significantly larger axial
form factor, as well as a shallower fall-off for Q2 > 0.3 GeV? [89; 90; 91; 92; 93]. Axial form factors
consistent with these results have been introduced in theoretical GFMC and spectral function
calculations, and in the Monte Carlo neutrino event generator GENIE, obtaining an increase of
the inclusive cross section [43; 94; 92]. Finally, partial conservation of the axial current (PCAC)
and pion-pole dominance allow us to write the pseudo-scalar form factor in terms of G4 as

Ga(Q*)ME,
m2—Q% "’

Gp(Q?) = (3.17)

where m, denotes the pion mass.

3.3 Final knocked-out nucleon

In a particle-hole excitation, the outgoing nucleon may interact with the remaining A—1 nucleons
in its way out of the residual system, leading to a different final state compared to one created
in the interaction vertex. For instance, transitions to unobserved channels, that produce a

reduction of the cross section, or elastic interactions with the nuclear medium can occur. We
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refer to these processes as final-state interactions (FSI) and, in our framework, the scattered

nucleon is described within the relativistic distorted wave impulse approximation (RDWIA).
The distorted wave function of the knocked-out nucleon, ¥*¥ is obtained as a solution of

the Dirac equation in the continuous with central scalar and vector potentials. It is expressed as

a partial wave expansion [47]

SN (ply, py) = 4y /% > dte Rl my; Ll MY (@ U (), (3.18)
NV o 2
where py is the asymptotic momentum of the outgoing nucleon, p'y is its momentum inside
the nucleus and sy corresponds to its spin. The scattered nucleon is described as an energy
eigenstate, therefore, E% = E2 = pi + M3. \I/TJ(p’N) are spinors as in Eq. 3.6 [60; 82; 95].
The distorted wave function is normalized such that in the absence of a potential it would be a
plane wave.

There are several choices for the potential used to describe the final state, depending on
whether or not the outgoing nucleon is detected. For exclusive experimental signatures, where
the scattered nucleon is detected and the kinematics ensure that it is the only possible nucleon in
the final state (i.e. below the two-nucleon knockout threshold; see, e.g., Refs. [56; 54; 55]), only
elastic propagation of the nucleon in the residual nucleus needs to be considered. Contributions
from inelastic channels are either forbidden (if the residual system is left in its ground state) or
strongly suppressed. In this case, FSI are introduced through relativistic optical potentials (ROP)
that include both real and imaginary terms. The imaginary part removes inelastic channels,
which means that the knocked-out nucleon in its way out of the nucleus only interacts elastically
and no other hadrons are created in the process. Meanwhile, in the context of this work, where
only inclusive processes are considered, the distorted nucleon is computed using real potentials
that conserve the total flux, i.e., the real potential makes sure that all strength is retained. The
outgoing nucleon may rescatter, be absorbed, knock out additional nucleons, and undergo any
type of FSI in general, but any of these cases should still contribute to the cross section. In what
follows, we discuss the various possible approaches.

Relativistic optical potentials obtained from phenomenological fits to elastic proton-nucleus
scattering data has been shown to be quite effective in describing inclusive observables when only
its real part (rROP) is considered. The total flux is conserved, and the energy dependent real
part becomes weaker in a way which is empirically found to describe the inclusive quasielastic

cross section [96]. Nevertheless, at small nucleon energies, one has to deal with the fact that
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3.3 Final knocked-out nucleon

the rROP will produce wave functions which are inconsistent and non-orthogonal with respect
to the initial state described by the RMF.

Then, another possibility is to describe the outgoing nucleon using the same RMF potential
that is considered for the bound nucleon. This results in good model consistency, with the
initial and final nucleon wave functions being orthogonal as they are both solutions of the same
Dirac equation. It seems to be a reasonable framework at least at low energies and momenta,
like those of bound nucleons, where we can expect a similar effect from the residual nuclear
system. However, when the nucleon energy becomes larger, the RMF potential is too strong. The
phenomenology tells us that the interaction of the nucleon with the residual system should weaken
at large energies. This lead us to the next proposal, the energy dependent relativistic mean-field
(ED-RMF) potential. The ED-RMF potential is constructed as the RMF potential used in the
bound state but multiplied by a phenomenological function that weakens the scalar and vector
potentials for increasing nucleon momenta [97; 98; 96]. The ED-RMF parametrization is inspired
by the SuSAv2 analysis of inclusive (e,e’) scattering data [99; 100; 101]. Within SuSAv2, the
description of the quasielastic peak relies on scaling functions for inclusive nuclear responses
derived from calculations within RDWIA, using the RMF potential, and the relativistic plane
wave impulse approximation (RPWIA), where the final nucleon is described as a plane wave.
These scaling functions are combined using weights which depend on the momentum transfer such
that, at low ¢, the RMF contribution dominates, while at higher ¢, the cross section approaches
the RPWIA prediction. These weights are then used to determine the energy-dependent function,
which multiplies both vector and scalar RMF potentials, leading to the ED-RMF approach. This
empirical blending function, shown in Fig. 3.2, was obtained as a fit to the SuSAv2 RMF-to-
RPWIA transition functions for 2C. For Ty < 100 MeV, the RMF model agrees with data well,
so the function is close to 1, while as Ty increases the magnitude of the RMF potentials is reduced.
Although this ED-RMF function has been fitted to electron scattering data on '2C, this method
can be safely applied to other nuclei independently of their mass and isospin [97]. The main
advantage of this choice is that it preserves the orthogonality between the initial and final states
at low energies of the final nucleon, while approaching the behavior of the phenomenological
optical potentials at larger energies.

Finally, in some cases, it results convenient to simplify the problem introducing the relativis-
tic plane wave impulse approximation. We neglect the effect of final-state interactions on the
outgoing nucleon, describing it as a relativistic plane wave. Although RPWIA is an oversimpli-

fied description of the process that is not suitable for realistic predictions, it is a very common
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Figure 3.2: Function that scales the RMF potentials in the ED-RMF approach [97]. It is

parametrized as f(Ty) = (TN/2()63§2+3.5 + ea:p[(TNO—é%)/23]+1 + 0.29 with T the kinetic energy of

the outgoing nucleon in the laboratory frame and in MeV.

first-order theoretical estimate that can help in improving our understanding. Additionally, this

approximation results particularly convenient, as it simplifies the hadronic current to

M -
It = <2w>3/Z\F (. sn)TMUL (b — ), (3.19)
N

where py = ply = p + q and u(pn,sn) is the free Dirac spinor representing the outgoing
nucleon.

A comparison of the electromagnetic inclusive responses of '2C computed using the real
part of the relativistic optical potential EDAI-C;, RMF and ED-RMF potentials, as well as
within RPWIA | is shown in Fig. 3.3. Our theoretical results are compared to experimental data
extracted by means of a Rosenbluth analysis by Jourdan [102] and Barreau et al. [103].

As expected, RPWIA calculations overestimate the data, especially at low values of momen-
tum transfer. Furthermore, the low-energy behavior of the responses significantly deviates from
the experimental results. This may be attributed to the distortion of the final nucleon that is
not being included in RPWIA, which, among other effects, gives rise to spurious contributions
to the responses due to the lack of orthogonality between initial and final states. The effect
of distortion, as shown in the EDAI-C, RMF and ED-RMF approaches, is to shift the peak of
the responses to the correct position, according to the data, to reduce the total strength and to
redistribute it from the peak to the tails, particularly to the low energy end of the responses.

On the other hand, the RMF computation is able to reproduce the data at relatively small
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Figure 3.3: Longitudinal (left) and transverse (right) electromagnetic inclusive responses of 12C
within the ED-RMF, RMF, EDAI-C and RPWIA models. The transferred momentum ¢ is (from up
to bottom) 300, 380 and 570 MeV /c. The theoretical predictions are compared with experimental
data from [102; 103].

momentum transfers. However, consistent with expectations, this energy independent potential
predicts too much reduction of the quasielastic peak when the transferred momentum reaches
400-500 MeV /¢, with the strength moved to the high-w tail and a departure from the experi-
mental data. When the ED-RMF potential is employed, these effects are mitigated, leading to a

remarkably good agreement with the data in the longitudinal sector.
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For the calculation with rROP, we employ the phenomenological energy-dependent A-independent

carbon relativistic optical potential EDAI-C [104]. This type of potentials depends on the energy
of the scattered nucleon but lacks an explicit dependence on the mass number, A, as they are
fitted to data from a single nucleus. Despite this, they generally provide an excellent description
of the observables included in the fit. The EDAI-C potential was extracted by fitting elastic
proton-carbon scattering data in the range 30 < 7T}, < 1040 MeV, T}, being the proton kinetic en-
ergy. This approach provides very similar results to the ED-RMF ones for large enough values of
the momentum transfer, ¢ > 300 MeV /c [96]. However, the EDAI-C, unlike the ED-RMF, does
not preserve exact orthogonality between the initial and final states; hence, when the momentum
of the final nucleon is comparable to the momentum of the bound nucleon (i.e., approximately up
to py < 300 MeV/c), the spurious non-orthogonality contributions become an issue for EDAI-C
as well as for RPWIA. This is confirmed by our results, in which one observes that even though
EDAI-C and ED-RMF calculations are similar both in shape and magnitude, the agreement
with the data is slightly better for ED-RMF, specially, at the low energy tails. Meanwhile, for ¢
larger than around 500 MeV /¢, the overlap between the initial and final states is negligible and
orthogonality is not an issue, obtaining essentially the same predictions.

To conclude, we stress that these results have been computed considering only the one-body
current operator. However, our theoretical predictions significantly underestimate the transverse
responses. In order to improve the description of the transverse channel, the next chapter goes
beyond the impulse approximation and includes the contribution from two-body meson-exchange

currents with a final particle-hole state.

3.4 Current conservation

The conserved vector current hypothesis postulates that the isovector part of the vector current
in electromagnetic and weak interactions corresponds to the same current [105]. An implication
of this hypothesis is that, since the electromagnetic current is conserved, also the vector part of

the weak current must be conserved. Current conservation is expressed by the relation
Oully = Qulfy = wly — qJy =0, (3.20)

with q along the z-axis, and Jy denotes the vector component of the hadronic current. Since
the electromagnetic interaction only occurs through vector currents, in this case we identify

J{/L = JH*. Meanwhile, the weak interaction has both vector and axial components, and the
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3.4 Current conservation

CVC hypothesis applies only to the former. The axial component of the weak current exhibits a

divergence proportional to the pion mass [106; 107,
Ol () = QuJh(q) = famizon(Q), (3.21)

where ¢, is the pion field. This relation implies that the axial current is conserved in the chiral
limit m; — 0, which is known as the partially conserved axial current hypothesis.

Vector current can be conserved if the initial and final states are described within the same
potential—in our case, the RMF potential. However, this does not hold when using the energy-
dependent potentials introduced above, or even when using the RMF potential in charged-current
interactions, where an initial-state proton is converted into a final-state neutron (or vice-versa).
In such cases, the Coulomb potential, which only affects protons, leads to a violation of current
conservation. Additionally, the use of single-nucleon current operators derived for free nucleons in
nuclear matrix elements introduces a degree of ambiguity, as they are applied to bound nucleons
that are generally off-shell. As a result, the current operators for scattering on free nucleons
are not entirely consistent in this case. In fact, there is no rigorous prescription that fully
incorporates the off-shell dependence of the nucleon into the hadronic current. This often leads
to violation of vector current conservation.

Hence, CVC violation may arise from the fact that the initial and final states are not treated
consistently, but also from the off-shellness of the initial state. Then, vector current conservation
can be explicitly imposed by removing the longitudinal component in favor of the temporal one
as

J3 = %}8. (3.22)

This approach is adopted throughout this work unless explicitly stated otherwise. The procedure
to restore current conservation is not unique, and other option is the opposite approach, where
J8 is defined in terms of J‘?}. However, the former is the usually employed one as the 0 component
is related to the conserved charge and is assumed to be more accurately described.

In Fig. 3.4, we compare the longitudinal electromagnetic responses of >C within RPWIA,
RMF and ED-RMF models, with and without explicitly imposing CVC by setting Ji> = (w/q)J{-.
If both descriptions differ, current conservation is violated. Results for the transverse response
are not included, as this component is not affected by CVC, i.e., the results are exactly the

same as previously obtained. In the RMF approach, both calculations yield essentially identical
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Figure 3.4: Longitudinal electromagnetic inclusive responses of *2C within RPWIA, RMF and ED-
RMF models, with and without explicitly imposing CVC by setting J3 = (w/q)JY. The transferred
momentum ¢ is (from left to right) 300, 380 and 570 MeV /c. The theoretical predictions are compared
with experimental data from [102; 103].

results, except for the background contribution, for which the discrepancy is ascribed to the over-
simplified treatment of this correlated component of the spectral function. In contrast, RPWIA
results present significant differences between the two prescriptions, given by the inconsistent
description of the initial and final states using different potentials, leading to the violation of
current conservation. Finally, in the ED-RMF case, the violation is much less pronounced, with

only a minor deviation observed at large momentum transfers.
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Chapter 4

Two-body meson-exchange currents

The strong interaction between nucleons, through the nuclear force, is commonly described in
terms of the exchange of virtual mesons, such as 7, p and w [106]. Therefore, when an electroweak
boson interacts with a nucleon, the latter can also be interacting through meson-exchange with
another nucleon, bound in the target nucleus. We refer to this interaction as a two-body meson-
exchange current (MEC), and it can result in the knock-out of one or both nucleons from the
nucleus. The pion plays a special role since it is the lightest of the mesons (m, ~ 135 MeV),
meaning that the range for the interaction is much larger than that for the heavier mesons p and
w (m, ~ 775 MeV, m,, ~ 782 MeV). Therefore, in this work, we focus on those interactions with
one pion exchange.

We distinguish two different contributions to MEC: i) the A-resonance mechanism and ii)
the contributions deduced from the chiral perturbation theory (ChPT) Lagrangian of the pion-
nucleon system (ChPT background terms in what follows). The Feynman diagrams for two-
nucleon knock-out reactions through these two-body meson-exchange currents are shown in
Figs. 4.1 and 4.2.

Nucleon resonances are excited states of the nucleon that exist for a short time before decay-
ing. They are characterized by their invariant mass, width, isospin, spin and parity. Resonance
excitation provides significant strength in scattering experiments, as is the case in lepton-induced
single-pion production on nuclear targets, where the resonant reactions dominate over the non-
resonant background [108]. Here, the resonance contribution corresponds to the electroweak
excitation of the nucleon to a resonance and its subsequent decay into a nucleon and a pion,
the latter being captured on another nucleon in the nuclear medium. We limit this work to

the contribution from the A(1232) resonance. Although electroweak reactions can excite higher
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Figure 4.1: Direct [(a) and (b)] and cross [(c) and (d)] A-resonance diagrams contributing to the
two-body meson exchange currents.
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Figure 4.2: ChPT background diagrams contributing to the two-body meson exchange currents:
seagull or contact [CT, (a) and (b)], pion-in-flight [PF,(c)] and pion pole [PP, (d) and (e)].
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resonances, they are of little significance within the energy range studied [109; 110].

The ChPT background contribution corresponds to those interactions in which no nucleon
resonance excitation occurs. These terms are required by chiral symmetry. Starting from an
SU(2) non-linear o model involving pions and nucleons, which implements the pattern of sponta-
neous chiral symmetry breaking of QCD, the corresponding vector and axial currents are derived,
determining the structure of the chiral non-resonant terms [109]. They are commonly referred
to as the seagull or contact, the pion-in-flight and the pion-pole terms.

Previous works have computed the contribution from pion-exchange currents to 1p-1h and
2p-2h responses and cross sections within different frameworks. There is a consensus that the
effect of MEC in the 2p-2h sector leads to a significant contribution in the dip region between the
QE and the A-resonance peaks within a shell model approach [111], a global relativistic Fermi
gas [112; 113; 114], a local Fermi gas [38; 109] and a factorized spectral function scheme [115; 42].
The role of MEC in the 1p-1h responses has been, however, much less explored. In [116],
within a non-relativistic shell model that incorporates final-state interactions, it was obtained
that the two-body current produced a small decrease of the transverse electromagnetic response
(Rr). Similar results were found in [117] but the exclusive (e,e’p) responses were studied in
this case. In [118|, using a similar nuclear model as in [116], it was found that the two-body
currents enhance Rp by around 20-30%. In both approaches, by construction, the two-body
operator does not affect the longitudinal response (Ry). More recently, the non-relativistic
ab initio Green’s function Monte Carlo (GFMC) model of [119; 120; 121; 122] has confirmed
the essential role of two-body mechanisms to describe the electromagnetic responses of light
nuclei. They observed a slight reduction of the longitudinal response in the threshold region,
meanwhile an enhancement of the strength is generated in the transverse sector when two-body
contributions are incorporated. Similar results have been also obtained in recent computations
within the variational Monte Carlo method with the short-time approximation [123|. Ab initio
GFMC calculations have been also carried out in the case of charged-current interactions [43],
obtaining a significant increase in the magnitude of the response functions that consequently lead
to an increase of flux-folded inclusive cross section results. These previous works employed non-
relativistic approaches subjected to hold only at relatively low momentum transfer. Hence, MEC
contributions to 1p-1h final states have also been studied within fully relativistic frameworks, for
example [124; 125; 126; 127; 128|. However, these approaches, based on the relativistic Fermi gas
model, oversimplify the nuclear structure and dynamics. Another relativistic approach is that

of [94], based on the factorized spectral function formalism, where it was found that two-body
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4. TWO-BODY MESON-EXCHANGE CURRENTS

contributions enhance the transverse electromagnetic response functions and the charged-current
cross sections. Spectral function approaches incorporate nuclear complexity beyond mean-field
predictions, thus representing a more realistic response of the nucleus to the external lepton
probe. They require, however, to compute the cross section in a factorized fashion, which is not
always a good approximation [129; 98| and that precludes including final-state interactions in a
consistent way [97]. This motivated us to develop this work, where the contribution of the two-
body meson-exchange currents with one-nucleon knock-out is studied within a representation of

the spectral function without resorting to factorization.

