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Abstract

Nowadays, the interest in neutrinos extends to a large variety of fields in Astrophysics, Nuclear
Physics and Particle Physics. One of the open questions in theoretical physics is the description of
neutrino oscillations for which an accurate interpretation of neutrino-nucleus reactions is crucial.
In this context, recent years have witnessed an intense experimental and theoretical activity to de-
termine the properties of neutrinos and their interaction with matter.

This PhD Thesis is thus focused on the analysis of charged-current neutrino-nucleus reactions
at kinematics of interest for neutrino oscillation experiments, where the neutrino energy is typically
in the GeV region. Additionally, weak interactions in the nuclear medium at intermediate energies
are an extraordinary opportunity to study the dynamics of the nuclear many-body system, beyond
the information accesible from electron and hadron probes, and to gain a deeper knowledge of the
axial structure and the strangeness content of the nucleons.

In any accelerator-based neutrino oscillation experiment, neutrinos are produced as the decay
products of successive reactions, thus implying a wide-ranged energy beam. Hence, when in-
teracting with the nuclear matter, a large variety of nuclear effects come into play, going from
quasielastic scattering to deep inelastic processes, multi-nucleon excitations or meson production
via nucleon resonances. Accordingly, robust models that properly describe neutrino-nucleus in-
teractions over the whole experimental range (of the order of 10s of MeV up to 10s of GeV) are
required for the experimental analyses. Notice also that the kinematics involved demand a rela-
tivistic description of the microscopic nuclear structure.

In this thesis, the analysis of these processes are addressed by using realistic models that pro-
vide, within a fully relativistic framework, an accurate description of the different reaction mecha-
nisms of relevance for neutrino oscillation measurements. We begin analyzing neutrino scattering
off free nucleons and describing the weak hadronic responses together with the inner structure
of the nucleons. With the aim of achieveing a consistent analysis of charged-current quasielastic
(CCQE) neutrino interactions with nuclei, we present the so-called SuSAv2 model, which is based
on the superscaling behavior exhibited by electron scattering data and makes use of the relativistic
mean field (RMF) theory to describe the nuclear effects arising in neutrino-nucleus interactions.
This prescription accounts for the final-state interactions (FSI) between the outgoing nucleon and
the residual nucleus and allows for a description in terms of the different isovector/isoscalar and
axial/vector reaction channels that play a role in weak interactions. At very high kinematics, where
FSI are negligible, we approach our model to the relativistic plane wave impulse approximation
(RPWIA) where no FSI affect the outgoing nucleon.

Furthemore, a basic feature in this thesis also concerns the evaluation of multi-nucleon exci-
tations, in particular two-body meson exchange currents (2p-2h MEC) contributions, which are
proved to be an essential ingredient to interpret neutrino cross section measurements at interme-



diate energies. In this regard, we develop a highly accurate parametrization of the 2p-2h MEC
nuclear responses based on a fully relativistic microscopic calculation.

In order to test the reliability of this SuSAv2-MEC model, we firstly compare our predictions
with the large amount of existing inclusive '>C(e, ¢’) data over the whole energy spectrum. In this
connection, we also extend our description to the complete inelastic regime performing a detailed
analysis of the inelastic structure functions for protons and neutrons. All this provides a solid
benchmark to assess the validity of our model for the analysis of charged-current neutrino-nucleus
cross sections. Regarding this point, we compare our calculations with recent CCQE and inclu-
sive v, and v, measurements on '*C from different collaborations: MiniBooNE, T2K, MINERvA,
NOMAD and SciBooNE, covering an energy range from a few MeV to tens of GeV. This com-
parison also allows us for a deeper understanding of the nuclear reaction mechanisms at different
kinematics as well as their influence in terms of the energy and momentum transfers to the nu-
cleus. In this regard, the SuSAv2- MEC approach is applied to the analysis of diverse nuclei of
relevance for future neutrino oscillation experiments with the aim of shedding light on the exper-
imental uncertainties arising from nuclear effects in both initial and final states. Furthermore, the
SuSAv2-MEC can easily make predictions at high kinematics in which other microscopic-based
models would require demanding, time-consuming calculations.

Moreover, we also focus on the difference between electron and muon neutrino reactions,
where a detailed knowledge of v, and v, cross sections is decisive in connection to the v, — v,
oscillation experiments aiming at the determination of the neutrino mass hierarchy and the search
for CP violation in the leptonic sector.

In summary, this PhD thesis constitutes an extensive analysis of the different neutrino-nucleus
interaction mechanisms of interest for neutrino oscillation experiments and conforms an open win-
dow for further works and collaborations in hadronic and nuclear physics.
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Chapter 1

Introduction

1.1 A brief history of neutrino

When Wolfgang Pauli postulated the existence of the neutrino in 1930 to preserve energy and mo-
mentum conservation in the S-decay process, he was afraid that this extremely light and elusive
particle would never be detected: “I have done a terrible thing, I have postulated a particle that
cannot be detected’. This statement summarized the features of the neutrino, an electrically neu-
tral and weakly interacting particle, whose mass was supposed to be negligible. Eighty years later,
and with a well-proved existence, neutrino interactions provide an extraordinary opportunity to
investigate relevant issues in several areas of Physics.

Nowadays, several neutrino experiments around the world have provided conclusive evidence
of neutrino oscillations which implies neutrinos are not massless particles. The accurate determi-
nation of neutrino masses is one of the open questions in Particle Physics. Nevertheless, interest in
neutrinos transcends the study of their intrinsic properties and extends to a large variety of fields
as Astrophysics, Nuclear Physics and Particle Physics.

In 2012, the discovery of the Higgs boson at LHC [1] completed the Standard Model (SM)
of Particle Physics, one of the essential theories in Modern Physics. Neutrino oscillations, that
imply that neutrinos are not massless, have brought some limits on the validity of the Standard
Model. The SM does not take proper account of the baryonic matter-antimatter asymmetry of the
Universe, in which neutrino can play an important role. In this sense, violation of CP-symmetry
(charge conjugation parity symmetry) has been found on the quarks domain, though further studies
could be valuable in the lepton-hadron sector. On this subject, neutrino oscillations have proved
their relevance in explaining violation of CP-symmetry (charge conjugation parity symmetry) in
the quarks domain [2,3]].

In this context, neutrinos are essential to study astrophysical processes such as solar energy
production, where nuclear reactions in the core generate an important flux of neutrinos, as well
as in supernovae explosions. Neutrinos are a powerful tool to study hadronic and nuclear prop-
erties. Indeed, a great challenge of Nuclear Physics is to explore the structure of the nucleon
and its excited states by means of electromagnetic and weak probes. The conclusions drawn in
these processes are of relevance to test the validity of current hadronic models. The information
obtained by weak interactions also complements the one received from electromagnetic processes.

Specifically, the vector-axial (V-A) weak interaction, related to the vector and axial hadronic
currents, allows the study of QCD properties such as the axial structure of the nucleon, hardly
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decipherable by using electron or photon scattering. In this sense, the charged-current neutrino-
nucleon scattering (CC v-N) is the more efficient way to analyze the nucleon axial form factor.
This subject is addressed in detail in this thesis. Moreover, the study of neutral-current neutrino-
nucleon processes (NC v-N) shed light on the strange sea quark-gluon effects on the nucleon.

Despite its relevance in several fields of Physics, neutrinos are still elusive particles. They
only interact through weak forces and are hardly detectable, so they can only be clearly observed
through the detection of the secondary particles produced in the process. For this reason, heavy
targets are often employed in neutrino experiments in order to increase neutrino-nucleus cross
sections. At the same time, a proper theoretical understanding of the weak nuclear response is a
prerequisite for the analysis of current and future neutrino oscillation experiments.

Therefore, a precise study of neutrino oscillations requires an adequate description of their in-
teractions with nuclei and nucleons. The neutrino-nucleus reaction mechanisms are diverse, going
from the quasielastic scattering to deep inelastic scattering, multi-nucleon processes or the excita-
tion of nucleon resonances (see Chapters [3H3for details). Most of these regimes require both better
theoretical and experimental understanding. Accordingly, it would be advantageous to employ the
knowledge extracted from electron-nucleus scattering as a solid benchmark to assess the validity
of the theoretical neutrino interaction approaches in the different nuclear regimes (see Chapter [6))
as well as to improve the understanding of current neutrino oscillation experiments.

Theoretical models on (e, e’) reactions can still be improved by taking care of the recent de-
velopments in the inelastic structure functions along with the progress on parton density functions
(PDFs) through QCD calculations. Furthermore, the employment of theoretical models including
multinucleon excitations and realistic mean field theories, in addition to the large amount of (e, e’)
data for different nuclei, will likely help us to deepen our understanding of the reaction mech-
anisms in electromagnetic reactions and its extension to the weak sector, i.e., to the analysis of
neutrino interactions. This, makes research on neutrino interactions an attractive ingredient for the
future of Particle and Nuclear Physics.

1.2 Neutrino Properties and Historical Context

As previously mentioned, the “birth” of neutrino dates back to 1930, when Pauli postulated its
existence from the analysis of the continuum energy spectrum observed in the beta decay process.
This was inconsistent with the image of only electrons being emitted in the nuclear process. The
"possible" existence of an extra particle (the neutrino) with negligible mass and electrically neu-
tral, that is, a "silent" partner, was needed in order to preserve energy and momentum conservation.
Thus the beta decay process would imply the emission of not only electrons but also of new, un-
known, particles that would gather the energy loss in the process. Hence, the description of the
B-decay process was defined as: n — p + e~ + V.

In the 30’s and 40’s new particles were discovered, specifically, the muon, very similar to the
electron but with a much larger mass, and the pion, the particle proposed by Yukawa to explain
the strong interaction between nucleons inside the nuclei. A careful study of the pion proved that
it decayed into a muon which emerged with an almost perpendicular track in relation to the pion,
ensuring the existence of an extraordinary light particle in the process. It was suggested to be a
neutrino. A few months later, the experimental proof of the muon decay into an electron led to the
conclusion that the latter must be accompanied by two neutrinos.
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In the early 1950’s and despite the different hypotheses about the existence of the neutrino,
there had no experimental evidence yet. It was in 1956, when Cowan and Reines [4]] developed
a method to observe the inverse 8 decay (v + p — n + e*), in which this elusive particle was
clearly, unambiguously detected. In these experiments, the actual particle taken into consideration
was the antineutrino (v). But how could one distinguish between neutrino and antineutrino? This
distinction was explained by Davis and Harmer [3]] in the late 1950s, showing that whereas the
process v + n — p + e~ was commonly detected, on the contrary, the v + n — p + e~ one never
took place. This was the beginning of the lepton number assignment to neutrinos and the rest of
leptons as well as its conservation law. Therefore, neutrinos in muon decay should be particle and
antiparticle, whose difference comes from its own helicity. This subject will be addressed in detail
later.

The hypothesis of neutrinos with different flavors came up after realizing that, unlike the pro-
cess 4 — e + v + v, the reaction u — e + y was not observed. Consequently, it was proposed
the existence of two different kinds of neutrinos, one related to the electron and another one to the
muon. Therefore, some of the processes mentioned above are really given as:

pt+e +v,
w+ vy
M+ vy
e+ Ve + vy

L Ll

e +v,+V,.

Neutrino flavors

The Standard Model of Particle Physics contains three different neutrino flavors (v., v, and v;),
which respectively form a doublet with the corresponding charged leptons (e, u and 7) as shown in
Table.[L.1l In the 1990s, the LSND experiment [6] suggested the possibility of further neutrinos to
explain neutrino masses and introduced a new type of neutrinos, called “sterile” neutrinos, whose
existence is still under investigation. This particle would not interact with any other (except through
gravity). The search for sterile neutrinos is an active area of particle physics and it is expected that
future neutrino oscillation facilities could shed more light on this issue.

Helicity

Within the framework of the SM, neutrinos are massless leptons and exhibit purely negative he-
licity (left-handed), i.e., their spin is antiparallel to their momentum; whereas the reverse occurs
for antineutrinos,i.e., their spin projection points out parallel (positive helicity) to the momentum.
This reflects the parity violation in electroweak processes. In the SM, only left-handed neutrinos
and right-handed antineutrinos exist. Nevertheless, the discovery that neutrinos have mass could
modify this description. Moreover, it is not clear yet if neutrinos are Majorana particles, that is,
neutrino and antineutrino are the same particles. Neutrinoless double beta decay, which can be
viewed as two beta decay events with the produced antineutrinos immediately annihilating with
one another, is a possible way to detect if neutrinos are their own antiparticles. Experiments are
underway to search for this type of decay.
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Charged leptons Neutrinos
Name Symbol | Charge | Mass (MeV) Name Symbol | Charge | Mass (MeV)
13t gen. | Electron e -1 0.511 Electron neutrino Ve 0 <3-107°
Positron et +1 Electron antineutrino Ve 0
2" gen, Muon u -1 105.658 Muon neutrino Yy 0 <0.19
Antimuon u* +1 Muon antineutrino Vu 0
3" gen. Tauon T -1 1766.99 Tauon neutrino Vr 0 < 18.2
Antitauon Tt +1 Tauon antineutrino Ve 0

Table 1.1: The Protoypical Family of Leptons.

Neutrino mass

The experimental evidence of solar and atmospheric neutrino oscillations [7-9]] led to the conclu-
sion that neutrinos are not massless, even though, at present, we do not know the absolute values
of their masses but only the upper limits (see Table [L.1).

In addition to the three different flavors, there are also three mass states v;,v; and v3 with
masses mp, my and m3 respectively, which are associated to the flavor states through the Pontecorvo-
Maki-Nakagawa-Sakata (PMNS) matrix [10,[11],

Ve Ua Uen Ugs 4!
Yu = U,ul Uﬂz U'u3 V2 . (1.1)
Vr Ui Uy Uz V3

The PMNS matrix can be expressed as the product of four sub-matrices [2], which contain
three mixing angles (612,63 and 6,3). These parameters determine the degree to which the mass
and flavour states are mixed, as well as diverse CP-violation terms.

1.3 Neutrino Oscillations

In 1998 the Super-Kamiokande facility [[7] revealed the flavor change in atmospheric neutrinos. A
few years later, the Sudbury Neutrino Observatory experiment (SNO) [8] concluded that the loss
observed in the incoming electron solar neutrino flux was due to neutrino oscillations. These ob-
servations were confirmed in subsequent years in different neutrino experiments based on the use
of reactors and accelerators [9].

The neutrino oscillation phenomenon, predicted by Bruno Pontecorvo [10]], indicates the pos-
sibility that a specific neutrino (electronic, muonic or tauonic) transforms into a one with different
flavor. This effect is of high experimental and theoretical relevance as it implies neutrinos are not
massless. In this context, a proper understanding of cross sections in neutrino-nucleus reactions is
essential.

In the simple hypothesis that only two families of neutrino exist, the probability that a neutrino
of energy E, changes its flavor from v; to v after traveling a distance L is given by

AmZL)

4

P(v; — vy) = sin? 20 sin® ( (1.2)
where 6 is the mixing angle related to the combination of the different flavor states into the mass

states. The mass square difference parameter Am?> = m% - m% is the difference between the two
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mass states and is the only mass parameter that can be measured in neutrino oscillation experi-
ments, which cannot give information on the absolute masses. The ratio between L/E, and Am?
is optimized in neutrino facilities to maximize the sensitivity to neutrino oscillations. In the three-
flavor case the formula for the oscillation probabilities is more complicated and depends upon three
mass squares differences (Am%2 = m% - m%, Am% = m% - m%, Am%3 = m% - m%), three oscillation
angles (612, 613, 023) and a phase dcp corresponding to the possible violation of CP symmetry in
the leptonic sector. The measurements of the latter is one of the most important challenges for

future neutrino oscillation experiments. Thus the oscillation probability is given by

"
Py (L E) = Gop — 4 Z Re(Uy,UpiUajUp) sin® |~ L

i>j

2
+ 23 Im(UUsiUa Uy, sin M) Amd (13)
i J~Bj 2F ? 1] i J

i>j

The Particle Data Group [2] provides a review of the up-to-date values of the oscillation pa-
rameters, shown in Table [1.2l

Parameter Value
012 33.9°+1.0°
013 9.1° +£0.6°
673 39° < 023 < 51°
Am?, (7.50 £ 0.20)107° eV?
Am3, (2.3240: 121077 eV

Table 1.2: Current world knowledge of neutrino oscillation parameters. Am%3 is determined
through Am?, = Am?, + Am3;.

There are two methods to determine neutrino oscillations:

e Appearance mode: These experiments are focused on the search for a new neutrino flavor,
absent in the original beam, or an enhancement of neutrinos of a given flavor in the initial
beam. These effects are detected through the corresponding charged lepton produced via
charged-current weak interaction:

vi+N—->I["+X (1.4)

with [ = e, u,7 and X the final hadron state. These processes will be addressed in following
chapters.

e Disappearance mode: It is based on the reduction of the expected number of a particular
neutrino flavor at the detector, as the case of the SNO experiment [8]]. This method requires
an accurate understanding of the neutrino beam at the source.

Neutrino sources employed in oscillation experiments are diverse, going from nuclear reactors
(ve), atmospheric (v,,Ve, vy, vy), solar (v.) and accelerators (ve,Ve, vy, vy). In the case of solar
and atmospheric neutrinos, there are some constraints on L and E, which prevent from an opti-
mum combination of these parameters for the oscillation measurements. Therefore, the current
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efforts focus on accelerator-based neutrino experiments where a better sensitivity to oscillations
can be achieved. A detailed analysis of current neutrino experimental facilities will be presented
in Sect.

1.4 Interaction with Matter

The neutrino interaction with matter is purely weak, acting at very short distances with a low inten-
sity, and being able to modify the flavor of the particles involved. Such interaction is described by
the electroweak theory, developed by Weinberg [12]], Salam [13] and Glashow [[14] in the 1970s,
by the exchange of the weak bosons W* and Z. The W= boson is connected with charged-current
(CC) scattering processes where there is a charge exchange in the interaction vertex, whereas the Z
boson is associated to neutral-current scattering where no charge exchange occurs. Moreover, the
fact that the electroweak interaction is 5 to 6 orders of magnitude lower than the electromagnetic
one, leads to extremely low cross sections which makes experimental procedure highly demand-
ing. In addition to this, the low intensity of weak interactions allows for a perturbative analysis,
so that the Born approximation, that is, the 1-boson exchange between the leptonic and hadronic
vertices, represents an accurate approach.

Unlike electromagnetic scattering, the weak processes do not conserve parity, which provides
specific information about the axial structure of the nucleon. In particular, the charged-current
neutrino-nucleon (v-N) scattering contains the most precise information about the nucleon axial
form factors (addressed in Chapter [2). On the other side, neutral current processes give essential
details about the strange sea quarks in the nucleon structure.

In Fig.[L.1l the Feynman diagrams related to the elastic lepton-hadron reactions are shown. In
weak interactions, a distinction between charged current processes, where a charged lepton is emit-
ted, and neutral current ones, where the neutrino does not change in the final state, is considered.

I I I
Ly W A
| | |
q q q q q q
(a) Electromagnetic scattering (b) Charged-current scattering (c) Neutral-current scattering

Figure 1.1: Lepton-hadron elastic scattering processes: a) Electromagnetic interaction. b)
Charged-current weak interaction. c) Neutral-current weak interaction.

Compared to CC neutrino reactions, the experimental study of NC processes is a fairly de-
manding task due to the considerable difficulties to obtain information in a process with a reduced
cross section and without charged leptons in the final state. Thus, the event recognition lies on the
hadron detection.
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1.4.1 Neutrino-nucleus scattering

At the lowest neutrino energies, the most probable interaction is the elastic scattering where the
energy transfer to the nucleus is not enough to release an unbound nucleon so the nucleus recoils
intact. The quasielastic (QE) scattering appears once the energy transfer is large enough to scat-
ter off a nucleon from the nucleus. When this process occurs via neutral-current scattering, all
neutrinos and anti-neutrinos can scatter off both neutrons and protons in what is referred to as
neutral-current quasielastic (NCQE) scattering: v;(v;) + N — v;(v;) + N. Once neutrinos acquire
sufficient energy to create the charged lepton’s mass they can also undergo the analogous charged-
current quasielastic (CCQE) interaction: v, +n — p+ [~ and v; + p —» n + [*. For E, = 1 GeV,
CCQE is the dominant interaction.

The interaction of neutrinos with nuclei at intermediate energies, of the order of 100s of MeV
up to 10s of GeV, plays an important role in the precise determination of neutrino oscillation
parameters. At these energies, nuclear effects are very significant, providing also relevant infor-
mation on the axial hadronic currents. From the experimental point of view, the data analysis needs
to consider a large number of nuclear effects that distort the signals and produce new sources of
background that are absent in the elementary neutrino-nucleon processes. In this sense, a complete
theoretical model should include, at least, three kinds of contributions: (i) quasielastic (QE) for
low-intermediate energy transfers, (ii) nucleon correlations and two-body contributions and (iii)
the complete inelastic spectrum, containing pion production arising from the A(1232) resonance
peak, non-resonant contributions, other meson production as well as higher-energy nucleonic res-
onances and deep inelastic scattering processes.

In this work, we focus on intermediate and high energies covering from QE reactions to deep
inelastic scattering processes. The different reaction mechanisms are briefly described in the fol-
lowing lines:

¢ Quasielastic scattering: The most relevant contribution at intermediate energies (E, ~ 1
GeV) in which a neutrino scatters off a single bound nucleon being the latter ejected from the
nuclear target. We can distinguish between NCQE neutrino interactions, where a neutrino is
emitted, and CCQE neutrino interactions with a charged lepton in the final state. Regarding
the notation employed in the experimental literature, CCQE-like scattering (or CCOr) is
defined as the process where one lepton and no pions are detected in the final state. In
this sense, QE-like processes are contaminated with other contributions such as short-range
correlations (SRC), multinucleon emissions (np-nh) induced by meson-exchange currents
(MEC) and by rescattering processes, pion absorption in the nuclear medium and pionless
resonance decay.

e 2p-2h MEC contributions: This corresponds to a weak boson being exchanged by a pair of
nucleons (2-body current) leading to the emission of two nucleons from the primary vertex.
This contribution is essential to interpret properly the “dip” region between the QE and A
peaks for (e, e’) reactions as well as to reproduce the neutrino QE-like experimental data.

¢ Resonance production: At higher energies, which implies large O values, neutrinos gain
access to inelastic scattering processes. Here the target nucleon is “knocked” into a bary-
onic resonance, a A or a heavier resonance N depending on the energy transfer. These
resonances decay into a variety of final states with combinations of nucleons and mesons.
Neutrino-induced pion production is the dominant process in the region 0.5 GeV < E,, < 10
GeV.



8 1. INTRODUCTION

e Deep inelastic scattering (DIS): At higher energies the neutrino is able to transfer sufficient
momentum so the inner structure of the nucleon can be resolved. The neutrino can scatter
directly off any of the quarks inside the nucleon, including those which form the “sea”
of quarks and anti-quarks that are constantly popping in and out of existence. At lower
transfer momentum the nucleons contain mostly up, down and strange quarks, but higher
transfer momentum values get access to higher-mass and shorter-lived quarks too. DIS is
the dominant process for E, > 10 GeV and its most visible consequence is the break up of
the nucleon containing the struck quark.

The different reaction mechanisms contributing to (anti)neutrino-nucleus interactions are shown
in Fig. as function of the incoming (anti)neutrino energy. In order to give a more complete de-
scription of the scattering mechanisms, the nuclear response in terms of the energy transferred to
the nucleus is schematically represented in Fig. [[.3]for a fixed momentum transfer ¢. In the latter,
we can observe how small energy transfers of the order of tens of MeV result in elastic scattering
off the nucleus followed by a collective excitation of the nucleus. Intermediate energies are related
to the process where the lepton scatters off a bound nucleon giving a broad QE peak centered
around ~ Q%/2M (being M the nucleon mass). At higher energies, multinucleon excitations and
nucleonic resonances start to be relevant as well as DIS processes when the incident energy is
enough for the nucleon break-up. Notice also the overlap of the different reaction mechanisms in
the intermediate kinematical region (1-10 GeV). This effect should be considered carefully when
analyzing neutrino-nucleus experimental data.

1.4.2 Elastic neutrino-nucleon interactions and nucleon form factors

Doing calculations for the interaction of neutrinos with nuclei presents additional complexity over
electrons with nuclei since, in addition to the purely vector electromagnetic responses, new axial
and interference vector-axial contributions arising from weak leptonic and hadronic currents come
into play.

Although essentially composed of only three quarks, nucleons are constantly interacting via
exchange of gluons which in turn can produce other temporary quark/anti-quark pairs. The four-
momentum of the weak boson (Q?) determines how much of the nucleon’s internal structure is
resolved by a weak interaction. The description of the inner structure of the nucleon can be pro-
vided by the use of nucleon form factors, that are given as phenomenological functions expressed
in terms of Q2. The type of interaction determines which form factors enter in the process. A more
detailed description of hadronic form factors will be addressed in Chapter 2.3

With respect to the nucleon structure, elastic neutrino-nucleon scattering processes are particu-
larly important to neutrino physics for two reasons. First, they provide essential information on the
weak nucleon form factors which are difficult or inaccessible for other scattering probes. Second,
the previous processes enable the kinematics to be completely reconstructed, and hence the initial
neutrino energy can be determined. This is critical for measurements of the oscillation parameters.
In spite of this, most of the experiments employ heavy targets in order to get larger cross sections.
This makes the analysis of the process much more complex, i.e., a great caution should be drawn
on how to reconstruct the kinematics, and how to get information on the weak nucleon form fac-
tors.

Regarding the weak nucleon form factors in CCQE neutrino scattering we can distinguish
vector, Fj (Qz) and F2(Q2), axial, F A(Qz), and pseudoscalar, FP(QZ), ones, related to the corre-
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Figure 1.2: Total neutrino (left) and antineutrino (right) cross sections per nucleon in terms of the

incident neutrino energy (E,). Different reaction channels are shown separately. The figures are
taken from [15]].
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Figure 1.3: Regimes of the nuclear response in terms of the energy transfered (w) to the nucleus.

sponding components of the hadronic current. The vector form factors, as a consequence of the
conserved vector current hypothesis (CVC) [16], can be defined in terms of the electromagnetic
ones related to electron-nucleon scattering. Concerning the axial form-factor, F4(Q?), it is com-
mon to assume a “dipole” form, where two control parameters must be determined experimentally:
the “axial charge” g4 = 1.26 from beta-decay, and the “axial mass” M4 = 1.014+0.014 GeV from
CCQE neutrino scattering on deuterium and pion production by electrons [[17]. It should be noted
though that the dipole form is an assumption motivated by the analysis of electromagnetic form
factors [18]]. A study of the differences between dipole and monopole axial form factor is shown in
Appendix [Dlas well as in [19]. Although, to date, neutrino experiments do not have the precision
required to test explicitly the Q*-dependence of the weak form factors, a dipole form works nicely
in most situations [18]]. Finally, the pseudoscalar form factor, Fp, is related to the axial one via the
“Goldberger-Treiman” relation. The basic features of these functions are analyzed in Chapter

1.5 Theoretical approaches to neutrino-nucleus scattering

With the aim of achieving a complete theoretical description of neutrino-nucleus interactions, sev-
eral theoretical groups have developed different models to account for the different ingredients
needed for a deep understanding of experimental data. The first MiniBooNE CCQE measurements
for neutrino interactions on '2C motivated a large theoretical effort to explain the apparent dis-
crepancy between the experimental cross sections and the theoretical predictions, which seem to
underestimate the data [20,21]. A first approach to disentangle this apparent discrepancy was to
increase the value of the nucleon axial mass (M) from the world’s averaged value (1.032 GeV)
emerging from deuterium bubble chamber experiments [22,23] to ~ 1.35 GeV. However, while
improving the theoretical agreement with the MiniBooNE data, such a high value of M4 does not
match with other experimental data, as NOMAD [24], nor with former elastic neutrino cross sec-
tions on light nuclei [25-29]. The key to this issue lays on the definition of the CCQE event in
the experiment. Whilst theorist define CCQE as the event where one nucleon is knocked out in
the final state along with a charged lepton, MiniBoone defined CCQE as an event with one lepton
and no pion observed in the final state, which has been “renormalized” to CCQE-like. Therefore,
the definition of CCQE-like event also includes effects beyond the Impulse Approximation, i.e.,
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the neutrino only interacts with a single-bound nucleon. Thus, nucleon-nucleon correlations and
multinucleon emission processes, such as 2p-2h MEC contributions, should be accounted for in
the analysis of experimental data.

From this baseline, a large number of theoretical groups began to investigate on this topic. In
particular, Martini et al. employed a local Fermi gas model [30], taking into account RPA correla-
tions, coherent and incoherent pion production as well as quasielastic excitations. Besides this, the
inclusion of contributions arising from np-nh excitations [30] led them to a reasonable agreement
with MiniBooNE data without resorting any effective parameter or increasing the M4 value. A
similar approach was taken by Nieves et al. [31], achieving a good agreement with data after a
subtraction of ~ 10%. Moreover, the Pavia group made use of a relativistic Green’s function ap-
proach [32] including the imaginary part of the relativistic optical potential to describe final-state
interactions (FSI). Their predictions are in accordance with data for some particular choices of
the optical potentials. The contributions of one-body and two-body currents have also been ana-
lyzed in [33] using the spectral function formalism. A semiphenomelogical model that considers
the quantum-kinetic transport theory (GiBUU) has been also applied for the analysis of electro-
magnetic and weak interactions [34], using a parametrization of the transverse electromagnetic
contributions as a basis for 2p-2h neutrino interactions.

In this thesis, the analysis of the electron and neutrino-nucleus interactions in the QE and in-
elastic regimes will be carried out within the framework of the SuperScaling Approach (SuSA),
which assumes the existence of universal scaling functions for both electromagnetic and weak in-
teractions. The analysis of inclusive (e, e’) experimental data [35H38] has proved that scaling is
fulfilled with very good accuracy. This implies that the reduced cross section exhibits indepen-
dence of the momentum transfer (first-kind scaling) and of the nuclear target (second-kind scaling)
when expressed as a function of the appropriate scaling variable, itself a function of the energy
and momentum transfer. In a recently improved version, called SuSAv2 model, we have employed
the Relativistic Mean Field Theory (RMF) and the Relativistic Plane Wave Impulse Approxima-
tion (RPWIA) to obtain a complete set of scaling functions that embody all the nuclear depen-
dence of the interaction, being valid for all nuclei. The description of the the many-body physics
of the interacting nucleons within the SuSAv2 model, takes into account the different contribu-
tions of both longitudinal and transverse nuclear responses, as well as the isovector and isoscalar
channels. This is of great interest for charged-current (CC) neutrino reactions, which are purely
isovector. Regarding the 2p-2h MEC contributions and contrary to other works on this topic, we
employ a microscopic calculation in a fully relativistic framework without further approximations.
The SuSAv2-MEC predictions, based on the use of the RMF/RPWIA model plus the 2p-2h MEC
fully microscopic calculations, have been succesfully applied to the analysis of (e,e”) and CCQE
neutrino-nucleus reactions covering from low to very high energies [38.39].

1.6 Experimental status

Once neutrino oscillations were confirmed in solar and atmospheric neutrinos [7,/8]], an ample ex-
perimental program was developed with the aim of studying these oscillations and determining
precisely their masses through the oscillation parameters. This deep research has renewed the in-
terest on neutrino cross sections as an essential ingredient on the analysis of neutrino oscillation
experiments as well as on the study of the weak nucleon structure. Nevertheless, due to the ex-
tremely reduced cross sections in weak reactions, neutrino experiments are highly complicated.
In the words of Haim Harari [40], “Neutrino physics is largely an art of learning a great deal by
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observing nothing”.

In this section, we focus on accelerator-based neutrino experiments which provide better con-
trolable conditions for the study of oscillations. The purpose of these facilities is either the direct
measurement of oscillation parameters or the production of data that can help to reduce the system-
atic and theoretical uncertainties related to neutrino-nucleus scattering. Most of current and future
experiments have a baseline of hundreds of km and operate in the 1-10 GeV region. At these
kinematics, the most relevant contribution to the cross section comes from the charged-current
quasielastic (CCQE) scattering processes. In Table [[.3] we briefly compare the main features of
some recent and forthcoming experiments. We can observe a predominant use of carbon as nu-
clear target in most facilities whereas other experiments employ heavier nuclei, obtaining higher
cross sections but also providing, in some situations, outstanding spatial and energy resolution as
the case of the liquid-argon time-projection chamber (LArTPC) technology. The neutrino energies
cover a range from hundreds of MeV to a few GeV in MiniBooNE [20,21], SciBooNE [41], MI-
NOS [42] and NOvA [43]] whereas it steps up to tens of GeV for T2K [44,45]], MINERVA [46,47],
NOMAD [24] or ArgoNeuT [48,49]]. Neutrino beams in most experiments are generated through
the decay of pions into muons and neutrinos, the latter being directed towards the final target.

Experiment Nuclear Target | Beam ‘ Process Detected E, range (GeV) ‘

MiniBooNE CH, ViV CCQE-like, Pion pro-| 5.3
duction

MINERvA CH, C, Fe,Pb | v, 9, ve.7, | CCQE-like, Pion pro- | 5,
duction, DIS, Inclusive

T2K CgHg Vs Vs Ves Ve | CCQE-like, Inclusive | 0.2-30

ArgONeuT Ar V,ua)_//l Pion pI'OdUCtiOH, Inclu- 0.5-10.0
sive
CCQE-like, Inclusive,

SciBooNE CgHg Vu Kaon production, Pion | 0.2-3.0
production

64%C, 22%0, _
NOMAD 6%N, 5%H, | Vi Vu CCQE 2.5-300
1.7%Al

MINOS Fe Vi CCQE-like, Pion pro-| .60
duction

NOvA CH, Yy CCQE-like 0.2-3.0

MicroBooNE Ar ViV CCQE-like 0.2-5.0

Hyper-Kamiokande | H,O Vi Vi CCQE-like 0.3-5.0

DUNE Ar Vi Vi CCQE-like, Inclusive | 0.2-15.0

Table 1.3: Overview of current and forthcoming accelerator-based neutrino-oscillation experi-
ments.
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A complete knowledge on the neutrino beam is essential to the success of neutrino oscilla-
tion experiments. Unlike most electron experiments, the neutrino beams are not monochromatic.
In general, to produce intense beams of high energy neutrinos, protons from a synchrotron are
accelerated to be extracted afterwards and sent against a target (commonly made of beryllium)
where they produce m and K mesons. The mesons are collimated and pass in a long vacuum tube
of hundred meters where they decay into leptons and neutrinos (see Fig. [L4] for details). After
the vacuum tube, there is a region with absorbing material in which photons and electrons are
stopped first, followed by hadrons and finally muons. Only neutrinos reach the experimental area
where different detectors are installed. Due to these different processes, the neutrino beams are not
monochromatic. Their degree of breadth depends on the focusing of the charged hadrons produced
in the primary collision as well as on the energy of the primary beam. Therefore, in any exper-
iment the neutrino beam involves a broad energy distribution around a maximum, and the true
energy for a detected event is thus not known. At the same time, the inaccuracy on the meson flux
determination affects the prediction of the final neutrino flux. In order to reduce flux uncertainties,
two identical detectors are employed. These are located near the neutrino production region (near
detector) and in the place where a maximum or minimum oscillation is expected (far detector).
Moreover, the reliability of neutrino cross section measurements strongly depend on a precise de-
termination of the net neutrino flux. Given that the uncertainties in the meson flux have an impact
on the neutrino flux, several investigations have been carried out to analyze the hadron productions
in pA (proton-nucleus) collisions, such as the HARP experiment [S0] whose results have improved
the neutrino flux prediction in facilities such as MiniBooNE.

Detector
Target Horn
'. \ Reflector
".
1 ¥ |
Protons g — Y
4». — Absorber
g :
Decay tunnel

Figure 1.4: Layout of neutrino beam production on neutrino oscillation experiments.

Event selection is another important issue in neutrino experiments as different experiments use
diverse criteria to identify CCQE events which depend on their hadron identification ability. In
this way, MiniBooNE and MINERVA do not have complete information about protons or neutrons
in the final state, so processes such as multi-nucleon emission (np-nh MEC) can be measured
as CCQE events. These type of measurements are called CCQE-like events (see discussion in
previous sections). On the contrary, experiments as NOMAD and SciBooNE make use of the
recoil proton information to distinguish purely CCQE events. Thereupon some recent neutrino
experiments and their main features are briefly described.

MiniBooNE

MiniBooNE is an experiment at Fermilab designed to observe neutrino oscillations, being BooNE
an acronym for the Booster Neutrino Experiment. A neutrino beam consisting primarily of muon
neutrinos is directed to a detector filled with 800 tons of mineral oil (CH,) and lined with 1,280
photomultiplier tubes. An excess of electron neutrino events in the detector would support the
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short-baseline neutrino oscillation indicated by the LSND Collaboration (Liquid Scintillator Neu-
trino Detector) result [[6]. It collected data and measurements from 2002 up to 2012.

In particular, the experiment is focused on detecting the v,.(v.) appearance from the v,(v,)
beam in the Am? ~ 1 eV? region through CCQE-like interactions. This mass difference is much
larger than the one observed in solar and atmospheric oscillations. Furthermore, MiniBooNE
presents a high statistics (POT=7 x 10%°), remarkably greater than the one in solar and atmospheric

neutrinos.

A detailed comparison of the (anti)neutrino beam for different facilities is shown in Fig.
In particular, the MiniBooNE flux is peaked at E, ~ 0.7 GeV, where the dominant process is the
QE scattering. This makes the MiniBooNE results in neutrino-nucleus cross sections a very useful
tool in our theoretical study.

g
z — T2K z — T2K/Hyper-K
B —— MiniBooNE/SciBooNE | ~ — MicroBooNE/SBND
—— MINOSMINERVA (LE — MINERVA (ME)
NOYA
— DUNE
ol 3 F d 8 aah
2 £
0 2 e 6 B
E, (GeV) E, (GeV)

Figure 1.5: Muon neutrino and muon antineutrino flux predictions from current and future acceler-
ator based neutrino experiments. The plots on the top represent neutrino flux predictions, whereas
the plots on the bottom are anti-neutrino flux predictions. Predictions are all arbitrary normalized.
Left plots are current experiments (T2K, MiniBooNE, MINERVA with low energy (LE) NuMI),
and right plots are forthcoming experiments (Hyper-Kamiokande, MicroBooNE, NOvA, DUNE,
MINERVA with medium energy (ME) NuMI). Figure taken from [51]].

MiniBooNE is the first step of the BooNE experiment. At this stage, neutrino oscillation mea-
surements are obtained with a single detector which records Cherenkov and scintillation photons
from the charged particles produced in neutrino reactions. After verifying these oscillations, Mini-
BooNE will move forward to a second stage with two detectors in order to determine more pre-
cisely the oscillation parameters.
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The BooNE experimental line consists of three main components, as shown in Fig. a
primary beam of protons, a secondary beam of mesons and a third one of neutrinos. Protons are
accelerated up to 8 GeV in the Booster synchrotron where they are directed to a beryllium target.
The secondary mesons produced after the collision are driven towards a toroidal magnetic field
where the neutrinos originated after the meson decay are directed towards the detector. Finally, the
neutrino flux is calculated by using a Geant-4 simulation.
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Figure 1.6: Scheme of the MiniBooNE beamline and detector.

The main purpose of these measurements is to determine the CCQE double differential cross
section for the process v, +n — u~ + p, using 12C as target. The identification of the CCQE event
on the MiniBooNE detector only depends on the Cherenkov light arising from the primary muon
and the subsequent electron after its decay (see Fig.[L7). The scintillation light is produced by the
charged lepton and the recoil proton. However, the reconstruction method employed at FermiLLab
prevents this light to be separated from the dominant Cherenkov one. Thus, the proton is typically
under the Cherenkov threshold, enabling a proton-lepton coincidence detection.

Cherenkov 1

120 u
v-beam / Y

LU IIIIIIIIIIIIIIIIIIII”.
L \ Cherenkov 2

p
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Figure 1.7: Schematic overview of CCQE scattering in the MiniBooNE detector.

This lack of sensitivity makes the results less dependent of the uncertainties related to the
final-state model employed to described the final proton. On the contrary, this prevents from dis-
entangling between purely quasielastic processes and other possible reaction mechanisms, i.e.,
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multi-nucleon excitations, nucleon correlations or processes where pion production is abosorbed
in the target nucleus. These contributions are not, strictly speaking, CCQE but are considered in
that way in the experimental definition, as they have the same final state (CCQE-like events).

The previously-described CCQE process, including muon decay, can be summarized as fol-
lows:

1: vytn—o u +p
2: Se +V,t+ vy,

On the other hand, the primary background stems from the CC pion production which is described
as,

vu+pn) —» u +pn)+n*
=y +v,

e+ Vet vy

B W N =

= et +v.+vy

Figure 1.8: The inside of the MiniBooNE tank is filled with 818 tons of scitillator mineral oil
(CH3) and covered with 1280 inward-facing photomultiplier tubes. Picture taken from the BooNE
website.

MiniBooNE has produced a large amount of data concerning CCQE, CC pion production as
well as NC cross sections. The preliminary analysis of these data led to propose a larger value
of the nucleon axial-mass with respect to the world average value obtained in previous deuterium
filled bubble chamber experiments. However, this result could be explained as a consequence
of the measurements of CCQE-like events which also include multinucleon processes or nucleon
correlations.
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Finally, it is also worth mentioning the MicroBooNE Collaboration [52], a further step into the
BooNE experiment. The MicroBooNE collaboration is currently operating a large Liquid Argon
Time Projection Chamber (LArTPC) that is located on the Booster neutrino beam line at Fermilab.
The experiment first started collecting neutrino data in October 2015. MicroBooNE will measure
low energy neutrino cross sections and investigate the low energy excess events observed by the
MiniBooNE experiment. The detector also serves as a next step in a phased program towards the
construction of massive kiloton scale LArTPC detectors for future long-baseline neutrino physics
(DUNE) and is the first detector in the short-baseline neutrino program at Fermilab.

SciBooNE

As mentioned before, two facilities have made use of the 8-GeV Booster beam at Fermilab, Mini-
BooNE and SciBooNE. The SciBooNE experiment was built at Fermilab to get precise measure-
ments of neutrino and antineutrino cross sections on carbon and iron targets. The SciBooNE Col-
laboration has measured the intrinsic properties of the neutrino beam produced in the “Booster”
unit which sends this flux to MiniBooNE (next experimental stage) improving its precision. The
SciBooNE detector consists of scintillator-bar detector (carbon target), a muon range detector and
an electron capture detector (ECD).

SciBooNE satisfactorily completed its measurements in 2008 and their results have already
been published [41].

