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ABSTRACT

This thesis tackles two essential topics of neutrino physics: neutrino decay and
neutrino cross-section measurement. First, the invisible and visible neutrino
decay is analyzed through a phenomenological approach, considering future
long-baseline neutrino experiments such as DUNE and a hypothetical neu-
trino beam toward the ANDES laboratory. The study takes into account the
v, and v, disappearance and appearance, respectively, for both FHC and RHC
flux modes. The results showed a negligible matter effect for DUNE but sig-
nificantly more notable at ANDES. At 90% C.L., the sensitivity to the decay
parameter az can be as small as 2 x 107° eV? for a chosen coupling. The
impact of neutrino decay in the determination of A3 and dcp were also shown.
Second, the double-differential cross-section measurement for v,-carbon inter-
actions with three-momentum transfer |¢] < 1.2 GeV obtained with medium
energy exposures in the NuMI beam at MINERvVA experiment are reported.
The measurement is presented as a function of |g] and E,,q; and reviews dif-
ferent interaction models and nuclear effects along quasi-elastic to resonance
processes to define a new model for a better agreement. The double differential

cross sections are compared to the MnvTunes, GENIE, and NuWro predictions.
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RESUMEN

Esta tesis aborda dos temas esenciales de la fisica de neutrinos: el decaimiento
de neutrinos y la seccion transversal de neutrinos. En primer lugar, el de-
caimiento invisible y visible de neutrinos se analiza a través de un enfoque
fenomenologico, considerando dos futuros experimentos de neutrinos de long
baseline como DUNE y asumiendo un hipotético haz de neutrinos hacia el lab-
oratorio ANDES. El estudio concidera la desapariciéon y aparicién de v, y v,
respectivamente, para los modos de flujo neutrinos FHC y RHC. Los resultados
mostraron un efecto de materia insignificante para DUNE, en contraste, mas
notable en ANDES. A 90% C.L., la sensibilidad al pardmetro de decaimiento
a3 puede ser tan pequeiia como 2 x10°% eV? para un acoplamiento dado. Tam-
bise mostra el impacto de la desintegracion de neutrinos en la determinacion
de 693 y dcp. En segundo lugar, la medicion de la seccion transversal diferen-
cial doble para las interacciones v,-carbono con transferencia de momentum
|7] < 1.2 GeV obtenidos con una exposicion a la energia media de neutrinos en
el haz NuMI en el experimento MINERvVA. La medida se presenta en funciéon
de |q] ¥ Eavaal, ademas se revisa diferentes modelos de interaccion y efec-

tos nucleares a lo largo de procesos cuasi-elasticos a resonantes para definir un



nuevo modelo para un mejor acuerdo con los datos. Las secciones transversales
diferenciales dobles se comparan con las predicciones de MnvTunes, GENIE y

NuWro.
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INTRODUCTION

0.1 From Beta Decay to Neutrinos Oscillation

The history of neutrino started in 1930, at least theoretically, when Wolfgang
Pauli proposed a desperate remedy to save the "exchange theorem" of statistics
and the law of conservation of energy [1]. In the letter written by W. Pauli to
the Tubingen conference, W. Pauli proposed the possibility of the existence in
the nuclei of new electrically neutral particles, which he called neutrons, that
particle had to have spin 1/2 and obey the exclusion principle [1]. The reason
for such a hypothesis was the problem of the theoretical interpretation of J.
Chadwick’s demonstration in 1914, in which the beta spectrum was continuous
[2], later also confirmed in 1927 by Ellis and Wooster [3]. The other reason

was the unknown spin-statistics relation for N and Li nuclei.

After J. Chadwick discovered the neutrons in 1932, [4] there were two
particles named neutrons. The name neutrino came up later (October 1933)
in the Solvay Conference, where W. Pauli offered his hypothesis for publication
adopting E. Fermi’s notation. [5].

In 1933 E. Fermi [6] and F. Perrin |7] described the theoretical model
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that gives us the interpretation of the beta decay, where the neutrino emission
occurs just like electrons in the context of a proton-neutron model. Another
important outcome of their independent work was the massless behavior of
neutrinos. The formulation of S-decay of E. Fermi today is known as Fermi
theory [8]. Later on, in 1936, the extension of Fermi theory by adding axial-
vector currents was introduced by G. Gamow and E. Teller [9] to describe the
beta decay when there is no change in parity of the nuclear state and the total
angular momentum of the electron-neutrino is one. At the time, the parity
violation was not discovered, and therefore coupling such as scalar, axial-axial

vector, pseudoscalar, and tensor could be involved in the weak interaction!.

From the experimental side, the history of neutrinos started 26 years
after the letter of W. Pauli. The group led by F. Reines and C. L. Cowan
[10] observed anti-neutrinos from the nuclear reactor using a liquid scintillator
detector based on triethylbenzene, terphyenyl, and 1,4-di(2(5-phenyloxazole))-
benzene (POPOP) loaded with a cadmium compound (cadmium octoate) ) at
the Savannah River Plant reactor [11]. In reaction ( 7. + p — e™ +n ), they
observed a clear signature coming from the two-gamma sources. The first
source comes from the annihilation radiation of two gammas of 0.5 MeV (
e~ +et — v+~ ) and the second source comes from the neutron capture by
the cadmium. The capture ( n+%Cd —'% Cd++ ) produces another gamma
which occurs a few microseconds after first source. The resulting cross-section

is 0 = (11 +2.6) x 10~**cm? /nucleon [12].

After 32 years of W. Pauli’s hypothesis, another kind of neutrino,
today known as muon neutrino , was discovered at Brookhaven National

Laboratory (lead by L. M. Lederman, M. Schwartz, and J. Steinberger [13]).

The introduction of the lepton number by E. J. Konopinski and H. M.

Mahmoud [14] primarily focuses on explaining the missing decay modes. This

'Relevant later to understand the long-range correlation in the neutrino cross-section in
the nuclei.
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new conservation law in general allowed reactions like (@ — e + 7). However,
that process was far from the experimental observations (currently forbidden),
suggesting that this new conservation law assigns different numbers to each

lepton. [15] [16].

Suggested by B. Pontecorvo and M. Schwartz [17] the muon neutrino
was detected primary produced as the result of the decay of a meson called
pion ( 7% — p* + (v/v) ), the pions were produced by 15-GeV proton striking
a beryllium target. They used a 10-ton aluminum spark chamber to observe
the neutrino interaction. To complete the entire lepton generation or family,
the DONuT Collaboration discovered the third neutral lepton [18] configuring

what today we call active neutrinos settled down by Z boson decay [19].

After about 40 years after Pauli’s letter, another mystery pops up.
R. Davis and J. Bahcall at Homestake Experiment measured the flux of solar
neutrinos with a chlorine-based detector, and they notice a deficit which would
again need an explanation [20]. The deficit was confirmed by different detec-
tor technologies, including other international collaborations such as Kamioka

Observatory [21] and Sudbury Neutrino Observatory [22].

The context of that mystery later called as “solar neutrino problem”,
starts nine years after Pauli’s letter, in which H. A. Bethe explains the ther-
monuclear reaction mechanisms of how the stars produce their energy [23].
The general description is that there are groups of reactions in which, on the
one hand, carbon, nitrogen, and oxygen play the role of catalysts in a cycle
while hydrogen lasts. That cycle is known as CNO. On the other hand, there
is a cycle where there is a proton intervention, and it is called the p-p cycle.
Nowadays, all are under the so-called Standard Solar Model (SSM).In each cy-
cle, we can determine the neutrino production, such as whether they originate
from "Be, 8B, or other elements of the p-p cycle, as well as their energies. A

clear demonstration of the discrepancy between theory and experiments has

Page 4



0.1. FROM BETA DECAY TO NEUTRINOS OSCILLATION

been discussed in Figure 2 of J. N. Bahcall’s paper [24].

Another problem arose in the late 1980s, the atmospheric neutrinos
that the Kamiokande-II Collaboration measured, showed a discrepancy be-
tween the electron-like events compared with muon-like events [25]. The ratio
of muon neutrino and electron neutrino should follow the pion decay in which
a single positive charged pion can decay with a high probability to muon neu-
trino and anti-muon. Then, the outgoing anti-muon will decay in a positron,
electron neutrino, and anti-muon neutrino. Therefore there is a 2 to 1 relation
between muon neutrinos and electron neutrinos for the case of positive pion,
similarly for the negative one. The experiments [ [26], [27], [28] | were report-
ing this low ratio, and the problem was the so-called “atmospheric neutrino

problem” .

Many theoretical explanations like neutrino decay [29], neutrino oscil-
lations [30], and others have been proposed to solve those problems. Motivated
on kaon oscillation [31], the neutrino oscillation [32], [33] was finally confirmed
by the experiments. It was one of the first pieces of evidence of physics beyond
the Standard Model. So that neutrinos oscillate, their mass must be different

from zero, meaning that at least two neutrinos must be massive.

Neutrino oscillation also could help us in solving a long-lasting puz-
zle problem: the asymmetry between matter and antimatter in the universe,
by measuring the CP-violation oscillation phase. Because of that, the current
neutrino oscillation experimental effort is aimed to perform precision mea-
surements of the oscillation parameters, being the major goal for near-future
experiments to measure with high accuracy the CP-violation phase dcp. How-
ever, there is still plenty of room for exploring in neutrino physics such as the
test of the existence of a fourth sterile neutrino [34]. In the same line, there
is not forbidden that new physics, other than oscillation induced by non-zero

neutrino masses, can contribute to the neutrino flavor phenomenon. The hy-
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pothesis of neutrino decay is one of these new physics alternatives. In the first
part of this thesis, we discuss the matter effects that affect the visible and
invisible neutrino decay framework within the context of future long-baseline

experiments.

On the other hand, a basic ingredient to achieving a precision mea-
surement of the oscillation parameters is to have a detailed knowledge of the
neutrino interaction with matter, i.e. the neutrino-nucleon cross-section, which
is vital to reduce the uncertainties of the aforementioned measurements. The
second part of this thesis is devoted to describing all the details of the mea-
surement of the double differential cross-section of muon neutrino with hydro-
carbon at MINERVA experiment with a neutrino flux energy peaked around

6 GeV and with the low three-momentum transfer.
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CHAPTER 1

NEUTRINO OSCILLATION
AND NEUTRINO
INTERACTION WITH MATTER

1.1 Neutrino in the Standard Model

The Standard Model (SM) is a model based on quantum field theory formu-
lated by S. Weinberg [35] and A. Salam [36] based on the gauge symmetry
groups SU(2) x U(1) proposed by S.L. Glashow [37]. To explain the mass of
the particles, the SM has the Higgs mechanism (38, 39, 40, 41, 42, 43].

The SM describes the matter particles' (fermions) and force carrier
particles (bosons) and their interactions. The matter particles are grouped in

a subset of quarks and leptons in three generations or families. On the other

'We are referring by particles to both particles and antiparticles



1.1. NEUTRINO IN THE STANDARD MODEL

hand, the force carrier particles carry the electromagnetic force, the nuclear
strong force, and the nuclear weak force. The mass of the particles in the

context of SM is coming from the interaction with the Higgs field.
To understand the nature of SM, lets start with the groups,

the first part of the equation 1.1 represents the world of the quantum chromo-
dynamics describing the (C) colors charge of quarks and the fields of gluons.
The part ( SU(2);, x U(1)y )represents the left handed fields (L) and weak
hyper-charge (Y). The left handed fields side has massless bosons Aj (where
a = 1,2,3) associated to SU(2),) and hyper-charge side has massless boson
B,, associated to U(1)y.

Because our interest is the neutrino side, let focus in the electroweak
part (SU(2), x U(1)y), and start with the Lagrangian density before Sponta-
neous Symmetry Breaking (SSB),

['SU(Q)XU(l) -~ *Cf 2 Egauge i Ecpv (12)

where f is the fermionic field, ¢ is the scalar field and gauge the vectorial field.
Now, zooming in the vectorial and scalar part of the Lagrangian density,

1 1 v\

‘Cgauye + ‘CW = _ZFSVFZW - ZBMVBMV + (DMSO)TDM‘:O - >‘ (‘;DTSO - E) 9

(1.3)

Fi, and By, have the fields Af and B, in them. The v is defined as v =
\/72/)\, where the ) interaction constant and y is a mass-like coeflicient. The
scalar-field doublet in the ground state or vacuum expectation values (VEV)
is,

0

s = (®). (1.4)
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Introducing a small perturbation (v/v/2 + x) on ¢ in Equation 1.4
and calculating the covariant derivative of the Lagrangian, we will end up
Lagrangian which describes a massive real vector field Z, with mass my (Z°
boson), the massive complex vectors W with mass my (W™ bosons), a mass-

less vector field A, (v photon), and a massive real scalar field x (Higgs boson

field)?.

A similar mechanism determines the mass of fermions described pre-
viously, although additional work is required before breaking the symmetry.
The reason is that the left and right-handed chiral states do not have the same
transformation properties. Those properties came from low-energy studies in-
volving parity violation discovery [45] and V-A theory development 3 [47, 48,
49, 50]. So, the SU(2) gauge boson only couples to left-handed fermion. In

other words, a fermion mass term in the lagrangian has the following structure,

—mipp = —m(YriL + VLYR), (1.5)

which does not respect the symmetry before SSB, so it does not appear in the
SM lagrangian. Consequently, a new coupling between the fermion field (v)

and the Higgs double was required; this coupling is called Yukawa coupling.

One of the take-out messages from the lagrangian after the SSB is
the type of interactions. Specifically, we have the charge current (CC) for the

neutrino case,

g _ (1 B 75) e
‘Cint cCc = —EVQ’)/#TZ WM + H.c (16)
and neutral current (NC),
9 _ .0=7")
Lini NG = — " “7 4 Hec, 1.7

a stands for the different e, 4 and 7 charged lepton types.

2The reader can find more detailed description on [44].
3An excellent book about Fermi theory, V-A and SM transition is [46](chapter 5)
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1.2 Beyond the Standard Model: Neutrino Oscillation

The neutrino oscillation is a quantum phenomenon associated with the inter-
ference between non-zero neutrino mass-eigenstates (v, v and v3). This trans-
lates into the neutrino flavor conversion after its travel a distance, recalling
that the neutrino flavor-eigenstates (v, v, and v;) are a linear superposition

of the three neutrino mass-eigenstate.

The Solar Standard Model (SSM) built by John Bahcall predicts that
the different nuclear reactions that take place in the Sun must produce elec-
tron neutrinos within a broad range of energies. With the aim of probing the
SSM, several experiments were developed to be able to carry out the measure-
ments of electron-neutrinos coming from the Sun. A pioneering experiment
was Homestake proposed by D. Raymond [51] in the 1960s. This experiment
observed a deficit of electron neutrinos. Similar observations(deficit) were later
confirmed by Kamiokande experiment [52, 53|, as well as other experiments
[54, 55]. The conflict between the SSM prediction of electron-neutrinos (see
Figure 1.1) and their experimental observations (see Figure 1.1) was known as

the “Solar Neutrino Problem”.

On the other hand, there are also neutrinos produced as a conse-
quence of the interaction between cosmic rays and nuclei in the upper atmo-
sphere. This interaction produces a pion meson (+/-), then the pion (+/-)
decays into a muon (+/-) and a muon neutrino (v/v). Then, finally, that
muon (-+/-) decays in an electron (+/-), neutrino electron (v/7), and a muon
neutrino (7/v). One can then expect that the two-to-one relation of the ratio
of muon neutrinos over electron neutrinos holds, regardless of the location of
the detector (due to the isotropy of the cosmic rays). However, it did not
happen to have that several experiments observed a deficit of muon neutri-
nos. In particular, the Super-Kamiokande experiment observed a zenith-angle
dependence of the muon neutrinos [56| (See Figure 1.3). This inconsistency

between data and expectations, which resembles the Solar Neutrino Problem,
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was known as the Atmospheric Neutrino Anomaly.

There were several theoretical explanations for the solar and atmo-
spheric neutrino data [57, 58, 59]. One of them and the current theoretical
description was suggested in the 1950s by B. Pontecorvo. Motivated in kaon os-
cillations [31], he proposed a neutrino-antineutrino oscillation, which resulted
in a neutrino flavor oscillation in his later papers [30, 60, 61, 62, 63|. As
we will see in the next section with further detail, the neutrino oscillations

phenomenon is induced by non-zero neutrino masses squared differences.

1012 ™ L E
Lon ﬂ BP04 Sclar Neutrino Spectrum —;
pp-| £1% 3
10 L (x1a) 5
10® "Be- ;
WNs_ =11 '___.:.-:- 2
— e L e b= 2
e 2 E
w E T ieg . -~ -
T w07k~ o
§ L= =™ :
(4] = -
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Figure 1.1: Model BP04 of solar neutrino prediction, figure taken from [24].
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Figure 1.2: Data comparison with the solar model, figure taken from [24].
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Figure 1.3: The zenith-angle distribution data events compared with non-
oscillated Monte Carlo events in boxes and oscillation hypothesis in continue
line, figure taken from [56].

Neutrino Oscillation

As mentioned earlier, the neutrino flavor or interaction eigenstates (|v,)) are
a linear superposition of the mass eigenstates (|v;)) with mass m; or, in other
words, the flavor eigenstates represents a rotation with respect to neutrino

mass eigenstates. Thus, mathematically it is represented as,

o) = 32 Uil (18)
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1.2. BEYOND THE STANDARD MODEL: NEUTRINO OSCILLATION

where U}, is the rotation matrix that relates the neutrino eigenstates. The U},

is a unitary complex matrix. It has the following properties,

Z UnUsp = bag, Y UsUaj = 6i5. (1.9)

The U matrix is called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)[64], and

it has three mixing angles and one complex phase, is represented below,

1 0 0 C13 0 6_15CP813 C12 S12 0
UPMNS = 0 Co3 S93 0 1 0 —S19 c12 0 s
0 —S8923 (a3 —6i60P813 0 Ci13 0 0 1
~~ 7N -~ 7\ -
Atmospheric and LBL Mixed Solar and Reactors
(1.10)

where s;; and ¢;; are sin 6;; and cos 0;;. Before seeing the propagation, we have

to consider an approximation of the energy,

2 A
Ei=+/p?tm2ap 4+t = E 4 —% 1.11
p? + m? p+2pi iy (1.11)

which is possible because we consider a small mass and ultrarelativistic neu-

trino behavior. From the equation 1.11 we can obtain a useful relation,

(1.12)

2

Where Amg; represents mj — m7. Now, let’s consider the equation of the

evolution of the quantum state,

Hv) = m% V), (1.13)

where H is the Hamiltonian operator, and as is expected, it is diagonal in the

mass vacuum basis,

100 m? 0 0
1
00 1 0 0 m?
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1.2. BEYOND THE STANDARD MODEL: NEUTRINO OSCILLATION

which written in the interaction basis is,

2
m
E+ — 0 0
+ 2F )
Haﬂ - Uai 0 E+ @ 0 (UT>ai- (115>
2F
m;
0 0 E+—

2k

The S = exp (—iHz) operator in the mass basis is introduced to solve
the equation 1.13. We are considering the ultrarelativistic approximation in

order to have t = x. The amplitude therefore is,

< m?
S = (8l = Syexp ( - i), (1.16)

where we consider only the right-hand side of the equation 1.14. The S matrix

for interaction basis is given by

2
Sap = (ValS|ve) = Z UaiUj; exp (—Z?—E’,x) (1.17)

Thus, we can calculate the probability of the amplitude using the equation

1.17, 1.12 and z = L,

2
PI/B*)VQ - |Sa6|
2
2
; UziUai exp <—Z%x>

L ‘Amij
:jZkUakUBkUajUﬁj exXp _ZWL s (118)

that probability is valid for the vacuum. We can also make decomposition of

the equation 1.18 in such a way that can have real and imaginary parts split

given by,
) Am? L .
Pyosvy = Oap 4Zsm2( 5 )Re [UarUg Uz Us; ]
k>j
Am?. L
_ 2Z}m [UarU3iUz;Us; ) sin ( 25 ) : (1.19)

J
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1.2. BEYOND THE STANDARD MODEL: NEUTRINO OSCILLATION

where J is the Jarlskog invariant [65].

From the neutrino oscillation probability in equation 1.19, we can

2
©J7

only determine the mass squared differences Am;., but not the absolute neu-
trino mass. The actual best fit of the neutrino oscillation parameters, the
PMNS neutrino mixing angles and neutrino mass squared differences, are sum-
marized in Figure 1.4. Currently, it is known that the v, mass eigenstate is
heavier than the v; mass eigenstate. However, it is still uncertain whether
the v3 neutrino mass eigenstate is heavier or lighter than the v, and 5 mass

eigenstate [66], called normal and inverted ordering, respectively.

It is convenient to point out that the hierarchy between masses only
can be determined when the neutrino oscillation probability is affected by mat-
ter effects. These effects are especially notorious when neutrinos go through
high matter densities such as the stars’ core. However, the matter effect in
neutrino oscillation is not negligible for the Earth’s density matter. This is
because ordinary matter contains electrons, protons, and neutrons but not
muons or taus. So, only electron neutrinos will be affected by the interaction
of charged and neutral currents. The other neutrino types will only take into

account neutral current interaction.

The effect can be understood as a change in the effective mass of
a particle as it moves through a medium. The effect in neutrino oscillation

probability is due to the coherent forward scattering on electrons [67, 68, 69].

The interaction Hamiltonian for Charged Current and Neutral Cur-

rent is written as:

HSE (z) = G—\/g [e(z)7" (1 = ¥°)ve(@)] [Fe ()7, (1 — ¥P)e(x)], (1.20)
HY (2) = % S @ -] 3 [F@nlel - g’ i),
a=e,u,T f
(1.21)

the CC is typically defined for the electron neutrino case due to its abundance
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1.2. BEYOND THE STANDARD MODEL: NEUTRINO OSCILLATION

in our universe and NC for the three flavours. The potential for CC is,

Voo = (] [ @l ) = VEGEN, = Tov— Lo, (122)
‘ 10g/cm

where p is the density, Y, is the number of relative density of

T N,+ N,
electron, proton, and neutron (N., N,, and N,,). The NC potential is,

Vic = V2GpN;gl., (1.23)

where g{; are the related with the coupling constant in the equation 1.7 for
the leptonic weak neutral-current and it can be found in the Table 3.6 of [70]
as well as a discussion of the potential with more details. The G the Fermi

constant and Ny is similar that N, but for all charge leptons.

To get the neutrino oscillation probability, we have to modify the

Hamiltonian,
H=Hy+ H; (1.24)

where Hj is the vacuum Hamiltonian and H; has the part that contains the

matter potential matrix (right matrix in Equation 1.25), in general,

0 0 0 Vee 0 0
Am%l
H=U[0 —& 0 U+ 0o o0 of, (1.25)
Am?
0 0 — 81 0 00
2F

Now, the evolution equation is given by,

; Ive) 0 A02 0 1 2EVee 0 0 Ive)
. Moy
i) | = U0 55 0 [Ul+5g| 0 00 V)
Am?
v, 31 0 00 v,
|vr) 0 0 Y \ g |\l
A
(1.26)
. |ve)
:ﬁ[UMQUTJrA} ) | (1.27)
vr)



1.2. BEYOND THE STANDARD MODEL: NEUTRINO OSCILLATION

where A = 2EV¢, V is the potential. In this case, we can consider only the
CC potential because NC affects the global phase and it can be absorbed. We

introduce the matrix (U™) which turn out the evolution equation above into:

; ") M 0 0 V")
) | =g | 0 M0 ) | (1.28)
1z 0 0 M;j V")

(.

4

After diaggnalization
where (U™)T[UM?UT + A](U™) = Diag(M?%, M3M3) and |[v/") = (U™)1 |va)
is the mass diagonal basis in matter. Therefore, the neutrino oscillation prob-
ability for constant matter density, which have similar structure than the neu-

trino oscillation probability for vacuum (see equation 1.19), is given by [71],

2

3
=0up—2Re) Y UpU

j=1 k=j+1

msx m(l . e—iAZ‘)}

sk Yak (1.29)

Pua —)Vﬁ

2

AMZ,L
——I and AMZ, = M2 — M2,

where A;?}c = 5
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1.3. NEUTRINO INTERACTION WITH MATTER

| NUFIT 5.0 (2020) |

Normal Ordering (best fit) Inverted Ordering (Ax? = 2.7)
bfp +1o 30 range bfp £1lo 30 range
sin? 012 0.30415:9:3 0.269 — 0.343 0.30475-91% 0.269 — 0.343
612/° 33.441578 31.27 — 35.86 33.4510-78 31.27 — 35.87
sin? @3 0.57075 5% 0.407 — 0.618 0.57570 587 0.411 — 0.621
B3 /° 49.071% 39.6 — 51.8 493715 39.9 — 52.0

sin? 013 0.02221F5-:5096%  0.02034 — 0.02430 | 0.0224073:050%2  0.02053 — 0.02436

without SK atmospheric data

613/° 8571513 8.20 — 8.97 8.6175-12 8.24 — 8.98

Scp/° 195152 107 — 403 286727 192 — 360
Am%1 +0.21 40.21

T o 7.42792 6.82 — 8.04 7.427021 6.82 — 8.04
Amge +0.028 +0.028

m +2.514_0_027 +2.431 — +2.598 72'497—0.028 —2.583 — —2.412

Normal Ordering (best fit) Inverted Ordering (Ax? = 7.1)
bfp +1o 30 range bfp £1o 30 range

sin? 012 0.30479:512 0.269 — 0.343 0.3047513 0.269 — 0.343

612/° 33441077 31.27 — 35.86 33.4510-78 31.27 — 35.87

sin? 023 0.57310: 050 0.415 — 0.616 0.57510:015 0.419 — 0.617

B23/° 49.219-9 40.1 — 51.7 49.3%99 40.3 — 51.8

sin® 015 0.022197 5052 0.02032 — 0.02410 | 0.0223819:090%3  0.02052 — 0.02428

with SK atmospheric data

013/° 8571012 8.20 — 8.93 8.607012 8.24 — 8.96
Scp/° 197137 120 — 369 282128 193 — 352
Am%l +0.21 +0.21
105 o2 742704 6.82 — 8.04 742702 6.82 — 8.04
2
% +2.51715:026 12435 — 4+2.598 | —2.498700% 2,581 — —2.414
—Ce

Figure 1.4: Neutrino mixing angles and squared mass differences, table taken
from [72].

1.3 Neutrino Interaction with matter
In order to achieve precision measurements of the neutrino oscillation param-
eters are needed to understand well the neutrino interaction with matter, a

cornerstone piece of identifying correctly the neutrino events.

Our approach for describing /studying the scattering of neutrinos with
the nucleons of the target “s nuclei will be to divide it into four different stages.
These stages are: the neutrino interaction with a single nucleon ( (1) of Figure

(1.5)). The second is to perform the neutrino interaction in an environment,
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1.4. NEUTRINO - NUCLEON INTERACTION

in this case, the nuclear domain (represented in (2) of Figure (1.5)), which is
entailed with the review of some of the existing nuclear models. After that,
we will discuss the nuclear effect inside the nuclei (represented in (3) of Figure
(1.5)). The fourth is to describe the possible reinteraction/absorption of the
resultant particle of the neutrino interaction before leaving the nuclei. The
last process is known as Final State Interaction (FSI) (represented in (4) of

Figure (1.5)).

The upcoming section reviews each of these four stages illustrated in

Figure (1.5).

Yol R

Figure 1.5: Sub-Figure (1) represents the free nucleon interaction, Sub-Figure
(2) the interaction inside of nuclei, Sub-Figure (3), the nuclear effects in the
neutrino-nuclei interaction, and the Sub-Figure (4) the represents the Final
State Interactions (FSI). Figures based on C. Wilkinson’s representation.

“

1.4 Neutrino - Nucleon Interaction

The characteristics of the neutrino interaction with a single nucleon change
depending on the energy of the former. The latter translates into the clas-
sification of different regimes. Quasi-elastic, Resonant production, or Deep
Inelastic Interaction. For the purpose of part II of this thesis, we will only

review the relevant ones.

Charge Current Quasi-elastic (QE)
The quasi-elastic charge current interaction of neutrino () and antineutrino

() with a single nucleon (n or p) are,
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1.4. NEUTRINO - NUCLEON INTERACTION

v+n—p+1- (1.30)
n+p—n+lt (1.31)
Vl/pl l_/l+
W/~
n/p p/n

Figure 1.6: Feynman diagram for CCQE process for free nucleon.

where [ = e, u, 7. The amplitude of the neutrino-nucleon scattering for in-

stance for a channel,
vi(k) +n(p) = p(p) + 1 (K), (1.32)

where k, p p', k" are momentum, and ¢ = p' — p is the four-momentum trans-
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1.4. NEUTRINO - NUCLEON INTERACTION

ferred is,

/

Aum—ml* - <l_(k )7p(p,)|Hweak|Vl(k:)7n(p»

= —i%Vudﬂz(p)%(l — "), ()

<) R +

0, ()
PG (Q?) — ni—‘;fcpm} un<p>}, (1.33)

where V4 is a elements of CKM matrix, my the mass of nucleon, and Q? = —q.
Fi(Q?), F5(Q?), GA(Q?), and Gp(Q?) are, respectively, Dirac, Pauli, axial and
pseudo-scalar weak charge current form factor. The 0#"¢,, is the commutation
of gamma matrix, with ¢, as momentum transfer. The differential cross-section

for v,/ channels are given by*

daé/cp _ G%|Vud|2m§l\/ { 9 9 ) (s u)2:|
a2~ sehpr |0 )+ B(Q*) 5 - TO@ | (s

where u, s are the Mandestram variables. The A, B and C' are functions in

term Q? given by

2 2 2 2 2
1@ =g 5 ) () (-t

Q2 2 ) 1 QQ )
+m_?vF1F2_ 4m?v {(Fl—FFz) +(Ga+2Gp) —§<1+4m?v>Gp}},

(1.35)
Q2

B(Q?) = —G’A(F1 + Fy), (1.36)
my

2
C(Q*) = 1 (Gfil + F2 4 fn—?vFg) (1.37)

where m; is the lepton mass.

Charge Current Resonances (RES)
The resonant charge current neutrino scattering happens because the interac-

tion of a neutrino with a nucleon has high energy, which exited the nucleon.