4.1 Particle-hole excitation

In this work, we go beyond the impulse approximation and explore the contribution from two-
body meson-exchange currents to 1p-1h excitations, i.e., with a final particle-hole state. Then,
the hadronic current now reads

JE = Jp, + Jb,. (4.1)

1p-1h excitations occur through two-body meson-exchange currents when, in the two-particle
two-hole interactions of Figs. 4.1 and 4.2, one of the outgoing nucleons remains bound to the
nucleus. In what follows, we refer to this nucleon as an intermediate bound-nucleon state. Hence,
the hadronic final state consists in just one scattered nucleon. The resulting contributions are
shown in Figs. 4.3 and 4.4. N’ denotes the intermediate bound-nucleon state, N; the initial bound
nucleon and Ny the final scattered nucleon. Therefore, for electromagnetic interactions, N; and
Ny could be either both protons or both neutrons, meanwhile, in charged-current interactions,
N; corresponds to a neutron (proton) and Ny to a proton (neutron) for (anti)neutrinos.
Within the second quantization formalism, the general expression for any two-body operator
is
J= % Z cLl,cLyca?calJ(al,ay,ag,agl), (4.2)
Q1,007,021

where, denoting F' as the ground state of the target nucleus,

ao if a>0F,
Ca = 4 (4.3)
by if a<F,

therefore,
ca =0O(a — Fag + O(F — a)b],

)

(4.4)
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Figure 4.3: Exchange [(a),(b),(c),(d)] and direct [(e),(f),(g),(h)] A-resonance diagrams contributing
to the two-body meson exchange currents with a final one-particle one-hole state. N’ denotes the

intermediate bound-nucleon state.
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Figure 4.4: Exchange [CT, (a) and (b); PF, (c); and PP, (d) and (e)] and direct [CT, (f) and (g);
PF, (h); and PP, (i) and (j)] ChPT background diagrams contributing to two-body meson exchange
currents with a final one-particle one-hole state. N’ denotes the intermediate bound-nucleon state.
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4. TWO-BODY MESON-EXCHANGE CURRENTS

with al, (aq) and bl, (bq) the particle and hole creation (annihilation) operators, respectively.
Holes, a < F', are described by bound wave functions in the target nucleus and particles, a > F,
by distorted wave functions in the continuous. The subindex « represents the quantum numbers
that label the single-particle states of the system, thus, they are different in each case. For holes,
the quantum numbers are x, m; and the isospin and, for particles, the momenta, the spin and
the isospin.

We are interested in a particle-hole final state, in which a nucleon of the target nucleus in

state o = k,mj, ) is knocked-out and detected in state |an = P, sy, 7n),

lay;a) =al bl |F). (4.5)

anYa

Then, the matrix element of a two-body operator between the ground state and a particle-hole

excited state, taking into account Eqgs. 4.2 and 4.5, reads
A 1
(an;alJ|F) = 3 Z J(ag, aqr, a9, anr) X <F|bOéaaNc.Ll/CL2/cagcal|F>‘ (4.6)
Q1,0q7,002,00p7

Rewriting ¢, in terms of particle and hole operators according to Eq. 4.4, taking into account
the property
ao|F) =0, by|F)=0, (4.7)

and the anticommutation relations,

{ag,al} = 0p,,  {bs,bl} =635,

{ag,ay} = {al}, al} = {bg,b,} = {bl}, b1} =0,

{bprag} = {800} = {bgal} = Bl } =0, (438)
we finally get
A 1
(an;alJ|F) = 5 Z [J(a,an, o )+ J(d,d;a,ay) — J(d,an,a,d) — J(a,d, o, ay)],
o <F
(4.9)

where antisymmetrization is implicitly included in the second quantization formalism. Addition-

ally, taking into account the symmetry of the hadronic current J(aq, o/, g, aor) = J(ag, aor, g, ayr),

60



4.1 Particle-hole excitation

the two-body hadronic current with a final particle-hole state reads

(an;al J|F) = > [J(a,an, o' ,d) = J(d,an, a,d)]. (4.10)

o' <F
o’ denotes the quantum numbers of the intermediate bound-nucleon state and its summation
runs over all occupied levels in the ground state. The terms J (o, ay, o', o) and J(o/, ay, a, ')
represent the direct and exchange contributions, respectively. In the exchange terms, the 1p-1h
excitation results when one of the outgoing nucleons of the 2p-2h process fills in the hole left by
the other, so that it remains bound. In the direct terms, one of the final nucleons remains in its

initial bound state after the interaction.

In the general case, the intermediate bound particles are described using the RMF model, so

,,

2 7/, and we refer to it as the intermediate RMF-nucleon approach. Other possibility

o =k',m
is the simplification of the computation by describing the intermediate bound nucleons as free
Dirac spinors in a relativistic Fermi gas, with quantum numbers o/ = p’, s, 7/. This is referred
to as the intermediate RFG-nucleon approximation. Then, an important difference between the
RMF and the RFG approaches is that the momentum is not a quantum number of the RMF-
bound states, i.e., there is no restriction to the momentum of the intermediate nucleons to be
the same in the RMF calculation.

Finally, the one-particle one-hole hadronic currents involving two-body meson-exchange are
obtained by substituting into Eq. 4.10 the two-particle two-hole hadronic currents derived from

the Feynman diagrams shown in Figs. 4.1 and 4.2. For the A-resonance diagrams in Fig. 4.1,

the two-particle two-hole hadronic currents are given by

_ d . .
JR = /dz \IJQ/(Z)OZTFN/ D2 elpA?(z_y)SAﬂﬁ/dy e'y Og’ZNWQ(y)

(27)?
dk, etkmy (w—2) o
/ e / dw Ty (W) Oy W (W) + (1 5 2), (4.11)

™

iy T aa d :
Jhn = /dy "W \Ilgl(y)OQ’LAN/ pA%GZpAQ(y_Z)SAug/dZ ong\IJQ(Z)

(2m)
dsz ctkmy (w—2)
/ (2m)3 K2, — m?2

™

/dw Uy (W)OnnT1(w) + (1 ¢ 2), (4.12)

where the Ja and Joa refer to the contributions from the direct and cross diagrams, respectively,

O denotes the interaction vertices and Sa is the propagator of the A-resonance. For the ChPT
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diagrams in Fig. 4.2, we have

p iqy . I dky, ey
Jop=— [ dy ¥ Wy (Y)OQWNN\IQ(Y) (27r)3 K2 _
2

/dz U1 (2)0rnw Ui (2) + (1 2),
(4.13)

71'

dy €'Y O /dkﬂl el &) / dkr, eikmy (W=y)
Qnm (27)3 K% —m2 (2m)3 K% —m2

)OrnN Vo z )/dw U (w)OrnnT1 (W)

m
JPF -

/ dz T
dk7r €ik7'r1 ZkWQW Or
- [ ] / 5 Olen ez 12 (DOmuwWa(2) gy 5 T (w)Om T (),

7'('

‘ dk., eikwfz(z—}’) o
J]’L;P = /dy e“flyo/éw/ (271_)23 Kz, 2 /dZ \PQ/(Z)OWTNN\I/Q(Z)
Ty 7T

/dk elena (v Z)/d T (W) Ornn U1 (w) + (1 5 2)
X w Wy, NNV (w) + >
(27T)3 Kgg_ s

dkm eiqzong ezk,rQ(w z)
:/dZ/dW/ (27r)3m\l’?(Z)OWWNN\IIQ(Z)mqlll(w)oﬁNN\Ill(w)+(1 <—>2)
T T2 T
(4.15)

The final expressions for the pion-in-flight and pion pole diagrams have been obtained by inte-
grating over y using Eq. A.40. This leads to a momentum conservation Dirac delta that is used
to integrate over k., and kﬂé, respectively. Then, taking into account energy conservation in the
vertices, we have the relations K, = () — K, and K = Q.

To conclude, we use the Fourier transform of the hadronic wave functions, given by Eq. A.38,

to get expressions in momentum space,

1 — a 8 1 —
JZ = (27T)3/dp2’/d132/dp1 [\I’(p?)OANWSA,a,BOQMAN\I’(pﬂW‘Il(pl’)owNN‘I/(Pl)

- My

_ 1 —
+ \Il(pll)oaANﬂ'SA,OéﬂoguAN\IJ(pl)M\Ij(pQI)Oﬂ'NN\IJ(pQ)] ) (4.16)
1

™

1 — —apu B 1 [
Jon = W/dpw/dm/dpl [\Il(p?)OQANSA,a,BOAﬂN\II(pQ)M\p(pl’)owNN\I}(pl)
1

)Kﬁl — m?2

™

|

+ @(Pl’)6gﬂANSA,aﬁog7rN\IJ(Pl (P2/)(97rNN‘I’(P2)] ; (4.17)

with Py = Po4+P14+Q— Py, Ky = Q4 Po— Py, Pp, = P10, Pea, = P2 Q, Ky, =Q+P,—Py,
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4.1 Particle-hole excitation

Pan, =P+ Q and Poa, = Pll — @, and

1
Jer = /dp2’/dp2/dpl [ P2)00 vy (P ) ) ‘I’(Py)OwNN‘I’(pl)
+ (Pl’)OQnNN‘I’( )71(2 ——5 U(p2)OxnnT(P2) | , (4.18)
T 7T
/J/ — —_
Tpp = /dPZ//dPQ/dpl (52(7?(2 — )\Ij(p2’)OWNN\I’(pZ)‘I](pl/)OwNN\I’(pl)a
(4.19)

. 1
Jop = @) /dp2 /dpz/dpl [Q2 V(p2 )OﬁwNN\I’(pQ)mqj(pl’)owNN\l’(pl)

- Wy

+ m‘l’(m N0 NP (P1 )W

7T'

U (py)O0-nnT(P2) | (4.20)

with Py = P+ P + Q — Py, K, =Q + P, — Py and K, :Pé — Py

4.1.1 Intermediate RMF-nucleon approach

We begin this study by using an RMF-bound state to describe the intermediate bound-nucleon
state of the two-body meson-exchange hadronic current with a final particle-hole state, following
the same approach as for the initial bound nucleon. Then, the sum over the quantum numbers

of the intermediate bound-nucleon state in Eq. 4.10 corresponds to

= > (4.21)

n’,m;,T’

and it runs over all occupied shells in the ground state. Substituting the two-particle two-hole
hadronic currents of Eqs. 4.16, 4.17, 4.18, 4.19 and 4.20 into Eq. 4.10, with the corresponding

wave function for each nucleon, we get

dp dpp —=s e
T = \F/dp/ §/2 / )Z/z U™ (p + P+ a— pp. PNy U7 (P), (4.22)

with p, and p;, the momenta of the intermediate outgoing and ingoing nucleons, respectively. The

two-body meson-exchange current operator is the sum of the A-resonance and ChPT background
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contributions

Ty, =Tenpr + Ta-

(4.23)

Introducing the explicit expressions of the interaction vertices, which are obtained from the

Lagrangians in Appendices C and D, the hadronic current operators for the A-resonance terms

of Fig. 4.3 read

A Pn,P
FZ,(@) = Fﬂ'NNFﬂ'AN 2f K Y MFAWNSA aﬁFQANa
71' 7r

with P = P+ Q and K" = P+ Q — P,

94 A(pn, Pp)
FZ,(b) = — WNNFWANE zWNSA’aﬁFgMANI(zipKﬂ 57

with P¥ = Q + P, and K" = P, — P,

5 A(pha pp)

F‘Z’(C) = —FinNFran 2f7rK v 771— QANSA ocBFAﬂ—Na

with P =P, —Q and K{? =P+ Q — P,
gA APr,Pp) 1+ 5
FZ,(d) = _FWNNFNANEP%MANSA QBFAWNT(Q p72r Kﬂ‘ ’

with P = P+ P, — P, and K\ = P, — P,

9a Ax(Ph, Pp, Kr)
I (o = PennFran s of, K2 ing aAwNSA,a,BFg”AN
™ s

™

with P\ = P+ Q and K = P, — P,

v ga AA(phvp;mPA) 5
FA,(f) - 7TNNF7TAN2f7T K% K’]T s

WlthP Q—|—PhandK =Q+ P, — P,

gA A (phvpva )

g
Pa) = FovnFran o e = — 5 Tgan a0l any
s
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with PY = P+ P, — P, and K\ = P, — P,

g AA(phyppaPA)K 5

' = F”NNF”ANQfW KZ— (4.31)
with Pé ) = =P, —(Q and K = @Q + P, — P,. The vertex function
T

FQAN(K QM) = QAN(KMa _QM)] 7 (4.32)

has been introduced in the cross A-resonance diagrams, with K the momentum of the outgoing
nucleon in the vertex. The explicit expressions for the strong AnwN and electroweak QAN

vertices and the A-resonance propagator are given in Appendix D.

Continuing with the ChPT background contribution, the hadronic current operator for the
exchange contact term diagrams contains vector and axial contributions, I .. = T . +T0 1 4,

with

A(ph,p ) A(Pr, Pp)
™

T K2 - r
A(pr, Pp) A(Pmp )

FgcT,A 2f2 [ 1F2NN,1K771757K2 _722 'Y“—Fp,2F2NN2’Y 7[(2 T:LQ ng’YE) ;o (4.34)
T e s

for the exchange pion-in-flight diagram, the contribution is purely vector, with

9 (Q +2P —2P,)" 5 5
Iop = FprErnnN 1F7rNN22f2 (&2 —m2)(KZ, - m%)KWﬂ A(ph.Pp) K 17, (4.35)

and for the exchange pion pole diagrams, the contribution is purely axial, with

ga Q" A(pn, Pp)
ngpzrfgm FPJFT%NN,IKM 5K2 _ p2 (K + @)
Ph: P
PP Ky + Q)55 Alpr le v, (430

where K, = Q+ P — P, and K, = P, — P. For the direct contact term diagrams, the hadronic
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current operator is computed as I, . =T, + Thop 4, with

A,y;_m (ph’ pp)

A (ph |8 K7r )
r —For=4 | F? e F7%NN d K’ (4.37)
dCT,V — 2f7% NN,1d K72r1d _ m72r 2 K72rzd _ ﬂ T2d

A (ph | K7T )
F,ldFQNNm = s
g . Kgld B mgf T2d

A u(phypp)
— FpoaFy NNZd];g'QiKWQdPYE) , (4.38)

dCT,A = 512 _ 2
2fz ms

for the direct pion-in-flight diagram, the current operator is given by

94 (2P — 2P, — Q)"
I op = —FprFanniaFrnn, 2d2f2 (K2 m2) (K2 ) Q)Aw(Ph,Pp,Kmd)K@ﬂS: (4.39)

moq  tw

Tid

and for the direct pion pole diagrams,

ga Q" 2 Ax(Ph, Pps Krpy)
pp =757 —=5 | FpiaFannid M (K, + @)
APP 42 Q2 —m2 |0 T K2 —m2 e

Ay (Phy Pp, Krpy + Q)
Fp,2dF7$NN,2d S K2p =

T2d

Krpn| s (4.40)

—m2
Mz

where K, , = P, — P, and K,,, = Q + Py, — P,.

To shorten the expressions we have introduced the intermediate RMF projectors,

Ax =Y InAxn = IAxy + InAxn, (4.41)
with
Ay (p,p’) Z v p’), (4.42)
. m/.
AWN’(paplaKw) = Z \Ij,i/] (p/) Y \IIH/] (p>7 (443)
K/ m;
Aan'(p,p’, Pa) = Z T, (p T RenSaasldan T, (P). (4.44)
Aan/(p,p’, Pa) = Z U (')A nSaasl Ray Vo (), (4.45)
Alusni (P, D) Z U, (p )" '(p), (4.46)
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4.1 Particle-hole excitation

APy = > T, (P, (p), (4.47)
f@’,m;

Agn(p. P K) = > W7 (p) KT, (p). (4.48)
n’,m;-

The sum over the isospin of the intermediate nucleon state is explicitly done in Eq. 4.41, where

the contribution from an intermediate proton or neutron is weighted by an isospin coefficient
(In), and the sum over «/, m; in Eqgs. 4.43-4.48 runs over all occupied shells of the corresponding
intermediate nucleon. The isospin coefficient of each diagram, given in Tables 4.1 and 4.2,
depends on the process and the isospin of the involved nucleons.

For the EM interaction, the direct terms of the ChPT background diagrams vanish due to the
isospin dependence of the ChPT Lagrangian. Hence, only the exchange terms contribute. On
the other hand, the A-resonance part has contributions from both exchange and direct terms.
Additionally, note that only vector contributions should be considered due to the nature of the
EM interaction. In the CC case, both direct and exchange terms of the ChPT and A-resonance
diagrams, as well as their vector and axial components, contribute.

To conclude, a variety of form factors have been introduced in the hadronic current operators
to account for different effects. In the vector component of the ChPT background, we include

form factors to account for the nucleon structure, with

For(Q%) = Frr(Q®) = B (Q°). (4.49)

The isovector nucleon form factor, F}', has been introduced following the single-pion production
model of Ref. [108], where it was originally included to ensure consistency with the conserved

vector current hypothesis. This leads to the condition
Qu(Jor + Jpp + Jyp) = 0. (4.50)

Here, Jyp refers to the contribution from nucleon pole diagrams, which are typically excluded
in mean-field calculations because they represent correlations already accounted for in the cor-
responding wave functions. Consequently, in the present work, vector current is not directly
conserved. Nevertheless, we retain the same vertex structure for the contact term and pion-in-
flight diagrams as in Ref. [108], and thus include the form factors in the same way. In the pion

pole terms, to account for the p-dominance of the 77NN coupling [130; 131], we have introduce
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Channel eCT ePF ePP dCT dPF dPP A (a,d,e, g) A (b,c,f h)
p—=p(N=p)| 0 0 0 0 0 0 1/V3 1/V3
p—p(N=n)| 1 1 0 0 0 0 ~1//3 1/v3
n—n(N=p)| -1 -1 0 0 0 0 1/V3 -1/V/3
n—n (N=n)| 0 0 0 0 0 0 ~1//3 ~1/V/3

Table 4.1: Isospin coeflicients (Iy-) for the meson-exchange contributions to the different reaction
channels in the case of EM interactions. N’ denotes the intermediate bound-nucleon state. CT, PF
and PP refer to the exchange (e) and direct (d) ChPT background diagrams in Fig. 4.4, while A(a-h)
refers to the A-resonance diagrams in Fig. 4.3.