MINERvYA

The aim of the MINERvA Collaboration is to study neutrino-nucleus interactions in detail. Its
main objective is to support neutrino oscillation experiments through the analysis of neutrino in-
teractions at intermediate energies. It measures neutrino reactions covering an energy range from
1 to 20 GeV. The detector is placed on the NUMI line at FermiLab and it is equipped with different
targets (C, CH, Fe, Pb) in order to achieve precise measurements of the nuclear effects. Its design
allows to reconstruct and analyze the track of the involved particles. The facility started working
in 2010 and several data have been already taken [46,47,53].

The source of MINERVA’s neutrino beam is the Neutrinos at the Main Injector beamline, or
NuMI. The NuMI neutrino beam is created by firing protons from Fermilab’s Main Injector into a
carbon target resembling a yardstick, located inside a magnetic focusing horn. The interaction of
protons with the target produces a stream of positively and negatively charged particles. The horn
produces a magnetic field used to focus either the positive or negative particles into a 675 meter
long decay pipe. There the particles decay in flight to produce muons and muon neutrinos (from
positive particles) or anti-muons and muon anti-neutrinos (from negative particles). The approxi-
mately 240 meters of rock and muon absorbers between the end of the decay region and the near
detector hall absorb all particles except the neutrinos, creating a clean neutrino beam for use in the
particle detectors.

Neutrinos passing through a particle detector will collide with nuclei in the various materi-
als making up the detector. These interactions produce ionizing radiation and secondary charged
particles that leave measurable energy deposits in the detector. These energy deposits are used to
identify and study the neutrino interactions. Highly energetic muons created in neutrino interac-
tions are capable of escaping the MINERVA detector and entering MINOS. MINERVA uses data
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Figure 1.9: Side-view of the MINERVA experiment. The neutrino beam travels left to right through
the various detector components [46].

MINERVA has produced CCQE-like cross sections on CH [46,47]] which are in agreement
with theoretical estimations including also multinucleon excitations, without further ingredients or
larger axial mass values. Its recent measurements on DIS cross sections for different nuclei [54]]
could be valuable to assess the relevant ingredients for the neutrino reaction models at very high
energies.

K2K

The K2K experiment [9]] was designed in Japan to confirm atmospheric neutrino oscillations using
Super-Kamiokande as detector. A schematic diagram of this detector is shown in Fig. This
consists of a water Cherenkov detector, a water-based liquid scintillator (SciFi, oxygen target)
and a muon range detector (MRD). Thus, the impact of 12-GeV protons on an aluminium target
produces neutrinos with an energy spread from 1 to 1.5 GeV. Finally, in the SciFi detector the
neutrino cross section is measured.

SciFi Detector
SciBar Detector

Muon Range Detector

288888888888
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Figure 1.10: Schematic view of K2K detector [9].
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T2K

The T2K experiment (Tokai to Kamioka) is a long-baseline neutrino experiment in Japan which is
focused on neutrino oscillations and can be considered the successor of K2K. It employs a high-
resolution detector with the aim of determining the neutrino energy spectrum as well as its flavor
and the resulting cross sections.

T2K has made a search for oscillations from muon neutrinos to electron neutrinos, already
published [S5] as well as its work on the measurement of oscillations from muon neutrinos to tau
ones. A large set of experimental data from forward to backward angles has also been published
for the analysis of CCOx production processes as well for the inclusive ones [44,45.56].

Super-Kamiokande J-PARC
Near Detector 280 m

I 1000 m
T‘ Neutrino Beam

295 km

Figure 1.11: Schematic view of T2K detector [44].

The T2K experiment sends an intense beam of muon neutrinos from Tokai, which is on the
east coast of Japan, to Kamioka at a distance of 295 km in western Japan. The neutrino beam is
produced from collisions between a proton beam and a graphite target; these collisions produce
pions, which quickly decay to muons and muon neutrinos. The muons and any remaining protons
and pions are stopped by a second layer of graphite, but the neutrinos pass through it.

T2K studies neutrino oscillations with two separate detectors, both of which are 2.5 degrees
away from the centre of the neutrino beam. The ND280 near detector is located at 280 metres
distance from the target, and measures the number of muon neutrinos in the beam before any os-
cillation occurs. T2K neutrinos have much higher energies than solar neutrinos, and high-energy
neutrinos are more likely to interact. A small number of muon neutrinos interact with scintillator
or water in the ND280, and many of these interactions produce a muon. The muon can be de-
tected since it ionises gas which is placed immediately after the interaction points. These ND280
measurements are used to predict the number of muon neutrinos that would be seen in the “far
detector” SuperKamiokande if there were no oscillations.

The walls of SuperKamiokande are lined with more than 10,000 sensitive photo-multipliers,
which detect the cone of Cerenkov light as a ring (see Figure [.12). This detector system can
distinguish muons originated from muon neutrinos (which produce a sharp ring) from electrons
arising from electron neutrinos (which produce a more diffuse ring).

A next step into the Kamiokande investigations is the Hyper-Kamiokande experiment [S7],
which will operate in the same beam line as T2K. This detector consists of a megaton scale water
tank and ultra high sensitivity photosensors. The Hyper-Kamiokande detector is both a “micro-
scope”, used to observe elementary particles, and also a “telescope” for observing the Sun and su-



20 1. INTRODUCTION

Figure 1.12: Experimental view of muon rings in the T2K detector [44].

pernovas, using neutrinos. The Hyper-Kamiokande project has an extremely rich physics portfolio
that spans from the study of the CP violation in the leptonic sector and neutrino mixing parame-
ters using accelerator neutrino and anti-neutrino beams to proton decay, atmospheric neutrinos and
neutrinos from astronomical origin.

NOMAD

The NOMAD experiment (Neutrino Oscillation MAgnetic Detector) was designed to search for v,
appearance from neutrino oscillations in the CERN wide-band neutrino beam produced by the 450
GeV proton synchrotron. The single-particle reconstruction and lepton identification capability of
the NOMAD detector allowed the search for v, appearance in most of the leptonic and hadronic 7
decay channels and also to look for v,, — v, oscillations. A second phase of the NOMAD analysis
started after the completion of the oscillation searches, with the aim of exploiting the high quality
of the available neutrino data samples for precise measurements of cross sections and particle pro-
duction. This activity could be also of interest for oscillation studies.

The NOMAD detector consisted of a high resolution magnetic detector. In 2000, NOMAD
completed its search for v, — v, through their charged-current interactions followed by the 7
decay into one or two neutrinos and by the corresponding 7 decay daughters. No oscillation signal
was found but the limit set was in accordance with the expectations of the proposal, thus demon-
strating the validity of the kinematic method used by NOMAD to search for v, charged-current
interactions.

This collaboration produced interesting results about the total CCQE muon neutrino cross sec-
tion on '2C [24] which, unlike MiniBooNE, do not claim for a larger axial mass value of the
nucleon.

ArgoNeuT

The ArgoNeuT (Argon Neutrino Test) Experiment ran on the NuMI beam line at the FermiLab,
from September 2009 to February 2010. It is the first stage of a project that makes use of Liquid
Argon Time Projection Chambers (LArTPCs) as neutrino detectors. ArgoNeuT has collected thou-
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sands of beam neutrino events in the 0.1 -10 GeV energy range during its run and some results have
been recently published, including the first measurements of the inclusive muon neutrino charged
current differential cross sections on argon [48],49].

In a LArTPC experiment, the free electrons are drifted towards the anode in a uniform electric
field where they are registered on wires in multiple (at least two) planes, due to electromagnetic
induction and collection of the electrons on the last plane of wires. Because the wires in different
planes are at an angle with respect to each other, it is possible to get the full 3D reconstruction of an
event. The LArTPC, given its ability for simultaneous precise 3D and calorimetric reconstruction
of particle interactions, is an extremely interesting detector technology. It connects physics goals,
like sterile neutrino search, with technology development milestones that will lead to a multi-
kiloton long-baseline neutrino experiment. This has provided the first ever data for low energy
neutrino interactions within a LArTPC, paving the way for construction of larger detectors. Its
goals included measurements of the CC inclusive cross sections in the 1-5 GeV range, examining
the effects of Final State Interactions (FSI) and testing the Particle ID capabilities of the LArTPC,
especially the e/y separation crucial for future neutrino experiments.

vySTORM

vSTORM (Neutrinos from STORed Muons) is a proposed storage ring facility [58,59] to deliver
beams of muon antineutrinos and electron neutrinos from positive muon decays (muon neutrinos
and electron antineutrinos from negative muon decays), with a central muon momentum of 3.8
GeV/c and a momentum acceptance of 10%. The facility will allow searches for eV-scale sterile
neutrinos at better than 10 sigma sensitivity. It will be able to provide measurements of neutrino
and antineutrino-nucleus scattering cross sections with percent-level precision and will serve as a
first step towards developing muon accelerators for particle physics. The flux of the neutrino beam
can be determined with percent-level accuracy to perform cross-section measurements for future
neutrino oscillation experiments and to resolve the hints for eV-scale sterile neutrinos. vYSTORM
may be considered as a first step towards a Neutrino Factory and a Muon Collider. In this sense,
our studies about the difference between electron neutrino reactions and muon neutrino ones could
be valuable for the analysis of its experimental results.

DUNE

The Deep Underground Neutrino Experiment (DUNE), conducted with the detectors installed in
the Long-Baseline Neutrino Facility (LBNF) at FermiLab, is expected to achieve important discov-
eries in forthcoming years, making definitive determinations of neutrino properties, the dynamics
of the supernovae that produced the heavy elements necessary for life, and the possibility of proton
decay.

With the LBNF facilities and the detectors provided by DUNE [60]], the DUNE Collaboration
proposes to disentangle the puzzle of neutrinos with broad sensitivity to neutrino oscillation param-
eters in a single experiment. The focus of the scientific program is the determination of the neutrino
mass hierarchy and the analysis of leptonic CP violation by precisely measuring differences be-
tween the oscillations of muon-type neutrinos and antineutrinos into electron-type neutrinos and
antineutrinos, respectively. Furthermore, the DUNE experiment also focuses on determining the
ordering of the neutrino masses as well as on searching for neutrinos beyond the currently known
three.
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1.7 Structure and motivation of this thesis

As already mentioned in previous sections, most events analyzed by the different collaborations
correspond to CCQE processes where a muonic neutrino is scattered by a bound nucleon (v, +n —
U~ + p). The employment of realistic nuclear models is crucial for the analysis of these and forth-
coming experiments, such as NOvA, MINERvA, MiniBooNE or T2K, focused on the search for
neutrino oscillations v, — v,.

A proper interpretation of neutrino oscillations implies an accurate description of the CCQE
process in a wide range of neutrino energies. It should be noted that the beam neutrino energy is
not precisely determined and only an energy distribution of the incoming flux is predicted. There-
fore, a control over the uncertainties associated to the nuclear model is indispensable. Likewise,
background processes are also important and hard to disentangle from the CCQE signal as the case
of the pion production and its subsequent absorption by the nuclear target. Other effects, such as
nucleon correlations, meson-exchange currents related to multi-nucleon knock-out or final-state
interactions (FSI), can also contribute significantly to the final result and have to be appropriately
accounted for in the nuclear models.

Moreover, the oscillation probability directly depends on the neutrino energy, which must be
reconstructed from the final-state particles. This reinforces the need to dispose of realistic models
that provide an accurate description of the mechanisms involved in neutrino-nucleus interactions.
These models are in turn used in the simulations with which experiments define their analyses and
interpret their data so it is essential to improve the understanding of neutrino interactions in order
to improve neutrino oscillation measurements.

Therefore, the focus of the following chapters is to study electroweak scattering processes,
deepening in neutrino-nucleus reactions along the different nuclear regimes of interest for neutrino
oscillations. This will be addressed by using realistic models that treat the process in a fully rel-
ativistic way, describing both hadronic and nuclear structure. This is directly connected with the
growing interest in neutrino-oscillation experiments where an accurate theoretical description of
weak interactions is essential to interpret properly the experimental results.

The structure of this thesis will be the following: in Chapter 2] we analyze the case of charged-
current neutrino-nucleon elastic interactions where the weak response functions and the nucleon
form factors are described; in Chapter 3l we present the formalism of quasielastic neutrino-nucleus
interactions within the SuSAv2 model, which is based on the superscaling behavior and the rela-
tivistic mean field theory. The Chapter 4 focuses on the 2p-2h MEC contributions as an essential
ingredient for the analysis of experimental data, where we make use of an accurate parametrization
of fully relativistic microscopic calculations. The extension of the SuSAv2 model to the inelas-
tic regime is detailed in Chapter [5l Afterward, in Chapter [6l we compare the previous theoretical
description with electron-nucleus scattering data for all kinematics. This constitutes a solid bench-
mark to assess the validity of our model for the analysis of the existing charged-current neutrino
experimental data, as detailed in Chapter [/l Finally, in Chapter [§ we present a summary and the
main conclusions of this PhD thesis.



Chapter 2

Charged-current elastic neutrino-nucleon
scattering

In this chapter we introduce the formalism employed to describe elastic charged-current neutrino-
nucleon (CC v-N) scattering processes, which will be of relevance to understand properly the
CCQE neutrino-nucleus reactions. Accordingly, we also analyze the relevance of the diverse elec-
tromagnetic and weak nucleon form factors and the different single-nucleon responses. This anal-
ysis is carried out within the Born Approximation, where a single W boson is exchanged, thus
resulting an accurate approach due to the reduced value of the weak coupling constant and the
large W-boson mass.

2.1 General formalism

The kinematics of the CC v-N scattering process (v; + n — [~ + p), where [ represents e, u or
7, and the frame of reference employed are schematically shown in Fig. 2.1l In this figure, the
elastic neutrino-neutron interaction via the exchange of a W~ is displayed, leading to a final state
composed of an outgoing lepton and a proton. The antineutrino-nucleon process (v; + p — It + n)
is analogous to the previous one.

Yy H
k, = (Eu: EV) | ku = (E#' Eu)
|
W=1Q=(«,0,0,9)
|

n p

X

Figure 2.1: Frame of reference and kinematics involved in the CC neutrino-nucleon
process where the outgoing lepton is a muon.

23
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Accordingly, the charged-current neutrino (antineutrino) interaction, which is purely isovector,
is associated to isospin 7 = 1 as there is a charge exchange where the initial neutron (proton) turns
into a proton (neutron) in the final state. This implies an isospin change in the Z-component as
|ATz| = 1. In neutral current interactions (v + N — v + N), this Z-component is zero in such a
way that isoscalar contributions would also be permitted.

The frame of reference selected for these processes is the laboratory frame in which the ini-
tial nucleon is at rest. It is taken for simplicity the momentum transfer to the nucleon along the
Z axis and, therefore, the final momentum of the nucleon. Thus, the initial and final momenta
of the leptons are contained in the X Z plane. For completeness, the following analysis has also
been addressed briefly for the electromagnetic electron-nucleon interaction (¢~ + N — ¢~ + N) in
Appendix [Al

The notation employed for the kinematics in CC weak processes is summarized as follows:
2 Incident neutrino v;: > Final lepton [™:
7 — 4-momentum: k; = (E,,/E,)

— 4-momentum: k, = (E,, k)

> — Mass:
— Mass: m, =0 — E, = |k, | ass: mi

— Scattering angle: 6;

2 Initial nucleon n: 2 Final nucleon p:
— 4-momentum: P; = (M,,,0) - 4-momentum: Py = (Ey,q)
— Mass: M, - Mass: M,

> Exchanged boson W™:
— 4-momentum: Q, = (w,q, = q,)

The energy-momentum conservation law in the leptonic and hadronic vertexes implies the
following relations:

Leptonic vertex

= Energy conservation: £, — E; = w

- -

= Momentum conservation: k, — k; = § = ¢> = E2 + |kj|* — 2E, |k;| cos 6,

Hadronic vertex

= Energy conservation Ef=w+ My = o* +2Myw = ¢*°= - 0> = |0% = 2Myw

— — —

= Momentum conservation: § = P; + Py = ¢ =P

As shown in the previous equations, the kinematical variables E,, E; and ; are not independent
so the kinematics of the process is completely defined by determining two of them.

"Notice that a generic nucleon mass My is employed. This can be either the neutron or proton mass depending on
the neutrino or antineutrino case, respectively.
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Interaction hamiltonian

The transition amplitude Sy; of the neutrino-nucleon scattering process is obtained from the asso-
ciated interaction hamiltonian (Hy),

Spi=—i f d*XHwy (X) . 2.1)
with the hamiltonian expressed as
2
8 Ot 8 Dt pv (N)
Hy (X) = [—] J (XA (X)) = [—] J, (X)Dy, ()], (X)), (2.2)
22 S 2v2] W
where g is the dimensionless weak coupling constant, related with the Fermi constant, Gr, as
Gr 'S
— = i My =80.401(38) GeV . 2.3
V282 w (38) (2.3)

The 4-potential A )(X ), i.e., the field generated by the nucleon in the interaction with the corre-

sponding lepton, can be described in terms of the hadronic current, JV(N) , and the weak propagator,
DL
W 9

Dw
d*Q [—8" + Q QY IMG\ o v
_ 4 i0-(X-Y) y(N)
(N)(X) B fd f(27r)4< Mvzv+ls ) H)
1
~ 4 lQ'(X—Y) I 7
O P

where the approximation |Q?| < Mg, (My = 80.401 GeV/c?), valid for energies corresponding to
the elastic and QE regimes, has been considered.

Next we introduce the leptonic and hadronic currents, used to obtain the double differential
cross section.

Leptonic and hadronic currents

The leptonic jff ) current is defined as a sum of vector (y*) and axial (y*y>) terms associated to
the vector and axial structure of the nucleon. The axial term makes possible the parity violation
in weak interactions. The previous definition is general for all weak processes and in particular,
for the charged current ones. On the contrary, the analysis of the leptonic current (j,, ) in electro-
magnetic (e,e’) processes only involves the vector component. Thus, the weak leptonic current is
defined as

=0, (ki sDYH(LF Y )Wy, (kv 50, (2.5)

where the -(+) sign refer to neutrino (antineutrino) processes.

Likewise, the hadronic currents for charged-current weak processes, J, (” N)» are also composed of
vector and axial terms associated to the vector and axial structure of the nucleon. On the contrary,
only the vector part remains for electromagnetic interactions (see Appendix [Al for details),

JN) = lZPf (Pf,Sf)fﬂlﬁPl (Pi’Si) s (26)
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where

oV
T = FYy + 2 gm0 4 GayyS + EpQty’ 2.7
=F'y +2MN0' Oy +Gay"™y” + FpQFy” . (2.7)

fﬂ
= A
Iy,

At first order in perturbation theory and considering plane waves, the wave functions related to the
hadronic and leptonic particles can be defined as

Va(X) = .| Em—“vua(pa,me""’a"‘, 2.8)

where u(p,, o) are the Dirac spinors and a the corresponding single particle state.

In the previous expresion for the hadronic current (2.6), the inner structure of the nucleon is de-
scribed by means of the purely-isovector nucleon form factors (F V. FZV, G4 and Fp), arising from
the CC weak interaction and dependent on Q2. The isospin symmetry allows for a description of
the isovector form factors F” and F) in terms of the electromagnetic Dirac, FI* and Pauli, F} ",
form factors for protons and neutrons.

Conserved vector current (CVC)

When comparing both electron-nucleon and charged-current neutrino-nucleon scattering, it can be
observed that the electromagnetic current (see Appendix [Al) and the vector component of the weak
one are related through the conserved flavor current. This is knwon as the CVC (conserved vector
current) hypothesis and implies that the weak vector component is conserved. In the words of
J.D. Walecka [16]], the CVC implies that the vector part of the single nucleon matrix element of
the charge changing weak current, whatever the detailed dynamic structure of the nucleon, can be
obtained from electron scattering through the electromagnetic interaction.

The CVC hypothesis assumes that the vector part of the hadronic current and the electromag-
netic current are components of the same conseved-current isospin multiplet and thus their form
factors are interrelated,

F{(Q%) — F(Q%)
2

1pF3 (%) = a3 (Q%)

F(Q = L B Q) = > :

(2.9)

where p, = 2.793 and u,, = —1.913 are the corresponding proton and neutron magnetic moments.
For completeness, the isoscalar form factors are defined as

FY(Q%) + F(Q%)
2

1pFs (%) + paF3 (Q%)

, FS(Q%) = 5

FY Q%) = (2.10)

Finally, the axial form factor, G4, describes the axial-pseudovector structure of the nucleon
whereas the Fp one englobes the pseudoscalar structure. All these form factors have been studied
in detail in the literature and will be carefully analyzed in Section 2.3l Additional information on

the electroweak form factors can also be found in [[61H63]].
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Neutrino-nucleon elastic cross section

The double differential cross section for the elastic neutrino-nucleon interaction can be expressed,
in terms of the outgoing lepton energy (E;) and the solid scattering angle (€);), as:
o _ Ikl Gy Jed
dE;dQy |I_€w| 4An? " 2My

) T WH 2.11)

where 77, and WH are the leptonic and hadronic tensors, respectively, which arise from the con-
traction of the leptonic and hadronic currents. The leptonic tensor reads,

Tuv = J0 5D = kpukiy = kg - Kiguy + kpokip £ i€ maik0k7 (2.12)

being the axial contribution negative for neutrinos and positive for antineutrinos as a consequence
of their different helicity. Moreover, the hadronic tensor W#” is given by:
A 7 U S v I Gy "ﬂv
W = Jondiny =Wy + W + Wy
P“PV W3(0%)
+1i

2
M 2M}

AR P'Q” + Q1P
S 2 WO

= W1 (Q*)g" + W1 (Q*) - """ P 0o

: (2.13)

where W;(Q?) are the hadronic structure functions defined in terms of the nucleon form fac-
tors [63]],

Wi = 5;}% [(F1V+F2V)2+(GA)2]+G%4 (2.14)

Wa = (F/)*+ 1% |(FV) (Ga)? (2.15)
4M?

Wi = 2Gu(F) +F)) (2.16)

Wi = %( RV - J&L(FP) @17

Ws = W, (2.18)

In the previous expression (2.13)), the antisymmetric term corresponds to the axial contributions

and, in particular, to the interfererlce vector-axial term associated to W3. The contraction of the
leptonic and hadronic tensors 77, W#” results in the following expression,

d*o _ |EI|G_ZF " |Q2| T

dE;dQ ~ E,, 4n2 2y | ™

e O 07 20 , 0 E, +E 0
_ Yr 6 0 y )0
= |k1|E147T25( 2MN) {ZW sin’ 5+ WaE cos’ 5= Ws Mo Epsin” 5

2 -

+ L[W]COSH—&COSQ W3 EVI+EZCOSH—EI+|kl|

E/(E; + [ki]) 2 2\ My My

2 - -
Wa | m 2E(E; + |k 0 E; + |k
_4(_1 9+z<z_|zl>smz§)_wz_lzl

COS
2 \M; M} 2My

} . (2.19)



28 2. CHARGED-CURRENT ELASTIC NEUTRINO-NUCLEON SCATTERING

where the +(-) sign in W3 is related to the helicity of neutrinos (antineutrinos), respectively. A
similar expresion is found for the electromagnetic case but neglecting the presence of the axial
form factors in the hadronic structure functions W; (see [63]). In situations where the lepton mass
is negligible, as in the ultrarelativistic limit, the expression (2.19) can be reduced to

o Ikl 62 10?|
w —

1)

. G? 2 56 50 E, +E
= |k,|E,4—F25( 0 l){ZW sin’ 5+W2Elcos AR 7
T

9
E;sin” =}. (2.20
2My 2 My 0 2} (2:20)

We can also evaluate the single differential cross section by integrating (2.19),

do Gy kil ,
— = L7 WH : 2.21)
dQl 47T2 EVl e cos B=cos 6y
where the nucleon recoil factor (f,..) emerges as
E, (|k| — E; cos 6
Froe = 1 4 Zullkil = Ercosf) (2.22)

Myki|
2.2 Weak response functions

The previous expression for the elastic cross section (2.21)) can be also decomposed in terms of the
single-nucleon response functions (Rg) [64], which are given as the different v components of
the hadronic tensor (W#"),
do ’
—| = , 2.23
[ dQ] ; aofy, (2.23)

where the y = +(—) term is referred to neutrino (antineutrino) processes@. The o term is given as

G2 cos §? 9
= L —kEcos’ Efr_elc ; (2.24)

gp =
212

where 6, is the Cabibbo angle [65]], cos 8, = 0.975, and a generalized angle, 9, is also defined as

2
tan’ /2 = 17 . vo=(E, + E)?—g* =4EE — 0% . (2.25)
Vo

The nucleon structure information is contained in the TXZ term,

F. = [VecRee + 2VerRer + VirRer + ViRr] + x[2VrRr ] (2.26)

which is expressed in terms of the leptonic kinematic factors (Vg ) and the hadronic response func-
tions (Rg). This expression can be seen as a generalized Rosenbluth decomposition [66]]. The
diverse terms included in the above expression, (2.26)), are related to the different uv combinations
of the 7, WI/T/”V contraction:

G2 |k
2__F|f|—~ nMVW,uV

g Y = 5>
X 47 k|

X

d
21t can be proven that [d—o- WH where %7_-2 _
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CC (charge-charge): uv = 00.

LL (longitudinal-longitudinal): puv = 33.

CL (charge-longitudinal): uv = 03,30

T (transverse): uv = 11,22
e T’ (transverse vector-axial interference): uv = 12,21

where the charge terms are related to the time component and the longitudinal ones are those along
the direction of the momentum transfer to the nucleon. The 1 and 2 contributions correspond to
the transverse components.

For the contraction 7, ,quW, it should be noticed that the vector current satisfies the current
conservation property, O MJ"/l = (. Thus the time and longitudinal components of the leptonic and
hadronic currents are related through the energy and momentum transfer, wJ8 =qJ;, =qJ 3 and
hence,

2
03 30 W o0 33 _ W 00
Nyy =Nyy = g’?vv s Myy = (5) Nyy (2.27)
2
03 30 _ W00 . 33 _ (W 00
Wyy =Wyy = EWVV ;o Wiy = (5) Wyy - (2.28)

2.2.1 Leptonic factors

Following the previous expressions, (2.21)) and (2.23)), it can be proven that the different leptonic
factors, Vi, can be expressed as the individual components of the leptonic tensor, 77,,:

2 0
Vee = —nop = 1-6"tan® = (2.29)
Vo 2
21 2 A & L0
Ver = —5[nos+mol = “ni = S+ —tan’ 3 (2.30)
vo 2 Vo K p 2
) _
2 A 21 0
Vi = —n33 = (—) + (1+— +p52) 62 tan® = (2.31)
Vo K Kp' 2
2 1 0 62 ,6(a1 1
Vi = Z[n+nn]l = spttan’ S — —tan’ = (= + = pp'6? (2.32)
Vo 2 2 p 2\k 2
2 i 1 0 Ap
Vo= S ilpntnnl = —tan’s(1-2267) (2.33)
vo 2 ol 2 K

where it has been assumed m, = 0, and an adimensional variable, ¢, related to the muon mass (m,,)
has been introduced

S = (2.34)

Vierl
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The rest of variables are defined as

0% _

.
el (2.35)

, q 3 tan 6/2
T E+E, pe
YR \[p+tan26/2

2.2.2 Hadronic response functions

€ (0,1). (2.36)

i)
Il

Once defined the kinematic factors, Vx, we detail _:[he hadronic response functions, Rg, which are
related to the components of the hadronic tensor W as follows,

Ree = W™ (2.37)
Rer = —% (W% + w) (2.38)
Ry = wW¥ (2.39)
Rr = w'l4+w?? (2.40)
Ry = —% (W' - w?') . (2.41)

These response functions can be also decomposed in terms of the vector and axial components
arising from the hadronic current.

Rcc = REG +RES (2.42)
Rcr = RY] +RE (2.43)
Riz = R} +R}M (2.44)
Rr = R}V +RM (2.45)
R = R}M. (2.46)

Furthermore, the tensorial contraction can be expressed as a sum of symmetric (5) and asymmetric
parts (A),

T WH =75, WE + 774, Wh” (2.47)
WE = Wi+ Wi s W =W (2.48)

As a consequence of the conserved vector current (see Eqs. 2.27] and 2.28)), the CC and LL re-
sponses can be simply written in terms of the CC one,

Vv o _ A%
Rep = _ERCC (2.49)

2
w
R} = (;) REE . (2.50)
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This implies that all polar-vector contributions can be reduced to a single longitudinal response,
defined as the the sum of the contributions (0,0), (0,3), (3,0) and (3,3) components,

VeeREE +2VerRE, + ViLR] [ = ViR = X]V, (2.51)

where the response R‘L/v is simply reduced to the pure time component of the hadronic tensor, and
it is given by

2 2

2
q w w
RV (q.w) = (—|Q2|) [WSOV - E(W‘% + W) + (3)

and the corresponding V, term is defined, according to the current conservation, as

33 00 Vv
WVV] =w® =RV, (252

2
Vi =Vee -2 (%) Ver + (%) Vir . (253)

The previous reduction for the vector term is not allowed for the axial current, as it is not conserved,
namely, Q,J X # 0. In this case, we obtain

VeoRge +2VeLRe) + VLR = X4 (2.54)

To complete the analysis we need to study the transverse contributions (u,v)=(1,1) and (2,2), as
well as the interference V-A channel arising from crossed terms (u, v)=(1,2) and (2,1),

Vr[R)Y + R = Xp . (2.55)

2V RYA = X (2.56)

Following this procedure, the complete single-nucleon response results
F2=X7" + X4 + Xr+ xXr . (2.57)

In the case of electromagnetic (e,e’) interactions, which are purely vector, the hadronic re-
sponse functions considered are only the purely vector R; and Ry, which are defined analogously
to the weak ones but considering the electromagnetic form factors for protons and neutrons. This,
together with the expression of the differential cross section for electron-nucleon reactions, is de-
tailed in Appendix [Al

Hadronic response functions and nucleon form factors

Next, we detail the dependence of the previous hadronic responses with the nucleon form factors.
Accordingly, considering the hadronic tensor given in (2.13]), making use of the notation:

2
1= 9 =2 . 10 (2.58)
2My 2My AM?
and the energy-conservation property in elastic scattering,
2
a):@:}wlzr, (2.59)

2My
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the response functions for neutrino induced reactions can be described in terms of the isovector
nucleon form factors as follows,

2
2
RY =w@ = RU. == [6]”. (2.60)
T
where we have applied the conserved current property (see Eq.[2.532)), and Gg) is the weak Sachs
form factor related to the isovector Dirac and Pauli form factors,

GV =F -7F), (2.61)

with the superscript (1) denoting the isovector nature of the charged-current weak interaction. On
the contrary, as the axial current is not conserved, it is necessary to calculate each single term:

2 2
AL _ o0 _ K [4 (17?
REE = Wii=— (K) |G"] (2.62)
AA 3 _ K 2
RM = WAA:?[GA ] (2.63)
1 K> (A 2
AA  _ 03 30\ _ 7(1)
Rep = _E(WAA"_WAA)__? (;) [GA ] ’ (2.64)

with GA expressed as a combination of the axial (G4) and pseudoscalar (Gp = 221_131\1) form factors,

GV =Gy 1Gp. (2.65)
The transverse responses are given as
RY = wih+w =20 [G0] (2.66)
RM = Wi + W3 =2(1 + 1) [GaT (2.67)
RVA = —% (Wi = Wih) = 2471+ 1)GY,)Ga (2.68)

where GEJI) 1s the weak Sachs form factor:

GO =F +F . (2.69)

2.3 Hadronic structure

The study of neutrino-nucleon and neutrino-nucleus interactions requires to achieve a deep knowl-
edge of the hadronic current that involves the nucleon form factors, where the latter are intimately
related to the inner structure of the nucleon. In this section, we analyze various parametrizations
of the nucleon form factors and comment on their differences.

2.3.1 Vector structure

As introduced in Section the vector part of the weak hadronic current (2.6)) is given in terms of
two independent isovector functions, F IV(QZ) y FZV(QZ), associated to the electromagnetic Dirac
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(F/'""(0?)) and Pauli (F,""(Q?%)) form factors (2.9) by means of the CVC hypothesis. These elec-
tromagnetic form factors have been experimentally determined by measuring differential cross
sections. In this context, it is common to use the electric (G};”(Q?%)) and magnetic (G);¥ (Q?))
Sachs form factors,

Gyl = F'"-<F" (2.70)
Gy = F7+F", (2.71)

where T = |Q?/4M?. The terms G}’ y G,¥ are known, respectively, as electric and magnetic
Sachs form factors, and depend on the 4-momentum transferred (Q?) to the nucleon.

For electron-nucleon scattering and considering the static limit Q> — 0, the nucleon structure
is not revealed; the incident lepton interacts with a “point-like” particle with charge “+e” for the
proton and electrically neutral for the neutron. At these kinematics, the nucleon form factors must
fulfill some requirements,

FP)=1, FP0)=1; (2.72)
FI'(0) =0, F}0)=1; (2.73)
Gh(0) =1, G" (0) = pp = 2.793 ; (2.74)
GL(0)=0, G",(0) = p, = —1.913, (2.75)

whereas in the asymptotic limit, |9%] — oo, the behavior of the nucleon form factors can be ob-
tained by making use of perturbative QCD (pQCD).

Accordingly, the weak isovector Sachs form factors, Gg)(Qz) and G;;)(Qz), are defined in
terms of the electromagnetic ones as,

GV = GV -GL=F -+F) (2.76)
G\ = G -Gl =F +F), (2.77)

with GY(0) = 1/2 and G\ (0) = py = (up — pa)/2 = 2.353, being uy the isovector magnetic
moment.

2.3.2 Dynamical description of the electromagnetic form factors

Once determined the relationship between the electromagnetic and the weak form factors and their
behavior in extreme situations: static limit (0% — 0) and asymptotic limit (10?| — ), we focus
on the explicit dependence of GZ’;M with Q2 for low and intermediate kinematics. For this purpose,
we consider the most common parametrizations and models for the nucleon form factors.
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Galster dipolar parametrization

This parametrization, firstly introduced in 1971 [18], is widely used by the theoretical and experi-
mental community and gives a reasonable description of the proton experimental data for |Q?| < 1
GeV? (~ 5%). In the neutron case, the description is not very accurate due to the data uncertainty.
It presents a high simplicity based on a dipolar functional form,

Gh(0®) = GL(Q%) (2.78)
GH(QY) = —utGés (2.79)
Gh (0 = pGHQ?) (2.80)
Gy (@Y = wGH(QY), (2.81)

where &, = (1 + 4,7)7! with 1, = 5.6 and 7 = |Q?|/4M?, and p, = 2.793 and p, = —1.913 are
the proton and neutron magnetic moments. The dipolar form factor, GV, is described as:
1 1
GH(Q%) = pevie —3 3 GpO®=1: Gp(Q*l—e)=0, (282
(1 + %) (1 + /lDT)

\4

where the parameter values are /IY) = 4M1%,/M‘% = 4.97 and My = 0.843 GeV. For 0*> — 0,
the form factors are fixed by the electric charge and the nucleon magnetic moments. Typically
this parametrization is constrained to be consistent with experimental data for the neutron charge
radius. However, recent and more precise experimental results [67] have shown the limitation of
this parametrization to fit all these data. This has motivated the analysis of other approaches.

Kelly parametrization

Recently, a new parametrization of the electromagnetic form factors has been developed by J.J.
Kelly [68]]. This is basically an extension of the Galster one, providing a reasonable description of
all experimental data. In this approach, the electric and magnetic form factors are defined as,

n

S

k=0

1+Zbk‘l‘k

k=1

G(0%) « , (2.83)

where both numerator and denominator are polynomials in 7. With n = 1 and qyp = 1, this
parametrization provides excellent fits to G‘Z, Gﬁ/j /up and G}, /uy, using only four parameters.
However, this approach is less successful for G'.. More specific details can be found in [68]].

VMD models: GKeX parametrization

A more accurate description of the nucleon form factors can be obtained from the VMD (vector
meson dominance) models. Within this phenomenological description, the form factors are ex-
pressed in terms of mesonic propagators and meson-nucleon form factors. The most representative
VMD models are the Gari-Krumpelmann parametrization [69], which incorporates the description
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for high |Q?| introduced by the pQCD; and the recently-developed GKeX parametrization, also
known as Lomon prescription [70]. The validity of the GKeX parametrization extends over all
range of Q where electron data exist (0.1-10 GeV). This description represents an extension of
the Gari-Krumpelmann one, including also the effects arising from the vector mesons: p, p’, w, @’
and ¢.
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Figure 2.2: Electromagnetic Sachs form factors as a function of |Q?| for the Galster and GKeX
parametrizations and divided by the appropriate dipole factor. Experimental data taken from [71]].

In Fig. 22l we compare the electromagnetic form factors, G} y G}/, divided by the appro-
priate dipole term for the Galster and GKeX parametrizations. Both are very similar for low |Q?|
values, whereas their differences increase substantially with |0?|. Furthermore, the GKeX model
reproduces the experimental results accurately, due to its more sophisticated description of the nu-
cleon structure. For completeness, we also show in Fig.[2.3|the isovector form factors, Gg) y GE\?’
associated to the weak current for both parametrizations. This analysis reinforces the idea of using
the GKex parametrization in the nucleon form factors employed in the study of QE processes. Ad-
ditionally, a detailed analysis of various nucleon form factors’ parametrizations and their relevance
on the charged-current quasielastic neutrino-nucleus cross section will be analyzed in Chapter [7l
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Figure 2.3: Isovector form factors as a function of |Q?| for the Galster and GKeX paramterizations
where py makes reference to the isovector magnetic moment.

2.3.3 Axial structure

The weak hadronic current shown in Eq. (2.6)) also depends on the axial G 4(Q?) and pseudoscalar
Gp(QZ) form factors. The axial one, G4, has been widely studied in last years [[71.[72] in order
to determine its functional structure. On the contrary, the pseudoscalar Gp = Fp/2My, is harder
to analyze, being its contribution very small in most of the kinematical situations addressed and
negligible for the momentum transferred involved in SB-decay processes. Moreover, current data
are not precise enough to determine the functional form of G 4, which is usually parametrized using
a dipole form, analogously to the vector form factors,

8A
2 b
0
(1+%)
where g4 = —1.267 is the axial-vector coupling constant and M, = 1.032(36) GeV is the nucleon
axial mass. The g4 parameter is determined through S-decay processes with neutrons in the elastic
limit Q> — 0 [[73], and the axial mass My value has been extracted from deuterium-filled bubble

chamber experiments [17]. More information regarding the functional form of G 4 and the possible
quenching of g4 can be found, respectively, in Appendices[Dland [El

Ga(Q?) = (2.84)

The axial and pseudoscalar form factors can be connected making use of the PCAC (partially
conserved axial current) hypothesis (see [74] for details), through the Goldberger-Treiman relation,

2 4M1%, 2 .
Gp(Q°) = —ZGA(Q ) ; my:pion mass. (2.85)
0% + my

In current neutrino-nucleus investigations, one of the main sources of uncertainty comes from
the axial form factor, and specifically, its dependence with O and M. In this sense, recent CCQE
neutrino experiments on '2C, such as MiniBooNE or MINERVA, have estimated higher M values
(M4 = 1.35 GeV) in disagreement with the standard estimations. It must be taken into account that
the standard value, M4 = 1.03 GeV, is consistent with deuterium experimental data where nuclear
effects are negligible as well as with weak pion production data at low |Q?|. Hence the increase of
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the axial mass value in these experiments must be interpreted as the lack of some ingredients in the
model employed for the data analysis. In particular, the role played by multinucleon effects, such
as 2p-2h MEC in CCQE neutrino-nucleus experiments will be explored in Chapter 7] as a possible
explanation of the “apparent” increase of M.

In Fig. 2.4l we analyze the axial form factors, G4 and Gp, using the world average axial mass
value as well as an increase value of 1.35 GeV. Whilst small differences emerge at very low |Q?,
we can observe how G, increases with My for large values of |Q?|. On the contrary, this effect

is not visible for Gp due to the factor W where m, < M,. Moreover, the pseudoscalar

1+]02
form factor falls to zero faster than the axial one which turns into a less relevant contribution of

pseudoscalar effects in the region of elastic, QE scattering and beyond.
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Figure 2.4: Axial (G4) and pseudoscalar (Gp) form factors for two M, values as a function of

10°I.

Finally, it is worth mentioning that the differences between neutrino and antineutrino cross

sections, which arise basically from the V-A interference term (2.21), start to disappear as |Q?|
increases. Notice that the R}/,A response (see Eq. [2.68) depends on G, that approaches zero for

large |Q?].






Chapter 3

Charged-current quasielastic
neutrino-nucleus scattering

After presenting the formalism of neutrino-nucleon elastic scattering, in this chapter we extend our
theoretical description to charged-current neutrino-nucleus interaction in the quasielastic regime
and the study of nuclear effects. This is of interest for most recent neutrino experiments that em-
ploy different nuclear targets to measure the oscillation parameters at energies where the quasielas-
tic regime dominates.

Unlike the elastic scattering where we only consider the inner structure of the nucleon, quasielas-
tic reactions require a description of the nuclear structure. In this PhD thesis, the description of the
lepton-nucleus interaction and, in particular, the nuclear dynamics, is addressed within the context
of the SuperScaling Approach (SuSA), which assumes the existence of universal scaling functions
for both electromagnetic and weak interactions. For a proper understanding of this approach, we
give a brief description of the relativistic Fermi gas model that will help to introduce the basis of
the SuSA model as a semiphenomelogical approach based on the analysis of inclusive (e,¢’) data.
Next, we extend our description to the relativistic mean field (RMF) theory and the relativistic
plane wave impulse approximation (RPWIA) models as a more sophisticated procedure to include
final-state interaction (FSI) effects as well as the mean field generated by the nuclear constituents
in the neutrino-nucleus interaction. The RMF has the merit of treating final-state interactions in a
relativistic framework, which is of relevance for the analysis of neutrino experiments. In neutrino-
nucleus interactions, after the final-state particles have been created, they propagate out through the
nucleus, undergoing strong interactions with the other nucleons inside the nucleus. These “final-
state interactions” can significantly alter the momentum and direction of the final-state particles as
well as the type and number of particles. Accordingly, pions and nucleons can be absorbed within
the nuclear medium or their collisions with other nucleons can generate additional particles. Thus
a consistent and relativistic treatment of these interactions is essential to determine the contribution
of the different reaction mechanisms to neutrino-nucleus cross section.

The description of the the many-body physics of the interacting nucleons within the RMF and
RPWIA models is therefore included in our framework, in the so-called SuSAv2 (SuperScaling
Approach version 2) model. This approach has been recently applied to the analysis of QE electron
scattering data [38]] for several nuclear targets as well as to charged-current quasielastic (CCQE)
neutrino-nucleus experiments [39], yielding an accurate description of the experimental data in
both cases.

39
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3.1 General formalism of the CCQE process

In this section we show schematically the kinematics involved in studies of lepton scattering from
nuclei, focusing on charge-changing neutrino reactions. Most kinematic variables have been pre-
viously defined in Chapter 2 for elastic neutrino-nucleon scattering. Here we employ that notation
for (v;,17) and (v;,1") neutrino-nucleus reactions.