4See [73, 74, 75] for the deduction.
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1.4. NEUTRINO - NUCLEON INTERACTION

Figure 1.7: Feynman diagram for CCRES process for free nucleon. The nu-
cleon N in this case is a proton and the resonance R in this case is a AT,

So, instead of getting a nucleon after the process, like in the CCQE, we have

a unstable state so-called resonance. We can describe that process by

v(k) + N(p) = U (k') + N*(p) + R(pg), (1.38)

v(k) + N(p) = I* (k') + N*(p) + R(pr), (1.39)

where N represents the nucleon, R the resonance particle and N* the nucleon
from the resonant decay (as shown in Figure 1.7). The neutrino generator, as
will be presented in the Part III of this thesis, typically use the Rein-Sehgal

calculation |76] to describe that cross-section,

Loty GEQ? (Mfes —m?v){<Eu+El+Q3)2gi+ (Eu+Ez —%)2 L

dQ%dgy A @\ 2my 2, R o8, oLt
(1.40)
E,+E+q\ (B +E—qg)\ .
2 1.41
( °F, ) ( °F, % (141)
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1.4. NEUTRINO - NUCLEON INTERACTION

where
WMTES —
ot = Ve m?vf S(W — M), (1.42)
WMTES
O'f = mf+5(w — MT68>7 (143)
2 2
ot = TN B pO5(W — M,e,), (1.44)

T Mo (MZ, —mi}) @
and F~,FT and F° are the helicity amplitudes and they are provided by
the dynamical model, gy is the energy mmentum transfer and ¢35 is norm of
the three momentum transfer or ¢ of Q. The W and M,., in §(W — M,.;)
are observed mass or invariant mass of the final state and resonant particle
mass respectively. The W? can be define as W? = (p + ¢)?, where ¢ is the
four-momentum transfer. The cross section in the equation (1.40) describes
a single resonance in narrow-width approximation. Suppose we want to go
for resonances over finite width. In that case, the 6(W — M,.s) needs to be

replaced by the Breit-Wigner factor,

1 r
2 (W — Myes)? + [2/4

due to in general, the cross-section that involves resonances obeys the Breit-
Wigner distribution [77]. The I' is the resonance width. Although the article
(original article [76]) indeed considers the non-resonant part, these are calcu-
lated via linear sigma models, which are currently discarded. Some models
nowadays consider the lepton’s mass and calculations of the non-resonant part

with non-linear sigma models, which in the present work are studied in Part

IT.

Charge Current Deep Inelastic (DIS)

When the neutrino interacts with the nucleon at higher energy, the neutrino
stops seeing the nucleon as a point object. Instead, as we saw in the previous
subsection, at higher energy, the processes become inelastic. In this case, the
neutrino interacts with the components of the nucleon, the quarks. Processes

like this are called deep inelastic scattering
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1.4. NEUTRINO - NUCLEON INTERACTION

Figure 1.8: Feynman diagram for CCDIS process for free nucleon.

u(k) + N(p) = I°(K) + X(p)) (1.45)

B(k) + N(p) = I (K) + X(p) (1.46)

where N refers to neutron or proton and X to any set of outgoing hadrons.

The matrix element is

2
MP = (%) Ly WP (1.47)

where L,, is the leptonic tensor and W#" is the hadronic tensor. W*" is
mix of nucleon mass my and six form factors W;,7 = 1,...,6. The diferential

cross-section is usually presented in terms of Bjorken scaling variables,

T = 1.48
2mnqo ( )
p-q
=— 1.49
y p,k’ ( )
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1.5. NEUTRINO-NUCLEI INTERACTION (NUCLEAR MODELS)

where ¢y = ﬂ, my is the nucleon mass, and Q? = —¢?. In the lab frame
my

the p* = (my,0,0,0) and k* = (w,0,0,w). The cross-section for neutrino and
antineutrino withouth the charged mass lepton is given by, |78, 46, 79|

do?l” _ Gimpyw y
dedy — (1+Q*/M)w

MmyT
[mgmeWl + (1 —y— ;Vw y)ngg + y(l — g>xq0W3] . (1.50)

The W; with ¢ = 4,5 and 6 are neglected due to they are proportional to
the charged lepton mass. The W; in the DIS context is called as structure
functions and the nature of them are obtained from experimental cross-section

measurements [80].

1.5 Neutrino-Nuclei Interaction (Nuclear Models)

In the previous section, we have reviewed the interaction of a neutrino with
a nucleon. However, nature is not so merciful. We have to deal with the
nuclei and the nuclear environment, and this complicates the cross-section
measurements. In this section, we will review some nuclear models and their

influence on neutrino scattering.

Fermi Gas Model (FGM)

The Fermi gas model is a nuclear model where we can distinguish between
neutrons and protons. These nucleons are almost free or do not interact with
each other within a potential (Fermi motion). Due to their distinguishability,
they are placed in separate potential wells. The potential for these nucleons
is spherical with the same radius. The only rule that applies to them is the
Pauli exclusion principle because of its fermionic nature. On the other hand,

it is considered “gas” since these nucleons are in thermal equilibrium.
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Proton potential

Protons Neutrons

D (
D (

Neutron potential E B’
¢ ¢ —+
QO
EP
QP g
QO

Figure 1.9: Scheme of Fermi Gas Model, where E}., E%. and B’ represent the
Fermi energy of neutron, Fermi energy of proton and binding energy.

Figure 1.9 represents both potentials (in different shapes and colors

to distinguish). That potential is generated by all nucleons.

The maximum available energy state that the nucleon can occupy is
the Fermi energy (EZ/ "). The binding energy (B’) is proportional to the energy
that the nucleon has to pay to escape the nuclei. It is represented in Figure 1.9
as the difference between the top potential and Fermi level. In the neutrino
context, the Fermi gas model has been very popular since the incorporation
of [81]. Neutrino generators use the relativistic Fermi model. Generator like
GENIE|82], used in this work, incorporates an additional effect called Short
Range Correlation SRC, which is studied in detail in part III and the role of

Pauli blocking in resonant inelastic events.
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Local Fermi Gas Model (LFG)

The Fermi local gas model is an alternative way of understanding the nuclei
given the Fermi gas formalism. It is based on the local density approxima-
tion (LDA) developed initially by [83], where the dependence of the nucleon
position within the nucleus becomes relevant because the density distribution

depends on the radius p(r) [84, 85].

Figure (1.10) shows the comparison with Global Fermi Gas as a func-

> and distance from the center of the nucleus. The

tion of Fermi momentum
GFG has a constant field for the entire nucleus. On the other side, the momen-

tum distribution in LFG depends on the nucleon’s position inside the nucleus.

w
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Figure 1.10: Local Fermi Gas compared with Global Fermi Gas. Figure taken
from [86]

Impulse Approximation and Spectral Function

The Impulse Approximation (IA) is an approximation scheme in the GeV
regime (~ 1 GeV of momentum transfer) of the lepton-nucleus interaction,
where it is assumed that in this regime, the dominant process is the lepton-

nucleon (single nucleon interaction [87] ). This means that the lepton sees the

5In Fermi Gas the momentum 7 of the nucleons in the nucleus has a maximum momen-
tum pp denominated Fermi momentum.
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1.5. NEUTRINO-NUCLEI INTERACTION (NUCLEAR MODELS)

nucleus as a set of individual nucleons. After the interaction, the resulting
hadrons are not affected by Pauli Blocking or Final State Interaction (FSI) of
the other nucleons (they remain as spectator nucleons). The validity of this
approximation depends on how large the transferred momentum is ( the lepton

scans a region of extension ~ 1/|gs| of the nucleus [87, 88| ).

Other Models

Another way to describe the nucleus is based on the atomic shell model, where
the electrons are in specific orbits that depend on some quantum numbers. A
prediction of such an atomic model is the energy necessary to remove the
electrons of the last layer. Similar to the atomic model, the protons and
neutrons are described as being in layers within the nucleus. It was observed
that the energy necessary to remove them also follows a pattern denominated

by magic numbers [89]. So, that model is called a nuclear shell model.

Another nuclear model, called Spectral Function, based on the nu-
clear shell model and short-range correlation (SRC), which we will see in the
next section, gives the probability distribution as a function of removal energy

and momentum |86, 90],

P(p,E) = Y [(Ni'la}|N;TY) PO(E — B + E¢), (1.51)

where p'is the nucleon momentum, a;fj creator operator, |Ng') is the A nucleons
initial state with Ej' energy, [N4~1) is the final state of the (A-1) nucleons

with Ef\‘,_l energy, and F represents the removal energy.

The P(p, E) can be split in first, mean-field spectral function part,
led by (e, €'p) reaction [91]| and the single-particle momentum distribution [92],
and second, the correlated part, based on local density approximation 83| and

short range correlation (SRC),
P(p,E) = Pur (D, E) + Poor(p, E). (1.52)
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An example of the spectral function for oxygen is given in Figure 1.11. The
comparison with the global and local fermi gas is given in Figure 1.12, where
the tail in the spectral function is coming for the short-range correlation con-

tribution.

1.6 Neutrino-Nuclei Interaction (Nuclear Effects)
So far, we have described in the previous sections the interaction of neutrinos
with a single nucleon, then some nuclear models. In this section, we will see

some of the nuclear effects of the neutrino-nuclei interaction.

Long Range Correlation: RPA

In the previous section, we described that nuclear models include removal
energy; this means that the nucleons in the nucleus are bound. When the neu-
trino hits the nucleus by electroweak interactions, the coupling (axial-vector
coupling mostly, see Appendix D) is affected by the correlated nucleon. This
effect is calculated via Random Phase Approximation (RPA) [94].

The RPA comes from the description of electron interactions [95,
96] (see Appendix C and D). This RPA response is used as a substitute for
the nuclear response (medium polarization effects) obtained when considering
a single particle-hole excitation (1p-1h) to the W boson self-energy in the
context of many body framework [94, 97].

Short Range Correlation

In the nuclei, nucleons (N) (protons (p) and neutrons (n)) are bounded as we
saw before. When nucleons momentum are opposite (back-to-back), higher
than Fermi momentum (kg) and lower in the mass center a correlation between
nucleon pairs occurs. Such a phenomenon is known as short-range correlation
(SRC) pairs [98, 99]. To illustrate it, we can suppose the Sub-figure 3 of
Figure 1.5 where n and p are correlated under the condition mentioned above

(momentum back-to-back, higher that Fermi momentum, etc.). The effect in
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P(p,E) (1078 MeV—)

0 50 100 150 200 250 300
Ip| (MeV)

Figure 1.11: Spectral function for oxygen in terms of momentum and energy.
The figure is taken from [93]
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Figure 1.12: Fermi Gas, Local Fermi Gas compared with a projection in mo-
mentum of spectral function. Figure taken from [86|
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the momentum distribution is illustrated in Figure 1.13, where the SRC is

represented in the tail of the distribution.

Fermi
momentum

(~ F)

>

Log momentum distribution

Nucleon Momentum

Figure 1.13: Mlustration of Short Range Correlation (SRC). Figure based on
[100]

The SRC preferentially leads to two nucleon knockout, including the
2p2h process (described later). At one extreme, the neutrino may transfer
most of its momentum to just one correlated nucleon. At the other extreme,
it can deliver the momentum and energy to one, both nucleons, or with the
strong force-carrying exchange pion, given more freedom than regular QE or

A reaction (Resonant interaction).

The SRC pair has a preference for proton-neutron instead of neutron-
neutron or proton-proton, in Carbon target the pn pair occurs around 20 times
than nn or pp [101], that imbalance is due to NN tensor force [102, 101, 103,
104]. Ome of the theoretical model approaches is the Generalized Contact
Formalism (GCF) [105]. Since the SRC influences higher nucleon momentum,
it has implications for the “slow” quark movement in the nucleus, known as

the “EMC” effect, in the DIS region [106].
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Meson Exchange Current (MEC)

The 2p-2h process (2-particles 2-holes) was initially studied in interactions of
charged leptons with nuclei. The interaction involved two nucleons, such as
neutron-proton pairs, as shown in Figure 1.14, plotted as a function of the
transferred energy. These events constitute extra events in the region between
QE and resonant, called the "dip" region. A detailed description of the 2p2h
process is in Appendix C and D.

3
f 0T [ppsrMev
dndw

12 ,
30 't Cle,e’) }  EXPERIMENT
t E=680MeV — . OQUASI ELASTIC PEAK
} 0=36° wr... DISCRETE A LEVEL

QUASI FREE A
TOTAL

20

10

N

260 300 00 ev)

1
) 100

Figure 1.14: Electron scattering with carbon data ( C(e,e’) ), the two peaks
represent QE and A resonance. Figure taken from [107, 108|

1.7 Neutrino-Nuclei Interaction (Final State Interactions)

After the neutrino-nucleon interaction, the outgoing particle can re-interact,
be absorbed, or be scattered before leaving the nuclei. The Final State Inter-
action, handed this propagation through several methods. Neutrino generator
like NuWro and GENIE uses intranuclaer cascade, and intranuclear hadron

transport [109].
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0
Charge 44
Exchange Elastic
.............. . Scattering
U o'
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Based on T. Golan Figure

Figure 1.15: IHlustration of possible interactions after the neutrino-nucleon
interaction. Figure based/taken from [86]
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CHAPTER 2

PERSPECTIVE OF NEUTRINO
DECAY EFFECTS AT FUTURE
LONG BASELINE
EXPERIMENTS

With its experimental confirmation, the neutrino oscillation phenomenon is a
warning that new physics beyond the Standard Model is needed, as shown in
the introductory chapter. A deep understanding of that phenomenon could
give knowledge moreover concerning a bigger picture of Nature. In this case,
in this precision era, the experimental results could ultimately differ from the
standard neutrino oscillation paradigm. Numerous studies have been con-
ducted over the years, such as the decoherence effect and non-standard in-

teractions in neutrino oscillation [110, 111, 112, 113, 114, 115, 116, 117, 118,
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119, 120, 121, 122, 123, 124, 125, 126, 127, 128, 129, 130], regardless of the
standard paradigm deviation. Another approach to producing changes in the
experimental results, perhaps hidden behind the neutrino oscillation, is the
light neutrino decay. In this part, we will study that effect in the context of
two future long-baseline experiments focusing on the impact of the matter on
visible and invisible light neutrino decays'. The experiments are Deep Un-
derground Neutrino Experiment (DUNE) and a hypothetical beam pointed
towards Agua Negra Deep Experiment Site (ANDES).

2.1 Neutrino Decay

The earliest work about neutrino decay was given in the context of the solar
neutrino problem [132], and the introduction of the Majoron like the Goldstone
boson in the spontaneous breaking of lepton number symmetry [133, 134,
135, 136]. The approach within the neutrino oscillation context are described
in [137, 138, 139, 140, 141, 142, 143, 144|. The model of neutrino decay
considers two types Majorna neutrino interaction with Majoron by Yukawa-

type couplings,

W (%muj + z'(g’;)"'j ﬂmuj) g (2.1)
these couplings are scalar and pseudoscalar, the v; are the Majorana neutrinos
and J is the Majoron (see an illustration in Figure 2.1). The neutrino decay
process can be split into two types; the invisible decay (ID), which refers
to the decay product, can not be detected. The second type is the visible
decay (VD), where the decay products are detectable particles. We refer to

full decay (FD) to the sum of ID and VD.

!Based on work made in [131].
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Vipiy vi(pi,Ti)
Vj (pj,”l“]) Vj(pg:rj)

Figure 2.1: Diagrams of neutrino decay for pseudoscalar and scalar coupling.
The py is the 4-momentum and ry the spin, which can be (4, —).

The square amplitude of the neutrino decay (v; — v; + J) with four-

momentum and spin (p;,r;) is [144]:

2
9s
MJ? = LY [(pi - pj +mamy) (1 =7 75) + (9 - 75) (05 - 73)]
i1
2

4ﬂfjmj [(pi - pj —mamy) (L4 73 -v5) = (pi - 75) (py - 7)) (2.2)

Equation 2.2 can be separated in pure helicity change components and it is

given by [144, 142|,

2 2

MG = )l = L4+ 2)+ 2(a - 2), (2.3)

24 02 /1
|M(Vj — 171‘)|2 = % 9% (- +x— A) (2.4)

4 x

where x = m;/m;, x> 1 with m; > m,,

E; E;
A= —_ 2.5
B TR (2.5)

r; =sp, r; = xrp, and rf = (¢/mo)pt — (V2 — v?/v)gh’ [144)].
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With Equations 2.3 and 2.4, the decay rates of a neutrino with energy

E are [144, 142, 145],
2

0~ ) = fome (B0 4 £:0)) + 2 (ket0) + 1)) |, 20

- 167z L;
r = (2 2\ 2.7
<I/j_>l/i)_m gs+gp _(.17), ()
where
z 2 1
2
fe(z) ==+ (2—;) , (2.9)
the differential decay width is [145]:
o\ L
d m;m; m: 9
d—EiF(’/j — Vi) = 47rEJ2J ( L - E—Jé) (M(v; = vi)|” O(E;, Ei),  (2.10)

where O(E;, E;) = Op(E; — E;)On(2*E; — E;), O is the Heaviside function.

d
Similar procedure can be followed for EF(VJ- — ;). Let’s now define the

1

decay parameter as:
Q5 = Ej (F(I/j =7 I/lJ> + P(l/j — Isz)> ! (211)
in such a way that,

o; = Eij (212)

=> ay. (2.13)

Before introducing the decay width in the oscillation probabilities.
We must remember that the Hamiltonian in the matter is not diagonal, as we
saw in Equation 1.25, now further adding the decay parameter. The resulting
Hamiltonian is:
m3 V2GpN,
H =1, m2 — i ay Ud + 0 ,

2K
ms — o 0
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in this case the normal ordering is considered with the lightest neutrino stable.
As we saw in the previous chapter, the Hamiltonian must be diagonalized |67,
68|, since it is not diagonal in either the flavor base or the mass base. Because
of that we must introduce a new basis in which the Hamiltonial of Equation
2.14 is diagonal, and it is refer here like matter basis. The diagonalization
is made by non-unitary matrices defines as U,; with I = 1,23, thus the

diagonalized Hamiltonian is:
U 'HU = Hdee (2.15)
where the complex eigenvalues of the new Hamiltonian is:
M3 — idy = 2E(HY8);. (2.16)

The next step is to evolve the Hamiltonian 2.14 and obtain the probability,

where a neutrino yé!’) is subjected to oscillation and decay to a neutrino u(s),

where r and s in this case represent the helicity?. The function which accounts

for that is calculated [146, 142, 145] by
- - -3 _Z-L%L arL] . 2
pe (U(’")> L] -3 US| 6,4 0(En — Ep)
Ia

I=1

Piec (l/ér) — y[(_f)> —

+ Piis(Eo, Eg), (2.17)

where the first term represents the oscillation and ID. The terms 9,, and
d(Es — Ej) are included because they describe the neutrinos that have not
decayed. The second part of Equation 2.17 refers to the VD part in which the

neutrino can have different energy and helicity.

In order to describe the Pys(E,, Ez) of Equation 2.17, let’s define
matrices which can allow us to connect the matter basis with mass basis as
follow:

= > UPW (2.18)

p=e,u,T

o =" UWy)s” (2.19)

p=e,u,T

2By helicity, we refer to v or U state.
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where U relates the flavor /interaction basis (a, 8) to matter basis (I, J) before
the decay. Therefore C' relates matter basis with mass basis. We use U to
refer the rotation after the decay. Considering Equations 2.18 and 2.19 we can

determine the visible component [142] by

I= 1 1=2 j:l
d L (L — )
FI/T' v Ea ( (s)> - I
8 \/dE s >; )P T,
~ L 4 g ) 2
X exp [—O‘J;Eﬂ >] if (2.20)

Which can be interpreted as the neutrino from the flux is in the interaction
eigenstate (v). However, the propagation occurs in the matter eigenstate,
which requires rotating with U~!. After propagation of distance ¢ , the neu-
trino in matter eigenstate (1/1 ) decays. Nevertheless, the decay occurs in the
mass eigenstate in vacuum, and using Equation 2.18 we can rotate v, ") After
the decay, the neutrino must propagate an (I — ¢) distance, and to do that,
Equation 2.19 is used to rotate back to the matter eigenstate. Finally, to

detect the neutrino (z/és)), we rotate with U.

Equation 2.20 can be rewritten considering a constant N,, defining

acrj> = ay + ay, using Equation 2.10, taking into account one decay channel
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like (v§ — v§J) and one non-vanishing coupling [142, 145]

3 3 3 3 ~ 1 ~ 1k .
—9 ( <r>) ( (r)) () ()
202 > (W), (V) 50
" [(Es/Ea)acivs — eyns]| — i [(Eg/Eo) A7y, — Ay
(Es/Eo)acivrs — Gegns)’ + [(Bp/ Ea) A2, — Ay )

A2 L A L
x {exp |—iDDUNT | oy | - S<IN=H (2.21)
2F;

—exp | -1 —=—|exp | ——————
P 28, PITToR,

< Gy (6w) " (ew)

1J 1N

—1/2
(Eﬁ/EOt) Qg m2 ' 'rs
X <—E 1— E—g F)*(E,, Eg)

where a3 is mass basis in vacuum which represents the neutrino-Majoron cou-

pling, * = z;; = z31, g = {gs, gp}, and
2

"rs L rs
F)*(Eq, Eg) = (xQ—?il)Fg (Es, E3)On(E, — E3) Op(z3,Es — E,), (2.22)
31

where,

1 (Ey+ziEs)?
Fii Ea E.) = « JjiB
7 L Eg (2 +1)

(2.23)
F:I:¥<E Ep) = (Eo — Ep) (x31E5 — Ea)
o EoEg (25 +1)°
1 (B, —x;iE5)?
F:I::i:(E Eﬁ) — o jitpB
gp AT E,E i —1)2

(Eq — Ep) (v3,Ep — E,)
Ea Eﬁ (l'ﬂ — 1)2

FyT(Eq, Eg) =

There is indistinguishable effect of scalar and pseudoscalar when the
vy mass (Mightest = 0, 31 —> 00) as it is shown in the Figure 2.2, see the
purple line [145]. The largest value allowed by cosmology for the 14 mass is

(Maightest = 0.07 €V, 23, — 1) [147].
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Figure 2.2: Visible decay function from equation 2.22, Ej3 is the final energy
and E, = 3 GeV (DUNE’s average energy) the initial energy. Top (bottom) is
scalar (pseudoscalar) coupling and left (right) is chirality conserving (changing)
processes. Figure taken form [145].

2.2 Matter effect with neutrino decay in DUNE and ANDES
Deep Underground Neutrino Experiment (DUNE)

DUNE is a Long-Baseline next-generation neutrino oscillation experiment [148]
(see Figure 2.3). The near detector (ND) will be located at the Long-Baseline
Neutrino Facility (LBNF) at Fermilab, 574 m from the neutrino source. The
far detector (FD) will be sited 1300 km far from ND at Sanford Underground
Research Facility (SURF). The neutrinos will be produced at the Main Injector
by hitting a primary proton of 1.07 MW to a target (first-year [149]), then pass-
ing through the Earth with an average matter density of ppyyg = 2.96g/cm?.
The different setups of technology will perform near and far detectors. The ND
will consist of several components like a highly modular LArTPC, a magne-
tized gaseous argon time projection chamber (TPC), and a magnetized beam
monitor [150] (see Figure 2.4). The FD will use a massive modular liquid

argon time projection chamber (LArTPC) of 70 kt and a fiducial mass of
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Sanford

Underground
- Resaarch o=
R Focility o -

Fermilab

Figure 2.3: Scheme of DUNE experiment. Figure taken form [152].

Primary Beam Enclosure

-Apex

M0 Poind of Exiractan:

Figure 2.4: Scheme of LBNF. Figure taken form [152].

approximately 40 kt [151] (see Figure 2.5).

The main goals of DUNE are: The study of the preponderance of
matter over antimatter in the early universe (by measuring the CP violation
phase dcp and determining the neutrino mass ordering, resolving the octant
for the atmospheric mixing angle as shown in equation 1.10), the dynamics
of the supernova neutrino bursts (SNBs) that produced the heavy elements
needed to exist life (by measuring the v, flux from a core-collapse supernova

within our galaxy), and proton decay [152].

To study the effect of neutrino decay, we use the simulation provided
by [153|, where there are both flux modes, Forward Horn Current (FHC) and
Reverse Horn Current (RHC), the proton on target (1.47x 102! POT) per year,

for 3.5 years on neutrino and 3.5 for antineutrino run, and the cross-sections
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Sense Wires

u Vv X V wire plane waveforms
Vi Vs
i =

Liguid Argon TPC

Cathode
Plane

s .

X wire plane waveforms

Figure 2.5: Scheme of LarTPC proposed for FD of DUNE. Figure taken form
[152].

for Change Current (CC) and Neutral Current (NC).

Agua Negra Deep Experiment Site (ANDES)

ANDES is a proposed underground facility in the Southern Hemisphere [154].
It will be located in the deepest part (~1750 m) of the road tunnel (14 km long)
in the Andes, between San Juan, Argentina, and Coquimbo, Chile. ANDES’s

goal is broad, including dark matter, geophysics, neutrino, biology, and others

[155].

In the context of the present study, we assume a hypothetical neu-
trino beam originating from Fermilab. The flux used is the one provided by
the DUNE collaboration. The baseline (Fermilab to ANDES) and matter den-
sity (computed using profile [157| ) were properly adjusted to 7650 km and
panpEs = 4.7g/cm? respectively. The constant matter density for DUNE and
ANDE as a function of Radius is shown in Figure 2.6.

To see the impact of matter effect with neutrino decay we will use the
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Figure 2.6: Density profile of the Earth based on PREM (continuous line) and
the profile of pyo (dashed line) [156].

flux and cross-section (® x o). The cross-section correspond to charge-current

for a neutrino with flavor 5 and helicity s as follows:

dq)(s)
_2 : s,CC B
((I)XO')ﬁz : O'B (Eﬁ)E, (225)
where
a2g 0, ) 48 (2.26)
= [ Paee () = ) SdB. :
dE; / SAEEVEN B P

In order to properly study the impact of the neutrino decay, let’s
define the following channels: v, appearance for FHC Flux, v, appearance for
RHC Flux, v, disappearance for FHC Flux, and v, disappearance for RHC
Flux. The channels will be introduced as rule in the Abstract Experiment
Definition Language (AEDL) needed in the GloBES package. The channels
are defined in the Table 2.1 and Table 2.2.

Once the channels have been defined, the next step is to define the

oscillation parameters of the PMNS matrix. For this, we will follow the [158],
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where sin? 615 = 0.306, sin® 613 = 0.02166, sin® fy3 = 0.441 Am2, = 7.5 x 107°

eV, Am3, = 2.524 x 1072 éV?, for normal ordering, and dcp = —m/2.

We will split the effects of neutrino decay when neutrino mjightest is

vanishing (Case I), that is x3; — 0o, and as we shown previously, in that case,

we do not have coupling dependence (see Figure 2.2). The other two-part

is pseudoscalar (Case II) and scalar(Case III) couplings, both with neutrino

Miightest = 0.07 €V, that is, x5 — 1.

v, appearance, FHC Flux

v, appearance, RHC Flux

Signal
CC:

CGC:

Background
CC:
CC:
CC:
CC:
CC:
NC:
NC:

)
)ip +
v, — Va)ID -+ vy, — Va)VD
(Dﬂ — Da)ID -+ (Z/“ — ﬂa)VD

( )
m+ W, = v)vp

( )

(

(UM = Ve)ID + (Dﬂ — Ve)VD
+(Vﬂ — Ve)VD
(Vp = Ve)ip + (U = Ve)vp
—f—(VM — De)VD

(Ve — ye)ID

(ﬂe — ﬂe)ID

(Vu = vu)ip + (7 = vu)vp
(v = ve)ip + (U = vr)vp
(VM — I/T)ID = (DM — DT)VD
(VM — Va)ID + (Ij'u — Va)VD
(ﬂu — Da)ID -+ (Dﬂ — DQ)VD

Table 2.1: v, appearance AEDL rules for FHC flux and 7, appearance rules

for RHC flux.
v, disappearance, FHC Flux v, disappearance, RHC Flux

Signal
CC: (v, = v)ip+ (v, = v)vp Vy = V) ip + (U = vu)vp
CC: (ﬂu — D;L)ID + (VN — ﬂu)VD (DM — VM>ID + (V — UM)VD
Background
CC: (V‘u — VT)ID + (l/'u — VT)VD (VM — VT)ID —+ <_,u — VT)VD
CC: Uy = U)o+ (v, = 0)vp Uy = Ur)ip+ (Uy — Ur)vp
NC: (UM — Va)ID + (Vﬂ — Va)VD (VM — Va)ID + (Ij,u — Va)VD
NC: (U = Va)ip + (W = Va)vp (U = Va)ip + (P = Va)vp

Table 2.2: v, disappearance AEDL rules for FHC flux and 7, disappearance
rules for RHC flux.
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In DUNE , we will use the decay parameter asz = 4 x 107° eV? |
which corresponds to approximately 10% of (E,)/L, and for ANDES, a3 = 8%
1075 V2 which reaches ~10% of (E,)/L. The following cases are presented:
DUNE on the left and ANDES on the right, with VD and ID separate, the ID
contents also the standard oscillation (SO) hypothesis. All three cases show

the difference between decay+matter and decay-+vacuum effect.

Case I: 231 —

As we saw before, for this particular case the coupling are irrelevant, so we will
show just as one case. They are presented for the FHC mode (Figure 2.7 and
Figure 2.8), and then RHC (Figure 2.9 and Figure 2.10). As we pointed out,
the main difference between DUNE and ANDES is the baseline and the matter
density. The effect of those differences is shown in the comparison of left and

right side plots of Figure 2.7 and Figure2.8 and all other (® x o) figures.

107! e

1072

3 x (1071 GeVY)
3 x o(1071 GeV)

E, (GeV)

Figure 2.7: Matter (continuous line) and vacuum (dashed line) difference for
v. appearance in FHC mode, with mjgntest = 107! V. Red lines are VD
and black ID+SO. Left plot corresponds to DUNE and right plot to ANDES.
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Figure 2.8: Matter (continuous line) and vacuum (dashed line) difference for
v, disappearance in FHC mode, with myghtest = 107 €V. Red lines are VD
and black ID+SO. Left plot corresponds to DUNE and right plot to ANDES.

From the FHC plots, we can observe that the matter effect in the
ID and VD can be neglected for the v, disappearance channel (see DUNE
plot). However, the v, appearance channel has a noticeable impact, the reason,
first, the ID is following the SO, and second, as we saw in Equation 1.22 the
CC matter potential affects almost only .. That effect is prominent in the
ANDES case due to large matter density (except in DUNE case, see Figure
2.9). Another observation is that, in all the cases, the magnitude of the VD
contribution is low. But, the difference between VD-ID differs for FHC and
RHC (Figure 2.9 and Figure 2.10).