Channel eCT ePF ePP dCT dPF dPP A(a,e) A(b,f) A(c,h) A(d, g)
n—p(N=p)| 1 1 1 1 1 1 —1/V3 V3 1/vV/3  1/V3
n—p(N=n)| 1 1 1 -1 -1 -1 1/V/3 0 1/V3 V3 —1/V3
p—n(N=p)| 1 1 1 -1 -1 -1 1/M/3 0 1/V3 V3 —1/V3
p—n(N=n)| 1 1 1 1 1 1 —1/V3 V3 1/vV/3  1/V3

Table 4.2: Isospin coefficients (Iy-) for the meson-exchange contributions to the different reaction
channels in the case of CC interactions. The first two rows correspond to neutrino-induced reactions.
The second two rows correspond to their antineutrino counterparts. N’ denotes the intermediate
bound-nucleon state. CT, PF and PP refer to the exchange (e) and direct (d) ChPT background
diagrams in Fig. 4.4, while A(a-h) refers to the A-resonance diagrams in Fig. 4.3.

the form factor )

m
F(K?*) = —"—
oK) m%—K27

(4.51)
with K = @) — K and m, = 775.8 MeV. This form factor has also been introduced in the axial
component of the contact term to preserve partial conservation of axial current (PCAC). Lastly,
we add a strong form factor in the Qm NN and NN vertices, F:yn, and in the TAN vertex,
Fian, which accounts for the off-shell nature of the pion,

A% —m?

7T A72rAN
2 27
A2 K2

2 2!
AT(AN K7r

Frnn(K2) = Fran(K3) = (4.52)

with A = 1.3 GeV [127; 124] and A2, = 1.5M% [113; 124].

However, the computation of the two-body meson-exchange hadronic current with a final
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4.1 Particle-hole excitation

particle-hole state within the intermediate RMF-nucleon approach, Eq. 4.22; implies the calcu-
lation of a 9-dimensional integral and several operators with a complex structure. This requires
high computational effort and time, making it unfeasible to obtain predictions for several kine-
matics and nuclei, and motivating us to introduce two approximations: the description of the
intermediate state as free Dirac spinors in a relativistic Fermi gas (RFG) and its extension in-
cluding modified mass and energy that account for the relativistic interaction of nucleons. These

two approaches are described in what follows.

4.1.2 Intermediate RFG-nucleon approximation

In this subsection, we approximate the intermediate bound-nucleon state by describing it as free
Dirac spinors in an RFG, in the same way as done in infinite nuclear matter [127]. We refer
to this approach as the intermediate RFG-nucleon approximation. Then, the summation over
the occupied levels of the ground state in Eq. 4.10 now implies a sum over the intermediate

momentum, ppy, spin, s, and isospin, 7/,

Y= Y. Or —ppn) (4.53)

/ !
Pph,S",T

with pp the Fermi momentum of the target nucleus. In contrast with the RMF-nucleon case
discussed above, here one has the constraint that the momentum of the intermediate nucleons
must be the same.

Substituting the two-particle two-hole hadronic currents of Eqs. 4.16, 4.17, 4.18, 4.19 and 4.20
into Eq. 4.10, and introducing the corresponding wave function for each nucleon, we get expres-

sions with the general form

Jdoc/dp/dpp/dph > O(pr — ppn)

I !
Pph,S",T

x U (Pps Ppr) OU Y (D, o) TN (P + P+ a4 — Pp, PN)OTLY (D), (4.54)

for the direct terms and

s [ap [, [dpn Y2 O(wr )

! !
Pph,S"T

x UN(p+pn+d—Pp, PN) OV (b1, o) T (P, Ppi) 0P (), (4.55)
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4. TWO-BODY MESON-EXCHANGE CURRENTS

for the exchange terms. The Dirac plane wave function in momentum space for a nucleon with

momentum p is given by

W (p’ p) = (2n)*25(p’ — p)y/ g—gu(p, s), (4.56)

leading to two Dirac deltas that can be used to integrate over p;, and p,. Then,

1 —s m;
Ja o V/dp > O(pr — ppn) wWpph: 8 )Ou(ppr, s') TV (p+ @, pn)OTL7 (p), (457

! !
Pph,S" T

1 .S — my
Je V/dp > O(r — ppn) T (P + @, PN)Ou(Pph, )P, 8" ) OTLY (P), (4.58)

e
Pph,S"sT

where the discrete summation over the intermediate momentum can be converted into a contin-

uous integration with the usual phase-space factor

&p,
pz,,h o V/ (21;);, (4.59)

. : : : _ M
and we can introduce in the exchange diagrams the relation Y u(ppn, s')u(ppn, s’) = P”Q}LAJ/F[N z

Taking all this into account, the two-body meson-exchange current with a final particle-hole

state within the intermediate RFG-nucleon approximation can be finally written as

dpph, =5 m;
Jan.rrG = \/V/dp/ (27rp)3®(pF —ppn) ¥ (P + @, PNy, g Ur” (P), (4.60)

reducing the computation to a 6-dimensional integral. Note that, now, we can reorganize the
expression of the two-body current and write the hadronic current including one- and two-body

contributions, Eq. 4.1, as

=V / dp T (p + q. ) TP UL (p), (4.61)
with
dppn
Dh— Tt / 250r — Pl rc: (4.62)

As in the previous case, the two-body meson-exchange current operator is the sum of the

A-resonance and ChPT background contributions from Figs. 4.3 and 4.4,

ng,RFG =¢ppr + A (4.63)
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4.1 Particle-hole excitation

However, since the wave function for intermediate neutrons and protons is the same within this
approximation and, in this work, we are considering isospin symmetric nuclei, with the same
Fermi momentum for protons and neutrons, the ChPT direct terms contributing to the CC
interaction and the A-resonance diagrams (a), (d), (e) and (g) vanish due to the sum over the

isospin of the intermediate bound-nucleon state.

For the contributing A-resonance terms, the hadronic current operators read

WM A(P
FZ (b) IFﬂ'NNFﬁAN égf NFAWNSA,QBFQANKMKW75) (464)
s ™

with P = Q + P,y and K = B, — P,

M A(P,
FZ( ) = —IFNNFraN 22 NK KQ( ) FQANSA,GBPin7 (4.65)
with P = P, = Q and K\ = P+ Q —
My A P
D ) = Py Fray 24 208 28 (Pon A)Kﬁ %, (4.66)

2f7r ph K72r

with P = Q + Py, and Y = @,

ga My AA(pplmPA)K 5

2fs Byp K2 —m2 (4.67)

DAy = IFenNFran 5

with P( ) = Py, — @ and K(h) Q.
For the ChPT background terms, the vector and axial contributions of the exchange contact

term diagrams, with T, = T¢qy + T 4, are given by

g MN A(P h) A(P h)
Tory = [FCTQJ? [FﬁNN,l Y Kzi_pﬂ“ — F? N27“75K27_pmzbﬁrﬂ5 , (4.68)
max o) s
FéT,A Y f2E [F 1F NNle ﬁV — FpaFy NN27“K27_I)m2K g
1

(4.69)
for the exchange pion-in-flight diagram, the purely vector contribution is given by

g4 My (Q+2P —2P,)"
217 Epn (KZ, —mz)(KZ, —m3)

I = IFppFanni Frnn =25 Ko VMNP K 7 (4.70)
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4. TWO-BODY MESON-EXCHANGE CURRENTS

and for the exchange pion pole diagrams, the purely axial contribution is given by

M " A(F,
:Ig;‘; ]ZQ2Q valFfNN,lKﬂ'l,y KQ(_ ) (KW1+@)

n
I‘PP

A(Ppn)
_F NN 2(K7r2 + @) K2 _p Kﬂ275 ’ (4'71)
7T
where K, = Q + P — Py and K, = Py, — P.

To shorten the expressions we have introduced the intermediate RFG projectors,

Ph—FMN
AP, =22 % 4.72
( ph) 2MN ) ( 7 )
Aa(P, Pa) =D i(Pphs 8T Rrn Saasl Yy 4 (Ppis 8, (4.73)
A _ _ N B /
AP Pa) =Y (Ppn, 8 )T N 458,08 Ay t(Pphs 8'), (4.74)

S/

where the contribution from the Ap and Aa projectors is purely axial, as the vector part of
the terms ) u(pph, s’)F%WNSAyngFg”ANU(ppm s") and > u(ppn, 5,)f%lZNSA,aBFiWNU(Ppha s')
vanishes. This means that the two direct A-resonance diagrams (f) and (h) only contribute to

the CC interaction.

The isospin coefficient (I) of each diagram is given in Tables 4.3 and 4.4. It already includes
the sum over the isospin of the intermediate bound-nucleon state, as the operator for a particular
diagram is the same for an intermediate neutron or proton except for this quantity. We remark
that, for the EM interactions, only vector contributions should be taken into account, meanwhile

both vector and axial terms contribute to the CC interactions.

Channel | CT PF PP A (b,c) A (f h)

p—=p | 1 1 0 2//3 0
n—n | -1 -1 0 —2/V3 0

Table 4.3: Isospin coefficients (I) for the meson-exchange contributions to the different reaction
channels in the case of EM interactions. CT, PF and PP refer to the exchange ChPT background
diagrams in Fig. 4.4, while A(b, c, f, h) refers to the A-resonance diagrams in Fig. 4.3.
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4.1 Particle-hole excitation

Channel | CT PF PP A (b,c) A (f h)
n—p | 2 2 2 4/V3  4/V3
p—n | 2 2 2 4/V/3  4/V3

Table 4.4: Isospin coeflicients (I) for the meson-exchange contributions to the different reaction
channels in the case of CC interactions. The first row corresponds to neutrino-induced reactions. The
second row corresponds to their antineutrino counterparts. CT, PF and PP refer to the exchange
ChPT background diagrams in Fig. 4.4, while A(b, ¢, f, h) refers to the A-resonance diagrams in
Fig. 4.3.

4.1.3 Intermediate modified RFG-nucleon approximation

The intermediate RFG-nucleon approximation reduces the two-body meson-exchange hadronic
current with a final particle-hole state to a 6-dimensional integral, Eq. 4.60, with a reduced
number of contributing diagrams and a simpler structure of their operators. Therefore, this ap-
proach results useful to reduce the computational effort and time required by these calculations.
However, considering the intermediate bound nucleons as free Dirac spinors could be an over-
simplification. In this subsection, we propose a more realistic description, without affecting the
computational improvement obtained, by extending the RFG-nucleon approximation to account
for the relativistic interaction of nucleons with the mean-field potential through modified mass
and energy terms arising from the scalar and vector potentials.

The attractive scalar potential is accounted for in the relativistic effective mass,
My =m"My < My. (4.75)

Meanwhile, the vector potential produces a repulsive energy, which is added to the on-shell

energy to obtain the modified nucleon energy,
E*=FE+ E,, (4.76)

where F = \/W is the on-shell energy with effective mass Mjy;,. Then, the two-body
meson-exchange current is computed as in the intermediate RFG-nucleon case, with the substi-
tutions My — My and E,, — E;h in the intermediate nucleon variables and wave functions.
The only exception is the AQN vertex, which retains the unmodified mass [132].

The values of the effective mass and vector energy are set following Ref. [133; 134; 135].

The effective mass is obtained from the superscaling approach with relativistic effective mass
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4. TWO-BODY MESON-EXCHANGE CURRENTS

(SuSAM™*), where 1p-1h quasielastic cross sections are constructed by multiplying single nucleon
averaged cross sections by a phenomenological scaling function. Within this approach, in the par-
ticular case of 1p-1h excitations computed with only one-body currents, the hadronic responses
depend on the difference between initial and final energies. Therefore, the vector energy cancels
and does not appear, only the effective mass can be obtained. The scaling function, as well as
the effective mass and Fermi momentum for a nucleus, is get from fits to electron scattering cross
section data, leading to m* = 0.8, 0.79 and 0.73 for 12C, %0 and #°Ca, respectively, [133]. With
respect to the vector energy, its value is obtained in [134] from the 2p-2h meson-exchange cur-
rent contributions to the cross section. The 2p-2h MEC component is computed using the model
developed in [136] for the RFG, with the same contributions presented in this work (Figs. 4.1
and 4.2), but modifying it by including the nucleon effective mass and vector energy. In this
case, the dependence on the vector energy is canceled in the ChPT contributions, but not in the
A-resonance part, appearing in the A propagator. The inclusion of the vector energy affects the
position of the A peak in the cross section, which allows to determine its value from experimental
data. Alternatively, the vector energy can also be constrained by the following argument. In
the direct A-resonance diagram, which corresponds to the dominant contribution to the 2p-2h
cross section, the maximum of the propagator occurs approximately for (P + Q)% — Mi = 0.

Considering the initial nucleon at rest, in the RFG, this implies that

w—Eg=1/MZX +¢>— My, (4.77)

with Fg ~ 40 MeV the separation energy of two nucleons. On the other hand, introducing the

modified mass and energy of the nucleons, the condition is

w=1/M3+q¢*— My — E,, (4.78)

where the separation energy is not included as it is implicitly done in the scalar potential that

leads to the relativistic effective mass. Finally, combining Eqs. 4.77 and 4.78, we get
My — Es =My + E, (4.79)

obtaining E, = My — M} — Eg ~ 148 MeV for 2C. In [134], the value of E, fitted from
12(Celectron scattering data, and the one used in this work, is 141 MeV, so the result from this

estimation is in agreement. In the cases of 10 and %°Ca, there are not available values for E,
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4.1 Particle-hole excitation

obtained from experimental data, so we use the estimation above, yielding F, ~ 162 and 210
MeV, respectively.

To validate this approach, in Figs. 4.5, 4.6 and 4.7, we compare electromagnetic inclusive
responses computed within RPWIA and a relativistic Fermi gas with a modified initial nucleon
(RFG*), both cases evaluated with only one-body currents. In RPWIA, the initial nucleon is
described by a bound wave function within the RMF model, so one would expect the results of
RFG* and RPWIA to be similar. Indeed, modifying the mass and energy of the initial nucleon
in the RFG produces a slight decrease of the strength and a shift of the response to higher
transferred energy, looking more like the RPWIA result. Motivated by these findings, we have
adopted this procedure for the study of two-body meson-exchange current contributions. In what

follows, we will refer to it as the intermediate RFG*-nucleon approximation.

0.05 RFE 0.03 : : ; ; 0.01
004t RFG* |
RPWIA
~ 0.02f —
L 0.03f B
2 0.005
= 0.02 B
o« 0.01F 1
0.01f \ — \ \
0 ‘ ‘ 0 ‘ ‘ ‘ 0 ‘ ‘ ‘
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& 001F 1 001+ 1
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Figure 4.5: 12C longitudinal (up) and transverse (bottom) electromagnetic inclusive response func-
tions considering only one-body currents. The transferred momentum ¢ is (from left to right) 300,
380 and 570 MeV/c. We show results for the relativistic Fermi gas (RFG), the relativistic Fermi
gas with a modified initial nucleon (RFG*) and the relativistic plane wave impulse approximation
(RPWIA).

4.1.4 Comparison of approaches

Fig. 4.8 shows the comparison of the 2C electromagnetic inclusive responses at ¢ = 380 MeV /c
using the different approaches that can be taken to describe the intermediate bound-nucleon

state: the simplest case, RFG nucleons, its extension including scalar and vector potentials and,
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Figure 4.6: '°0 longitudinal (up) and transverse (bottom) electromagnetic inclusive response func-
tions considering only one-body currents. The transferred momentum ¢ is (from left to right) 335,
400 and 570 MeV/c. We show results for the relativistic Fermi gas (RFG), the relativistic Fermi
gas with a modified initial nucleon (RFG*) and the relativistic plane wave impulse approximation
(RPWIA).
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Figure 4.7: “°Ca longitudinal (up) and transverse (bottom) electromagnetic inclusive response
functions considering only one-body currents. The transferred momentum ¢ is (from left to right)
300, 380 and 550 MeV /c. We show results for the relativistic Fermi gas (RFG), the relativistic Fermi
gas with a modified initial nucleon (RFG*) and the relativistic plane wave impulse approximation
(RPWIA).
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finally, the most complete approach with intermediate RMF nucleons. Our predictions, computed
using the ED-RMF potential to describe the final nucleon, are compared to data extracted by
Jourdan [102] by means of a Rosenbluth separation. In general terms, the two-body meson-
exchange current operator leads to an increase in the transverse response, while its effect on the
longitudinal sector is negligible. The more realistic the treatment of the intermediate bound-
nucleon state, the lower the increase. Specifically, the transverse response rises by up to 31%,
25% and 19% for the intermediate RFG-nucleon case, its extension including scalar and vector
potentials, and the RMF one, respectively. Since the longitudinal channel is not affected by
the two-body meson-exchange contribution, the agreement of our results with data keeps being

outstanding, whereas it is improved in the transverse sector with the introduction of the two-body

currents.
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Figure 4.8: '2C longitudinal (left) and transverse (right) electromagnetic inclusive response func-
tions. The transferred momentum ¢ is 380 MeV/c. We show our results, computed using the
ED-RMF potential to describe the final nucleon, when the intermediate bound-nucleon state is de-
scribed in terms of free particles in an RFG, including a modified mass and energy (RFG*), and
RMF nucleons. Data are from Jourdan [102].

An additional comparison of these three approaches for four different kinematics is made in
Fig. 4.9. We show the responses computed within the intermediate RFG-, REG*- and RMF-
nucleon approaches, but given the extremely high computational cost only a few points are
shown for the latter. At low ¢, the RMF description of the intermediate nucleons reduces
the transverse increase, especially, at low energy transfer. However, the difference between the

RFG*- and RMF-nucleon approaches decreases as the value of ¢ increases, obtaining essentially
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4. TWO-BODY MESON-EXCHANGE CURRENTS

identical results for momentum transfer around and above 500 MeV /c. Meanwhile, the increase
obtained in the intermediate RFG-nucleon computation remains consistently larger in all cases.
These differences between approaches can be attributed to two main effects. Firstly, at low ¢,
only certain regions of the intermediate projectors appearing in the two-body current operators
contribute, i.e., the kinematics do not encompass the entire objects. Therefore, when summing,
the involved parts may differ between approaches. For instance, RMF wave functions exhibit
tails that are absent in the RFG ones. At large ¢, the complete objects are accounted for,
making any differences disappear, as observed in the RMF- and RFG*-nucleon cases. Secondly,
the remaining mismatch with the RFG approximation, even at large ¢, can be explained by the
lack of distortion of the intermediate nucleons. This is consistent with our study of the effect of
using different potentials to describe the final-state nucleon in Sec. 3.3. The use of the ED-RMF
potential reduces the total strength in comparison with RPWIA, in which the final nucleon is
described by a relativistic plane wave. We understand that, analogously, when the intermediate
RFG-nucleon approach is used instead of the RMF one, spurious contributions appear due to
the lack of the bound condition of the nucleons.