We specifically analyze the CCQE neutrino scattering process in which an incident beam of
neutrinos with 4-momentum k* = (E,,k,) interacts with a nucleus. In the final state, a charged
lepton with 4-momentum k" = (Ej,Kk}) emerges as well as an outgoing nucleon. This process is
mediated by a weak boson (W) and can be described as,

vu(V) + A - (") +pn) +(A-1) (3.1)

with A the nuclear target and (A — 1) the residual nucleus after the interaction. Compared to
the elastic case, the complexity of the nuclear dynamics introduces some uncertainties in the de-
scription, related to the inner structure of the nucleus or final-state interactions described above.
Many theoretical approaches evaluate these processes in the Impulse Approximation (IA), which
assumes the incident lepton to only interact with a single bound nucleon as shown in Fig.[3.1l The
influence of the remaining nucleons over the entire process is taken into account in different ways
depending on the nuclear model employed. Hence, the IA describes the nuclear many-body matrix
element as a sum of single-nucleon current matrix elements.

Py

Figure 3.1: Schematic view of the charged-current neutrino-nucleus scattering process in the Im-
pulse Approximation (IA).
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3.1.1 Lepton scattering kinematics

Going into detail to the description of lepton kinematics, the neutrino and final-lepton energies are
given as

E, = m}+k> (3.2)
A /m,2 + k2, (3.3)

where m, and m; are the masses of the incident neutrino and outgoing lepton, respectively. The
4-momentum transfer to the nucleus Q* = (w, q) is given by

E;

= E, - E (3.4)
q = k -k, (3.5)
being w and q the energy transfer and 3-momentum transfer, respectively. Given an excitation

from target rest mass M; to some final rest mass My > M; (that is, the final hadronic rest frame
total energy is W = My), we define a sort of excitation energy

1 2 2
w0 = 5hr (M7 -M?) >0, (3.6)
related to the mass excess of the residual nucleus. This value sets a minimum neutrino energy
for the QE neutrino interaction to take place. In the case of NCQE scattering, this would be the
minimum energy required for the process whereas in the CCQE one we must also consider the
energy needed to create the outgoing-lepton mass. Then from energy-momentum conservation
one has )
107
w=w)+—. 3.7
0t S (3.7)
Solving Eqgs. (3.4) and (3.7)), one gets expressions for the scattered lepton’s energy and 3-momentum.
Defining

€1 \/ M? + 2M;E, + m? + k2 sin” 6, (3.8)

€y = \/Mi(EV - a)()) + MZ’ (39)

where 6, is the lepton scattering angle (the angle between k, and k}) and M = N (ml2 +m2)/2, it
can be shown that

1

b= 5 |3k cos0) + (M + B,) | - mie? (3.10)
1 ]
1

E = = [e%(M,~+EV)+(kVCOSHI)\/63—m%6% , (3.11)
1 ]

where for the results to be real for all scattering angles, the beam energy must be greater than

Evmina
miwo + (ml2 —m?)/2

M; —my
This result represents the minimum energy required for the CCQE process in terms of the lepton
mass and the mass excess of the residual nucleus. In addition, the contribution of the w( parameter

Ev,min =m; + woy + (312)
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is generally smaller than the lepton mass. In the particular case of (v, u~) reaction on '*C, we have
m,, > wy as the mass excess of the residual nitrogen, ~ 15 MeV, is much smaller than the muon
mass, m, ~ 105 MeV. Taking into account the mass difference between leptons and nucleus, the
third term in Eq. gives a negligible contribution in most of the cases.

Hence, for given values of the excitation energy wg, beam energy E, and the scattering angle
0;, the quantities €1, can be computed and from them the final lepton’s energy and 3-momentum
are fixed. The 4-momentum transfer is then given as well.

3.2 Relativistic Fermi Gas Model and SuperScaling Approach

Next, in order to describe the structure of the nuclear responses in our theoretical prescription, we
introduce the concept of scaling and the main features of the relativistic Fermi gas model [[75,76]]
that has been used as a basis for the study of scaling and superscaling behaviors.

3.2.1 The concept of scaling and superscaling

Scaling is a phenomenon observed in several areas of Physics and is a fundamental part of the
scientific methodology. This is not new; we can think of Galileo’s observations of the oscillations
of a pendulum, Kepler’s discovery of the equal area law for planetary motion and Newton’s inverse
square law of gravitation. The establishment of a scaling relationship between physical quantities
reveals an underlying driving mechanism, and it is the task of Physics to understand and to provide
a formalism for that mechanism.

The concept of y scaling in lepton-nucleus reactions was firstly introduced by West [77] as
an analog of x scaling in high-energy physics. There it was shown that a collection of non-
relativistic point-like charged “nucleons” with negligible final-state interactions leads to an inclu-
sive quasielastic electron scattering cross section that can be written in terms of a factor containing
a single-nucleon cross section times a specific function. In the limit of large momentum transfers,
this function scales; that is, it becomes a function of only one variable, usually represented by y,
and largely independent on the momentum transfer.

Further studies focused on the analysis of this scaling behavior on inclusive electron-nucleus
scattering data in a relativistic framework [77]] show that this behaviour can also be observed for
different nuclei [36,78]. Concerning the difficulties for this analysis, it should be noticed that the
explicit energy dependence of the cross sections complicates the attempt to factorize the electron-
nucleus cross section by extraction of a unique single-nucleon cross section. In addition to this,
there also exists the question of the off-mass-shell extrapolation of the single-nucleon current as
well as the fact that FSI and multi-nucleon interactions can also affect the scaling analysis.

In the particular case of QE electron-nucleus scattering processes, in most of the models based
on IA, the inclusive (e,e’) cross section can be approximated by a single-nucleon cross section
times a specific function of (¢g,w). In this case, the lepton interacts with a many-body system in
such a way that the energy w and momentum ¢ are transferred only to individual constituents of the
complex system. Scaling occurs at some specific kinematics, where the specific function scales,
that is, it becomes dependent on only a single quantity, namely, the scaling variable . This quan-
tity, whose definition is discussed later, is in turn a function of ¢ and w: ¢ = ¥/ (q,w). The function
that results once the single-nucleon cross section has been divided out is called the scaling function
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f = f(g,¥). In other words, to the extent that at some kinematics this function depends on ¥, but
not on ¢, one says that y-scaling occurs.

The study of the scaling function can shed light on the dynamics of the nuclear system. Indeed,
within some specific approaches, the scaling function is related to the momentum distribution of
the nucleons in the nucleus (or, more generally, with the spectral function) [[79,/80].

When studying (e, e’) processes it is useful to introduce the following concepts:

e Scaling of first kind. This is related to the concept of y-scaling: it is satisfied when the
scaling function does not explicitly depend on the transferred momentum, but only on ¢
including its implicit dependence on ¢ and w.

e Scaling of second kind. It is observed when the scaling function is independent of the
nuclear species.

e Scaling of zeroth kind. It occurs when the scaling functions linked to the different chan-
nels that make up the cross section, longitudinal (L) and transverse (T), are equal. Hence in
inclusive electron scattering, zeroth-kind scaling means that the electromagnetic (EM) scal-
ing functions satisfy f = fr = fr, where f represents the scaling function associated to
the total cross section whereas f; r refer to the scaling functions obtained from the separate
longitudinal and transverse responses.

e Superscaling. Finally, when scaling of both the first and second kinds occurs simultaneously
one has superscaling [35,136]].

With these ingredients it is clear that the natural starting point for such an examination is the
relativistic Fermi gas (RFG) model in which the nucleus is described as a noninteracting gas of
nucleons. Indeed, this model fulfills exactly all of the kinds of scaling previously defined.

The RFG has the appeal of simplicity while maintaining important aspects in the problem such
as Lorentz covariance and gauge invariance in a fully relativistic way. Naturally it ignores poten-
tially important effects such as those stemming from strong final-state interactions or two-body
MEC and employs an oversimplified initial-state spectral function; nevertheless, such ingredients
can be added to the basic model and appear not to invalidate it as a basic starting point for analyses
of scaling.

The general procedure used to define scaling functions consists of constructing the inclusive
cross section, or nuclear response functions, within a particular theoretical model (or experimental
data) and divide them by the appropriate single-nucleon quantity computed within the RFG model.

Here the word “appropriate” entails two aspects to be considered. First, the usual analysis in
the region of the quasielastic (QE) peak assumes that the dominant process is elastic scattering
from nucleons in the nuclear ground state followed by quasifree ejection of the nucleons from the
nucleus, and hence the appropriate single-nucleon form factors are the elastic ones. Second, the
nucleons in the nuclear ground state are moving (Fermi motion) and accordingly the single-nucleon
cross section used must take this into account.

3.2.2 Nuclear effects and dynamical parameters in the RFG model

The RFG model can be taken as a guide for incorporating relativistic ingredients to more sophisti-
cated models and, particularly, as a first approximation to the nuclear dynamics involved in the QE
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region. Within this context, an effective parameter, the Fermi momentum (kr), sets the transition
between occupied states and free nucleons. This parameter is not fixed for all nuclei due to the
different nuclear densities which are proportional to k}. On the other hand, the width of the QE
response goes as kr. Typically, the Fermi momentum ranges from ~ 55 MeV/c for deuterium,
200 MeV/c for “He, to as large as about 250 MeV/c for very heavy nuclei. Moreover, the RFG
model accounts for some nuclear effects which are relevant for a scaling analysis such as the Pauli
blocking (PB) effects and an average nucleon separation energy, named energy shift (Ep; ;). Pauli
blocking affects the low momentum and energy region and will be carefully analyzed in Sect.[3.3.1]

A summary of Ej; s and kr values within the RFG model for different nuclei is shown in
Table 3.1l These efective parameters have been determined by means of a detailed analysis of
inclusive electron scattering data [37].

Nucleus kr (MeV/c) | Egpipr (MeV)
Lithium 165 15
Helium 200 15
Carbon 228 20
Magnesium 230 25
Aluminium 236 18
Calcium 241 28
Iron 241 23
Nickel 245 30
Tin 245 28
Gold 245 25
Lead 248 31

Table 3.1: Estimation of the kr and Ej;r; parameters within the context of the RFG model for
different nuclear species.

The energy shift, Ey; ¢+, is introduced in the theoretical description to account phenomenolog-
ically for the shift observed in the QE peak when the cross section is plotted as a function of w.
This energy shift depends on the different nucleus and can be g-dependent as in the RMF model.

3.2.3 Nuclear responses and QE cross section in the RFG model

With the aim of analyzing the scaling properties, we need to determine the RFG cross section for
QE reactions as well as the nuclear responses associated. Here we present the basic formalism for
neutrino-induced reactions within the context of the RFG.

In the laboratory system and considering the Born approximation, the charged-current QE
(anti)neutrino-nucleus cross section can be written in the form

d*o
dQldw

where o7 is the same as defined for elastic scattering (see Eq. [2.24) in Chapter 2. The whole
information on the nuclear structure is contained in 7-')(2, given as

= ooFy - (3.13)

Fo = VLR, + VecREE + 2VeL RE) + VL R}, + VeRr + XV Ry (3.14)
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where the kinematical factors Vg coming from the leptonic tensor are the same as defined for elas-
tic scattering in Eqs. (2.2912.33) and y = +1(—1) for neutrino (antineutrino) induced reactions.

As defined in Chapter[2] the weak response functions are given by

Rce = w9 (3.15)
1

ReL = —3 (W03+W3°) (3.16)

Ry, = WH (3.17)

R, = w0 only for vector terms (3.18)

Ry = wliw? (3.19)

Ry = —% (W2 -w?) (3.20)

in terms of the inclusive nuclear tensor and composed of vector and axial contributions. Contrary
to the case of elastic scattering, here the responses depend not only on the hadronic structure but
also on the nuclear many-body system.

Within the RFG model, the nuclear tensor W#” associated to the (anti)neutrino-nucleus scat-
tering process involves a struck nucleon of momentum P; = [E(p), p] with corresponding on-shell
energy E(p) = (p> + M?)'/? lying below the Fermi momentum kf . The neutrinos supply energy
(w) and momentum (g) to the nucleus resulting in a four-momentum (P; + Q)* lying above the
Fermi surface. Conserving energy and momentum and integrating over the momenta in the Fermi
sea, the nuclear tensor reads:

3N M? 43
WH = LY f W(l;)-l-q) X 0(kp —|pho(p +q| - kr)
F
x&(w — [E(p +q) — E(p)]) x WEY (P + O, P) (3.21)

where VT/S” » (P; + Q, P;) is the single-nucleon hadronic tensor previously shown for the elastic case
in (2.13), but obtained by Lorentz transforming the measured responses at the nucleon rest frame
to the system where the struck nucleon has 4-momentum Pl.“ .

After integration over the hadronic variables, the nuclear response functions can be written as
R = NAoUk frrc(¥), K =CC,CL,LL,T,T', (3.22)

where N is the appropriate nucleon number, and with

& 1

Ao = = . 3.23
0 DMNU?:K 2kkrD ( )
The term D is a relativistic correction given by
1 2
D=1+ Efp(l +y7). (3.24)

In Eq. (3.22), frrc(¥) is the RFG scaling function defined in the region ¢’ € (-1, 1), and simply
given by

3
FreaW) = 2(1 - e -y, (3.25)
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where ¢ is the scaling variable defined as
1 A-7
VEr J+ D+ kVTEFD

and we have introduced the following dimensionless variables

(3.26)

Y

& = J1+n%-1, (3.27)

np = A’;—;<<1 (3.28)

kK = q/2My), (3.29)

= w/2My) M. nucleon mass, (3.30)
|0?| 2 2

- =l _ 22 3.31

T My " B30

At the naive quasielastic peak where 1 = 7 (which corresponds to w = |Q?|/2My) one has i =
0 and finds that the RFG response region is mapped into the range —1 < ¢ < +1 [36]. However,
the scaling function does not consider the separation energy between nucleons in the Fermi state,
in such a way that the maximum of the QE peak does not correspond exactly with w = |Q?|/2My.
Then, we introduce the Ejj; r; parameter into the scaling variable through w’ = w — Eg; ¢ to fulfill
the previous condition. The shifted scaling variable is given as

1 A =1

Y = (3.32)
Ver Ja s iy + VT E D
with
U = o /2My), (3.33)
= =27, (3.34)

Finally, the single-nucleon responses Ux = Ug" are basically the same Rk functions shown in
the elastic case (see equations (2.60H2.68))) but also including some extra terms related to correc-
tions of higher order in kr, which arise from the integration of the nuclear tensor .

For K = CC we have

S
a
I

Vv AA AA
ve + (Uge), + (Uéd),. (3.35)
2
K —~
U = U=~ (G + WA (3.36)
where

_ G(1)2+TG(1) 2
WZ:(E) Gy (3.37)
1+71

A= ér(l- ”(1” Ly (3.38)
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and we have written the axial-vector response as the sum of conserved (c.) plus non conserved

(n.c.) parts,
(v&), =

(vee),.. =

2
K
—G3iA
.
k> A2 , 0
—=G’.
T K

For K = CL,LL we have

UcL

UrL

vlf + (ver), + (vet), .

Ul + (Uir), + (VEL),...

(3.39)

(3.40)

(3.41)
(3.42)

where the vector and conserved axial-vector parts are determined by current conservation as

A

vy = U
(vdf). = ¢ (ved),
/12
U = pUgg
AA A% aa
(vir), = 5 W), -
while the n.c. parts are
2/1 ,
(V&) = -6x
2
(Uit),e. = FG:

Finally the transverse responses are given by

vV _
u," =

AA
ur- =

VA _
UT/ -

with

A =

Upt + uph
21(G\))? + WoA
2(1 + 7)GA + G3A

264G T+ D[l + A

T &r(1-y?)

1+7 2K

To summarize, the quasielastic nuclear response functions have the general structure

1 N 1
or _ 1 AN e 1 ,
Ry = kaRFG(lﬁ )ZKZ)UK = kaRFG(¢’ )Gk

with

_ N S.1.
C2kD K

Gk

(3.43)

(3.44)
(3.45)

(3.46)

(3.47)

(3.48)

(3.49)
(3.50)
(3.51)
(3.52)

(3.53)

(3.54)

(3.55)
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For completeness, the electromagnetic electron-nucleus (e+A — ¢’ + N +(A—1)) cross section
can be determined in a similar way but only considering the purely-vector terms of the hadronic
tensor (2.13) introduced in (3.21). This results in:

d*o
dQ.dw
where 0 j7,4; 1S the Mott cross section and the vy and vy terms are the leptonic factors associated

to the electromagnetic interactions. In this connection, some similarities can be found with regard
to the elastic electron-nucleon interaction equations (see Appendix [Al for further details).

= T o (VLRSS + vrRE) (3.56)

The electromagnetic nuclear responses, RZ" and R"" , exhibit the same functional form as
the vector longitudinal (3.33)) and vector transverse nuclear (3.49) ones obtained for the charged-

current neutrino interaction, but considering the isovector form factors, G%?w, as well as the

isoscalar ones, Gg)gw. Furthermore, the isoscalar and isovector combination can also be related
to proton and neutron contributions as shown in Section 2.3.1l Accordingly we can define the
electromagnetic nuclear responses as follows,

RieT fRFG(lﬂ )EUZ; ; 267=EU26T, (3.57)
where
ee’ K2 ~2 qree’
A (G R (3.58)
U = 2tG3 + WE9A, (3.59)
with
G: = Z(Gh)’+ NG = [(G“”) + (G| + MrGYGY (3.60)
Gy = Z(Gh)’+ NG}y’ = [(Gg‘;))2+<G;;>>2]+MTG;3>G;;> (3.61)
~ G2 + 1G>
ee’ E M
= — 3.62
2 1+7 ( )

being A = Z + N and M7y = (Z — N)/2. Notice that the terms My only contribute for asymmetric
nuclei (N # Z).

3.2.4 Scaling functions

In the previous expressions for the nuclear responses, (3.22) and (3.37), and the subsequent dif-
ferential cross sections, we have observed that the RFG scaling functions were the same for all
longitudinal and transverse channels. While this is true for the RFG model where a universal
scaling function emerges from the calculation, the scaling functions that can be extracted from ex-
perimental data or different nuclear models can differ between the different channels. In this sense,
the general procedure used to define scaling functions consists of constructing the inclusive cross
section and the response functions within a particular model (or just taking experimental data)
and divide them by the corresponding single-nucleon quantities computed within the RFG model.
Thus, we define a global scaling function as well as a specific one for the different channels:
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e Scaling functions obtained from the cross section:

d*o

fQE(e,e’) _ dQefw : for (e, ¢’) (3.63)
Mot (VLG +vrGY)

d*o
fOED = vV AA dgiljw AA (3.64)
O'Q(VLGL + VCCGCC + 2VCLGCL + VLLGLL + VTGT + XVT’GT/)

for CC (v,17); (v,1)

e Specific scaling functions for the individual channels:

Rk
=kp—. 3.65
fx FGr (3.65)

Likewise, the proton and neutron scaling functions can be also isolated as well as the isovector
and isoscalar ones:

RY"

N

o= kF—G,,,n, (3.66)
K

OWm _ Ry (3.67)

K - F GO '
K

3.3 SuperScaling Approach: a semiphenomelogical model

Making use of the previous description of the scaling formalism, our aim in this PhD thesis is to
achieve a complete theoretical description of neutrino-nucleus reactions that can be applied up to
very high energies. This description has to fulfill two basic requirements; it has to be relativistic
and it must describe QE electron scattering data from low-intermediate up to high energies. In
this sense, the analysis of the large amount of existing (e,e’) data is taken as a solid benchmark
to test the validity of the model for neutrino reactions at different kinematics and for several nuclei.

Accordingly, the SuperScaling Approach (SuSA) was developed in previous works [64,81].
This model is based on the superscaling function extracted from QE electron scattering data so as
nuclear effects can be analyzed through a semiphenomelogical scaling function f(¥’) = fsusa (")
extracted from the ratio between the experimental QE cross section and the appropriate single-
nucleon one [35,36,78] (see Section [3.2] for definitions):

(#5)
d0edw ) oxp

oMot (VLGS + vrGE)

fWh = (3.68)

The scaling function extracted from the analysis of inclusive electron data at different kinemat-
ics and for several nuclei (see Fig.[3.2) shows a spread whose width is rather narrow in the region
of ¥ < 0 that corresponds to low-intermediate kinematics (below the QE peak). On the contrary,
the scaling does not work properly in the region above the QE peak where other contributions can
play also an important role. Notice the wide spread of data as ¢’ increases.
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Figure 3.2: Scaling function f(¥”) as a function of ¢’ for different nuclei (A > 12) and several
kinematics covering from forward to very backward angles as well as from low to very high inci-
dent energies. The values of A corresponding to different symbols are shown in the figure. Data
taken from [36]].

Nevertheless, the scaling behavior becomes particularly clear if one studies the experimental
cross section separated into its longitudinal f7 (¥”) and transverse f7(¥’) contributions, as shown
in Fig. B.3l The separate longitudinal and transverse contributions lead to the conclusion that the
longitudinal experimental data superscale throughout the whole region of the QE peak, whereas the
transverse data do not scale, being scaling violations more prominent in the region above the QE
peak (w > wgEep, i.e., ¥y’ > 0). Scaling violations at high w occur because of other non-QE pro-
cesses, such as meson production and resonance excitations, which are predominantly transverse,
come into play. At very high transfer energies (i.,e. high /’-values) deep inelastic scattering starts
to be relevant. Likewise, 2p-2h states induced by meson-exchange currents are known to have a
relevant contribution in the “dip” region between the QE and the A peaks. As we detail in Chap-
ter[dl 2p-2h MEC contributions are predominantly transverse for electromagnetic interactions. All
these contributions beyond the IA are responsible for scaling violations, mainly observable in the
transverse channel.

Other mechanisms, not included in the present work, can introduce some effects in the general
discussion. This is the case of RPA nucleon-nucleon correlation effects [30] that can modify the
longitudinal and transverse responses because of the very different isospin character of the two
channels. However, RPA is only relevant for very low energy/momentum transfers and, in overall,
they are expected to be very small.

The prescription adopted in the first version of the SuperScaling Approach has been to employ
the experimental longitudinal responses to define a general scaling function for both electromag-
netic longitudinal and transverse channels. This implies that both L and T scaling functions are
roughly the same after subtracting the non-scaling contributions related to processes beyond the
QE regime, that is, zeroth kind scaling is fulfilled. As we shall illustrate, the most modern version
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of the model (SuSAv2) contains corrections to this assumption based on Relativistic Mean Field
theory.
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Figure 3.3: Scaling function, f7 (") and f7(¢¥’), from the longitudinal and transverse response,
respectively, as a function of ¢’ for different nuclei (A > 12) and for different values of g (in
MeV/c). Data taken from [82].

From the analysis of the separate longitudinal data shown in Fig.[3.3] (left panel), a “universal”
phenomenological L superscaling function f; has been extracted. In Fig. we show the data
analysis. The solid curve refers to a fit of the longitudinal data given by the following parametriza-
tion, which corresponds to the SuSA scaling function,

P1
[1+p3(’ = p3)21(1 + ePs¥)

fsusa@W’) = frW') = (3.69)

where p; = 2.9883, p» = 1.9438, p3 = 0.67310 and ps = —3.8538. The RFG scaling function is
also shown for reference (dashed line).

Note that fs,s54 (") presents an asymmetric shape and a tail that extends towards positive val-
ues of Y, i.e., w > wpEgp. Its maximum reaches about ~ 0.6. In contrast, the RFG scaling function
is symmetric in the scaling variable i/, is limited strictly to the region —1 < ¢’ < +1 and has
a maximum value of 3/4. This behavior clearly differs from data and, hence, the RFG does not
reproduce the scaling behavior shown by the incusive electron scattering data.

The previous superscaling behavior shown in Fig. 3.4 has been evaluated with other models
based on the harmonic oscillation shell model (HO+FSI) and the relativistic Fermi gas (RFG+FSI)
that incorporate different descriptions of FSI (see [83] for details). Some asymmetry in the corre-
sponding scaling functions emerges from these calculations, mainly due to the FSI, but the theoret-
ical predictions still differ significantly from the data. In subsequent sections we provide a detailed
study of the longitudinal and transverse scaling function within the framework of the RMF theory,
analyzind the specific role played by FSI and the relativistic nuclear dynamics.
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Figure 3.4: Averaged experimental fs,s4 (¢ versus ’ in the quasielastic region together with a
phenomenological parameterization of the selected (e,e”) longitudinal scaling data obtained from
the R; data on [82]. The integral of the curve has been normalized to unity. The RFG scaling
function is also shown as reference.

Moreover, in spite of the difficulty in analyzing the transverse scaling function, previous stud-
ies [84] based on the modeling of the QE longitudinal response and contributions from non-QE
channels have provided some evidence that the scaling of zeroth kind is not fully satisfied by data.
In particular, these studies have found f;e' > ie' , a result that has motivated a deep study of

) : : exp = o Lexp
the scaling behavior as addressed in the next section.

3.4 Extension of the Superscaling Approach from Relativistic
Mean Field Theory: the SuSAv2 Model

As defined before, the SuperScaling Approach (SuSA) is based on the scaling properties of the
longitudinal response extracted from (e,e’) data to predict charged-current quasielastic (CCQE)
neutrino- and antineutrino-nucleus cross sections [85]. Thus, SuSA is based on the hypothesis
that the neutrino cross section scales as does the electron scattering cross section. This feature is
observed in most of the models based on IA (see, for instance, [85-87]). Accordingly, the SuSA
model uses the experimental scaling function fifelxp as a universal scaling function and then builds
the different nuclear responses by multiplying it by the corresponding single-nucleon responses.
In most IA approaches, one finds that once the single-nucleon cross section is removed in defining
the scaling functions, the longitudinal and transverse responses are basically the same.

However, within the framework of the RMF theory, one finds that Oth-kind scaling is mildly
broken for momentum transfers in the 1 GeV region being fr(y¥’) > fr(¥’). Moreover, notice
that the extraction of fifelxp entails the analysis of the purely-vector longitudinal (e,e’) nuclear
response, which combines 1soscalar+isovector contributions. In contrast, CC neutrino-nucleus re-
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actions involve only isovector couplings and are mainly dominated by purely transverse responses
(Tvv + Taa and Ty, ,). Thus, one could question the validity of the SuperScaling Approach. This
subject was studied in [88]] by analyzing the scaling functions evaluated with the RMF model.
There, it was found that, contrary to what one might expect, the (e,e’) longitudinal scaling func-
tion agrees with the total (v;,/7) one (which is mainly transverse) better than does the transverse
scaling function from (e, e’). This result is explained by the different roles played by the isovector
and isoscalar nucleon form factors in each process (see [88] for details).

These previous studies have motivated a superscaling analysis based on the RMF theory in
order to improve the analysis of neutrino reactions. Within the RMF model [89] the bound and
scattered nucleon wave functions are solutions of the Dirac-Hartree equation in the presence of
energy-independent real scalar (attractive) and vector (repulsive) potentials. Since the same rel-
ativistic potential is used to describe the initial and final nucleon states, the model is shown to
preserve the continuity equation [90] (this is strictly true for the CC2 current operator [86]); hence
the results are almost independent of the particular gauge selected [86.87]. In the RMF model
the nucleons are dynamically and strongly off-shell and, as a consequence, the cross section is not
factorized into a spectral function and an elementary lepton-nucleus cross section.

The RMF has achieved significant success in describing QE electron scattering data. On the
one hand, its validity has been widely proved through comparisons with QE (e, e’) data (see [86]]
and Sect.[3.5.2)). In this connection, an important result is that the model reproduces surprisingly
well the magnitude and shape of f zfe'xp, i.e., it yields an asymmetric longitudinal scaling function,
with more strength in the high-w tail, and with a maximum value (~0.6) very close to the exper-
imental one. On the other hand, the model predicts f;e' > ze'. For instance, at ¢ = 500 MeV/c
(1000 MeV/c) the transverse RMF scaling function at the maximum is 13% (20%) larger than the
longitudinal one. This violation of zeroth-kind scaling was analyzed in [88], where it was shown
that the origin of such an effect lies in the distortion of the lower components of the outgoing nu-
cleon Dirac wave function by the FSI.

However, the RMF model also presents some drawbacks. First, it predicts a moderate depen-
dence of the scaling function on the transferred momentum ¢. For increasing values of ¢ the RMF
model presents: i) a strong shift of the scaling functions to higher w values, ii) too much enhance-
ment of the area under the tail of the functions, and iii) correspondingly too severe a decrease in
the maximum of the scaling functions. Despite these shortcomings, the scaling functions obtained
within the RMF model reproduce reasonably well the experimental longitudinal scaling function
in a wide kinematical region (see Section [3.3). Second, getting results with the RMF model is
computationally very expensive, especially when the model is employed to predict neutrino cross
sections where one has to fold in the flux distribution of the incident neutrino or to compute totally
integrated cross sections. Hence in what follows, after correcting for the too strong g-dependence
of the RMF model, we shall implement the main features of the model in a new version of the
SuSA approach, called “SuSAv2”, that makes it possible to obtain numerical predictions to com-
pare with data using fast codes, yet retaining the basic physics of the RMF.

In summary, in this work we extend the original SuSA model by incorporating in its formalism
information from the RMF model. Thus we build the new model in such a way that it reproduces
the experimental longitudinal scaling function, produces f;e' > ze', takes into account the dif-
ferences in the isoscalar/isovector scaling functions and avoids the problems of the RMF model in
the region of high momentum transfer.
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3.4.1 RMF and RPWIA scaling behavior

In this section we present a systematic analysis of the scaling functions computed with the Rel-
ativistic Mean Field (RMF) and the Relativistic Plane Wave Impulse Approximation (RPWIA).
Both models are based on the relativistic impulse approximation (RIA) and provide a fully rela-
tivistic description of the scattering process. The bound state Dirac-spinors are the same in both
models and correspond to the solutions of the Dirac equation with scalar and vector potentials.
The two prescriptions differ in the treatment of the final state: the RPWIA describes the outgoing
nucleon as a relativistic plane wave while the RMF model accounts for the FSI between the outgo-
ing nucleon and the residual nucleus using the same mean field as used for the bound nucleon. In
what follows, we analyze the scaling functions involved in (e,e’), (v,u”) and (v, u*) reactions as
functions of the momentum transfer g. Due to the large number of existing electron and neutrino
experimental data for '>C, most of the calculations presented in this thesis correspond to this nu-
cleus. The extension to other nuclear systems will be addressed in following chapters.

We first split all different response functions by isolating the isoscalar (T = 0) and isovector
(T = 1) contributions in electron scattering, and the vector and axial contributions for neutrino
and antineutrino induced reactions: VV (vector-vector), AA (axial-axial), VA (vector-axial). This
strategy will allow us to extract clear information on how the FSI affect the different sectors of
the nuclear current. Furthermore, it will make it easier to explore the relationships between the
different responses linked to (e,e’), (v, u”) and (v, u*) reactions.

Assuming charge symmetry, the two channels, L and T, accesible in electron scattering (3.37)
can be decomposed as a sum of isoscalar (T = 0) and isovector (T = 1) contributions. In terms of
the scaling functions, the nuclear responses are defined as,

/ 1
R (qw) = E[ 2 WG (q.w)
+ 17 WGP qw)] (3.70)

Similarly, the charge-changing muon-neutrino (antineutrino) responses (3.34) can be given as,

RO (g0) = ifLV”@(w')GXV(q,w) (3.71)
RV (qw) = fcf””)w )GEA (g, w) (3.72)
RV (qw) = féf””)w )G (g.w) (3.73)
R (gw) = fL*”(”(w )G (q.w) (3.74)
RV (qw) = [fVVV”)(w’)GW(q,w)

+ f;‘A”V’(W)G;‘A(q,w)] (3.75)
B Gw) = 006 o). (3.76)

The Gg’s terms in (3.70) and (3.71H3.76) are the single-nucleon responses defined in (3.53). No-
tice that the previous scaling functions fx for neutrino induced reactions are purely isovector.
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In the following we examine three basic features of the scaling functions in the RPWIA and
RMF models: shape, position and height of the peak, and the integrals of the scaling functions
over y’.

3.4.2 Shape of the scaling functions

The goal here is to study the shape of all scaling functions. In Fig.[3.3](Fig.[3.6), for different values
of g, we present the transverse (longitudinal) RMF scaling functions normalized to the maximum
value corresponding to a reference function, in this case f}/ Y7 and relocated so that the maximum
isaty’ = 0. As already mentioned, the scaling variable ¢’ depends on ¢, w and Eg; ;. Thus, for
each scaling function, Eyy;s; is taken so that the maximum is located at " = 0. The results within

the RPWIA model are presented in Fig.[3.7.

We do not present results of gé, éz‘, f z‘f for neutrino and antineutrino scattering, and fTT =0

for electron scattering because they are very sensitive to small effects due to cancellations and/or to
the smallness of the denominator (G function) which appears in the definition of the scaling func-
tion (3.33)). The first three are seen to be insignificant for neutrino reactions as it will be shown in
Chapter [7, whereas the fourth does not enter in that case and is known to be a minor correction in
the QE regime for electron scattering.

The results from the RPWIA model show that all scaling functions have the same shape (see
Fig. 3.7). This comment also applies to models based on nonrelativistic and semirelativistic de-
scriptions (see [85,91]).
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Figure 3.5: Transverse RMF scaling functions normalized to the maximum value corresponding to
an arbitrary reference function and relocated at ¢ = 0 (see text for details). The convention used
to label the different curves is as follows: “e” for electron-induced reactions and “v” (“av”) for
neutrino- (antineutrino-) induced reactions.
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Figure 3.6: As in Fig. but now for the longitudinal RMF scaling functions.
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Figure 3.7: As in Fig. 3.5 but in this case the results correspond to RPWIA. Transverse and
longitudinal sets are presented together.

Within the RMF model, all transverse scaling functions approximately collapse in a single
one. On the contrary, the longitudinal responses are grouped in two sets: one corresponding to
Tzl,ee’ al’ld fVV,V(V)

L L )
and the other to the isoscalar contribution for electrons, namely, Z:O’“ . This result emerges

for all g-values and tends to be rather general. It is also noticeable that the tail is higher and more
extended for the transverse responses, whereas for the longitudinal ones it tends to go down faster.

the pure electron isovector and neutrino (antineutrino) VV-responses, i.e.,
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It is worth observing that in all cases the RMF scaling functions display a much more pro-
nounced asymmetric shape than the RPWIA ones, an effect related to the specific treatment of
final state interactions.

3.4.3 Height and position of the peak of the scaling function

In the top (bottom) panel in Fig. [3.8] the peak-height of the transverse (longitudinal) set of scaling
functions is presented as function of g. The results correspond to RMF and RPWIA predictions.
We observe that the peak-heights of the scaling functions within RPWIA are almost g-independent
(and very close to RFG value of 3/4), while the RMF ones present a mild g-dependence in the
transverse set and a somewhat stronger one for the longitudinal set. It is well known that FSI
tend to decrease the peak-height of the responses putting the strength in the tails, especially at
high energy loss. This is particularly true for the RMF approach [86,92] and models based on
the Relativistic Green Function (RGF) [93,(94]. Similar effects have also been observed within
semirelativistic approaches [85,91]].
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Figure 3.8: Top panel: Peak height of the transverse set of scaling functions as a function of the

transferred momentum g. The upper set of lines corresponds to the prediction within RPWIA (thin

lines), while the lower set of lines has been obtained with the RMF model. Bottom panel: As for

the top panel, but now for the longitudinal set of scaling functions.
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More specifically, in Fig. 3.8l we see that the discrepancies between the RMF and RPWIA
peak-height results average to ~25% in the transverse set. On the other hand, those discrepan-
cies are more strongly g-dependent in the longitudinal sector, reaching ~30% (~70%) in the lower
(higher) g-region for the longitudinal isovector responses (blue lines). Finally, the difference be-
tween the isoscalar longitudinal (e,e”) scaling function produced by RMF and RPWIA (magenta
dashed-dotted lines) is somewhat smaller: ~20% (~30%) for lower (higher) g.
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Figure 3.9: Top panel: Shift energy, Ej;s:, needed in order to have the corresponding scaling
function peak located at " = 0, as function of ¢. Results for the transverse set of scaling functions.
Bottom panel: As for the top panel, but now for the longitudinal set of scaling functions.

In Fig. we study the position of the peak of the transverse and longitudinal sets. To this
scope we display the energy shift, E; r;, needed to place the peak of the scaling function at ¥’ = 0
as a function of ¢g. In the top panel of Fig. 3.9 we see that for the RPWIA transverse scaling
function, Eg;s; is almost g-independent, while the corresponding RMF shift increases almost
linearly with the momentum transfer. This g-linear dependence of E; s, was already observed and
discussed within the framework of a semirelativistic model based on the use of the Dirac-equation-
based potential [91]. Approximately the same behavior is observed for the longitudinal set (bottom
panel in Fig.[3.9), although in this case the RPWIA results are softly linearly dependent on g. It
is also worth mentioning that the three transverse scaling functions linked to the same neutrino or
antineutrino process, f}/ v, 7‘3‘A and fVA, collapse in a single line for RMF as for RPWIA.
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From the analysis of Figs.[3.8 and[3.9 one may conclude that fLTzl’eel presents the same behav-

ior (height and position) as fz/v’v(v) (blue lines). The differences between these three curves are
approximately constant and arise from the differences in the bound states involved in the reaction:
proton+neutron in (e, e’), neutron in (v, u~) and proton in (v, u*). The Coulomb-FSI, namely, the
electromagnetic interaction between the struck nucleon and the residual nucleus, which plays a
role when the outgoing nucleon is a proton, could also introduce a difference; however, we find
that its effects are negligible and that the differences between, for instance, fZV’V and fXV’V in RP-
WIA (where no Coulomb-FSI are involved) are almost the same as in RMF (see Figs.[3.8]and [3.9).

The strong g-dependence of the RMF peak position, which keeps growing with the momentum
transfer, is a shortcoming of the model, whose validity is questionable at very high ¢. Indeed for
high ¢ the outgoing nucleon carries a large kinetic energy so the effects of FSI should be sup-
pressed for such kinematics. In fact, it would be desirable that the RMF results tend to approach
the RPWIA ones for increasing momentum transfer, i.e., the scaling functions should become
more symmetric, and a saturation of the peak-height reduction and of the energy shift should be
observed. That trend is consistent with the scaling arguments [36,37,186], i.e., the experimental
evidence of a universal scaling function for increasing g. This is one of the motivations to use an
alternative model if one aims to reproduce the experimental (e,e’) data at medium-to-high mo-
mentum transfers.

A possible alternative for the behavior of the peak height, peak position and shape of the scaling
functions is to implement the RMF model at low to intermediate-g and the RPWIA one for higher
g-values, as it is proposed in following sections.

3.4.4 Sum rules

In Fig.[3.10 the values of the integrals over ¢ of the different scaling functions within RMF model
are presented versus ¢g. These are given by

Si(q) = f Fiw.q)dv . 3.77)

The integration limits, denoted by (—oo, +00), extend in reality to the range allowed by the kine-
matics. The above integral in the case of the longitudinal (e,e’) scaling function was shown to
coincide, apart from some minor discrepancies ascribed to the particular single-nucleon expres-
sions considered and the influence of the nuclear scale introduced, with the results obtained using
the standard expression for the Coulomb Sum Rule (see [95] for details. Hence in what follows
we denote the functions S;(q) simply as sum rules.

We see that all integrals of the transverse set are above unity and increase almost linearly with
g. On the contrary, the integrals of fXV’V(V) and fLTzl’eel (blue lines) are below unity and decrease
with g up to ¢ = 1100 MeV/c. From ¢ = 900 MeV/c they begin to be stable around the value 0.7.
Then, from ¢ = 1200 MeV/c to higher g-values the integrals start growing again. However, notice
that in that g-region the result of the integrals is very sensitive to the behavior of the tail of these
particular scaling functions (see Fig. 3.6). Finally, the values of the integral of the longitudinal
isoscalar function, fLTZO""’/, is approximately constant and close to unity. The behavior of the
integrals of the two longitudinal scaling functions for (e, e’) is consistent with the analysis of the

Coulomb sum rule for these two models (see [93])).

!Coulomb sum rule (CSR) in inclusive electron scattering states that by integrating the longitudinal strength over
the full range of w at large ¢, one should get the total charge (number of protons) of the nucleus.
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Figure 3.10: Integrals of RMF scaling functions as functions of g.

Although not shown here, we have also studied the integrals within RPWIA. In general, one
observes that they are almost g-independent in all cases: ~1 for the longitudinal set and ~1.05 for
the transverse set.

3.5 Analysis of the SuSAv2 model

In this section we build the SuSAv2 model as a combination of the original SuSA model and some
of the physical ingredients contained in the RMF and RPWIA models.

As we have shown in the previous sections, the RMF model has a g-dependence that is too
strong whereas, on the contrary, the SuSA approach does not account for the difference between
the longitudinal and transverse (e, e’) scaling functions. Similarly, SuSA neglects the possible dif-
ferences in the scaling function linked to isospin effects (isovector, isoscalar, isovector+isoscalar)
or to the character of the current (VV,AA and VA).

Thus, we aim to improve the SuSA model by introducing into it specific information from the
RMEF approach. Thus, the SuSAv2 model is based on the following four assumptions:

1. f ze/ superscales, i.e, it is independent of the momentum transfer (scaling of first kind) and
of the nuclear species (scaling of second kind). It has been proved that f ze/ superscales for a
range of g relatively low (300 < g < 570 MeV/c), see [36]. As in the original SuSA model,
here we assume that superscaling is fulfilled by Nature.

2. ;e' superscales. It has been shown that f;e' approximately superscales in the region ¢ < 0
for a wide range of g (400 < g < 4000 MeV/c), see [37]. However we assume that once
the contributions from non-QE processes are removed (MEC, A-resonance, DIS, etc.) the
superscaling behaviour could be extended to the whole range of .

3. The RMF model reproduces quite well the relationships between all scaling functions in
the whole range of g. This assumption is supported by the fact that RMF model is able to
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reproduce the experimental scaling function, ffee'xp, and the fact that it naturally yields the

inequality f7¢ > f7°.

4. At very high ¢ the effects of FSI disappear and all scaling functions must approach the
RPWIA results.

Contrary to what is assumed in the SuSA model, where only f Zfe/xp is used as reference scaling
function to build all nuclear responses, within SuSAv2 we use three RMF-based reference scal-
ing functions (which will be indicated with the symbol f): one for the transverse set, one for the
longitudinal isovector set and another one to describe the longitudinal isoscalar scaling function in
electron scattering. This is consistent with the study of the shape of the scaling functions discussed
in the previous section, where three different sets of scaling functions emerged.