B A B e B B R

T .2
2 W0 e ERS
O S T — ~. 1 ©
= / NS T 1077
: N 2
® 1072k S 4 % ’
X x 107§
& & ;

1 1 L 1 Ll 1 1075

1 2 3 4 5 6

E, (GeV)

Figure 2.9: Matter (continuous line) and vacuum (dashed line) difference for
v. appearance in RHC mode, with mjigest = 107 €V. Red lines are VD
and black ID+SO. Left plot corresponds to DUNE and right plot to ANDES.
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Figure 2.10: Matter (continuous line) and vacuum (dashed line) difference for
v, disappearance in RHC mode, with mjigntest = 1071 V. Red lines are VD
and black ID+SO. Left plot corresponds to DUNE and right plot to ANDES.

We can understand the small VD-ID in RHC focusing on the helicity
changing channel. In the FHC case, part of the incoming neutrino changes the
helicity to antineutrino. In opposition, RHC has a portion of antineutrinos,
which will transform into neutrinos. Since particles have a bigger cross-section

than antiparticles, the VD-ID differences for RHC become small.

Case II: Pseudoscalar coupling for z3; — 1
The plots are described as FHC (Figure 2.11 and 2.12) and RHC (Figure 2.13
and 2.14)for DUNE and ANDES. The ID keeps the same for this and scalar

cases (new subsection) because the coupling affects only the VD part.

10~} Fr T
-~ T N —
7 4 AN T 1072
2 o \ | =
O R o A
D o lis
; = 0
o =) o i
3 | ®
X, x 107
o 107 =]
Il Il L Il Il Il 10757\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\E
1 2 3 4 5 6 1 2 3 4 5 6 7 8 9 10
E, (GeV) E, (GeV)

Figure 2.11: Matter (continuous line) and vacuum (dashed line) difference for
v. appearance in FHC mode, with myjgntess = 0.07 eV, and pseudoscalar
coupling. Red lines are VD and black ID+SO. Left plot corresponds to DUNE
and right plot to ANDES.
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Figure 2.12: Matter (continuous line) and vacuum (dashed line) difference for
v, disappearance in FHC mode, with mj;gntess = 0.07 €V, and pseudoscalar
coupling. Red lines are VD and black ID+SO. Left plot corresponds to DUNE
and right plot to ANDES.

We observed that the general effect is higher in low energy region.
Compared with (x3; — 00), the VD effect with large mass and pseudoscalar

coupling is notable, with a slight enhancement.

10*15‘”””HHHHHHHHHHHHHHHH
=~ 7102k E
:>°"1()’l % E
3 g ©
i 110*3
5 =
5 g
10~
& 1072 -
10°° E L 3
‘ 1 2 3 4 5 6 7 8 9 10
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Figure 2.13: Matter (continuous line) and vacuum (dashed line) difference for
v, appearance in RHC mode, with mjightest = 0.07 €V, and pseudoscalar
coupling. Red lines are VD and black ID+SO. Left plot corresponds to DUNE
and right plot to ANDES.
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Figure 2.14: Matter (continuous line) and vacuum (dashed line) difference for
v, disappearance in RHC mode, with mjightest = 0.07 €V, and pseudoscalar
coupling. Red lines are VD and black ID+SO. Left plot corresponds to DUNE
and right plot to ANDES.

Case I1I: Scalar coupling for x3; — 1

Similar to previous two subsections, the cases are presented for the FHC mode
(Figure 2.15 and Figure 2.16), and then RHC (Figure 2.17 and Figure 2.18). In
this case, a reduction of the VD contribution is shown for RHC flux compared
to Case I, but with an increase for the FHC flux of neutrinos. In all three
cases, the most remarkable difference between matter and vacuum is shown in
ANDES. Finally, there is a notorious difference at low energy ( 1 GeV) for
the VD in ANDES (see Figure 2.15). A summary with all the comparisons of

only the VD components is shown in Figure 2.19.

@ x o(1071 GeVY)
3 x o(1071 GeV)

Figure 2.15: Matter (continuous line) and vacuum (dashed line) difference for
v, appearance in FHC mode, with mghtest = 0.07 €V, and scalar coupling.
Red lines are VD and black ID+4SO. Left plot corresponds to DUNE and right
plot to ANDES.
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Figure 2.16: Matter (continuous line) and vacuum (dashed line) difference
for v, disappearance in FHC mode, with migness = 0.07 €V, and scalar
coupling. Red lines are VD and black ID+SO. Left plot corresponds to DUNE
and right plot to ANDES.
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Figure 2.17: Matter (continuous line) and vacuum (dashed line) difference for
v, appearance in RHC mode, with mjgniest = 0.07 €V, and scalar coupling.
Red lines are VD and black ID+SO. Left plot corresponds to DUNE and right
plot to ANDES.
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Figure 2.18: Matter (continuous line) and vacuum (dashed line) difference
for v, disappearance in RHC mode, with mjghtest = 0.07 €V, and scalar
coupling. Red lines are VD and black ID+SO. Left plot corresponds to DUNE
and right plot to ANDES.
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Figure 2.19: Visible decay only, red lines are scalar coupling, blues lines are
pseudoscalar coupling, and green line is (z3; — o0). Top plots are DUNE
and bottom ANDES. Right plots are FHC and left RHC for matter (continues
lines) and vacuum (dashed lines).

2.3 Sensitivity and parameter fits at DUNE

In this section we study the DUNE sensitivity to decay parameter az. Similar
studies were performed in [159] and [160]. In order to generate the channel, the
General Long Baseline Experiment Simulator package (GLoBES) [161, 162] is
used. The channel is defined in the AEDL as shown before.

Event generation
The number of event distributions are getting by convolution of cross-section,
flux, and detector effect functions. For instance, for incoming neutrino yés) the

number of event in ¢ bin and type of interaction int = {CC, NC} is:

_ , A RER
Ni(s),lnt _ /dE,B K;nt(Eﬁ) O’S’mt<E5)—B, (227)
B B dEg
where
) Ei,max ) .
KB = [ By () B (B — B, (229)
Ei,min
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which K™ (Ej3) takes into account the detector efficiency €}*(El,), and res-
olution function Rint(Ebin — Ej3). All the information used in this simulation

are provided by [153].

Before moving to x? analysis lets see the effect of the couplings in
(231 — 1), and (x3; — 00) in the number of event distributions for v, appear-
ance. To do that, we added a variation in fy3 with 38° and 52° (Comparison

I). The second variation changes the dcp in 90° and —90° (Comparison II).

The general behavior from Figure 2.20 to 2.25 is: First, the ID com-
pared with SO (no decay) is always small because the decay products are not
detectable; therefore, the distribution is suppressed. Second, the FD (full de-
cay) is always large than the SO because the decay products can be detectable.
Third, as we say in the previous section, the (x3; — 00) case has a significant
enhancement at low energy, more visible in the RHC channels, confirmed at
the event rate level. Fourth, the VD in pseudoscalar coupling, with no van-
ishing light neutrino mass, is significant due to large helicity changes. Finally,
there is a high enhancement in the number of events for dcp = —90° and
B3 = 52° (see section Comparison I and II) because the dominant component

is the VD for RHC. This is consistent with the left plot of Figure 2.13.
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Comparison I: 6,3 38° vs 52°
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Figure 2.20: Event rate distribution for pseudoscalar coupling (for (z3; —
1)), dashed lines are 53 = 52° and continuous line are 53 = 38°. Right side

plot is FHC and left side is RHC.

180
160} DUNE v, Appearance .

r FHC mode, Normal MH b

1401~ scalar coup, m, =0.07 eV ]

L _ 5 a2 b

. 120 0,=1.5x10" eV .
[} L ey E
o [ l 1
19 100~ B
S [ 1
2 golo — Full Decay ]
S - —— Invisible Decay 4
2 r s —— No Decay ]
60— — 8,,=38° -

| 6,,=52° ]

40 .
200 E
CT\HH\HH\HHMHH "

|
1 2 3 4 5 6
Neutrino Energy (GeV)

o]

Figure 2.21: Event rate distribution for scalar coupling (for (z3; — 1)),
dashed lines are 63 = 52° and continuous line are #y3 = 38°.
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Figure 2.22: Event rate distribution for (z3; — o), dashed lines are 053 = 52°
and continuous line are o3 = 38°. Right side plot is FHC and left side is RHC.

Comparison II: dcp 90° vs -90°
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Figure 2.23: Event rate distribution for pseudoscalar coupling (for (z3; —
1)), dashed lines are dcp = —90° and continuous line are dcp = 90°. Right

side plot is FHC and left side is RHC.
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Figure 2.24: Event rate distribution for scalar coupling (for (z3; — 1)),
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Figure 2.25: Event rate distribution for (z3; — o0), dashed lines are dcp =
—90° and continuous line are dcp = 90°. Right side plot is FHC and left side
is RHC.

2.4 Analysis, results and conclusions

For the analysis only 63 and dcp are considered, #,5 is fixed by reactor mea-
surements [163|. The other parameters are fixed on their best fit. We will
consider the z3; — 0o case and the combination of v, appearance and v,

disappearance channels.
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The 2 is defined on 63, dcp, and as as follows:

g
2 (N (023, Ocp, az) — N (053, 5g8e, atre))?

2 true true truey __
X (0237 dcp, O3, 023 ) 6CP y O3 ) = § : N, (etrue Strue true)

- 23 > 9cp s O3

(2.29)
where the true refers to default SO best fit values. To get the sensitivity of ag
true

as a function of 53 we have to marginalize 6&5°, and set a§"® = 0 eV2 The

x? is given by:

2 ( ptrue true true true
3.0 3.0
Vu=Ve) + (Vu—>vy) Vu—Ve only
250 50 FHC 2.5
— 30 FHC & RHC .
fffff 30 FHC Sl
— 5c FHC® RHC | [ Tl
D — 50- RHC 200 e
R R 30 RHC I
% N L —
T 15 TS el
3 T T
Lol — v T T
— —_— e
0.5 050 T
0.0 0.0
38 40 42 44 46 48 50 52 38 40 42 44 46 48 50 52

51" o5°1]

Figure 2.26: Sensitivity to fa3 as a function of 55, On the left the sensitivity
using both channels, with the shaded area below giving the sensitivity for fixed
values of the phase. The right side plot is the sensitivity of v, appearance only
with FHC or RHC.

The Figure 2.26 shows the sensitivity to ag in terms of 655°. The
left plot combines both appearance and disappearance channels for FHC and
RHC. The a3 sensitivity with whole channels are: (4 —7) x 107% eV? for 30
and (0.7 — 1.1) x 1075 eV? for 5o. While, the right plot only accounts for
appearance channel since we saw how sensitive is to VD before (see Table

2.3).
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FHC RHC
30 (1.0—1.6)x10° V2 (5—9) x 10°° V2
50 (1.6 —2.7) x 107° eVZ (0.8 — 1.4) x 1075 eV

Table 2.3: a3 sensitivity as function of 655 for v, appearance channel only.
Right side plot of Figure 2.26.

The a3 sensitivity as function of 6&5° is calculated marginalizing 655",
and fixing o = 0 eV?,
2/ ptrue  gtrue true gctrue
X2 (O50e ) 588 aig, OS5 GERe, 0)|nnn9g;e. (2.31)

Similar to the previous ag sensitivity, the left side plot of Figure 2.27 shows the
sensitivity as a function of 0&p° for both channel combinations as well as FHC
and RHC. Compared with Figure 2.26, the curves are flat, which seems to say
that the values of 0Z5° is not relevant for determine the a3. However, the right
plot of Figure 2.27 shows a very strong dZp¢ dependence, with large impact on
FHC. The reason is the influence of §&5° on the total number of events. For

0&pe would reduce the

instance, let’s consider the FHC mode, so, a positive
events coming from ID, which has a stronger dependence on &g than VD.
As a consequence of this suppression, a small a3 is enough to generate a VD
contribution that can be comparable to the ID. In opposite, a negative 6&p°
implies a larger number of events expected from ID, in that case, a larger « is

required to reach the same level of sensitivity compared to positive 6&pe.

Now, let’s compare the sensitivity of a with x3; — 1 and x3; — oo.
To do that, we must marginalize in both 6¢p® and 655, and the result of that

is shown in the Figure 2.28. The values on the a3 are in the Table 2.5.
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Pseudoscalar Scalar
T3 — 1
30 3.8 x 1076 eV2 5.2x 1076 eV?
5% 6.4 x 1076 eV2 8.8 x 1076 ¢V?
T31 — OO
30 6.1 x 1076 eV2 6.1 x 1076
50 1.0 x 107° eV? 1.0 x 107°

true true

Table 2.4: a3 sensitivity marginalized on 6

5e¢ and d5p°,

from Figure 2.28.
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Figure 2.27: Sensitivity to dcp as a function of d&p°.
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On the left the sensitivity

using both channels, with the shaded area below giving the sensitivity for fixed
values of the phase. The right side plot is the sensitivity of v, appearance only

with FHC or RHC.
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Figure 2.28: Sensitivity to as, by combining v, disappearance and v, appear-
ance, with FHC and RHC modes. For this sensitivity, 655" and §&5°¢ were
marginalize. The horizontal lines indicate the 30 and 50 confidence levels.
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Figure 2.29: Allowed regions as function of 3 and dcp. The gray region
represents the SO, blue ID and red FD. The upper (lower) row has 6&p° =
90°(—90°), while the left (right) column has #55"*h = 42.8°(47.2°). The af™th =
4 x 1075 eV2. Dashed and solid lines (dark and light regions) correspond to
30 and 5o confidence levels, respectively, with the dots indicating the best-fit
points.

The final part of the analysis is shown in the Figure 2.29, where
the SO, ID, and FD is evaluated in different §&5°, and 655 scenarios with
afite =4 x 1075 eV2. Using the x? give by the following equation:

X*(023, dcp, 0, 055, 6357, a5™), (2.32)
where a§"® = 0 eV? for SO case. Just like Figure 2.28, includes all channel

and neutrino, flux models. Figure 2.29 shows a slight difference between SO
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Pseudoscalar Scalar

T3 — 1 <20x10%eV? <28 x 1076 eV?
T3 =00 <3.2x107%eV? <3.2x 1076 eV?

Table 2.5: DUNE a3 sensitivity at 90% C.L

and ID, and it is due to a not being big enough to have any relevant influence,
as reported by [159]. On the other hand, FD has more susceptibility to as

values, as shown in (o x ®) plots.

We started from a decay scenario [144, 142, 145|, where we studies
the matter effect in visible neutrino decay. To comprehend that effect, we
conducted a study in two distinct circumstances. On the first, we use the flux
and baseline for DUNE, while on the second, we use the same flux but take into
account the baseline for ANDES. Only the ID component of v, appearance is
affected by matter in DUNE; the effect on all other components, like VD v,

appearance, can be neglected.

In the case of ANDES, however, we not only see an enhanced effect
on the ID component due to matter, but we also see a relevant modification
in the VD component. That is important for v, appearance, but it also has

an impact on v, disappearance.

In addition, the sensibility of decay a parameter study was performed
for DUNE. The values found at 90% of confidence level are shown in Table
2.5. Finally, we observed that the permitted regions would shift toward larger

values of 653 and CP-conserving values of CP.
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CHAPTER 3

NEUTRINO BEAM AND FLUX

In this chapter, we will describe, in a general way, the accelerator neutrino
production, focusing mostly on the neutrino flux production at NuMI (Neu-
trino at the Main Injector), which is the starting point for the measurement
of the double differential cross-section presented in chapter VIII. We will also
describe the primary sources of errors associated with the flux. For more de-
tails, the reader can found some information about neutrino production and
history in [164, 165, 166, 167, 168]. Finally, to use the neutrino flux in the
MINERvVA experiment, we adjust the flux simulation. Flux adjustment can
be made through constraints and scaling the muon momentum. Those studies

will be discussed in the last two sections of this chapter.

3.1 Neutrino Beam
Typically, a neutrino beam production follows the next steps: First, we need to

have a source of accelerated protons that then hits a target, which is thick and
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narrow enough to avoid a lot of re-interactions. Of which short-lived mesons
are produced. Second, the mesons produced are aligned by parabolic magnetic
horns to decay [169, 170], among other particles, into neutrinos. The decay
occurs usually in a vacuum or low density or gas-filled pipe [171, 167|. Third,
the decay product is filtered to have an aligned neutrino beam. The neutrino
energy can be inferred from the mesons’ decay which follows the usual two-
body decay—for example, the meson 7%, which decays in & and v”! with a
probability of 99.9877% [172]. The relation between 7 decay kinematics with

neutrino energy is [173, 174, 175]:

0.427F;
= i 3.1

1+ 7262 (3:-1)
where 7 is the Lorentz boost of the pion, and 6 is the angle between the m and

neutrino direction. The 0.427 is a factor that involves the p and m masses.

All these steps are similar to producing atmospheric neutrinos. How-
ever, instead of a controlled accelerator, you have charged particles (cosmic
rays) colliding with molecules in the atmosphere to produce mesons and neu-
trinos. This similarity is not an accident. In fact, the production of neutrinos

has its origin in the atmospheric neutrinos or at least their motivation [15, 17,

176).

3.2 Neutrino at the Main Injector (NuMI)

NuMI [174] is a Fermilab facility that provides an intense neutrino (antineu-
trino) beam to NoVA [177] and in the past to MINOS [178] and MINERvA.
The neutrino generation follows that described in the previous section. The
proton beam used in the first step hits a carbon target with 120 GeV. The
neutrino energy distribution goes up to 120 GeV, with a peak of the neutrino
distribution at around 3 GeV and 6 GeV called Low Energy (LE) and Medium
Energy (ME), respectively. A comparison between LE and ME in MINERvA
and off-axis ME NoVA is shown in Figure 3.1.

w_»

1Here s can be “4” for neutrino or for antineutrino
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From hydrogen to proton beam

There are four different instruments used to produce the 120 GeV proton beam,
and they are [179]: Pre-accelerator (RIL), LINAC, Booster, and Main Injector.

Those are shown in Figure 3.2.

The process begins in RIL (Radio Frequency Quadrupole Injection
Line) or pre-accelerator, a set of instruments? that takes negative hydrogen

ions (H™) to accelerate from 35 keV to 750 KeV [180].

NuMI fluxes

160
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Figure 3.1: Low Energy (LE) and Medium Energy (ME) neutrino fluxes dis-
tributions in MINERVA, and off-axis ME in NoVA. Figure taken from [181].

The second part is handled by LINAC (LINear ACcelerator), a linear
accelerator with 150 m of length, operating for more than 50 years [182, 183],

which went through several updates, where the last one? is under construction;

2The RIL consists in four parts, the Ion source, Low Energy Beam Transport line
(LEBT), Radio Frequency Quadrupole (RFQ), and Medium Energy Beam Transport
(MEBT).

3The PIP-II will replace the LINAC. It will increase the energy up to 800 MeV.
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the PIP-IT [184]. The LINAC * is injected with the ions coming from the
pre-accelerator, in the quadrupole radio-frequency [185], and then enter the
radiofrequency (RF) cavity that oscillates at 201 MHz, increasing the ions’
energy to from 750 KeV to 116.5 MeV. Finally, before leaving the LINAC, the
ions pass through other side-coupled RF cavities that oscillate at a frequency

of 805 MHz, increasing the energy of the ions to 400 MeV [186].

MSB
MINOS Service [ ]
Building

Booster v-Beam 400 MoV € 750KeV
8 GeV

—ee———<—ol jnac
wao T [ AMuon)) s 7 400 Mev g
= ) ) Booster
MI-14 120GV —— 3
o [ Meson CD MTest
o o%e SeaQuest
[
m";%l Main Injector ] Switchyard
1 Mﬁ
120 Gev NuMI Target Hall " g
Surface Building
8GeV P 120-150 GeV
MI-39 D
w40 ] Recycler
8 GeV
MI/RR Abort P1line

Tevatron

Figure 3.2: Scheme of LINAC, Booster, Main Injector, and Tevatron. Figure
taken from [167].

The third part of the acceleration process passes through the Booster
accelerator, which is a synchrotron accelerator with a circumference of 474.2
m, RF from 37.77 MHz to 52.8 MHz. The booster gets LINAC’s ions with

400 MeV and removes the electrons through a stripping foil to have a proton

4LINAC has two main components: Drift Tube Linac (Low Energy Linac) and Side-
Coupled Cavity Linac (High Energy Linac).
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source. The new source is accelerated with an initial revolution period of 2.2us

(400 MeV) to 1.6us, which gives us proton energy of 8 GeV [187].

The last part of the proton acceleration process involves the Main
Injector; A proton synchrotron accelerator with 3319.4 m of circumference, a
revolution period of 11.1us, and RF from 52.8 MHz to 53.1 MHz.[188]. The
protons at 8 GeV coming from the booster are delivered by MI-8 Line® to the
Main Injector, which with its dipoles, quadrupoles, and RF' cavities, end up
in a pulsed proton beam with 120 GeV of energy, 1.1 mm of Gaussian beam

sigma, 1.87s of cycle time, and 10 us beam spill duration [179].

From proton to neutrino beam
The general description from proton source to neutrino source is summarized
in Figure 3.3 and discussed briefly previously. Now, in this subsection, we will

discuss it a bit in detail.

Muon Monitors
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Main Injector
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210m
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Figure 3.3: Big picture of neutrino production. Figure taken from [167].

The target that the proton beam hits is an isotropic POCO ZXF-
5Q graphite with an apparent density of 1.78 g/cm?® [167]. The chemical
composition is shown in Table 3.1, and it consists (see Figure 3.4) of 47 fins,
where each fin has 6.6mm x 15mm x 20mm with 0.3 mm of space between
fin to fin. The total length is 95.38 cm. The proton is directed at the target

through a collimating baffle. As is pointed out in Figure 3.5, the fins are

SMI-8 Line is composed by mostly magnet [179].
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Element Concentration

(ppm wt)
C Matrix
Cl 0.38
Cr 0.18
B 0.7
S 0.18
Ta, <H
F 0.07
Al 0.09
Si 0.05
Fe 0.03
P 0.02
/Zn <0.05

Table 3.1: POCO ZXF-5Q graphite target composition. Table taken from

[189]

brazed in a vacuum to two stainless steel tubes that carry the water coolant.

Finally, there is one more fin mounted upstream in the target canister at 15.73

cm from the main target.

Figure 3.4: Fin target configuration (top plot) and dimension of individual fin
(bottom). Figure top taken from [190] and bottom from [189].
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Outpul Be-window

mm Aluminum  casing,

14 Target segment

Cooling water pipes

Metal-ceramic adapters

Target canister

Input Be-window

Figure 3.5: Scheme of the Target fin and its surrounding components. Figure
taken from [191].

From the bombarded graphite with the proton beam, secondary par-
ticles are produced. Those particles, mostly mesons, are focused by two mag-
netic horns. The focusing process works similarly to optic lenses, in which,
instead of photons and lenses, we have mesons and magnetic fields. The illus-

tration of the horns is shown in Figure 3.6.
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10 meters

Figure 3.6: Scheme of the magnetic horns to focus the mesons. Figure taken
from [167].

Horn 1 and Horn 2 have a double parabolic shape with an inner
conductor of nickel-plated aluminum and anodized aluminum for the outer
conductor (the geometric dimensions for both horns are showed in Figure 3.7
). Both horns operate at 200 kA of current, producing a 3 T. The horn’s length
has a 300 cm (focus region). The minimum aperture field-free neck is 9 mm
and 3.9 cm of radius for Horn 1 and 2, respectively. The distance from Horn
1 to Horn 2 is 10 m, and its variation allows us to have less or more neutrino

average energy (see Figure 3.8).

After aligning the mesons, the next part is to pass through a space
where the mesons can decay into neutrinos. That place is the decay pipe. The
vacuum (<1 Torr) pipe has a 1.98 m inner diameter x 677.1 m long. The pipe’s
upstream and downstream vacuum windows have 1.57 mm of aluminum and

6.35 mm of steel, respectively.
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Figure 3.7: Horn 1 and 2 description. Figure taken from [167].

LE Beoam

= \e't

> &

PR T [T S S S S T T | IR T S S S T T A | TS S R T S R 1 | TR T T R T R 1 | B

0 10 20 30 40 m
ME Beam

= V

) &

0 10 20 30 40 m
HE Beam V

==

> &

0 10 20 30 40 m

Figure 3.8: Horn displacements for LE and ME neutrino. Figure taken from

191].
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Finally, after the mesons decay in the pipe, they must be filtered to
have a pure neutrino beam. Downstream of the decay pipe, there is a hadron

absorber which consists of massive aluminum, steel, and concrete structure.

3.3 Flux Simulation and Prediction

The flux simulation, which will lead to the prediction, is performed in GEANT4-
based MC[192], denominated gdnumi. Every step of the description above is
simulated. For our measurement purpose, we will focus on two main parts
of the simulation, the hadron production, and the focusing. The first part
concentrates on the hadrons produced due to the proton interaction with the
target and the meson reinteractions. The second part of our interest is the
correct simulation of the geometry around the target and horns. A detailed

description of the simulation can be found in [181].

Hadron production

The mesons produced from the proton interaction do not decay cleanly. They
can re-interact, and from the product of those re-interactions, we can also have
neutrinos also. However, re-interaction belongs to nonperturbative QCD. Fur-
thermore, the simulation becomes complicated due to different models. Fig-
ure 3.9 shows the simulation of the average number of hadrons interactions
per neutrino as a function of the produced neutrino energy. The main contri-
bution in the peak of the neutrino energy spectrum comes from proton-carbon

7

(pC— 7X), nucleon-A%, and meson inc’. In the tail of the spectrum, the

contributions are nucleon-A and (pC—KX).

The solution (followed by MINERvVA) is to use existing data to con-
straint the models. The data from NA49[194] is take into account. To get the

pion yield per inelastic interaction we have [193],

‘FData = aEﬂ" (32)

Snucleon-A refers to nucleons interacting in material that is not C.
"meson inc means meson interacting on any material.[193]
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3.3. FLUX SIMULATION AND PREDICTION

where F, is the pion energy and « is:

1 d3c

o= —_—,
OTnel dpg

(3.3)

the ome is a factor to have the yield. In order to correct with this data, we

have the same calculation for MC, the weight is [193]:

_ Fpata(F, pr, po = 158 GeV)
Fuc(Tr, pripo = 158 GeV)

W(:L‘F,pT,p) 3<5UF7pT7p)7 (34>

where xp is the Feynman variable, p the proton momentum, pr the transverse
momentum, and s(zp,pr,p) a scale in FLUKA® to turn from 158 GeV to

proton momenta.

Average Number of Interactions /v,

2.5
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Figure 3.9: Average number of hadronic interactions per neutrino as a function
of the neutrino energy ME in MINERvVA. Figure taken from [181].

Table 3.2 shows the description of the components of the hadronic
production presented in Figure 3.9. Finally, we have the flux reweighted (see

Figure 3.10). The uncertainties associated with each channel are shown in

Figure 3.11.

SFLUKA [195, 196] is also used for hadron production simulation.
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3.3. FLUX SIMULATION AND PREDICTION

Contribution Description

pC— 71X  The thin target data from NA49[194| is used to
reweight the 7 production on pC' in order to corre-
sponds to their measured 7 yield per incident p («
from eq. 3.3), and Feynman scales in FLUKA. The
NA49’s energy used 158 GeV for xp < 0.5 and Bar-
ton [197] data for xp > 0.5.

pC—KX  The reweight is applied with NA49 data[194] to pC' —
K*X channel in the 5 < 0.2 range. For high values
0.2 < xp < 0.5, the K/m yield ratios on a thin C
target is used.

pC—NX  Similar to K and 7 the NA49 data|194] is used to
correct the nucleon (N) production in the region zp <
0.95.

nC— 7X  This channel is reweighted same like pC— 7X, with
NA49 [194] and Barton|197] data. That is because
the isoscalar symmetry of carbon.

nucleon-  Refers to Nucleon-nuclei interaction, where the nuclei

A (A) can be He, Fe, Al and not carbon. A-dependence
scaling as a function of momentum and angle is used
from [198].

Meson These are neutrinos from the 10-40 GeV meson in-

incident teraction in the beamline, where 40% uncertainty is
applied from the data-MC discrepancies in pC and
pA (from Geant4-FTFP model [192]).

Target This contribution corresponds to an uncertainty de-
attenua-  pendent on nucleon and meson inclusive cross-section
tion modeling. The uncertainty can be around 10%, tak-

ing from the probability that a particle interacts in-
side the target or exits the target.

Absorption Similar that target attenuation, this contribution fo-
cuses on the absorption of nucleon and meson for Al,
He, and Fe.

Others The category represents any other channel not in-
cluded above, and it has a 40% uncertainty assigned
(similar to Meson incident with FTFP model [192]).

Table 3.2: Hadron production contributions in the neutrino flux. Table based
on [199, 200|
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Figure 3.10: Flux distribution with hadron production wight in ME. Figure

taken from [181].

NuMI Medium Energy Beam, HP Uncertainties, v,

0.1

g ©
- -
N [¢2]
TTT T T[T oot

Fractional Uncertainties
o
o
(o]

meson inc. target att. absorption
— pC — nX nC — nX nucleon-A
=== pC — KX pC — nucleonX others

— total HP

0.06
004 | mr——y
- S ===
il L S
0'02F . '_.l_l_l_
Oh" et T Y T O e Sy P
0 2 4 6 8 10 12 14 16 18 20

v energy (GeV)

Figure 3.11: Fractional Uncertainties for flux distribution with hadron pro-
duction wight in ME. The figure is taken from [181].
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3.3. FLUX SIMULATION AND PREDICTION

Beam focusing

The beam focusing is simulated based on the beamline geometry and all com-
ponent information that involves the neutrino production, like the target, the
device surrounding the target, the horns, the pipe, and others. The nominal
parameters values are shown in Table 3.3. Even though we have all that in-
formation, the values compared with the real experiment are slightly different.
So we do not know exactly those values, for instance, the magnetic field of the
horns or the horn current. For that reason, it is implemented with one sigma
deviation associated with all these parameters (see the focusing uncertainty in

Figure 3.12).

Some parameters are more sensitive at 1 ¢ shift in the flux focusing
uncertainty. The significant uncertainties at the peak of the distribution are
the proton beam spot size and horn water layer. The tail of the distribution

is more sensitive to the horn position and the horn water layer.

Parameter Nominal Value Final 1 o shifts
Beam Position (X) 0 mm 0.4 mm
Beam Position (Y) 0 mm 0.4 mm

Beam Spot Size 1.5 mm 0.3 mm
Horn Water Layer 1.0 mm 0.5 mm

Horn Current 200 kA 1 kA
Horn 1 Position (X) 0 mm 1 mm
Horn 1 Position (Y) 0 mm 1 mm
Horn 1 Position (Z) 30 mm 2 mm
Horn 2 Position (X) 0 mm 1 mm
Horn 2 Position (Y) 0 mm 1 mm
Target Position (X) 0 mm 1 mm
Target Position (Y) 0 mm 1 mm
Target Position (Z) -1433 mm 1 mm

POT Counting 0 2% of Total POT

Baffle Scraping 0 0.25% of POT

Table 3.3: Nominal and 1o shift of the NuMI ME beam parameters configu-
ration. Used for flux focusing uncertainty (see Figure 3.12). Table taken from
[201].
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Figure 3.12: Ratio of predicted v flux with beam parameters shifted by lo
deviation to the nominal v flux. Figure taken from [201].