As mentioned, the intermediate RFG*-nucleon approximation has the advantage of reducing
the two-body meson-exchange current from a 9- to a 6-dimensional integral with fewer contribut-
ing diagrams, compared to the RMF case. While the '2C inclusive responses can be computed in
a manageable amount of time using the RFG* approach, the computational effort required by the
RMF one makes it impractical for predicting neutrino-nucleus cross sections, which additionally
involve an integral over the neutrino flux. We have verified that this simplified treatment of the
intermediate state yields, at large enough ¢, the same results as the calculation with intermedi-
ate RMF-bound states, but at a fraction of the computational cost. At lower ¢,the discrepancy
remains small, up to about 7%. Luckily, in most of accelerator-based neutrino experiments, the
neutrino energy centers at around 1 GeV or above, and for those energies most of the strength
of the cross section comes from ¢ > 500 MeV /c [101]. Therefore, the REG* approach would be
an excellent approximation to the complete model, which consequently led to the choice of this
framework for the following calculations.

Finally, we point out that it is expected to underestimate the inclusive data, especially in
the high energy transfer region, where other processes, as 2p-2h MEC and pion production,

contribute.
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Figure 4.9: '2C longitudinal (left) and transverse (right) electromagnetic inclusive responses. The
transferred momentum ¢ is (from up to bottom) 300, 400, 550 and 570 MeV /c. We show our results
when the intermediate bound-nucleon state is described in terms of free particles in an RFG, including
a modified mass and energy (RFG*), and RMF nucleons. Data are from Jourdan [102] and Barreau
et al. [103].
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Chapter 5

Electron-nucleus scattering

Electron scattering is one of the most precise methods to determine the internal structure of
atomic nuclei and, due to its connection with neutrino-nucleus interaction, the interest on it has
been renewed [114; 33; 137; 138]. The exponentially growing experimental effort in neutrino-
nucleus scattering, related to neutrino oscillation experiments, makes it necessary to understand
the nuclear interactions in the target nuclei, which otherwise would prevent the extraction of
neutrino properties from these experiments [2; 33|.

At the very least, the theory employed to describe nuclear effects when analyzing neutrino-
nucleus experiments should compare fairly well when put at test against the available electron
scattering data under similar kinematics. In contrast to neutrino beams, where the incident
neutrino energy is not known a priori and only flux distributions are available, electron scattering
has the advantage of nearly monochromatic beams. Therefore, before applying any model in
neutrino oscillation analyses, the comparison with electron experimental data provides a first
and necessary benchmark for the validation of the common vector component of electromagnetic
and weak interactions. However, while essential, such a test is not sufficient to ensure the validity
of the model, as the additional axial-vector component of the weak interaction cannot be tested
in parity conserving electron scattering from nuclei.

Of particular interest are the few experimental data available on which not only the cross
sections, but also the different contributions from separated nuclear responses have been mea-
sured. Nuclear responses, while should be similar in electron and neutrino scattering, would be
combined differently in both processes. This means that a good agreement with just electron
scattering cross sections would not be enough to ascertain the reliability of the model, while

agreement to every separate nuclear response would be a much more compelling evidence of
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adequacy of the model. These data allow for a robust validation of theoretical nuclear models
by the simultaneous comparison with the different components of the electromagnetic responses
rather than with just the cross section.

In this chapter, longitudinal (Ry) and transverse (Rp) responses, as well as cross sections,
for inclusive electron scattering off 12C, 160, and “°Ca nuclei are computed within our fully

relativistic model with one- and two-body current operators leading to a final particle-hole state.

5.1 Carbon responses

Our results for the inclusive longitudinal and transverse responses of >C, computed with one-
and two-body operators, are shown in Fig. 5.1. The theoretical responses are compared to
experimental data extracted by means of a Rosenbluth analysis by Jourdan [102]. We also show
the ab initio non-relativistic Green’s function Monte Carlo responses of [121], based on realistic
two- and three-nucleon interactions and associated one- and two-body currents. We highlight
the following features. The main effect of two-body meson-exchange currents with respect to
the one-body approach appears in the transverse channel, while in the longitudinal one the
1p-1h MEC contribution is hardly visible. The transverse response increases by up to 30% in
our calculation using the ED-RMF potential. The agreement of our results with data is good,
outstanding for the longitudinal response. It is also remarkable the good agreement between
ED-RMF and GFMC calculations, despite the fact that they represent quite different theoretical
approaches.

Additionally, this same Fig. 5.1 also shows the two-body contribution only. For the transverse
and longitudinal responses, it is nearly two and four orders of magnitude smaller than the one-
body contribution, respectively. Therefore, it is clear that the increase of the transverse response
is due to the interference between one- and two-body contributions.

A comparison of our ED-RMF predictions with '2C longitudinal and transverse electromag-
netic response functions extracted from a global analysis of all available electron scattering data
on carbon has been performed in [139] (see Fig. 5.2 and figures therein). In contrast to previ-
ous extractions by Barreau et al. [103| and Jourdan [102], which were based on a limited set of
cross-sectional data and thus only available for a narrow range of ¢ and w values, the analysis
in [139] provides 2C longitudinal and transverse responses at 18 distinct values of both ¢ and Q?
by including the full set of electron scattering measurements available on carbon. The extracted

response functions span the nuclear excitation, quasielastic, resonance, and inelastic continuum
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Figure 5.1: '2C longitudinal (left) and transverse (right) electromagnetic inclusive response func-
tions computed with one- and two-body operators. The transferred momentum ¢ is 380 MeV /c. We
show our ED-RMF results and the GFMC responses taken from [121], showing a fair agreement of
both calculations. The theoretical predictions are compared with experimental data from [102].

regions. Therefore, we expect our model to agree with the experimental data in the kinematic
regimes where QE scattering dominates. Among the theoretical predictions considered in [139],
the ED-RMF approach provides the best description of Ry, and Rp for QE scattering, covering
the largest kinematic range in Q% and w. At larger energy and momentum transfers, however,
our theoretical predictions underestimate the data, indicating the need to incorporate processes
with two nucleons or pions in the final state to correctly reproduce the full response.

In Fig. 5.3, we proceed as in Sec. 3.3 and study the sensitivity of our calculations including
two-body currents with the description of the knocked-out nucleon, i.e., we address the effect
of the treatment of final-state interactions and issues related with the (lack of) orthogonality
between initial and final states. Our theoretical predictions are given within the RPWIA, EDAI-
C and ED-RMF approaches. For the sake of simplicity, the RMF result is omitted from the figure.
Results are consistent with previously established conclusions. Within RPWIA, the absence of
final-state interactions and the lack of orthogonality between the initial and final nucleon states
lead to an overestimation of the data. In contrast, in the ED-RMF approach, the nucleon wave
functions are eigenstates of the same Hamiltonian, ensuring orthogonality, and obtaining a good
agreement with data. This orthogonality condition is not fully satisfied in the EDAI-C model,
whose results, although similar to those of ED-RMF, exhibit spurious contributions at low q.

Therefore, accurately accounting for nucleon distortion while maintaining orthogonality between
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Figure 5.2: '2C longitudinal (left) and transverse (right) electromagnetic inclusive response func-
tions computed with one- and two-body operators within the ED-RMF model. The transferred
momentum is (from up to bottom) 300, 380, 475, 570 and 649 MeV /c. The theoretical predictions
are compared with experimental data from [139].
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initial and final states is essential to reproduce both the magnitude and shape of the nuclear
responses in carbon. Taking this into account, all subsequent results in this work have been

computed using the ED-RMF potential.
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Figure 5.3: Longitudinal (left) and transverse (right) electromagnetic inclusive responses of 12C
within the ED-RMF, RPWIA and EDAI-C models. The transferred momentum ¢ is (from up to
bottom) 300, 380 and 570 MeV /c. The theoretical predictions are compared with experimental data
from [102; 103].

Finally, in Fig. 5.4, we address the impact of current conservation on the longitudinal re-
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sponse when two-body meson-exchange currents are included. Given the small contribution of
the two-body operators, the effect of current conservation remains essentially unchanged from
the one-body case. Only a minor impact is observed at large momentum transfers, with the
exception of the correlated background contribution, for which the discrepancy is attributed to

its oversimplified description.
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Figure 5.4: Longitudinal electromagnetic inclusive responses of '2C including two-body currents
within the ED-RMF model, with and without explicitly imposing CVC by setting J3 = (w/q)Jy.
The transferred momentum ¢ is (from left to right) 300, 380 and 570 MeV/c. The theoretical
predictions are compared with experimental data from [102; 103].

5.2 Oxygen responses

Our predictions for the inclusive responses of 10 are shown in Fig. 5.5. To our knowledge, no
Rosenbluth separation has been carried out to obtain experimental longitudinal and transverse
responses for this nucleus, owing to the limited amount of available experimental cross section
data. Therefore, it is not possible to separately compare the resulting longitudinal and transverse
response functions with experimental measurements. However, we can compare our theoretical
predictions with the recent ones obtained from the Bayesian artificial neural network (BNN)
framework presented in Ref. [140] and the coupled-cluster theory in conjunction with the Lorentz
integral transform method (LIT-CC) of [141]. The BBN is trained on (e,e’) scattering data
of several symmetric nuclei to perform the extraction of longitudinal and transverse response
functions, which are obtained directly as the output of this architecture. Its predictions are
presented with the corresponding uncertainty, which is quite large in this case due to the scarcity
of data. This method captures all reaction mechanisms contributing to the training datasets
and, therefore, its results cover processes ranging from elastic and quasielastic scattering to

the deep inelastic scattering region. Meanwhile, the ab initio quantum many-body LIT-CC
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method employs nuclear forces derived from chiral effective field theory, considering two- and
three-nucleon interactions optimized to simultaneously reproduce low-energy nucleon-nucleon
scattering and selected nuclear structure data. The electromagnetic transition operator comprises
only one-body current contributions in this case.

At momentum transfer ¢ = 335 MeV /¢, the main difference between our predictions and those
from BNN and LIT-CC appears at low energy transfers and, in particular, in the longitudinal
channel. In this region, excitations of low-lying nuclear states occur. While these contributions
are present in the BNN and LIT-CC curves, such interaction mechanisms cannot be described
within the relativistic mean-field model used in our approach, explaining the observed discrep-
ancy. In the transverse sector, we obtain a good agreement between our one-body results and
those of LIT-CC, as two-body contributions are not included in the latter. Meanwhile, when
comparing with the BNN prediction, which includes the contributions from all reaction mech-
anisms, there is better agreement with our complete calculation including two-body currents.
Nevertheless, the BNN result appears to be above our ED-RMF prediction at energies larger
than the quasielastic peak. This behavior is reassuring, as it leaves room for pion production in
the A peak, which is not included in this work and will produce strength in that region.

For the second kinematic considered, at ¢ = 400 MeV /¢, the results follow a similar trend.
Again, and more noticeably for this higher momentum transfer kinematic, the BNN prediction for
the transverse response remains consistently larger than ours beyond the quasielastic peak, due
to the absence of pion production mechanisms in our framework. Furthermore, the agreement
in the longitudinal sector remains affected by contributions from low-lying nuclear states. In
that sense, comparisons to kinematics with larger momentum transfer would be especially mean-
ingful, minimizing these low-energy contributions and allowing us to disentangle other possible
differences. Finally, we remark that the extraction of the longitudinal and transverse responses
from BNN for 00O is particularly subject to larger uncertainties, due to the scarcity of cross
section data for this nucleus.

One last result is shown at ¢ = 570 MeV/c. Although it is not possible to compare our
predictions with the theoretical ones from the BNN and LIT-CC methods, we observe a similar
behavior to the 2C case, with a significant effect of two-body currents in the transverse sector.

Although a comparison with experimental data would be necessary to ensure the validity of
the model, the overall agreement with BNN and LIT-CC responses provides an initial validation

of our approach. This is especially relevant considering how different these frameworks are.
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Figure 5.5: Longitudinal (left) and transverse (right) electromagnetic inclusive responses of 60O
within the ED-RMF model. The transferred momentum ¢ is (from up to bottom) 335, 400 and 570
MeV /c. The theoretical predictions are compared to those from the Bayesian artificial neural network
(BNN) of [140] and the coupled-cluster theory in conjunction with the Lorentz integral transform
method (LIT-CC) of [141].

5.3 Calcium responses

The electromagnetic inclusive responses of “°Ca are shown in Fig. 5.6. Our results are now pre-
sented as bands that incorporate the uncertainty associated with the occupation probability of

the single-particle states. Following the procedure described in Sec. 2.3, the limits of the bands
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corresponds to the occupations given in Table 2.5, which have been obtained as those configu-
rations with the most and least nucleons in the background among 10* random configurations
generated within the limits of Table 2.4 and with the constraint that the amount of nucleons
in the background is between 20% and 35% of the total number of nucleons. An additional
dark-solid line is shown, it corresponds to the case with the mean value of the occupations of
Table 2.4, this means 32% of the nucleons in the background. The results are compared to the
available experimental data from [102; 142; 143; 144].

For the longitudinal responses, at momentum transfer ¢ = 300 MeV /¢, the data from Jour-
dan [102] and Williamson [144] agree fairly well with each other, and with our results. At
q = 350 MeV/c, we underestimate the quasielastic peak with respect to the predictions from
Williamson [144|. Meanwhile, at ¢ = 380 MeV/c, there is a good agreement with Jourdan
data [102]. Regarding the transverse response, for these three kinematics, we observe a good
agreement of our one-body results with the experimental data, leading to an overestimation when
two-body meson-exchange currents are introduced. Nevertheless, our one-body current results in
the transverse sector are similar to those obtained with the mean-field approach of [145] and the
different ab initio approach of [146; 147]. Hence, it is expected that these other calculations also
show an overestimation of the responses similar to what we get here when two-body currents are
included. We stress that the transverse enhancement due to two-body currents is supported by
the analyses of inclusive EM responses for *He, *He and '2C [119; 120; 122; 121; 148].

The fourth kinematic corresponds to ¢ = 400 MeV /¢, which is compared with data at ¢ =
400 MeV /¢ from [144] and ¢ = 410 MeV/c from [142; 143]. Our longitudinal result lies in between
both datasets, which are in large disagreement. Meanwhile, the transverse response including
two-body currents seems to agree better with [143], although it would be necessary to have a
better control of the occupations, and then obtain a narrower band, to draw a clear conclusion.
The large difference between the two datasets is remarkable and cannot be explained by the
10 MeV difference in momentum transfers, which is illustrated by showing in the same figure
our 1b+2b current calculation for ¢ = 410 MeV /¢ (short-dashed red line, the mean value of the
occupations was employed).

For the last momentum transfer considered, ¢ = 550 MeV /¢, there is a fair agreement between
our results and the data from [144]| and [142] up to an energy transfer around 150 MeV. In the
transverse sector, the situation is similar to the results obtained for carbon, with an increase of

the transverse response up to 25% which improves the agreement with data.
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Figure 5.6: *°Ca longitudinal (left) and transverse (right) electromagnetic inclusive responses using
the ED-RMF model. The transferred momentum ¢ is (from up to bottom) 300, 350, 380, 400 and 550
MeV /c. The theoretical predictions are compared with experimental data from [102; 142; 143; 144].
In the case of ¢ = 400 MeV /¢, Meziani data and red line correspond to ¢ = 410 MeV /¢, the theory line
was computed with 1b+2b currents. Results are presented as bands accounting for the uncertainty
in the occupation probability of the single-particle states and with a dark-solid line that corresponds
to average occupations of Table 2.4.
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We recall that the extraction of the responses from inclusive cross section data was performed
using a Rosenbluth procedure, which is very sensitive to the treatment of Coulomb distortion
effects in electrons. In carbon, this is expected to be a very small correction. But in calcium, it is
a non-negligible effect which introduces uncertainties that are difficult to quantify. The disagree-
ment among different datasets for the separated responses in calcium may point to unadequate
treatment of Coulumb distortion. For this reason, in the next section we compare directly with

inclusive cross section data.

5.4 Cross sections

In Figs. 5.7, 5.8, 5.9 and 5.10 we show inclusive electron-'2C, -150 and -4°Ca cross sections at
various beam energies and scattering angles. Our 1p-1h 1b and 1b+2b ED-RMF predictions are
compared to experimental data from [103; 149; 150; 151; 152; 153; 154| for carbon, [155; 150] for
oxygen and [142; 144; 149] for calcium.

For the studied kinematics, the two-body meson-exchange contributions to particle-hole exci-
tations produce an increase of the cross section coming from the increase in the transverse part.
The relative increase is larger for larger values of beam energy, E;, and lepton scattering angle,
f., as the contribution of the transverse response is more significant in those cases. We stress
that our calculation is only for the QE 1p-1h channel. Thus, there is strength in the experimen-
tal data unaccounted for in our prediction, coming from other reaction channels, such as 2p-2h
meson-exchange currents and pion production (see e.g. the review article [114]). Aiming at
making comparisons more meaningful, we include the 2p-2h MEC contribution (dashed-dotted
purple line) from [113; 156], which should be added incoherently to the QE result. We point
out that this 2p-2h MEC corresponds to a relativistic Fermi gas model, it is expected that a
shell model calculation of this channel [157; 75] and the incorporation of in-medium effects in
the A-resonance decay width [158] yield a somewhat smaller contribution.

Since the longitudinal part of the cross section is basically not affected by the two-body cur-
rents, we identify kinematics with a small transverse contribution to benchmark our occupation
probabilities. For carbon, Fig. 5.7, the panels corresponding to E; = 200 MeV at 6, = 60 deg,
and 320 and 400 MeV at 36 deg are mostly longitudinal. In these cases, we find good agreement
with data. For oxygen, Fig. 5.9, the most longitudinal kinematic, although with a significant
transverse contribution yet, corresponds to Ei = 537 MeV at 6. = 37.1 deg. The quasielastic
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peak appears to be shifted to higher energy transfers compared to the experimental data, result-
ing in poor agreement and a considerable amount of missing strength at low energy transfers.
For the Fi = 700 MeV at 6, = 32 deg kinematic, a significant discrepancy is also observed,
with the data in the quasielastic peak being inconclusive. However, the remaining kinematics
exhibit good agreement in the position of the quasielastic peak. The scarcity of data at lower
energies and different scattering angles makes it difficult to draw clear conclusions. For calcium,
Fig. 5.10, the most longitudinal kinematics correspond to E; = 160, 200 and 240 MeV at 60
deg. The agreement with data is good for energies larger than 30 MeV, where the quasielastic
contribution dominates. For energies below 30 MeV, there is qualitative agreement, but in this
region one would have to include discrete resonances in the calculation to agree with data. To
conclude, current conservation is analyzed in Fig. 5.11 for these kinematics, as the dominance of
the longitudinal response makes them the most suitable for its study. The results obtained with
and without explicitly enforcing CVC are essentially identical, indicating that our calculation
largely preserves current conservation.