We employ the experimental scaling function zee'x as guide in our choices for the reference
ones. In Fig.[3.11lwe display the RMF longitudinal scaling function, f;, for several representative
values of g. Notice that the functions have been relocated by introducing an energy shift (see later)
so that the maximum is at " = 0. It appears that scaling of first kind is not perfect and some
g-dependence is observed. Although all the curves are roughly compatible with the experimental
error bars, the scaling function that produces the best fit to the data corresponds to g ~ 650 MeV/c.
This is the result of a y2-fit to the 25 experimental data of f Iefe'xp, as illustrated in the inner plot in

Fig.
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Figure 3.11: Longitudinal scaling function for (e, e’) computed within RMF. The scaling functions
have been shifted to place the maximum at ¢’ = 0. In the inner smaller plot the reduced- y?, defined

2 _ 1 x25 ee’ _ fRMF expq2 exp .
as x°/25 = 55 22 [( Lexpi f Li ) /O'L,l. 1* where oy, are the errors of the experimental data,

is presented versus ¢. The minimum y? is around ¢ = 650 MeV/c. Data from Ref. [82].

According to this result, we identify the reference scaling functions with fLTzl’eel, ZZO’“' and

; =le¢” evaluated within the RMF model at g = 650 MeV/c and relocated so that the maximum is

at ¥’ = 0 (we will account for the energy shift later):

fro= fr kG (3.78)
frr=r = f]1REE (3.79)
frr=o = f] 2 IME. (3.80)
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Thus, by construction, the (e, e’) longitudinal scaling function built within SuSAv2 is f|5*S4v2 =

fL ﬁf:"go ~ z"e'xp. In order to work with these reference scaling functions we need analytical ex-
pressions for them. To that end, we have used a skewed-Gumbel function which depends on four
parameters. The expressions that parametrize the reference scaling functions are presented in Ap-

pendix Bl

Next step before building the responses (see Eqs. (3.70H3.76)) is to define the rest of scaling
functions starting from the reference ones. According to the third assumption for the construction
of SuSAv2, we define:

IOy = g0 g fr=! (3.81)
f;/V,v(V) (q) = VVv(v) (q)f (3.82)
f;\A,v(V) (q) = AA V(")(q)f (3.83)
f;//A,v(V) (q) = VA V(")(q)f (3.84)

where we have introduced the ratios u defined for the transverse and longitudinal sets as:

w e = 0@ @) (3.:85)
@ = @ l”( ) (3.80)
VAv(v)( ) = f}’,@(q)/fT 1@6 (3.87)
w e = @I 1“( ). (3.:88)

From the results of these ratios, presented in Fig.[3.12] it emerges that one can assume y¥v’v® (q9) ~
1, with an error of the order of ~1%. The same assumption could be made for ,uT,V) (¢9) and

,uAA’V(V)(q) but in this case the error averages to ~3% and ~7%, respectively. Regarding the longi-

VVy()

tudinal isovector set, although not shown, one gets u, ~ 1 with an error of the order ~1%.
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Figure 3.12: Ratios of the transverse scaling functions.

Therefore it is a good approximation to set all of the y-ratios equal to unity in Eqs. (3.81H3.84),

, to assume: fVVV(V) = ;‘AV(V) = VAV(V) = fr and fVVV(V) = f.. Notice that since
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T=0,ee’ AAy (V) . T=0ee’ _ 7
T and foeyy,, are not defined (see Sect. B.4.2) we will also assume f; = frr=1
AAYD)  _ 7
and fecep g = fLr=1-

Finally, in order to implement the approaching of the RMF results to the RPWIA ones at high
kinematics, that is, the disappearance of FSI at high g, we build the SuSAv2 L and T scaling
functions as linear combinations of the RMF-based and RPWIA reference scaling functions:

T=0,1
7L

Fr

cos? x () f1 =" +sin? x(q) fREWIA (3.89)
cos® x(q) fr +sin? y(q) fRPWIA, (3.90)

where y(q) is a g-dependent angle given by

q-q9 -1
X(q)E%(l— 1+e(“’_0)] ) (3.91)

with go and wy the transition parameters between RMF and RPWIA prescriptions which will be
defined in Sect. The reference RPWIA scaling functions, }gp WIA “are evaluated at q=1100

MeV/c, while the reference RMF scaling functions, fx, are evaluated at g=650 MeV/c and are
shown in Fig. The g-values chosen for the reference scaling functions were previously dis-
cussed whereas the explicit expressions of the RMF (fx) and RPWIA (f [1§P WIA) scaling functions
are given in Appendix [Bl With this procedure we get a description of the responses based on RMF
behavior at low-intermediate g values while for higher momentum transfers it mimics the RP-
WIA trend. The transition between RMF and RPWIA behaviors occurs at intermediate g-values,
namely, ~ go, in a region of width ~ wy, as detailed in Sect.

0,81 i
0,6 -

04F

0,21~

Figure 3.13: Reference scaling functions for (e,e’) and CC neutrino induced reactions in the
SuSAv2 model.
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The response functions (see Eqs. (3.70) and (3.71H3.76))) are simply built as:

/ 1 _ -
R (@) = &= |FLr=1 ()G (q.0) +FLr-0(0")G] " (q,w)] (3.92)
/ 1 _ _
R (@w) = =FrW) |01 (@w) + 6T (qw) (3.93)
= 1
R (g0) = = Frra@)GL (g.) (3.94)
1
Ree™(@,0) = = FLr-1(0)Gee(a.0) (5:99)
1
ReL" ™ (@.0) = - Frr= )G (.0) (3.96)
1
R (@.0) = = Frr=1 ()G (g.) G9D
- 1
RV @w) = =Fw)[61" g0 + Grlg.w)] (3.98)
1
RV @0) = FW)GT (G.0). (3.99)

Furthermore, in order to reproduce the peak position of RMF and RPWIA scaling functions,
discussed in Sect.[3.4.3] within SuSAv2 we consider a g-dependent energy shift, namely, Ez;¢:(q).
This quantity modifies the scaling variable ¥ (q,w) — ¥'(q,w,Espnif:) as described in Sec-
tion[3.2.3] In particular, we build this function Ejj; ,(¢) from the results of the RMF and RPWIA
models presented in Fig.[3.91 Thus, Ep; ¢/(¢) for the reference RMF scaling function f}[gl/’(E shift)]
is the parametrization of the brown dot-dot-dashed line in the top panel of Fig.[3.91 The same pro-
cedure is used to parametrize Eg;f;(g) corresponding to the f77-; and f7 70, but in this case
using, as an average, the blue dot-dot-dashed line from the bottom panel of Fig. Moreover, for
the RPWIA case we use for the longitudinal and transverse responses the corresponding RPWIA
Enift(q) curves shown in Fig.[3.9]

Notice that for ¢ < 300 — 350 MeV/c it is difficult to extract the peak position of the RMF
scaling function from the data so we have set a minimum shift energy, E;r; = 10 MeV. This
choice of Eyy; r:(q) depending on the particular g-domain region considered is solely based on the
behavior of the experimental cross sections and their comparison with our theoretical predictions
(see results in next sections). In the past we have considered a fixed value of Eyy; 7, [37] (different
for each nucleus) to be included within the SuSA model in order to fit the position of the QE peak
for some specific g-intermediate values. Here we extend the analysis to very different kinematics
covering from low to much higher g-values. On the other hand, the RMF model leads the cross
section to be shifted to higher values of the transferred energy. This shift becomes increasingly
larger for higher g-values as a consequence of the strong, energy-independent, highly repulsive
potentials involved in the RMF model. Comparison with data (see the results in the next sections)
shows that the shift produced by RMF is too large. Moreover, at very high g-values, one expects
FSI effects to be less important and lead to results that are more similar to those obtained within
the RPWIA approach. This is the case when FSI are described through energy-dependent optical
potentials. Therefore, as already mentioned, our choice for the functional dependence of E; r;(q)
is motivated as a compromise between the predictions of our models and the comparisons with
data.
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3.5.1 Pauli blocking effects on SuSA and SuSAv2 models

In this Section, we show the relevance of Pauli Blocking (PB) effects on the SuSA and SuSAv2
models. The phenomenon of Pauli blocking arises from the exclusion principle, which dictates
that two fermions cannot share the identical set of quantum eigenstates. As a fermion, a nucleon is
not permitted to be in a state which is already occupied by another nucleon, reducing the available
phase space and hence the lepton-nucleus cross section.

Within the RFG model, the bound nucleons are simulated as a “gas” of particles, with a uni-
form momentum distribution from the lowest state up to an empirically-determined maximum k.
In this case, the Pauli principle requires the final-state nucleon’s momentum to exceed the Fermi-
momentum.

As detailed in Sect.[3.2] the RFG model combines the free-nucleon cross sections with a poten-
tial well in the form of binding energy as well as Pauli blocking to restrict the available kinematics
of struck nucleons. These effects are implemented when integrating the nuclear tensor (3.21)) by
means of a factor proportional to:

O(kr = IPDO(P + gl — kp) X 6(w - [E(p+q) — E(P)]) . (3.100)

The first term requires the nucleon participating in the interaction to have momentum below kr,
the second enforces Pauli blocking requiring the struck nucleon to be above the Fermi momentum,
whereas the third assures energy conservation. Therefore, the Pauli-blocked regime occurs at low
momentum transfers when |p| < kr which, regarding the expression above, implies g < 2kf.

Moreover, the SuperScaling model works well for high enough momentum and energy trans-
fers, whereas in the low ¢ and w region (typically, ¢ < 400 MeV/c and w < 50 MeV) it is
inadequate and some prescription that accounts for Pauli blocking and collective nuclear excita-
tions should be used. In the phenomenological SuSA approach, Pauli blocking effects are not
trivial to implement and have been neglected in the first applications of the model [19,164.,81]]. In
this thesis we introduce PB using the procedure proposed in [96.97]], which generalizes the simple
RFG prescription [75] — only valid for a step-like momentum distribution — to accommodate more
realistic momentum distributions. In summary, the prescription consists in subtracting from the
scaling function f (¥’ (w,q)) its mirror function f(¥'(-w,q)),

foiockea W' (w,q9)) = f'(w.9)) = fW'(-w,q)) ; for w<O0. (3.101)

This incorporates a correct blocking of unphysical excitations, which are then excluded in a more
satisfactory way than through the ad hoc factor [1 — n(p + q)/n(0)] commonly used in the litera-
ture [98,99]. If applied to a non-Pauli-blocked version of the RFG, this procedure yields exactly
the correct Pauli blocking for that model. Moreover, this method does not require the knowledge
of the nucleon momentum distribution n(p).

In Fig. Pauli blocking effects in the scaling function for '2C (kr = 228 MeV/c) and dif-
ferent fixed values of the transferred momentum are shown. The Pauli-blocked regime appears at
q < 2kp = 456 MeV/c and, in particular, PB effects are noticeable for ¢ < 250 MeV. At these
kinematics, the subtractions to the non-Pauli-blocked scaling function come mainly from w < 50
MeV/c. We also note how f(¢”) does not scale when plotted versus w (3.13) where the curves are
shifted to lower w values as g decreases.
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When displayed versus the scaling variable ¢’ (Fig. 3.14), we notice that the non-blocked
scaling function is exactly the same for all kinematics and is only limited for the range of w-values
compatible with the fixed ¢ value. As also observed, the PB effects only have an impact in the
region of low " which is related to the lower values of w.
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Figure 3.14: Superscaling function versus ¢’ at different q-fixed values and evaluated for the
SuSA model with (SuSA) and without (SuSA,,,pp) Pauli blocking. .
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Next we show the effects of PB in the SuSA and SuSAv2 models when comparing with (e, e’)
data on '?C. For this purpose, we display in Fig. the SuSA results with and without PB and
compare them with a few sets of data at the kinematics in which PB effects are significant, i.e.,
very low ¢g. In the region of low-w, the PB effects can be observed on the width and peak height
of the cross sections. In general we conclude that the agreement between SuSA and data improves
when PB is introduced. SuSA without PB (green-dashed) produces cross sections too wide, while
SuSA with PB (brown) provides narrower cross sections in better agreement with data. This is
particularly true in panels (1) and (2) in Fig. The same comments apply to Fig.[3.17] where
SuSAv2 with and without PB is compared with the same set of low-g data. The lowest energy
transfer data, corresponding to the excitation of resonant and collective states, cannot be described
by any of the present models.
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Figure 3.16: SuSA with and without Pauli Blocking is compared with (e,e’) data. Egir, = 10
MeV has been employed. Data taken from [[100,101].
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Figure 3.17: SuSAv2 with and without Pauli Blocking is compared with (e,e”) data. Data taken
from [[100L,101]].

A clear difference between SuSA and SuSAv2 (Figs. and 3.17) is that the latter clearly
overestimates the data in the region below and close to the peak whereas the SuSA model un-
derestimates all data for medium and high g-values (Figs. 3.19H3.20). However, in all cases the
maximum is placed at w < 50—60 MeV where, as discussed in Sect.[3.5.2] the validity of the mod-
els based on IA is questionable and no definitive conclusions can be drawn based on comparison
of model and data in this w-region. Nevertheless, the agreement of the SuSAv2 model with data in
the low-energy range can be improved by determining more accurately the gg transition parameter
between RMF and RPWIA contributions, as shown in Sect. [6.1 in such a way that the effects of
FSI via the RMF model be more significant for lower kinematics, thus reducing the resulting cross
section.

The effect of Pauli Blocking is also of relevance for the analysis of CCQE neutrino cross
sections, particularly at low kinematics, as will be shown in Chapter[7]
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3.5.2 Analysis of the SuSAv2 model for (¢, ¢’) reactions within the QE regime

In this section we present a systematic comparison of inclusive '>C(e,e’) experimental cross sec-
tions and the predictions for the QE process within RMF, SuSA and SuSAv2 models. As men-
tioned, data correspond to the total inclusive cross section which includes contributions from sev-
eral channels, mainly: QE scattering, inelastic scattering, many-nucleon emission, efc. Here we
only focus on the QE process, whereas a more detailed analysis of the inclusive cross section
including inelastic processes and 2p-2h MEC contributions will be addressed in Chapter[6l There-
fore, one expects that the models do not reproduce the total inclusive experimental data corre-
sponding to kinematical situations in which non-QE contributions play some role. Thus, the main
interest of the systematic analysis presented in this section is the comparison between SuSAv2
predictions and those from the SuSA and RMF models. Full analyses of the inclusive (e,e’) cross
section (including descriptions of QE and non-QE contributions) have been presented with some
success in the past [84,185] within the context of the semiphenomelogical SUSA. Our aim in the
following is to complete the description of the inclusive process within the context of SuSAv2
model, via the inclusion of the inelastic spectrum and 2p-2h contributions. This will be detailed in
the next chapters.

In Figs. we present the comparison of the (e, e’) experimental data and models. Due
to the large amount of available data on 12C(e, ¢’) at different kinematics (see [100,[101]]) in these
three figures we only show some representative examples. A more detailed analysis will be drawn
in Chapter [7 Each figure is labeled by the incident electron energy, &; (in MeV), the scattering
angle, 6,, and the transferred momentum corresponding to the center of the quasielastic peak, g
(in MeV/c). Pauli Blocking has been included in the SuSA and SuSAv2 models following the
procedure described in [96,/97] and detailed in Section
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Figure 3.18: Comparison of inclusive '>C(e,e’) cross sections and predictions of the RMF (red),
SuSA (green-dashed) and SuSAv2 (brown) models (see text for details). Set of panels correspond-
ing to low-q values. Data are taken from [100,/101].
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Figure 3.19: Continuation of Fig.[3.18l Set of panels corresponding to medium-g values. Data are
taken from [100,[101]].
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taken from [100,[101]].



3.5. ANALYSIS OF THE SUSAV2 MODEL 71

The panels in Figs. are organized according to the value of the transferred momen-
tum (at the center of the QE peak) in three sets: low-g (from g = 238 to ¢ = 333 MeV/c) in
Fig. 3.18, medium-g (from g = 401 to ¢ = 792 MeV/c) in Fig. and, high-g (from g = 917
to g = 3457 MeV/c) in Fig. The only phenomenological parameters entering in the calcula-
tion are the Fermi momentum kr and the energy shift Ej; ;. For these we use kr = 228 MeV/c
(see [37]]) in both SuSA and SuSAv2 models. A constant energy shift of 20 MeV is employed in
SuSA [37] while a g-dependent function, the one described in Sect. 3.3 is used for Eyj; s, in the
SuSAv2 model. Preliminary values for the SuSAv?2 transition parameters of go = 800 MeV/c and
wo = 200 MeV have been applied.

We begin commenting on the low-g panels presented in Fig. The main contributions to
the cross section from non-QE processes such as inelastic processes contributions (A-resonance)
and MEC, are very small, even negligible, in this low-g region. In spite of that, when the trans-
ferred energy is small (w < 50 — 60 MeV) other processes such as collective effects contribute to
the cross section making questionable the treatment of the scattering process in terms of IA-based
models. This could explain, in part, the general disagreement between models and data in that
w region in (a), (b) and (c) panels. Moreover, we can observe that the SuSA model seems to be
shifted to high w values with regard to the experimental data whereas the SuSAv2 model matches
with the experimental QE peak position. At the same time, the SuSAv?2 results are higher than
the SuSA ones, which is mainly due to the natural enhancement on the RMF transverse scaling
function.

Some clarifications are called for regarding the RMF results in Fig. where sharp reso-
nances appear at very low w values. These correspond to 1p-1h excitations with the phase shift of
a given partial wave going through 90 degrees. With more complicated many-body descriptions
these sharp features are smeared out.

In summary, in order to test the goodness of the models in the kinematical situation of Fig.[3.18]
one should focus on the study of the tails of the cross sections where large enough w-values
(w = 50 — 60 MeV) are involved. There, one observes that SuSA predictions are clearly over-
shifted to high w-values while RMF and SuSAv2 models fit the data reasonably well. In addition,
as expected, SuSA results are systematically below SuSAv2 and RMF ones at the QEP.

We now discuss the results for medium-¢ values presented in Fig. First of all, one should
mention that for the kinematics of this figure, in addition to the QE process, non-QE contributions
are essential to describe the experimental cross sections. For instance, in panels (f), (g) and (h) the
A-peak appears clearly defined at w values above the QE peak. In panel (e) one sees that in the
region around the center of the QE-peak, the RMF prediction is slightly above the SuSAv2 one,
being closer to the experimental data. This is consistent with the behavior of the RMF scaling
function studied in Sect.[3.4.3](see Fig.[3.8), namely, the peak-height of the RMF scaling functions
increases for decreasing g-values.

If the main non-QE contributions are not included in the modeling it is hard to conclude which
model is better to reproduce the purely QE cross section. However, it seems reasonable to conclude
that SuSAv2 improves the agreement with data compared to SuSA. For instance, in the situation of
panel (e), it would be needed that non-QE processes would contribute more than 20% around the
QE-peak in order to SuSA fits the height of the data. A 20% fraction of the cross section linked to
A-resonance and MEC contributions is probably too much for that kinematics. Similar comments
and conclusions apply to the results in panel (d) of Fig. 3.18]



72 3. CHARGED-CURRENT QUASIELASTIC NEUTRINO-NUCLEUS SCATTERING

For g-values close to 650 MeV/c (panels (f) and (g)) RMF and SuSAv2 produce very similar
results because of the way in which SuSAv2 has been defined (see Sect.[3.3). For higher g-values,
q 2 792 MeV/c ((h) panel), SuSAv2 and RMF predictions begin to depart from each other. In
particular, RMF results tend to shift the peak to higher w values and to place more strength in the
tail while SuSAv2 cross sections tend to be more symmetrical due to the increasing dominance of
the RPWIA scaling behavior (see Sect. [3.3).

This difference is more evident for higher g-values, as observed in panels (j)-(1) of Fig.
It is important to point out that for the kinematics presented in Fig. the non-QE contributions
are not only important but they become dominant in the cross sections. This is the case presented
in panels (k) and (1) where the QE-peak is not even visible in the data.

Next, we summarize the main conclusions from the present comparison of the SuSA and
SuSAv2 models in the QE regime with the inclusive (e, e”) data:

e Regarding the enhancement of the transverse response, Ry, in SuSAv2 compared with SuSA:
prior to the addition of non-QE contributions (which will be addressed in Chapter [@)), the
most clear indications that support the SuSAv2 assumptions arise from the comparison with
data at kinematical situations in which non-QE effects are supposed to be small (panels (e)
and (d) in Figs.[3.18 and respectively).

e Regarding the energy-shift analysis: within the SuSA model we have used a constant energy
shift of 20 MeV/c. From the comparison with the low-g set of experimental data, Fig. 3.18]
one concludes that 20 MeV is a too large shift. On the contrary, the comparison with the
high-g set of data, Fig. suggests that 20 MeV is probably too small. Then, one is led to
conclude that a constant energy shift is not the best option to reproduce (e,e’) data. These
results support the idea of introducing a g-dependent energy shift such as we made in the
SuSAv2 model. The theoretical justification of this assumption was already discussed in
Sect.

In Chapter [7] we will show that the SuSAv2 model describes more accurately the neutrino
induced reactions than the semiphenomelogical SuSA aproach. This result mainly comes from
the g-dependence on the energy shift, the enhancement on the transverse response via RMF pre-
scriptions as well as the possibility of separating scaling functions into isoscalar and isovector
contributions.

Finally, we should add a remark concerning the RMF/RPWIA transition parameters, go and
wy, appearing in Eq. In the previous results (Figs. 3.18H3.20), we have applied a fixed value
of these parameters which have shown a reasonable agreement with some experimental data at the
QE peak. However, the transition between the RMF and RPWIA models depends on the particular
kinematics involved, namely on the momentum transfer g. Accordingly, the transition parameter,
qo, 1s expected to increase with g in such a way that the RMF contribution will be dominant
at low kinematics where FSI effects are of high relevance, whereas the RPWIA description is
needed at higher kinematics. Therefore we introduce a dependence on the momentum transfer
q that determines explicitly the relative RMF and RPWIA contributions at different kinematics.
This analysis is carried out together with the extension of the SuSAv2 formalism to the inelastic
spectrum and applied to the study of the (e, e’) data in Chapter [6]



Chapter 4

2p-2h MEC contributions for electroweak
reactions

In this Chapter, we evaluate and discuss the impact of two-particle two-hole meson-exchange cur-
rents (2p-2h MEC) on electron- and neutrino-nucleus cross sections. The 2p-2h MEC responses
are calculated within the RFG model in which a fully Lorentz and transitionally invariant calcu-
lation can be developed. In order to reduce the computational time, we make use of an accurate
parametrization of these responses.

4.1 Introduction

As shown in Fig. 4.1 the 2p-2h MEC process takes place when a weak or electromagnetic bo-
son from the leptonic current is exchanged by a pair of nucleons (2-body current) leading to the
emission of two nucleons from the primary vertex. These states, where two nucleons are promoted
above the Fermi level leaving two holes inside the Fermi sea, are known to give a large contribution
in the so-called “dip region”, corresponding to excitation energies lying between the quasielastic
(QE) and A(1232) excitation peaks. These contributions are essential for a correct interpretation of

Figure 4.1: Schematic view of the 2p-2h MEC process for lepton-nucleus interactions.

current and forthcoming neutrino oscillation experiments, which strongly relies on our understand-
ing of neutrino-nucleus scattering at intermediate energies (from 0.5 to 10 GeV) and in particular

73
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of the nuclear-structure effects involved. At these kinematics, it has been proved that processes be-
yond the IA, in which MEC play a major role, give a significant positive contribution to the cross
section which helps to account for the discrepancy observed in (e,e’) processes between theory
and experiment in the “dip” region as well as for the discrepancies between some recent neutrino
CCQE measurements (e.g., MiniBooNE, NOMAD, MINERvVA, T2K) [20}21,24.,146,47,56[. In-
deed, the inclusion of 2p-2h MEC contributions has allowed to explain these data without modify-
ing any effective parameter (such as the axial mass My) [30,31,39,102,/103)]. All this supports the
need to consider mechanisms such as final-state interactions (included in our QE description via
RMF theory), nuclear correlations or MEC, in particular through their contribution to multinucleon
knock-out around and beyond the QE peak as suggested by explicit modeling [30,131,104.105].

As commented in Chapter 3| the 2p-2h MEC processes together with inelastic contributions
and, in particular, meson production via baryon resonances such as the A, are responsible of scaling
violations in (e, ¢’) reactions, which are more prominent in the transverse [84,[85]. However, even
below the meson production threshold there are scaling violations in the transverse response [36],
one source of which is clearly the MEC contributions, again predominantly transverse. These
two-body currents can excite both one-particle one-hole (1p-1h) and two-particle two-hole (2p-
2h) states. Most studies of electromagnetic (e,e’) processes performed for low-to-intermediate
momentum transfers with MEC in the 1p-1h sector (see, e.g., [106-109]) have shown a small re-
duction of the total response at the QE peak, mainly due to diagrams involving the electroexcitation
of the A resonance. Nevertheless, they are roughly compensated by the positive contributions of
correlation diagrams, where the virtual boson couples to a correlated pair of nucleons. In this work
we shall therefore neglect them and restrict our attention to 2p-2h final states, computed in a fully
relativistic way. As discussed in previous works [105,1105113]], relativity is an essential ingre-
dient in the analysis of 2p-2h processes at momentum transfers above 400-500 MeV/c. At these
kinematics, the non-relativistic reduction can lower the resulting 2p-2h MEC cross section around
a ~ 40% or more [[105]]. This statement is in connection with the kinematical regions of interest for
neutrino oscillation experiments which extend to relativistic domains. At these g-values, the static
approximation used for the A propagator in the non-relativistic calculations of 2p-2h transverse
response function [114] fails to explain the “dip” region.

Moreover, the presence of nucleon-nucleon correlation interactions involving the one-nucleon
current may lead to the excitation of 2p-2h final states, and interference between these processes
and those involving MEC should be analyzed to assess their relevance. These effects, taken into ac-
count in the RFG-based descriptions of 2p-2h provided by Nieves et al. [31] and Martini [30], are
not included explicitly in our RFG MEC model, that relies on a hybrid description where the one-
particle emission already contains contributions of nuclear ejections due to nuclear correlations
— via scaling functions from the SuSAv2 model. Explicit calculations of the correlation-MEC
interference terms are still in progress and their contributions will be presented in further works.

The contributions considered in this thesis englobe the 2p-2h states excited by the action of
meson-exchange currents within a fully relativistic framework (see [110,112,113,/115] for details),
involving virtual A resonances as well as the seagull (contact) and pion-in-flight currents obtained
in previous works [110,[111]. Deviations from the Fermi gas model 2p-2h responses produced
by ingredients such as final-state interactions, finite nuclear effects or nuclear correlations are
expected to be moderate, which would result in small corrections in the impulsive cross section as
the MEC contributions are also moderate. The previous assumption is based on previous works at
low-to-intermediate momentum transfers for !>C and *°Ca within the framework of the continuum
shell model [114}/116] as well as in other analyses [117-119].
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4.2 General formalism

The evaluation of the 2p-2h MEC contributions is performed within an exact microscopic cal-
culation, where the two-body current is the sum of seagull, pion-in-flight, pion-pole and A-pole
operators and the basis wave functions are non-interacting Dirac spinors. The features of the RFG
model allows for a fully Lorentz covariant calculation of the MEC. In Refs. [110},113,115] it
has been calculated for the first time the fully relativistic weak (with vector and axial compo-
nents) charged meson-exchange currents for neutrino-nucleus interaction in both longitudinal and
transverse channels as well as a complete analysis for electromagnetic reactions. The numerical
integration method is described in [105}/113}120] where the 2p-2h MEC hadronic tensor is calcu-
lated considering two particles p| and p} above the Fermi momentum in the final state, p; > kr,
and two holes h; and h, below the Fermi momentum, %; < kp,

vV 4
wHY = —fd3 " hidPhy———O(p’, Pl by, h
2p=2h (27.()9 Py 1 2E1E2E1Eé (pl 10| 2)
r?(pl,p5.hi,h)6(El + E) —E) — E» —w), 4.1)

where by momentum conservation, p, = hy + hy + q — p} and E; and E! are the on-shell energies
of the holes and particles. The only two parameters in the description are the Fermi momentum kg
associated to the nuclear species and the separation energy, i.e., Eg; r;. Pauli-blocking effects are
also considered through the step function

O(py.pys s ha) = 0(ps — kp)O(p| — kp)O(kp — h1)O(kp — ho) . 4.2)

The elementary 2p-2h hadronic tensor r#” is defined in terms of the two-body MEC antisym-
metrized matrix element j#(1’,2’,1,2)4,

4 V4 V4 1 . /7 /7 k .Y /7 /7
(P Py o) = Z Z JHAL2,1,2)57 (10,2, 1,2) 4. (4.3)

S1 st'lsé tltzt;té

The MEC operator is written as the sum of four contributions, seagull (a,b), pion-in-flight (c),
pion-pole (d,e), and A pole (f-i), as shown in Fig.[4.2]

jII\J/IEC = jsﬂea + J# + jll;lole + ]K . 4.4)

The different contributions are characterized in terms of how the virtual boson is attached to the
hadronic vertex. The seagull or contact terms are associated to the attachment of the virtual boson
to the NN vertex whereas the pion-in-fligh operator is referred to the direct interaction of the bo-
son with the virtual pion. At variance with the pion-in-flight current, the pion-pole terms has only
the axial component and therefore it is absent in the electromagnetic case. This contribution could
be considered as the “axial counterpart” of the pion-in-flight term, in the sense that it contains two
pion propagators. MEC contributions involving the virtual A resonance (A-pole terms) are also of
relevance for the description. For completeness, it is worth pointing out that those diagrams that
correspond to the excitation of a 2p2h + r state, hence to pion production [121], are implicitly
included in the phenomenological inelastic scaling function described in Chapter 2?.

The exact evaluation of the 2p-2h hadronic tensor (4.1) in a fully relativistic way involves
numerical seven-dimensional integrations of a huge number of terms. This makes the computation,
exactly performed in [105,/110,[113,/120], highly non-trivial. In order to reduce the computational
time as well as to ease the implementation of the results in Monte Carlo generators used in the
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Figure 4.2: Feynman diagrams of the MEC considered in the present analysis, including the seagull
(a,b), pion-in-flight (c), pion-pole (d,e), and A pole (f-i) contributions. Taken from [105]].
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analysis of neutrino experiments, where a wide range of kinematic conditions — momentum and
energy transfers — are involved, we make use of a parametrization of the MEC responses that
can be applied from low to very high momentum and energy transfers. The parametrization form
employed for the different electromagnetic and weak responses is a function of the momentum and
energy transfers, or equivalently, of the momentum and the scaling variable, and reads

_(dl'*a4,x)2 )
2p-2hMEC 2a3 xe  5X k
Ry W'\q) = ——+ > bex - @), (4.5)
_(L// aj x)
l+e 92X k=0

where X = L,T(= Tyy) for electromagnetic reactions and X = CC,CL,LL,T(= TVV,TAA),T‘,/A
for neutrino reactions. The parameters a; x(g),bx x(q) are g-dependent and are defined for each
reaction channel. The ¢ scaling variable is the same as defined in Chapter 3]

1 A =1
Ver Jas v vk T TED)

v’ ; (4.6)

where £F is the dimensionless Fermi kinetic energy and the following dimensionless transfer vari-
ables have been also previously defined: A = w/2My, k = q/2My, T = k> — A%. Primed variables
contain the energy transfer shift, w’ = w — Eg;f:, which accounts for the binding energy of the
ejected nucleon, which is usually determined phenomenologically. With this parametrization, the
evaluation of the 2p-2h MEC cross sections for electromagnetic and weak reactions is similar to
the quasielastic case, just replacing the QE response functions in Egs. (??) and (??) by the corre-
sponding 2p-2h MEC ones.

In the following sections, we analyze the 2p-2h MEC responses for electromagnetic (Sec-
tion £3) and charged-current weak (Section B.4) reactions on !2C, also detailing the different
parametrization forms. The extension to other nuclei will be addressed in Section

4.3 2p-2h MEC responses for (e, ¢’) reactions

Next, we consider the purely isovector nuclear longitudinal and transverse response arising from
electromagnetic 2p-2h MEC states on '2C, based on the work by De Pace et al. [110] and Amaro
et al. [105,113]]. An accurate parametrization of these responses as a function of the momentum
and energy transfers involved is presented.

Although MEC clearly dominate in the transverse channel, the study of Refs. [105,[113]] in-
cludes also for the first time MEC contributions in the longitudinal sector. In Fig. we present
the separate 2p-2h MEC responses in the two channels for different g values. As shown, the trans-
verse sector clearly dominates up to ¢ ~ 1800 MeV/c, while the L and T contributions are of the
same order for larger values of the momentum transfer. However, note that the kinematics where
the MEC give the largest contribution to the cross section corresponds to g < 1000 — 1500 MeV/c,
as stated in [[115] and will be discussed later.
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Figure 4.3: Comparison between 2p-2h MEC R} and Ry response functions versus w. The curves
are displayed from left to right in steps of g =200 MeV/c.

The electromagnetic MEC response functions for ¢ > 400 MeV/c exhibit a peak that decreases
with ¢ together with a tail that rises with ¢’ and ¢. In order to parameterize these functions we
applied an expression with two terms, the first one mainly fitting the peak of the respons and the
second fitting the tail at larger ¢

_(lﬂ'—a4,L(T))2 5
2az e “SLD
MEC N o_ L(T) PN
R}y, W) = — +;)bk,L(T) W) 4.7)

l+e “LD
In this expression the parameters a; 1(r), bx (1) are g-dependent, and they are used to fit the origi-
nal RQ’[(‘TE)CV , Tesponses shown in Fig. 4.3l We first fit each response for a given ¢ to get the values
of the a;, by parameters for that specific g-value, ensuring a smooth dependence on ¢ for each of
them. The g-dependent values of the fitting parameters are shown in Fig. 4.4l We then parametrize
the g-dependence of the parameters themselves using a polynomial in g. The responses in Eq.
then become explicitly dependent on the momentum transfer, RMEC (y’, q), through the depen-

. LT)vv
dence in the parameters, a; 1.1)(q), br.L)(q).

In order to fit the responses above g = 2000 MeV/c, which show almost no peak but a tail-
like shape, we keep only the second term in Eq. (4.7), namely a3 1) = 0; since these responses
are very similar in the large-g region under consideration (up to 3500 MeV/c), we use the same
parametrization for all of them, namely by 17)(q¢ > 2000) = by rr)(g = 2000). As it will be
discussed later, there are no significant MEC contributions for ¢ >2000 MeV/c and the same is
true for large w > 1000 MeV [115]. For the responses below ¢ = 300 MeV/c we use again a
polynomial to fit the results (a3 = 0),

3

R%5€(¢/’Q<300) = Z kL (@) - WHE. (4.8)
k=0

"Note that the functional form for the first term is similar to the one employed for the SuSAv?2 scaling functions
(see Appendix [Blfor details).
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Figure 4.4: Dependence on ¢ of the fitting parameters {a;, by} for the electromagnetic 2p-2h MEC
transverse response.
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is shown as a logarithmic scale to stress the accuracy of the fit.
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The results of the above parametrization for the transverse MEC responses are presented as
a function of the scaling variable ¢’ in Fig. where it is shown that it gives an excellent rep-
resentation of the exact results in the full region of ¢ and ¢’ explored. Going into detail, some
minor differences between the microscopic calculations and the parametrization can be observed
at the highest " values, above ' = 2, which corresponds to w — ¢. When comparing them
versus the energy transfer, w, we can observe how these small discrepancies roughly dissapear for
all cases. Additionally, a succesful comparison with the 2p-2h MEC calculations at very low-g
values is shown in Fig. For completeness, we show in Fig. .7 the Q2-dependence of the
transverse MEC response in terms of the energy transfer. The 2p-2h MEC responses decrease and
are shifted to large w-values as |0?| increases. We also notice that the increase observed in the tail
of the MEC responses for fixed g-values at w — ¢ (see Fig. 4.3) does not appear in Fig. 4.7 as
|Q?|-values below 0.1 GeV? are neglected.
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Figure 4.6: R#/’ 56 (MeV~!) versus ¢’ for the lowest q values. The curves are displayed from
top to bottom in steps of g =50 MeV/c. The parameterized responses are shown as black lines.

Comparisons with microscopic calculations (coloured cross points) are also displayed.

Q% 0.1-1.0 GeV*

T T [ T T T [ T T T [ T T T [ T T T [ T T T [ T T T ]

0.008

0.006

€ Mev

)

= 0.004

RT,VV

0.002

e erese e
| T R IR B i

600 800 1000 1200 1400
0 (MeV)

Figure 4.7: Transverse vector 2p-2h MEC response versus w for different values of Q2. The curves
are displayed from left to right in steps of 0.1 GeV?.
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Similarly to the transverse channel, a high accuracy is achieved for the parametrization of the
2p-2h MEC longitudinal response functions, as reproduced in Fig. 4.8l Notice that no approxi-
mations are involved in the present calculations for the longitudinal and transverse functions. The
MEC parametrizations considered here takes care of the complete relativistic calculation, making

it suitable to be applied at very high values of the momentum and energy transfers.
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Figure 4.8: 2p-2h MEC R, responses (dashed lines) compared with the parameterized ones (thick
solid lines) versus w. The curves are displayed from left to right in steps of ¢ = 200 MeV/c.

4.4 2p-2h MEC responses for (v;,/) reactions

In this section, we consider the fully relativistic weak charged meson-exchange currents on 2C, in
both longitudinal and transverse channels and for the vector and axial components. These have
been evaluated in [105/113,/120] from an exact microscopic calculation based on the RFG model.
The procedure to obtain the weak 2p-2h MEC response functions has been previously detailed in

Section 4.2|and is similar to the one for electromagnetic reactions.

We use the same functional form (Eq.4.5]) employed for the parametrization of the electromag-
netic MEC responses (Section [4.3) but extending it to the different axial and vector components
involved in the analysis of CC neutrino reactions. As for (e,e’) reactions, the parametrization
yields an excellent representation of the microscopic calculations in the same region of g and .
In Fig. we compare the contributions of the different 2p-2h MEC responses as functions of the
energy transferred to the nucleus for three values of the momentum, ¢ = 200, 600 and 1000 MeV/c.
Note that in general the 5 weak responses (CC,CL,LL,T(= Tyy + Ta4) and T", 4) are comparable
in size, depending on the specific kinematics. We also show the contributions of the vector-vector
(Tvv) and axial-axial (Txa) responses, which are closer to the interference vector-axial term (77, ,).
The electromagnetic responses are also shown as reference, where it can be observed the neg-
ligible contribution of the vector longitudinal contribution whereas it is recognized the factor 2
between the weak vector contribution (7yy) and the purely-vector electromagnetic one (7)) as a

consequence of the isovector nature of the CC weak interaction considered.

2The electromagnetic 2p-2h MEC responses and the ones for charged-current neutrino reactions corresponding to
The factor 2 arises from the transition between the isovec-

the Tyy channel are related through RY. ..., = 2RFM, .
tor+isoscalar electromagnetic contributions, where the isoscalar term is negligible, and the purely isovector one for

CC neutrino scattering.
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Figure 4.9: Comparison between 2p-2h MEC transverse (T = Tyy + Taa and T” = Ty, ,) response
functions and the longitudinal ones (CC, CL and LL) at ¢ = 200 MeV/c (top panel), g = 600
MeV/c (mid panel) and ¢ = 1000 MeV/c (bottom panel).
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We can also notice a larger relevance of the weak longitudinal contributions with respect to
the electromagnetic case. Nevertheless, when computing the total MEC neutrino cross section,
the contribution of the CC and LL channels is roughly compensated by that of the negative CL
response, so that for neutrino energies below ~ 1 GeV the net longitudinal contribution plays
a minor role in the total MEC response. This is illustrated in Fig. where the L, T and
T’ contributions to the 2p-2h MEC cross section are displayed versus the neutrino energy. At
higher energies the L and 7" contributions become comparable, both being much smaller that the
dominant 7" one. The balance between the longitudinal and transverse 2p-2h channel discussed
above is somehow different from the one emerging in the electromagnetic case. As described in
Section[4.3], the longitudinal electromagnetic MEC response is indeed negligible with regard to the
transverse one. However, as illustrated in Fig. we notice that when computing the total 2p-2h
MEC weak cross section the longitudinal contribution is dominated by the axial channel and thus
it plays a more relevant role compared with the purely-vector electromagnetic case. Concerning
the transverse responses, it is noticeable that the magnitude of the pure axial and vector channels
to the cross section is very similar. Moreover, the vector-axial interference contribution reaches its
maximum around E, ~1 GeV and decreases at higher energies as a consequence of the behavior
of the leptonic factor V7+ and the axial form factor G A4(0?), which vanish as |Q?| increases (see
Chapter 2] for details).
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Figure 4.10: Separation into components of the total 2p-2h MEC v, cross section displayed versus
neutrino energy E,. The total longitudinal (L), transverse (7)) and transverse interference (7”)
contributions are shown (left panel) as well as the net cotnribution (L + T + T”). Longitudinal and
transverse channels are decomposed into vector and axial contributions (right panel).
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Figure 4.11: Comparison between 2p-2h MEC axial transverse (744) response functions and the
vector ones (Tyy) versus w (left panel). The transverse vector-axial interference term (77, ,) is also
shown (right panel). The curves are displayed from left to right in steps of ¢ = 200 MeV/c.
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The analysis of the evolution with ¢ of the individual transverse components (see Fig. 4.11)
shows that the axial term is larger than the vector one at low-intermediate kinematics (¢ < 800
MeV/c) whereas the opposite occurs at higher kinematics. The interference vector-axial response
functions yield an intermediate result between the axial and vector responses.

The present evaluation of the 2p-2h MEC responses and their corresponding fits also have the
merit of covering a very wide ¢ range, including the tail of the responses at high " and w values.
In general, (e, e’) data are rarely available when w — ¢ and hence the high-w region was ignored
in some prescriptions. In contrast, for CCQE reactions one must integrate over a broad neutrino
spectrum and hence, potentially, the high-w region may be relevant. This has motivated us to
make an accurate description of the MEC contributions also for these kinematics. In Fig. 4.5] the
analysis of the R% 55 results versus w shows a small contribution below g < 300 MeV/c as well
as the relevance of the tail in the response at ¢ > 800 MeV/c. On the other hand, the tail of the
MEC responses at high g (¢ > 1000 MeV/c) which appears at w > 1000 MeV does not contribute
significantly to the cross section at lower kinematics, as can be deduced from Fig. In fact, if
we neglect the tail of the MEC response in our parametrization, no significant differences emerge
except at neutrino energies above 1 GeV where the complete approach yields somewhat larger
contributions, as seen in Fig. It can also be deduced from Fig. that no significant MEC
contributions appear for g >2000 MeV/c, and the same is true for large w > 1000 MeV, showing
that the kinematics where the MEC give the largest contribution to the cross section corresponds
to g ~ 500 — 1500 MeV/c and w ~ 250 — 1000 MeV, as also stated in [115]. A more detailed
analysis of the relevant kinematic regions for the entire 2p-2h MEC contribution will be shown in
Chapter [7l Moreover, the comparison between the electromagnetic 2p-2h MEC calculations and
the (e,e’) data will be addressed in Chapter [6] together with the QE and inelastic contributions.
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Figure 4.12: Total 2p-2h MEC v, cross section for the Tyy channel per target nucleon evaluated
excluding all contributions coming from transferred momentum (upper panel) and energy (lower
panel) below some selected values, as indicated in the figure.