3.4 Nominal Flux and its error bands

The uncertainties coming from the hadronic production and the focusing are
propagated to the neutrino energy distribution through a “multi-universe method”
technique, which follows the multivariate normal distribution® (MV-G) intro-
duced to MINERVA by [204] and used in flux uncertainty propagation by [181].

The mathematical description is in the appendix A.

This method aims to make a shift to an uncertainty parameter given
a know covariance matrix (V). We get the shift value (R) randomly from
MV-G with the mean in the central value (default parameter denoted in the

appendix A by pu).

9Know also as Normal many-dimensional or multivariable Gaussian (Ref [202], ch. 4.2.2
and Eq. 3.36 of [203] )
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Figure 3.13: Toy example of multi-universe approach, where all universes are
stored in different histograms. Figure taken from [204].

3.5 Neutrino Flux Constraint

The Flux simulated in FHC mode for Medium Energy (ME) after the hadron

production and focusing uncertainty corrections are shown in Figure 3.14,

wherein the dominant contribution is the muon neutrinos, followed by 7, v,

and 7,. The peak of the distribution sits around 6 GeV, and it is used in the

coming double differential cross-section measurement.
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Figure 3.14: Neutrino flux at MINERvVA versus the ME v mode of the NuMI

beam. Figure taken from [205].
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In the previous section, we saw the rule that the hadron production
and focusing play. Therefore, we can conclude that we need other dedicated
experiments for hadron production to reduce part of the flux uncertainty for
coming or future experiments. However, we can still mitigate or reduce the flux
uncertainties using a standard candle, which means processes we handle with
high precision, such as neutrino scattering on electrons|206]. That process is
well understood in the standard electroweak theory !°, and it can be precisely
predicted due to the lepton-only process. Thus, MINERvVA does that study
for LE[207] and ME[205]|. The signal of that process is a single forward-going

electron; however, it is limited by the statistics.

In this subsection, we will describe the flux using the neutrino scat-

tering on electrons. The number of events'! measured (N, )is:
N, v, =0 X Dy, X P, (3.5)

where o is the neutrino-electron scattering cross section, D,, mass of the
detector, and ® the flux. We can consider the measurement of an energy-
weighted flux integral equivalent to the total uncertainty of the number of

signal events|207].

Now, in order to constrain the flux with the neutrino scattering on

electrons measurement, let us consider the rewritten Bayes’ theorem [208],
P(theory|data) oc P(dataltheory)P(theory) (3.6)

where “theory” represents the a-priori model of the flux; our hypothesis, “data”
is the N,, .. The P(theory) is P(M) which is the prior probability of the
a-priori model, and P(datatheory) is the probability to have gotten the
N, -, measured, given the a-priori model, which is now also as likelihood
(L(Nyeosv. |M)).

0Neutrino scattering on electrons is mediated by the Z boson.
HTn this case, the number of the events is also corrected by the efficiency.
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On the other hand, we know that the uncertainties of the flux param-
eters (focusing and hadron production) in each bin are multivariable Gaussian-
distributed and follow the form presented in equation A.2 of appendix A. We

can approximate our likelihood, given by,

1 1
(2m)"72 det(Vy )12

L(Ny, o M) — exp( vty M)) L (37)

where n is the number of bins of the distribution, N is the vector of the bins
of the measured data (N, ), M the vector of bins of predicted by model

M, Vy is the total data uncertainty covariance matrix.

The constrained and unconstrained (from a priori) flux are shown in
Figure 3.15, where the mean constraint the weighted Probability Distribution
Function (PDF) is down by 9.6%, and the root mean square RMS is lowered
by 53% in ME, the number for LE are mean (9% down) and RMS (40% lower
), the reason is because in ME we have more statistics than LE. In addition
(right plot in Figure 3.15), we can see the lower flux uncertainty compared

with the unconstrained flux.
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Figure 3.15: Neutrino flux constraint in ME (left plot), effect of the neutrino
scattering on electrons constraint in the flux uncertainty (right plot). Figure
taken from [205].
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Another observation that we can make is that the flux uncertainty
reduction is more prominent, on average, in the neutrino energy region F, <
10 GeV. We will only consider the constraint described above for the dou-
ble differential cross-section measurement presented in this thesis. However,
the region greater than 10 GeV can be constrained with another standard
candle[209]. The recent analysis uses the Inverse Muon Decay (IMD), which
constrains higher neutrino energy by following less neutrino-electron scattering

analysis. The IMD results are shown in Figure 3.16.
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Figure 3.16: Neutrino mode flux ratio of constrained over unconstrained (left)
and the uncertainties constraint (right), before constraint in black, and after
constraint in red for Inverse Muon Decay. Figure taken from [209].

3.6 Flux, Low Hadronic Recoil, and Detector Energy Scale

Another method to handle the flux is denominated “low-v”, which is studied
in detail by [210] in LE and extended to high energy in [211]. This “low-v", is
another standard candle, which is a low hadronic recoil CC interaction with
cross-section approximately constant versus neutrino energy. Low-v have been
used to measure the shape of neutrino fluxes as a function of neutrino energy.
A demonstration of measurement of the parameters of neutrino flux is studied

in [201].
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Figure 3.17: Horn model comparison in LE and ME. Figure taken from [181]

In the previous studies of the flux [181], ME flux showed sensitivity
to alignment parameters as shown in Figure 3.17. Similar behavior was found
with “low-1” analysis (see back ratio histogram in [201]), and that discrepancy
can also be due to the detector energy scale. The study concluded that the
discrepancy is more consistent with a 3.6% shift to the MINOS muons energy

scale (see blue ratio histogram in Figure 3.18).

Finally, as the conclusion of this chapter, the neutrino flux used to
measure the double differential cross-section (see Chapter 7) has the improve-
ments developed by MINERvVA. First, it has the corrections with external data
for the hadron production and one sigma shift in the focusing uncertainties
[200] 2. Second, the flux is constrained by the neutrino electron scattering
analysis [205]. Third, a 3.6% shift in the MINOS muons energy scale is added
thanks to the low-v study|[201]. On the other hand, the IMD|209] is not taken

into account for the coming measurement.

12 A1l improvements are in a package called PPFX (Package to Predict the FluX)
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Figure 3.18: Ratio of low-v events of data over simulation. With before and
after of the muon energy scale correction (shifted by 3.6% from its nominal
value ). Figure taken from [201].
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CHAPTER 4

MINERvA EXPERIMENT

MINERvA (Main Injector Experiment for v-A) is a neutrino-nucleus scat-
tering experiment proposed 75 years after Pauli’s letter [212]. The detector
is located on-axis in the NuMI underground hall' at Fermilab, Batavia, IL,
USA. The MINERvVA goal is to perform precision studies of neutrino-nucleus
scattering with high statistics in both channels, FHC and RHC, with different
nuclei in a few-GeV region?. The variety of target elements in MINERVA allows
exploring the nuclear effects. As we mentioned in the introduction, oscillation
experiments require a good understanding of the neutrino cross-section to de-
termine, mass hierarchy, probe CP violation, or other new physics that can be

hidden behind neutrinos.

The neutrinos from the beam interact with MINERvA’s fine-grained

1100 m below the surface.
2Started with LE with peak of neutrino energy distribution around 3 GeV (2010-2012)
and the ME in ~ 6 GeV (2012-2019).



detector [213], which consists of hexagonal modules situated longitudinally of
the beam into several regions like nuclear targets, the scintillator tracker, and
downstream electromagnetic and hadronic calorimeters. The support structure
is composed of an outer detector and a frame of steel with an embedded
scintillator. The nuclear target region contains five solid passive targets of
carbon (C), iron (Fe), and lead (Pb), separated from each other by 4 and 8
scintillator planes for vertex and particle reconstruction. The tracker is made
solely of scintillator planes. Each hexagonal plane of the tracker is composed
of 127 nested polystyrene scintillator strips of length 2.45 m and a triangular

cross-section of base of 3.3 cm and height of 1.7 cm.

In addition, MINERvA uses MINOS Near Detector as a magnetized
muon spectrometer [214], and it is located two meters downstream of the
MINERvVA detector. The design of the experiment is represented in Figure 4.1,
where the beam comes from the MINERVA side.

MINERVA

Figure 4.1: Scheme of the whole experiment, in blue represents MINERvA
detector and in black MINOS magnetized Near Detector. In the example
there is a neutrino event in MINERvA and curved track in MINOS. Figure
based on [215].
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4.1 MINERVA Detector

The MINERvVA detector is composed of the veto wall, the helium target, and
the main detector. The latter is subdivided into the nuclear region, tracker
region, downstream electromagnetic, and hadronic calorimeter (ECAL and
HCAL). Those four detectors compound the so-called inner detector (ID). The
outer detector (OD) is a support structure made by the hadronic calorimeter
(see the top sub-figure of Figure 4.4). The detector size comparison and the

details mentioned above are shown in Figure 4.3.

The MINERVA coordinate system is shown in Figure 4.2, where the
z-axis is defined as the horizontal central axis of the detector and points down-
stream to the MINOS detector. The y-axis points upward, and the x-axis leads
to the left of the beam. The angle of the beam with respect to the z-axis in
the y-z plane is 3.34°. MINOS, in this system, is located 1200 cm downstream

of the MINERVA center.
Y
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YZplane
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Center of ID 2

Beam
"'—w,;;\
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X
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Figure 4.2: MINERvVA coordinates. Left figure shows the ID center or MIN-
ERvVA center (circle), the MINOS coil (black filled diamond), and the beam
centroid (star). Figure based on [215, 213, 216|
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Veto Wall

In the neutrino beam production chapter, we saw that the last stage to produce
the neutrino flux is filtering the charged leptons; as we can see in Figure 3.3,
filters are rock, and they are upstream of the MINERvA detector. However,
the neutrino can see the same rocks as though target and therefore interact
and produce hadron and charged leptons or the so-called “rock muons”. We
have to characterize them because they will contaminate our signal, especially
for more upstream targets such as the helium target. So, MINERvA employs a
plane structure (green structure in Figure 4.3) upstream of the helium target,

called veto wall, to characterize the rock muons.

The Veto Wall consists of a combination of two sets of a thick steel
plate and a scintillator plane. The first one has 5 cm of thick steel and a 1.9
cm thick scintillator. The second has 2.5 cm of thick steel and is the same

dimension as the first scintillator component.
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Figure 4.3: Size comparison of the MINERvVA detector shown in from the veto
wall (green plane in front), followed by the helion target and the main detector.
Figure taken from [217]

Nuclear Target Region

After the Veto Wall, still upstream, we have the nuclear targets. The first
target is helium, which is filled in a cryogenic vessel. And it uses several
instruments to maintain the helium, such as pressure, temperature and others
(see details in section 2.5. of [213]|). The helium target is represented as a

green tank in Figure 4.4.

The next part, after the helium target, is a set of different targets.
MINERvVA experiment is the only multi-nuclear target experiment; in total,

five layers of passive material are interspersed with four tracking modules, and
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each module is made of eight scintillator planes. As can be appreciated in the
lower subfigure of Figure 4.4, the bluish region is labeled the nuclear targets
region. In addition to that, between targets 3 and 4, there is a water target

(see Figure 4.5).
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- < 20
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Figure 4.4: Scheme of MINERvVA detector [213].

The targets are constructed by combining pieces of Graphite, Steel,
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and Lead. The density of the pieces is 1.74 4£0.01 g/cm? for Graphite, 11.29
+0.03 g/cm?® for Lead, and 7.83 #+0.03 g/cm?® for Steel. The Graphite is
compounded by more than 99.5% of Carbon (C); the Steel is compounded
by 98.7% of Tron (Fe), 0.2% of Silicon (Si), 0.13% of Carbon (C), and 0.1%
of Manganese (Mn); and the Lead is compound by 99.95% of Lead (Pb) and

Copper 0.05% (Cu).

Target z-location Thickness Fiducial Area Fiducial Mass Total Mass
(cm) (cm) (cm?) (kg) (kg)
1-Fe 452.5 2.567 £0.006 15999 322 492
1-Pb 452.5 2.578 £0.012 9029 263 437
2-Fe 470.2 2.563 £0.006 15999 321 492
2-Pb 470.2 2.581 £0.016 9029 263 437
3-Fe 492.3 2.573 £0.004 7858 158 238
3-Pb 492.3 2.563 +0.004 3694 107 170
3-C 492.3 7.620 £0.005 12027 160 258
Water 528.4 17-24 25028 452 627
4-Pb 564.5 0.795 4+0.005 25028 225 340
5-Fe 577.8 1.289 +0.006 15999 162 227
5-Pb 577.8 1.317 £0.007 9029 134 204

Table 4.1: Target z-location, thickness, fiducial area, fiducial mass, and total
mass. The location follows the MINERVA coordinate system shown in Fig-

ure 4.2. Table taken from [213].

Tracking
Module~, l

Beam

L]

Fe/Pb

-~

Fe/Pb C and Fe/Pb

Active
Tracker

Fe/Pb

Figure 4.5: Nuclear targets scheme. Figure based on [213] and [217].
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Other parameters of the targets, such as the z-position, thickness,
fiducial area, fiducial mass, and total mass, are summarized in Table 4.1. The
scheme of the targets is illustrated in Figure 4.5 and follows the color scheme
of the target column of Table 4.1, as well as the orientation of the nuclear

targets (lower part of the figure).

Finally, the water target consists of a circular steel frame between
targets 3 and 4. The diameter of the circular structure is larger than the 1D,
as can be appreciated in Figure 4.6. A detailed description of this target can

be found in section 2.4 of [213].

SECTION A-A

Figure 4.6: Water target configuration. Figure taken form [213]

Tracker Region

The next region after the nuclear region downstream is the tracker region. It
consists of hexagonal scintillator modules where each is made of two planes.
The scintillators plane is built by 127 nested polystyrene scintillator strips of

length 2.45 m and a triangular cross-section of base of 3.358 cm and height
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4.1. MINERVA DETECTOR

of 1.7 cm (see left sub-figure of Figure 4.8). The strips are glued with 3M-
DP190 translucent epoxy. On top of that, the planes are covered by a sheet
of Lexan, attached with 3M-DP190 gray epoxy. Finally, black PVC electrical

tape surrounds the plane to avoid any light leak.

The density and chemical composition of the plane are summarized

in Tables 4.2 and 4.3.

Material Density H C N O Al Si Cl Ti

(g/cm?)
Scintillator 1.043  7.6% 92.2% 0.06% 0.07% - - - -
+0.002
Coating 1.52  6.5% 78.5% - 6.0% - - - 9.0%
Lexan 1.2 6.7% 66.7% - 26.7% - - - -
PVC tape 1.2 4.8% 38.7% - - - - 56.5% -
DP190 1.32 10.0% 69.0% 2.6% 17.0% - - 0.5% -
transl.
DP190 1.70 50% 47.0% 1.7% 27.0% 6.0% 6.0% 0.05% -
gray

Table 4.2: Material density and percentage of chemical composition. Table
taken from [213].

Component H C O Al Si Cl Ti

Strip 7.59% 91.9% 0.51% - - - 0.77%
Plane 7.42% 87.6% 3.18% 0.26% 0.27% 0.55% 0.69%

Table 4.3: Component of strip and plane. As well as the percentage of chemical
composition. Table taken from [213].

The planes alternate between three orientations, 0° and +60° around
the beam axis, allowing an accurate three-dimensional reconstruction. The 0°
is denominated “X” plane, the “U” is rotated 60° with respect to the X plane,
and the “V” rotated counterclockwise from the X plane. An illustration of the

plane rotations and “VX” and “UX” can be found in Figure 4.7.

In order to perform the measurement the target mass used in the
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4.2. OPTICAL ARRANGEMENT OF MINERVA DETECTOR

fiducial volume is carbon (88.51%), hydrogen (8.18%), oxygen (2.5%), titanium
(0.47%), chlorine (0.2%), aluminum (0.07%), and silicon (0.07%).

N

Vv

7

——

Figure 4.7: Plane orientation, “VX” view on left and “UX” on the right side.

Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) is located downstream of the tracker
region and is build by ten modules. Each module of the ECAL configuration
follows pretty much the tracker region. The difference is in the 0.2 cm thick
sheet of lead shielding the whole scintillator plane. As it is shown in Figure 4.4,

it extend to sides, but it does not extends to OD.

Hadronic Calorimeter

The Hadronic Calorimeter (HCAL) region is located downstream of ECAL,
and it has 20 modules. The HCAL configuration is similar to the tracked
and ECAL region; the difference is the 2.54 c¢cm thick hexagonal steel. The
scintillator planes that alternate the HCAL have the XVXU view. In contrast
to ECAL, it extends to OD.

4.2 Optical Arrangement of MINERvVA Detector
The MINERvVA detection system is based on scintillation. We saw in the

tracker part that strip scintillators make the planes; also, we saw its dimen-
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sions and materials (see Table 4.3). This section will be focused on how the
light of charged particles produced by the neutrino interaction that passes
through the scintillator strip is collected. In the middle of each scintillator
bar, a wavelength-shifting fiber sends light through an optical cable to photo-
multiplier tubes (PMT) (see right side sub-figure of Figure 4.8). The PMT is

fixed on top of the detector inside of a container.

The scintillators are made from polystyrene pellets doped with 1% of
2,5-diphenyloxazole (PPO) and 0.03% if 1,4-bis (5-phenyloxazol-2-yl) benzene
(POPOP) [213]. On the other hand, the wavelength shifting (WLS) fiber has

mirrored the unread end (the mirrored procedure is described in [213]).

/

Figure 4.8: Scintillator strips used in MINERvVA. Figure taken form [213]

The basic description of the PMT could be a device that collects
the photon, which converts with photocathode into an electron by the pho-
toelectric effect. Then this electron is amplified many times before detecting
the signal. Figure 4.9 shows the incoming photon hitting the photocathode,
and an electron is created. After that, the electron is focused by the focusing
electrode to hit the dynode, by which it will generate more electrons. Finally,
at the anode, we end up with a large number of electrons. The device which

houses the dynodes is a vacuum tube to avoid any air molecules.

The MINERvVA detector uses a 64-anode (8 x 8 array of pixels laid
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out) H8804MOD-2 Hamamatsu photo-multiplier tube, which is represented in
a scheme in Figure 4.10. The similar PMT is used in MINOS experiment.

In total there are 32,000 scintillator strips and 507 PMTs used in MINERvVA
experiment [213].

Photocathode Dynod Photomultiplier tube

AN
SR

Focusing Anode
Electrode

UUUUUUJ

Figure 4.9: Basic working principle of photo-multiplier tube (PMT).

Photocathode

Focusing

Figure 4.10: Multi-anode photo-multiplier tube (PMT), similar one used in
MINERvA. Figure based on [218].
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A schematic description of the scintillator strips using the Wavelength

Shifting Fibers and PMT coverage is shown in Figure 4.11. The raw signals
from the PMTs are fed to a board placed at the end of each PMTs. The board

is called a front-end board (FEB) and it digitizes the coming pulse height

and timing of the analog signal. In addition, it provides a high voltage (HV)

to PMT. The main components of FEB are 4 TriP-ts for high and medium

gain, and 2 TriP-ts for low gain. The TripP-ts are chips developed for D@

experiment [219]

optical

£/2

v

ADC

TDC
front-end

board

clear
PMT

(64 channels)

fiber

wavelength

shifting
/ fiber

energy
deposit

y

T

single
scintillator
strip

«— readout

Figure 4.11: Scheme of the scintillator strips, fiber optic and PMT used in

MINERvVA experiment.

Figure taken from [213]
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Figure 4.12: Event in MINERVA detector. Figure taken form [213]

4.3 MINOS Near Detector

Module Number

In order to determine the helicity of the neutrino by determining the curvature
in a magnetized detector MINERvVA uses MINOS near detector (ND). MINOS
is located downstream of MINERvVA at 2.1 m, as is shown the Figure 4.1.

Similar to MINERvA, MINOS is also in an on-axis experiment. The total

mass of MINOS is 1kTon, and it is compounded by a tracker calorimeter

that has planes of magnetized iron and a scintillator (see Figure 4.13 and

4.14). The curvature discussed above helps determine the sign of the charged

particle, in this case, the muon sign, to determine the helicity of the neutrino

in MINERVA. The magnetic field in a usual operation keeps the same as NuMI

focusing system.
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Figure 4.13: Schematic description of MINOS ND detector. Figure taken from
[213]
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— CALORIMETER
BEAM MUON
SPECTROMETER
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: UPSTREAM > DOWNSTREAM i
(FINE SAMPLING) (COARSE SAMPLING)

Figure 4.14: Schematic description of MINOS ND detector. Figure taken from
[213]

MINOS ND has in total 282 steel plates with 2.54 cm of thickness
each. Of the total plates, 152 are instrumented with scintillator planes like
MINERvVA, where each plane is 1cm thick. Comparable to MINERVA, the

planes are made of 4.1 wide strip scintillator oriented +45° with respect to
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the vertical. They are alternated with other planes with £90° orientations.
MINOS calorimeter region has 120 planes with scintillators planes with the
partial instrumented area. The Muon spectrometer has 162 planes, and it
does not have a partial instrumented region. The magnetic field distributions

along the MINOS detector are shown in Figure 4.15.
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Figure 4.15: MINOS ND magnetic field distribution. Figure taken from [214].

A detailed description of the MINOS detector is found in [214]. On
the other hand, the description of the on-site calibration ( Hit Calibration
Chain, Ex-situ and In situ Calibrations ) of the MINERvVA detector is fully
described in chapters 5 and 6 of [213].
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CHAPTER 5

v, LOW RECOIL ANALYSIS IN
MEDIUM ENERGY

The muon neutrino Low Recoil analysis refers to an inclusive charged current
analysis sample at a low three momentum transfer!. The analysis is performed
mainly in the tracker region and part of the ECAL of the MINERvA detec-
tor and uses the Medium Energy neutrino flux from NuMI. The Low Energy
version for neutrino and antineutrino were presented by the MINERVA collab-
oration [220, 221|. The low recoil analysis is developed in 2D. It comes from
the following reason, in ?-only kinematic, for instance, the RPA and 2p2h
(MEC) effects are hard to distinguish [222]; those first effects are studied in

the neutrino mode at Low Energy [220].

The primary motivation of this analysis, and the previous analysis,

'We are considering the three-momentum transfer (g3) up to 1.2 GeV.



5.1. KINEMATIC DEFINITION

is to study the nuclear effects in neutrino-nucleus interactions. At low three-
momentum transfer, reach regions are overlapping, which we can explore with
a proper kinematic definition using the flux—such regions like between QE

and Delta (A(1232)), the so-called “dip” region.

5.1 Kinematic Definition

The kinematic variable used in the Low Recoil analysis is the magnitude of
three-momentum ¢3 = ¢ and hadronic available energy F...;. The reason
comes from the first studies of nuclear effect in charged lepton scattering in
which it was needed to separate the QE and Delta contributions. One way to
differentiate them is using the energy transfer ¢y and g3 to the nucleus. On
the other hand, the reconstruction of gy needs model-dependent corrections
and involves other problems?. Because of that, the F,.; is defined, and it is

around similar to gy but less model-dependent.

To have g3 and F,..; first, we need to reconstruct neutrino energy

(E,). The E, uses the hadronic energy and muon kinematics,
E,=E, + qo, (5.1)
and given the equation 5.1, the Q? is defined by,
Q* =2E,(E, — p,cosf,) — Mi, (5.2)

where F,, p,, 0,, and M,, are the muon energy, muon momentum, muon

o
scattering angle and muon mass respectively. Finally with the equation 5.2,

the q3 is defined,

a3 =/ Q* + q5- (5:3)

On the other hand, the hadronic available energy is defined by

Eavail = Z Tp + Z Tﬂ':l: + Z Eparticles; (54>

2The ¢o also involves neutrons which are almost invisible in the detector, and the other
problem similar to mass invariant variable W is at the time to unfold to true distributions.
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where ) T}, is the proton kinetic energy, > Ty+ is the pion kinetic energy, and

Z Eparticles = Z EKi + Z Ewei + Z Eﬂ'o + Z E’y + Z Eother (55)

where Eopher is primary eta mesons. In summary | Epaticles 1S the total energy

of other particles except neutrons.

5.2 Signal Definition

The signal cuts applied to the analysis are:

1. The events should be charged current (CC)3.
2. The muon scattering angle should be ¢, < 20°.

3. The muon momentum is 1.5 < p, < 20.0 GeV.

The cuts guarantee that the event matches with MINOS ND.

5.3 Data and MC Sample

The MINERVA medium energy (ME) data is analyzed with the ME Monte
Carlo (MC) production. In addition, the total MC has a sub-sample of ex-
tended Meson Exchange Current (MEC) of the Valencia model, which is ex-
tended to g3 = 2.0 GeV from the default production (¢35 = 1.2 GeV). The
Protons on Target (POT) for total data is 1.06081e+21, MC 4.97942e+-21,
MC (2p2h extended) 2.16016e+22. The MC and data process is divided into
subsets called “playlists” due to intensity dependence in the ME run [223]. The
playlists POT are described in Table 5.1.

The default MC is GENIE v.2.12.6 [224], in addition, has some

weights to form the MnvTune.v1.2%.

3We select events with muon track in MINERvA and MINOS ND.
4The MnvTune.v1.2 is based on MnvTune.vl introduced in the ME era [225] plus the
suppression of LE pion coherent production
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e A Central Values (CV) is adjusted with flux corrections coming from
PPFX package [200], then a neutrino-electron constraint is applied to
the CV and to the flux uncertainty [205]. In addition, the simulation

has the muon kludge correction or muon scale [201].

e The Valencia RPA suppression [226, 227| applied as a weight to QE
events [227].

e The non-resonant pion weight [228, 229| based on reanalysis of bubble
chamber data [230, 231].

e The suppression of coherent production of pions with kinetic energy be-

low 450 MeV based on MINERvA data [232].

e The simulate 2p2h events using the Valencia 2p2h model (233, 234, 235|.
These were already part of the model used in [220]. To better describe
these data compared to the previous result, the 2p2h event rate is en-
hanced in the kinematic region between QE and A reactions, first de-
scribed in [221]. In addition, an extended sample (g5 < 2.0 GeV) was
added to remove the unphysical events at high g3 (see Appendix F).

e Finally, two more weights are added to correct errors in the GENIE FSI

elastic scattering and pion absorption models [236].
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Playlist Data MC Generic MC(2p2h ext.)
minervaME1A 8.98778e+19 4.07556e+20 1.88529e+-21
minervaME1B 1.86922e+19 1.09583e-+20 4.97236e+20
minervaME1C 4.29215e+19 2.05467e+20 8.99785e+20
minervaME1D 1.44357e+20 6.08278e+20 2.49546e+21
minervaME1E 1.03145e+20 5.09476e+20 2.49236e+21
minervaME1F 1.67465e+20 7.07948e-+20 2.9936e+21
minervaME1G 1.38121e+20 5.92289¢+-20 2.41426e+21
minervaME1L 1.3399e+19 5.80679e+19 4.76996e+20
minervaME1M 1.58635e+20 8.99976e+20 3.99735e+21
minervaMEIN 1.07385e+20 5.13728e+20 1.47458e+21
minervaME10 2.98369¢+19 1.5843e+20 9.86482¢+20
minervaME1P 4.69792e+19 2.08622e+20 9.8819e+20

Table 5.1: Protons on target for different data sets.

In the current study, there are two different binning for F,..;. Bin-
ning [ is constructed to study the different neutrino interaction models (coming
chapter) and Binning II, in which the double differential cross-section measure-
ment is presented. To define Binning II, we guarantee three critical things.
First, the distribution resolution is around 1o in the diagonal in the majority
of the bins (migration matrix). Second, the dip region is distinguishable as

well as the other contribution in which we are interested. Finally, binning does

not present problems at the unfolding stage like Binning I does.

The g3 binning in both Binning I and Binning II are same, and they
are 6 bins. The total F..; in Binning I is 17, and 11 for Binning II. The

binning definition is given by:

Binning I

¢36] = {0.0,0.2,0.3,0.4,0.6,0.9, 1.2} [GeV]
Eavai[17] = {0,0.02,0.04,0.06,0.08,0.1,0.12,0.14, 0.16, 0.2, 0.25,

0.299,0.35,0.399, 0.499, 0.599, 0.799, 0.999 }|GeV]|
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Binning II

¢3]6] = {0.0,0.2,0.3,0.4,0.6,0.9, 1.2} |GeV]
Eaai[11] = {0.0,0.04,0.08,0.12,0.16,0.24, 0.32, 0.4, 0.6, 0.8, 1.0, 1.2} [GeV]

5.4 Reconstruction Events with Nominal MC

The events that past the cuts are shown in Figure 5.1 as projections of g3 pads.

The MC breakdown used the true MC information.

The panels are distributed in such a way that the first two panels
represent the low region of g3 (from 0 to 0.3 GeV), the next panel represents
the medium g3 region (from 0.3 to 0.6 GeV), and the high ¢3 region (from 0,6
to 1.2 GeV). The red histogram in Figure 5.1 is the total MC with the error
band, which has statistical and systematic uncertainty. The blue, magenta,
green, and orange histograms, are QE, A(1231), 2p2h with enhancement, and
Other, which has mostly the other resonances, DIS, and a small sample of

coherent events.

In Figure 5.1, we observe that the low g3 region is dominated by QE
and Delta dominates the following g3 regions. Another important observation
is that most of the low and medium regions do not match the data well.
Therefore, new studies in those areas need to be done, and it is covered with

detailed studies in the next chapter.
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Figure 5.1: Event selection with MnvTune-v1.2 with the band coming form the
MC systematic errors, the blue lines represent the QE MC events, green the
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which mostly are DIS event a small sample of coherent events. Page 110



111

CHAPTER 6

MODEL STUDY WITH LOW
RECOIL SAMPLE

This chapter aims to study the different interactions from QE, and MEC, to
the Resonant (RES) region. The QE region is studied with Bodek-Ritchie tail
enhancement applied to QE events. The MEC region was studied with SuSA
2p2h which replaces the default MEC. Finally, the RES region is studied with
the RES Removal energy, low QQ? 7 suppression, the Berger-Sehgal SPP with
RES Pauli-Blocking, the MK (Minoo Kabirnezhad) single pion production
(SPP) model, and QE-RPA on RES events. There is one more study performed
in the QE region (SuSA QE) which has been made available in GENIE 3.0.6
[237], but is not included in the main model’s studies because we can only use

muon kinematics in the reweight !.