Analogously, we identify kinematics that are essentially transverse. For carbon, these are
560 MeV at 145 deg and the recent measurement from the Mainz Microtron (MAMI) experiment
at 855 MeV and 70 deg [154] shown in Fig. 5.8. For oxygen, these are 1080, 1200 ad 1500 MeV
at 32 deg. For calcium, these are 320, 327 and 400 MeV at 140 deg. In all these cases, the data
support the enhancement of the cross section due to the two-body contributions.

In the case of calcium, for most of the kinematics studied, the upper part of our 1b+2b bands
is often above the data, or it would be if one introduces the contribution from other reaction
channels, such as 2p-2h MEC. In other words, our results fit better the data when around 30—35%
of the nucleons are placed in the background, which contributes mostly in the high-w tail and
little in the QE peak. Recent works have estimated about 20% [63; 64] of SRC pairs in nuclei.
Therefore, the relatively small occupation probabilities that our comparison with data suggests
and, consequently, our large background are effectively accounting for other mechanisms that
lead to a reduction of the cross section in the QE peak. Our approach, based on simply reducing
the occupancies of the mean-field shells and placing those nucleons in the background, reveals
its limitations. At this point, it becomes both preferable and necessary to employ microscopic
models that dynamically describe these nuclear effects, such as long-range correlations, which
are particularly relevant in relatively heavy nuclei, like “°Ca, and at low Q? [159; 145].

Additionally, different “°Ca datasets, corresponding to the same lepton scattering angle and

similar or identical beam energy, allow us to asses possible inconsistencies between them. At 140
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deg and 320 and 327 MeV, 90 deg and 200 MeV, and 90 deg and 360 and 372 MeV, we found
datasets from Meziani [142] (black points) and Williamson [144] (blue points). In these cases, we
obtain a better agreement with Meziani’s sets, which are systematically larger than those from
Williamson. At 60 deg and 480 and 500 MeV, we found datasets from Meziani and Whitney [149|
(gray points), which seem to be consistent with each other and with our predictions using the
intermediate value for the occupations.

Finally, in Fig. 5.12, we compare our results obtained using full shell occupations from the
IPSM, where correlations are neglected, with those from the spectral function approach employed
in this work. Cross sections computed within the IPSM overestimate the data, making clear that
a more realistic treatment of the nuclear structure results fundamental to correctly describe the

experimental cross sections.
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Figure 5.7: 12C electromagnetic inclusive cross sections at various beam energies and scattering
angles. We show the 1b and 1b+2b ED-RMF cross section (total), its longitudinal and transverse
contributions, and the 2p-2h MEC from [156]. Theoretical predictions are compared with experi-
mental data from [103; 149; 150; 151; 152; 153].
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Figure 5.8: '2C electromagnetic inclusive cross sections at beam energy 855 MeV and scattering
angle 70 deg. We show the 1b and 1b+2b ED-RMF cross section (total), its longitudinal and
transverse contributions, and the 2p-2h MEC from [156]. Theoretical predictions are compared with
the recent experimental data from [154].
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Figure 5.10: “°Ca electromagnetic inclusive cross sections at various beam energies and scattering
angles. We show the 1b and 1b+2b ED-RMF cross section (total), its longitudinal and transverse
contributions, and the 2p-2h MEC from [156]. Theoretical predictions are compared with exper-
imental data from [142; 144; 149]. The bands represent the uncertainty in the occupation of the
single-particle states according to Table 2.4, and the dark-solid line corresponds to the case with the
average value of these occupations.
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Chapter 6

Charged-current neutrino-nucleus

scattering

Next-generation of accelerator-based neutrino oscillation experiments, DUNE [24]| and T2HK |23;
19], require an unprecedented level of accuracy to succeed in extracting neutrino oscillation
parameters. However, one of the main sources of systematic uncertainties comes from the limited
precision in the modeling of neutrino-nucleus interactions. Neutrino beams are produced in
accelerator-based experiments with a broad flux distribution, making the exact energy of the
interacting neutrino unknown. In order to extract the oscillation parameters, it is necessary to
reconstruct the incident neutrino energy from the reaction products. The reconstruction method
depends strongly on neutrino interaction physics, as the interactions observed in the detector
result from the folding of the energy-dependent neutrino flux, cross section and nuclear (strong-
and electroweak-interaction) effects. The wealth of electron scattering data available, along
with the growing collection of measurements from accelerator-based neutrino experiments, have
revealed limitations in the models of lepton-nucleus cross sections that are commonly employed
in neutrino event generators [160; 161; 162; 138]. Therefore, an accurate description of these
reactions has become one of the top challenges for theoretical nuclear physics [2].

The broad energy range of neutrino fluxes in both current and future experiments, spanning
from a few hundred of MeV to several tens of GeV, implies that measured neutrino-nucleus cross
sections may encompass contributions from distinct energy- and momentum-transfer regions of
the nuclear weak response, where different dynamical regimes govern the interactions. These
range from the structure and collective behavior of low-lying nuclear excitations to the quark

substructure of individual nucleons in the deep inelastic scattering region. Therefore, reliable

101



6. CHARGED-CURRENT NEUTRINO-NUCLEUS SCATTERING

analyses of neutrino-nucleus interactions present significant challenges, requiring all possible
reaction channels that contribute to the experimental signal to be accurately taken into account.
Among all mechanisms, quasielastic scattering provides a significant contribution to the signal
in current and future oscillation experiments, being the dominant one in T2K and MicroBooNE.

In this chapter, we carry out our fully relativistic and within a quantum mechanical framework
calculations for charged-current quasielastic interactions off 2C and '60. Accurately modeling
(anti)neutrino-nucleus scattering, essential for extracting neutrino oscillation parameters from
long- and short-baseline experiments, requires retaining as many quantum-mechanical effects as
possible. The good agreement with electron scattering experimental data supports the use of our
approach to describe the analogous neutrino-induced scattering reaction, allowing us to include
the contribution from two-body meosn-exchange currents. We compute inclusive cross sections
for fixed values of the initial (anti)neutrino energy, as well as integrated over the (anti)neutrino
flux of accelerator-based experiments. While for electromagnetic interactions a vast amount
of data exists, allowing to benchmark lepton-nucleus reaction models, the amount of available
data for charged-current weak processes is much more limited and with poorer quality. Apart
from the limited statistics, the complicating factor in these datasets is the fact that the incoming
neutrino energy is not well-defined, but is instead given by a broad distribution. Then, in order to
compare theoretical predictions with experimental measurements, it is necessary to integrate the
cross section over all possible initial neutrino energies weighted by the normalized experimental

neutrino flux. The flux-folded cross section is computed as

<dpfde> / EAE Clpf(dQJ)c (6.1)

where the inclusive cross section for a fixed neutrino energy is given by Eq. 2.42, ¢(E,) is the
normalized (anti)neutrino flux and the integral over ¢ can be trivially done yielding a factor 2.
The experimental data are usually binned in cosfy bins, thus, when comparing to these data,
the calculated cross sections are averaged over the corresponding bin.

The extraction of cross section data based on the interaction mode involves significant model-
dependent corrections. In particular, charged-current quasielastic scattering measurements are
affected by two main backgrounds: multi-nucleon knock-out and pion absorption. On the one
hand, multi-nucleon knock-out processes, in which 2p-2h excitations constitute the dominant
contribution, can mimic CCQE interactions in detectors, as they produce similar final-state

signatures—namely a charged lepton and two or more nucleons—making them difficult to dis-
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tinguish from genuine 1p-1h quasielastic events. On the other hand, interpreting events with no
pions in the final state as purely quasielastic is not correct. A major complication arises from the
fact that pions can be not seen in the detector or initially produced at the interaction vertex but
subsequently undergo reabsorption within the nuclear medium [163], leading to their misiden-
tification as quasielastic events. The correct identification of these contributions is problematic
and model-dependent, requiring a detailed and accurate description of both the cross section
for pion production and the mechanisms governing their reabsorption. At present, these effects
are primarily estimated through Monte Carlo event generators, introducing additional sources
of uncertainty. Consequently, the CCQE cross sections extracted from experimental data are
subject to significant systematic uncertainties, further complicating their interpretation. There-
fore, experimental collaborations have shifted toward publishing data of a more objective nature
by focusing on the topology of the final state observed in the detector. CCQE cross section
measurements have been replaced by inclusive CC or CCOn experimental signatures, where only
a final-state charged lepton (i.e., an electron or a muon) is detected in presence or not of pions
in the final state, respectively.

Our predictions for 2C and '0 flux-averaged inclusive cross sections, differential in the
outgoing lepton energy and scattering angle, are compared with experimental datasets corre-
sponding to charged-current interactions from MiniBooNE and T2K collaborations [164; 165;
166; 167; 17; 168; 169], whose main features have been discussed in Chapter 1. As previously
stated, when considering the CCO7m experimental signature, datasets tend to have a mix of con-
tributions characterized by the absence of pions in the observed final state. This includes CCQE,
2p-2h and those pion production processes where the pion is absorbed. Therefore, it is expected
that our 1p-1h predictions underestimate the data when 2p-2h excitations and pion absorption

are relevant.

6.1 Cross sections at fixed neutrino energy

Before comparing our predictions to neutrino scattering data, which are averaged over experi-
mental fluxes, we examine inclusive cross sections at a fixed energy of the initial (anti)neutrino,
close to the mean flux energy of the experiments considered. This allows us to isolate and ana-
lyze the effect of two-body meson-exchange currents, providing a deeper understanding, without

blurring the results due to the flux-folding in the neutrino energy.
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Fig. 6.1 present our results for charged-current inclusive cross sections with an incoming muon
(anti)neutrino of energy 750 MeV and fixed values of the outgoing (anti)muon angle ,, = 15, 30
and 60 deg. The separation in longitudinal and transverse components is also shown according
to Eq. 2.53, where the longitudinal component (L) includes the contributions from the CC,
CL and LL channels. In all cases, the dominant contribution to the cross section comes from
the T channel. The two-body currents lead to an increase in the magnitude of both T and
T’ responses, while the longitudinal contribution remains unchanged, with practically no effect
on the CC, CL and LL responses separately. Differences between neutrino and antineutrino
cross sections arise from the nuclear charge of the involved nucleons in each case, but the most
significant effect appears in the leptonic tensor and affects the sign of the T” contribution, which
adds up for neutrino scattering but reduces strength in the antineutrino case, almost canceling
out the T' component at high enough scattering angles. Therefore, the relative increase in the
cross sections due to two-body currents is larger for neutrinos compared to antineutrinos as, for
the latter, the enhancement of the 7' and T” responses has opposite signs, diminishing the overall
effect. Additionally, the negative T contribution for antineutrino reactions increases the relative
importance of the longitudinal channel, making it essential to correctly interpret antineutrino
scattering at backward angles, even though its overall contribution is the smallest among the
response functions.

Electromagnetic inclusive cross sections at the same kinematics are shown in Fig. 6.2. Here,
the relative strength of the longitudinal and transverse components depends on the kinematics,
in contrast to the charged-current case, where transverse dominance is consistently observed.
In charged-current cross sections, the contribution from the longitudinal channel is significantly
smaller compared to the electromagnetic case, and the transverse component dominates across
all kinematics. Consequently, the effect of two-body currents becomes more significant, especially
in neutrino scattering.

Current conservation is addressed in Fig. 6.3. In this case, charged-current inclusive cross
sections contain vector and axial contributions, but the conserved current hypothesis only applies
to the former. We present results for both neutrino and antineutrino scattering, along with their
longitudinal components, which are the only ones sensitive to CVC. As in the electromagnetic
case, the impact of explicitly imposing current conservation is minimal, with the longitudinal re-
sponse remaining practically unchanged. Additionally, this effect on the cross section is further
mitigated by the fact that, in charged-current reactions, the longitudinal contribution is sub-

dominant across all kinematics, making it even less significant. In antineutrino scattering, the
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Figure 6.1: Charged-current inclusive cross sections for neutrino (top) and antineutrino (bottom)
scattering off '2C at beam energy 750 MeV and various scattering angles. We show the 1b and 1b+2b
ED-RMF cross section (total), and its longitudinal (L) and transverse (T and T’) contributions.
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negative contribution from the 7" response slightly enhances the relative importance of the lon-
gitudinal component, leading to a marginally more visible impact from CVC. Nevertheless, even
under these conditions, the differences remain negligible. In conclusion, no significant violations

of the conserved vector current hypothesis are observed in our calculations.
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Figure 6.3: Charged-current inclusive cross sections for neutrino (top) and antineutrino (bottom)
scattering off 12C at beam energy 750 MeV and various scattering angles. We show the 1b+2b ED-
RMEF cross section (total) and its longitudinal (L) contribution, with and without explicitly imposing
CVC by setting J3 = (w/q)J).

Finally, in Figs. 6.4 and 6.5, we show the separation of the cross section, along with its
longitudinal and transverse components, in terms of the vector and axial contributions of the
hadronic responses. At forward scattering angles, the cross section is dominated by the axial
contribution, while as the scattering angle increases, the vector-axial interference becomes more
significant, and the vector and axial terms remain comparable. The L channel is always domi-
nated by the vector component, with a small contribution from the axial one. This explains the
transverse dominance of charged-current cross sections, as the T channel is now enhanced by the
axial component of the responses, whereas such enhancement does not occur in the longitudinal

sector. The main contribution to the T response comes from the axial part at small scattering
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angles, but it eventually becomes comparable to the vector component as one moves to more

backward angles. None of these L and T' components have any contribution from the vector-axial

interference term, whose strength is entirely contained in the 7" channel.
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Figure 6.4: Charged-current inclusive cross sections for neutrino scattering off 2C at beam energy
750 MeV and scattering angle 15 deg (top), 30 deg (middle) and 60 deg (bottom) separated in terms
of vector (VV), vector-axial (VA) and axial (AA) components of the responses. We show our 1b
and 1b+2b ED-RMF results for, from left to right, cross section (total), and its longitudinal (L) and

transverse (T and T”) contributions.
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Figure 6.5: Charged-current inclusive cross sections for antineutrino scattering off 12C at beam
energy 750 MeV and scattering angle 15 deg (top), 30 deg (middle) and 60 deg (bottom) separated
in terms of vector (VV), vector-axial (VA) and axial (AA) components of the responses. We show
our 1b and 1b+2b ED-RMF results for, from left to right, cross section (total), and its longitudinal
(L) and transverse (T and T’) contributions.
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6.2 T2K

Quasielastic scattering represents the dominant contribution to the cross section in the energy
regime of T2K, shown in Fig. 6.6, making experimental measurements from this collaboration
particularly relevant for validation purposes. Additionally, the near detector ND280 includes
hydrocarbon and water targets, allowing us to test our model across different nuclei. Thus, in
this section, we compare our theoretical predictions to T2K experimental data for CCOr and
CC inclusive (anti)neutrino scattering on 2C and 0. As mentioned above, CCOrm scattering
refers to interactions where no pions are detected in the final state, while the number of outgoing
nucleons remains unrestricted. Therefore, pion absorption, as well as multi-nucleon excitations—
primarily driven by 2p-2h contributions—also play a role in the measured cross sections, leading

to a strength that is not accounted for in our approach.
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Figure 6.6: Normalized v, and 7, fluxes of T2K.

6.2.1 v, reactions

In Figs. 6.7, 6.8 and 6.9, we present our results for the flux-averaged double differential muon
neutrino scattering cross section on hydrocarbon, while Figs. 6.10 and 6.11 show the correspond-
ing results on water. Cross sections are plotted against the muon momentum, and each panel
corresponds to a certain bin in the scattering angle. The theoretical predictions are compared to
experimental measurements without pions in the final state from T2K [164; 166; 167]. Ref. [164]

includes two datasets for the cross section on hydrocarbon obtained through different analyses,
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labelled I and II, both of which are considered equally valid and mutually consistent. Meanwhile,
Ref. [166] reports the first measurement on water. Finally, in Ref. [167], cross sections on hy-
drocarbon and water have been simultaneously extracted. Measuring interactions on these two
nuclear targets at the same time provides a better understanding of their differences and serves
to complement, validate and improve the previous data obtained separately for each nucleus.
This approach also allows for a consistent treatment of correlations, as scattering on carbon
constitutes the main background for oxygen measurements. Therefore, given that interactions
with both nuclei are governed by the same underlying physics, assuming that carbon reactions
are known in order to extract those on oxygen would lead to inconsistencies. A joint extraction
is thus the most reliable method to disentangle the oxygen contribution from that of carbon. It
is worth noting that, although this measurement additionally permits the calculation of the cross
section ratio, which provides a way to validate the models’ ability to extrapolate between carbon
and oxygen nuclear targets, the differences between these nuclei are so small, and the uncertain-
ties so large, that the data have very limited constraining power. Therefore, this comparison is
not included in the present work.

In general, experimental measurements are well reproduced by our theoretical predictions.
Due to the large uncertainties shown by the data, both one-body results and those including two-
body contributions are in accordance with the experiment in several kinematic regions. However,
the data seem to prefer the incorporation of two-body meson-exchange currents, leading to
an increase in strength that improves the agreement with data when the one-body calculation
underestimates it, while never causing an overestimation. As the cross section is averaged over the
neutrino flux, the contribution from two-body currents remains approximately constant across all
cos 0, bins, leading to an increase by up to 12%. Of particular interest is the behavior observed at
the most forward angles. While in other cases the cross section significantly decreases as the muon
momentum increases, at small scattering angles it remains stabilized at non-zero values. This
effect arises due to the high-energy tail of the T2K neutrino flux (see Fig. 1.3). As a final point,
the results present little room for the contribution from higher-energy reaction mechanisms. In
Ref. [170; 171], the 2p-2h contribution has been computed within the SuSAv2 model, obtaining
a relative small effect, which supports the agreement of our 1p-1h results with data. This is
attributed to the shape of the T2K neutrino flux, with a narrow distribution around a peak
energy of 0.6 GeV, significantly reducing the contribution from the energy regime where this

reaction channel appears.
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Figure 6.7: T2K flux-folded double-differential cross sections per nucleon for v,-CCOm scattering
on hydrocarbon displayed as a function of the muon momentum p, for different bins of cosf,,.
Theoretical predictions are compared with experimental data from the Analysis I of Ref. [164].