The main merit of the parametrization provided here for 2p-2h MEC electromagnetic and weak
reactions on '2C is that it translates a sophisticated and computationally demanding microscopic
calculation into a smooth parametrization which depends on the values of the transfer variables
of the process, easing its implementation into Monte Carlo neutrino event simulations used in the
analysis of experiments. In the following section, we study the extension of this parametrization
to other nuclei.
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Figure 4.13: Comparison between the total 2p-2h MEC v, cross section per target nucleon for the
Tyy channel with and without considering the tail contribution in the responses.

4.5 Density dependence of 2p-2h meson-exchange currents

In this section, we analyze the density dependence of the 2p-2h MEC contributions in lepton-
nucleus interactions in order to extend the above parametrization on '>C to other nuclei. This is
connected to the growing interest in the extension to heavier nuclei, such as '°0, “°Ar, *°Fe and
208pp, used in ongoing and future neutrino experiments. Therefore, an estimation of the density
dependence of the 2p-2h MEC responses would be extremely useful to extrapolate the results from
the current parametrization on '>C to other nuclei.

In Chapter[3] the “superscaling” behavior of the inclusive electron scattering data was analyzed
for various nuclei (see Figs.[3.2land[3.3)), showing that, below the quasielastic peak, these data were
independent on the momentum transfer (scaling of first kind) and on the mass number (scaling of
second kind). On the contrary, some scaling violation emerged for energy transfer around and
above the QE peak, mainly in the transverse channel and ascribed to reaction mechanisms differ-
ent from one-nucleon knockout, such as 2p-2h MEC contributions. This superscaling behavior
was also reproduced through the SuSAv2 scaling functions arising from the RMF theory. More
specifically, it is worth mentioning that the reduced QE cross section, i.e. the QE cross section
divided by the appropriate single-nucleon one, scales as ~ A/kr, kr being the Fermi momentum.
This can be deduced by simple inspection of the equations described in Sections 3.2H3.4l The
Fermi momentum of most nuclei belongs to the range 200-300 MeV/c (see Table 3.1l for a detailed
comparison). In what follows we explore the density dependence of the 2p-2h nuclear responses.

Since the behavior with density of the nuclear response is not expected to depend very much on
the specific channel or on the nature of the probe, for simplicity we focus on the electromagnetic
2p-2h transverse response, which largely dominates over the longitudinal one. Our starting point
is therefore the electromagnetic transverse response for Z = N nuclei, R}EC, associated with
meson-exchange currents carried by the pion and by the A-resonance, evaluated within the model
of [110].

In a previous work [117] based on the non-relativistic Fermi gas, it has been suggested that the
nuclear dependence of the 2p-2h MEC responses scales as Ak%. Thus, in order to test this scaling
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rule within our relativistic approach, we remove the single-nucleon physics from the problem by
defining the following reduced response (per nucleon)

MEC
FMEC (g, w) = izRTT(q’w) 4.9)
ny G (1)

where the single-nucleon term G;e' was previously defined in Section and depends on the
proton (Gyp,) and neutron (Gy,) magnetic form factors. For simplicity here we neglect in the
single-nucleon dividing factor small contributions coming from the motion of the nucleons (WZ“/A
term), where the electric form factor contributes, which depend on the Fermi momentum (see
Section[3.2.3). Note that the reduced response ﬁ}"’ EC is divided by n2 = (kp/my)?, together with
the single-nucleon factor G¢¢ in the search for the Aklz7 scaling. We can also introduce a 2p-2h

MEC scaling function, f¥ EC , defined analogously to the transverse scaling function coming from
the one-body response,

T

RMEC(q,w)

i a0 = = o ke Fp EC. (4.10)
T

The particular case of asymmetric nuclei, Z # N requires more involved formalism and will be
addressed in future work, although preliminary studies indicate that the qualitative behavior with
kr does not change significantly unless N — Z is very large.

4.5.1 Analysis of results

In Fig. we show the dependence on ¢ of the above described 2p-2h MEC scaling function,
f7{” EC for 12C. Unlike the QE case, where the scaling functions for the RFG and RMF models
“collapse” into a single one for all g values, the MEC scaling functions depend largely on g and
spread far beyond the QE region (-1 < ¢’ < +1 within the RFG model). This behavior is more
pronounced for g : 400 — 600 MeV/c. As g increases, the MEC scaling functions are more similar
and their maxima tend to lower ¢’ values, getting closer to the QE peak (¢’ = 0). Furthermore,
we can also notice that at very high momentum transfers the 2p-2h MEC contributions are very
significant in the deep scaling region (large negative ¢’ values), to the extent that they may even
provide a contribution similar to the QE one at very low w. Nevertheless, the QE and 2p-2h MEC
contributions for low w and high ¢ are very small. In general, the observed trend with g of the
2p-2h MEC responses is consistent with the violation of first-kind scaling exhibited by the MEC
in [L11].

In Fig. we display RMEC as a function of the energy transfer w for momentum transfers
g ranging from 200 to 2000 MeV/c and three values of the Fermi momentum kr from 200 to 300
MeV/c. Unlike the 1-body quasielastic case, it clearly appears that the 2p-2h response functions
increase with kr, i.e. with the mass number of the nuclear species. This motivates the search for
a second-kind scaling behavior in the 2p-2h MEC regime. In order to study the kr-dependence of
the responses, we fix the momentum transfer to a specific value in Figl4.16, where we show the
response RMEC for g=800 MeV/c (upper panels) and the same three values of kr used above. In
the lower panels of Fig. we display the scaled 2p-2h MEC response, FMEC, as a function
of the MEC scaling variable ¥/, . ~(¢,w, kr) and of the quasielatic one ¥’ = w’QE(q,w,kF). The
MEC scaling variable is defined in the Appendix[C| in analogy with the usual QE scaling variable,
to adjust the maximum of the 2p-2h results at ¢}, o~ ~ 0.
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The results show that the reduced 2p-2h response roughly scales as k% when represented as a
function of ), -, i.e., the scaled 2p-2h MEC responses shown blend at the peak into a universal
result. This scaling law is very accurate at the peak of the 2p-2h response, while it is violated
to some extent at large negative values of the scaling variable. These effects in the “deep scal-
ing” region are reduced when considering the usual scaling variable a,[/’Q  devised for quasielastic
scattering.

Figure 4.14: Transverse 2p-2h MEC scaling functions f;” EC for 12C versus the usual QE scaling
variable zp’(m from g = 400 MeV/c to 1500 MeV/c.
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Figure 4.15: The 2p-2h MEC response plotted versus w for three values of the Fermi momentum

kr and for different values of the momentum transfer. The curves are displayed from left to right
in steps of g = 200 MeV/c.
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Figure 4.16: Upper panels: the 2p-2h MEC response plotted versus w (left panel) and a,[/’Q p (right
panel) for g = 800 MeV/c and Fermi momentum kr varying between 200 and 300 MeV/c. Lower
panels: the corresponding scaled 2p-2h MEC response F;VI EC plotted versus the scaling variables

Ve (left panel) and Y7, - (right panel).

In Fig. 4.17] the scaled 2p-2h MEC response is now plotted versus ¢y . for four values of ¢
and kr. In particular, we have considered the cases of 12C (kp = 228 MeV/c) and OCa (kp = 241
MeV/c). The first is clearly relevant for ongoing neutrino oscillation studies whereas the second is
a symmetric nucleus lying close to the important case of *°Ar for upcoming neutrino experiments.
Here we see that the same kr-dependence is valid for different values of ¢ as long as Pauli blocking
is not active, namely ¢ > 2kp. At lower g and in the deep scaling region this type of scaling is
mildly broken. In particular, this corresponds to ¢ < 500 MeV/c and the lowest w values. Nev-
ertheless, this is not a relevant kinematic region for the analysis of 2p-2h MEC cross sections on
neutrino reactions as shown in Fig. E.12]ensuring an accurate extension of the '>C-parametrization
to other nuclei.

For completeness, we compare in Fig. the scaled responses fTM EC for different powers
of nr for ¢ = 1000 MeV/c, which reinforces the idea of the Ak% scaling behavior observed in
Fig. 4.17 also for the same value of ¢. In particular, no scaling behavior is observed in terms of
Akp (left panel) even though some agreement between different kr values appears in the deep
scaling region. On the contrary, the analysis of the Ak% dependence (right panel) only produces
similar results for high /.. values which corresponds to high energy transfers.
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Figure 4.17: The scaled 2p-2h MEC response fj{"’ EC plotted versus the scaling variable Wy e for
different values of g varying from 500 to 2000 MeV/c and Fermi momentum kr between 200 and
300 MeV/c. The particular cases of '>C and *°Ca are shown.
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After analyzing the k% dependence of the MEC responses as well as the 1/kr dependence for
the QE regime in terms of the superscaling behavior, we can draw out some conclusions about
the relative importance of both contributions. Regarding the kr dependence for different nuclei
shown in Table we can deduce that for lighter nuclei, where kf is changing more rapidly with
increasing A, the size of the MEC relative to the QE peak changes noticeably as A becomes larger.
As A increases toward heavier nuclei, the nuclear density saturates, causing k¢ to slowly approach
the nuclear matter value of kr ~ 250 — 260 MeV/c. This implies that for heavier nuclei all con-
tributions will scale approximately as A. Therefore, while the relative MEC contribution will be
largest for heavy nuclei, it changes most rapidly when comparing cross sections for light nuclei.
This is also observed in the analysis of (e, ¢’) inclusive data shown in Chapter |6 for different nuclei.

4.5.2 Neutrino-Oxygen 2p-2h MEC responses

Finally, we focus on the 2p-2h MEC responses for '°0, which is relevant for recent neutrino ex-
periments [122]]. In particular, in the T2K experiment the far detector may have different nuclear
targets, mineral oil and water, and it is then crucial to understand how to extrapolate the results
from one target to another.

In Fig. we analyze the 2p-2h MEC responses for neutrino interactions on '°0O compared
with '2C for two of the most relevant contributions (7yy and T", 4)» based on microscopic calcu-
lations by Amaro ef al. [[105]. As previously mentioned, the 2p-2h MEC responses are evaluated
within the RFG model in a fully relativistic framework, for which the values of the Fermi momen-
tum and energy shift used are, kr = 228 MeV/c, Espif; = 20 MeV for 12C and kr = 230 MeV/c,
Espipr = 16 MeV for 160, The kp and E,; f+ values corresponding to 160 are consistent with the
analysis of electron scattering data, as detailed in Chapter [6l

We observe in Fig. (upper panels) that the results for '°O are larger than the '2C ones,
which is mainly due to the different A numbers as the kr values are very similar. At the same
time, the 'O responses are slightly shifted to lower w values with respect to the '2C ones as a
consequence of the smaller Ey; s, for oxygen. Using now the previous result that the 2p-2h MEC
contributions scale as Ak% we can multiply the *C results (which are parametrized) by the ratio
between the A numbers and the k% values for both nuclei,

A(0)kp(1°0)
A(IZC)kIZ:(IZC) ~

35, 4.11)

in order to reproduce the !0 ones. This is presented in the lower panels of Fig. for the Tyy
and Ty, , channels, showing the high degree of accuracy of the scaling law for extrapolating the 2p-
2h responses from carbon to oxygen for all values of ¢ and leading to the conclusion that the Ak%
dependence is also widely fulfilled by the 2p-2h weak reactions. Note also that the different energy
shifts have been corrected by shifting the carbon results 8 MeV to the leftf. Similar comments
also apply to all the remaining weak 2p-2h MEC responses. The comparison of our theoretical
prescription with 160 (e, ¢’) and (vu, 1) data will be addresed in Chapters [0l and [71

3 Although the shift difference between '>C and 90 is, AEspif = Esnift ('*C) — Esnife (1°0) = 4 MeV, we have
to double this value when considering two-nucleon emission.
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Figure 4.19: 2p-2h MEC vector-vector transverse (7yy) response and the axial-vector interference
(T}, ,) one. Upper panels: Comparison between the results for '2C (dots) and '°0 (solid). Bottom
panels: comparison by re-scaling the '?C results with a factor 1.35 (see text). The curves are
displayed from left to right in steps of ¢ = 200 MeV/c from g = 200 MeV/c up to 2000 MeV/c.

Summarizing, we have shown that the 2p-2h electromagnetic and weak MEC response func-
tions roughly grow as Ak% for Fermi momentum varying from 200 to 300 MeV/c. This scaling
law is excellent around the MEC peak for intermediate and high values of ¢ whereas it starts to
break down around the Pauli-blocking region (¢ = 2kr), where 2p-2h MEC do not contribute sig-
nificanly to the neutrino cross sections. Compared to the behavior of the 1-body response, which
scales as A/kp, the relative importance of the 2p-2h contribution grows as k%. This result allows
one to get an estimate of the relevance of these contributions for a variety of nuclei, of interest
in ongoing and future neutrino scattering experiments, and should facilitate the implementation of
2p-2h effects in Monte Carlo generators.






Chapter 5

Deep Inelastic Scattering in
electron-nucleus reactions and its extension
to neutrino reactions

In this Chapter we analyze the inelastic regime for electrons and neutrinos extending the previous
SuSAv2-formalism for the QE regime to the complete inelastic spectrum — resonant, nonresonant
and deep inelastic scattering (DIS). This description is achieved in terms of the inelastic single-
nucleon structure functions for protons and neutrons whereas the nuclear medium effects are im-
plemented by means of the SuSAv2 approach.

5.1 Introduction

Nuclear effects for the case of Deep Inelastic Scattering with neutrinos have not been studied at
depth in the past. A first step is to make use of the results of DIS with electrons that can be
extremely useful for neutrino scattering. Thus, we have taken advantage of high precision mea-
surements for electromagnetic DIS on protons, deuteron and light nuclei to test our model, with
the final goal of extending it to (anti)neutrino scattering. The inelastic structure functions arising
from DIS with electrons are of interest and can be used to extend the electromagnetic descrip-
tion of the inelastic spectrum to the weak sector. Moreover, the analysis of inelastic processes on
lepton-nucleus reactions is an important tool in the study of nucleon structure. At the same time
an accurate description of neutrino inelastic cross sections at low energies is essential for precise
neutrino oscillations experiments. In the analysis that follows we assume the Impulse Approxima-
tion as already done within the QE regime, where only one nucleon interacts with the lepton. An
schematic view of the process is shown in Fig.[3.1l

Figure 5.1: Schematic view of the DIS process for electromagnetic e-p reactions.
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This interacting nucleon must be off the mass shell in order to conserve energy and momentum
in the scattering process. The mass of the final state hadronic system is no longer the proton mass,
M. The final state hadronic system must contain at least one baryon which implies the final state
invariant mass Wy > M.

The inelastic structure functions for protons and neutrons are described in terms of phenomeno-
logical fits for electron-proton and electron-deuteron reactions. The extension of this formalism to
the nuclear regime is addressed by means of the superscaling functions arising from the SuSAv2
model.

5.2 General formalism for (¢,¢’) and (v;,[7) DIS reactions

Following the notation employed for the kinematical description in Chapter 2, the double differ-
ential cross section for the reaction of deep inelastic scattering of a lepton from an unpolarized
nucleon in the Born approximation,

[+N ->1U'+X (I =e,u,1) EM interaction 5.1
viov)+N - 17" +X CC weak interaction (5.2)

is given, in terms of the Bjorken variables x and y [123], by

d*cEM 8Me s m2y .
= —L— [+ | AV (0
dxdy 0 2e My
m? My x
+ {( — —12 - (1 + Z—N) y FfN(x,QZ)] , (5.3)
4sf Ef
d*o 1o Gy MNE,) m;y
= F 5 ) 2[ y2x+— L FlvN(-x’Qz)
dxdy n(1+Q?/My) 2E, s My
m? My x
+ 1 —]-[1+ =X FYN(x,0?
{< 4E> ( 2Ev(V)) Y eed
v(v)
2
y mry vN 2
s Lo (1-3) - e RN 0] (5.4)
{ 2 4MNEV(7)} 3

where F;’N are the inelastic structure functions associated to the EM interaction and Fl.VN are the
ones related to CC weak interactions. In the latter, the +(—) sign related to F3VN corresponds to the
neutrino (antineutrino) case. The x and y Bjorken variables are Lorentz invariant and are defined
as

X = |Q2| (5.5
2H-Q’ '
hence x = 1 corresponds to elastic scattering and 0 < x < 1 to inelastic processes, and
H- £
y = Q y=1- il (EM interaction) (5.6)

H - k; inthelab. frame Ei
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H-Q =1
H - ky(V) in the lab. frame Y= EV(V)

y (weak interaction) , (5.7)

being &;(E,)) and &¢(E;) the initial and final lepton energies for the electromagnetic (weak)
case and y the fractional energy loss of the incoming particle (0 < y < 1). The 4-momentum

H* = (Ej,h) is referred to the on-shell nucleon, where E;, and h are the on-shell energy and mo-
mentum.

With the aim of expressing the nuclear responses in terms of the longitudinal and transverse
channels, the inelastic double differential cross section can also be expressed for the electromag-
netic and weak interactions as

dO'EM _ 2&2 Ef
dQrdey Q% &

nuwWH”, (5.8)

do V1o k G& -
= L L W (5.9

where «a is the fine structure constant, 77,,(17,,) is the leptonic tensor for the weak (electromag-
netic) case as for the QE regime, and W (W#”) is the inelastic hadronic tensor containing all of
the nuclear structure and dynamics information.

Within the context of the RFG model, the inelastic nuclear tensor, integrating over the Fermi
sea, can be written in the form

AN
4ﬂk;

M —
WH (q,w) = dEx f a’hE—NU‘“’(H,Q,EX)(S(w +E,—Ex), (5.10)
F h

where N is the number of nucleons and f F dh = f dhO(kr — h), kr being the Fermi mo-
mentum. The symbol f dEy stands for the integral over the energy of the inelastic final state

(Ex = 4/ pg( + W)z(), having a total momentum py = h + ¢q. The most general expression for the
inelastic single-nucleon hadronic tensor (U*”) can be written as:

u,v . .

Ut = - (g’” + KK;( ) Wy + (77“ - —UKZKK”) (nv - —UKZKKV) W, ¥ is”vaﬁnaKﬁWg, , (5.11)
where we have employed the dimensionless variables
u
W . T R
2My 2My 2My
_ E, h

nt o= (&)= (M_NM_N) (5.12)

and W; are related to the generic inelastic structure functions F; as:
MNW1 = F] 5 VW2 = Fz 5 XVW3 = F3 , (5.13)
where v is a Lorentz invariant related to the energy lost by the incoming particle in the laboratory

frame,
_H-0Q

= - =w. 5.14
v My in the lab. frame ErE=@ ( )
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: . o Wx
We also define the dimensionless invariant mass as ux = e So we can express (5.10) as
N

3N

WH (k,A) =
3
4rny.

fd,uxfdﬂgi—);U“V(ﬂ,#x;K,/lﬁ(Z/l+E—6x)9(77F—77)- (5.15)

For on-shell nucleons, the structure functions W; depend on two variables, the four-momentum
transfer Q2 and the invariant mass Wy of the final state reached by the nucleon, or, equivalently,
the single-nucleon Bjorken variable

0% 10| _ T

= = = ) (5.16)
. 2 2 .
2H-Q W;-M.-Q%> n-«
In the formalism employed, it is necessary to introduce the inelasticity parameter p
_14 (12 -1 (5.17)
p= 47 Hx ’ '

where p = 1 corresponds to elastic scattering. Note that this parameter is related to the Bjorken
scaling variable by the relation p = 1/x. In the following we will use p as argument of the inelastic
structure functions.

Coming back to the expression (5.13) and performing the polar angular integration by means
of the energy conserving ¢ function one gets

IN 2 g4 p2(k,Q) €F
WH (1, 4) = 2 f . dp f dEUM(%,00, p3 &, ), (5.18)
2npk Jo o 27 Jpiea) co(p)
where 1
cosfyp = —(le—T1p). (5.19)
Kn

The condition | cos fy| < 1 fixes the integration limit over €,

1
€ > €o(p) = k[ — + p* - Ap. (5.20)
T

To evaluate the above integral is convenient to expand the four-vector n# (which is normalized to
nun* = 1) in the basis a* = (,0,0,1), «* = (1,0,0,«), 5 = (0,1,0,0) and tﬁf = (0,0,1,0),
namely

n* =ikt + naat + nay + oyt (5.21)
with
Mk = mcosby=—p, (5.22)
1 _
Na = ;(6 +1p)., (5.23)
nx = msinfycos, (5.24)
ny = nsinfysing, (5.25)

where the hadronic tensor can be written as follows:

IN 2 d p2(k,A) €F _ o,V
WH (k, 1) 3T f 2—¢ dpf a’e[ - Wi(z, p) (g““r - ; )
2rn ek Jo T Jpi(x.) €0(p) K

+

Wa(r, p) (ki o + XH) T Wa(z, p)ie?” P ang] (5.26)
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Moreover, by requiring that €p(p) < €r and that the resonance mass Wy is above the pion-
production threshold, we obtain the following limits for the integration on uy and, subsequently,
on p:

My +mz < Wx <My+w-Es, (5.27)
fnin =1 ]"‘;—]”V (5.28)

mar oy ES 2
W= 120 (5.29)

where Ey is the separation energy, that coincides with the previously defined energy shift (Egy; /).
Next, after integrating the tensor in Eq. (5.26) over ¢ and €, we obtain

y ANT p2(x,2)
Wit (K:4) = ik f ) dp (er — €0) 0 (er — €0) U" (k, 7, p) (5.30)
F p1(k,
with
1 KHKY
Ut (k,t,p) = - [Wl(T,P) + §W2(T,P)Z)(K,T,P)] (8’” T )
3 Ha”
+ Walr,p) |[1+7p% + ED(K,T,p)] 22

1 Ay K

F Wi(r,p)et P [(E(eF +€0) + /lp) “Tﬁ - pkakﬁ] : (5.31)

Similarly to the QE case, we can also define an inelastic scaling variable dependent on the
value of p (and hence uy)

1 A—1p

V& v apr s vTaZ D

[ 1
Uy =(A-1p) 606(:;)_1 . (5.33)

In the previous expression we can introduce the relation

(5.32)

Ux

or, equivalently,

er — €0 =& (1—y)? (5.34)
and express the inelastic hadronic tensor as

ANT p2(k,1) ) 5
& do(1-vy2)0(1—-y2) U (k,71,p). (5.35)
236" Jpren (1=vi)o(t-u3)

W.“VI(K, ) =

ne

Therefore, we can also estimate the different inelastic nuclear responses for electromagnetic (L
and T') and weak interactions (CC,CL,LL,T and T’) using the following relation

2 (k1)
3NT§F g dp(1_lpi)e(l—wi)UK(K,T,P(lﬁX)),

2nik” Jpiwa

RE (k,7)

ne

(5.36)
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where, similarly to the QE regime, we can define:

2

Ut = U =0 = = [(147p%) Walr, p) - Wiz, p) + Wa(r,p)D(k, T, p)| (5.37)
-
/12
vt = y¥ = —2U00 (5.38)
K
1 Ak
CL _ 03 30\ _ 00
Uct = —E(U +U )——ﬁU (5.39)
Ut = U"+ U =2W (1, p) + Walz, p)D(k,T, p) (5.40)
, ' 1
ul = —% (U2 -v*) =22 S(er+€0) + Ap| Wa(r.p). (5.41)
where P is defined as:
1 271'
Dk,1,p) = —m— def — (p Xk
p €r — €0(0) Jey(p) (0 x%)°

1
= % {5 €7 + ereo(p) + €0(p)*] + A [er + €o(p)] + 12} ~(1+71)

+ (p- 1)% (A [er + €0(p)] — T(p + 1)}

1+ &pyy - %lﬂx \/fF (2 + fFW;Z() + #&T (1 - wi)] :
(5.42)

= &r(1-v3)

As previously discussed, and for a fixed value of the invariant mass uy, the RFG yields a
scaling function

FREG ) = FREG () = fRFG (g = —(1 WOl -y . (5.43)

where ¢/, also contains the corresponding energy shift, Ep; 71, as for the QE regime,

) 1 V—-70
V== p , (5.44)
F \/(1+/l’p’)T’+K\/T’(T’p’2+1)
with p’ defined as
2H-Q 1, o, W, v,
' = — 1+ 2 1) L =X e (W 4 Ey) =2 5.45
S 2o 6T =1) 5 = g = g (@ B e 64

Then, we can indentify in Eq. (3.36), the term which englobes all the nuclear dependence of the
interaction, fRFC and replace it by the one arising from the SuSA or SuSAv2 models (f™?9"), in
a similar way as done for the QE regime in Chapter 3. Therefore, we calculate the inelastic nuclear
responses for each specific model (RFG, SuSA or SuSAv2) as

max

Hx del K
tnel(K T) = _77 fpfm d,ux,uxfmoe(v,l/;()U . (5.46)
K

The previous formalism allows for a complete description of the inelastic cross sections on
lepton-nucleus interactions where the nuclear effects are included by means of the SuSAv2 model.
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The procedure is similar to that applied for the QE regime (see Chapter[3)), keeping the same func-
tional form for the RMF and RPWIA scaling functions (3.89)) but using a different scaling variable
(¥%) and a different gy transition parameter for the blending function (3.91). The specific details
about the application of the SuSAv2 model for the inelastic spectrum as well as the estimation of
the go transition parameter between the RMF and RPWIA prescriptions for both quasielastic and
inelastic regimes will be presented in Chapter [6] where a detailed analysis of the existing (e, e’)
data and the 2p-2h MEC contributions is also provided.

5.3 Inelastic structure functions

In this Section, the properties of single-nucleon inelastic structure functions for protons and neu-
trons are analyzed. The specific details about the existing parametrizations and empirical models
are detailed in Section[5.4l

As defined in Section [3.2] the inelastic structure functions Fi, F, and F3 depend on two vari-
ables Q? and x, or, equivalently, 7 and p. To determine these inelastic functions for given Q2 and x,
measurements of the differential cross section at different scattering angles and incoming electron
beam energies are needed. This will help in obtaining phenomenological fits of the single-nucleon
inelastic structure functions for protons and neutrons. Specific information on the proton inelastic
form factors can be obtained from the analysis of electron-proton (ep) and electron-deuteron (eD)
scattering processes. On the contrary, the neutron case is much harder as no spedific electron-
neutron (en) processes are available. Thus, information on neutron inelastic form factors relies
directly on the joint analysis of the two scattering processes mentioned above, namely, ep and eD.
Experimentally it is observed that both F; and F> are almost independent of Q in the limit of high
Q? and v. This is known as Bjorken x-scaling [123]

Fi2(x,0%) — Fia(x). (5.47)

Under the previous kinematical conditions, a relationship between F; and F; is given by the Callan-
Gross relation [124]]

F(x) =2xF1(x), (5.48)

originally based on the parton model. Some violation effects on the Callan-Gross relation are re-
lated to second order QCD corrections [[125,/126], which appear at x approaching zero, i.e. in the
highly deep-inelastic region, as well as to mesonic contributions in the nuclear medium. The vio-
lation due to mesonic and other nuclear effects are shown to be noticeable only in the region of low
x and Q? [[127] where the inelastic structure functions are very reduced. Violation of Callan-Gross
relation in nuclei is of current interest in ongoing experiments at JLab [128.[129], where the mea-
surements of F| and F, on nuclear targets will provide important information on this subject [[130]].
Both the Bjorken Scaling and the Callan-Gross relationship can be explained assuming that DIS is
dominated by the scattering of a single virtual photon (boson) from a point-like quark within the

proton (see Fig.[3.2).

At very high kinematics where nucleon resonance structures are not substantially relevant, the
parton distribution functions arising from pQCD (perturbative QCD) provide a proper representa-
tion of the inelastic structure functions. The range of validity of this approach will be discussed in

Section[5.4.4]
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Figure 5.2: DIS process for electromagnetic e-p reactions described in terms of inelastic structure
functions (left panel) and of the quark-parton model (right panel).

5.3.1 Extension to the weak sector

The description of the deep-inelastic regime for weak interactions implies the analysis of an ad-
ditional structure function, F3(W3), related to the parity violating contribution associated to the
V — A interference. An accurate determination of this weak function is hard to achieve from neu-
trino experiments as well as from parity-violating electron scattering [[131,/132] due to the large
uncertainties associated to the cross section measurements. Nevertheless, within the quark-parton
model, we can establish a relationship among the electromagnetic and weak structure functions
and between F, and F; [74,[133,1134]. This is based on the assumption that the corresponding
structure functions W; can be written in terms of quark Q and antiquark Q distributions [135}[136]

B = W, =Q+Q (5.49)

F = xovW:;=Q-Q (5.50)
and, hence,

W = vW,-2Q. (5.51)

For electron scattering, the isoscalar F, structure function of the nucleon, defined as the average
of the proton and neutron structure functions, is given (at leading order in a; and for three flavors)
by

FfN:l(F;p+F2"”):S—X(u+ﬁ+d+c_1)+g(s+§), (5.52)

2 18

where u(u),d (c_l) and s(s) are the distributions for the up, down and strange quarks (antiquarks),
respectively. The quark distributions are defined to be those in the proton and the factors 5/18
and 1/9 arise from the squares of the quark charges. For neutrino scattering, the corresponding F>
structure function is given by

Y = x(u+u+d+d+s+5), (5.53)

where quark charges are not considered. In the moderate and large-x region, where strange quarks
are suppressed, the weak and electromagnetic F; structure functions approximately satisfy,

Sx - 5
eN - ~ vN
;o= 8 (u+u+d+d) ~ _18F2 . (5.54)
Under this assumption, which has been analyzed in connection with experimental results [135]

137H139], one can readily obtain the weak structure functions from the existing parametrization of
the electromagnetic structure functions and the antiquark distribution ]

'In this work, the inelastic cross sections are only calculated and compared with data for electromagnetic reactions.
Their extension to the weak sector and the construction of the appropriate isoscalar and isovector contributions needed
for CC and NC neutrino reactions will be accounted for in further works.
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5.4 Parametrization of the inelastic structure functions

In this section, we analyze two different parametrizations of the inelastic structure functions and
a Parton Distribution Function (PDF) model, showing their capability to reproduce (e, e’) data at
intermediate kinematics for the inelastic regime.

5.4.1 Bodek-Ritchie parametrization

This approach is based on phenomenological fits of the single-nucleon inelastic structure func-
tions W and W, for ep and en, being the latter extracted from deuteron data. The Bodek-Ritchie
parametrization is a general fit of Refs. [133/[134)[140.[141]], which describes both the deep in-
elastic and resonance regions, covering the entire inelastic spectrum. The parametrization fits the
SLAC data published in [140], covering a |Q?| range from 0.1 to 30 GeV?, and including scaling
violations in terms of a modified scaling variable w,,. The structure function W is described by

yWSP (v,0%) = B(Wx,0M)g(wwwy/w, (5.55)
7
) = ) Gl =1/wy)", (5.56)
n=3
ZMNV+612
W = o (5.57)

The modulating function B(Wx, Q) contains 12 parameters representing the masses, widths, and
amplitudes of the cross section for electroproduction of the four most prominent nucleon reso-
nances, and eight parameters representing the Wy dependence of the low-Wy nonresonant con-
tribution and single-pion production threshold. The modulating function is close to unity in the
deep-inelastic region (Wx > 2 GeV). The rest of parameters are defined in [[133]] where a and b
are the same for proton (erp ) and neutron (W;") and the C, coefficients are different for protons
and neutrons. The Wlep and W{" structure functions can be deduced from the Callan-Gross rela-
tion (5.48). The W3 functions, related to VA interference, are obtained using the relation (5.51)
with the antiquark distribution, Q, given by

;
— 1 1 w
Q(x,0%) = > (1 - —) B(Wx,0%)g(0)—. (5.58)
2 Wy, w
The different W; functions for protons and neutrons within the Bodek-Ritchie parametrization will
be shown in in comparison with other parametrizations.

5.4.2 Bosted-Christy parametrization

Although the Bodek-Ritchie [133]] parametrization has been widely used for the analysis of the
highly-inelastic scattering region [142], in recent years new studies, both theoretical and exper-
imental, of the nucleon structure functions in the resonance region have been performed, indi-
cating the need for more sophisticated parametrizations. The kinematical region where nucleon
resonances contribute is essential for the analysis of (e,e”) data and pion production results from
inclusive neutrino measurements. Therefore, it is more convenient to employ more actual expres-
sions for W Z(e”). In this sense, the Bosted-Christy (B-C) parametrization for the proton [143]] and
neutron [144] structure functions seems to reproduce better the electromagnetic behavior in the

resonance I'CgiOl’l.
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This approach is based on an empirical fit to describe the measurements of inclusive inelastic
electron-proton and electron-deuteron cross sections in the kinematic range of four-momentum
transfer 0 < |Q?| < 8 GeV? and final state invariant mass 1.1 < Wy < 3.1 GeV, thus starting
roughly from the pion production region to the highly-inelastic region. The fit is constrained by
the high precision longitudinal and transverse (L/T) separated cross section measurements from
JLab Hall C [143].

Compared to previous fits, it covers a wider kinematic range, fits both transverse and longitu-
dinal cross sections, and features smooth transitions to the photoproduction data at Q> = 0 and
DIS data at high |Q?| and Wy. At the same time, it provides an excellent description of the reso-
nant structures seen in inclusive (e, e’) cross sections. As it will be shown in its agreement
with data in the region of the A-peak within the SuSAv2 model is better than using the previous
Bodek-Ritchie parametrization.

5.4.3 PDF model: GRV9S

The Gliick-Reya-Vogt GRV98 model [146]] employs effective leading order (LO) Parton Distribu-
tion Functions for quarks and antiquarks to get the inelastic structure functions Fp, F> and F3. In
this thesis, we use a recent update [[147] designed for both inelastic neutrino- and electron-nucleon
scattering cross sections. The model describes existing inelastic neutrino-nucleon scattering mea-
surements and has been developed to analyze neutrino oscillation experiments in the few GeV
region. The PDFs are extracted from global fits to various sets of deep inelastic scattering data at
high energies and high |Q?|, where non-perturbative QCD effects are negligible. These effects are
relevant for lower kinematic regions. In this sense, an scaling variable (&, (x,Q?)) is employed
to construct effective LO PDFs that account for the contributions from target mass corrections,
non-perturbative QCD effects, and higher order QCD terms. The non-perturbative effects from
spectator quarks are required to be considered for |Q?| < 1 GeV?. These corrections together
with effects from low energy scattering data are parametrized and included in the description.
This model also accounts for nucleonic resonances and includes photoproducion data above the
A(1232).

In general, the model gives a reasonable average cross section in the resonance region and
beyond as shown in [[147] but it seems to be inadequate to describe inelastic (e,e’) data at low-
intermediate kinematics, below |Q?| < 1 GeV?. Regarding this, we show in Section [5.4.4] that
the GRV98 prescription only matches the empirical Bosted-Christy and Bodek-Ritchie structure
functions, based on fits of electron scattering data, at |Q?| 2 5 GeV>.

5.4.4 Comparison of the different parametrizations

Next, we present a comparison of the different parametrizations for the single-nucleon inelastic
structure functions described above, also confronting them with (e,e’) experimental data in the
inelastic regime.

The electromagnetic inelastic structure functions for protons and neutrons sz(e") are dis-
played versus the Bjorken scaling variable x in Figure 5.3l The comparison is carried out for the
Bodek-Ritchie and Bosted-Christy parametrizations as well as for the GRV98 PDFs prescription
from low to high-Q? values. As observed, the GRV98 PDFs produces an average of the inelas-
tic structure functions through the parton distribution functions whereas the Bodek-Ritchie and
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Bosted-Christy parametrizations, based on phenomenological fits of the structure functions, repro-
duce in a more realistic way the resonance structures observed in ep and ed reactions.

The three models appear to be similar at |Q?| above 5 GeV? for low x values where DIS pro-
cesses dominate whereas some minor differences appear as x gets closer to 1, i.e., where resonance
effects are more significant. On the contrary, the differences among these parametrizations increase
when moving to lower |Q?| values where resonant contributions are more relevant in the entire x
range, even at low x values. Indeed, at |Q?| = 1 GeV?, the GRV9S is roughly an average of the
empirical Bodek-Ritchie and Bosted-Christy fits but does not reproduce the resonant structures at
all. The comparison at the lowest |Q?| values produces the most diverging picture between the
empirical fits and the GRV98 PDFs model. Therefore, its applicability at energies of relevance for
current neutrino experiments is rather questionable.

Focusing on the empirical fits, we can observe small differences between the proton structure
functions Wle ’; for the Bodek-Ritchie and Bosted-Christy parametrizations (see Fig.[3.3]), being the

latter a bit larger at low |Q?| and high x. Concerning the neutron structure functions, W5, they
are significantly greater at lower |Q?| and large x for the Bosted-Christy fit. Although, in general,
the neutron structure functions remain below the proton ones, the opposite occurs for the Bosted-
Christy parametrization at the lowest |Q?| values. All these differences between both parametriza-
tions may be due to the more accurate analysis of the resonances included in the Bosted-Christy fit
as well as to the different procedures to disentangle the neutron structure functions from the proton

and deuteron ones.

Similar comments also apply to Fig.[5.4] where the sum of proton and neutron contributions
are shown for F;N and F;N within the Bosted-Christy and Bodek-Ritchie fits. The antiquark dis-

tribution (6_2) obtained through the procedure described in Section 5.4.1] (see also Ref. [133]]), is
also displayed. As can be noticed, the antiquark distribution is more relevant at |Q?|<1 GeV? and
low x values, thus implying that the main differences between the F3 and F, functions appear at
these kinematics. In Fig.[5.4] the w dependence with x is also displayed, showing how w increases
as x tends to lower values. Regarding the Bosted-Christy approach, some divergences appear at
very low x for higher |Q?| values. Nevertheless, they correspond to the highly-inelastic regime and
extremely high w, which, in general, corresponds to kinematically forbidden regions.

The comparison of the three parametrizations with (e, e”) data is shown in Fig.[5.5/for two rep-
resentative cases at intermediate kinematics where the QE and A peaks are easily recognizable. At
the beginning of the highly-inelastic region, i.e. large w values, where inelastic structure functions
are more similar (see Fig.[5.3)), the three models tend to be closer. It can be also noticed that the
GRV98 PDFs overstimate the experimental data in the A-resonance region. At the same time, its
contribution in the “dip” region between the QE and the A peaks is too large in such a way that
the total result, after considering QE and 2p-2h MEC contributions, would clearly overestimate the
data. On the contrary, the Bodek-Ritchie parametrization underestimates the A region as well as
the beginning of the highly-inelastic regime which may be in connection with its poorer description
of the resonance structures with respect to the Bosted-Christy one. As commented for Figs. [5.3]
and [5.4] the larger Bosted-Christy structure functions result here in an increased inelastic cross
section. At the same time, the accurate inclusion of resonances in this parametrization allows for
a better description of the (e,e’) data in the A-peak region without contributing remarkably to the
“dip” region. As can be deduced from Fig.[5.4] the differences between the empirical fits decrease
as going deeper into the inelastic regime, i.e., larger w values.



104 5. DEEP INELASTIC SCATTERING FORMALISM

Therefore, on the basis of the previous analysis, the Bosted-Christy parametrization emerges as
the most appropriate approach for the analysis of the inelastic regime. In this sense, the reference
inelastic structure functions F; to be employed in our theoretical description are shown in Fig.

Q’=0.14 GeV°/c®
4 ; | ' | ‘ \ ; T

— Bodek ’
--- GRV98 -~
-—- Bosted&Christy e

Q°=5.0 GeV'/c”
T I

Figure 5.3: Inelastic structure functions W;” (black lines), W¢" (red lines), W,” (green lines),
W3 (blue lines) in terms of x for the Bodek-Ritchie parametrization (solid lines), Bosted-Christy
parametrization (dot-dashed lines) and GRV98 PDFs (dashed lines) at Q> = 0.14,1.0 and 5.0
GeV?.
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parametrizations. The antiquark distribution, QN = Q" + Q*, is also shown. The w dependence
with x is also displayed.
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Figure 5.5: Comparison of inclusive '?C(e,e’) double differential cross sections and predic-
tions for the inelastic regime of the Bodek-Ritchie parametrization (solid lines), Bosted-Christy
parametrization (dot-dashed lines) and GRV98 PDFs (dashed lines) at different kinematics (inci-
dent electron beam and scattering angle) in terms of the energy transferred to the nucleus (w).
Experimental data taken from [100,101]. The y-axis represents d*0/dQ/dw in nb/GeV/sr. The

value of g at the QE peak (gpr) is shown as reference.
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Chapter 6

Analysis of inclusive electron scattering
within the SuSAv2-MEC model

Although the focus in this PhD thesis concerns the study of CC neutrno-nucleus scattering pro-
cesses, it is essential first to test our theoretical predictions against the available inclusive electron
scattering data. This was already shown in Chapter [3] but restricting ourselves to the pure QE
regime. In this chapter the SuSAv2 model is extended to include the complete inelastic spectrum
— resonant, nonresonant and deep inelastic scattering — described in Chapter[5l We also consider
the impact of 2p-2h meson-exchange currents following the procedure detailed in Chapter 4 The
predictions of the full SuSAv2-MEC model are first compared with the existing inclusive '2C(e, ¢’)
data and later also applied to other nuclei. The capability of the model to describe electron scatter-
ing data with accuracy gives us confidence in its subsequent extension, and validity, when applied
to recent neutrino oscillation experiments. This subject will be addressed in Chapter ??.

6.1 SuSAv2 model for quasielastic and inelastic regimes

In Chapter 3 a very detailed description of the SuSAv2 model was given, that, as known, incor-
porates the predictions from the RMF theory and a transition to the RPWIA model at high values
of the momentum transfer. This transition between both RMF and RPWIA regimes is governed
by a blending function whose explicit expression is also given in Chapter [3] (see Egs. 3.89-{3.91]
for details). Here our interest is to extend the SuSAv2 model to the inelastic regime so its pre-
dictions can be compared with data covering the entire energy spectrum. This requires to have a
good control of the transition parameters (go,wq) that determine the relative strength of the RMF
and RPWIA responses, and how the transition between them evolves as the transfer momentum
varies. Accordingly, the transition parameter, g, is expected to increase with ¢ in such a way
that the RMF contribution will be dominant at low kinematics whereas the RPWIA one starts to
be relevant at higher energies. Therefore we introduce a dependence of the parameter gy on the
momentum transfer g that determines the relative RMF and RPWIA contributions at different kine-
matics. Moreover, this transition occurs in a region of width wg, which is fixed at 200 MeV.