LAn approximation version can be found in Appendix I. However, this must be used
only for warping studies.



6.1. BODEK-RITCHIE TAIL ENHANCEMENT

6.1 Bodek-Ritchie Tail Enhancement

GENIE’s generation of neutrino event starts with picking a neutrino from flux
distribution and a target with which the picked neutrino will interact. That
scattering occurs with a single nucleon, then the effects of the bounded nuclei
are added. There are several models for the motion of nucleons in the nu-
cleus, which can depend on momentum distributions and removal energy, as
shown in Figure 6.1. These momentum distributions or spectral functions are
compared with Global Fermi Gas (GFG) [238]. GENIE uses GFG with extra
incorporation of Short Range Correlation (SRC). The effect of this addition is
the tail above Fermi Momentum (kr) and it is appreciated in Figure 6.2 (the
upper left plot for carbon) and the tail of Figure 6.4. The specific implemen-
tation of this tail in GENIE is known as Bodek-Ritchie tail [239]. Another
well known version of this effect is the Berhan-Fantoni spectral function [90,

240, 241, 242, 243|, used in other neutrino event generators [244].

Momentum Distributions
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Figure 6.1: Nucleon momentum distributions in a 2C nucleus for several spec-
tral functions from [238].

Page 112



6.1. BODEK-RITCHIE TAIL ENHANCEMENT

{a)

Nuclear Wave Functions
TTTT[TTIT[IT

T TTTT[TT I rrrrr

IZC ZBSi
Ke=.229 Ke=.239 ]

O—MNMWpOO~NDWO
] [™ T T T

O T Y TR I [ O S |
T 1T 11T 7T 10717

arri|P @)l

—MNMUWAONND OO

r Ke=.257 1

T T T T T

| S T T S -

O
w

14 | ¢
S R R 5 10 15
R

Figure 6.2: Nucleon momentum distributions in a ?C nucleus (top left plot)
for RFG with Short Range Correlation added by Bodek-Ritchie [245].
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Figure 6.3: Nucleon momentum distributions for Local Fermi Gas, Relativistic
Fermi Gas and Correlated Fermi Gas (CFG) [246], figure taken from GENIE
[247].
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Figure 6.4: Bodek-Ritchie Tail Enhancement proposal in blue and black. Or-
ange are the default GENIE GFG with Bodek-Ritchie tail. The result are
presented with setup 1.

Bodek-Ritchie Tail Enhancement

Unlike the original Bodek-Ritchie work, we now know 20 to 25% of the reaction
rate is on nuclei in this tail, as GENIE added in the new GENIE 3 release (see
the relevant plot in Figure 6.3) [247|, where the enhancement is in LFG. Since
they are not fully simulated in GENIE 2, we can apply weight to enhance
this component. One option is to reduce the QE global Fermi gas peak by the
same amount as we enhanced the tail, thus preserving the total QE event rate,
and one option in our implementation does exactly this (black histogram in
Figure 6.4 labeled as setup 2). This option can be turned off, thus equivalent
to increasing the overall scale by around 25%. This second option better
describes the MINERvA ME data and is what we are using. The study here
enhances the Bodek-Ritchie tail weighting up the QE events by a factor of 6

at 221 MeV and reduces the weight to a factor of 1 (i.e. no enhancement) at
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0.5 GeV or below 221 MeV.

The enhancement in the total MC is placed in the middle of the Ef-
fective Spectral Function and Benhar-Fontoni spectral function [238] as shown

in Figure 6.4, blue distribution.

Effect in Low recoil sample

The plots regarding the effects of the variation in the MC in the low recoil
analysis presented here follow an order, first an event rate, then the ratio
between MC upon MC, and finally the ratio of data over MC. In the event
rate plots, the continuous lines represent the MC with the model variation,
and the dashed lines the nominal MC. In the same plots, the red histograms
are always Total MC, and blue, green, and magenta are QE, 2p2h, and Delta,
following the Figure 5.1 color scheme. The black dots are MINERvVA ME
data. The ratio plots MC upon MC are nominal MC upon MC with the
model variation. Between total over total and event type nominal MC over
event model variation type MC. Finally, the last ratio plots are data over MC.
The type of lines and color follow the event rate type plots.

The initial momentum of the struck nucleon is responsible for much
of the smearing of QE reaction in energy and momentum transfer. Stationary
nucleons would simply produce a delta-function thin line at the invariant mass
of a nucleon. Therefore these highest momentum nucleons will produce energy

and momentum transfers furthest from and broaden the QE peak.

As shown in Figure 5.1 and 6.5, the QE dominance decreases as one
goes a long higher g3 region. Another feature of the QE component is, at higher
q3, the shape of the QE spectrum is separated from other details and is easier
to appreciate. Let’s understand the enhancement splitting the ¢3 into three
regions, low g3 from 0.0 to 0.3 GeV, the medium region from 0.3 to 0.6 GeV,
and higher g3 part from 0.6 to 1.2 GeV. The low ¢3 dominated by QE shows an
enhancement of around 25% in the total. It goes higher than 50% in the region

Page 115



6.1. BODEK-RITCHIE TAIL ENHANCEMENT

of 0.1 to 0.16 of E,..; in QE. In addition, a higher enhancement appears in the
tail of the QE distribution. The better appreciation is shown in the ratio plots
(Figure 6.6) comparing both MCs. The feature of tail enhancement is much
more appreciated in the medium and higher g3 region, where one can see the
whole QE spectrum. In both tails, the enhancement is more significant than

the peak.

On the other hand, the implication compared with the data is shown
in Figure 6.7. It seems that the enhancement is more substantial than the
nominal QE MC for the lower region g3 between 0.0 to 0.2 GeV. However, it
agrees with data in the following ¢3 range, similarly in the medium and higher
q3- The enhancement is more affecting the region where also has RES and

MEC (dip region) are.
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Figure 6.5: Reconstructed F,.,; in projections of reconstructed g3 regions, the
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6.2 Super Scaling Approximations SuSA

Super Scaling Approximations

In this subsection we will introduce general concepts of Super Scaling Approx-
imation (SuSA). The “superscaling” concept was first introduced by Alberico
et al. [248] when studying a scaling behavior of nuclear response? in electron

G, M

scattering on top of existent non-relativistic “y” scaling in nuclear physics;

“273 scaling [249]. The superscaling is a formalism that describes

analogous to
the charge lepton scattering. When valid, scaling behavior can be very power-
ful, allowing a small amount of data or calculation to describe a wide range of
situations. To be called superscaling, the scaling variable ¢) has two require-
ments; first, the scaling variable does not depend on momentum transfer q
(scaling of first the kind), and is independent of Fermi Momentum (k) (scal-
ing of second the kind). In other words, let’s take a CC neutrino reaction

(v,+ A — I~ + B) with p and p’ lepton momenta. The four-momentum trans-

fer defined like Q? = p’ — p. We can define a dimensionless variables as follows
\ = qo0 43

.k = —— and 7 = k% — A2, The Fermi kinematic is defined as

2mN 2mN
¢r = \/1+4+n% — 1, where nr = kp/my. A superscaling function could be,
frra (1) for Relativistic Fermi Gas (RFG) for example, where v is defined as:

1 A—T

. \/g_F\/(l—f-)\)T-i—li\/T(l-i—T)'

The equation 6.1 does not explicitly depend on momentum transfer or Fermi

(G (6.1)

Momentum. In addition, ¢ also has a shift of energy binding E's (empirical pa-
rameter) becoming a v/’ which has been found in the literature, and a detailed
discussion can be found in the references [250, 251, 252, 253, 254, 255, 256,
257]. In the QE electron scattering studies, the “universal” scaling function is
obtained based on the available separation of the scattering data into longi-
tudinal and transverse contributions. When the longitudinal and transverse

scaling functions are equal is called scaling of zeroth kind [258|, by determin-

2 A nuclear response function is a function that takes into account nuclear medium effects.
3Bjorken () scaling for quarks in the nucleon.
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ing this scaling function from a collection of data, the result is effectively an

empirical parameterization and interpolation of the input data.

SuSAv2 is an extension of super scaling approximation incorporating
the formalism information of the Relativistic Mean Field (RMF) theory by
merging the strong ¢ dependence of RMF and SuSA with scaling of the zeroth
kind [258]. The implementation in GENIE that this work follows can be
found in [237|. If the application of a weighted theoretical calculation also
superscales and reproduces the empirical scaling function, like this one, then
it is an excellent model for these reactions. As good as the original empirical
function, and possibly able to make additional predictions about the hadron

system. The implementation in MINERVA is described in [259].

SuSAv2 2p2h
The 2p2h events do not obey superscaling. But the SuSA collaboration wanted
a 2p2h prediction so they could compare their model to pionless reaction neu-

trino data. Led by Guillermo Megias, their calculation takes a similar approach

to the Valencia 2p2h and so does the GENIE implementation of it [237].

Compared to the Valencia version, it makes the calculation fully rel-
ativistic. In addition to accuracy, it also means the calculation is applicable
at higher momentum transfer. And the calculation includes some additional
diagrams and the resulting interference terms [237|. One additional comment
is that the super scaling approximation for MEC first takes out the QE peak.
The GENIE re-weighting comes from [260]|. The main effect of SuSA is in
the dip region compared with Valencia 2p2h, which brings the A part down
to lower energy transfers and into the dip region. In the low recoil sample,
SuSAv2 2p2h is compared with Valencia 2p2h plus low recoil fit (enhancement
of Valencia 2p2h). The maximum difference with total nominal MC is around
25% (Figure 6.9), with shifts of MEC peak is some g3 regions (medium) (Fig-
ures 6.10 and 6.11). The comparison of SuSAv2 2p2h with the data shows
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a larger disagreement than the nominal MC. However, that can be solved by

adding other effects in the dip region.

v

=
=]
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Figure 6.8: Right hand side plot SuSAv2 2p2h cross-section and left hand side
plot Valencia 2p2h cross-section, z-axis is (1072 cm?/GeV?.)
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Figure 6.9: Reconstructed F,.,; in projections of reconstructed ¢3 regions, the
dashed lines are nominal MC, and continuous lines are the SuSAv2 2p2h effect.
In red the Total MC and in green 2p2h event types.

Page 123



6.2. SUPER SCALING APPROXIMATIONS SUSA

2.0 T T T T T T T
0.00 < q /GeV < 0.20 0.20 < q /GeV < 0.30
10.p1x 10° POT ME Neutrino 3
[S] L
2 15
£
9 10_ --------------------------------------
IS
04
0.5r
0f00 005 0.10 015 020 088 005 010 0.5 020 0.2
Reconstructed Available Energy (GeV)
2.0 T T T T T T
0.30 < q /GeV < 0.40 = [ 040< q,/GeV < 0.60
(&) 1 4
215
£ | — ]
9 1.0F - e J RN S S —
I
14
0.5¢ + -
08001 02 03 04 06 01 02 03 04 0.
Reconstructed Available Energy (GeV)
2. T T T T T T T
0 0.60 < q3/GeV <0.90 0.90 < qSIGeV <1.20
(&] 1 i
e
S
e
S
<
X
0.5¢

08002 04 06 0800 02 04 06 08
Reconstructed Available Energy (GeV)

Figure 6.10: Ratio of nominal MC over SuSAv2 2p2h MC for reconstructed
E.vain in projections of reconstructed g3 regions, the dashed lines are nominal
MC, and continuous lines are the SuSAv2 2p2h effect. In red the Total MC
and in blue green 2p2h types.

Page 124



6.2. SUPER SCALING APPROXIMATIONS SUSA

2.0 T T T T T T T
0.00 < q_/GeV <0.20 0.20 < g_/GeV <0.30
10.61x 10% POT ME Neutino 3
o # data/TotalMnvTune-v1.2
g 15f 4 data/TotalSuSA2p2h 1
~ A i
@®© u A &
A PUCE e,
T 10" -=-m L S A L. i
o i A =
.; .
o A
ad A n
0.5} T .
0%00 005 0.10 015 020 088 005 010 0.15 020 0.2
Reconstructed Available Energy (GeV)
2.0 T T T T T T T
0.30< q3/GeV <0.40 0.40< qS/GeV <0.60
(&)
£ 15r,, + -
- AAA A,AAa,
9 L=.'l AA A "gm A
© N em® gL A
© 1.0F------------- Ao [ '..I...i ................. -
Qo =
= |
§ ’ n "
0.5¢ T f
086 01 02 03 04 08 01 02 03 04 o0
Reconstructed Available Energy (GeV)
2. T T T T T T T
0 0.60 < q3/GeV <0.90 0.90 < qSIGeV <1.20
g 1.5/ 1 ]
% sl b EEg?
2 ing LR ¥
T 1 OF--ccmmm e B [ T | SR -
© 1'0. * " - " .
= ]
§ . ] e “u " -
0.5} g T -

08002 04 06 0800 02 04 06 08
Reconstructed Available Energy (GeV)

Figure 6.11: Ratio of data over SuSAv2 2p2h MC for reconstructed F.; in
projections of reconstructed g3 regions, the dashed lines are nominal MC, and
continuous lines are the SuSAv2 2p2h effect. In red the Total MC and in blue
green 2p2h types.

Page 125



6.3. REMOVAL ENERGY IN RESONANT EVENTS (RES)

6.3 Removal Energy in Resonant Events (RES)
In the early days of electron scattering, to explain the data in the quasi-
elastic region, it was necessary to introduce removal energy € (called nuclear

parameter at that time [261]) for each target.

To understand the reason, let’s start with an elastic scattering on a
free nucleon, where the part of the kinetic energy is transferred to the nucleon
without losing kinetic energy in the process. In these cases, we expect a delta
function ideally. In other words, the kinetic energy is conserved in the center-
of-the mass but not the case in the lab frame. In the quasi-elastic scattering
process, there is a small energy exchange. In this context, a shift represents an
average cost that must be paid to remove a nucleon from the nuclear potential,
as is described in the Figure 6.12 for Ca*? target, and Figure 6.13 for carbon,

nickel and lead after the shift correction.

The removal energy treatment is handled in different ways by the
generators. For example, generators with spectral functions like NuWro, cal-
culated in two variables, missing energy and nucleon momentum, describes the
removal energy directly from probability distribution functions when picking
a nucleon [235]. On the other hand, one-dimensional Relativistic Fermi Gas
(RFG) models, like those used in Figure 6.13 and 6.12 need constant removal
energy, which is also the GENIE’s approach. The Local Fermi Gas (LFG)
accounts for the correlation between removal energy and local nuclear density
[235]. However, all the models described above do not consider the Optical and
Coulomb potentials of the nucleus. Also, they do not consider the final state
interaction (FSI) of the final state lepton to estimate the amount of energy to
be removed. Those approaches are described in detail in [262| which can be

added to the generators.
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Figure 6.12: Cross-section versus energy loss for inelastic scattering taken
from [263]. Solid line is the Fermi-gas and dashed line is Fermi-gas with a
displacement 35 MeV fo Ca’C.
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Figure 6.13: Cross-section versus energy loss for inelastic scattering taken from
[261]

The same concept is used to introduce the removal of energy in res-
onant events. We are proposing a 25 MeV Removal Energy (RE) that will be

subtracted from the F,..; for resonant events. There were tested with many
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other values of RE (Figure 6.14) and the data has a preference for 25 MeV,
which is also appreciated in the ratio plots (Figure 6.15). Given that the E,.;
contains all the kinematic energy pion and proton and total energy of all other

particles except neutron, the amount is paid from the whole summed energy.

resonant processes, after FSI, a 25 MeV is removed if there is at least a proton.

With this requirement, we guaranty that at least there is a nucleon going out

The implementation in the MC requires that in all charge current

of the nucleus.

10* Events

Figure 6.14: FE,..; in pads of g3 for different removal energies applied to the

10 OﬂﬁquGeV(_ﬂ'z 024.(731(39\."4:03 OquaiﬁeVs:Ofi
........ S N S S | SN U SO S SO | (S S N DU
i T
ol n Y :. L
10— 04<qGeV 205 |[ . 05<q/GeV.x06][ . ,=,06<0/GeV.<08]
BEBREFOEE
5 __._.".ﬁ;; __________ Fisn i e S L e > Srred - [ ke e
F = : : : ¢ B F
0 1 R AR =
10~ 08<gGeVe10][-i10<qGoVata] ¢ Dum
i pame : : i : i Total MC RE 5MeV
N : . Total MC RE 10MeV
5 S . oo o — Total MC RE 25MeV
g ; T Total MC RE 30MeV
& P — : > == Total MC RE 35MeV
il : - s = Total MC RE 40MeV
B.O 02 04 06 08 0.0 0.2 04 06 0.8 Total MC RE 45MeV

resonant events, MC def means nominal MC.

Available energy (GeV)

Page 129



6.3. REMOVAL ENERGY IN RESONANT EVENTS (RES)

1.4
1.2
1.0

Ratio data to MC

00< qafGeV <0.2

02< qafGeV <0.3

03< qsr‘GeV <04

1.0< qafGeV <1.2

-
0.0 02 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Available energy (GeV)

data/MC def

data/MC def+RE 5MeV
data/MC def+RE 10MeV
data/MC def+RE 25MeV
data/MC def+RE 30MeV
data/MC def+RE 35MeV
data/MC def+RE 40MeV
data/MC def+RE 45MeV

Figure 6.15: Ratio of data over MC for E,..; in pads of ¢3 for different removal
energies applied to the resonant events, MC def means nominal MC.

The main feature of removal energy is a shift to the left of A peak;

a characteristic observed in the crossing line of ratio plots (Figure 6.16 and

6.17), the medium and higher region of g5 the effect is much more substantial.

The more significant change occurred at high F,.i (Figure 6.18), where the

dramatic overestimation of the tail is much reduced because the excess in the

MC is migrated to the left.
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Figure 6.18: Ratio of data over MC RE for reconstructed FE,..; in projections
of reconstructed g3 regions, the dashed lines are nominal MC, and continuous
lines are the RE effect. In red the Total MC and in purple RES event types.
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6.4 Low ? Pion Suppression JOINT fit

MINERVA tuned the existent pion measurements partly inspired by MINOS
experiment parametrization [264] (hereafter LowQ? Pion Supp. or LowQ? 7
Supp.). A Q* dependence was found. At lower Q? there is a suppression shown
in the iron (MINOS data [265]), less strong than the MINERvVA parametriza-
tion. MINERvA has added this prominent effect to its MC and called it
MnvTune.v2. A detailed and extended study can be found in [266].

This particular tune affects the medium and higher available energy,
impacting the high g3 region primarily (See Figure 6.20). The suppression in
the MC in some available energy bins reaches around 80% of the total MC (see
Figure 6.21). That reminds one of the features of Resonant Removal Energy:;
the improvement at a higher F,..;. But in this case, the small improvement
is only for higher available bins. The underlying physics effect, in this case, is
not a peak shift, it is just a suppression and that is why the worst description
of the data using this tune is in the medium region of available energy. That
makes us think that it is possible that the effect is part suppression and part

removal of energy cost.
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Figure 6.19: Extracted low-Q? suppression factors from the FrAbs-+low-Q?
tunning to each channel. The fits compared with MINOS parametrization.
The Joint FrAbs Fit is applied in this work. Figure taken from [266].
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Figure 6.20: Reconstructed FE,..; in projections of reconstructed gz regions,

the dashed lines are nominal MC, and continuous lines are the purple LowQ?
Pion Supp. effect. In red the Total MC and in purple RES event types.
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Figure 6.21: Ratio of nominal MC over MC Low(Q2 pion suppression for re-
constructed E,,; in projections of reconstructed ¢s regions, the dashed lines
are nominal MC, and continuous lines are the Low(Q2 pion suppression effect.
In red the Total MC and in purple RES event types.
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Figure 6.22: Ratio of data over MC Low(Q2 pion suppression for reconstructed
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RES event types.
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6.5 Pauli Blocking with Berger-Sehgal model

Important points to consider, the Berger-Sehgal (B-S) pion production model
[267] adds the mass charge lepton, which is not the case on the Rein-Sehgal
(R-S) model. Second, the B-S has an additional upgrade, it incorporates the
Jarek Nowak’s MiniBoone GA, and GV tune Modify ModelConfiguration.xml
and BergerSehgalRESPXSec2014.xml [268], the detail of B-S can be found in
the technical presentation in [269]. To re-weight, [270] used a monochromatic

neutrino beam of 5 GeV, and B-S has integrated suppression of around 20%

at Q* < 0.1 GeV [270].

The implementation we are testing against the MINERvVA data also
adds Pauli blocking, which modifies the RES MC by weighting to zero resonant
events if the A reaction produces a proton or neutron with momentum less than
Fermi level (~ 211MeV) in carbon. The Pauli blocking addition suppresses
the low QQ? part of the resonance spectrum furthermore. Compared with the
Low @Q? suppression tune (MnvTune.v2) the overall suppression is around half

of the MnvTune.v2 and the main impact is in the medium region of g¢s.

The effect of that combined modification on low recoil sample are
showed in the Figure 6.25, 6.26 and 6.27. Significant change compared with
nominal MC, the is a suppression in the A peak in medium g3 range by about
60% in the lower tail and lower E,..j. Second, the total change in the reso-
nant dominant region is less than 30%, mainly similar to nominal MC when
compared with the data and slight improvement at high FE,..; regions. The
different changes are motivated theoretically. However, it is difficult to sepa-
rate, but this modification is the closest to what a neutrino experiment using

GENIE.v3 will get from the model.
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Figure 6.23: Cross-section with Rein-Seghan and Berger-Sehgal Pion produc-
tion model in GENIE, plot taken from [270]
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Figure 6.24: Parametrization weight to implement in the low recoil sample,
parametrization provided by [270].
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Figure 6.25: Reconstructed FE,..; in projections of reconstructed gz regions,
the dashed lines are nominal MC, and continuous lines are the purple Pauli
Blocking with Berger Sehgal effect. In red the Total MC and in purple RES

event types.
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Figure 6.26: Ratio of nominal MC over MC Pauli Blocking with Berger-Sehgal
for reconstructed E,y.; in projections of reconstructed gz regions, the dashed
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Figure 6.27: Ratio of data over MC Pauli Blocking with Berger-Sehgal for
reconstructed F,..; in projections of reconstructed ¢z regions, the dashed lines
are nominal MC, and continuous lines are the Pauli Blocking with Berger-
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6.6 Minoo Kabirnezhad Single Pion Production Model
A extended version of Rein [271] Single Pion Production M. Kabirnezhad (MK-
SPP) model is applied [272]. The MK-SPP model includes the lepton mass

effect, resonant, and non-resonant background pion production.

The non-resonant background is calculated on pilN center-of-mass
frame (helicity basis) with 5 diagrams (Figure 6.29) instead of three Born
diagram (Figure 6.28), exactly the part in which GENIE was replaced by
DIS background. The main contribution at the time to compare with the
default resonant production with GENIE is this Non-resonant and interference

characterized of MK-SPP model.

N

Figure 6.29: Five non-resonant diagrams taken from [272] and used in [273].

The MK-SSP model is implemented in NEUT [274], and to re-weight
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GENIE, the first step was to generate events in both generators with the
MINERvVA flux and with invariant mass up to 2.0 GeV. The events were for
free nucleon in both cases. However, in GENIE, the DIS event was generated in
addition to Reigh-Sehgal resonant model. The reason is instead of calculating
the non-resonant amplitudes and the interferences directly, GENIE takes the
DIS model to propagate in the lower region (invariant mass lower than 1.7

GeV) as the background of RES, see Figure 6.30.

The total (RES and DIS for this case) inelastic cross section,

d2 Uinel d2 O.RES d2 O.DIS
= + , (6.2)
dQ2dW  dQ2dW  dQ2dW
where RES and DIS are,
2o RES d2oR/S
) - ©Wewe — W), (6.3)

dQ2AW — &= \dQ2dW

d2 O,DIS dQO.DIS,BY d2 O_DIS,BY

= OWeous — W) + ———
dQ2dW —  dQ2dW (Weu = dQ2dW

OWeus = W). ) fm- (6.4)

m

where the second part of the sum in the equation 6.4 affects the RES region.
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Figure 6.30: GENIE cut at W, = 1.7 GeV the resonate and the DIS region.
Figure taken from [275].

The re-weight was develop in two dimensional free nucleon cross
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section?, W and Q2. Because the GENIE W cuts the re-weight region is
0.0 < Q? < 1.5 (GeV/c?)? and 1.08 < W < 1.7GeV /c?. The events were gener-
ating for charge current neutrino channel, CC v,p — p~pr", CCryn — pu pr°

and CC v,n — p nrt.

CC v,p — pprt Channel

The neutrino interaction in this channel is dominated by A(1232) resonance
with principal decay mode (T'y) of 99.4% to proton and positive charge pion
[172]. In the Figure 6.31, we can observe for MK-SSP model (left) and RS
model (right) with high contributions in the high Q? region and high tail in

the invariant mass with a visible cut in W = 1.7 GeV, more visible in the

Figure 6.33.
MK model o . _GENIE(2-12-6)
;:)‘ 1.4 | 40 ‘g 1.4 -
E 12 35 i 12 as
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lb'_ 0.8 A 08 =
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11 12 13 14 15 16 1.7w1:|"..2 {dégwca)z X . 7 X 16 1.7 ;.\2’1,, {}:Tgawt:z)a
Figure 6.31: The z axis is do? ) dQA, e AW True

(cm?/(GeV/c?))/(GeV/c?*)? /nucleon and corresponds to charge current
v,p — p~prt channel.

In the lower corner of Q% and W, for W < 1.2 GeV/c? there is a
enhance of around ~1.5 (Figure 6.33) with in general means a shift to the left
of the A tail. The small shift is coming from the contribution of background
part of MK-SPP model, which is appraised in the plots compared with BEBC
90 and ANL data for v,p — p~pr* channel (Figure 6.32). Once applied the re-

weight to low recoil sample that channel contributes more see grenn histogram

4The re-weight was implemented with the help of Clarence Wret from University of
Rochester
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of Figure 6.41 to total, see Figure 6.40, both are showing the contributions
in truth distributions. Same behavior is appreciated in the reconstructed total

(see Figure 6.42) and only resonant distributions (see Figure 6.43).
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Figure 6.32: Data of BEBC [276] (left) and data of ANL [277] compared
against MK-SPP model with (red) / without (dashed blue) background. Plots
taken from Figure 10 and 11 from [272] and M. Kabirnezhad’s thesis [278].
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Figure 6.33: Ratio of left (MK model) plot over right plot (GENIE ) of Figure

6.31, the region of interest is 1.08 < W < 1.7(GeV/c?) and 0. < Q* < 1.5
(GeV /c?)2,
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CC v,n — p pr® Channel

The same trend that A channel follows the v,n — = pr° channel. The Figure
6.35 show different model behaviour for ANL and BEBC 90 data, and that is
because they are in different energy regions, ANL goes from around 0,5 GeV
to 6 GeV and BEBC 90 for high energies that 6 GeV, that changes the Q? and
therefore W (see ratio plot in Figure 6.36).
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Figure 6.34: The z axis is do /dQ3, o AW True
(em?/(GeV/c?))/(GeV/c?)? /nucleon and corresponds to charge current
v,n — ppr° channel.
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Figure 6.35: Data of BEBC [276] (left) and data of ANL [277] compared
against MK-SPP model with (red) / without (dashed blue) background. Plots
taken from Figure 10 and 11 from [272] and thesis [278].
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Figure 6.36: Ratio of left (MK model) plot over right plot (GENIE ) of Figure
6.34, the region of interest is 1.08 < W < 1.7(GeV/c?) and 0. < Q* < 1.5
(GeV/c?)2.

CC v,n — p~nnt Channel

The trend is similar than A and v,n — p pr® channel (see Figure 6.37,
6.38, and 6.39 ), for more resonance channels, with same ANL/BEBC 90 data

comparison and background effect.
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Figure 6.37: The z axis is do?/dQA, e AW True

(cm?/(GeV/c?))/(GeV/c?)? /nucleon and corresponds to charge current
v,n — p-nrt channel.
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Figure 6.38: Data of BEBC [276] (left) and data of ANL [277] compared
against MK-SPP model with (red) / without (dashed blue) background. Plots
taken from Figure 10 and 11 from [272] and thesis [278].
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Figure 6.39: Ratio of left (MK model) plot over right plot (GENIE ) of Figure
6.37, the region of interest is 1.08 < W < 1.7(GeV/c?) and 0. < Q? < 1.5
(GeV /c?)2,
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Figure 6.40: True W distributions of low recoil sample, the top plots represent
the comparison of overall MK-SPP model against of MnvTune.v1, then the

following plots on bottom are the ratio and one over the ratio.

Effect on Low Recoil Sample

In low recoil variable g3 and FE,.; the effect follows pretty much like the

described in the Figure 6.42 and Figure 6.43. Which is a small shift of the A

peak to lower W and therefore lower hadron energy, and a suppression of the

rate in the region where higher resonances and the non resonant terms overlap.
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Figure 6.41: True W distributions of low recoil sample, the top plots represent
the comparison of channel MK-SPP model against of MnvTune.v1, then the
following plots on bottom are the ratio and one over the ratio respect to
MnvTune.v1.

That shift and suppression behaviour is conserved partially in the
FEvein and g variables, see Figure 6.44 and 6.45. This model is similar with
less suppression and shift to Low-Q? suppression, and resonant removal energy.
The improvement is in the medium and higher F,.;, with effect in all range

of g3 Figure 6.46.
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Figure 6.42: Reconstructed W distributions of low recoil sample, overall effect
in the total MC compared MC MK-SPP model with MnvTune.v1 (labeled as
MC def.). Bottom plots are the ratio between data over MC.
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Figure 6.44: Reconstructed FE,.; in projections of reconstructed gz regions,
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SPP effect. In red the Total MC and in purple RES event types.
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Figure 6.46: Ratio of data over MC MK for reconstructed E,..; in projections
of reconstructed g3 regions, the dashed lines are nominal MC, and continuous
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6.7 QERPA to RES events

In this section, we are going to discuss a re-weight of GENIE with QE-RPA
[227] to the resonant region. As we show above, the feature that should have
the resonant model is suppressed at low Q2. A suppression like QE-RPA does
in quasi-elastic. Here we tested moving or applying that weight into a different
event type region. The Valencia QE-RPA suppression depends on ¢y and g3
and with this test we want to see if the screening effect can be in the A relative
to the minimum energy transfer to produce the resonance. Maybe this effect
is similar to the calculated QE form and we can apply it with a shift whose

magnitude is mass delta minus mass nucleon.