To conclude, Fig. 6.12 shows a comparison of our theoretical predictions with measurements
of muon neutrino charged-current inclusive cross sections on hydrocarbon from T2K [165]. In
contrast to the previous datasets, the experimental signature now consists in one charged lepton
and any number of nucleons and pions in the final state. Therefore, as expected, our predictions
underestimate the data, requiring the addition of pion production processes to correctly describe

it [170; 172; 173).

6.2.2 v, and 7, combined reactions

In Figs. 6.13-6.17, we compare our theoretical predictions with the T2K results from Ref. [17]
for the combined measurement of muon neutrino and antineutrino charged-current cross sections
on hydrocarbon without pions in the final state. These data were obtained using neutrino and
antineutrino beams, both centered at the same energy peak, and their combination allows for
a robust antineutrino cross section measurement, effectively accounting for the relatively large
background of neutrino interactions in the antineutrino sample. Furthermore, the correlation
between the datasets can be exploited to further improve the accuracy of the results. In ad-

dition to the individual cross sections, their sum, difference and asymmetry are computed to
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Figure 6.8: T2K flux-folded double-differential cross sections per nucleon for v,-CCOm scattering
on hydrocarbon displayed as a function of the muon momentum p, for different bins of cosf,,.
Theoretical predictions are compared with experimental data from the Analysis IT of Ref. [164].

0.00 < cos 8, < 0.60

0.60 < cos 8, <0.75

0.75<cos 8, <0.86

T T T 12 T
10

N#

0.86 < cos B, <0.93

9 T T T T T 12 T T

gl1b

7Hb+2b —— 10

6 T2K data +—=— | 8

5

4 6

3 4

2 |

1

0 s s s s 0 ‘
0 01 02 03 04 05 0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0

o

0.2

0.93 < cos B, <1.00

do/dpydcosB (1 073%m2/GeV/c/nucleon)

o N M o o O N

N W oy

-

0.4
Py (GeV)

0 0.2

’ 0
06 08

Py (GeV)

0.4

. 0.6
Py (GeV)
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Figure 6.10: T2K flux-folded double-differential cross sections per neutron for v,,-CCOn scattering
on water displayed as a function of the muon momentum p,, for different bins of cos,,. Theoretical
predictions are compared with experimental data from Ref. [166].
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Figure 6.12: T2K flux-folded double-differential cross sections per nucleon for v,-CC inclusive
scattering on '2C displayed as a function of the muon momentum p,, for different bins of cos,,.
Theoretical predictions are compared with experimental data from Ref. [165].
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obtain a better understanding of the nuclear effects involved in charged-current interactions.
The neutrino-antineutrino cross section asymmetry is computed as the ratio of the difference to
the sum. This quantity results particularly relevant in the search for CP violation in neutrino
oscillations, as most uncertainties and nuclear medium effects cancel out.

The comparison with the neutrino data leads to the same conclusions as in the previous sub-
section, showing good agreement between our predictions and the experimental measurements,
which is improved when the contribution from two-body currents is included. The antineutrino
results, in addition to the scattering cross section on ?C, now also include the interaction on
the hydrogen of the hydrocarbon molecule. This reaction is modeled as the interaction of the
antineutrino with a free proton and, therefore, only occur through one-body currents. The re-
sults show a much smaller increase from two-body currents compared to the neutrino case, as
the opposite sign in the 7" term removes strength rather than adding it. In the same way, the
2p—2h contribution is expected to be less significant for antineutrinos than for neutrinos. This
further supports the agreement with the data, which is already well reproduced without requiring
a sizable 2p—2h component.

In a purely theoretical framework, and neglecting the small isospin differences between nu-
cleons, the flux-folded double differential cross section of Eq. 6.1, hereafter denoted by (o), can
be expressed as (0,) = (oyviaa) + (ova) and (05) = (oyy4a4) — (ova). Then, the sum and

difference of neutrino and antineutrino flux-folded cross sections reads

< /dEV¢V Uzz 1/ /dEl/¢V Uu( 1/)
= /dE[(% + ¢p)ovviaa + (9w — ¢p)oval (6.2)

and

< /dEV¢V Uzz 1/ /dEu¢u Uu( 1/)
= /dE[(Gf?u — ¢p)ovviaa + (o + dp)oval. (6.3)

As a result, given the T2K neutrino and antineutrino fluxes, which have very similar shapes, the
sum of neutrino and antineutrino cross sections mostly eliminates the vector-axial interference
term, whereas the difference isolates it. This allows us to have a deeper insight into the two-
body contributions, as the increase they produce is no longer canceled out in any case. We

note that some bins exhibit a negative cross section difference. This is due to the additional
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antineutrino interaction with hydrogen, which lead to a higher antineutrino cross section than

that of neutrinos.

For the sum, our results show a good agreement with the experimental measurements when
two-body contributions are included, leaving small but enough room for the 2p-2h contribution.
Meanwhile, the results for the difference are less conclusive, specially at forward angles where
the experimental data present significant uncertainties and dispersion. Additionally, the various
2p-2h models considered in [17| have quite different predictions for the vector-axial component,

making it difficult to determine the impact of this contribution on the final result.

Lastly, in [17], it has been observed that the neutrino-antineutrino cross-section asymmetry
shows little dependence on the 2p-2h contribution, except in the low-momentum region and
at forward angles. This makes it an interesting observable to compare with our purely 1p-1h
predictions. Although our theoretical results seem to reproduce the experimental data, the
latter are quite scattered and subject to large uncertainties, making it difficult to draw definite

conclusions or determine whether the two-body contribution plays a significant role.
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cos . Theoretical predictions are compared with experimental data from Ref. [17].
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Figure 6.17: Asymmetry of T2K flux-folded double-differential cross sections for CCO7 inclusive
scattering on hydrocarbon displayed as a function of the muon momentum p,, for different bins of
cosf,,. Theoretical predictions are compared with experimental data from Ref. [17].
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6.3 MiniBooNE

Neutrino and antineutrino fluxes in MiniBooNE experiment peak at 0.788 GeV and 0.665 GeV,
respectively, extending from 0 up to approximately 7 GeV, with the most significant contribu-
tions concentrated below 3 GeV (see Fig. 6.18). Within this energy range, quasielastic scattering
represents the dominant contribution to the cross section. Therefore, we now compare our theo-
retical predictions with the muon neutrino and antineutrino CCQE-like and CCQE cross section
measurements on hydrocarbon from the MiniBooNE collaboration [168; 169]. CCQE-like events
correspond to the CCOm experimental signature, being defined as those processes containing no
pions in the final state. Meanwhile, CCQE observables are obtained by subtracting the back-
ground contribution from pions created at the interaction vertex and subsequently reabsorbed in
the nuclear medium. Although this background is partially constrained by their own measure-
ments [34], its extraction from the experimental signal introduces a degree of model dependence
in the resulting data. Moreover, discrepancies have been identified between the MiniBooNE 7+
production data and the corresponding results reported by T2K [36] and MINERvA [174], [175].
Thus, to better assess the uncertainties related to this procedure, both CCQE and CCQE-
like datasets are included in our comparisons. Additionally, in both cases, due to the lack of
experimental sensitivity to the outgoing hadrons in the final state, multi-nucleon excitations
are inseparable from the experimental measurements. Even though these contributions are not

CCQE, they should also be taken into account for a proper interpretation of the data.
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Figure 6.18: Normalized v, and 7, fluxes of MiniBooNE.
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6.3.1 v, and 7, reactions

Figs. 6.19 and 6.20 show our theoretical predictions for the flux-averaged double differential
muon neutrino and antineutrino scattering cross section on hydrocarbon. The results are plot-
ted against the kinetic energy of the final muon, and each panel corresponds to a certain bin
in the scattering angle. The experimental data correspond to the CCQE and CCQE-like mea-
surements from MiniBooNE [168; 169], where the CCQE-like data are constructed by adding
the reported background to the CCQE cross section. Antineutrino scattering data on '>C have
been also obtained in [169] by subtracting the hydrogen component, which stems from scattering
on a quasifree proton. However, we do not include a comparison with these data, as the sub-
traction procedure used to isolate the '2C component introduces additional model dependence
into the results. Finally, one should keep in mind that the MiniBooNE collaboration reports a
normalization error which is not taken into account in the error bars.

Our theoretical predictions provide a good description of the neutrino experimental data
at forward scattering angles. This agreement is improved by including the two-body current
contribution, which produces a sizable increase. Moving toward more backward angles, the
calculations tend to saturate the data at low 7}, while underestimating it at higher values.
Similar observations have been pointed out in [145; 43; 176]. This underestimation can be
partially solved by including the 2p—2h contribution, although it would introduce an overall
increase across the entire T}, range, leading to an overestimation where the calculations already
match the data. In contrast with the analysis of the T2K experiment, the relative impact of the
2p—2h mechanism is expected to be more significant here, given the broader distribution of the
MiniBooNE flux with a substantial contribution up to 3 GeV. In particular, within the SuSAv2
model [170], the 2p—2h contribution enhances the neutrino and antineutrino cross sections up to
25-35% compared to the pure quasielastic prediction.

On the other hand, the antineutrino data tend to be systematically larger than our predic-
tions, except for the high T}, tail at backward scattering angles, which is well reproduced in this
case. Now, the agreement with data is not improved when two-body currents are included, hav-
ing a significantly smaller effect compared to the neutrino case, in line with the trend observed
in previous calculations. Meanwhile, it can be expected that this improvement would come from
the contribution of 2p—2h mechanisms.

Overall, these results contrast with the generally good agreement obtained with T2K data.
However, uncertainties in the MiniBooNE analysis limit the ability to extract firm conclusions

from the comparison with theoretical predictions. The model dependent background subtraction
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method adopted makes comparison with CCQE data difficult whereas, in the CCQE-like case,

the comparison is hampered by the lack of 2p-2h and pion absorption contributions in our

predictions. Additionally, it is worth noting that the estimated uncertainties in MiniBooNE data

did not account for full correlation information, and unresolved tensions with other experiments

still persist. Nevertheless, given the high quality of these data, a reanalysis of the events using

more modern approaches would be highly valuable [175].
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Figure 6.19: MiniBooNE flux-folded double-differential cross sections per neutron for v,-CCQE
inclusive scattering on hydrocarbon displayed as a function of the muon kinetic energy T}, for different
bins of cos 6. Theoretical predictions are compared with CCQE and CCQE-like experimental data
from Ref. [168], where the latter have been obtained by adding the reported background.
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Figure 6.20: MiniBooNE flux-folded double-differential cross sections per proton for 7,-CCQE
inclusive scattering on hydrocarbon displayed as a function of the muon kinetic energy T}, for different
bins of cos 6. Theoretical predictions are compared with CCQE and CCQE-like experimental data
from Ref. [169], where the latter have been obtained by adding the reported background.
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Chapter 7

Conclusions

The precise measurement of neutrino properties is nowadays one of the highest priorities in
fundamental particle physics. It has been firmly established that neutrinos oscillate and hence
are massive particles. However, absolute neutrino masses, the neutrino mass hierarchy and the
nature of the neutrino mass are still open questions in physics. Additionally, neutrinos open the
door to investigate new physics, as the determination of charge-parity violation in the leptonic
sector. Current experimental efforts focus on accelerator-based neutrino oscillation experiments,
with large collaborations all over the globe. As neutrinos only interact weakly, the detection of
these particles relies on their interaction with nuclear targets. Therefore, accurate oscillation
analyses require a precise knowledge of the complexities of neutrino-nucleus interactions. Under-
standing the hadronic and nuclear physics of these interactions constitutes a challenging source
of uncertainty, being one of the limiting systematic errors in neutrino oscillation physics. In the
coming decades, next-generation experiments will accumulate an unprecedented number of neu-
trino events, shifting the main limitation from statistical to systematic uncertainties. Improving
the theoretical description of neutrino—nucleus cross sections will therefore be essential for the
success of neutrino oscillation experiments.

In the energy regime of accelerator-based experiments, the neutrino-nucleus interaction is
driven by several reaction mechanisms. Our focus is placed on the quasielastic (QE) region,
which represents a significant contribution in both current and future neutrino oscillation exper-
iments. Several models have been proposed to study this process. In this thesis, we present a
fully relativistic and quantum mechanical framework based on the relativistic mean-field (RMF)
solutions. The ground state nucleus consists of single-particle orbitals with fixed energy and

angular momentum, where the initial state is described by an unfactorized representation of the
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spectral function based on single-particle solutions of the RMF. This approach allows to include
effects beyond the mean-field approximation, like the depletion of the occupation of the shell
model states and the appearance of nucleons at higher missing energies due to nucleon-nucleon
correlations. Final-state interactions (FSI) between the outgoing nucleon and the residual nu-
cleus are included within the relativistic distorted wave impulse approximation, with the final
nucleon being described by a solution of the Dirac equation in the continuous with the energy-
dependent relativistic mean-field (ED-RMF) potential [97; 98; 96]. This potential is constructed
as the RMF potential used in the bound state but multiplied by a phenomenological function
that weakens the scalar and vector potentials for increasing nucleon momenta. The main advan-
tage of this choice is that it preserves orthogonality and consistency between the initial and final
states at low energies of the final nucleon, while approaching the behavior of the phenomenolog-
ical optical potentials at larger energies. The sensitivity of the calculations with the description
of the knocked-out nucleon has been addressed by considering the relativistic plane wave im-
pulse approximation (RPWIA), where FSI are neglected, and other choices for the potential, in
particular, RMF and a relativistic optical potential. We observe that accurately accounting for
nucleon distortion while maintaining orthogonality between initial and final states is essential to
correctly reproduce the experimental data.

The key contribution of this work is the incorporation of two-body meson-exchange currents
with a final particle-hole state. We extend the usual treatment of QE scattering within the im-
pulse approximation, based on a one-body current operator, and include the interaction between
nucleons through one pion exchange by incorporating a two-body current operator. It includes
the contribution from the A-resonance mechanism (electroweak excitation of the A(1232) reso-
nance and its subsequent decay into N) and the background contributions deduced from the
chiral perturbation theory (ChPT) Lagrangian of the pion-nucleon system [177|. Particle-hole
excitations through two-body meson-exchange currents involve an intermediate bound-nucleon
state, for which different modeling strategies have been explored. We begin by describing the
intermediate nucleons as bound wave functions using the same RMF potential as that of the
initial and final nucleons. The key point of this approach is that orthogonality is preserved
between all particle states. However, computing the hadronic current involves the evaluation of
a 9-dimensional integral with contributions from numerous diagrams, which demands extremely
high computational time. To address this, we consider two possible approximations that reduce
the complexity of the problem. First, the intermediate bound-nucleon state is approximated

using free Dirac spinors in a Relativistic Fermi Gas. This simplification reduces the hadronic
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current to a 6-dimensional integral with fewer contributing diagrams, thus significantly reducing
the computational effort. However, this approach leads to the lost of consistency between the
intermediate state and the initial and final ones, as well as the bound aspect of the nucleons.
Then, to partially restore the bound character of the intermediate state, we have modified its
energy and mass, accounting for the influence of the mean-field potential. When effective values
for the intermediate nucleon energy and mass are introduced, the differences with respect to the
full RMF treatment become significantly reduced. Therefore, this improved approximation has
been employed in the calculations presented in this work.

Electron scattering provides a useful tool for validating nuclear models, with plenty of avail-
able experimental data with well-defined energies of the incident beam, unlike in the neutrino
case where only flux distributions are known. For this reason, the comparison with electromag-
netic data has been an essential step and the first one in our analysis. However, we stress that
such a test is necessary but not sufficient to ensure the validity of a model, since only the vector
part of the weak response can be tested through the electromagnetic response.

In this context, our relativistic mean-field based model, with one- and two-body current con-
tributions, has been shown to be capable of simultaneously describing the inclusive longitudinal
and transverse electromagnetic responses of 2C in the quasielastic regime, and further the ex-
perimental cross sections. We find that the effect of two-body meson-exchange currents is only
significant in the transverse channel, where the response is increased up to a 30%, while the
longitudinal sector remains unaffected. The increase in the cross section depends on the relative
contribution of the transverse response, which depends on the kinematics. The agreement with
data is good in general and very good for Ry, for which isolation of the longitudinal contributions
suppresses other processes not considered in the calculation, such as real pion production. Fur-
thermore, the increase of the transverse component due to two-body meson-exchange currents is
supported by carbon data on separated Rp response and cross sections.

The electromagnetic responses and cross sections have also been computed for 160, given the
importance of this nucleus in current and future neutrino oscillation experiments. In this case, the
available experimental data is significantly more limited, and to our knowledge, no Rosenbluth
separation has been performed to extract longitudinal and transverse responses. Then, as a first
step, our theoretical predictions for the nuclear responses have been compared with recent results
from the Bayesian artificial neural network (BNN) [140] and coupled-cluster theory (LIT-CC)
[141] approaches, showing good agreement despite the very different nature of these frameworks,

which supports the consistency of our model. When comparing to cross section data, the scarcity
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of measurements makes it difficult to draw clear conclusions. Our results show poor agreement
with data for the very small energy kinematics, particularly in the position of the quasielastic
peak, whereas at medium and higher energies the discrepancies vanish.

The computation of electromagnetic responses and cross sections concludes with the case
of 4°Ca. For this nucleus, the results are presented as bands that account for the uncertainty
associated with the modeling of the spectral function used to describe the initial state. In this
case, the agreement of our model with the experimental R; and Ry data is generally poor.
Significant discrepancies exist between different experimental datasets. The interaction of the
electron with the Coulomb field affects the Rosenbluth separation, causing a redistribution of
the strength attributed to longitudinal and transverse responses and changing their shape [178;
179; 60|. This leads to considerable uncertainties in the extracted responses. Therefore, the
study of the inclusive cross sections seemed to be more convenient in this case. For most of
the kinematics studied, the data favor smaller shell occupations, with around 30 — 35% of the
nucleons contributing to the background. This makes clear the relevance of correlations that
reduce the strength of the QE peak.

Motivated by the general good agreement with electron scattering experimental data, we
extended our model to describe the analogous charged-current neutrino-induced scattering re-
action. The complicating factor in neutrino experiments is the fact that the incoming neutrino
energy is given by a broad distribution. Then, in order to compare theoretical predictions with
experimental measurements, it is necessary to compute flux-folded cross sections.