The particular procedure to determine the go-behavior with ¢ is in accordance to the best fit to
a large amount of (e, e’) experimental data on '>C in a wide kinematical region, covering from low
to high g-values (g: 239 — 3432 MeV/c). For this analysis, '?C is employed as target reference
due to the ample variety of existing data for electron scattering as well as its relevance for neu-
trino oscillation experiments. The method applied to determine the RMF/RPWIA transition in the
SuSAv2 model in both QE and inelastic regimes is based on a reduced- y? analysis of the data sets.

107
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As previously mentioned, the transition parameter, go, must exhibit a dependence on the par-
ticular kinematics involved in such a way that at higher energies, which imply higher momentum
transfers, the RPWIA contribution is more relevant than the RMF one, whereas the opposite occurs
at lower energies. With these assumptions, we perform a y? analysis of the electron-nucleus exper-
imental data which is first focused on the QE region (qOQE) and after that extended to the inelastic
domain (qé”el ). In the whole analysis we take into account the so-called “SuSAv2-MEC” model
for both QE and inelastic regimes as well as the 2p-2h MEC calculations. After analyzing the ex-
perimental data set, we get the qOQE and qé”e’ parameters as functions of g. Figure[6.1]illustrates the

behavior of both parameters, qOQE (top and middle panels) and qg‘e’ (bottom). The data points and
their error bands represent the values of the parameters that best fit the data at different kinematics
(within a ~ 20% in the y? minimum). Each data point is referred to a particular set of data for a
fixed incident energy (E;) and scattering angle (6,) and is characterized in terms of the respective
momentum transfer at the QE peak (gpr) and an averaged value of g in the inelastic region. As
shown, qOQE increases moderately with g at low to intermediate values whereas the slope goes up
significantly at higher kinematics (¢ > 700 MeV/c). This implies that the RMF contribution, even

being reduced at these high kinematics, is still necessary to describe data satisfactorily.

This suggests the following parametrization:

0E, . _ | A+Bq, q<q
9 (q)—{C+Dq, 7> a (6.1)

with g1 = 700 MeV/c, A = 377.629 MeV/c, B = 0.407, C = -5.322 MeV/c and D = 0.968.
Imposing continuity of the above function we are left with three free parameters, A, B and C.

inel

A similar parametrization is found for g,

for the whole region of ¢ explored,

(q), but in this case only one linear function is used

ql(q) = A+ B'gq (6.2)

with A” = 494.439 MeV/c and B” = 0.706.

Finally, it is also worth mentioning that an even better agreement with the (e,e’) data could be
achieved by employing a non-linear fit of the gy parameters as well as including a dependence on
the incident energy (E;) or the scattering angle (6,) in the transition parameters (go,wy); however,
the simpler assumptions made in this work are felt to be adequate for our purposes.

6.2 Analysis of (¢,e’) experimental data

In this section we present the SuSAv2-MEC results for '2C(e,e’) cross sections. We adopt the
Bosted and Christy parametrization for the single-nucleon inelastic structure functions [[143./144]]
which describes DIS, resonant and non-resonant regions as detailed in Chapter 5l For the QE
regime, we employ the electromagnetic form factors of the extended Gari-Krumpelmann (GKex)
model [[148-150] which improves the commonly used Galster parametrization for |Q?| > 1 GeV?
(see Chapter 2l for details). The sensitivity of the QE results to the different parametrizations of the
nucleon form factors has been discussed in [19] and it will be addressed in Chapter[7l Additionally,
for the Fermi momentum we employ the values shown in Table namely kr = 228 MeV/c for
12C.
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Figure 6.1: Parametrization of qOQE in terms of g (top and middle panels). Parametrization of qé"el

in terms of g (bottom panel). Data points represent the go values that best fit each case where the
momentum transfer at the QE peak (gpf) is considered for qOQE and an averaged value of ¢ in the

inelastic region is considered for q(’)"el .
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6.2.1 Experimental (e,¢’) cross sections on 2c

In this section we present the double differential inclusive 12C(e, ¢’) cross section versus the en-
ergy transferred to the nucleus (w), confronting our predictions with the available experimental
data [100,[101]]. Results are shown in Figs.[6.21[6.3]and [6.4} in each panel we show the three sepa-
rate contributions to the inclusive cross section, namely, QE, 2p-2h MEC and inelastic.

The comparisons are carried out for a very wide range of kinematics from low-intermediate
energies to the highly-inelastic regime. Each panel corresponds to fixed values of the incident
electron energy (E;) and the scattering angle (6,): E; : 280 — 4045 MeV and 6, : 12° — 145°. To
make it easier to discuss the results to follow, the ordering of the panels has been done according
to the corresponding value for the momentum transfer at the quasielastic peak, denoted as ggpE.
This gives us the value of ¢ where the maximum in the QE peak appears. However, it is impor-
tant to point out that as w varies, g also varies. This is of relevance to estimate the value of the
RMF/RPWIA transition parameter ¢gq in both regimes, QE and inelastic. Hence we also include in
each panel a curve that shows how the momentum transfer changes with w. Results illustrate that
at very forward angles the value of ¢ increases with the energy transfer, whereas this trend tends
to reverse at backward angles. Thus for electrons scattered backwards, the g-values correspond-
ing to the inelastic process are smaller than those ascribed to the QE regime. However, in this
situation the cross section is clearly dominated by the QE peak. On the contrary, at very forward
kinematics the inelastic process takes place at larger values of ¢g. Thus, the two regimes, QE and
inelastic, overlap strongly, the inelastic processes being the main ones responsible for the large
cross sections observed at increasing values of w. Finally, for intermediate scattering angles the
behavior of ¢ exhibits a region where it decreases (QE-dominated process), whereas for higher w
(inelastic regime) the behavior of ¢ reverses and starts to go up. In these situations the QE peak,
although significantly overlapped with the inelastic contributions, is clearly visible even for very
high electron energies.

The systematic analysis presented in Figs.[6.2][6.3land [6.4]demonstrates that the present SuSAv2-
MEC model provides a very successful description of the whole set of (e,e’) data, validating the
reliability of our predictions. The positions, widths and heights of the QE peak are nicely repro-
duced by the model taking into account not only the QE domain but also the contributions given
by the 2p-2h MEC terms (around ~ 10 — 15%). Only at very particular kinematics, i.e., 8, = 145°
and E; = 320 (360) MeV (Fig.[6.3) and 440 MeV (Fig.[6.4), does the model clearly underpredict
data at the QE peak as also observed in [151]. However, notice that the dip region is successfully
reproduced by the theory. Moreover, the remaining kinematics corresponding to very backward
angles, E; = 560 MeV, 6, = 145° (Fig. [6.4), is well described by the model with a very high
tail ascribed to the inelastic processes. Another kinematical situation whose discussion can be of
interest concerns the scattering angle 6, = 37.5°. Four cases are shown, one in Fig. and three
in Fig. As noted, the model does very well for the lower values of g starting to depart from
data as gpr goes up. Note that this is the case at gor = 792 MeV/c and, particularly, at gor = 917
MeV/c where the theoretical predictions overestimate data by 5% and 10%, respectively, at the
QE peak as well as in the dip region where the QE and inelastic contributions overlap and 2p-2h
MEC are sizeable. This overestimation of cross section occurs only for the set of data of [152],
while a good agreement is observed at similar scattering angles, but for lower momentum trans-
fers, namely, gor = 402.5 MeV/c (Fig. [6.2) and qor = 443 MeV/c (Fig. [6.3), which correspond
to different experimental setups.
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Figure 6.2: Comparison of inclusive '?C(e,e’) cross sections and predictions of the QE-SuSAv?2
model (long-dashed red line), 2p-2h MEC model (dot-dashed brown line) and inelastic-SuSAv2
model (long dot-dashed orange line). The sum of the three contributions is represented with a solid
blue line. The g-dependence with w is also shown (short-dashed black line). The y-axis on the
left represents d’o-/dQ/dw in nb/GeV/sr, whereas the one on the right represents the g value in
GeVl/c.
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Figure 6.3: As for Fig.[6.2] but now for kinematics corresponding to higher gog-values.
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As for Fig. [6.2] but now for kinematics corresponding to the highest gog-values
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Some comments concerning the “dip” region between the QE and the A peaks are also in order.
This is the region where the QE and the inelastic contributions overlap the most and where FSI
effects that modify in a significant way the tail of the QE curve at large w-values can introduce an
important impact. Moreover, the role of the 2p-2h MEC effects is essential because its maximum
contribution occurs in this region. Thus, only a realistic calculation of these ingredients beyond
the IA can describe successfully the behavior of the cross section.

To conclude, the accordance between theory and data in the inelastic regime, where a wide
variety of effects are taken into account, also gives us a great confidence in the reliability of our
calculations. The inelastic part of the cross section is dominated by the A-peak that mainly con-
tributes to the transverse response function. At low electron scattering angles the longitudinal QE
response function dominates the cross section and the inelastic contribution is smaller (as will be
shown in Section[6.2.4). The opposite holds at large scattering angles, where the A-peak contribu-
tion is important. On the other hand, for increasing values of the transferred momentum the peaks
corresponding to the A and QE domains become closer, and their overlap increases significantly.
This general behaviour is clearly shown by our predictions compared with data. In those kine-
matical situations where inelastic processes are expected to be important, our results for the QE
peak are clearly below the data which is compensated by the larger inelastic contribution. On the
contrary, when the inelastic contributions are expected to be small, the QE theoretical predictions
get closer to data. Note also the excellent agreement in some situations (bottom panels on Fig.[6.4)
even being aware of the limitations and particular difficulties in order to obtain phenomenological
fits of the inelastic structure functions, and the reduced cross sections at these kinematics.

6.2.2 Sensitivity of the model

It is important to point out the novelties introduced in this PhD thesis compared with some previ-
ous studies. With regards to the original “SuSA” results shown in [84]], that were based only on the
superscaling function extracted from the analysis of the longitudinal (e,e’) data and assuming the
transverse function to be equal (scaling of zeroth kind), in the SuSAv2 approach the enhancement
in the transverse channel introduced by the RMF model is incorporated. Moreover, the role of
FSI is carefully examined by making use of the evolution of the scaling function from the RMF
responses to the RPWIA ones as the momentum transfer goes up. This explains why the present
analysis provides a much more accurate description of the data. Notice that the SuSAv2 model
makes both QE and inelastic results higher than the SuSA ones. A similar outcome can be also ob-
served in Sections and[3.3.1] (see also [[153]]) where the study was restricted to the QE region
and a fixed value of g that can be appropriate for the specific kinematics considered was used. On
the contrary, here the aim is to provide a model capable of reproducing (e,e’) cross sections for
a very wide selection of kinematics and including in each case the whole energy spectrum. This
is consistent with the g-dependence shown by gg in both regimes, QE and inelastic. We have also
tested the sensitivity of our results to different choices in the values of wg, go and Eg; ¢, for two
representative kinematical situations (see Fig. [6.3).

Concerning the w( parameter, a variation of £100 MeV leads to negligible effects, hence the
value of y? is basically the same (upper panels in Fig.[6.3). In the case of g and Ejy, ft, variations
of the order of +100 MeV/c (in go) and +5 MeV (Ejy;f;) lead to differences within ~ 20% on )(2,
but still providing a very good representation of the data (see results presented in the middle and
bottom panels of Fig.[6.3). Note however that ¢ is a dynamical parameter running with ¢, whereas
the value of Eyy,; r; is determined by the right location of the maxima in the scaling functions. Hence
a significant variation of these three values does not imply a worsening in the agreement with data.



6.2. ANALYSIS OF (e,e’) EXPERIMENTAL DATA 115

E=680 MeV 9 60 qQE—610 MeV/c E=1930 MeV, 6=16’, qQE:536.3 MeV/c

3000 —— ‘ 70000 ————————— &

F oo+lOOMeV )( d_415 1 F s ]
25001 00 MV 433 600001 @, +100 MeV, x°_=1222 |
I AN ‘ ] — @100 MeV, X’ _=12.23
2000+ 50000~ — X 1222 7

i 40000/ .
1500/

! 30000/ .
1000p 20000+ ]
S00¢ 10000 1

O ""01 02 03 04 05 0001 03 03 04 03

E= 680MeV 9 60 qQE—610MeV/C .
3000 —T T 70000——————— 71—

== q,;+100 MeV/c, )( =459
—= g,-100 MeV/c, x* =425 600001

--- q,;+100 MeV/e, X, =10.98
-=- q,-100 MeV/e, X’ =14.30

25001

2000} SN priBE .

—_
D
S
(=)

T I

0 01 02 03 04 05

E=680 MeV 9 60 qQE—610 MeV/c

3000 ——— ‘ ‘ 70000 ————————— 2 T T
L --- B, -SMeV, X’ i =137 g ) 1
2500/ - Epsuev X oa o 60000F grg B MV X IO
I : ] i ~ —- E 5 MeV, X, ,=8.60
2000 i
1500
1000+ i
500+ ]
0 o Jo— \ ‘ ! o~ \ 0 » . L ‘ ! o= ‘
0 01 02 03 04 05 0 01 02 03 04 05

w (GeV) w (GeV)

Figure 6.5: Comparison of inclusive '>C(e,e’) cross sections and predictions of the QE-SuSAv2
model (long-dashed red line), 2p-2h MEC model (dot-dashed brown line) and inelastic-SuSAv2
model (long dot-dashed orange line). The sum of the three contributions is represented with a
solid blue line. It is also shown the total contribution by shifting wg (top panels), go (middle
panels) and Ey; r; (bottom panels). The y-axis represents d?0 /dQ/dw in nb/GeV/sr, whereas the
x-axis represents w in GeV.
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6.2.3 Relevance of the RMF/RPWIA effects

Next, we discuss the relevance of the RMF and RPWIA approaches in the SuSAv2 model. Whereas
the RMF provides an excellent description of the experimental longitudinal scaling function ex-
tracted from data taken at intermediate g-values, producing the required asymmetry and the en-
hancement of the transverse response, the RPWIA approach yields much more suitable results at
higher values of the momentum transfer where FSI effects are significantly reduced. In Fig.
we present the cross sections for a set of kinematical situations showing the isolated contributions
emerging from the two models in the case of the QE regime. Notice that we consider the effects
introduced by the blending function and the go parameters in the RMF and RPWIA results. The
percentage of the two contributions is given in each panel. As shown, for those kinematics that
correspond to the lower values of gor (top panels) the RMF response contributes the most. As gor
increases, the RPWIA contribution becomes relatively more important, approaching the RMF one
(see panels in the middle). Finally, for the higher gpg-values (bottom panels) the behavior reverses
with the RPWIA result being the main one responsible for the QE response.
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Figure 6.6: Comparison of RMF and RPWIA contributions in the QE regime. Also shown for ref-
erence the predictions of the total QE-SuSAv2 model (long-dashed red line) and the total inclusive
contribution (solid blue line). The y-axis represents d*0/dQ/dw in nb/GeV/sr.

To make clearer how both RMF and RPWIA approaches contribute within the SuSAv2 model,
in Fig. we present the specific percentages ascribed to the two contributions and how they
vary with gop. The main variation in the two cases is produced in the region of intermediate
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qoe-values, namely, 250 < gor < 700 MeV/c. Here, the relative RMF contribution quickly
diminishes as gpr increases whereas the opposite occurs for the RPWIA. Note that at gog ~ 700
MeV/c both models produce basically the same answer (~ 50%) crossing each other, whereas for
qore < 500 MeV/c RPWIA gives a very minor contribution, that is, FSI are essential to describe
data at these kinematics. Finally, at higher gor the RPWIA increases slowly, whereas the RMF
decreases, although in both cases some kind of saturation seems to emerge approaching the RPWIA
percentage to ~ 60 — 70% (~ 30 — 40% for the RMF). Although not presented here for simplicity,
similar conclusions arise for the RMF and RPWIA contributions in the inelastic regime.
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Figure 6.7: Comparison of percentages corresponding to the RMF and RPWIA contributions in
the QE regime as a function of gpr.

6.2.4 Separate L/T analysis

The separate analysis of the longitudinal and transverse response functions of 2C is presented in
Fig. We compare our predictions with data taken from Jourdan [82] based on a Rosenbluth
separation of the (e,e’) world data. In each case we isolate the contributions corresponding to the
QE, inelastic and 2p-2h MEC sectors. Three kinematical situations corresponding to fixed values
of the momentum transfer have been considered in Fig. q = 300 MeV/c (top panel), 380
MeV/c (middle) and 570 MeV/c (bottom). As observed, the longitudinal channel is totally domi-
nated by the QE contribution. Only at very large values of w does the inelastic process enter giving
rise to a minor response, whereas the effects due to 2p-2h MEC are negligible. This result is in ac-
cordance with previous work [82,93,[151,154], and it clearly shows that the longitudinal response
is basically due to the IA. On the contrary, the transverse sector shows an important sensitivity to
MEC and inelastic processes. Note that the inelastic transverse response gives rise to the high tail
shown by data at large w-values, whereas the 2p-2h MEC can modify significantly the transverse
response in the dip region as well as in the maximum of the QE peak. It is also worth mentioning
that the natural enhancement in the transverse response arising from the RMF model is necessary
in order to reproduce the separate L/T data, rejecting the idea of O-th kind scaling.
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Figure 6.8: Analysis of the longitudinal (solid lines) and transverse responses (dashed lines) in
(e,e’) scaterring at ¢ = 300 MeV/c (top panel), ¢ = 380 MeV/c (middle panel) and ¢ = 570
MeV/c (bottom panel). QE, MEC and inelastic contributions are shown, respectively, as green,
blue and orange lines. The total response is shown by the black lines. Data taken from [82]].



6.3. EXTENSION OF THE SUSAV2-MEC MODEL TO OTHER NUCLEI 119

From results in Fig.[6.8 we observe that the model leads to a reasonable agreement with data in
both channels, although some discrepancies also emerge. Notice that the longitudinal prediction
at g = 300 MeV/c (¢ = 380 MeV/c) overstimates data by ~ 12% (~ 15%). It is important to
point out that SuSAv2 is based on the existence of the scaling phenomenon for (e,e’) data, and
this is completely fulfilled when the value of ¢ is large enough (¢ > 400 MeV/c). Therefore,
the extension of the superscaling approach to low g-values is not well established even though a
good agreement at low kinematics has been achieved in the previous section. Furthermore, the
minor discrepancies observed may also be due to the specific Rosenbluth separation method used
in [82]], which introduces some level of model dependence through y-scaling assumptions and the
treatment of radiative corrections.

6.3 Extension of the SuSAv2-MEC model to other nuclei

Once analyzed the capability of the SuSAv2 model to reproduce the '?C(e, e’) data, we extend the
previous formalism to the analysis of electron scattering data on other nuclei. For this purpose, no
differences in the scaling functions are assumed for the different nuclei except for the values used
for the Fermi momentum and energy shift (see Table [3.1] for details). The use of the same scaling
functions for different nuclear systems is consistent with the property of scaling of second type,
i.e, independence of the scaling function with the nucleus, and it also follows from the theoretical
predictions provided by the RMF and RPWIA models on which SuSAv2 relies. This has been
studied in detail in previous works (see [32}86-88.155]) where the electromagnetic and weak
scaling functions evaluated with the RMF and RPWIA approaches have been compared for °C,
160 and *°Ca. In Figure[6.9we compare the general RMF scaling functions for these nuclei, which
exhibit no remarkable differences in terms of the nuclear species. In this sense, we apply the
reference scaling functions for 2C to the analysis of QE and inelastic regimes in other nuclei. The
extension of the 2p-2h MEC contributions to other targets was previously described in Section4.5]
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Figure 6.9: Analysis of second kind scaling within the RMF model for '2C, 190 and *°Ca.

In the case of '°0, the k and Egpi ri-values selected (kp = 230 MeV/c, Egpir; = 16 MeV/c) are
also consistent with the general trend observed in [37], i.e., an increase of the Fermi momentum
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with the nuclear density. This is at variance with some previous works [85H87,91]] where 160 was
described by using kr = 216 MeV/c and E,y;r; = 25 MeV. Although both sets of values lead to
small differences in the cross sections, the present choice does provide a more consistent analysis
of the superscaling behavior in the deep scaling region, and more importantly, it also improves the
comparison with electron scattering data. In particular, the analysis of the scaling behavior of the
160(e, ¢’) data in the deep scaling region below the QE peak (i’ = 0), where no scaling violations
are expected, leads to the conclusion that the present choice of kr and Ejj; r;-values works better
when comparing with other nuclei (see Figure [6.10).

T T T T T T T T T T T T T T T T T T T T T T T T T T T T I T T T T
L 09|
000892 ui%%ﬂn
0000200
1F 00000029 & =
- XL ﬁffiﬂ i ]
C et = ]
i I = =
B .IJQ e E ’;:[ E E * 1 T
=
— - o *He, E=3595 MeV, 8 =16’ ]
“ S 12 I ¢ o
= -~ o °C,E=3595MeV, 8,=16
= 0.1F = v C e —
T E 9 Al, E=3595 MeV, 6 =16 ]
- E‘% o “Fe, E=3595 MeV, 8,=16° ]
i Fx *He, E=730 MeV, 6 =37.1° i
i . « "C,E=730 MeV, 8,=37.1° i
°0 (k=216 MeV/c), E=730 MeV, 8,=37.1°
0.01F %0 (k =230 MeV/c), E=730 MeV, 8 =37.1° =
» F i € -
C 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ]

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
lp,

Figure 6.10: Experimental scaling data for various nuclei and for different values of the incident
energy (E;) and scattering angle (6,). The %0 data are show for two different values of kr. The
kr-values for other nuclei are described in Table 3.1l

In accordance with the previous analysis, we show in Fig. the predictions of the SuSAv2-
MEC model for six different kinematical situations, corresponding to the available (e,e’) data on
160, In all the cases we present the separate contributions for the QE, 2p-2h MEC and inelastic
regimes. The 2p-2h MEC responses are extrapolated from the exact calculation performed for
12c assuming the scaling law Ry;»;, ~ Ak% deduced in Ref. [156] as well as in Section The
inclusive cross sections are given versus the transferred energy (w), and each panel corresponds to
fixed values of the incident electron energy (E;) and the scattering angle (6). Whereas the latter is
fixed to 32° [[157] except for one case (center panel on the top, i.e, @ = 37.1°) [158], the electron
energy values run from 700 MeV (left-top panel), where the QE peak dominates, to 1500 MeV
(right-bottom) with the inelastic channel giving a very significant contribution. This is due to the
values of the transferred momentum ¢ involved in each situation. Although ¢ is not fixed in each of
the panels, i.e., it varies as w also varies, the range of g-values allowed by the kinematics increases
very significantly as the electron energy grows up (for fixed scattering angles). Thus, for higher E;
the two regimes, QE and inelastic, overlap strongly, the inelastic processes being responsible for
the large cross sections at increasing values of w. This different range of g-values spanned in each
panel also explains the relative role played by the RMF versus the RPWIA approaches.
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Figure 6.11: Comparison of inclusive '°O(e,e’) cross sections and predictions of the SuSAv2-
MEC model. The separate contributions of the pure QE response (dashed line), the 2p-2h MEC
(dot-dashed), inelastic (double-dot dashed) are displayed. The sum of the three contributions is
represented with a solid blue line. The y axis represents d>c/dQ/dw in nb/GeV/sr. Data from
Refs. [[157] and [158]].

Although not shown in the figure for simplicity, whereas the RMF response dominates at lower
E;-values (panels from left to right on the top), the reverse occurs, that is, the scaling function is
essentially given by the RPWIA prediction, as E; increases together with g (panels on the bottom).

As observed, the SuSAv2-MEC predictions are in very good accordance with data for all kine-
matical situations. Although the relative role of the 2p2h-MEC effects is rather modest compared
with the QE and inelastic contributions, at the peak of the 2p2h response the three contributions
are comparable in size, as also observed for '?C.

For completeness, we also present in Figure the calculations for the heavier target “°Ca
(krp = 241 MeV/c, Egi; = 28 MeV) where the comparison with data is again very precise from
forward to very backward angles. The analysis of these results is relevant because of the similarity
with *OAr, a target of interest for recent and forthcoming neutrino oscillation experiments. Note
also that the 2p-2h MEC contributions are more prominent for “°Ca than for '2C and %0 with
respect to the QE regime due to the different kr dependence of the QE and 2p-2h MEC contribu-
tions, A/kp and AkZ, respectively [156].

To conclude, the comparison with a very light nucleus as “He (kp = 200 MeV/c, E,; =15
MeV) is displayed in Fig. In this situation, the SuSAv2 model underestimates the QE peak
which may be a consequence of the strong vector and scalar potentials arising from the RMF
prescription. Therefore, the applicability of the SuSAv2 model and, specifically, the '>?C RMF
scaling functions and their associated FSI effects may be questionable for very light nuclei, i.e.
for very low Fermi momentum. We can also observe, in accordance with the density dependence
shown in Section[4.3] that the 2p-2h MEC relative contribution is significantly smaller than the one
observed for heavier nuclei.
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Figure 6.12: Comparison of inclusive “°Ca(e,e’) cross sections and predictions of the SuSAv2-
MEC model. The separate contributions of the pure QE response (dashed line), the 2p-2h MEC
(dot-dashed), inelastic (double-dot dashed) are displayed. The sum of the three contributions is
represented with a solid blue line. The y axis represents d’c/dQ/dw in nb/GeV/sr. Data from
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Figure 6.13: Comparison of inclusive “He(e,e’) cross sections and predictions of the SuSAv2-
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the 2p-2h MEC (dot-dashed), inelastic (double-dot dashed) are displayed. The y axis represents
d*0/dQ/dw in nb/GeV/sr. Data from Refs. [158] and [161].
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6.4 Conclusions

In this Chapter the SuSAv2-MEC model applied to electron scattering is extended to the whole
energy spectrum, incorporating the contributions coming from the QE, inelastic and two-body me-
son exchange currents. Within this framework a general “blending” function is introduced to make
the transition between the RMF and RPWIA responses. This function is constructed in terms of
a parametrization of the optimized blending region given by a transition parameter, go, and it has
been applied consistently to the QE as well as to the inelastic regimes, using the same scaling func-
tions with an analogous RMF-RPWIA transition. Although the use of more free parameters, as wq
and/or the shift energy, leads to an even better agreement with data in some particular cases, the
specific parametrization assumed is not critical, and indeed, the present model is capable of repro-
ducing very successfully the whole energy spectrum of '>C(e, ¢’) data at very different kinematics.
In particular, the SuSAv2 model reproduces accurately the position, width and maximum of the QE
peak for all kinematics, whereas the use of the single-nucleon inelastic structure functions together
with the SuSAv2 scaling functions has led to a precise description of the A-resonance region and
the entire inelastic regime. Accordingly, the application of the phenomenological SuSA approach
to the inclusive (e,e’) reactions would clearly result in an underprediction of the data, as it was
previously suggested in Section[3.3.2

Remarkably, we have also shown that the SuSAv2-MEC model gives a reasonably good de-
scription not only of the cross sections but also of the separate longitudinal and transverse response
functions. This is a very important test for models used in neutrino scattering studies, since in this
case the balance between the L. and T channels is different from the (e, e’) case. All this gives us a
great confidence in the reliability of the model, providing a solid benchmark to assess its validity
when extended to the description of neutrino- nucleus scattering. In this case, not only new re-
sponses contribute, but also the wide neutrino energy band implied by the typical accelerator-based
neutrino fluxes makes it difficult to reconstruct the neutrino energy. Thus, ingredients beyond the
ones usually assumed within the IA can have a significant impact on the analysis of data.

A basic feature of our present study, apart from the appliance of the SuSAv2 model to the QE
and inelastic regions, concerns the evaluation of the two-body meson exchange currents in both
longitudinal and transverse channels. This fully relativistic calculation has allowed for a consistent
evaluation of high energies/momenta experimental data. Furthermore, the parametrization of the
exact results for the 2p-2h MEC responses has allowed us to avoid the computationally demanding
microscopic calculation for the entire set of kinematics required for the experimental data pre-
sented here.

Additionally, this analysis has been extended to other nuclear species leading to an accurate
description of the experimental data for nuclei of relevance in forthcoming neutrino experiments.
Despite the smaller amount of available (e, e’) experimental data for some nuclei with respect to
12C, the growing interest of experimental collaborations on (e,e’) measurements, together with
the extension of neutrino experiments to other nuclear targets, is expected to shed light on their
nuclear effects and the associated parameters that play a role in most theoretical description for
both electron and neutrino reactions.

To conclude, we emphasize the importance of scaling arguments that provide a proper de-
scription of electron scattering data before the analysis be extended to neutrino reactions. In this
sense, the fully relativistic analysis presented in this chapter for the entire energy spectrum and the
different nuclear responses is of crucial importance for the analysis of neutrino reactions.






Chapter 7

Analysis of charged-current neutrino
induced reactions

In this Chapter we present our theoretical predictions compared with CC neutrino scattering data
from different collaborations: MiniBooNE, NOMAD, MINERvA, T2K and SciBooNE, whose
main features were analyzed in Chapter [l The SuSAv2-MEC model, that has already proven to
describe accurately (e, e”) data in Chapter[@] is now applied to the analysis of neutrino experiments.
Our study is mainly restricted to the “quasielastic-like” regime where the impulse approximation
used to describe the one-nucleon knockout process in addition to the effects linked to the 2p-2h
meson-exchange currents play a major role. However, some results that incorporate the contribu-
tion of the A-excitation are also compared with data.

In the case of the QE regime, our study includes the analysis of muonic neutrino and an-
tineutrino scattering reactions on carbon corresponding to MiniBooNE, NOMAD and MINERvA
experiments. In the latter we also consider electron neutrinos. Furthermore, results for the T2K
Collaboration are analyzed in detail, also accounting for the recent measurements on '60. In this
case, we first restrict ourselves to the QE domain, and we extend the discussion later to the T2K
inclusive charged-current neutrino reactions where high inelasticities are of significance. Other
studies regarding low-energy effects as well as the relevance of the different reaction channels to
neutrino reactions are also addressed. Therefore, our main interest is to show the capability of
the present model, SuSAv2-MEC, to analyze and describe successfully a large variety of neutrino
scattering data corresponding to different experiments with a wide range of kinematics explored.

7.1 CCQE neutrino and antineutrino reactions at MiniBooNE
and NOMAD kinematics

In recent years a significant amount of charge-changing quasielastic (CCQE) neutrino and antineu-
trino cross section data have been presented in the literature. In this section we compare the results
of the SuSAv2-MEC model with the measurements of CCQE v,, and v, reactions on 12C from the
MiniBooNE [20,21]] and NOMAD [24] experiments.

The MiniBooNE Collaboration has measured CCQE muonic neutrino and antineutrino cross
sections on '?C for neutrino energies in the 1 GeV region, the neutrino and antineutrino fluxes
peaking at 0.79 GeV and 0.66 GeV, respectively, and going from O to about 7 GeV with the most
important contributions coming from below 3 GeV. These measurements have provided CCQE
cross sections that are higher than most predictions based on IA. This excess, at relatively low
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energy ((E,) ~ 0.7 GeV), has been interpreted as an evidence that non-QE processes may play an
important role at that kinematics (see Section in Chapter [I] for further details). It is important
to point out that in the experimental context of MiniBooNE as well as in other experiments such
as MINERVA or T2K, “quasielastic” or, equivalently, CCQE-like events are defined as those from
processes or channels containing no mesons in the final state. This is a direct consequence of the
lack of experimental sensitivity to the outgoing hadrons in the final state. Thus, in addition to
the purely QE process, which in this work refers exclusively to processes induced by one-body
currents (IA), multi-nucleon excitations and, in particular, two-particle emission induced by MEC
should also be taken into account for a proper interpretation of data. These have been evaluated
in [30,131,139] provinding a very good agreement with the MiniBooNE data in spite of being rather
different in their basic ingredients. On the contrary, the NOMAD experiment involves an inci-
dent neutrino (antineutrino) beam energy much larger, with a flux extending from E, = 3 to 100
GeV. In this case, one finds that data are in reasonable agreement with predictions from IA mod-
els [19,39,183,[115].

On this basis, it is worth mentioning that the unfolding procedure to obtain the total integrated
cross sections from the measured differential ones largely depends on model assumptions, being
detailed in [20,21]. Within this procedure, the true (anti)neutrino energy E, ) is obtained in
terms of the reconstructed four-momentum QZQ ¢ and neutrino energy EVQE These reconstructed
magnitudes are obtained assuming an initial-state nucleon at rest with a constant binding energy,
Ep, set to 34 MeV (30 MeV) in the neutrino (antineutrino) case,

M3 — (M, — Ep)* — m, + 2(M, — E})E,,

QOF
E 7.1
g 2(My — Ep — E,, + k,,c08 6,,) .h
iy M? = (M, — Ep)> = m% + 2(M, — E)E,, 72)
v 2(M, — Ep — Ey + k, cos 6, '
QZQE = ZE%E(EM — k, cosb,) — mi, (7.3)

where E,, k,, and 6, are the corresponding muon energy, momentum and angle, and m,,, m, and
m,, are the masses of the neutron, proton and muon, respectively. While these quantities certainly
differ from the underlying true quantities, they are unambiguously defined and and easily repro-
ducible by other experiments. In this regard, we include in Appendix [E some preliminary results
for the analysis of the energy reconstruction effects in neutrino oscillation experiments which are
essential for determining the oscillation parameters.

Thus, in Fig. [Z1] we present the total flux-unfolded integrated cross section per nucleon for
muonic neutrino (top panel) and antineutrino (bottom panel) reactions within the SuSAv2-MEC
model. The energy range has been extended to 100 GeV and data are shown for the MiniBooNE
and NOMAD experiments. Whereas 2p-2h MEC contributions are needed in order to reproduce
MiniBooNE data (in consistency with the previous discussion), the NOMAD experiment seems to
be in accordance with the pure QE response. As observed, the role of 2p-2h MEC is very signif-
icant at all neutrino (antineutrino) energies, getting an almost constant value for E, (E;) greater
than 1 —2 GeV. At these values the pure QE cross section is increased by ~ 30 —35% due to 2p-2h
MEC. Moreover, the large error bars of the MiniBooNE and NOMAD data do not allow to draw
definite conclusions.

It is also important to point out that, in spite of the very large neutrino (antineutrino) energies
involved in NOMAD experiment, the main contribution to the cross section, about ~ 90%, comes
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from momentum and energy transfers below ~ 1 GeV/c and ~ 0.5 GeV, respectively. An analysis
of the relevant kinematic regions for neutrino reactions will be addressed in Section [Z.3
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Figure 7.1: MiniBooNE CCQE v,-1?C (v,-12C) total cross section per nucleon as a function of
the neutrino energy. The top panel corresponds to neutrino cross sections and the bottom one to
antineutrino reactions. Data are from [20,21,24]].

The difference between MiniBooNE and NOMAD measurements can roughly be explained
by different definitions of the CCQE signal. In the case of MiniBooNE a sample of 2-subevents
(Cherenkov light from muon and from decay electron) is analyzed and ejected protons are not de-
tected. In the case of NOMAD 1-track (muon) and 2-tracks (muon and proton) samples of events
are analyzed simulateously. This can prevent one from including multi-nucleon emission events in
the NOMAD results, thus leading to an agreement with the purely QE response without the need
of significant contributions from multi-nucleon excitations.

For completeness, we also show the comparison with the phenomenological SuSA approach in
Fig.[Z1l As commented in Chapter[3] the SuSA model assumes that the longitudinal and transverse
scaling function are identical. On the contrary, the SuSAv2 model, based on the RMF predictions
leads to a natural enhancement on the transverse response. As also noticed in the analysis of elec-
tron scattering data in Chapter 3] the SuSAv2 improves the agreement with the experimental data
in comparison with the SuSA model, being the former closer to the center of the NOMAD bins.
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At MiniBooNE kinematics, the addition of MEC effects to the SuSA approach would also under-
estimate the data. Although not shown here for brevity/simplicity, the same conclusions can be
drawn for the comparison of the SuSA model with the MiniBooNE double differential cross sec-
tions. This comparison is shown in Ref. [[153]] where a clear underestimation of data is observed.
Moreover, the difference between SuSA and SuSAv2 is larger for neutrino than for antineutrino
results. This occurs because of the cancellation between Ry (positive) and Ry (negative) responses
in antineutrino cross sections. Notice that the transverse responses are substantially enhanced in
SuSAv2 compared with SuSA. This cancellation due to the different sign on the 77, , responses
also affects the total 2p-2h MEC cross section.

At this point, it is worth mentioning that, as for the (e,e”) case, we adopt the electromagnetic
nucleon form factors of the extended Gari-Krumpelmann (GKeX) model [148-150] for the vector
CC current entering into neutrino cross sections. As described in Chapter 2 this prescription
improves the commonly used Galster parametrization at |Q?| > 1 GeV?. For completeness, we
show in Figure[7.2] the sensitivity of the total CCQE neutrino cross section within the SuSA model
for the different up-to-date parametrizations of the nucleon form factors (see Refs. [19,[71] for
details) where all of them are essentially equivalent for the kinematics that are relevant for neutrino
scattering experiments. Similar comments also apply to the SuSAv2 model.
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Figure 7.2: CCQE vﬂ—IZC cross section per nucleon evaluated in the SuSA model for various
parametrizations of the nucleon electromagnetic form factors [19]. A sub-panel zooming in on the
region near the maximum is inserted on the top.

Regarding the axial contributions, we employ the commonly used dipole axial nucleon form
factor described in Chapter 2l A comparison between dipole and monopole axial form factor is
shown in Appendix [Ditogether with a discussion on the quenching of the axial coupling g4 param-
eter in Appendix [El

In what follows, we mainly focus on the directly-measured differential cross sections for the
MiniBooNE experiment. This, in contrast, with the total flux-unfolded total cross section leads to
a more meaningful analysis of the experimental results.
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7.1.1 MiniBooNE flux-integrated cross sections

In this section, we apply the SuSAv2-MEC model to the study of neutrino and antineutrino CCQE
MiniBooNE double-differential cross sections. Unlike the total flux-unfolded cross section that
is not measured directly and largely depends on model assumptions, the flux-integrated double
differential cross section implies minimal model dependence although requires the convolution
of the cross section over the energy spectrum of the neutrino flux. This is obtained through the
following procedure:

d2 1 d?
c__ f 7 O(E,)dE, , (7.4)
dT,dcos@, Dy dTydcos O, | g

d*c
dT,d cos 8,
®@,,, 1s the neutrino flux integrated over all neutrino energies. A similar expression also applies to
the antineutrino case.

where [ ] is the double differential cross section for a given neutrino energy E, and
E

In Figs. [Z.31-[7.3lwe show the double differential cross section averaged over the neutrino (an-
tineutrino) energy flux against the kinetic energy of the final muon. We represent a large variety
of kinematical situations where each panel refers to results averaged over a particular muon an-
gular bin. Notice that the mean energy of the MiniBooNE v, (v,) flux is 788 (665) MeV which
requires a relativistic treatment of the process. In Figs. [7.3]- we show results for the pure QE
response (red dot-dashed line) and the total contribution of the 2p-2h MEC (orange dashed line),
i.e., including vector and axial terms in the three responses, L,T and 7”. Finally, the total response
(QE+2p-2h MEC) is represented by the solid blue line.

As observed, the model tends to overpredict the data for the most forward angles, i.e., 0.9 <
cos@, < 1. This corresponds to very small energy and momentum transfers, a kinematic situa-
tion where “quasi-free" scattering is highly questionable. However, note how well the pure QE
response fits the data, in particular, for neutrinos. As the scattering angle increases, the theoretical
prediction including both the QE and the 2p-2h MEC effects agrees well with the data. This is the
case for neutrinos and antineutrinos (Fig.[Z.3land Fig.[7.9) at angles below 90°. On the contrary, the
discrepancy between theory and data tends to increase as 6, gets larger (Fig.[Z.41and bottom panels
in Fig.[1.3)). Notice, however, that in these situations only a small number of data points with large
uncertainties exist and the cross section is much smaller. A possible explanation for these results
at very backward kinematics, i.e higher g values, particularly for neutrino scattering, might be due
to the lack of MEC-correlations interference in our description. Nevertheless, similar results can
also be found in [162] where MEC-correlation interferences are considered but including some
approximations in the relativistic treatment of the 2p-2h MEC contributions. In this sense, effects
of relevance at backward kinematics beyond IA and 2p-2h MEC contributions in the analysis of
the MiniBooNE experimental data are not excluded.

Results in Figs. [7.3] - clearly show the relevant role played by effects beyond the impulse
approximation. In particular, 2p-2h MEC contributions are essential to describe data. Their relative
percentage at the maximum, compared with the pure QE response, being of order 25 — 35%.
The relative strength associated with 2p-2h MEC gets larger for increasing values of the angle,
particularly, in the case of antineutrinos. Note that, in spite of the quite different neutrino and
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antineutrino energy fluxes, the quality of the agreement with data is rather similar in the two cases.
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Figure 7.3: MiniBoone flux-folded double differential cross section per target nucleon for the v,
CCQE process on '2C. Results are given in 1073 cm?/GeV and displayed versus the u~ kinetic
energy T}, for various bins of cos 6, obtained within the SuSAv2-MEC approach. QE and 2p-2h
MEC results are also shown separately. Data are from [20].
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Figure 7.4: As for Fig.[Z.3|but considering more backward kinematics. Data are from [20].
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Figure 7.5: As for Fig.[7.3]but considering now the v, CCQE process on 12C. Data are from [21]).

A further general comment on the previous results from Figs. [Z3{7.5]is in order: the RMF
predictions (shown in [163]) produce almost identical results to the ones from the SuSAv2 model
at MiniBooNE kinematics. A similar comparison was also shown in Chapter [3] for the analysis of
(e,e’) data at intermediate g-values.

To complete the previous discussion on the double differential cross sections, we present in
Figs. and [7.7] the results averaged over the muon kinetic energy bins as functions of the muon
scattering angle for neutrinos and antineutrinos, respectively. These graphs complement the pre-
vious ones, and prove the capability of the model to reproduce the data for a large variety of
kinematic situations. The 2p-2h MEC contributions increase the pure QE response by ~ 25 —35%
(depending on the particular region explored) and are shown to be essential in order to describe
the data. As observed, the total model tends to overpredict the data measured at angles close to
zero and T}, in the vicinity of ~ 0.8 — 1 GeV. This is consistent with results in previous figures
and the inability of the model to describe properly data at very small angles. However, the largest
discrepancy between theory and data occurs at the smallest muon kinetic energy bins considered,
ie, 0.2 < T, <0.4,in particular, for neutrinos (Fig.[Z.6) and angles bigger than 90° (cos 6, <0).
As seen, the data are higher by ~ 25 —30% than theoretical predictions. This outcome is consistent
with the results shown in the panels on the bottom in Figs.
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Figure 7.7: As for Fig.[7.6, but now for the v,, CCQE process on 12C. Data are from [21]).
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In Fig.[7.8 results are presented for the MiniBooNE flux averaged CCQE v, (Vﬂ)—nC differen-
tial cross section per nucleon as a function of the muon scattering angle (top panels) and the muon
kinetic energy (bottom panels). The integration over the muon kinetic energy has been performed
in the range 0.2 GeV < T, < 2.0 GeV. Panels on the left (right) correspond to neutrinos (antineu-
trinos). As shown, and in consistency with previous results, the SuSAv2-MEC model is capable
of reproducing the magnitude as well as the shape of the experimental cross section in all of the
cases.