The effect of this weight in the resonant part kind of BS plus Pauli
blocking, but in less intensity (see Figure 6.48). Indeed, there is a suppression
which describes better compared the MnvTune.v1 at high available energy and

q3 (see Figure 6.49).
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Figure 6.47: Quasi-elastic RPA weight, figure taken from [227].

Page 156



6.7. QERPA TO RES EVENTS

60

0.00 < q /GeV < 0.20 ' 0.20 < q /GeV < 0.30
10.61x 10° POT ME Neuitino 3

| Data
40t MC: I |
---MnvTune-v1.2 Total
---MnvTune-v1.2 A

—resRPA model Total

20 —resRPA model A .

10° Events / GeV?

00 005 0.10 015 020 088 005 010 0.5 020 0.2
Reconstructed available energy (GeV)

60

0.30 < q'3/Gev <0.40 ' 0.40 < q'S/Gev <0.60

40t

10° Events / GeV?

80 01 02 03 04 08 01 02 03 04 0!
Reconstructed available energy (GeV)

60

0.60 < q3/('3ev <0.90 " 090< qsléev <1.20

40 o + ]

10° Events / GeV?
N
Q

86 0z 04 06 0800 02 04 06 08
Reconstructed available energy (GeV)

Figure 6.48: Reconstructed FE,..; in projections of reconstructed gz regions,
the dashed lines are nominal MC, and continuous lines are the purple QE-
RPA to RES effect. In red the Total MC and in purple RES event types.

Page 157



6.7. QERPA TO RES EVENTS

Ratio mc / mc Ratio mc / mc

Ratio mc / mc

Figure 6.49: Ratio of nominal MC over MC QERPA-RES for reconstructed
E.vain in projections of reconstructed g3 regions, the dashed lines are nominal
MC, and continuous lines are the QE-RPA to RES effect. In red the Total
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6.8 Summary

Some of the most recent theory-motivated models are added to examine the re-
constructed distributions to understand better the model elements that could
characterize the medium energy inclusive MINERVA data in Figure 5.1. The
MnvTune.v1.2 Monte Carlo simulation® does not describe the MINERvVA data.
The MnvTune.v1.2 includes a 2p2h model that was empirically tuned to previ-
ous MINERvVA data [279]. The Low-Q? pion suppression (see section 6.4 and
[264]) improves the simulation®, but it is also another empirical model based
on MINERvVA data that is similar to the one measured by MINOS using an
iron target [265].

The previous sections described the effort in detail of all the models,
from QE to RES regions. The summary plots for each region are shown in
Figures 6.51 and 6.53. The qualitative description of each model is presented
in a single Table 6.1. In addition, the ratio plots of MINERvA ME inclusive

data over the simulation of each model are presented in Figures 6.52 and 6.54.

Incorporating the most recent theoretical work into the analysis re-
veals that a new tuning is required. The result is the so-called MnvTune.v3
(the reconstructed distribution plots are presented in the next chapter). The
MnvTune.v3 replaces the Valencia 2p2h model and its enhancement by the
SuSA 2p2h model [280, 281, 282|, which has more events in the dip region
and fewer in the very low Q2. In the QE process, the initial nucleon’s high
momentum tail increases, which raises the QE rate overall, especially outside
the QE peak (in this thesis known as Bodek-Ritchie tail enhancement). And
the outgoing hadronic system for resonances takes away 25 MeV from events
with at least one proton in the final state; this moves A events into the dip

region and away from very low Q2 (in this thesis known as resonant removal

energy).

SUsually used as the CV in MINERVA collaboration.
6The simulation with this tune is often called MnvTune.v2 by MINERVA collaboration.
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The quantitative difference between the models is presented in terms

of 2. The matrix elements of x? is defined by,

2 _ -1
Xijmodel — (l'i,measured - xi,expectedmodel) X V;‘j X (-Tj,measured - xj,expectedmodel> (65)

where the V' is the measured covariance matrix and z is the cross-section. The
equation (6.5) shows the elements of the x* matrix. The x? is the the sum of
all the elements of the matrix. At the reconstructed level the data distribution
only has statistical uncertainties and the y? only accounts the data covariance
matrix. Later, at the background subtracted and unfolded stage the data
covariance matrix will play a bigger rule. For the moment the Equation 6.5 is

equivalent to ((data - mc)/oqata)?

The Table 6.2 shows the y? values of each g3 region and the total
x? for all the models; this includes the MnvTune.v3. The Figures 6.55 and
6.56 show the scaled bin-by-by x? (E,..1 and g bins) for QE/2p2h and RES

models respectively.
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Figure 6.51: Reconstructed FE,..; in projections of reconstructed gz regions,
summary plot for the QE and 2p2h models study.
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Figure 6.53: Reconstructed FE,..; in projections of reconstructed gz regions,
summary plot for resonant models study.
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regions, summary plot for resonant models study.
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Figure 6.55: x? at reconstructed level for QE and 2p2h models.
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Figure 6.56: x? at reconstructed level for RES models.
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CHAPTER 7

MEASUREMENT OF DOUBLE
DIFFERENTIAL
CROSS-SECTION

In this chapter, we will present the double differential cross-section in g3 and
E.vain variables. The binning used here is the second presented in chapter
5 (Binning II). Before presenting the measurement, we will discuss the dif-
ference between MnvTune.vl.2 and MnvTune.v3. The event selection with
MnvTune.v1.2 was presented in chapter 5. However, those were with small
binning, do an apple-to-apple comparison is presented in the following sec-

tion.

The ingredient needed to get the cross-section is the background-

subtracted distribution, the efficiency, the migration matrices to unfold the
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background-subtracted distribution, the flux, bin-width, and target normal-

ization. The double differential measurement follows:

bkgd
dQO- _ Z UZJQE (Ndata, ij Ndatga, Z]) (7 1)
drdy ) . Aup(OT)(AzAy) ’ '

where x and y are any variable, Ngata, 45 1s the reconstructed events, N;;f i

is the predicted background events, U;;os is the unfoding matrix which takes
into account the two truth (o and ) binning and two reconstructed binning
(¢ and j), ® is the flux integrated, T is the target, A,z is the efficiency and

acceptance correction, and (AzAy) are the bin-width.

The last part of this chapter is dedicated to discussing the systematic

uncertainty in the reconstructed and cross-section distributions.

7.1 Event distribution

In this section, we will focus on the shape difference between MnvTune.v1.2
and MnvTune.v3. The physics discussions are shown in the previous chapter.
In order to do that, we split into three regions of g3, as was presented in chapter

5. Besides that, the ratio plots also are included to have a better conclusion.

Low g3

QE dominates the low g3 (see Figure 7.1) as we saw previously; the difference
between MnvTune.v1.2 and MnvTune.v3 is the Bodek-Ritchie enhancement,
which means QE events have risen. We saw that the amount of the enhance-
ment is 25%; that effect, plus the small other component makes the total MC
increment. So, compared with the data, the data-MC difference is larger than
MnvTune.v1.2 (see first g3 pannel). But, this is not the case in the second

panel, in which the data-MC difference is small.
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Figure 7.1: Reconstructed FE,.; in projections of reconstructed gz regions.
The upper plots represent the MnvTune.v1.2 MC, and the lower plots are

MnvTune.v3 MC, in both cases compared against data. These are for the low
qs region.

Another important observation is that in the same region where the
Bodek-Ritchie enhances QE, there is also 2p2h, and it is small. Therefore,
making the overall MC is less enhanced than if we use 2p2h without SuSA.

This observation is more noticeable in the second panel of Figure 7.1.

One more observation we can make, and it is related to the error
band, as we will see in the last part of this chapter, the MnvTune.v1.2 has
the low recoil fit uncertainty, which is gone in the MnvTune.v3 case. However,

the error band seems large because the RPA uncertainty and the RPA weight
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depend on how many QE events we have, so modifying that we change the
RPA uncertainty, therefore, the total uncertainty. The data and total MC

ratio with the last three comments are shown in Figure 7.2.
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Figure 7.2: Reconstructed F,..; in projections of reconstructed g3 regions
ratios. The upper plots represent the data/MnvTune.v1.2 MC, and the lower
plots are data/MnvTune.v3 MC. These are for the low g3 region.

Medium g3

In this region, we can see the importance of the 2p2h events. The difference
between both is the Valencia MEC, low recoil fit, and SuSA 2p2h. As we saw
partial in the previous region, the Valencia MEC plus low recoil fit is larger
than SuSA 2p2h. However, this difference is compensated with Bodek-Ritchie

enhancement. A similar comment that low g3 is valid for the error band. The
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error associate to SuSA is handle in the last stage, at cross-section level.
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Figure 7.3: Reconstructed F,..; in projections of reconstructed gz regions.
The upper plots represent the MnvTune.vl.2 MC, and the lower plots are

MnvTune.v3d MC, in both cases compared against data. These are for the
medium ¢z region.

Another observation, which will be valid for the high g3 is the Res-
onant events. The difference between both modes regarding interaction type
is the RES removal energy applied on MnvTune.v3. The contribution of the
addition was also visible in the low ¢3 region, at high F,..;. The overall effect
is the shift in the Delta-peak, enhancing particular regions of low FE,..; and
suppressing others, and compared against data, it does a better description.

Similar uncertainty treatment that SuSA is performed in RES removal energy,
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which is added as the difference between data cross-sections unfolded with
MnvTune.v3 MC minus data cross-sections unfolded with MnvTune.v1.2 MC
together with Bodek-Ritchie tail enhancement and SuSA 2p2h, which we will

cover in the systematic section.
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Figure 7.4: Reconstructed F,..; in projections of reconstructed gz regions
ratios. The upper plots represent the data/MnvTune.v1.2 MC, and the lower
plots are data/MnvTune.v3 MC. These are for the medium g3 region.

High ¢;

Finally, we have the high ¢3 region, in which we have the full effect of the
model variation coming from MnvTune.v3, the QE enhancement, the 2p2h
suppression compared with MnvTune.v1.2, and the resonant events shift. In

this panel, we can see another component growing and labeled as “other”, which
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is, as we saw before, the other resonances different from A, DIS events, and a
small number of coherent events. We can see an almost null difference between
MnvTune.v1.2 and MnvTune.v3 in the “other” type component. The reason is

that “other” is affected by the RES removal energy from MnvTune.v3.
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Figure 7.5: Reconstructed F,..; in projections of reconstructed ¢z regions.
The upper plots represent the MnvTune.vl.2 MC, and the lower plots are

MnvTune.v3 MC, in both cases compared against data. These are for the high
g3 region.

The data event only has statistical uncertainty. The data distribution
will acquire the systematic uncertainty when we subtract the background, and
by the unfolding process, which will be described later in this chapter. In

conclusion, we can see that the ratio points are in the error band; only a few
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are outside. The double differential cross-section measurement will have the

uncertainty coming for the MnvTune.v3 covering those regions.
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Figure 7.6: Reconstructed FE,.; in projections of reconstructed gz regions
ratios. The upper plots represent the data/MnvTune.v1.2 MC, and the lower
plots are data/MnvTune.v3 MC. These are for the high g5 region.

7.2 Background Subtraction

The background is mostly coming from the neutral-current and p*. The over-
all background is small, and it is 1.42%. Figure 7.7 shows the total Mn-
vTune.v3 MC compared with the scaled background (x10 in order to see the
background). The background subtracted data and MC will be used in the

unfolding step.
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Figure 7.7: Reconstructed FE,..; in projections of reconstructed gs regions. In
red the total MC and in black the background scaled by 10 to be visible.
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7.3 Efficiency
Another ingredient to get the double-differential cross-section, as we have seen

in the equation 7.1 is the efficiency. The definition follows:

Selected signal events

Efficiency = (7.2)

Total signal events

The efficiency usually depends on selection cuts and kinematic thresh-
olds or geometric acceptance of the MINERvA detector. This is the case here,
Figure 7.8 shows higher efficiency at low FE,.; and poor efficiency at high
E.vaii- The maximum efficiency is of 80% in some bins and minimum of 21%
through a combination of muon acceptance and resolution migration across
the g3 < 1.2 GeV analysis boundary. The low g3 region bins have, on average,
77%, medium ¢z region bins, 72%, and high g3 region bins 53%, where high
FE.v.i1 and g3 containers have the lower efficiency. The breakdown in interaction

component are shown in Figure 7.9.
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Figure 7.8: 2D efficiency distribution as a function of E,.; and g3 (only illus-
tration, there is a mismatch in the binning).

The last bin of the low ¢3 region shows large different efficiency of A. That is
consistent due to low resonant events in the low ¢3 region and large errors due

to low MC statistics.
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Figure 7.9: Efficiency breakdown in F,..; and projections of g3 regions.
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7.4 Migration Matrix

The next component to unfold the data and then get the double differential
cross-section is the migration matrix. Figure 7.10 account all reconstructed
and truth directions at once. The migration matrix allow as to see the reso-
lution of the analysis. For instance in Figure 7.10 the overall behavior corre-
sponds to F,.i (big boxes), in which we can see better resolution at low Fjya;
and poor resolution at high F,y. Similar behaviour is shown in g3 (small

boxes).
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Reco Eavall, q3(GeV)

Figure 7.10: Row normalized migration matrix of the 2D distribution. Small
boxes are g3 bins and big boxes are F,..;;. The matrix also consider the overflow
and underflow bins.

The row normalized breakdown of the migration matrices is shown
below, where we can observe that at high F,.; and high g3 have poor resolution
due to Other contributions mostly (see the unpopulated diagonal bins in almost

all bins). The reason for that might be how we are handling the neutrons.
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Figure 7.11: Total migration matrices of E,..; in panel of reconstructed gz,

which corresponds to diagonal big boxes of Figure 7.10.
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Figure 7.12: QE migration matrices of F,y.; in panel of reconstructed g3, which

corresponds to diagonal big boxes of Figure 7.10.
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Figure 7.13: 2p2h migration matrices of F,..; in panel of reconstructed gs,

which corresponds to diagonal big boxes of Figure 7.10.
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Figure 7.14: Delta migration matrices of F,..; in panel of reconstructed gz,

which corresponds to diagonal big boxes of Figure 7.10.
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Other migration matrices of F,..; in panel of reconstructed gs,

which corresponds to diagonal big boxes of Figure 7.10.

Figure 7.15:
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7.5 Unfolding

The unfolding procedure is made because one wants to remove the detector
or model effect in some distribution. The place where that is hold is the
migration matrix. So, this means it is like an inverse problem that depends
on the migration matrix. But, given that the matrix can change, it makes
an ill-possed inverse problem due to sensibility to initial condition fluctuation.
So, a regularization method is introduced to solve that problem. MINERvA
uses D’Agostini iterative regularization method [286] (see more detail of the

method in the Appendix A).

To determine the number of iterations in the D’Agostini regulariza-
tion method, MINERVA uses an approximation of the response of the data
(as pseudodata), where Poisson throws! were done within the data equivalent
statistical uncertainty and unfolded using the MnvTune.v3 model smearing
matrix. The pseudodata is obtained by modifying (or warping) the MC CV,

we denominate “fake data’”.

If both distributions are the same, “fake data” and MC, then the re-
constructed MC unfolded distribution compared with the truth fake data dis-
tribution should the same in all iterations and all random universes. However,
if the warped MC is different, then the reconstructed MC unfolded compared
with truth fake data are different for low iteration, but they become the same
at large iteration. The y? versus the number of iterations information is used

to quantify the bias.

Another point to consider in the iterative regularization method is
that we get large uncertainties at high iterations. That inflation was observed
in the study with pseudodata and real data. As we will see in section 7.8, how
the uncertainty is assessed in MINERvA makes the inflation propagate to all

steps of the cross-section extraction for each systematic source.

IRandom distribution known as random universes.
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Figure 7.16: Number of iterations vs x? of “truth fake data” and unfolded dis-
tribution. Left, reconstructed MC unfolded with 1 ¢ RPA variantion. Right,
reconstructed mc unfolded with one of the low recoil fit uncertainties. Thrown
with 100 Poisson random variations.

The low recoil analysis is sensitive to changes in the 2p2h region,
giving large x? no matter how small that warping is. That is not the case; for
instance, if we use one sigma shift of RPA to warp the MC (see Figure 7.16).
A detailed study was performed to understand the modification in the 2p2h
region. We saw, for instance, when we warped the MC with one of the low
recoil systematic (nn initial state), even if the x? is large, the unfolding was
performing as expected. In that case, the nn initial states move 2p2h strength
to higher true gy, but because there are so many neutrons in the final state, the
same cross-section strength appears at lower E,.; (expressed as 15% in truth
fake data/truth MC and 5% in reconstructed ratio), that effect was preserved
for the first iterations where the unfolded distribution is very close to truth

fake data [287].

For models or warping functions’ parameters that change the un-
folding matrix 2, like in the 2p2h region explained above, can induce large
differences between the primary and varied unfolded results. In these cases,
MINERvVA opts for smaller numbers of iterations. So, we chose two as a num-

ber of iterations. In general, the iterative regularization unfolding reduces the

2Can be understood as statistical fluctuations due to large numbers of iterations
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bias, but will not completely eliminate it.

The fact that data is affected differently than MC by the unfolding,
indicates that the MC model does not describe the data. Because unfolding
procedure, in the case of data, modifies the migration matrix to match with
the data distribution (matrix represented in Figure 7.17). In the MC case, the
migration does not need a modification, so it is not affected by iterative reg-
ularization. The background-subtracted data and MC unfolded distributions

are shown in Figure 7.18.
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Figure 7.17: Unfolding matrix with row normalized. It following the same
structure that the migration matrix (see Figure 7.10), where the big boxes
represent the F,..; and the small boxes are the g3.
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error on date came from the background subtraction and unfolding procedure.
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7.6 Flux and Target Normalization
The normalization factor, representing the flux integral from 0 to 100 GeV,
3.115x10%° nucleon targets and 1.061x10%! proton on target, is used to obtain

the double differential cross-section.

7.7 Cross Section Extraction
The double differential cross-section in term of E,..; and ¢s,

P03 Uijas(Naata, ij — N(?;g; i)
dEavaildq3 Aaﬂ ((I)T) (AEavailAQP;)

(7.3)

is calculated , using the unfolded background subtracted event selection, then
it is divided by nucleon target and neutrino flux integration factor and ef-
ficiency. The measured double differential cross-section is shown in Figure

7.19.

The error bars shown in the data points correspond to total uncer-
tainty (statistical and systematic uncertainties). The breakdown of the sys-
tematic uncertainties for fractional and absolute uncertainties are shown in
Figures 7.40 and 7.42. The description of individual uncertainties is presented

in Section 7.8.

A discussion about cross-section comparison with neutrino genera-
tor, GENIE 3, NuWro SF and NuWro LFG (see Figures 7.44 and 7.45) will
be discussed in section 7.10. The x? interpretation of the different models

(MnvTune.v1.2 and MnvTune.v3) is presented in the section 7.11.
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Figure 7.19: Data double differential cross-section as function of E,..; and g3,
compared with MnvTune.v3. The first bin of ¢3 is scaled by two.
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7.8 Systematic Uncertainty

Imperfect understanding of the flux and detector energy response and the
interaction model cause uncertainty in the measured double differential cross-
section. The treatment of the uncertainties follows the multi-universes method,
a similar method described in Section 3.4. The cross-section is re-extracted in
many simulations, where each MC has a shifted parameter that corresponds to
the source of each uncertainty. This makes a different systematic "universe"
that can be used to make a covariance matrix (see Section 7.9) based on how
it differs from the nominal cross-section. The multiverse method is critical
because it allows us to propagate the uncertainties in every step until getting

the cross-section.

In MINERvVA a histogram holder objects (MnvHnDs) based on ROOT
THnDs [288] is used. The (MnvHnDs) object stores each systematic histogram
universe, the central value as well as a ROOT TMatrix for the covariance matrix

[289]. We can group the universes to get error bands.

The description of the uncertainties used in the measurement at re-
construction level are in the Tables 7.1 - 7.6. In GENIE there are two types of
parameters for intranuclear rescattering: those that control the total rescat-
tering probability, and those that control the fraction of each process (the

so-called “fate”), given a total re-scattering probability [290, 291].
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Detector Uncertainty

Systematic
Uncer-
tainty

Description

Flux

The flux uncertainties has three contributions, the
hadronic production (see Table 3.2 and Figures 3.9
and 3.11), the focusing uncertainty (see Figure 3.12)
and the neutrino-electron flux constrain (see Section
3.5). All of them were discussed in the Chapter 3.

Hadronic
Energy

The input uncertainty is determined from hadron
calorimetry data taken with a test beam detector
[292].

Muon
Energy

Similar that Hadronic Energy it was determine with
test beam detector [292]. In addition it has muon
scale [225, 201| which it has up 3%.

Table 7.1: Detector uncertainty description.

Final State Interaction Uncertainty

Systematic
Uncer-
tainty

Description

FrPiProd
N

Represents the nucleon fates—pion production and it
is the tweak pion production probability for nucleons,
for given total rescattering probability, where 1 o is
+20% [291].

FrPiProd
pi

Represents the pion fates—pion production and it
is the tweak pion production probability for pions,
for given total rescattering probability, where 1 o is
+20% [291].

Table 7.2: FSI uncertainties I. Table taken from [290].
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Systematic Description

Uncer-

tainty

MFP N Represents the nucleon mean free path and it is the
tweak where 1 o is +20%. It is fully correlated with
nucleon elastic fates cross section [291].

MFP pi Represent the pion mean free path and it is a tweak,
where 1 o is £20% [291].

FrAbs N Represents the nucleon fates-absorption and it is the
tweak absorption probability for nucleons, for given
total rescattering probability, where 1 o is +20%
[291].

FrAbs pi  Represents the pion fates-absorption and it is the
tweak absorption probability for pions, for given total
rescattering probability, where 1 o is £30% [291].

FrCEx N  Represents the nucleon fates-charge exchange and it
is the tweak charge exchange probability for nucleons,
for given total rescattering probability, where 1 o is
+50% [291].

FrCEx pi Represents the pion fates-charge exchange and it is
the tweak charge exchange probability for pions, for
given total rescattering probability, where 1 o is
+50% [291].

FrElas N  Represents the nucleon fates—elastic and it is the
tweak elastic probability for nucleons, for given to-
tal rescattering probability, where 1 o is £30%. It
is also fully correlated with nucleon mean free path
[291].

FrElas pi Represents the pion fates—elastic and it is the tweak
elastic probability for pions, for given total rescatter-
ing probability, where 1 o is £10% [291].

FrInel N  Represents the nucleon fates-Inelastic and it is the
tweak inelastic probability for nucleons, for given to-
tal rescattering probability, where 1 o is £40% [291].

FrInel pi  Represents the pion fates—inelastic and it is the tweak
inelastic probability for pions, for given total rescat-
tering probability, where 1 o is £40% [291].

Table 7.3: FSI uncertainties II. Table taken from [290]
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Interaction Uncertainty

Systematic Description

Uncer-

tainty

AGKYxF1r Represents the AGKY hadronization model — zp dis-
tribution and it is the tweak xr distribution for low
multiplicity (N + pi) DIS final state produced by
AGKY, where 1 o is £20% [293| (see new update
[294]).

AhtBY Represents the Bodek-Yang parameter Ayr and it
is the tweak the Bodek-Yang model parameter Aj;-
incl. both shape and normalization effect, where 1 o
is £25%.

BhtBY Represents the Bodek-Yang parameter Byy and it
is the tweak the Bodek-Yang model parameter By, -
incl. both shape and normalization effect, where 1 o
is £25%.

CV1uBY Represent the Bodek-Yang parameter Cy,;, and it is
the tweak the Bodek-Yang model parameter Cy,, -
incl. both shape and normalization effect, where 1
o is £30%.

CV2uBY Represent the Bodek-Yang parameter Cy,, and it is
the tweak the Bodek-Yang model parameter Cy,, -
incl. both shape and normalization effect, where 1
o is +40%.

EtaNCEL Represent the Eta (Elastic scattering) and it adjusts
eta in elastic scattering cross section, where 1 o is
+30%.

MaCCQE Represent the M4 (CCQE Scattering) and it adjusts
M, in Llewellyn-Smith cross section, affecting shape
and normalization. Earlier 1 o were +25% and —15%
[295], now +9% in this study due to a fit from z-
expansion with deuterium data [296].

MaNCEL Represent the M4 (Elastic Scattering) and it adjusts
M, in elastic scattering cross section, where 1 o is
+25%.

MaRES Represent the M 4 (Resonance Production) and it ad-
justs M 4 in Rein-Sehgal cross section, affecting shape
and normalization, where 1 o is £20% [295] . In ad-
dition GENIE has separate knobs for resonance CC
(MaCCRES) and NC (MaNCRES), which we gang
together.

Table 7.4: Interaction uncertainties I. Table taken from [290] except the MaC-
CQE 1 o uncertainty.
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Systematic ~ Un- Description

certainty

MvRES Represent the My (Resonance Production) and it
adjusts My in Rein-Sehgal cross section, affecting
shape and normalization. One o is £10%. In ad-
dition, GENIE has separate knobs for resonance CC
(MvCCRES) and NC (MvNCRES), which we gang
together.

NormDISCC Represent the DIS CC Normalization and it adjusts
the overall normalization of the non-resonance inclu-
sive cross section [295].

NormNCRES Represent the NC Resonance Normalization and it
changes the normalization of NC Rein-Sehgal cross
section, where 1 o is +20%.

RDecBR1gamma Represent the resonance decay branching ratio to
photon and it is the tweak resonance — X + gamma
branching ratio, eg A(1232) — p gamma. One o is
+50%.

Rvn2pi Represent the 2pi production from wvn/vp non-
resonant interactions and affects NC and CC pro-
duction of two pion final states from non-resonant
inelastic (i.e. Bodek-Yang) scattering. vn/vp pri-
mary process. One o is £50% [295]. On the other
hand, GENIE has separate knobs for resonance np
and nubar-n which we gang together (isospin sym-
metry). Also gang together NC and CC channels.
Value must be positive states.

Rvplpi Represent the 1pi production from wvp/vn non-
resonant interactions and affects NC and CC pro-
duction of single pion final states from non-resonant
inelastic (i.e. Bodek-Yang) scattering. vp/vn initial
states. One o is +50% [295].

Rvp2pi Represent the 2pi production from vp/on non- reso-
nant interactions and affects NC and CC production
of two pion final states from non-resonant inelastic
(i.e. Bodek-Yang) scattering. vp/vn initial states.
One o is £50% [295].

Theta Represent the delta decay angular distribution and

Delta2Npi changes it in ON/OFF. The reweight to more correct
angular distribution (i.e. not isotropic).

VecFFCCQEshapRepresent the CCQE Vector Form factor model and
changes from BBBA to dipole, affecting shape only.

Table 7.5: Interaction uncertainties II. Table taken from [290)].
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RPA and low recoil fit Uncertainties

Systematic Description

Uncer-

tainty

RPA The RPA suppression uncertainty depend on Q?, to
high Q? are calculated by changing at once all param-
eters of the particle-hole potential (see Appendix D)
with 1o which is the sum of the effects in quadrature.
The Low ? is using the muon capture constraint (full
description in [227]).

Table 7.6: RPA and Low Recoil Fit uncertainties.

Event Selection Uncertainties (MC reconstructed uncertainties)

The following plots are the fractional uncertainties of the MC reconstructed
event selection. The presentation structure follows with a full summary of the
grouped main uncertainties (see Figure 7.20). Then the breakdown of the FSI
uncertainty (see Figure 7.22), Interaction uncertainty, and RPA uncertainty

(see Figure 7.27).

Main Fractional Uncertainties Grouped

The uncertainties can be split into three parts—first, the detector uncertainties
are Flux, Muon energy, and Hadronic Energy. Second, the FSI uncertainties,

and Finally, the Interaction and RPA uncertainties.
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Figure 7.20: Fractional uncertainties in projections of reconstructed gs.

The detector uncertainty (FLux, Hadron energy, Muon reconstruc-

tion energy, and angle) on average correspond to 10% in the event selection
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distribution. The bigger fraction uncertainties are RPA at low ¢3 and Hadronic
Energy at high ¢3. The dominant uncertainty along all the g3 and F,..; phase
space is the FSI.

Fractional FSI Breakdown Uncertainty

The fraction breakdown systematic uncertainties names follow same like Tables
7.2 and 7.3. The Dominant uncertainties are the (Main Free Path) MFP
for nucleons and nucleon fates—elastic. At low g3 and low FE,..; the nucleon
fates—Inelastic also play an important role (QE mostly in those bins), and
at high ¢3 the important fraction comes from MFP of pions (basically DIS

region).
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: Legend used in Figure 7.22.
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Figure 7.22: Fractional uncertainties of Final State Interaction in projections

of reconstructed gs.
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Interaction Breakdown Uncertainty

The fraction uncertainties of the Interaction model dominate the high g3 re-
gion, where the DIS events are relevant. The large uncertainty is coming from
MaRES the Axial Mass in the resonant region (resonances higher than A at
high ¢3) and MVRES the vector part. Another larger uncertainty is coming
from MaCCQE, the analogous uncertainty for QE (affecting at low F,y.; as is
expected).

Total Uncertainty
=mmmmm=s Statistical )
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AhtBY
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EtaNCEL
MaCCSE
MaNCEL

MaRES

MVRES
NormDISCC
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RDecBR1gamma
Rvn2pi
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RvaEi
VeCcFFCCQEshape
AllOthers

Figure 7.23: Legend of Interaction fractional uncertainty of Figure 7.24.
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Figure 7.24: Fractional Interaction breakdown uncertainties.
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RPA uncertainties

The RPA as it was shown before, has two sources of systematic uncertainty.
affecting low Q? and high Q2. On the other hand, we know that RPA is only
applied to QE, therefore the only affected region should be low E, .

energy transfer (GeV)

0.6 0.8 1 1.2
three momentum transfer (GeV)

do/dq,da, (10 cm?/GeV?)

energy transfer (GeV)

0.6 0.8 1 1.2
three momentum transfer (GeV)

Figure 7.25: Differential cross-section with neutrino energy of 3 GeV. Left plot
is neutrino, where the white lines are W = {0.938, 1232, 15220} GeV. The right
side plot is anti-neutrino, where the white lines represents Q? from 0.2 to 1.0
GeV?2. Figure taken from [235].

Given the lines in Figure 7.25, we can easily see the % in the g3 and
¢o (which is close to Fayi) to understand the effect of the RPA systematic
uncertainty. Let’s take for instance the 0.9 > ¢z > 1.2 region; the low Q?
component remains, that is because at that high ¢s region we have low Q2

component.