We have started our study by computing inclusive cross sections for a fixed value of the initial
(anti)neutrino energy and different scattering angles, allowing us to isolate and analyze the effect
of two-body currents, without blurring the results due to the flux-folding in the neutrino energy.
In all cases, the dominant contribution to the cross section comes from the T channel. Two-body
meson-exchange currents lead to an increase in the magnitude of both 7" and T” responses, while
the longitudinal contribution remains unchanged. The main difference between neutrino and
antineutrino cross sections appears in the sign of the 7" contribution, which adds up for neutrino
scattering but reduces strength in the antineutrino case, almost canceling out the 7' component
at high enough scattering angles. Therefore, the relative increase due to two-body currents
is larger for neutrinos compared to antineutrinos as, for the latter, the enhancement of the T
and T’ responses has opposite signs, diminishing the overall effect. Additionally, the negative

T’ contribution for antineutrino reactions increases the relative importance of the longitudinal
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channel, making it essential to correctly interpret antineutrino scattering at backward angles,
even though its overall contribution is the smallest among the response functions.

Finally, our predictions for 2C and 90 flux-averaged inclusive cross sections are compared
with T2K and MiniBooNE experimental datasets corresponding to charged-current interactions
without pions in the final state. In general, T2K measurements for neutrino and antineutrino
cross sections on hydrocarbon, as well as neutrino cross sections on water, are well reproduced
by our theoretical predictions. Due to the large uncertainties shown by the data, both one-
body results and those including two-body contributions are in accordance with the experiment
in several kinematic regions. However, the data seem to prefer the incorporation of two-body
meson-exchange currents, leading to an increase in strength that improves the agreement with
the data when the one-body calculation underestimates it, while never causing an overesti-
mation. Additionally, the sum, difference and asymmetry of neutrino and antineutrino cross
sections on hydrocarbon have been also computed. Our results for the sum of cross sections
show a good agreement with the experimental measurements when two-body contributions are
included. Meanwhile, the results for the difference and asymmetry of cross sections are less
conclusive, although our theoretical results seem to reproduce the experimental data, the latter
are quite scattered and subject to large uncertainties, making it difficult to draw definite conclu-
sions or determine whether the two-body contribution plays a significant role. Finally, we find
discrepancies between our theoretical predictions and MiniBooNE experimental measurements
for neutrino and antineutrino cross sections on hydrocarbon, which contrast with the generally
good agreement obtained with T2K data. However, uncertainties in the MiniBooNE analysis

limit the ability to extract firm conclusions.
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Chapter 8

Outlook

We conclude this thesis by exploring potential applications of the results obtained and outlining
directions for future research.

Beyond the inclusive processes studied in this work, where only the final-state lepton is
detected, semi-inclusive experiments, in which an outgoing nucleon and lepton are detected in
coincidence, are also of special interest for neutrino energy reconstruction [71|. An extension of
the present model, describing the final nucleon using relativistic optical potentials that include
both real and imaginary terms, has previously been applied to reproduce exclusive electron
scattering (e, €’p) data [60; 81; 180; 61; 181; 182]. The same approach can be employed in
neutrino scattering processes corresponding to the experimental signature of having one proton
detected and no other hadrons. Thus, the model provides a lower bound for semi-inclusive
samples in which a lepton is detected in coincidence with (at least) one proton [183; 71; 72; 184].

An alternative strategy to address semi-inclusive predictions is the use of intranuclear cas-
cade models, which are commonly employed in experimental analyses to simulate final-state
interactions and predict the multiplicity and kinematics of outgoing hadrons. Neutrino event
generators, such as NEUT [185], GENIE [186], ACHILLES [187] and NuWro [188], commonly
treat the initial interaction at the vertex and the final-state propagation of the hadrons as discrete
steps, assuming a temporal separation between them. In one-nucleon knock-out, for example, an
outgoing nucleon with a given four-momentum is generated according to a model describing the
primary interaction. In this context, RDWIA calculations with a real potential provide a realistic
description by incorporating elastic FSI at the interaction vertex, and serve as the starting point
for the cascade model. The outgoing nucleon is then introduced into the cascade, and propa-

gated through the residual nucleus to model final-state interactions. The cascade redistributes
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strength across various hadronic channels in the final state, such as multi-nucleon emission or
pion production, by simulating further interactions within the nucleus. The result of this process
is a complete prediction of the multiplicity of hadrons in the final state, including the kinemat-
ics of each particle. The cascade is implemented as a unitary process in the sense that it does
not modify the inclusive cross section, i.e., after summation and integration over all final-state
configurations resulting from the cascade, the inclusive cross section predicted by the primary
interaction model is recovered. Therefore, it is important to start with a description of the pri-
mary vertex that already provides a good agreement with inclusive observables. To this end, the
ED-RMF model employed in this work has already been implemented in the NEUT event gener-
ator [189]. Its predictions, based solely on one-body current interactions, yield a generally good
agreement with T2K, MINERvA and MicroBooNE data. Work is currently ongoing to extend
this approach by incorporating two-body meson-exchange current contributions. Importantly,
events in which the nucleon exits the nucleus without interacting define an elastic channel whose
cross section is expected to match that of RDWIA predictions employing a complex optical
potential. This correspondence allows for benchmarking between the two frameworks [190; 191].

Lastly, extending this model to study isospin-asymmetric nuclei with partially filled shells
would be particularly valuable, allowing its application to “CAr scattering, which is of great

interest for the neutrino oscillation experiments MicroBooNE and DUNE.
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Appendix A

Notation and conventions

This appendix summarizes the notation and conventions used through-out this work. We follow
Bjorken and Drell convention (see Appendix A in [192]), which is the same as in Greiner and
Reinhardt [46].

In this thesis, we use natural units, setting the reduced Planck constant and the speed of

light equal to unity
h=1, c=1, (A1)

and, then, the transformation between energy and length is given by the factor ~ic = 197.33 MeV fm.

Under these conditions, the fine structure constant is expressed as

e? 1
T T 13704 (A-2)

where e > 0 denotes the electron charge.

Four-vectors and metric
Four-vectors are represented with capital letters, and sometimes, for clarity, with greek super-
or sub-index, A*. Corresponding three-vectors are represented as a, and their modules simply

as a. Then,
At = (a®,a,a? a®) = (d°, a), (A.3)

where a' is the time-like component and a’, i = 1,2, 3 are the spatial components, which form a
vector in 3-dimensional space. In this way, the four-position in space-time of an event is denoted

as

X" = (t,%), (A.4)
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and the four-momentum of a particle is
Pt = (E,p), (A.5)

which satisfies

P.-P=FE?-p*=M? (A.6)

with M the invariant mass. As energy and momentum are separately conserved in interactions,
the four-momentum is also a conserved quantity.

The metric tensor is given by

1 0 0 0
o -1 0o o) /1 o0
I =10 0 -1 0 _(0—11>' (A7)
0 0 0 -1

Four-vectors with an upper index are referred to as contravariant, while the corresponding four-

vector with a lower index is referred to as covariant, and it is obtained as
A, = guwA”. (A.8)
Thus, the scalar product of four-vectors is
A-B=A,B" = g, A”B" = a"t" — a'b" — a®b* - a’b®. (A.9)
We define the Levi-Civita symbol €*#79 a totally antisymmetric tensor, with
12— 1, (A.10)

where if the indices (afvd) are an even permutation of (0,1,2,3) the sign is positive while for
uneven permutations the sign is negative, the tensor is zero if any indices are repeated. Its
covariant form is given by

€apys = —€2P70, (A.11)

Free Dirac equation

The Dirac equation for a free particle with rest mass M and spin 1/2 is

(z‘fyuafw - M> U(X) =0, (A.12)
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where 7* = (7°,71,72,73) are referred to as the Dirac matrices. These matrices satisfy the

anticommutation relation
{7} = 29"

and its conjugation is given by

O)T _ 0

)" =
('Vk)T — —fyk,with/f:LQag’
()T = A%,

such that 7° is Hermitian while v* with i # 0 are anti-Hermitian.

As a standard representation of the Dirac matrices, we use the 4 X 4 matrices

W= (P 0 = %) o,

—00 —0;

with o the 2 x 2 Pauli matrices

BRI AR v R )

(A.13)

(A.14)
(A.15)
(A.16)

(A.17)

(A.18)

~* matrices may be effectively treated as a four-vector, such as its scalar product with other

four-vector is given by

P =Pt =" —plyt — p?y? - p*od,

(A.19)

where the Feynman slash notation has been introduced due to the common occurrence of such

products.

In addition, the following combinations occur frequently,

1
o = 21y

and

. 0 o
Y’ =75 =i’y = (GO 00) :

which is Hermitian and anticommutes with the four gamma matrices,

{v*,7"} =0.
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Free solutions to the Dirac equation are given by plane waves for particles

T (X) = ”EL{/U(I)’ s) e X, (A.23)

(X)) = \/ E—]{/v(p, s) X (A.24)

where V' is the volume containing the wave function, p is the 3-momentum and s the third

and antiparticles

component spin projection, which can assume the values +1/2. u(p,s) and v(p, s) are referred

to as free Dirac spinors and the Dirac equation yields

(p — M)u(p,s) =0, (A.25)
(p + M)v(p,s) = 0. (A.26)
Explicitly, we have
Xs
E+M
u(p,s) = L ( D > : (A.27)
2 E+ M
E+M g-p
o(p,5) = (Frar ). (A.28)
M e

with y, the bispinor defining the spin projection. The choice of y; is arbitrary, and allows for
two independent solutions which correspond to the spin degrees of freedom of the Dirac spinor.

One can choose two orthogonal two-component vectors, the two simplest options are

X+1/2 = ((1)) y X-1/2 = (?) . (A.29)

With this convention, the two spinors corresponding to x4/ and x_; /o are spin-up and down

solutions where the spin quantization axis is along the z-axis in the particle’s rest frame.

The normalization of the spinors is such that

E
T / = — / .
ul(p, s)u(p, ') = -0, (A.30)
E
T / = —— 2 .
v (p, s)v(p, ) 105 (A.31)
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and

u(p, s)u(p, s') = sy, (A.32)
v(p, 5)v(p, 8) = —0ss, (A.33)

where (p, s) = u'(p, s)7° and ©(p, s) = vi(p, s)7° are referred to as adjoint spinors.

Other useful relations are

> u(p,s)u(p,s) = PQLM, (A.34)
> u(p,s)v(p, ) = FQZWM- (A.35)

This leads to the completeness relation
> [u(p, s)u(p, s) — v(p, 5)v(p, s)] = 1. (A.36)

s

Fourier transform

The Fourier transform of a wave function W(x) is defined as

1 —1iX-
while the inverse transform is given by
U(x) — 1 dp U x-p A.38
(X) - (271')3/2 p (p)e . ( . )

From these, one gets the following normalization,

[ax1weoP = [dp jvm)E =1 (A.39)

Dirac delta

The Dirac delta function can be written in the form
/ d'X P =P)X — (am)ist (P — P). (A.40)

Therefore, in the limit P’ = P, (2r)*6*(P' — P) — V - T. The term V - T represents the total
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volume of integration, with V' the spatial volume and T the total time interval. Similarly, the

squared Dirac delta satisfies
[(2m)14(P' — P)]* = TV (27)'6*(P' — P). (A.41)

More generally, the Dirac delta distribution may be composed with a smooth function f(z).

In this case, a useful property is
o(x —x;)
A.42
=2 Tof /e, (A42)

where x; is such that f(z;) = 0.
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Appendix B

Feynman rules in coordinate space

The amplitude of a Feynman diagram for a given scattering process is computed using the

following Feynman rules in coordinate space.
1. Vertex: zf d*X L, where £ is the Lagrangian without the fields.

2. Particle propagating from X to Y with 4-momentum P*:

e W boson:
d'P g px-y
DW(X—Y):/(QW)4P2_M$Ve (X-Y)
e Photon:
d‘p —iYuw iP(X—Y
DW(X—Y):/(%)LL poe T,
e Pion:
d‘p i iP(X-Y
DF(X—Y):/WMe (X=Y)
e Nucleon:

d*P i(P+ Mp) ;px—y
DN(X—Y)—/(%)4 P (xX-v)

3. External free particle with 4-momentum P* = (E, p):

e Incoming fermion: ¥(X) = y/#Lu(p, s)e X,

e Outgoing fermion: ¥(X) = V—]‘%ﬂeip X
e Incoming pion: (X)) = \/;Eive_iPX.
e Outgoing pion: ®*(X) = ﬁvelpx.
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Appendix C

Pion-nucleon system in ChPT:

Non-resonant vertices

The ChPT Lagrangian for the pion-nucleon system provides all the necessary vertices for com-
puting the ChPT background Feynman diagrams considered in this model. In this appendix, we
present a detailed derivation of those vertices. We closely follow the procedure and convention
of Ref. [177].

The effective Lagrangian of ChPT for the pion—nucleon system, including couplings to ex-
ternal fields and implementing the pattern of spontaneous chiral symmetry breaking in QCD, is
given by

2
Lopp = (i) = My +igay"y*A,) ¥ + 2T [DMU(D“U)T , (C.1)

with g4 = 1.26, fr = 93 MeV the pion weak decay constant and

()

the nucleon field. The covariant derivative D, is defined as

D=8+ "V, — v, (C.3)
and
Ire .
Vie= 5[ @ = i )u+ u(@, — it |, (C.4)
Ay = % {UT(au —irp)u — u(y — ilu)“q' (C5)
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The 2 x 2 matrix field u is the square root of the matrix field U containing the pion fields ¢,

U = exp (iT];('b) , U =exp (Z;f¢) i (C.6)

The pions are the Goldstone bosons associated with the spontaneous breaking of the SU(2)y xSU(2) 4

chiral symmetry.

The fields r,,, [, and v,(f) provide the coupling to the external boson fields,

Tz g .
Ty = _GEA“ Tcos Oy sin? Oy 7.2, (C.7)
T, —g cos 6 _ —g )
l“ = —GEAH —+ Tc (7'+W; —+ TﬁWM ) —+ m(l — Sln2 QW)TZZ;M (08)
v}(f) =S4, + —L g Ow Z,, (C.9)

271 2 cos Oy

where A, VVMjE and Z,, are the fields of the photon, W/~ boson and Z boson, respectively.

An expansion of the effective Lagrangian in Eq. C.1 in terms of the pion weak decay constant
fr results in

- 1 1
Leff = ‘I/[za - MN]\I/ + Qau(bau(ﬁ — §m727¢2 + Lint, (C.IO)

where only the interaction terms of the Lagrangian which contribute to the two-body meson-

exchange currents at first order in f; are kept,

Lint = LanN + Lrann
+ L'yNN + L'yﬂwr + L'WTNN
+LwNN +Lwr +Lwer + LwannN

+ LN+ Lgn + Lgnr + LziNN. (C.ll)

Each of these terms provides a different vertex function.

In what follows, we present the explicit expressions for each term of the Lagrangian in
Eq. C.11. The physical fields of the pion are defined as ¢° = ¢,, ¢t = %(Qb:v — i¢y) and
O %((ﬁz +i¢y) 1. The convention is such that ¢° creates or annihilates a 7°, and ¢ (¢™)

annihilates a 7% (77) or creates a m (7). The same convention is used for the boson fields. The

!The reciprocal relations are ¢, = %(qﬁ"' +¢7) and ¢y = %(qﬁ* —¢7).
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Pauli matrices correspond to 7., 74 = (7, +i7,) and 7_ = (7, — i7) !, with

I N RS () i

The scalar product of the cartesian pion fields with the Pauli isospin matrices leads to

N[ =

T =0"m. + V2T + o7 T). (C.13)

To conclude, we replace the derivatives of the pion fields in the Lagrangian with the corresponding
particle four-momenta, as pions appear in the studied matrix elements through propagators. This
replacement is performed considering that the four-momentum K% of the particle is incoming
at the vertex, then, we use 9* = —iK%. If the pion is outgoing, we must further apply the

substitution K_4) — —K_—) and Ko — —K 0.

Pion-nucleon Lagrangians

The w NN interaction is described by

A PR—
Lrnn = —297‘1’7”755;1057"1’

=~ o1 90108 — Du1"7 08
VB0, Von + VE B (1470870 (C.14)

Replacing the derivative of the pion field by the momentum of the particle, we have

Soen = 2 [By K00y = T (K260,
+ V2 Y, (K70 ) tn + V2 0, (K707 )y | (C.15)

The 7w NN interaction is described by

4;2\117”(92') X Oup) - TV
=5 [P0 00" = 670,070, = B (670,07 = 670,07

+ V2 P, (67 0,8° — 80,0 )0n + V2 1,7 (%00 — ¢ 00° )| (C.16)

Lﬂ‘ﬂNN = -

!The reciprocal relations are 7, = 74+ + 7 and 7, = —i(74 — 7).
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Replacing the derivative of the pion fields by the momenta of the particles, we have

Snv = 75 [FoHors = K )66y = D = Ko )™,
+ \/5 @p(Kﬂ'O - KW+)¢+¢O¢TL + \/5 an(Kﬂ_ - Kﬂo)qboqb_d)p : (017)

Couplings to external fields: photon

The vee interaction is described by
Lree = e@efy“\I/eA#. (C.18)

The YN N interaction is described by

1+7,

Lony = —eUqt VA, = —e@p'y“zﬂpAu — —e(apfgwp + P Thap, ) Ay, (C.19)

where the point-like coupling have been replaced by a vertex function, which takes into account

the inner structure of the nucleon. The vertex, '}, is described in Sec. 3.2.

The ymm interaction is described by
L'yﬂw = _eezab¢aau¢bAu = —ie(q3_8“¢+ - ¢+6M¢_)A”. (C20)

with €. = 1. Replacing the derivative of the pion fields by the momenta of the particles, we
have

Lomn = —e(Kpe — Ky )" 6" A, (C.21)

The vyw N N interaction is described by

2(}9 €ab UV T VA, = @ 6 W — 7' TYp) Ay (C22)

'C"WrNN

fﬁr

Couplings to external fields: W boson

The Wyl interaction for particles is described by

LWVM 2\/5[\1/[7 ( )\IIV/W +\IIV[Y ( )lI/fw+] (C'23)
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and, for antiparticles,

_g — -_ p—
Lot = 55 WA (L") U Wi+ T (L7 T, . (C29)

The W NN interaction is described by

— 90 - . B
S = =5 B (1= 9an YW + 01— 040y W,
— 90 - o B
- % [%(F*& = D)W, + ¥, (T = )Y, W, } (C.25)

where, as in Eq. C.19, we have replaced the point-like coupling by vector (V) and axial (A)
vertex functions, which takes into account the inner structure of the nucleon. The vertices, '},
and Fi, are described in Sec. 3.2.