7.1.2 Analysis of longitudinal/transverse channels for neutrino reactions

In this section we study in detail the relevance of the different longitudinal and transverse channels
that contribute to the QE and 2p-2h MEC MiniBooNE cross sections, also accounting for the cor-
responding axial and vector contributions which arise from the hadronic currents.

An analysis on the different channels for the 2p-2h MEC nuclear responses and the total cross
section was addressed in Chapter (4] (see Figs. and [4.11)), showing a predominance of the
transverse over the longitudinal ones, whereas for the latter the contributions arising from vector
currents were negligible in comparison with the axial ones. Moreover, the separate transverse
channels, Tyy,T44 and T", 4» Whereas showing some remarkable differences for different g values,
contribute in a similar way to the total cross section. This is due to the relevant kinematic regions
(see Section[Z3|for details). Here we explore the relevance of the different channels in the specific
kinematics of the MiniBooNE experiment. In Fig. [7.9] the separate 2p-2h MEC contributions to
the different channels (L,Tyvy, Th4 and T", 4) corresponding to the MiniBooNE double differential

cross section at different bins of the muon scattering angle.
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Figure 7.9: Comparison of the different 2p-2h MEC channels for the v, (left panels) and v, (right
panels) MiniBooNE double differential cross section.

Results in Fig. show the differences between the 744 and Tyy contributions, the latter being
shifted to higher T, values by about 50 MeV for all angular bins. At very forward angles, i.e., lower
g-values, the global magnitude of the AA channel is greater than the V'V one, in accordance with
the results observed in Fig. .11l This figure also shows clearly that at g of the order of 400
MeV/c the Tyy and T4 responses differ roughly by a factor 2 at the maximum. This difference
decreases for higher g-values. Concerning the interference 77, , component, its magnitude is not so
different from the VV and AA ones at very forward angles, being on the contrary the most relevant
contribution at larger angles. Finally, although the longitudinal channel gives the smallest global
contribution, its role is essential in order to interpret antineutrino scattering at backward angles.
This is a consequence of the negative Ty, , term for antineutrino reactions that almost cancels out
the Tyy + T4 4 contribution.
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The conclusions extracted from the previous analysis on the 2p-2h MEC cross section also
apply for the separate QE contributions to neutrino and antineutrino cross sections. The different
QE channels are analyzed for the MiniBooNE double differential cross sections in Fig. where
the transverse contribution predominate at all kinematics whilst the net longitudinal channel, even
being a very small contribution, is essential to describe antineutrino data at backward kinematics
together with the 2p-2h longitudinal one.
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Figure 7.10: Separation into components of the MiniBooNE CCQE v, (top panel) and v, (botoom
panel) double-differential cross section per nucleon displayed versus 7, for various bins of cos 6,
within the SuSAv2 approach. The MiniBooNE data [20.21]] are also shown for reference.

In Fig. [Z.11] we show the breakdown of the total neutrino cross sections into individual L(=
Lyy+Laa), T(=Tyy +Taa), Tvv, Tas and T{, 4 contributions, with the last occurring as a positive
(constructive) term in the neutrino cross section and a negative (destructive) term in the antineu-
trino one. The sign of the Ty, , channel represents the main difference between the total neutrino
and antineutrino cross sections (see also Fig.[7.1). Apart from the opposite sign in the V A response,
some minor differences between neutrino and antineutrino cross sections arise from the different
Coulomb distortions of the emitted lepton (see Section for details) and the final nuclei in-
volved in the CC neutrino (nitrogen) and antineutrino (boron) scattering processes on carbon. We
also notice that below 1 GeV the Ty, , response is higher than the Tyy one and of the same order as
the 744 one. Note that the maximum of the V A contribution is around the peak of the MiniBooNE
neutrino flux. On the contrary, the effects of V A contributions to the cross sections are negligible at
energies above 10 GeV as a consequence of the small axial form factor G4 and leptonic factor V7
at high E, and Q7 values (see Chapter 2 for details). This is also in agreement with some previous
QE results [19]. As a consequence, for very high v, (v,) energies (above ~ 10 GeV) the total cross
section for neutrinos and antineutrinos is very similar. Only the L and 7' channels contribute for
the higher values explored by NOMAD experiment. On the contrary, in the region explored by the
MiniBooNE collaboration, the main contributions come from the two transverse 7, T’ channels.
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Figure 7.11: Separation into components of the CCQE v, cross section per nucleon on 12C dis-
played versus neutrino energy E, within the SuSAv2 approach. The MiniBooNE [20] and NO-
MAD [24] data are also shown for reference.

The asymmetry between neutrino and antineutrino cross sections introduced by the VA in-
terference is analyzed in Fig. [/.12] where we show the experimental difference (oy, — 075, )exp
from MiniBooNE, together with the corresponding theoretical prediction from the SuSAv2-MEC

model. This difference is approximately equal to 2 (v, );?SAVZ +2 (v, );’{ EC apart from the mi-
VA

nor differences between neutrino and antineutrino reactions described above. The result from the
purely QE responses is also shown, reinforcing the importance of the 2p-2h MEC contributions for
the analysis of the MiniBooNE experiment and their relevance in the interference channel.
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Figure 7.12: Experimental difference between neutrino and antineutrino cross sections (o, —07,)
from MiniBooNE, together with the corresponding theoretical prediction from SuSAv2+MEC. The
purely QE response is also shown. MiniBooNE data are from [20.21]].
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The asymmetry of the nuclear effects for neutrino and antineutrino is important for CP vio-
lation studies and it has been analyzed in previous works [3,115,/164]. However, the inherent
difficulties related to the different neutrino and antineutrino fluxes result in a potential obstacle
for the interpretation of experiments aimed at the measurement of the CP violation angle. In this
context, some preliminary studies on the CP asymmetry from the MINERvA Collaboration have
been recently published [165]. Moreover, CP violation effects in the lepton sector related to the v,
and v, cross sections will be addressed in following sections.

7.2 CCQE-like scattering in the MINERVA experiment

In this section we apply the SuSAv2-MEC model to the analysis of the MINERYA experiment.
The MINERvVA Collaboration has recently measured differential cross sections for muonic and
electron neutrino and antineutrino charged-current quasielastic scattering on a hydrocarbon tar-
get [46,147]. The “quasielastic” events are defined, in this case, as containing no mesons in the
final state (CCQE-like) thus also including contributions from multi-nucleon excitations. The en-
ergy flux extends up to 10 GeV and is peaked at E, ~ 3 GeV for both neutrinos and antineutrinos,
i.e., in between MiniBooNE and NOMAD energy ranges. Therefore, its analysis can provide
valuable information on the role played by 2p-2h meson-exchange currents in the nuclear dynam-
ics [110,[166,167].

7.2.1 Analysis of charged-current muonic neutrino results

In previous studies of the MINERvA Collaboration [46,47], the RMF, SuSA and SuSAv2 mod-
els [97,153]] as well as other theoretical approaches [[168-170] were able to reproduce the MINERvA
data without the inclusion of np-nh excitations, unlike the MiniBooNE results. It is important to
point out that the MINERVYA kinematics, larger than the MiniBooNE one, extends into the pion
production region and hence the experimental subtraction of these effects to isolate CCQE-like
events is more critical. Note that in these experiments only the information related to muon vari-
ables is considered. Moreover, the recently improved analysis of the MINERvVA flux results [[171]]
leads to an increase of the MINERvA CCQE-like experimental cross sections.

Considering the reevaluation of the MINERVYA flux [171,172]], we present in Fig. the flux
averaged CCQE v,(v,) differential cross section per nucleon as a function of the reconstructed
four-momentum Q2 g+ This reconstructed magnitude is obtained following the procedure intro-
duced in Section and also detailed in [46,47].

The top panel in Fig. [Z.13] refers to vﬂ—mC whereas the bottom panel contains predictions and
data for v,—CH. The mean energy of the MINERvA muonic flux is much higher than the Mini-
BooNE one, about 3.5 GeV for both v, and v,,. As observed, significant contributions of the 2p-2h
MEC, of the order of ~ 35 — 40% (~ 25%) at the maxima for v, (v,), are needed in order to
reproduce the experimental data that correspond to a new analysis performed by the MINERvA
collaboration [[171,172]. These data exceed by ~ 20% the ones already presented in previous pub-
lications [46,47] (using the uncorrected MINERVA flux) that, on the other hand, were consistent
with calculations based exclusively on the impulse approximation (see [97]).

Thus, the new MINERVYA analysis shows major consistency with the MiniBooNE data and
invalidates the previous conclusion [97] that the MINERVA results can be reproduced without the
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inclusion of 2p-2h contributions. In spite of the very different muon neutrino (antineutrino) energy
fluxes between MiniBooNE and MINERVA, 2p-2h MEC effects remain very significant (on aver-
age, 25 — 35%) being their contribution essential in order to reproduce the data.

For completeness, it is worth mentioning that in the specific conditions of MINERVA, it clearly
appears that, even if the neutrino energy is as large as 3 GeV, the process is largely dominated by
relatively small energy and momentum transfer, namely, w < 500 MeV, g < 1000 MeV, whereas
contributions below w < 50 MeV, ¢ < 200 MeV govern the lowest Qé g region. More specific
details can be found in Section[Z.3]and, additionally, in Ref. [97].
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section per target nucleon as a function of QZQ ¢ and evaluated in the SuSAv2 and SuSAv2-MEC
models. MINERvVA data are from [172]].



7.2. CCQE-LIKE SCATTERING IN THE MINERVA EXPERIMENT 139

7.2.2 Analysis of charged-current electron neutrino results

The previous conclusion holds also for the v, CCQE-like differential cross sections on hydrocar-
bon published by MINERVA in [53]]. These results are presented in Fig. [Z.14] as a function of
the electron energy (top-left panel), electron angle (top-right) and reconstructed four-momentum
(bottom-left). Compared to the v, (v,) fluxes, the v, and v, ones have roughly the same shape in
the region of the peak but the tail region at large energies is significantly higher in the electronic
case which softly increases the average v, energy up to 3.6 GeV. A detailed comparison of the v,
versus v,, cross sections is addressed in Section[7.4]
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Figure 7.14: MINERVA flux-integrated differential v,-'2C CCQE-like cross section per nucleon
vs. electron energy (top left) and electron angle (top right). The bottom panels show the v, differ-
ential cross section vs. QZQ  (bottom left) and the ratio between the flux averaged CCQE v, +v, and

V,, CrOss sections versus Q2Q ¢ (bottom right) compared with the SuSAv2-MEC prediction (solid red
line). Data are from [53]].

In Fig. [Z14] results are shown for the pure QE response based on the IA, the 2p-2h MEC
contribution and the total response. In all the cases the contribution at the maximum coming
from the 2p-2h MEC is roughly 30 — 35% compared with the pure QE response. These results
are similar to the ones already presented for muon neutrinos (antineutrinos), and they show the
importance of 2p-2h effects in order to explain the behavior of data. As observed, the model is
capable of reproducing successfully the data. For completeness, we present in the right-bottom
panel the results corresponding to the ratio between the flux averaged CCQE v, + v, and v, cross
sections versus the reconstructed four-momentum. We compare the predictions of the model (red
curve) with the data, leading to a similar result as when compared with GENIE predictions [33],
i.e., the SuSAv2-model predicts a rather flat ratio while the experimental data seem to grow up
to Qé g~ 1 GeV?2. Taking into account that the ¥, flux is negligible in comparison with the v,
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one, the main differences in the ratio comes mainly from the shape differences between the v,
and v, fluxes. In addition, some differences also emerge from the diverse phase-space of the v,-
vﬂ—IZC interactions which is due to the different final-lepton masses, being more prominent at low
kinematics (see Section [7.4! for further discussions). However, the large error bars presented by the
data make it hard to extract definite conclusions.

7.3 Relevant kinematical regions

In this section, the relevant kinematical regions for the description of neutrino-nucleus reactions
are analyzed within the SuSAv2-MEC model at kinematics of relevance for the MiniBooNE, T2K
and MINERvYA experiments. We also inspect other contributions that may play a significant role
at low kinematics such as the mass of the residual nuclei or the influence of Pauli-blocking effects.

For a proper understanding of the neutrino experimental results as well as to assess the ap-
propriate description of the nuclear dynamics in theoretical models, it is important to identify
the kinematical region where the QE and 2p-2h MEC responses attain their maximum values.
This is clearly illustrated in the density plot of Fig. which represents the double differen-
tial cross section in terms of w and g at E, = 3.0 GeV, that corresponds to the peak energy flux
of MINERVYA [171]; here the left (right) panel corresponds to the 2p-2h MEC (pure QE) con-
tributions. As shown in the figure, the main contribution to the MEC cross section comes from
q € (0.3,1.0) GeV/c and w € (0.3,0.8) GeV. On the contrary, the QE peak is moved to lower
values of w. Both the one-body and two-body responses decrease with the momentum transfer g,
but their ratio is rather constant (see [105] for details). Although results in Fig. correspond
to a fixed incident neutrino energy, 3 GeV, similar results are obtained for larger E, values. It is
important to point out the differences between our predictions and those based on the model of
Nieves [168] that show the 2p-2h MEC contribution to be shifted to slightly bigger values of the
energy and momentum transfer.
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Figure 7.15: 2p-2h MEC (left panel) and QE (right panel) density plots of the double-differential
cross section per neutron of '>C versus w and ¢ at E,, = 3 GeV.

For completeness, we also show in Fig. the density plots for the 2p-2h MEC contributions
in terms of the values of the muon kinetic energy and the scattering angle for three values of
neutrino energy: 1 GeV (top panel), 3 GeV (middle) and 10 GeV (bottom). It is worth mentioning
that £, = 1 GeV and E, = 3 GeV are reference values, respectively, to the mean neutrino energies
for MiniBooNE and MINERVA experiments. As observed, the main contribution resides in the
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region of very small angles, close to zero, and large 7,,, which correspond to low-intermediate w
values. These effects are maximized as E, increases.
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Figure 7.16: 2p-2h MEC density plots of the double-differential cross section per neutron of '2C
at three different neutrino energies E, versus 7, and cos 6.
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Moreover, an analysis of the relevant kinematical regions for the total QE cross section is
shown in Fig. [Z17 where it is observed that the main contribution comes from w < 500 MeV
and g < 1000 MeV/c whereas the region of small w < 50 MeV and ¢ < 250 MeV/c, which
contributes substantially at very forward angles, is not too significant for the total neutrino cross
section (~ 8%). This is in accordance with some previous works [19,97]. The same conclusion
can be drawn by analyzing the different kinematics in the total MEC cross section (Fig. [7.18),
where the low kinematic region (w < 50 MeV, g < 250 MeV/c) is even less important (< 2%)
for the 2p-2h channel. We can also notice in Fig. [Z.I8] that no significant MEC contributions
emerge for g >2000 MeV/c and the same is true for large w > 1000 MeV. This analysis leads to
the conclusion that relativistic effects cannot be ignored in theoretical models aimed at describing
neutrino oscillation experiments.
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7.3.1 Low-energy effects

Next, it is also important to analyze the relevance of the low-energy effects in our description which
englobe Pauli-blocking effects, mass excess of the residual nucleus and the Coulomb distortions
of the emitted lepton.

As introduced for (e,e’) reactions in Section the effect of Pauli Blocking (PB) is also
of relevance for the analysis of CCQE neutrino cross sections. We concluded from Figs. B.15
[3.17 that these effects are noticeable for ¢ < 250 MeV/c and w < 50 MeV. Nevertheless, when
analyzing flux-folded cross sections, the convolution over a wide range of energy can make these
effects being irrelevant in some cases where low-kinematics do not play a major role. In Fig.
we notice the small contribution of PB effects on the MiniBooNE double differential cross section
at forward kinematics. On the contrary, if we focus on the smallest values of Q?, which are directly
related to the low ¢ and w kinematic region, we would observe a significant increase of the cross
section when neglecting Pauli blocking. This is clearly illustrated in Fig. where the omission
of PB effects would result in an overstimation of the MINERvA data at low Q2Q - after considering
2p-2h contributions.
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Figure 7.19: Analysis of Pauli-blocking effects (QE, pg) on the MiniBoone vﬂ—lzc flux-folded
double differential cross section. The results are displayed versus the u~ kinetic energy 7T, for
various bins of cos §,,. The QE+MEC results as well as the separated QE and 2p-2h MEC ones are
also shown for reference. Data are from [20].

Moreover, there are also other contributions which may play an important role in the low-
kinematic region. In Chapter[3] we define a sort of excitation energy wy, related to the mass excess
of the residual nucleus, which sets a minimum neutrino energy necessary for the interaction (see
Eq. for details). In the case of neutrino and antineutrino reactions on !>C, the mass excess
of the final nuclear system is AN = 13.88 MeV (nitrogen) for neutrinos and AB = 16.83 MeV
(boron) for antineutrinos, which turns into a restriction of a few MeV in the allowed w values.
This apparently minor effect has a large relevance at very forward kinematics, i.e., low w region.
This can be observed in Fig. for the MiniBooNE double differential cross section where it is
assumed AN = 0. This effect at cos 8, ~ 0.95 would increase the cross section around 15%.

We also show in Fig.[Z.21]the cross section computed excluding contributions coming from w <
50 MeV to assess the importance of low-energy excitations in the total cross section. Likewise,
the most sensitive region corresponds to very forward kinematics. As it was observed in Fig.
this low-w region is quite important even for very high neutrino energies (typically amounting to
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about 10% of the total cross section). Similar results can also be observed in [173,[174]. In [175]
the contribution of the discrete excitations of the final nucleus 2N in CC neutrino scattering from
12C was evaluated in a semi-relativistic shell model. This contribution turned out to be below 2%
for potential parameters fitted to reproduce the Q-value of the reaction.
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Figure 7.20: Flux-folded vﬂ—lzc CCQE scattering cross section per target nucleon as a function
of Qé p and evaluated in the SuSAv2 and SuSAv2+MEC models. The QE contribution without
Pauli Blocking effects is also displayed (dot-dot-dashed line). MINERvVA data are from [172].
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Figure 7.21: Analysis of low-energy effects on the MiniBoone vﬂ—nC flux-folded double differ-
ential cross section. The SuSAv2 results for w > 50 MeV and AN = 0 are displayed separatedly
versus the u~ kinetic energy T, for various bins of cos6,. The QE+MEC results as well as the
separated QE and 2p-2h MEC ones are also shown for reference. Data are from [20]].

7.3.2 Coulomb corrections on the emitted lepton

Finally, one additional issue arises in computing charged-current neutrino cross sections where
charged leptons in the final state are not strictly described by plane waves as they are influenced
by the Coulomb potential of the nucleus. These Coulomb distortions of the emitted lepton are ac-
counted for in our theoretical prescription and can significantly alter the momentum and direction
of the final-state particles. These effects are present in all neutrino-nucleus interactions, but can
largely be ignored at high E, where most final-state particles are produced with high momenta.
Nevertheless, they can be more important at lower E,, where the momentum of the target is of
similar magnitude to the neutrino one and, hence, the outgoing lepton can be largely affected by
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the nuclear potential. It is important therefore that neutrino interaction experiments are aware of
the consequences of these low-energy effects for their analysis.

Following standard procedures (see, for instance, [64,1176]) the Coulomb interaction can be
incorporated in our prescription, at least approx1mately, by shifting from the local lepton variables
(E;, kl) to asymptotic energy-momentum ones (E;°, k°°)

k2 = D(kpk (7.5)
)
EP = yml+ (ko) (7.6)
where
3Za
D(kp) =1-x——= (1.7)
2R| ki

with y = +1(~1) for neutrinos (antineutrinos) and R = 1.2A'/3 the effective charge radius of the
nucleus considered. Thus, the local calculations must be multiplied by the density-of-states factor
[D(k;)]7! to include these distortion effects.

Therefore, these Coulomb effects depend on the charge properties of the nucleus as well as
on the charge of the final lepton, which is negative (positive) for neutrinos (antineutrinos), thus
increasing (decreasing) the resulting cross section. Thus, these effects increase slightly the cross
section for neutrino reactions whereas the opposite occurs for antineutrinos as shown in Fig. [7.22]
for the total cross section within the SuSAv2 model. We also notice that the relevance of this
corrections are smaller than 2% for E, ~ 0.4 GeV whereas differences of ~ 10% can be found at
the lowest energies where the cross sections are also minor. For completeness, the Coulomb effects
are also analyzed at low energies (E,) for the double-differential CCQE vﬂ—uC cross section in
Fig. [7.23] 1In this case, Coulomb distortions modify the cross section by a ~ 2% at the lowest
w values. These effects are largely increased for high-w values where the energy of the emitted
lepton is very small. Nevertheless, this kinematic region does not contribute significantly to the
Cross section.
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Figure 7.22: Ratio of the CCQE on (T/#)v#—lzC total cross section with and without considering
Coulomb distortions of the emitted letpon. Results are shown for neutrino and antineutrino reac-
tions.
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Figure 7.23: Top panels: CCQE vﬂ—IZC double differential cross section with and without consid-
ering Coulomb distortions of the emitted letpon for two different scattering angles at £, = 250
MeV. Results are given in nb/GeV. Bottom panels: Ratio of the CCQE vﬂ—lzc double differential
cross section with and without considering Coulomb distortions for the above kinematics.

7.4 Electron neutrino versus muon neutrino cross sections

Most of the current neutrino oscillation experiments as well as the theoretical approaches that deal
with their description focus on the analysis of v, cross sections in contrast with the few published
measurements on v, cross sections. The relatively small components of v, and v, flux in neutrino
beams coupled with significant backgrounds arising from the dominant v,, interactions have led to
a shortage of v, and v, measurements in the energy range from 0.5 to a few GeV. This turns into
a small-statistics measurements for v, reactions. Gargamelle [177], NOvA [178] and T2K [45]
have published v, inclusive cross section results at these energies, but small statistics and the in-
clusive nature of these measurements limit their usefulness for model comparisons. Nevertheless,
a detailed and simultaneous knowledge of v,, and v, cross sections is decisive in connection to the
vy — V. oscillation experiments aiming at the determination of the neutrino mass hierarchy and
the search for CP violation in the leptonic sector. In this sense, the recent measurements of v,
and v, CCQE-like interactions from MINERvA [53] at energies around ~ 3.6 GeV, overlapping
the energy range of NOvA [178] and DUNE [60]], represent an outstanding exception. As shown
in Section their relatively high statistics allows for a detailed analysis of the flux-integrated
differential cross-section measurements for the v, CCQE-like process as well as for a comparison
of the v, and v, quasielastic cross sections as a function of QéE. Furthermore, the ArgoNEUT
Collaboration has recently presented the first experimental observation of v, and v, on argon in
the energy region of ~ 4 GeV [179]].
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In this connection, we present here a comparison of v, and v,, cross sections and their cor-
responding ratios. These are interesting quantities to analyze the differences between v, and v,
scattering which are influenced by the kinematical restrictions due to the different final-lepton
masses, radiative corrections, Coulomb distortions and to uncertainties in the nucleon form fac-
tors. In Fig.[7.24] we compare the v, (v.) and v, (v,) total cross sections in the SuSAv2 model for
the kinematics relevant for different v, experiments (T2K, NOvA, DUNE or MINERVYA) as well
as for the proposed facility yYSTORM [58,159], which will provide high quality electron neutrino
beams in the energy range E' < 4 GeV. Although the hadronic interaction is the same for v, and v,,
the different mass of the outgoing leptons produces a different energy transfer to the nucleus for
the same incident neutrino energy. As seen in Fig. this results in a small shift for low neutrino
energy. For higher energies the small differences due to the lepton mass tend to disappear, yielding
a universal curve for the total cross section, independent of the neutrino flavour. This is empha-
sized in Fig. where the ratios v./v,, and v, /v, for the total CCQE cross sections are shown,
reaching both unity at energies above 1 GeV. For small energies one expects that the different nu-
clear excitation energy involved and the energy-dependence of the nuclear response functions will
emphasize differences between the two cross sections, or between either of these and more sophis-
ticated modeling of the low-lying nuclear excitations. Some theoretical calculations on this line
can be found in [180]. A precise measurement of the cross sections in this region might therefore
allow one to extract new information concerning the electroweak nuclear matrix elements.

We note that the difference between the two cases is also linked to the Coulomb corrections,
i.e., distortions of the final-state charged lepton wave functions in the Coulomb field of the nu-
cleus. These are taken into account using the effective momentum approximation described in
Section (see also [64]). Their effects were found to be negligible in the energy range con-
sidered (up to 1 GeV), becoming important only at neutrino energies below 250 MeV, where the
cross sections are substantially smaller.
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Figure 7.24: SuSAv2 predictions for muon- (solid curves) and electron- (dot-dashed curves) neu-
trino and antineutrino CCQE cross section per nucleon on >C.
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Figure 7.25: Ratio of the SuSAv2 predictions for muon- and electron- neutrino (solid line) and
antineutrino (dot-dashed line) CCQE cross section per nucleon on >C.

For completeness, we present in Fig.[Z.26]the v, and v, double-differential cross section on 2c
within the SuSav2 model at different kinematics, where the effects due to the final-lepton masses
are clearly prominent at lower energies (E, = 250 MeV), leading to a reduction of ~ 30% for v, at
the peak position. Additionally, a small shift to lower w is observed. These effects roughly disap-
pear at E, > 750 MeV. Similar results for the v, cross section are found in [180] within the RPA
(random phase approximation) and CRPA (continuum random phase approximation) approaches.
On the contrary, the RPA and SuSAv2 models are not capable of reproducing the low-lying nuclear
excitations below w = 50 MeV shown by the CRPA calculations.
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Finally, in Fig.[Z.27| we compare the v, and v, single-differential cross sections in terms of the
scattering angle for E, = 250,500 and 750 MeV where, apart from the larger results for v,, we
notice that v, and v, cross sections get closer at very forward angles. This is observed in detail

. . . . doy, . .
in the bottom right panel of Fig. where the ratio ddé’(')vseg dgos“ 5 1s shown for the previous E,
values. As also deduced from Fig. the v./v, ratio increases at the lowest energies, while at

higher kinematics (E, = 750 MeV) it gets closer to 1. Similar results are also obtained within the
context of the CRPA approach [180] in the energy range from 200 to 750 MeV. This 4oy, / 47w,

dcosf’ dcos6
ratio, expected to be larger than 1 due to the different kinematical limits arising from the different
final-lepton masses, experiments a sharp decrease at very forward angles, where differential cross
sections approach zero. This a direct consequence of the different phase-space for each case, more

pronounced at lower kinematics.
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7.5 T2K results for v, CCOr interactions

In the previous sections, our analysis has been mainly focused on the scattering of neutrinos and
antineutrinos on mineral oil, CH, and CH, which has been the most commonly used target in ex-
perimental facilities up to now. However, there is an increasing experimental interest in theoretical
predictions for cross sections on different targets, specifically “°Ar and '°0, which could shed light
on the uncertainties arising from both initial state nuclear effects and final state interactions. In par-
ticular, in the T2K experiment the far detector may have different nuclear targets, a polystyrene
(CgHg) and water (H,0O), and it is then crucial to understand how to extrapolate the results from
one target to another.

Therefore, in this section we explore, in the framework of the SuSAv2-MEC model [38,39,
153, the similarities and differences between the T2K CCOx (anti)neutrino scattering on '°0 and
12C. The CCOx scattering is defined, equivalently to the CCQE-like one, as the process where no
pions are detected in the final state. This process receives contribution from two different reac-
tion mechanisms: quasielastic (QE) scattering and multi-nucleon excitations dominated by 2p-2h
MEC contributions. These two mechanisms have in general a different dependence upon the nu-
clear species, namely they scale differently with the nuclear density [[156], as previously analyzed
in Chapters [ and

In what follows we apply our SuSAv2-MEC model to CCOr v, scattering reactions on '*C
and '90 and compare the theoretical predictions with data taken at different kinematics given by
the T2K collaboration [56./122]]. The discussion follows closely the analysis already presented in
Chapter 6l for (e, e”) reactions on 12C and '°0.

7.5.1 T2K v,-'?C reactions

In Fig. we present the flux-averaged double differential cross sections corresponding to the
T2K experiment [56]. The graphs are plotted against the muon momentum, and each panel corre-
sponds to a bin in the scattering angle. As in previous cases, we show the separate contributions
of the pure QE, the 2p-2h MEC and the sum of both. Contrary to the MiniBooNE and MINERvVA
experiments, the T2K data show a larger dispersion with significant error bands. Concerning the
theoretical predictions, in the present case the relative contribution of the 2p-2h MEC compared
with the pure QE is significantly smaller than in the previous cases; of the order of ~ 10% at
the maximum of the peak compared with the ~ 25 — 35% in the MiniBooNE case. This can be
connected with the T2K neutrino flux [181] that, although averaged at ~ 0.8 GeV similar to Mini-
BooNE, shows a much narrower distribution around the peak. Hence 2p-2h MEC contribute less
to the differential cross section.

As observed, the theoretical model is capable of reproducing the data although, contrary to
the MiniBooNE and MINERVA data, the addition of the 2p-2h MEC does not seem to improve
significantly the description of the experimental data, except at backward kinematics. Notice that
the relative contribution of the 2p-2h channel compared with the QE one is less relevant as for
the MiniBooNE case due to the narrower T2K flux. Similar comparisons have also been achieved
within the Martini et al. and Nieves et al. models shown in [56]].

Moreover, due to the present level of experimental accuracy and the large error bands shown
by T2K data in most of the kinematical situations, both the pure QE as well as the total, QE+2p-2h
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MEC, predictions are in accordance with the experiment. It is interesting to point out the results for
the most forward angles, i.e., the panel on the right-bottom corner. Notice that the QE and 2p-2h
MEC contributions are stabilized to values different from zero for increasing muon momenta as a
consequence of the high energy tail of the T2K neutrino flux. This is at variance with all remaining
situations where the cross sections decrease significantly as the muon momentum p,, goes up.
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Figure 7.28: T2K flux-folded double differential cross section per target nucleon for the v,
CCQE process on '>C displayed versus the muon momentum pu for various bins of cos @, ob-
tained within the SuSAv2-MEC model. QE and 2p-2h MEC results are also shown separately.
Data are from [56]).

7.5.2 T2K v,-'°0 reactions

In the following, we assume the procedure described in Sections and 4.3 for the extension of
the SuSAv2-MEC model to other nuclei. In the case of °O, the kr and E,j,; ri-values used are the
ones defined for electron scattering (kr = 230 MeV/c and Egp; ;s = 16 MeV) in Chapter [6] being
consistent with the general trend observed in [37]. In previous works [85-87,91,182], a different
choice (kp = 216 MeV/c and Eg;;;; = 25 MeV) of these parameters was employed. Although
both sets of values lead to small differences in the cross sections, the present choice does provide
a more consistent analysis, and more importantly, it also improves the comparison with electron

scattering data (see Fig. [6.11)), thus ensuring its validity to analyze neutrino experimental data on
160
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Figure 7.29: T2K flux-folded double differential cross section per target nucleon for the v, CCQE
process on '°0 displayed versus the muon momentum p . for various bins of cos 6, obtained within
the SuSAv2-MEC model. QE and 2p-2h MEC results are also shown separately. Preliminary T2K
data are from [122]]. The y-axis represents d*o/ dp,/dcosf,in 1073 cm?/GeV/nucleon.

Results for CCOx vﬂ—160 reactions within the SuSAv2-MEC model are shown in Fig.
Each panel presents the double differential cross section averaged over the T2K v, flux versus the
muon momentum for fixed bins of the muon scattering angle. We show the separate contributions
of the pure QE, the 2p-2h MEC and the sum of both. As for the '?C case, a good agreement with
data is achieved in most of the situations, although due to the present level of experimental accu-
racy it is hard to draw further conclusions. As well, a minor role of the MEC effects compared with
the pure QE ones is observed. Furthermore, the MEC peak compared with the QE one is shifted to
smaller p,-values.

These results, also present in the case of T2K-'?C, are in contrast with the analysis of the
MiniBooNE and MINERVA experiments, that show 2p-2h MEC relative effects to be larger and
the peak location more in accordance with the QE maximum. This is connected with the much
narrower distribution of the T2K flux, of little relevance above 1 GeV. Similar comments also
apply to the results for CCOx Vﬂ—160 reactions shown for completeness in Fig.[7Z.30l Although the
average v, 1s sligthly lower (~ 0.6 GeV), the relative contribution of the 2p-2h MEC compared
with the QE one is very similar to the case of neutrinos, also showing the same general shape
versus the muon momentum.
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Figure 7.30: As for Fig. but now for the ¥, CCQE process on 0.

7.5.3 Oxygen versus Carbon CCOr results

In order to disentangle how nuclear effects enter in the analysis of the T2K experiment, we show
in Fig. [7.3T the predictions provided by SuSAv2-MEC for the neutrino-averaged double differen-
tial cross sections per nucleon in the cases of '>C (red lines) and '°O (blue lines). The separate
contributions of the pure QE (dot-dashed), the 2p-2h MEC (dashed) and the total responses (solid)
are presented.

Although the scaling behavior of the QE and the 2p-2h cross section per nucleon is different:
while the former goes like k;l (scaling of the second kind), the latter increases as k%, the results
in Fig. [Z.31] are very similar for the two nuclei in most of the kinematical situations. This is a
consequence of the very close values of kr assumed in both cases: 228 MeV/c (230) for '>C
('60). Only at forward angles some discrepancy between the results for '?C and '°0 emerges
being the latter cross sections larger. The amount of this difference gets higher as the scattering
angle approaches zero. This is clearly observed in the bottom panels of Fig.[Z.31], where the total
cross section for '°O is significantly larger than the one for '2C. Notice that this discrepancy comes
essentially from the pure QE response, being the relative difference in the 2p-2h MEC contributions
much smaller. This is consistent with the fact that at very forward angles the transferred energy
in the process is very small and low-energy effects and Coulomb distortions are of relevance (see
Sections[7.3.1land [7.3.2). However, in spite of these discrepancies, it is important to point out that
the model is capable of reproducing the data for '>C and '°O within their error dispersion.
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Figure 7.31: The same as Fig. but now including also the results corresponding to the T2K-v,
CCQE process on '°C.

Next we explore the dependence of the C/O differences upon the neutrino energy. To this scope,
we show in Fig. the total integrated cross section per nucleon versus the neutrino energy.

Results from the left panel in Fig. show that nuclear effects in the total cross section,
including both QE and 2p-2h MEC contributions, are very reduced. This minor discrepancy comes
from the partial cancellation between the results obtained for the pure QE response (slightly lower
for oxygen) and the 2p-2h MEC (a bit larger for oxygen). This is connected with the different
scaling behavior shown by the QE and 2p-2h MEC responses with the Fermi momentum, and
the very close values of kr selected for the two nuclei. Although not shown in the left panel of
Fig. as almost no visible difference appears, the use of a smaller value of kr for '°0, as
the one kr = 216 MeV/c considered in some previous works [85H87]], leads to more significant
differences in the QE (being larger) and 2p-2h MEC (smaller) contributions. Nevertheless, the
total response remains rather similar to the result for '?C. It is important to point out that the use
of different kr-values only leads to significant discrepancies for low energy transfer, i.e., < 50
MeV, where other ingredients, not explicitly included in the SuSAv2-MEC model, can be relevant.
Moreover, the relative contributions coming from transfer energies below 50 MeV are larger as
the neutrino energy decreases. This is clearly observed in the right panel of Fig. for the ratio
160/12C corresponding to the two values of the Fermi momentum selected for oxygen, 230 MeV/c
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and 216 MeV/c. As shown, for neutrino energies above 500 MeV the cross sections for the two
nuclei are almost identical (ratio equal to 1), independently of the particular kr-value selected for
oxygen. On the contrary, the situation clearly differs for smaller neutrino energies, E, < 500 MeV.
Here the ratio grows up (goes down) very quickly as E, diminishes, leading to differences of the
order of ~ 5 — 10% at E, ~ 0.2 GeV. Notice that in this region 2p-2h MEC contributions (dashed
lines in the left panel) are negligible, so the total cross section (solid lines) coincides with the pure
QE contributions (dot-dashed) that determine the behavior of the ratio. As already commented,
the oxygen response evaluated for kr = 216 MeV/c is significantly larger than the carbon one
because of its smaller value for the Fermi momentum. This is in contrast with the oxygen response
corresponding to kr = 230 MeV/c. Furthermore, it has been found that both 'C and '°0 QE
total cross sections collapse into the same result when neglecting w < 50 MeV (see right panel
on Fig.[7.32). Therefore, in this case the ratio would be closer to unity even at very low neutrino
energies.
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Figure 7.32: Left panel: Total v, cross section per nucleon as a function of the neutrino energy
evaluated for '>C and '°0 nuclei. Separate contributions of the pure QE (dot-dashed) and 2p-2h
MEC (dashed). Right panel: Ratio of total cross sections corresponding to Oxygen and Carbon.
Results are presented for two values of the Fermi momentum in '90: kr = 230 MeV/c (solid line)
and kp = 216 MeV/c (dashed line). The Fermi momentum for '2C is fixed to 228 MeV/c.

Another ingredient in the calculation that also affects the O/C results within this low-neutrino
energy region concerns the energy shift. As already mentioned, the careful analysis of (e,e’) data
for both nuclei leads to the use of kr = 230 MeV/c for '°0 with an energy shift 4 MeV smaller
than the '2C one (see discussion in Section [6.3)).

For completeness, the results for the flux-averaged single-differential cross sections per nu-
cleon corresponding to the T2K experiment are presented in the left panels of Fig.[Z.33] We show
the cross sections versus the scattering angle (top panel) and against the muon momentum (bot-
tom). In both cases a comparison between the carbon and oxygen results is provided using the
values of the Fermi momentum given above, namely, 228 MeV/c ("2C) and 230 MeV/c (1°0). The
separate contributions of the pure QE (dot-dashed), 2p-2h MEC (dashed) and the total result (solid)
are shown. As noted, the discrepancy between the two nuclei is very small.

In order to provide a more detailed analysis on the role played by the nuclear effects, we present
in the right panels of Fig. the corresponding ratios between the differential cross sections for
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both nuclei. Here, in addition to the two Fermi momenta selected for the cross sections (left pan-
els), we also include the results obtained for '°O with kr = 216 MeV/c. The shadowed region
represents the uncertainty in the total response (QE+MEC) linked to the use of the two values of
the Fermi momentum for oxygen: 230 MeV/c (lower limit) and 216 MeV/c (upper limit). In the
case of the cross section versus the muon angle (right-top panel) the uncertainty spread is of the
order of ~ 2 — 3%. Notice that only for very forward angles the curves cross each other. This
corresponds to very small values of the energy transfer (see discussion above). The tiny ~ 2 — 3%
uncertainty comes from the significant cancellation between the isolated QE and 2p-2h MEC con-
tributions that show a much wider spread, of the order of ~ 7 — 8% (QE) and ~ 16 — 18% (MEC),
roughly connected with their corresponding kr dependence.

The results for the ratios of the differential cross section versus the muon momentum are pre-
sented in the right-bottom panel. Again, the shadowed region represents the uncertainty linked to
the total cross sections. Notice the significant fluctuation of the results at low values of the muon
momentum. This is a region where the cross sections increase very quickly with p,, until reaching
their maxima. In fact, the value of the muon momentum where the two curves for the global ratios
cross each other is close to the values where the maxima in the cross sections are located. For
higher muon momentum p,, the uncertainty in the total ratios is at most of the order of ~ 5 — 6%
being reduced to ~ 2 — 3% for p,, > 1 GeV/c.
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Figure 7.33: Left panels: T2K flux-averaged CCQE neutrino differential cross sections per nucleon
for 12C and '°0 as a functions of the muon scattering angle (top panel) and of the muon momentum
(bottom panel). Right panels: Ratios between the T2K differential cross sections for the two nuclei
and diverse values of the Fermi momentum for '°0. The shadowed areas represent the uncertainty
between the total responses linked to Fermi momenta.



7.6. INCLUSIVE v,-1C CROSS SECTIONS 157

7.6 Inclusive v,-'2C cross sections

In this section, the analysis is extended to the inclusive charged current neutrino-nucleus cross
sections which, in this context, requires the addition of resonance production and deep inelastic
scattering processes to the QE and MEC multinucleon contributions previously considered. As a
consequence of these competing mechanisms, the products of neutrino interactions include a va-
riety of final states from the emission of nucleons to more complex results including pions, kaons
and collections of mesons. The CC inclusive cross sections are evaluated within the SuSAv2-MEC
model and its extension to the pion production region associated to the A-resonance. Note that this
implies some limitation for the analysis of very high-energy neutrino experiments where higher
inelasticities and DIS contributions can play the main role.

We compare our predictions with the inclusive measurements carried out by the T2K [44,/45,
183]] and SciBooNE [41] Collaborations, where only the outgoing lepton is detected. For neutrino
energies around 1 GeV (T2K and SciBooNE) the main contributions to the cross sections are as-
sociated with quasielastic (QE) scattering, one pion (17) production and, to a lesser extent, 2p-2h
MEC, while at higher neutrino energies (such as the ones from the ArgoNeuT experiment [48,49])
multiple pion and kaon production, excitation of resonances other than the A and deep inelastic
channels are necessary to describe the data. In what follows we attempt to provide some insights
into how important these last effects may become as the neutrino energy increases.

7.6.1 A-scaling in lepton-nucleus interactions

Next, we briefly introduce the extension of the SuSAv2 formalism to the A regime for neutrino-
nucleus scattering. This approach allows for a description of the QE and A resonance regions in a
unified framework and can also be applied to high energies due to its relativistic nature.

In previous works [64,184], it has been shown that the residual strength in the resonance region,
obtained by subtracting the QE+MEC contribution from the total cross section, can be accounted
for by introducing a new scaling function f* dominated by the N — A and employing a new scal-
ing variable, ¥/, which is suited to the resonance region, resembling the inelastic scaling variable
introduced in Chapter [3 for (e, ¢’) reactions (see Eq.[5.32]),

va = — e (7.8)

Ve \/(1 +/lpA)T+K1/T(1 +Tpi)

with p, defined in terms of the A-resonance mass, ma,

2 _4r
B sy (7.9)
It is also important to stress that this A-scaling approach is expected to be valid only for those
kinematical situations where the A-resonance excitation is the dominant inelastic process. In this
sense, the extension of the SuSAv2-inelastic model (succesfully applied to the analysis of (e,e’)
data in Chapter [6) to the analysis of CC neutrino interactions would be more suitable to describe
the inclusive cross section at higher energies

pa=1+

IThe extension of the SuSAv2-inelastic model to CC neutrino reactions is still in progress and will be presented in
further works.
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Thus, the phenomenological A-scaling function employed here for the analysis of the non-
quasielastic (non-QE) region, assuming that this is dominated by the A-resonance, follows the
procedure described in [[84,184]. We first define a non-QE experimental scaling function in this
region, fM"~QE = £,  This entails subtracting from the experimental (e,e’) double-differential
cross section the SuSAv2-QE predictions and the 2p-2h MEC contributions:

Ao non—-QE o exp o QE,SuSAv2 Ao MEC
— - — 7.10
(de(u) (de(u) (dew ) Iplh (dew )2p2h (7.10)
Then we define a superscaling function in the region of the A peak as follows:
( o )non—QE
FromQB () = fop —— (7.11)

O-Mott(VLG% + VTG$) ’

where G%, G% are the single-hadron functions referred to the N — A transition (see [64,/84,184]
for explicit expressions and details on the form factors employed).