Page 204



7.8. SYSTEMATIC UNCERTAINTY

Total Uncertainty

------- Statistical

RPA_HighQ2

RPA_LowQ?2

AllOthers

Figure 7.26: Legend of fractional RPA uncertainty of Figure 7.27.
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Figure 7.27: Fractional RPA uncertainty.
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Detector Uncertainty
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Figure 7.28: Legend of fractional Detector uncertainty of Figure 7.29.
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Detector Uncertainty Breakdown
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Figure 7.30: Legend of fractional Detector uncertainty of Figure 7.31.
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Figure 7.31: Fractional detector (breakdown) uncertainty.
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Hadronic Uncertainty
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Figure 7.32: Legend of fractional Detector uncertainty of Figure 7.33.
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Figure 7.33: Fractional detector (breakdown) uncertainty.
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Muon Reconstruction Uncertainty
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Figure 7.34: Legend of fractional Detector uncertainty of Figure 7.35.
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Figure 7.35: Fractional detector (breakdown) uncertainty.
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Fractional Uncertainty of Background Subtracted Data

The point of start for data getting systematic uncertainty is at the background-
subtracted level. Before that step, the reconstructed data only holds statistical
uncertainty. A brief technical description is, that the universes associated
with each uncertainty variation must be created as the empty universe for
background-subtracted data. After this step, the uncertainty propagation in

the universes is straightforward.

As we saw above, the background is so small; therefore, the uncer-
tainty coming from that procedure is small too. Figure 7.37 is zoomed in to
see the details of the component of the uncertainties. The main contribution
is the statistical uncertainty, especially for a bin in the 0.0 < ¢3 < 0.2 GeV

region, followed by the FSI at low Eavail and hadronic energy.

— Total Uncertainty
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Figure 7.36: Legend of grouped fraction uncertainties background subtracted
data (see Figure 7.37).
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Fractional Uncertainty of Unfolded Background Subtracted Data

The second way how the data acquire the systematic uncertainty is through
the unfolding procedure. Again, every universe is treated just like the central
value; D’Agostini’s iterative regularization is employed for every systematic
universe. This means, for instance, background-substracted data with a shift
given by one of the uncertainties is unfolded, making the end an effect in the
uncertainty. At this step one of the uncertainties started to grow; the hadronic
energy. To understand why it is necessary to remember. First, the unfolding is
applied to remove the detector effects to make comparable the data measured.
Second, at this very high g3 region, the DIS is one important component, and
as shown in the migration matrices, the poorest resolution region is high g3.
So, because the migration matrix is needed to unfold, the hadronic energy is

sensitive at that g3 range.

— Total Uncertainty
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— Muon Reconstruction
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Figure 7.38: Legend of grouped fraction uncertainties background subtracted
data (see Figure 7.39).
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Figure 7.39: Fractional Uncertainty of Unfolded Background Subtracted Data.
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Cross-Section Fractional Uncertainties

Finally, the fractional uncertainty of the data double differential cross-section.
In this section, the uncertainty like background-subtracted step and unfolding
is the propagation of the systematic uncertainty coming from the reconstruc-
tion level. All the uncertainties are described in the previous tables except
the new ones introduced at this stage, the so-called Signal Models (see Figure
7.40). Unfolding MnvTune.v1.2 uncertainty considers the difference between
the data cross-section unfolded with MnvTune.v3 and the data cross-section
unfolded with MnvTune.v1.2. With this, we are adding an uncertainty model
that is not in GENIE. With the procedure mentioned above, the idea is to
introduce an uncertainty due to model changes or improvements that Mn-

vTune.v3 has.

However, there is an important feature to notice, in a few particular
bins, the uncertainty coming from the new models is significant. The main
component contributing to that uncertainty is SuSA2p2h, with few contribu-
tions of removal energy. Careful identification and evaluation of the source of
that uncertainty are described in Appendix E. Another important contribu-
tion at a very high ¢3 region is one of the detector component uncertainty;
the Hadronic energy. That uncertainty starts growing at around 4% at the

background subtraction step. Then after the unfolding, it becomes large.
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Figure 7.40: Fractional Uncertainty of Data Cross-Section.
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Cross-Section Absolute Uncertainties

The Absolute Uncertainties of the data cross-section is showed in Figure 7.42,

compared with the fractional partner, this does not show large values.

Total Uncertainty

Statistical

Flux
FSI

Hadronic energy

Interaction model

Muon Reconstruction

RPA

Signal Model

Figure 7.41: Legend of grouped absolute uncertainties background subtracted

data (see Figure 7.42).
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Figure 7.42: Absolute Uncertainty of Data Cross-Section.
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7.9. COVARIANCE MATRIX

7.9 Covariance Matrix

The total covariance matrix showed in Figure 7.43 is formed by adding the
covariance matrices for all sources of systematic uncertainty. The diagonal
elements of this matrix are represented by the error bars in Figure 7.19 as well

as the fractional and absolute uncertainties (see Figures 7.40 and 7.42).

For uncertainties that require more than one variation in the model
parameter, for instance, a +1¢ shift in the energy scale. The covariance matrix
of that uncertainty is the average of the covariance matrices. On the other
hand, there are uncertainties like flux, which has hundreds of universes. Each
universe variation comes from the random variation of its parameters according
to their probability distributions and correlations. Therefore, the covariance

matrix of that uncertainty is the covariance matrix of the averaged universes.

Covariance Matrix 1078
7
40
6
35
5
30 A
25 3
20 2
15 1
10 0
-1
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%

Figure 7.43: Covariance matrix in gy and g3 bin index mapping (V')
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7.10 Cross-section compared to neutrino generators

The double differential cross-section shown in Figure 7.19, 7.44, and 7.45 is
compared to different neutrino event generator predictions: MnvTune.v3, Mn-
vTune.v1l.2, NuWro [297] (Spectral Function (SF) and Local Fermi Gas), and
the GENIE v3.0.6. This is similar to the LE data comparison models [298].
The GENIE v3 version uses a (LFG) and the Valencia model for both QE
with RPA [226] and 2p2h [233]|. In the resonant region, the Berger-Sehgal
model replaces Rein-Sehgal [299]. The DIS region used Bodek-Yang model
[300], that includes the non-resonant background in the resonance region by
scaled the DIS model. The FSI uses the empirical hA FSI model due to the
MnvTune.v1.2 and MnvTune.v3 is based on GENIE v2 generator. The GENIE
collaboration call to this configuration as “G18 10a_02 11a” [294, 301].

The NuWro configuration for QE in LFG combined one with the
RPA effect. The SF configuration uses the GFG with a spectral function
initial nucleon state. In the resonant region, NuWro only has A resonance,
and the non-resonant is the scaled Bodek-Yang DIS model for the rest of the
resonance region. In contrast to the empirical hA, NuWro uses Salcedo and

Oset’s model for FSI [302].

The model elements chosen for MnvTune.v3 at the reconstructed level
make, overall, a better agreement with the extracted cross-section. The NuWro
and GENIE v3 models, on the other hand, describe only parts in the kinematic
space of the data distribution. The considerable discrepancies are in the QE
and 2p2h regions. Both MnvTunes are far better compared with the other
generators. However, a comparison between them is challenging in the sense
that, in shape, the MnvTune.v3 seems a better model to describe the data,
but at the x? level is, by a small amount, the opposite. The interpretation

and discussion about that behavior are presented in the next section.

The comparison with the NuWro and GENIE 3 represents another
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challenge due to overlapping effects.
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Figure 7.44: Data double differential cross-section as function of E,..; and g3,
compared with MnvTune.v3, MnvTune.v1.2, GENIE3, NuWro SF, and NuWro

LFG.
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The QE process

As indicated previously, the largest differences between models are in the QE
region, which comprises nearly half of the provided data in each panel g3.The
only difference between versions in the NuWro case is the QE process, which

can be used to highlight how this aspect of the distribution is affected.

The spectral function model is notably distinct due to the absence of
an RPA screening (or empirically version [303, 304]) effect, and not due to the
spectral function. In the first one or two bins in panels with g3 < 0.4 GeV, it
generates a higher prediction than the data and all other models. The cross-
section is integrated into the NuWro spectral function using a two-dimensional
distribution of initial state off-shell nucleon momentum and removal energy.
Its implementation is substantially distinct from the enhanced Bodek-Ritchie
tail in MnvTune.v3, despite the fact that they share the theoretical motivation.
Figures 7.44 and 7.45 show two models with 5% to 10% differences in the QE
region. In contrast to the NuWro comparison, both models, in this case, have
the RPA effect, so only the spectral function and 2p2h changes are active, and

the spectral function effect alone has less than a five percent influence.

The data in the lowest bin in all panels is under-predicted by the local
Fermi gas version (NuWro LFG), then it resembles the other NuWro model.
At low 2, it has an RPA screening effect. Its implementation is independent
of the Valencia model [226], although it is designed to generate a comparable
prediction. Moreover, it differs from the Valencia model RPA weight applied
to the two GENIE v2 tunes, and it underestimates the data in the first bin
of all panels. However, in other bins (around the QE peak), this model is
higher than the NuWro SF model and significantly higher than the GENIE
models, including the identical MnvTune.v1.2 and GENIE v3, and is a poor
overall description of the data. The initial nucleon momentum distribution of
the namesake LFG does not contain nucleons with high momentum and has,

on average, smaller momenta than a standard Fermi gas. This would result in
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a more narrow QE peak, but its impacts are harder to determine.

Comparing NuWro and MnvTune tunes relative to the data reveals a
second trend: in the following three to five available energy bins, as a function
of g3, NuWro shifts from overestimating to systematically underestimating the
data. In contrast, the two modified GENIE models are close to the data and
to one another, with certain data points preferring one model over the other.
These bins are a combination of the QE peak, 2p2h, and a small amount
of Delta resonance. The NuWro behavior could be explained by incorrectly
estimating the relative strength of these three processes. Even a simple form
factor impact (such as MEE) for QE could explain a portion of these variances

in total rate and ¢3 trends for the generators.

The lowest available energy bins

Most of the difference between the predictions is in the lowest energy bins
in each panel. In addition to the RPA effect, there are three other effects.
Two come from how strong the FSI processes are that lead to neutrons and
low-energy nucleons in the final state. One is related to the removal of energy

applied to the hadronic system for the QE process.

The transformation of a QE proton into a neutron prior to its exit
from the nucleus is a unique component of these bins. The GENIE v2 tunes
predict that 20% of the events in the first E,.,; bin of the lowest g3 < 0.6 GeV
panels are QE events with energy transfers above 100 MeV and feed down via
an FSI process, 10% are 2p2h events, and 2% are resonance events with the
same kinematics. In the most extreme scenario, 10% of the events have only
neutrons as the final state, resulting in zero Ej,,.;. These happen when the
generator’s FSI model produces either the p — pn knockout process, the p — n
charge exchange process, or pion absorption followed by ejection of two or more
nucleons. The empirically tuned hA FSI model is nearly identical for all three

genie versions, but distinct from the Oset model utilized by NuWro[302] . A
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study of the hA vs. hN models in genie 3 (see Appendix G) indicates that this

choice alone accounts for 10% of the variance in these bins.

The FSI in GENIE hA and NuWro models produce a similar predic-
tion as does the INCL++ but, hN model and NEUT behaved differently ( see
reaction cross-section in [305]). Therefore, that is significantly translated to

the lowest E,..; bin.

The change in the nucleon removal energy for QE is translated an
underprediction in GENIE v3. In GENIE v2 (as well as the two MnvTunes), 25
MeV is explicitly subtracted from the proton. This 25 MeV is also subtracted
from the hadron state in resonance modification (RES Removal Energy). In
GENIE v3, this subtraction is not made. To reiterate the design, in the classic
(e,€’) nuclear effect paper [306], the QE peak is higher by 25 MeV. In GENIE,
this is accomplished by using the deForest prescription [307]. With Pauli-
blocking and the final 25 MeV subtraction, the resulting protons in GENIE v2
are produced down to zero kinetic energy. In GENIE v3 start the same, but
the Pauli-blocking step is not followed by a 25 MeV subtraction, so very few
protons are produced below 20 MeV. Additional ways to treat these effects
were described in section 6.3 for resonances and can be found in [308, 262]
and has been implemented for QE in MINERVA previous publication [309].
Overall this creates £20% differences in the QE-rich first bin in each g3 panel.

The low Q2 resonances

All generators in 7.44, and 7.45 describe the low-(Q? resonances better than
MnvTune.v1.2 and the Rein Sehgal model. The MnvTune.v3 uses a new pre-
scription to apply removal energy to resonances similar to what GENIE v2 does
for the QE process (see Section 6.3). It preserves the event rate but shifts it
to lower FE,.i1. The pion production models in NuWro are within a few per-
cent of the MnvTune-v3 in the bins where this effect is significant. The A

model is from Lalakulich and Paschos [310] with deuterium-data based axial
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and vector form factors [311] and Pauli blocking. It would be similar to the
Berger-Sehgal with Pauli Blocking (see Section 6.5). On the other hand, the
higher resonances are treated very differently in NuWro, preventing firm con-
clusions. Instead of simulating the non-A resonances and their decay like other
generators, the NuWro event rate is entirely provided by the DIS model using
only the quark-hadron duality principle to reproduce the resonance interaction

rate on average.

Comparison to the previous measurement

Compared with the previous MINERvVA result in Low Energy analysis [279],
this result has several improvements. All these changes cause the reconstructed
distributions to differ even with a consistent MC configuration like MnvTune-
v1.2. The important changes are in flux. In ME we applied the 12% v + ¢
scattering constrain [205]. However, the 8% LE adjustment [312] was not yet
available for the first analysis. The +3.6% muon energy scale correction that
is applied to the ME data [201] has complex effects on this sample and is
also significant. There are numerous improvements of 2% or less including the
detector mass model and efficiency corrections. And the sophistication of the

uncertainty budget is improved.

On the unfolding side, the distributions use different central values
MC. The most prominent change is that the original analysis did not have any
addition to the 2p2h or QE rate in the dip region, that aspect of MnvTune.v1.2
was added afterward. Of equal significance, the original analysis used neither
a low-Q? resonance suppression nor a A hadronic energy shift to account for

that poorly predicted region of the sample.

A third effect comes from the unfolding technique, which introduces
shifts in the data/MC ratio compared to the ratio in the reconstructed dis-
tributions. Some of these shifts are from features encoded in the migration

matrix. Other shifts arise from the iterative unfolding method. When the

Page 230



7.11. INTERPRETATION OF THE CHI-SQUARE AND CONCLUSIONS

input model is far from the data, iterations can lessen the gap, removing some
of the bias from an imperfect starting model. In this analysis, iterations move
the ratio by 0.08 in the QE region compared to the ratio after the first un-
folding and the reconstructed distributions, closing the gap. The discrepancy
started at 25% and was reduced to 17% for MnvTune-v1.2, and went from
16% to 9% for MnvTune.v3. In the QE region of the previous measurement,
the reconstructed distribution was already well described, so iterations had a
negligible effect. Because of these changes, combining the published unfolded
LE result with the new ME result is not a viable analysis. Future analysis to
bring the LE cross-sections on the same footing or a joint analysis with the
reconstructed data using the data preservation packages [313] may shed more

light on the neutrino energy dependence.

7.11 Interpretation of the chi-square and conclusions

In the previous section, we discussed the distinctions between the various
model components in MnvTune and the neutrino generators. This section
discusses the chi-square metric at the cross-section level. Similar to the one
presented at the reconstructed level, this covariance matrix contains only the
diagonal elements, followed by the full covariance. Finally, a Ax? Metric is

presented to comprehend the numbers’ underlying significance.

The x? is defined in Equation 6.5, each value for each bin is presented
in Figure 7.46 for the models presented in Figures 7.44, and 7.45. The summary
in each g3 region is presented in Table 7.7. Finally the all x? with diagonal only
covariance matrix is presented in Table 7.8. In contrast to the y? presented in
Table 6.2 the diagonal elements of the covariance matrix do have systematic

uncertainties.

Similarly, the x? with full covariance matrix is presented, for each bin

(see Figure 7.47), in bins of g3 (see Table 7.9), and total x? (see Table 7.10).
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The bin-by-bin Ay? in each g3 and F,yia bin is defined as:

2 2 2
Axi - Z (Xiajmodcl ~ X4, jMINERvA Tune VS) ) (7'4)

J

where X?,jmode comes form Equation 6.5. The Ayx? for diagonal and full co-

1
variance matrices is shown in Figure 7.48, the metric in all other models are
shown in Figure 7.49, and the Signal model uncertainty effect is illustrated in
Figure 7.50. The metric was used in previous MINERVA analysis [314]. A

negative Ay? represents a bin where MnvTune-v1.2 predicts the data better

than MnvTune-v3 while a positive value means MnvTune-v3 predicts the data

better.
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Figure 7.46: x? calculated with only the diagonal elements of the covariance
matrix V

Page 232



7.11. INTERPRETATION OF THE CHI-SQUARE AND CONCLUSIONS

Table 7.7: x? of the data with MC at cross section level. Here the NDF is 44.

Only Diagonal elements of covariance matrix.

MC/Generators qsl q32 q33 q34 q3d q36
MnvTune-V3 14.101  1.603 7.515 7.985 15.119 33.113
MnvTune-V1.2 2.147 7.582  18.872  26.654 52.008 33.187
NuWro SF 233.941 63.824 19.961 32.843 63.823 44.794
NuWro LFG 200.621 101.953 68.258  63.62  74.05 47.142
GENIE 3 (G18 10a_02) 181.701 70.072 130.798 128.573 97.159 60.865

Table 7.8: x? of the data with MC at cross section level. Here the NDF is 44.

Only diagonal elements of the covariance matrix

MC/Generators x2  x%/NDF
MnvTune-V3 79.4 1.8
MnvTune-V1.2 140.5 3.2
NuWro SF 459.2 10.4
NuWro LFG 555.6 12.6

GENIE 3 (G18 10a_02) 669.2 15.2
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Figure 7.47: x? calculated with full elements of the covariance matrix V
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Table 7.9: x? of the data with MC at cross section level. Here the NDF is 44.
Full covariance matrix

MC/Generators qsl q32 q33 q34 q3H q36
MnvTune-V3 376.333  0.004  214.505 90.979  375.73  43.198
MnvTune-V1.2 -66.576 -86.212 443.791 604.878  -22.448  89.721
NuWro SF 5325.64 2095.72 1866.02 -163.935 -250.224 1249.7
NuWro LFG 5054.29 6522.03 3196.81 -965.231 654.536 1610.43

GENIE 3 (G18_10a_02) 3972.51 763.282 4433.98 2309.32 -448.594 2491.57

Table 7.10: x2 of the data with MC at cross section level. Here the NDF is
44. Full covariance matrix

MC/Generators x> x2/NDF
MnvTune-V3 1100.8 25.
MnvTune-V1.2 963.2 21.9
NuWro SF 9981.8 226.9
NuWro LFG 16363.8  371.9

GENIE 3 (G18 10a_02) 141489  321.6

1.0
10

Available Energy GeV
Available Energy GeV

0.5

%80 05 1.0
q, GeV

Figure 7.48: Ax? for with all cross-section models. Left plot corresponds to
calculation with full covariance matrix, and right plot corresponds to diagonal
only covariance matrix.
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Although it seems intuitive to assert that a lower chi-square indicates
a superior model, this is not the case. For instance, this is true in cases where
a single variable is tested, such as parameter fitting. At a first quick look, the
x? with the full covariance matrix appears to indicate that MnvTune.v1.2 is
superior to MnvTune.v3 by approximately 137. The other models’ x? shows
way worst values. On the other hand in the diagonal-only covariance matrix
case, the behavior is the opposite which follows the known lines of physics

models.

In order to understand the results, Equation 7.4 was introduced. Blue
means MnvTune.v1.2 is better, and red means MnvTune.v3 is better in each
bin. That description matches with the Figures 7.44 and 7.45 in diagonal
covariance matrix case, but not in the full covariance matrix case. That hap-
pens mostly at high FE,..; and high g3 regions. Consequently, the "three"
model changes between the two MnvTunes (MnvTune.v1.2 and MnvTune.v3)
do not produce a unique solution. Another observation is the size of the Ax?
in the full covariance in bib-by-bin is on the same scale of full difference. In
contrast, the calculation of the x? with the diagonal only elements shows less
of this behavior; we can see more positive values than negative ones. In con-
clusion, the observation of the case of the full elements suggests that the full
covariance x? sum is not significant, and it can be thought of as fluctuations

of some kind.

A detailed study of the effect of each systematic uncertainty in Ay?
was performed in [315]. When a model uncertainty has the same shape as
a discrepancy, this can influence the ordering of chi-square. For instance, a
significant amount of x? in MnvTunevl.2 could originate from the low Q2
resonance region addressed in MnvTune-v3. Therefore, MnvTune-v1.2 would
have a small y? at the end. The largest effect was observed in the Signal model

uncertainty (see Figure 7.50).
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On the other hand, negative values in Figure 7.47 are due to large
anti-correlations in the F,..; and g3 bins, such as the one observed due to
hadronic energy (see Section H.2). Removing the Signal model in the y?
calculation is 14053.4 for MnvTune.v3 and 30064 for MnvTune.v1.2.

In conclusion, this analysis describes the inclusive charged-current
neutrino interactions on a hydrocarbon (polystyrene) target at low three-
momentum transfer, as well as several model variants for these interactions.
The measured double-differential cross-section as a function of three-momentum
transfer and available energy is compared to three variants of genie and two
NuWro event generator configurations. The QE, 2p2h, and resonance pro-
cesses are inadequately described by these generators, despite the fact that

the most recent model elements represent a substantial advance.

Using an analysis of reconstructed data distributions with multiple
model elements, a new central value (MnvTune.v3) is generated for unfold-
ing and evaluating systematic uncertainties. The SuSA prediction for the
2p2h model, an enhancement of the high momentum tail of the struck nucleon
momentum for QE, and a deduction of 25 MeV removal energy from the res-
onance final state replace empirical tunes to MINERvVA data. The choice of
that theory-motivated models certainly makes MnvTune-v3 superior overall,
but there is still a disagreement between the model and the data in different

regions suggesting better modeling is needed.
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CHAPTER 8

SUMMARY AND
CONCLUSIONS

The thesis has two main topics. The phenomenology study of the light neu-
trino decay at future long-baseline neutrino oscillation experiments and the
experimental study of the neutrino-nucleus interaction by measuring the dou-

ble differential cross-section.

The neutrino decay in the presence of matter was examined in the
first topic. Two upcoming oscillation experiments — Deep Underground Neu-
trino Experiment (DUNE) [148] and Agua Negra Deep Experiment Site (AN-
DES) [154] — were considered. A hypothetical beam from the Neutrino of
Main Injector (NuMI) was assumed for ANDES. The differences between them
are the baseline (Lpyygp=1300 km and Laypps=7650 km) and the density

(ppune = 2.96 g/cm?® and paypps = 4.7 g/cm?).



The phenomenological study of the light neutrino decay examines the
matter effect (for DUNE and ANDES), the sensitivity to the decay parameter
(only for DUNE), and the influence of the neutrino decay in determining the o3
and dcp (only for DUNE). For these studies, the v, and v, disappearance and
appearance channels were considered for both Forward Horn Current (FHC)
and Reverse Horn Current (RHC) flux modes. In this work, the decay is due
to the coupling of the neutrinos with a massless scalar, denominated Majoron.
The coupling can be scalar (S) or pseudoscalar (PS). In addition, the normal
mass ordering with the stable lightest neutrino was assumed. When the 14
mass is zero (Mygnest = 0 €V) the couplings are indistinguishable and it is
tagged as w33 — 0o. On the other hand, when the v; mass is different from
zero (My;gntest = 0.07 €V [147]) is tagged as x3; — 1. On the other hand, when
the decay products are not detectable, it is referred to as invisible decay (ID),
and if they are detectable, it is called visible decay (VD). The sum of ID and
VD give us full decay (FD), and the absence of any decay is the standard
oscillations (SO).

To investigate the effect of matter on neutrino decay, the quantity
® x o was defined. This value is proportional to the product of the flux and
cross-section. Also, the neutrino mass difference and mixing parameters were
fixed as follow [158]: A2, = 7.5 x 107° eV?, A% = 2.524 x 1073 eV? (for
normal ordering), s?, = 0.306, s3; = 0.441, s?; = 0.02166, and dcp = —7/2.
The decay parameters tested were oz = 4 x 107° eV? and a3 = 8 x 1076 V2.
Those decay parameters represent the 10% of (E)/L for DUNE and ANDES,

respectively.

In DUNE, the Matter effect in ID or VD for the v, disappearance
channel is negligible for both flux modes. In this channel, however, the dif-
ference between ID and VD is more significant in FHC than in RHC. Due to
the pseudoscalar coupling, in the case of FHC, the decay product’s neutrinos

become antineutrinos (the opposite for RHC). Since the antineutrino cross-
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section is smaller than the neutrino, the final result leads to a large difference
in FHC mode. In general, the VD component is dependent on the coupling. In
the v, appearance, however, the VD component is relevant at low energies and
dominant in some cases like RHC. Similar to the v, disappearance channel,
the slight difference between VD and ID for FHC is attributed to the helicity-
flipping decay. In contrast to v, disappearance, the matter effect in the v,
appearance becomes relevant, but that is consistent with the vacuum-matter
difference in SO. Because the decay parameter tested is smaller, the result is

in the order of ID.

In ANDES, the matter effects are much more relevant due to the
larger baseline and matter density. However, the more remarkable result,
by far, is the suppression of ID contribution in the v, appearance channel
at low energy, leaving VD as the main component. At high energies, the
difference between VD and ID is smaller vacuum and larger in matter due to
the enhancement of ID to the matter. The x3; — oo contributes more in the

lower energy on contrast to x3; — 1.

The number of events was employed to determine the sensitivity of
DUNE to the decay parameter (in FD). In addition, only 53 and dcp were
taken into account because the 6,3 is fixed by reactor measurements [163].
The sensitivity to ag is obtained by marginalizing the chi-square over the
defined truth values of 63 and dcp combining v, and v, disappearance and
appearance respectively. At 30(50) the sensitivity of ag for x3; — 1 and the
pseudo-scalar coupling is, asz = 3.8 x 107% eV? (6.4 x 1076 eV?), in the scalar
case is, az = 5.2x 107% eV? (8.8 x 1079 €V?). On the other hand, the sensitivity
to az for z31 — 0o 'is, a3 = 6.1 x 1079 eV? (1.0x 107> eV?). The best sensitivity
found at 90% of C.L. is aig = 2.0 x 1079 eV2, which is comparable to the limits
get from atmospheric neutrinos az = 2.2 x 107% €V? [316]. Finally, with the
phenomenological study, the impact of the SO, ID and FD was compared in

the determination of 33 and dcp. The results show a small difference between
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SO and ID (for az ~ 10% of (E)/L for DUNE) and for FD the allowed regions

would shift towards larger values of 3.

The experimental study of neutrino-nucleus interaction is an addi-
tional contribution to this thesis. The research was conducted within the
context of the Main Injector Neutrino ExpeRiment to study v-A interac-
tions (MINERvVA) experiment|212]. MINERvVA is an experiment on-axis in
the NuMI beamline [174]. Its active region consists of scintillation planes.
The detector is divided into a nuclear target, active scintillator, tracker re-
gion, electromagnetic and hadronic calorimeters|213], and MINOS Near De-
tector (ND) [214] as a spectrometer. The neutrino flux has an exposure of
10.61 x 10%° protons on target with a neutrino energy peak of 6 GeV. The
final measurement reports the double differential cross-section for v—carbon
in two variables, three-momentum transfer (¢3 = |q]), and available energy.
The second variable corresponds to the kinetic energy of protons and charged

pions, plus the total energy of any other final state particles except neutrons.

A inclusive charge-current v, interactions events were selected, with
the following requirements: 6, < 20° and 1.5 < p, < 20.0 GeV. The selected
sample yielded 3,390,718 events with 98.64% purity. The measurement re-
gion has a limit in momentum transfer (g5 < 1.2 GeV). The nominal Monte
Carlo (MnvTune-v.1.2) employed is a GENIE v.2.12.6 [224] modified with
Valencia Random Phase Approximation (RPA) suppression applied to Quasi-
elastic (QE) interaction|226, 227|, 43% of suppression on the non-resonant
pion production base on bubble chamber datal228, 229]|, suppression on co-
herent production of pion with kinetic energy lower than 450 MeV based on
Low Energy (LE) MINERvVA data [317], and an enhancement of Valencia 2p2h
based a two-dimensional Gaussian fit on LE MINERVA data [279]. On the
other hand, the flux has an improvement using the neutrino-electron scatter-
ing MINERVA data [318], and finally, the muon energy from MINOS ND has
a scaling of 3.6%.[201]
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Despite the tunes employed in MnvTune-v.1.2, the disagreement be-
tween data and MC remains mostly along the QE to the resonant (RES) region.
Motivated by the discrepancy, several studies were conducted at the recon-
structed level. The region between QE and RES denominated “dip” region has
the contribution of Meson Exchange Current (MEC) or 2p2h. The first study
conducted was on the QE; by modifying the nuclear model. In GENIE, the
nuclear model is a relativistic Fermi-gas RFG. The nucleon momentum distri-
bution in RFG has a component attributed to the Short Range Correlation
(SRC) from 221 MeV to 500 MeV|[239, 245]. The SRC represents the correla-
tion of pair nucleons, denominated Bodek-Ritchie (BR) tail. The modification
was applied to the BR tail. The change enhances the QE contributions by
around 25%. The second study was in the 2p2h region, where the Valencia
2p2h and its tune were replaced by Super-Scaling Approximation (SuSA) 2p2h
model [280, 281, 282]. Both BR tail enhancement and SuSA 2p2h are about
the size nominal MC. The third component that contributes to the dip region
is the RES events. A major number of studies were performed on RES, from
new models to new data-based tunes. Instead of GENIE’s Rein-Sehgal (RS)
model, the Minoo Kabirnezhad (MK) model was applied[272, 278]. The rele-
vant difference between MK and RS is the non-resonant pion production and
interference terms. The next variation was the addition of Pauli blocking in
RES with the Berger-Sehgal (BS) model|299], which, compared to the default
model, the new one includes the lepton mass and pion pole term. Another
update to the RS is the re-weight of a non-linear suppression function based
on exclusive analysis MINERvA data. The function depends on Q?, and the
suppression happens at low Q2. Similar suppression was observed in MINOS
iron data. Another test was the application of RPA to RES since RPA in the
QE has the suppression behavior at low Q2. Finally, a RES peak shift (mostly
A peak) in Eg.y was added. Similar to QE removal energy from nuclear

potential, a 25 MeV was removed from the available energy (RES-RE).
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Based on all the studies on the reconstructed level, a new central
value (CV) was built, denominated MnvTune.v3, which corresponds to BR

tail Enhancement, SuSA 2p2h, and RES-RE.