The W interaction is described by
Lywr = — L frcos0,(0"~ W + oot W) (C.26)
W 2 ™ c n we .
Replacing the derivative of the pion field by the momentum of the particle, we have
1g _ _
Lwr = Efﬂ-COSQC(K::_Qﬁ WJ+K7’:+¢+WH ). (C.27)
The Wrr interaction is described by
Cie = 1500300 [(67016° — 06~ Wr — (670"6° — 6™ )W, . (C.28)
Replacing the derivatives of the pion fields by the momenta of the particles, we have
g - _
Lo = Seos 0, [(Kﬁo — K ) 6OWE — (Ko — Ko )T 0"W, } (C.29)

The Wx NN interaction is described by vector and axial contributions,

g gacost. i

a4 =
WnrNN 2\/5 \@fw
+ (%v“v%*% — VTP — V2 Ew"v%otbp) W, } , (C.30)
0. —i _ -
Sibewn = T o [ (VR 6 = 06+ 0070 ) W
+ (B8t — B 6T — V2 B d ) Wi |- (€31)

[ <\/§ U1V Un — Yy PPy + Ew“v%‘wn) wr
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Appendix D

Delta resonance

In this appendix, we provide explicit expressions for the A-resonance strong decay vertex, the
electroweak excitation vertex, the form factors, the propagator and the decay width.

While all vertices that do not involve a resonance are derived from the ChPT Lagrangian [177]
(Appendix C), this model does not provide the coupling with the A-resonance, which has to be
introduced ad hoc from the formalism for the coupling to a spin-3/2 particle. Being separated
pieces of the Lagrangian that are not derived from a common framework, the relative phase
between the A-resonant and non-resonant terms is not unambiguously defined.

In the case of single pion production, hints on the relative phase can be inferred assuming Wat-
son’s theorem [193; 194], which follows from unitarity and time reversal invariance. Specifically,
Watson’s theorem states that the transition amplitude for a single pion production multipole

with angular momentum ¢, A)", is such that
(A7 AT € R, (D.1)

where AJ™ is the corresponding pion-nucleon elastic scattering mutipole with the same quantum
numbers. Hence, unitarity demands the following relation between the single pion production

phase, ¢, and elastic pion-nucleon phase, ¢,

¢77r = ¢7r7r , Or ¢'y7r = Qrr + 7. (D2)

The phases of the elastic m — N elastic scattering amplitudes are experimentally determined and
depend only on the total energy, W, thus allowing one to infer the phases of the single pion

production amplitudes. Moreover, working in the center-of-mass frame, the direct A-resonance
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contribution appears exclusively in the J = 3/2 and ¢ = 1 multipoles. In this case, the A-
resonance contribution dominates, while the ChPT background becomes negligible. As a result,
Watson’s theorem effectively constrains the phase of this amplitude, which is the relative phase
between the A-resonant and non-resonant diagrams.

In principle, one could consider employing this phase obtained from single pion production in
the calculations involving two-body meson-exchange currents with a 1p-1h final state. However,
as mentioned above, the phase is a function of W, which for the processes we deal with in
this work (virtual pions), this A-resonance energy is significantly different from the values of
W relevant for real single pion production. Most important, Watson’s theorem constrains the
relative phase only up to an overall sign, see eq. D.2. This leads to the following implication.
Suppose that a given model, using the choice ¢p(W), yields the best agreement with data. If an
alternative approach includes the A-resonance contribution with an overall minus sign relative to
the first, then the appropriate phase would be ¢(W) 4 . Both models would produce identical
predictions for the real single pion production case, and they both satisfy Watson’s theorem.

Thus, there is no theoretical indication on which to lean to determine the choice of a positive
or negative sign in the A-resonance amplitudes employed in this work for the two-body opera-
tors. The choice of this sign, however, has a direct impact on the interference with the one-body
current contribution, thereby modifying the transverse response. The convention adopted in this
work produces a constructive interference of the one-body and A-resonance contributions, result-
ing in an enhancement of the transverse channel, whereas the opposite-sign choice would produce
a noticeable quenching of such response. Our choice of sign is supported and motivated by the
agreement with experimental data, which clearly shows increased transverse strength with respect
to the one-body-only results. This is further justified by previous studies on the effect of two-body
currents on the transverse response in inclusive scattering. In particular, the enhancement of the
transverse response has been observed within several frameworks, such as the relativistic Fermi
gas model [124], a non-relativistic shell model that incorporates final state interactions [118],
non-relativistic ab initio Green’s Function Monte Carlo calculations [119; 120; 121; 43; 122], a
variational Monte Carlo method with the short-time approximation [123], and the factorized spec-
tral function formalism [94], among others. Notably, non-relativistic ab initio Green’s Function
Monte Carlo calculations, based on realistic two- and three-nucleon interactions and containing
one- and two-body currents, have confirmed that the same choice of sign for the A-resonance
contributions that leads to an increase in the transverse response also yields improved predic-

tions of magnetic moments and M1 transitions in A < 9 nuclei [195]. In these cases, two-body
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currents introduce significant corrections to the calculated observables, bringing them into ex-
cellent agreement with experimental data, further supporting our choice of sign. Additionally,
the enhancement in the transverse response persists in GFMC calculations even when employ-
ing simplified ground-state wave functions that neglect strong tensor correlations [119], thus
reinforcing the expected effect of this contribution in our approach, where correlations are not
explicitly introduced via operators, but are effectively accounted for with the representation of
the semi-phenomenological spectral function. This result contrasts, however, with earlier expec-
tations based on Fermi-gas calculations of nuclear matter [196; 197; 127; 128; 198]. In these
works, an opposite sign for the A-resonant contribution was adopted, resulting in a suppression
of the transverse response. As a consequence, an alternative mechanism was required to account
for the enhancement in the transverse channel necessary to reproduce the experimental data. In
particular, in [197], it is attributed to the interplay between two-body currents and the presence

of strong tensor correlations in the ground-state wave function.

Strong decay vertex

The 7 NA interaction is described by

f7rNA

Lona = U, T (0 )V + h.c. (D.3)

™

where frya = 2.18, ¥, is the A-resonance field, described as a Rarita-Schwinger J™ = 3/27 field,
and T is the % — % isospin transition operator, defined in terms of Clebsch-Gordan coefficients
as [106]

@) = (3ra[rif5o0m ) = (5 oAaftagow ), (D.4)

with Ap = —3/2,—1/2,1/2 and 3/2 for A=, A°, A* and AT Ay = —1/2 and 1/2 for neutron
and proton, and A = —1,0,1 with 7) = 71, T, = %(T} +iT})) and TV, = %(T; — Ty L.

Explicitly, the isospin transition operators read

2 _B/g 01 L (V3o 1 8 8
P ]2 —~ P 0 1 N
T =5 o |- =l e ol =il o (D.5)
0 0 0

1
0 V3 V3

Replacing the derivative of the pion field by the four-momentum of the particle, K%, considering

L i i = =Lt T = i (pt t
The reciprocal relations are T, = %(T_~_ —TT) and T} = ﬁ(T+ +T77).
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that it is incoming at the vertex, we have

ferA

Lana = i =2 KM, TTpW 4 h.c. (D.6)

7

We now study the isospin % — % transition term @MTT(;S\I/. The scalar product of the pion field

and the % — % isospin transition operator leads to,

¢ T = —¢T] + ¢~ T! + ¢o7T. (D.7)

Then,
_ o _ _ _ p
T, Tipw = (xy;* T, 0, \pu) (~¢*TL + ¢ T! + 4Ty (é[,’n) : (D-8)

and, using Eq. D.5, we get

= —++ 2—4 1—+ l—o _ 20 -
U, Tl = —T, ¢+\Ilp+\/;\11u¢0\llp—\/g\lfugbﬂl!”—k\/;\llugb \I'p+\/;\11#¢0\11”+\1!#¢ o,

(D.9)
Finally, we define the A7V vertex function I'} _y as
V2 V2faNA 4
ArN = D.10
ATN — My ( )

The isospin coefficients associated with this vertex, combined with those from the electroweak

AN vertex, are given in Tables D.1 and D.2 for the possible Q + N — 7 + N’ processes.
Q , are g p p

Electroweak excitation vertex

The electroweak QAN vertex, where @) stands for the boson, is given by the parametrization

Toan = Toany + Tgan.a: (D-11)

The vector part is given by
Bv 03 Bv B v CX Bv B pv 05 61/ B pv V Bv|_.5
FQANV_ ( @ Q" ) Mg(g Q-Prn—Q PA) Mg( Q- -P— QP) Cﬁg 7

N
(D.12)
and the axial part is
a= S5 (7@ - @) + S (g pa - @PRX) + o2+ So i, (D
QAN,A — My g Y MJQV A — A Mz2v , )
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with Pa the four-momentum of the A-resonance.

The determination of the form factors of the resonance, C’ZV’A(QQ), follows from general
principles and experimental results [130; 199]. The vector form factors are fitted to reproduce pion
photo- and electro-production data given in terms of helicity amplitudes for the electromagnetic
current. The information on the axial form factors is limited to restrictions provided by the
PCAC hypothesis and BNL and ANL experimental data. Here, we use the parametrization

proposed in [110]. The vector form factors are

2.13 G},
03 = 1— QizD’
4M2Z
—1.51
vV o_ 1%
Ci =3
0.48 GY,
oy =—2b-, (D.14)
1= 0.776 M3

with GI‘S = (1 - Q?*/M2)~? and My = 0.84 GeV, and from the imposition of the conserved

vector current hypothesis it follows that C’X = 0. The axial form factors are

1
Cs! = C(0) o
A,A
CA
A _ _ X5
C’4 - 4 )
M3
A _ A N
06 - C5 m72r — Q2a (D15)

with C’?(O) =1.12 and My A = 953.7 MeV, and C{;‘ is set to zero.

Since the excitation of the A-resonance is a purely isovector transition, the electromagnetic
form factors that parameterize the N — A vertex are the same for neutrons and protons and,
due to isospin symmetry, also for charged-current and electromagnetic interactions, i.e., C¥ =
Cr = CY. Note that in the case of electromagnetic interactions, only vector form factors
contribute. The difference between the possible A-resonance excitation channels is contained in
the isospin Clebsch—Gordan coefficients associated with the % — % isospin transition operator.
The electromagnetic AT and A excitations share the same isospin coefficient, while the charged-

current vertex differs from the electromagnetic one by a factor of —v/3 for the AT+ excitation,

and by —1 for the AT excitation [199]. Finally, the isospin coefficients associated with this
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vertex, combined with those from the mNA vertex, are listed in Tables D.1 and D.2 for the
possible Q@ + N — 7 + N’ processes.

Channel AP CAP

R SVAVERRVAVE
V1/6

p—oat4+n —/1/6
n—m +p +/1/6 —4/1/6
n—7'+n 1/3 1/3

Table D.1: Isospin coefficients for the different channels of the EM process v + N — m + N’
occurring through A-resonance excitation.

Channel AP CAP

p—7t+p 3/2 1/6
n—a'+p —\/1/3 /1/3
n—rt+n  /1/6 V3/2

n—7m1+n 3/2 1/6
p—7+n /3 —/1/3
p—=T +p 1/6 3/2

Table D.2: Isospin coefficients for the different channels of the CC process W+N — w+N' occurring
through A-resonance excitation. The first three rows correspond to neutrino-induced reactions. The
second three rows correspond to their antineutrino counterparts.

A-propagator

A A-resonance propagating from X to Y is introduced in the matrix element as
DA(X —Y) = / @iSA etPalX=Y) (D.16)
(2m)4 af ’ '

with Pa the four-momentum of the resonance, and the propagator is described by the Rarita-

Schwinger spin-3/2 field propagator,

—(Pa+Ma) ( 1 2 1
Vs — —— PaaPA s — ——(vaPag — P )
Pz _ Mi + ZMAI‘ﬂ’N<W) Jap 37‘1’7/3 3Mi A,al™AB 3MA (’YCY A,B A,o/)//g’)

(D.17)

SnaB =

150



'™V is the pion-nucleon resonance-decay width computed in the rest frame of the resonance [200],

2 (7%
(W) = é (f’;{b%) <’“W”)?’(E;‘V + My), (D.18)

where W is the m — N invariant mass, k. is the pion center of mass momentum,

. s+m2 — M3
k= \/W—m%, (D.19)
and Ey = 4/(k%)? + M%. The value of the strong coupling constant frya is obtained from

Eq. D.18 by imposing I'™ (W = Mpg) = I'**? = 120 MeV, with I'®*? the experimental value of
the resonance-decay width. We use this value of f;nya both in the decay width and in the decay

vertex.
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Appendix E

Relativistic mean-field model

The relativistic mean-field (RMF) model considered in this work is an extension of the linear o —w
model originally introduced by Walecka [201], where the exchange of the scalar meson o gives
rise to the attractive part of the interaction, while the repulsive part is mediated by the exchange
of the vector meson w. The model is extended by including the p meson, the photon field A* and
non-linear couplings of the o meson [80]. The p meson accounts for the isospin dependence of the
nuclear force through its isovector coupling to the nucleon field, while photon exchange describes
the Coulomb interaction between protons. These contributions lead to the differences between
proton and neutron wave functions. The non-linear couplings of the ¢ meson are introduced to
improve the agreement with experimental data and represent the self-interaction of the scalar
field. Finally, the ground state is assumed to have a well-defined parity, such that pion exchange
is not considered. Then, the first step is the construction of a phenomenological Lorentz-covariant

Lagrangian density that includes these fields and the nucleon-nucleon interaction through meson

exchange,
(i Iz 1 1% 2.2 1 pv 1 o I
L =W (iy, 0" — My)V + 5(8”08 —mso”) —U(o) — ZQWQ + 5 Mt
1 , 1 1 y
— ZRHVR“ + §m{2,pup”“ — ZFHVF”
_ _ _ 1+73-
—gsVo¥ — g Uy, — g, ¥y, 7'V —e Uy, AP, (E.1)

My, mgs, m,, and m, are the masses of the nucleon and the mesons. g,, g., and g, are the coupling

constants of the mesons and e of the photon field. U(o) = %9203 + %930'4 is the non-linear term
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for the o meson. The tensor fields are

QP = Py’ — JVwh, (E.2)
RM = 9lp¥ — O pt, (E.3)
FHY — gRAY — Y AR, (E.4)

Now, by applying the Euler-Lagrange equation,

oL oL
On (6@@) "9 7 (E5)

one obtains the equations of motion for the meson and nucleon fields. However, the resulting
set of coupled equations is difficult to handle. The coupling constants take relatively large
values, making perturbative expansions unfeasible. Therefore, it becomes necessary to introduce
certain approximations to simplify the Lagrangian. The mean-field approach is implemented
by replacing the meson fields by classical fields, such that only the nucleon field have to be
quantized. When this approach is applied to finite nuclear matter, the meson fields only have a
time-like component and are constant, while for finite nuclei the spatial dependence is necessary.
Considering spherical symmetry and static nuclear states, the vector fields only depend on r and
their spatial components vanish. Thus, w”(r) = 6*wW(r) and p#(r) = §"9p°(r). Finally, we
consider that isovector current is conserved, the nucleon states do not mix isospin, so only the
third component of the isospin operator and the neutral meson p, referred to as ps, contributes.
Under these approximations, the equations of motion are significantly simplified, allowing their

resolution within the Hartree approach.

The nucleon wave function corresponds to the solution of the Dirac equation in presence of

scalar and vector potentials,

where we have assumed ¥(X) = ¥(r)e ! and a and j are the Dirac matrices. The subscript 4
indicates that W; is the single-particle wave function of a nucleon 4, with well-defined isospin and
charge (i.e. a proton or a neutron), and Ej; is its energy. Each nucleon is also characterized by

its own set of quantum numbers. The scalar and vector potentials that enter the Dirac equation
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are given in terms of the fields as

Q
Q
—~
=
S~—
~—~
~

1413

A,

—~
-
0

~—

g
V(r) = guw’(r) + gp3p3(r) + ¢

with 73 = +1(—1) for protons (neutrons). For the mesons and the photon, the equations of

motion reduce to Klein-Gordon-like equations,

(V2 —m2)o(r) = gops(r) + g20(r) + gao(r), (E.9)
(V2 = m2)u(r) = gupr(r), (E.10)
(V2 —=m2)p3(r) = gopp(r), (E.11)

VA% = —ep(r), (E.12)

where the scalar, baryon, isovector and charge nuclear densities, namely ps, pg, p, and p., have

been introduced. They are defined as

ps(r) =)  Wi(r)W;(r), (E.13)

:>S-M:>

= Z i (r)w;(r), (E.14)
Z\Iﬂ )30, (x Z\Iﬂ Zqﬂ (E.15)
Z\Iﬁ <1+73> Z\lﬁ (E.16)

These equations, together with the nucleon Dirac equation, are then solved self-consistently
until convergence is reached. First, given some initial values for the S and V potentials, the
nucleon Dirac equations are solved. Then, the resulting nucleon wave functions, ¥;(r), are used
to compute the nuclear densities ps, pp, p, and pe, which are subsequently introduced into the
meson and photon field equations. The solutions for these fields yield a new set of vector and
scalar potentials, which are then used to start again the procedure. This process is iteratively
repeated until convergence is achieved for both the fields and the nucleon wave functions.

The masses of the mesons m,, m,, and of the nucleon My, as well as the electromagnetic

coupling constant e/4w, are fixed to their experimental values. The coupling constants g, g,
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Jdo, g2 and g3, together with the mass of the scalar meson m,, are chosen to reproduce properties
of nuclear matter and finite nuclei. In this work, we use the NLSH model [80], which fits the
parameters to reproduce the charge radius, the binding energy and the neutron radius of 60,
40Ca, 997r, 1168n, 1248n and 2°8Pb. The complete set of parameters is shown in Table E.1.
Finally, the values of the S and V potentials depend on the specific nucleus under study, as the

nuclear densities are determined by the number of neutrons and protons.

Myn(MeV) mg(MeV) my(MeV)  m,(MeV) Jo Jo 9p gg(fm_l) g3

939 526.059 783 763 10.444 12,945 4.383 -6.9099 -15.8337

Table E.1: RMF parameters from the NLSH model [80].
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