The behavior of f""~QF is determined by analyzing a large set of high quality (e, e’) data for
12C, using similar procedures to those discussed in [64]. The data used are chosen to match, at
least roughly, the relevant kinematics for the neutrino experiments under discussion.

From this analysis, illustrated in Fig.[7.34] it appears that scaling in the A region works reason-
ably well up to the center of the A peak, ¥ = 0, while it breaks, as expected, at higher energies
where other inelastic processes come into play. Nevertheless the quality of scaling is not as good
as in the QE-peak region. For this reason the non-QE scaling function is represented with a band,
rather than with a function, which accounts for the spread of pseudo-data seen in Fig.[7.34l This
band, together with the SuSAv2-MEC model, can now be used to validate the model against elec-
tron scattering data and, hence, to extend it to neutrino and antineutrino cross sections.
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Figure 7.34: Averaged experimental values of f™"~QE(y,) together with a phenomenological
fit of the non-QE scaling function. The colored band represents an estimation of the theoretical
uncertainty. Data taken from [100,[101].
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In Fig. we compare the model predictions with inclusive electron scattering data on 2C.
Although many high quality electron scattering data exist, here we only show results for a few
representative choices of kinematics that are of interest in the neutrino experiments addressed in
the following sections.
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Figure 7.35: Double-differential inclusive electron-carbon cross sections, do /dwd(2. The panels
are labeled according to beam energy, scattering angle, and value of gpf at the quasielastic peak.
The results are compared with the experimental data from [185]] at the selected kinematics.

As observed, the model gives a good description of the (e,e’) data. The band in the final
cross section (green region) comes from the uncertainty in the determination of the A superscaling
function. This explains that the data located in the region close to the A-peak are contained within
the limits of the above band. Note also the compatibility between the 17 contribution and the
SuSAv2-inelastic model except for the highly-inelastic regime, i.e. very large w. More importantly,
the model (with its associated uncertainty) is capable of reproducing successfully all data with
particular emphasis on the dip region. This result gives us confidence in the reliability of the
model and its application to the analysis of neutrino-nucleus scattering reactions.

7.6.2 Analysis of inclusive T2K and SciBooNE cross sections

First, we analyze the predictions corresponding to the T2K flux-averaged inclusive double dif-
ferential cross sections for muon neutrinos [44]. Results are shown in Fig. as function of
the muon momentum and averaged over particular muon angular bins (each panel). The separate
contribution of the QE, 2p-2h MEC and the A resonance (brown band) are presented. The global
response is shown by the green band. In spite of the large experimental uncertainties, the model
provides a very nice description of data once all contributions are included, i.e., QE, 2p-2h MEC
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and pion production. This is consistent with the kinematics implied by the present T2K experi-
ment (<EVH> ~ 0.8 GeV) being the A resonance the main response (almost the only one) within the
inelastic region. It is also worth mentioning that the effects associated to the A-scaling function
above Y5 = 0.5, where effects beyond the A-resonance are particularly relevant (see Fig.[7.34), are
less than 10 — 12% at T2K kinematics. This supports the reliability of our model to be applied to
the description ot the T2K u, data at (E,,H) ~ 0.8 GeV.

The previous comparison with T2K v, inclusive data has been also addressed in other works
[184.,[186.,[187]] where similar results were obtained in the framework of the SuSAv2+vectorMEC,
RPA and GiBUU models. On the contrary, some underprediction were found in [173,/188]] for
the CRPA and RGF approaches, respectively. When comparing with results from [[184], the main
difference between the two calculations is the inclusion, in the present, of the axial and interfer-
ence vector-axial 2p-2h contributions. Whereas in [184]] the purely vector MEC were found to be
negligible at these kinematics, in Fig. it is shown that the axial+vector two-body currents give
a contribution closer to the one associated with the A resonance.
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Figure 7.36: The CC-inclusive T2K flux-folded v,—!'?C double-differential cross section per

nucleon evaluated in the SuSAv2+MEC model is displayed as a function of the muon momentum

for different bins in the muon angle. The separate contributions of the QE, 17 and 2p-2h MEC are
displayed. The data are from [44].

Similar conclusions apply to the inclusive T2K results for electron neutrinos analyzed in Fig.[7.37]
where the flux-averaged single differential cross sections are shown. Results are presented against
the electron scattering angle (top panel), the electron momentum (middle) and the reconstructed
four-momentum (bottom). In the three cases we show the separate contributions corresponding to
the QE response, the 2p-2h MEC, pionic and the total response.
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Although, as noted, the role associated with the A resonance is essential, the data in Fig.[7.37]
are underpredicted by the model predictions. This implies that other higher nucleon resonances,
not taken into account in the present description, may also have a significant role in explaining
T2K v, data. Note that the averaged v, flux is placed at ~ 1.3 GeV, significantly larger than the v,
one (~ 0.8 GeV) and, at the same time, the role ascribed to the 2p-2h MEC effects is of the order
of ~ 20% (~ 15%) for v, (v,). The need for higher inelasticities in the theoretical description are
clearer for increasing values of the electron momentum (see results in the middle panel) and/or
the reconstructed four-momentum transfer (bottom panel). The DIS cross section shown in [187],
which is intended to be included in further works, could reduce the underestimation on the T2K-v,
results displayed here as well as in the ones from Martini et al. [[180].

To conclude, we present in Fig. [7.38] the results for the SciBooNE experiment [41]. These
correspond to CC v,, (v,,) scattering on a polystyrene target (CgHg). The data are presented as a
total unfolded integrated cross section as a function of the neutrino energy. Because of the model-
dependent unfolding procedure to reconstruct the neutrino energy, one should be very cautious in
the comparison between data and theoretical predictions (see discussion in [41]). The case of neu-
trinos is presented in the left panel of Fig.[7.38]in comparison with available data, including also
as reference the T2K total inclusive cross section measurements for v, [183] and v, [45] as well as
the recent MINERVA inclusive measurements for v, and v, [163]. The theoretical predictions for
antineutrinos are referred to the right panel. Contrary to the analysis in [184]] where only vector
2p-2h contributions were considered, here the model reproduces the neutrino data up to 1 GeV.
Nevertheless, for higher energies the model still underpredicts the data by a significant amount.
This result clearly indicates that new channels and higher nucleon resonances, in addition to the
resonant pion production, should be added to the model for the analysis of measurements beyond
E, ~1GeV.
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Figure 7.38: The CC-inclusive v, (left) and v, (right) cross section on a polystyrene target (CgHg)
per nucleon evaluated in the SuSAv2-MEC model as a function of the neutrino energy. The Sci-
BooNE data are from [41]. The T2K total inclusive data for v,, [183] and v, [45] as well as the
MINERVA inclusive measurements [165]] for v, and v, are also shown as reference.
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7.7 Conclusions

In this Chapter, the SuSAv2-MEC model has been succesfully applied to the analysis of charged-
current neutrino interactions at intermediate energies, dealing with several aspects of neutrino in-
teractions with nuclei. This has been performed by means of a joint calculation of QE and 2p-2h
contribution using the SuSAv2 model for the quasielastic responses and a relativistic Fermi gas
model for the 2p-2h meson exchange currents in the weak sector. We have analyzed the published
data from the MiniBooNE, T2K, MINERvA, NOMAD and SciBooNE experiments on '>C, span-
ning an energy range from a few MeV to hundreds of GeV. We have found an overall good agree-
ment with data when considering the QE and 2p-2h contributions. When extended to the analysis
of inclusive neutrino reactions, the SuSAv2-MEC approach considering the A production region to
model resonant pion production leads to an accurate description of the T2K and SciBooNE inclu-
sive data in the region where higher inelasticities are not prominent ( £, < 1 GeV). On the other
hand, the inclusion of the complete inelastic spectrum into the SuSAv2 model for weak interac-
tions will be necessary to account for the higher energies involved in the ArgoNeuT [48,49] or
MINERVA [1635] inclusive measurements. We have also concluded that the 2p-2h MEC channel
is essential to describe a great amount of CCQE-like and inclusive experimental data, with a con-
tribution relative to the QE response ranging from 15 — 35% depending on the kinematics.

Regarding the analysis of the different L/T and vector/axial channels that contribute to the
neutrino-nucleus interactions, we have confirmed a dominance of the traverse channel over the
longitudinal one in both the QE and 2p-2h contributions, being the transverse axial and vector
terms of similar magnitude. On the contrary, the longitudinal axial contribution has been proved
to be essential to interpret properly antineutrino reactions due to the interference V-A cancellation.
Moreover, the analysis of the relevant kinematics for CC weak processes has led to the conclusion
that the major contribution to both QE and MEC regimes comes from w < 500 MeV and g < 1000
MeV/c even at very high neutrino energies. In addition, a proper description of low-energy effects
is essential for the analysis of forward kinematics and the low-|Q?| region. This low-kinematical
region is also responsible for the main differences between v, and v, cross sections.

Additionally, the SuSAv2-MEC model has also been extended to the analysis of neutrino-
oxygen cross sections, yielding a good representation of the experimental data within the present
experimental accuracy. In this connection, the scaling behavior of the RMF scaling functions
together with the nuclear dependence of the 2p-2h contributions will allow for a consistent de-
scription of forthcoming neutrino experiments on heavier nuclear targets, such as DUNE [60],
ArgoNeuT [48,149] or MINERVA [54]. On this basis, an appropriate analysis of asymmetric nu-
clei (Z # N) of interest for these experiments, such as *°Ar or °Fe, will be provided in further
works by the inclusion of the separate neutron and proton scaling functions arising from the RMF
theory [86,87]] into the SuSAv2 model as well as supplying the separate 2p-2h charge channel
contributions, pn, pp and nn emission [189].

To conclude, the SuSAv2 model as well as the 2p-2h MEC parametrization can be described
in a simple way for different nuclei, translating sophisticated and computationally demanding mi-
croscopic calculations into a straightforward description and, hence, easing its implementation in
MonteCarlo event generators employed in the analysis of neutrino oscillation experiments. Ac-
cordingly, the SuSAv2-MEC model constitutes a satisfactory approach for analyzing current and
forthcoming neutrino experiments.






Chapter 8

Summary and Conclusions

In this PhD thesis we have explored the charged-current weak interaction on hadronic systems at
intermediate energies, spanning from a few MeV to hundreds of GeV. We have focused on differ-
ent processes of relevance for neutrino oscillation experiments and have compared our predictions
with a large variety of experimental results.

Beginning with neutrino reactions off free nucleons, we have described the inner structure
of the hadrons and have introduced the general formalism necessary to describe charged-current
neutrino-nucleus scattering processes for the different regimes, namely, quasielastic, 2p-2h MEC
contributions and inelastic spectrum.

With the aim of achieving a complete theoretical description of the CCQE neutrino-nucleus
interaction, we have developed the so-called SuSAv2 model. This model makes use of the pre-
dictions given by the relativistic mean field theory and is based on the SuperScaling Approach,
which assumes the existence of universal scaling functions for both electromagnetic and weak in-
teractions. The scaling functions implicitly contain the nuclear dynamics of the process, namely,
mean-field effects, final-state interactions, nucleon correlations, etc. These nuclear effects can be
studied using different approaches. In this thesis, we have offered a possible explanation in terms
of the relativistic mean field theory which accounts for the FSI between the outgoing nucleon and
the residual nucleus. This model is also consistent with the observed superscaling properties of
(e,e’) data and includes a natural enhancement of the transverse nuclear response as a genuine rel-
ativistic effect, where the latter has shown to be in accordance with the L/T differences suggested
by the experimental data.

We have considered in the SuSAv2 model the difference between isoscalar and isovector con-
tributions coming from the RMF theory, as well as the separate vector-vector, axial-axial and
vector-axial channels. We have also noticed that whereas the RMF approach works properly at
low to intermediate values of the transfer momentum, also providing an accurate description of
FSI, results in the high-g regime, where FSI are negligible, are better described by RPWIA. This is
a consequence of the strong energy independent scalar and vector potentials involved in the RMF
model which, at high values of ¢, imply a strong energy shift and a long high-energy tail in the
scaling functions. Accordingly, a general “blending” function has been introduced in the SuSAv?2
model to make a transition between the RMF and RPWIA responses.

Furthermore, we have extended the SuSAv2 model to the whole energy spectrum, incorporat-

ing to the QE contributions the ones coming from 2p-2h excitations and the entire inelastic regime.
In this connection, a detailed analysis of the inelastic structure functions for protons and neutrons
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has been addressed. The present model has shown to be capable of describing very successfully
the whole energy spectrum of '2C(e,e’) data at very different kinematics. In particular, SuSAv2
has accurately reproduced the position, width and maximum of the QE peak for all kinematics,
whereas the use of the single-nucleon inelastic structure functions together with the SuSAv2 scal-
ing functions has led to a precise description of the A-resonance region and the complete inelastic
regime. The addition of 2p-2h MEC effects has also allowed for a proper interpretation of the “dip”
region. Remarkably, the SuSAv2-MEC model has provided a reasonably good description not only
of the cross sections but also of the separate longitudinal and transverse response functions. This
is a very important test for models used in neutrino scattering studies, since the balance between
the L and T channels is different from the (e, e’) case.

Accordingly, a basic feature in the present study, apart from the SuSAv2 model applied to the
QE and inelastic regimes, has concerned the evaluation of the two-body meson exchange currents
that have proven to be essential to describe recent neutrino experiments as well as the “dip” region
in (e,e’) data. The prescription employed here is based on a fully relativistic model in which a
fully Lorentz and translational invariant calculation can be developed and, hence, applied to very
high energies/momenta. This is crucial in order to analyze neutrino oscillation experiments. In
the present study we have used a fixed, highly accurate parameterization of the 2p-2h MEC vector
and axial nuclear responses that allows us to avoid the computationally demanding microscopic
calculation for the entire set of kinematics involved in the experimental data. It is also important to
remark that whereas the SuSAv2 model has been developed from the original calculations based
on the RMF theory, the 2p-2h MEC calculations are linked to the RFG model. The main justifica-
tion for this hybrid approach resides in the technical difficulties inherent to the calculation of such
contributions, which is extremely complex even in the simple RFG basis.

Additionally, the analysis has been extended to other nuclear species in terms of the scaling
properties and nuclear density dependence, thus leading to an accurate description of the exper-
imental data for nuclei of relevance in forthcoming neutrino experiments. Despite the smaller
amount of available (e,e’) data for other nuclei compared to '2C, the growing interest of experi-
mental collaborations on (e, ¢’) measurements, together with the extension of neutrino experiments
to other nuclear targets, is expected to shed light on the nuclear effects that play a role in the ex-
perimental measurements for both electron and neutrino reactions.

All this complete analysis has given us a great confidence in the reliability of the model, pro-
viding a solid benchmark to assess its validity when extended to the description of CCQE neutrino-
nucleus scattering. In this case, not only new responses contribute, but also the wide neutrino flux
energy spectrum implies that ingredients, such as multinucleon excitations, beyond the ones as-
sumed within the A can have a significant impact on the data analysis. In this sense, the fully
relativistic description presented in electron scattering processes for the entire energy spectrum
and the different nuclear regimes is of crucial importance for the study of neutrino reactions.

From this baseline, the SuSAv2-MEC model has been succesfully applied to the analysis of
charged-current neutrino interactions at intermediate energies. We have compared our predictions
with recent experimental results from different collaborations: MiniBooNE, T2K, MINERvVA,
NOMAD and SciBooNE, covering an ample energy range from a few MeV to hundreds of GeV.
Accordingly, these measurements on CCQE neutrino and antineutrino reactions on 'C have con-
stituted an extensive guide to assess the reliability of our model. In this context, we have found an
overall good agreement with data when considering both the QE and 2p-2h MEC contributions,
thus verifying the relevance of the 2p-2h excitations for a proper interpretation of the CCQE-like
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measurements. When extended to the analysis of inclusive neutrino reactions, the SuSAv2-MEC
approach, considering the A production region to model resonant pion production, has led to an
accurate description of the T2K and SciBooNE inclusive data in the region where higher inelastic-
ities are not prominent (E, < 1 GeV). In this connection, the inclusion of the complete inelastic
spectrum into the SuSAv2 model for weak interactions, still in phase of analysis, will be necessary
to account for the higher energies involved in the ArgoNeuT and MINERVYA inclusive measure-
ments.

The conclusions extracted from the analysis of the different L/7T" and vector/axial channels that
contribute to the neutrino-nucleus interactions, have confirmed a dominance of the tranverse chan-
nel in both QE and 2p-2h regions, being the transverse axial and vector terms of similar magnitude.
On the contrary, the longitudinal axial contribution has been proved to be essential in both QE and
2p-2h MEC regimes in order to interpret properly antineutrino reactions. This is a consequence
of the interference V-A cancellation. Moreover, the analysis of the relevant kinematics for CC
weak processes has led to the conclusion that the major contribution to both QE and MEC regimes
comes from w < 500 MeV and g < 1000 MeV/c even at very high neutrino energies. In addition,
a proper description of low-energy effects, including the influence of Pauli blocking and consid-
ering the residual nucleus mass, is necessary for the analysis at forward kinematics and low-|Q?|
values. This kinematical region is also responsible for the main differences between v, and v,
cross sections, mainly related to the final-lepton mass dependence of the momentum transfer and
the Coulomb distortions of the emitted lepton.

Concerning the growing interest in neutrino reactions on different targets as a method to dis-
entangle the experimental uncertainties arising from nuclear effects in both initial and final states,
the SuSAv2-MEC model has been extended to the analysis of neutrino interactions on water. The
comparison within the preliminary T2K CCOxr v,-'°0 results has evidenced a good description of
the data within the present experimental accuracy. In this sense, the scaling behavior of the RMF
scaling functions together with the nuclear dependence of the 2p-2h contributions analyzed in this
thesis will allow for a consistent description of forthcoming neutrino experiments on heavier nu-
clear targets, such as DUNE, ArgoNeuT or MINERVA. In this connection, an appropriate analysis
of asymmetric nuclei (Z # N) of interest for these experiments, such as “°Ar or *°Fe, will be
provided in further works. This will be accounted for by including, into the SuSAv2-MEC model,
the individual neutron and proton scaling functions arising from the RMF theory as well as the
separate 2p-2h charge channel contributions, pn, pp and nn emission.

Finally, in the ongoing effort to model neutrino-nucleus interactions for precise measurements
of neutrino oscillations, the results presented in this thesis within the SuSAv2-MEC model can
provide a deeper understanding of these processes. On this basis, the SuSAv2 model as well as
the 2p-2h MEC contributions can be described in a simple way for different nuclei, translating
sophisticated and demanding microscopic calculations into a straightforward description of the in-
teracting nucleons and, hence, easing its implementation in the MonteCarlo simulations employed
in the analysis of neutrino oscillation experiments. All this makes the SuSAv2-MEC model a
promising candidate for analyzing current and forthcoming neutrino experiments.






Appendix A

Electromagnetic electron-nucleon elastic
scattering

Following the procedure described in Chapter [2] for CC elastic neutrino-nucleon interaction, we
introduce in this appendix some remarks on the formalism employed to describe elastic electron-
nucleon scattering processes. These interactions are schematically shown in Fig. where the
electromagnetic interaction (e~ + N — e~ + N) via the exchange of a y photon is represented.
Analogously to Chapter 2] the frame of reference is selected so that the initial and final electrons
are contained in the X Z plane. The kinematics of the elastic e-N scattering process is summarized
as follows:

2 Incident electron e™: 2 Final electron e:
- 4-momentum: k; = (&;,k;) - 4-momentum: ky = (er,ky)
> — Mass:
— Mass: m, #0 - g; = kl.2+mg e

— Scattering angle: 6,

2 Initial nucleon N: 2 Final nucleon N:
— 4-momentum: P; = (My,0) — 4-momentum: Py = (Ey,q)
— Mass: My — Mass: My

> Exchanged boson y:

— 4-momentum: Q, = (w,q = q)

The energy-momentum conservation law in the leptonic and hadronic vertexes implies the
following relations:

Leptonic vertex
= Energy conservation: & — € = w

= Momentum conservation: I:,- - l:f =g q2 = |l:l-|2 + |sz|2 - 2|l:,-||lzf| cosf,
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e p

e p

Figure A.1: Feynman diagram for the electromagnetic electron-proton scattering via
the exchange of a virtual photon.

Hadronic vertex
= Energy conservation: £y = w + My = w? + 2Myw = q2:> - 0% = |0? =2Myw
m Momentum conservation: § = P; + ﬁf =q= ﬁf

As shown in the previous equations, the kinematical variables &;, £y and 6, are not independent
so the kinematic of the process are completely defined by determining two of them.

Interaction hamiltonian

The transition ampplitude Sy; of the scattering process is obtained from the electromagnetic hamil-
tonian (Hgp):

Sy = —i f d*XHgy (X), (A.1)
Hepu(X) = e O0OAL, (X) = ey () Dem (@1 (X)), (A2)

where e is the electron charge. The 4-potential Aél N) (X), i.e., the field generated by the nucleon
in the interaction with the corresponding lepton can be related to the hadronic current through the
electromagnetic propagator, Dy, -

DEm

Next we introduce the leptonic and hadronic currents, used to obtain the electron-nucleon cross
section.

Leptonic and hadronic currents

Unlike weak processes where an axial term (y*y°) is also considered for the leptonic current, the
analysis of the electromagnetic leptonic current ( jff)) only involves the vector component (y*),

I = W kpys )y Re(kiss) - (A.4)
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Likewise, only the vector part remains for the hadronic currents,

Jow = ‘ZPf(Pf,Sf)f“lﬁPi(Pi,Si) (A.5)
~ N iRy
D= By + o0, (A.6)

Electromagnetic electron-nucleon cross section

Using the previous definitions and proceeding in a similar way as described in Chapter [2| for CC
weak processes (2.21)), we obtain the so-called Rosenbluth formula [66]] for electromagnetic (e, e’)
reactions:

do -1 G% + TGIZVI 2 2
d—g}f = O-MUtl‘frec T + ZTGM tan 96/2 s (A7)
0’ _ -’

g . . ) .
where fr.. = — is the recoil factor, T = and the electric and magnetic Sachs
e

AMy2  AMp2
form factors are defined, respectively, as Gg(Q?) = F}¥ — tF) and Gy(Q*) = F + F). The
0 Mot term is the Mott cross section, which is given by

@?cos?0,/2
42sin*0/2

Notice that for electromagnetic interactions, the nucleon responses only contain the purely
vector terms, that is, RZV and R¥ V. Thus the single differential cross section can be expressed as:

O Mott =

(A.8)

do

dq; = o FroFpy, with 72, =XV + X7V (A.9)

and X,V =viR]"; X7V =viRyY, (A.10)

where the leptonic factors vz, vr are given by

107
VL:pzz—q2 (All)
1
vr = E,o+tan2 0,/2. (A.12)

The nucleon responses (R ", RY") are defined as for the CC weak processes (see Eqs.2.60land[2.66
in Chapter [2)) but considering the purely electric and magnetic Sachs form factors, Gg and Gy,

given above.

More information about the formalism of electron-nucleon (e + N — ¢’ + N) and electron-
nucleus (¢ + A — ¢’ + N + (A — 1)) reactions can be found in previous works [63}/64}75]].






Appendix B

Parametrization of the reference scaling
functions within the SuSAv2 model

In this Appendix we summarize the parameterization of the reference SuSAv2 scaling functions.
The RMF scaling functions are given in terms of a skewed-Gumbel (sG) function [[190], defined as

fs6 = SO0 ¥) fo (o, o, B ) (B.1)
where
S(vo; = 2 (B.2)
(o3 y) - = 1 +ev/vo '
feWo,o,B¢) = ;e” exp[—e”] (B.3)
v = —(‘['_wo). (B.4)
(oa

In Table [B.1l the values of the free parameters that fit the corresponding longitudinal (L) and
transverse (T) RMF scaling functions are shown. The differences linked to the isospin effects (1)
are also taken into acccount.

frr=1 frr=o Jr
B 0.8923 1.0361 0.9425
o 0.6572 0.5817 0.7573
Yo 0.1708 0.02217 -0.4675
1/vo | =0.7501 -0.1163 2.9381

Table B.1: Values of the parameters that characterize the RMF scaling functions.

Moreover, the reference RPWIA scaling functions are described as

T?W’A = —2(a3)L’T_ ex (_—(lﬁ _ a4)2) , (B.5)
’ 1 +exp (d' ‘”) as

az

with a; = -0.892196, ay = 0.1792, (a3)r = 6070.85, (a3)r = 6475.57, as = 1.74049, as =
0.64559. There are no significant differences associated to isospin effects (isovector, isoscalar) on
the RPWIA scaling functions.
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In order to reproduce the peak position of RMF and RPWIA scaling functions within SuSAv2
we consider a g-dependent energy shift, namely, E,;;¢(g). This quantity modifies the scaling
variable Y/ (¢,w) — ¥'(q,w, Egpifr) as

1 A =1
Ve Ja vy« kT D

where & = 1+ (kp/My)? =1, k = q/2My), X' = &'/2My) and T = k% — 2. My is
the nucleon mass and kr is the Fermi momentum. Additionally, we have introduced the variable
W' =w— Egif.

Y’ (B.6)

In particular, we build this function Ey; r;(q) from the results of the RMF and RPWIA models
presented in Chapter [3 (see also [153]). In the particular case of !2C, the energy shift for the
longitudinal and transverse RMF/RPWIA scaling functions is defined (in GeV) as

ERME, = —0.005506 +0.0548 + ¢
ERMEL = —0.007687 +0.0564 + ¢
ERIMIA = 0.035164+0.0112+ ¢
EREWIA = —0.007687 +0.0564 + 0.827 (B.7)

The resulting reference-SuSAv?2 scaling functions defined above are displayed versus the scal-
ing variable in Fig.[B.1l

Figure B.1: Reference scaling functions in the SuSAv2 model displayed versus ¢’.



Appendix C

MEC scaling variable

In this Appendix, we describe in detail the 2p-2h MEC scaling variable ¢/, .~ (q,w,kF) which
bears a resemblance with the usual QE scaling variable ¢ = g[/'Q £(¢q,w), and adjusts the maximum
of the 2p-2h MEC results at /), .~ ~ 0. This MEC scaling variable is given by

4

- p/
MEC MEC/”MEC (Cl)

1
eff |
, , , ’ ’ 72
\/fp (q) \/(1 + AypcPmec) Tvec + K \/TMEC (1 + TMECpMEC)

wl/\/[Ec(q,w, kF) =

where
w/
’ _ ““MEC _ q ’ _ 2 ’ 2
/lMEC = —ZMN . K = —ZMN . TMEC = K — (/lMEC) . (CZ)
2
_ shift _ 1 m
wll\/IEC =w - Eype (@), p;\/IEC =1+ —4TI(/IEC (M]%, - 1) ) (C.3)
The functions
I gy = 1+ [a (1 + Be=ryns]? - 1 (C4)
and
EJTN(q) = Eo + Eit + Ext?, (C.5)

where w = ¢/1000 and r = (¢ — 500)/1000 with ¢ in MeV/c are chosen in such a way that the
maxima of the 2p-2h responses at different values of ¢ align at ¥}, = 0. The values of the pa-
rameters for the case of 12C are given in Table 1.The same values are used for all the choices of kr
and the results shown in Figs. and [4.17indicate that this procedure is successful.

mMeVic)) | « | B | v | ExMeV) | E(MeV) | Ex(MeV)
1170 | 1.3345] 30.73 | 0.85| 42718 | -700 | 37.0

Table C.1: The parameters entering the definition of ... for 12c.

The usual definition of ‘%E can be recovered from the above equations by setting m, = my

(hence p’ = 1) and replacing f;f f (q) by éF.
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Appendix D

Monopole and dipole axial form factor

With the assumptions of conserved vector current and partially conserved axial current, the only
undetermined form factor in the analysis of CCQE neutrino scattering is the axial nucleon form
factor, G 4(Q?). In this appendix, we explore the sensitivity of the neutrino and antineutrino cross
sections to the description of G4(Q?). As introduced in Chapters [[land 2} neutrino experiments do
not have, up to date, the precision required to test explictly the Q% dependence of the weak form
factors. Although without a strict theoretical basis, a dipole functional form, similar to the Galster
one for the vector form factors [18]], is assumed in most theoretical models. The assumption of the
dipole ansatz is a crucial element in many of the recent neutrino experiments [20,21,146,47,[191]].
A reasonable description of G 4(Q?) by dipole approximation with M4 ~ 1 GeV/c? was found in
the analysis of electroproduction data on free proton [17] and from do/dQ? neutrino-deuterium
data cite Bodek:axial2008.
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Figure D.1: CCQE v,—'2C (left panel) and v,,—'>C (right panel) cross section per nucleon evalu-
ated in the SuSA model for monopole (blue outer band) and dipole (red inner band) parametriza-
tions of the nucleon axial-vector form factor. A larger axial mass yields a higher cross section. The
results for M 4 = 0.75 GeV/c? are also shown as reference.

When employing a dipole parametrization for the above processes the “standard” value of the
axial-vector dipole mass is M, =1.032 GeV/c?, whereas in analyzing the MiniBooNE data a larger
value of M, =1.35 GeV/c?> was proposed [20] without considering the effects of multi-nucleon
excitations. The range spanned by these two M4-values is shown in Fig. [D.1] for neutrino and
antineutrino scattering on '>C within the semiphenomelogical SuSA approach. Similar effects can
be also found in the SuSAv2 model. Clearly the modified axial-vector mass (M, = 1.35 GeV/c?)
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produces an increase of the cross section improving the agreement at MiniBoone kinematics with-
out considering 2p-2h effects. However, the addition of the 2p-2h contributions, which has been
proved as essential to interpret properly the MiniBooNe data, would result in an overstimation of
the MiniBooNE data for M4 = 1.35 GeV/c2. Furthermore, the increase due to the enlarged axial
mass is excessive to explain the NOMAD data. This reinforces the idea that the world-averaged
axial mass (M4 = 1.032 GeV/c?) is the appropriate value for the dipole ansatz.

Although phenomenologically successful, the dipole parametrization has not been justified
from a field-theoretical point of view [72] and it is well-known that, for instance, in vector-meson
dominance (VMD) models [192], the fact that at moderate momentum transfers the EM form
factors are roughly dipole-like is a conspiracy involving the (monopole) p and w poles leading
to an effective dipole behaviour (see also the discussions in [[70]). Therefore, in addition to the
standard dipole form, we also consider here a monopole form GZM)(QZ) = ga/(1 +|Q%|/M?)
motivated by VMD-based analyses such as those in [148,/149]. Using the monopole axial-vector
masses M, =0.5 GeV/c? and M,y =1 GeV/c? (the range considered in [71]]) and employing the
SuSA model, we obtain the band also shown in Fig. Note that increasing the axial-vector
mass produces an increment of the cross sections with both parametrizations and a monopole
axial-vector form factor with M, =~ 1 GeV/c2 gives similar results at MiniBooNE kinematics as
using M, = 1.35 GeV/c?, but overstimating significantly the higher-enerey NOMAD data. In fact,
the band width linked to the two My-values used with the monopole axial-vector form factor is
much larger than the one corresponding to the dipole parametrization. This is in accordance with
previous results shown within the framework of parity-violating electron scattering [[71].

20 T TTTTTTT‘ T TTTTTTT‘ T TTTTTTT‘ T TTTTTTT‘ T T T T IT
T —--- E,=10GeV
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Figure D.2: Elastic neutrino-nucleon do/dQ cross section versus |Q?|. Upper lines: Monopole
form factor (]l7[ 4 = 1 GeV/c?). Lower lines: Dipole form factor (M4 = 1.03 GeV/c?). The cross
section rises slightly with E, for the monopole form factor at higher energies whereas the opposite
occurs for the dipole ansatz. This effect is noticed, after integrating, in the total cross section.

We should notice that a dipole axial-vector form factor with M4 = 1.35 GeV/c? (in the SuSA
model) produces a cross section that is slightly lower in the MiniBooNE energy region than that
obtained using M4 = 1 GeV/c?, but gives a “reasonable (or a better)” explanation of the NOMAD
data. On the other hand, M, = 1 GeV/c? is probably not a good choice because the neutrino cross
section keeps rising even at high energies. Indeed if one were to accept the monopole parametriza-
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tion and fit the NOMAD data one would find that M 4 =0.70+0.06 (0.72+0.14) GeV/c? for neutri-
nos (antineutrinos). For completeness, we also show in Fig.[D.Ilthe results for My = 0.75 GeV/c?.
It is noteworthy to mention that old experiments with deuterium bubble chambers also performed
fits of the data using a monopole axial form factor, obtaining M4 = 0.57 + 0.05 GeV/c? [23] and
My = 0.54 +0.05 GeV/c? [193].

As generally observed, the monopole form factor descreases slower than the dipole one as |Q?|
rises, which is linked to the different (1 + |Q?| /M/%)” dependence. This is also observed for elastic
neutrino-nucleon reactions (see Fig. for details) where for M 1 = 1 GeV/c? the differential
cross section keeps rising with E, even at high |Q?|. In contrast, the analysis of the dipole form
(M4 = 1.032 GeV/c?) shows a slight reduction of the results as E, increases.

In summary, while these and previous studies suggest that a dipole axial-vector form factor
with the standard value of the dipole mass is preferred, given the modern interest in a potentially
different behaviour, especially at high momentum transfers, new studies of neutrino desintegration
of deuterium as well as VMD-based theoretical analysis would be very valuable in clarifying this
issue before drawing further conclusions.






Appendix E

Quenching of the axial coupling constant

One of the uncertainties in the modeling of weak interactions is the axial-vector coupling constant
of the nucleon which has been widely studied theoretically as well as experimentally for many
years. This parameter can be defined as the value of the axial form factor of the nucleon in the
elastic limit 0% — 0, i.e., g4 = G4(0). As previously introduced in Chapters2 and[7] the accurately
measured beta decay lifetime of the neutron in vacuum, n — p +e~ + v,, has allowed to determine
the ratio of the axial and vector couplings of the neutron as |g4/gyv| = 1.2671 = 0.0025 [73]], as-
suming gy = 1.

On the contrary, the analysis of beta-decay in nuclei have suggested that a lower value of
lga/gv| =~ 1 would fit better the observed systematics [194]. This quenched value also seems to be
consistent with pion-nucleus optical potentials [195,196] and the analysis of Gamow-Teller reso-
nances in nuclei [197]. Nevertheless, studies of muon capture on nuclei, including detailed nuclear
structure effects [198]], have concluded that a quenched g4 is not necessary to account for the data.
Similar results have also been obtained from lattice QCD [199]].

Accordingly, in theoretical calculations related to very low-energy calculations of the axial part
of the weak interaction, such as Gamow Teller transitions, a quenching of the axial form-factor is
often introduced in order to reproduce the experimental data. This quenching can incorporate
many-body effects that are not explicitly introduced in the calculation. This is analogous to what
is sometimes done with charges and magnetic moments in electromagnetic studies (e.g., effec-
tive charges and moments, core polarization effects, etc.). However, at the energies and momenta
of interest for neutrino oscillation experiments, and for kinematical conditions that highly favour
scattering under quasielastic conditions, there is little evidence of the need for such a quenching.
A similar situation is seen for electron scattering, for which no effective charges are needed to
reproduce electron-nucleus scattering under quasielastic conditions and moderately large values of
momentum and energy transfer.

Although the neutrino case may be different, due to the axial form factor, quenching of g4
does not appear to be supported by any experiment performed at quasielastic kinematics. Impulse
approximation calculations, for which the weak interaction of bound nucleons is taken identical to
the one of free ones (no quenching), agree with neutrino-nucleus experimens at intermediate ener-
gies. In this regard, we shown in Figs. [EIE.3|the effect of a quenched g4 value of 0.94, similar
to the one suggested by some of the previous studies at very-low energies, in comparison with re-
cent CCQE measurements from the MiniBooNE [20,21]], MINERvA [171.[172]] and NOMAD [24]
Collaborations.

181



182 E. QUENCHING OF THE AXIAL COUPLING CONSTANT

12

V -
" C
20 ‘ T T T T T T T T T ‘ T T T T T T T T T T T T T T T T T T
/a B o
e L 4
5 F o Minerva .
215f .—— QE -
> [ [ 2p-2h MEC ]
(8 L {7 —— QE + 2p-2h MEC i
o Lo QE E
4 =0.94)
@g 1or, “ ]
".‘S L ¥ i
v@ i i
o 5 B 5
S | i
o}
< —— i
L e =
0 Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il Il Il ‘ Il I 1 ‘ 1 il L -I_O ‘0 |
0 02 04 06 038 1 1.2 14 16 1.8 2
2 2
Qs (GeV?)

Figure E.1: Flux-folded v#—IZC CCQE (upper panel) and v,—CH (lower panel) scattering cross
section per target nucleon as a function of QZQ ¢ and evaluated in the SuSAv2 and SuSAv2-MEC
models. The QE results are also shown for the quenched g4 value. MINERVA data are from [172].
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Figure E.2: MiniBoone flux-folded double differential cross section per target nucleon for the
v, CCQE process on 12C displayed versus the u~ kinetic energy T, for cosf, ~ 0.65 obtained
within the SuSAv2-MEC approach. The QE results are also shown for the quenched g4 value.
MiniBooNE data are from [20].

Clearly, this choice (g4 = 0.94) would put the theory below data as we observe a reduction of
~ 30% in the QE response (dot-dashed brown line), thus underpredicting the MINERvVA (Fig.
and MiniBooNE (Figs. and [E.3) data even if considering 2p-2h MEC contributions. This re-
duction on g4 would also imply an underestimation of the higher-energy NOMAD data (Fig.[E.3).
Notice that for this experiment the data are supposed not to include 2p-2h effects. Moreover, the
effect of the quenched axial coupling is smaller for the antinetrino cross section (~ 20 — 25%) due
to the transverse V — A cancellation (see bottom panel of Fig.[E.J).
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We conclude that, although more experimental analysis would be valuable in order to broaden
our knowledge about the axial form factor and their corresponding parameters, these results can
be of relevance in this connection as they completely rule out the validity of using a quenched g4
in this energy domain.
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Figure E.3: MiniBooNE CCQE vﬂ—IZC (17#—12C) total cross section per nucleon as a function of
the neutrino energy. The QE results are also shown for the quenched g4 value. The top panel
corresponds to neutrino cross sections and the bottom one to antineutrino reactions. Data are
from [20,21.,24].






Appendix F

Energy reconstruction effects in the study of
neutrino oscillations

The interpretation of neutrino oscillation experiments requires an accurate knowledge of the neu-
trino energy which influences the oscillation length. As previously mentioned in Chapters [Iland[7]
neutrino beams are not monochromatic, involving a broad energy distribution around a maximum.
Hence, the true energy for a detected event is unknown. One approach to determine these neutrino
energies is to employ a energy reconstruction method defined in terms on the kinematics of the
CCQE-like events detected, as done in the MiniBooNE, T2K or MINERVA experiments based
on Cherenkov detectors. This method was introduced in Chapter [7] (see Egs. 7.3)) where the
measured final-lepton kinematics (E; and 6;) are used to obtain a reconstructed neutrino energy
EVQE and 4-momentum transfer Qpr assuming an initial-state nucleon at rest for QE neutrino-
nucleus reactions. However, the determination of these reconstructed magnitudes depends largely
on model assumptions and can be affected by different nuclear effects, such as Pauli blocking,
low-energy excitations, pion-absorption or multinucleon contributions. These effects have been
widely studied within the RPA approach and considering 2p-2h effects by Martini et al. [180,200]]
and Nieves et al. [201]]. In particular, the 2p-2h excitations introduce important effects in the en-
ergy reconstruction distributions where a large variety of neutrino energies can be related to one
reconstructed value.

In what follows, we analyze the corresponding distribution of charged current events, D (E,),
in terms of the reconstructed energy (EVQE = E,). This distribution can be described in terms of
the double differential neutrino cross section as

Elmax ME] _ m2/2 d20' cosf=cos O(E; ,E_V)
f dE,®(E,) dE, L [ ]

Drec(E_'v) = —
Epin E, %k dwdcosb |, r g
= f dE,®(E,)d(E,,E,). (F1)

where the integral limits £ l’"i" and E"“* represent the minimum and maximum values of the final-
lepton energy given in terms of E,. The second integral in the previous expression refers to the
spreading function d(E,, IzTV) which allow to study the E, dependence for different E, values. This
can be observed in Fig. [EIl where we represent the QE, 2p-2h MEC and pion production contri-
butions at kinematics of relevance for the MiniBooNE and T2K experiments.

As can be noticed, the spreading function is asymmetrical around E, and the 2p-2h effects are
of special relevance at low E, where a long energy tail emerges. For completeness, we have also
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included the contributions related to the A-resonance and the subsequent pion production that ap-
pear at large true kinematics and clearly extend to the lowest values of the reconstructed energies.
In general, we observe that the corrections introduced from the reconstructed kinematics in the
experimental measurements imply that charged current events tend to escape from the region of
high flux, being shifted to the low-energy region.
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Figure F.1: The spreading function d(E,,E,) per neutron for the vﬂ—lzc scattering process. The
quasielastic, 2p-2h MEC and A-resonance contributions are shown separately. The net contribution
(solid lines) is also displayed.

The results shown in this appendix are of interest for the v,, — v, oscillation probability anal-
yses of MiniBooNE [202-H204]] and T2K [205,206] as well as for the MiniBooNE low-energy
excess [202,1207], where the latter can be explained by nuclear effects beyond IA and the QE
regime, in particular, by multi-nucleon excitations. More specific analysis on this issue can also be
found on [200,201,208]].
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Cosmic Gall

Neutrinos, they are very small.
They have no charge and have no mass
And do not interact at all.

The earth is just a silly ball
To them, through which they simply pass,
Like dustmaids down a drafty hall
Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall.

And, scorning barriers of class,
Infiltrate you and me! Like tall
And painless guillotines, they fall
Down through our heads into the grass.
At night, they enter at Nepal
And pierce the lover and his lass
From underneath the bed - you call

It wonderful; I call it crass.

John Updike
Telephone Poles and Other Poems
1963
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