The selected data events and later background subtracted. The back-
ground represents 1.42 % of the entire sample. The distribution was then un-
folded with the D’Agostini regularization [286]. The unfolded events were then
divided by the efficiency and scaled by normalization factors, which include
3.115x10%° nucleon target, flux integral, and the total exposure. The final

result represents the double differential cross-section d?c/dE,,qi1dqs.

The measurement uncertainty arises from the detector energy re-
sponse, the neutrino flux, the interaction model, the FSI, and MINERvVA’s
modified interaction model. Evaluating each uncertainty source requires a
re-extraction of the cross-section, using a modified simulation with shifted pa-
rameters of its uncertainty. Then, the difference between each re-extracted
cross-section with the nominal cross-section is used to build the covariance

matrix.

Finally, the double-differential cross-section data were compared with
different neutrino generators. Two versions of NuWro|297|, and GENIE 3|294,
301]. the main difference between GENIE 3 and MnvTune.v3 are the Local
Fermi Gas (LFG) instead of RFG, Valencia RPA to QE, Valencia 2p2h, and
BS instead RS. The FSI is similar to the one used in MnvTune.v3. On the
other hand, both NuWro models have different QE implementations than Mn-
vTune.v3, and for the initial nucleon state, one is LFG, and the other is RFG
with Spectral Function (SF). The RES region only accounts for the A res-
onance with a model different from RS. NuWro uses the Lalakulich-Paschos
[310] with deuterium-data-based axial and vector form factors and Pauli Block-
ing model. Similarly, the FSI differs from GENIE, using a Salcedo-Oset FSI

hadron res-catering model[302].

Page 243



The generators describe the data in some regions. The significant
difference is at low available energy, where the QE interaction dominates the
distribution. The different QE treatments in NuWro explain the difference at
low available energy. Similarly, the under-prediction of GENIE 3 is explained
due to the systematic shift of the QE peak to higher available energy distri-
bution. The reason is the lack of the 25 MeV QE removal energy. With the
exploration of the RES available energy shift, still, a suppression at low Q% may
also be needed to describe the data. Overall, a single model can not explain
discrepancies in all the phase space, but the chosen models (MnvTune.v3) per-
form better. On the other hand, the comparison shown at the chi-square level
creates tension concerning the last statement. That result reflects the signifi-
cant correlation between the F,,.; and g3 variables described in the covariance

matrix.
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APPENDIX A

MULTI-UNIVERSE METHOD

This appendix will describe the multi-universe method mathematically using
the multivariate normal distribution and random variable definitions. The first

definition needed is the symmetric positive definite matrix.

Definition A.1 Let G a symmetric positive definite matrix if

GeR™ :G=G"and Gv'G >0V veR"/v#0. (A1)

Using the previous definition we can define the multivariate normal distribu-

tion, like

Definition A.2 Let R a continuous random vector in R"™, u a vector in R",

and V' a matrix V- € G. The multivariate normal distribution of R with mean



w and covariance V if its probability density function is

1
1 5 (B=w) "V (R—p)
V)= ———tc 2 . A2
fr(p, V) o Aot (V) (A.2)
Proposition A.1 Let R a vector in R™ with multivariate distribution, mean

W, and covariance matrix V. Then,
R=pu+ SU, (A.3)

where U is random vector in R™ and S an invertible matriz in R"*".

The vector U has E[U] = 0 and Var[U] = I. While the S matrix comes from
V = SST = STS where it follows the Cholesky decomposition (see proof in
[319])

The proof of the proposition uses the linear density function proved
in [320] and probability density function 1D. The step-by-step proof of the

proposition A.3 is in the reference [321].

On the other hand, from equation A.2, we can say that the expected
value of R is given by E[R] = u, and the covariance matrix by Var[R] = V,

therefore,

V = BI(R - u)(R— u)"] = E[RR"] — ", (A.4)

the proof uses the previous proposition A.3 and the mean and variance of U

(see also [321]).
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APPENDIX B

DERIVATION OF ITERATIVE
REGULARIZATION:
D’AGOSTINI METHOD

In this appendix we will revisited the D’Agostini iterative regularization, using

the the following references: [286, 322, 323, 324, 325, 326, 327, 328|.

The unfolding techniques, in general, answer the question of how to
extract a true spectrum from an observed smeared one. That means that it
does not have a unique solution due to sensibility to initial condition fluc-

tuation [326] . In the discrete case, the unfolding problem corresponds to:

y ~ Poisson(U\), (B.1)

where y is the observed(smeared) data, A is the truth distribution that we want



to measure, and the U;; isresponsible for the bin migration from the original

histogram to the observed histogram,
Ui; = P(smeared in bin i|truth in bin j). (B.2)

Bayes’ theorem and iterative regularization

Let’s begin with the Bayes’ theorem as follow:

P(E|C;)P(C))

PIGIE) = s pEienpicn

(B.3)

Where C; are the independent causes(C;, j = 1,2,...,¢,) which produce a
single effect E. The P(C}) is the initial probability of the causes and P(E|C;)
is the conditional probability of the jth cause to produce the effect.

If we consider many events n(E) with one effect, the expected number of events

assignable to each cause is [286]:

n(C;) = n(E)P(C|E) (B.4)

Now, if we have many effects E; (i = 1,2,...,ng) for a given cause C}, the

Bayes formula (equation B.3) becomes,

P(E;i|C;) R (C))
=1 P(Ei|C) Po(Cr)

In the equation B.5 Cj corresponds to true values in bin j and the E; corre-

P(C|E) =

(B.5)

sponds to an event reconstructed in bin . Considering the equation B.2 and

conditional probability from equation B.3, we have,

Ui; = P(E;|C)), (B.6)

obs

Which plays the rule of the response matrix. For n°* experimental observa-

tions, the distribution of frequencies is,
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n(E) = {n(Ey),n(E2),...n(E,,)} (B.7)

And the expected number which will be assigned to each of the causes and get

it only due the observed events is,

ng

A(C)™ =3 n(E)P(C|E) (B.)

i=1

The Py(C}) is the )\2 over the total observed, as follow, From the previous

equation, Fy(C;) the from equation B.5 is:

A0
(T e~ (B.9)
’ 212}21 n(E;)
Therefore we can rewrite the equation B.5, using equation B.6 and B.9
Ui\
P(C,|E;) = =22 — (B.10)
’ f:1 Uil}‘?

Finally the expected number of events Aﬁl) = n(C;) assigned to each cause

C; is, taking into an account a term due to finite efficiency or inefficiency

> P(E;|C;) = ¢j, and lets call n(E;) = y;,

S P(C|E;) Ny
A =N (B =12 - e (B.11)
’ ; € > it Usj ; > U X

Expectation-Maximization(EM) algorithm in iterative regulariza-
tion

The Expectation-Maximization(EM) is a technique discovered by Dempster,
Laird, and Rubin in 1977. Let’s assume that we have observed the random
variable y, and we know that its distribution depends on some parameters 6.
The goal of the ME algorithm is to find the Maximum Likelihood Estima-
tor(MLE) of # by the maximum likelihood L(6;y) = P(y|f) when some of the

data is missing.

Suppose we have an estimation problem in which we have a set

{yM, ...,y™} consisting of m independent examples. We want to fit the pa-
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rameters of a model P(y, z) to the data. The likelihood is:

Oy) = > log y ply.216), (B.12)

where z(® is a random variables, that is solved by two steps so called E-step

and M-step until convergence happen.

e E-step— For each i, set

QY (20 = p(2@|y@; g0 (B.13)
e M-step— Set
()] 500 9t
" og PW12567)
0" = arg max % 25(1 Q Qgt)(z(i)) (B.14)

But using the Jensen’s inequality (I(§¢+1) > 1(01))) we can have

iy PPz, 80)
1(6“Y) > ZZQEt)(z())logW (B.15)
i 20 i

For the case of iterative D’agostini iteration, we have to find the log-maximum
likelihood I();y), the random variable, in this case, let’s say z. As we men-
tioned before, the EM algorithm finds the MLE when some data is missing. In
this case, the incomplete data is y and is related to the complete data Z = z;;

by [325, 327]

Y=y, ) = Zzlj,...,Zzpj]T (B.16)
J

Form equation B.1, we have,

n

yi =Y AU (B.17)

i=1
For the another hand the random variable z; are Poisson distributed and

conditionally independent,
2| \; ~ Poisson(U;;\;) (B.18)
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Then the the complete-data log-maximum likelihood [()\; Z) is as follows,

]
Hence the E-step need p(z;;|yi, AF)) of 2;; given y and A®) is binomial with

sample size parameter or the number of successes y; and probability parameter

UAP 1S v (B.20)
=1

On the other hand, in the E-step of the EM algorithm, the conditional expecta-
tion of complete data log-maximum likelihood I(\; Z) given y the observation

and the value \*®) of parameter )\ is:
QN AW) = ElI(X; Z)|y, A®)] (B.21)
considering the probability parameter (equation B.20) we can get for our case,

U AP
P e (B.22)
Zz=1 Uil)‘l

*) in equation B.19 and applying M-step on the (k+1)th

Then changing z;; to 2;;
iteration we have finally have the D’Agostini formula,

(k)
Agkﬂ) 1 Z Ui, E ZZJ|yz7 A5 & Calh (k)" (B.23)
Zz 1 Ui i—1 >ie1 Ui > Ua)

Estimation of the uncertainty

Let’s consider a general case, if we have measurement values of parame-
ters f1, ..., Bm provided by an inference procedure, the new set of parameters
M, ..., Nk, determined as functions of the measured ones. We want the uncer-
tainties on the new parameters. The covariance matrix C;; of the modified
parameters may typically be derived from the covariance matrix ©y; of the

original parameters as shown in [324]:

On; On;
Z 5%, 0ﬁjq (B.24)
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In our case, lets consider the equation B.11 and rewrite it as,

where
A= L PEIG)R(G)
Y e 3 P(E|C)Py(Cy)

The covariance matrix V' of the unfolded estimates n(C};) is following the

equation B.24 [328§|

(B.26)

VHC.AC) = 3 GeeBVInENn(ED GRS (B2D)
on(C;) . -
where (B in general is
an(C;) A(C;) OP)(C)) S n(Ey)e OP(C))
on(E;) M+ 5 Ry(Cy) on(E:) < lz; Po(C)) MM on(E;) (B-28)

The covariance V(n(E;),n(E;)) due to independent Poisson fluctuation, and
it is [328],
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APPENDIX C

HADRONIC TENSOR AND W
SELF-ENERGY IN NUCLEAR
MATTER IN THE CONTEXT
OF NEUTRINO-NUCLEUS
SCATTERING

This appendix includes remarks from [94] as well as the material given by [329].
It will be beneficial to have a general understanding of Neutrino-Nucleus Scat-
tering in the Many-Body Framework (MBF). This appendix does not provide
a step-by-step deduction.

In the electroweak Charge Current (CC) neutrino-nucleus inclusive



scattering we have, the following reaction,
l/l<k?)—|—AZ —>l_(k3/)+X, (Cl)

in the laboratory frame. The neutrino (v;) with momentum k& interacts with
nucleus A, and as a result we get the charged lepton with momentum (k') and
the recoil X. One can describe the double differential cross-section in terms,
for instance, in terms of the charged lepton kinematics [330, 331, 94, 332],
_ Ao _IRIG e (©2)
AUR)AE]  |k| 47
where G is the Fermi constant, E] is the energy of the charge lepton, L is the
leptonic tensor, and W the hadronic tensor. So far, the treatment is a regular
procedure. Then, we could decompose the Equation C.2 by writing the the
tensors, where we could introduce the structure functions for W and so on.

But, we want to do the procedure in the MBF [94].

The hadronic tensor is determined by W-boson self-energy, IT};7, per-
turbative expansion in the nuclear medium. For that purpose, the neutrino
self-energy is evaluated for a neutrino moving in an infinite nuclear matter

[94]. The process is represented in Figure C.1.

v(k) [=(k')
> >

v(k)
>

7

W*(q)

Figure C.1: Diagram of W-boson self-energy in a nuclear matter.
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The self-energy for a neutrino (with momentun k) moving in Fermi

gas, for instance, with a nuclear matter density p is given by [94],

r d4q T o o
Si0h0) = [ G T DT Dan)SWOTER), (€3
where D, (¢) is the propagator, in general has the following structure,
— G + Gul/Miy
D, (q) = , C4
w(4) @ — M2, +ie (C4)

where My, is the W boson mass and ¢ = k — k'. The I'*(k) and I'7(k) are
given by,

Ch(k) = a,(k) jﬁwu — ), (C.5)

) — z%ﬂl — 75)ur(k), (C.6)

where r represents the helicity of neutrino, g = esin 0y, e the electron charge,
and Oy is the Weinberg angle. The spinor normalization is wu = 2m. Finally
the lepton propagator S(k’) is given by,

Sy AN (C.7)

k" —m? + i€’
where m; is the lepton mass. Summing over all neutrino polarization, ¥, =
Y. 20 (k, p), then using the Cutkosky’s rules [333] (split by the dashed line in
Figure C.1, details, see [332]) to extract the imaginary part !, we can get the

cross-section in terms of W-boson self-energy (94|,

9

&0 y/;"\G_2<2\/§)2x
dQ(kNdk©  |k| 4
d’r u
[ G [LiatinlIt? + 1) - Ly Re(yf — AN, (C:5)

where ©(¢") is the Heavyside function, index s and a refers to symmetric and
anti-symmetric component of the tensor?. That way the hadronic tensor for

the Equation C.2 will be in term of W-boson self energy.

From optical theorem [334], where the imaginary part is directly proportional to cross-
section [329]
2Remember that WH = WH + Wk,
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In summary, the neutrino from the flux may disappear by inducing
many kinds of processes (introduced in the ‘blob’ of Figure C.1) such as one-
particle-one-hole (1plh), two-particles-two-holes (2p2h), A(1232)-hole (Ah),
etc., until it appears again. In the coming Appendices, we will have brief look

at these excitations.
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APPENDIX D

PARTICLE HOLE: 1P1H,1P1H~,
2P2H AND RPA

In this example, the setting is neutrino scattering with the nucleus. In Ap-
pendix C we saw how the MBF treatment was used to calculate the double
differential cross-section by incorporating W-boson self-energy. The purpose
of this appendix is to provide a general understanding of how the W-boson
self-energy increases. The first expansion term in 1plh! corresponds to the
QE process? when the W-boson is absorbed by a nucleon (see left diagram of
Figure D.1). The 1plhlm process comes next (right diagram if Figure D.1),
followed by the 2p2h phase (see Figure D.2). Finally, the linked Random
Phase Approximation (RPA) with the 1plh contributions to W-boson self-

energy accounts for the influence of medium polarization (see set of diagrams

Lrefers to 1 particle (p) - 1 hole (h) due to one particle going out, leaving a hole in the
nucleus.
2The QE process for a neutrino-nucleon scattering within the nucleus.



D.1. 1P1H

in Figure D.3).

D.1 1plh
In order to evaluate the self-energy for 1plh case, the propagator of the free

nucleon is needed (see [332] ),

1 . 2mi
p? — M?+ie  2E(p)

S(p;p) = (p+ M) 5(p° — E(p))O(kr — |p|)|, (D.1)

, where kp is the local Fermi momentum, M the nucleon mass, F(p) =
/M? + p?, and p the nuclear matter density. Given in equation D.1 we can
define G(p; p),

1 l 2mi
p?— M?+ie 2E(p)

G(p;p) = 3(p° — E(p))O(kr — |pl) (D.2)

Considering the nonsymmetric nuclear matter and taking into account the

vector and axial nucleon currents, the W-boson self-energy is given by [94],

2 4
v_ . g a°p : .
Iy = —i cos? 90<2\/§) / (27T>4A“ (p, Q)G (p; pr)G(p + ¢ pp), (D.3)

where 6 is the Cabibbo angle, A" (p,q) is the nucleon tensor. To get the

cross-section the W-boson self-energy should be added in equation C.8.

The nucleon tensor is given by,

A" (p,q) = Tr [D¥(q)(p+q+ M) (9)(p+ M), (D4

cos? Oc

where the I'* is the interactions vertex of W-boson, and it has the vector-axial
form

[H = VH— AF, (D.5)

According to [304, 332, 94] the vertex considers Lorenz invariance,
QCD symmetries, conservation vector current, and partial conservation of axial

current.
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D.2. 1P1H 1=

W*(g)

P(p’)

a = 1pi1h

Figure D.1: Diagram of W-boson self-energy in a nuclear matter, 1plh and
1plh 7.

D.2 1pilh Ir

The W-boson self-energy of the right diagram in Figure D.1 accounts for the
pion production in the intermediate states. In contrast to the previous case,
here we have a sum in the vertex which describes the W N — 7N’ and the pion

propagator needs to be taken into account to have the W-boson self-energy,

which is given by [233]

gy (52 f) 0 [ o [ Gl )G D)

x Tr(<p+MM%WWM»;) (D.6)

where p/ = p+q—Fkq, Do n nv. 1s the sum over all possible charge for pion and
nucleon, D, (k) is the pion propagator. J! account for part of the amplitude of
W+N — N'7* process, where \ is the charge of the pion. The contributions
of the amplitudes are coming from the seven Feynamn diagrams of Fig. 2
[273].As the aim of this appendix is to describe superficially the components
of the W-boson self energy for 1plhlm, the reader can find all the contributions
of J! explicitly in [233, 273].
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D.3. 2P2H

D.3 2p2h

In this case, the W-boson self-energy starts as the 1plhlzr (right diagram of
Figure D.1). However, the pion is interrupted by a second 1plh (see Fig-
ure D.2). The cut rule does not affect the pion; therefore, their propagators
contribute to the cross-section as virtual meson, which is known as meson

exchange current (MEC).

The W-boson self-energy for 2p2h follows similar like 1plhlzr except
the propagator part, and is given by [233],

i =i f) > [ [ .06 )G o)

« D2(ky) AR =20 R, (k)
m

™

el ((p + M) + M) jg) , (D.7)
where Fy(k.) is the pion form factor and it is,
(D.8)

2
where A, = 1.2 GeV and XY — (.08 [335]. The U, in equation D.7 is the
A

Lindhard function® for a 1plh by an object of charge A\ [233].

Figure D.2: Diagram of W-boson self-energy in a nuclear matter, 2p2h.

3A recommended book with discutions about the Lindhard functions is [336].
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D.4. RPA

In summary, the double differential cross-section of the inclusive CC neutrino
interaction is expressed in terms of the lepton and hadron tensor (d?c,;/dAdB ~
L,,W#%). The hadron tensor is determined by the W-boson self-energy (IIj}?(¢)
of Figure C.1) in the Many-Body Framework (MBF) treatment for a given nu-
clear medium. The important part then becomes on what kind of processes
we include in the W-boson self-energy (the ‘shaded’ with the region in Figure
C.1). So, by introducing a 1plh process, for instance, we can get the QE in-
teraction, or by introducing the 1plhlw, we can get the pion production, and

SO on.

The hadronic tensor is not just replaced by the W-self energy, instead,
the self-energy of the neutrino is evaluated (represented diagrammatically in
Figure C.1). On the other hand, it turns out that the imaginary part of that
process is equivalent to the nuclear cross-section due to the so-called optical
theorem. The theorem takes advantage of the unitary nature of the S-matrix
(it can be understood as a matrix that has the time evolution information of
all the initial and final states [337]). Finally, in order to get the imaginary
part, a set of rules (Cutkostky’s rules [333]) is needed.

The more complex the process we want to introduce, the more com-
plex the W-boson self-energy becomes. In this appendix, we superficially in-
cluded 1plh, 1plhlw, and 2p2h, but we can have W-boson self-energy that

involves delta particles, and so on.

D.4 RPA

The nuclear environment yields an additional effect, a deviation (usually quench-

ing) on the value of the couplings (axial-vector) [338],

94 = qgte, (D.9)

where ¢ is denominated quenching factor, g'*® is the free-nucleon value of

the axial-vector coupling. In other words, the strength of the electroweak

couplings may vary from their free nucleon values due to the bound nucleons
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D.4. RPA

in the nuclear media. This effect can be interpreted as a long-range correlation
due to its medium polarization effect. The method used by [94] to introduce
that effect in the neutrino-nucleus is by replacing the 1plh excitation with a

Random Phase Approximation (RPA) response.

The RPA response was initially derived by [339, 340, 96| without
the diagrammatic technique, which latter was justified by [341]|. The ‘random

phase’ name remains more historical than an actual random process.

W*(q)
W+
WH(q) @ W*(g)
) y y 1%
1% AV AN
+ N + + V AAVEE:
h v\ A~
N
u
W*(q) H
W*(g) W*(g)
W*(g)

Figure D.3: Diagram of W-boson self-energy in a nuclear matter. Figure based
on [94].

The Figure D.3 shows an infinite series of irreducible diagrams to
account the RPA in 1plh process. So, the diagrams can be expressed in

general terms as [329],

> " (contributions) = U(q) + U(q)V(¢)U(q) + U(q)V (@)U (q)(q)V ()T (q) +- -

(9)
1-U(g)V(g) (D10

where U(q) represents the propagator and it can be expressed as a non-

relativistic Lindhard function. In the example diagram of Figure D.3, V lines

stand for an effective interaction.

Page 262



D.4. RPA

So, returning to the discussion about the couplings, only axial cou-
plings are more likely to vary? due to pionic effects changing the nuclear re-
sponse functions [342|. Because of the link between the partial axial-vector
conservation and pion field, or called PCAC relation, in the nuclear environ-
ment [343]. So, in a realistic case, the particle-hole is described by mesons
m and p exchanges. The effective interaction V for the particle-hole, can be
[233],

3
V = col{ folp) + fo(p)TiTa + go(p) 5152} + TiT2 Z oo ViT(q) (D.11)

ij=1
V is Landau-Migdal type interaction [233], and the coefficients co, fo(p), fi(p),

g0(p), g4 (p) are determined in [344, 233]. & is the Pauli matrix in the spin space
and T in the isospin space [233]. The last part of the equation D.11 is,

ViiT = aq;Vi(a) + (65 — 4:95)Va(a), (D.12)
where )
PIAz=—m\_ &
Vilq) = mz|\azzg ) gom2 +g,(q) (D.13)
P AN ,
-2 D.14
Vi) o T ey g,(q) (D.14)

where ¢’ is the Landau-Migdal parameter.

40ther couplings, like charge couplings, are prohibited by the conservation of vector
current.
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APPENDIX E

CROSS-SECTION
UNCERTAINTY
UNDERSTANDING

In this appendix, we are focused on understanding which of the components
of the MnvTune.v3 ( in this appendix referred to as newCV too) models are
affecting the uncertainty in the data cross-section. The plot in question is the

upper left in Figure E.1. At high FE,..; there is a large uncertainty.
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Figure E.1: Low ¢3 region fractional uncertainty. Understanding the sec-
ond g3 panel, we compare newCV:MnvTune.v1.2, newCV:newCV(no SuSA),
newCV:MnvTune.v1.2 with removal energy, newCV:newCV(no removal en-
ergy). In this context newCV means MnvTune.v3. The red line represents
60%, back lines represents 45% and green line represents 25% of the fractional
uncertainty.

The uncertainty is addressed by counting the difference in data un-
folded by different MCs. The upper right side (newCV:MnvTune.v1.2) means
both have removal energy and Bodek-Ritchie tail enhancement. But, the only
difference is the SuSA2p2h. in other words, it is missing SuSA2p2h in one
of the MC, and as a consequence, it is returning large uncertainty. Second,
the left plot at the bottom (newCV:MnvTune.v1.2 with removal energy) says
that the difference is in low recoil 2p2h enhancement and SuSA2p2h, so, in
conclusion, the removal energy contributes but is not that much larger than
SuSA2p2h. Finally, the bottom left plot (newCV:newCV (no removal energy))

says that if both have SuSA2p2h, the large uncertainty reduces significantly,
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confirming the left-side plot conclusion.

Truth 2p2h type Reco 2p2h type
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i | Default MEC | = Default MEC
a8 ! Default MEC + tune | = Default MEC + tune
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['7) t w
‘s | ‘b
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T '—1.__ )| ——
[ —F oA 08 02 A [ R - E— Y 0.6 02 4 o
Truth Available Energy (GeV) Reconstructed Available Energy (GeV)

Figure E.2: Reconstructed 2p2h and truth 2p2h for SuSA2p2h, default MEC
and default MEC withlow recoil tune.

Previously we identified the largest contribution of the uncertainty;
now, let’s focus on understanding why that happens. Figure E.2 shows the
truth and reconstructed distribution for all the three components of the 2p2h
contributions. It turns out that the bin causing the problem is not affected
by the low recoil tune (no enhancement at all). In that particular bin, the

comparison is direct with what default Valencia MEC gives.
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Figure E.3: Ratio of double differential cross-setion with SuSA over Valencia
default MEC.

In Figure E.3 the ratio of SuSA2p2h over MnvTune.v1.2 is shown,
and the plot in question is pointed by the arrow. This particular bin is where
the a large difference between SuSA2p2h and Valencia. The Default MEC
enhances the dip region while the SuSA 2p2h enhances the A region.
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APPENDIX F

REMOVING THE UNPHYSICAL
EVENTS OF THE EXTENDED
2P2H SAMPLE

In order to use the SuSA 2p2h prediction the Valencia 2p2h model should
be extended the to higher g3 regions (g3 < 2.0 GeV ). However, the Valencia
model has a non-relativistic component to the calculation (see high g3 region
of Figure F.1), it produces an unphysical prediction especially at high g3 but
low Q2.



Figure F.1: Extended 2p2h distribution in truth variables (g¢s,qo) with unphys-
ical events at high g3 region.

To remove the unphysical events an additional weight reduces the
prediction to zero in that region, keeping the Valencia prediction at lower

energy transfers. The weight has a W and ¢y dependence.

1500

1000

True d, (GeV)
True q b (GeV)

15 0 0.5 15 2

1
True W (GeV)

1
True W (GeV)

Figure F.2: Right side, truth W and qq before weight to remove the unphysical
events. Left side, same distribution with the removing weight.

In Figure F.2 the weighting function reduces to zero for events (W >
1.7 GeV), and between 1.5 to 1.7 GeV negative linear weight was applied. In
addition, the ¢y has the same treatment in the region from 1.8 to 2.0 GeV.
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Figure F.3: The weight function in the truth ¢y and g3 distribution designed
by Richard Gran.

After re-weighting the distribution (qg, ¢3) with the function shown

in Figure F.3 is illustrated in Figure F.4.

Figure F.4: Extended 2p2h distribution in truth variables (gs,q0) without un-
physical events at high ¢3 region.
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APPENDIX G

CROSS SECTION
COMPARISON WITH GENIE 3
VARIATIONS

In this appendix, the double differential cross-section is compared with other
configurations of GENIE 3. The labels of the configurations represent different
variations on the modification on the ground state, interaction types, and

(more importantly) in the final state interaction [294, 301].

The comparison are presented in Figure G.1 and the ratios respect

to the MnvTune.v3 are presented in Figure G.2.
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Figure G.1: Data double differential cross-section as function of F,..; and gz,
compared with MnvTune.v3, MnvTune.v1.2, and GENIE3 (variations).
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Figure G.2: Data double differential cross-section as function of F,.; and gz,
compared with MnvTune.v3, MnvTune.v1.2, and GENIE3 (variations) Ratios.
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APPENDIX H

CROSS SECTION y? AND
COVARIANCE MATRIX

In the present appendix, the y? and covariance matrix is presented. For the
MnvTune.v3, MnvTune.v1.2, NuWro FS, NuWro LFG, and GENIE 3 (10a).
Then, an evaluation of the contributions of each systematic uncertainty (Flux,
Hadronic Energy, Muon Reconstruction, RPA, FSI, Interaction Models, and
Signal Model) on the x? is displayed. Finally, a combination of the system-
atic uncertainties (FSI+Interaction Models, Flux + Hadronic Energy, Flux
+ Hadronic Energy + Muon Reconstruction, and Hadronic Energy + Muon

Reconstruction) are presented.
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Figure H.2: x? comparison mc:MnvTune-v1.2
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Figure H.3: x? comparison mc:NuWro SF
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H.1. CROSS-SECTION y? COMPARISON DIAGONAL/FULL COVARIANCE
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Figure H.5: x? comparison mc:GENIE3-10a
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H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

H.2 Cross-section y? and covariance matrix (systematic)

Full Covariance matrix with only Flux uncertainty

Covariance Matrix FLUX ONLY

x 10—78

2.5

15

0.5

Figure H.6: covarianve matrix with only flux uncertainty

Only Flux Systematic
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|
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10000

Figure H.7: 2 full covarianve matrix with only flux uncertainty
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H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

Full Covariance matrix with only Hadronic energy uncertainty

Covariance Matrix Hadronic Energy ONLY
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Figure H.8: covarianve matrix with only hadronic energy uncertainty

Only Hadronic Energy Systematic
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Figure H.9: 2 full covarianve matrix with only hadronic energy uncertainty

Page 278



H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

Full Covariance matrix with only Muon energy and angle uncer-

tainty
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Figure H.10: covarianve matrix with only Muon reconstruction uncertainty
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Figure H.11: x? full covarianve matrix with only muon energy and angle un-

certainties
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H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

Full Covariance matrix with only RPA uncertainty

Covariance Matrix RPA ONLY
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Figure H.12: covarianve matrix with only RPA uncertainty
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Figure H.13: 2 full covarianve matrix with only RPA uncertainty
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H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

Full Covariance matrix with only FSI uncertainty

Covariance Matrix FSI ONLY _

x10 78

Figure H.14: covarianve matrix with only FSI uncertainty
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Figure H.15: x? full covarianve matrix with only FSI uncertainties
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H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

Full Covariance matrix with only Interaction model uncertainty

Covariance Matrix Interaction Model ONLY
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Figure H.16: covarianve matrix with only Interaction model uncertainty

Only Interaction Model Systematic
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Figure H.17: 2 full covarianve matrix with only interaction models uncertain-
ties
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H.2. CROSS-SECTION yx? AND COVARIANCE MATRIX (SYSTEMATIC)

Full Covariance matrix with only Signal Model uncertainty

XZ
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Figure H.18: covarianve matrix with only Signal Model uncertainty
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Figure H.19: 2 full covarianve matrix with only Signal model uncertainty
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H.3. CROSS-SECTION x? (SYSTEMATICS UNC. COMBINATIONS)

H.3 Cross-section x? (systematics Unc. combinations)

Full Covariance matrix with only FSI 4 Interaction model uncer-

taintes
Only FSI + Interaction Model Systematics
B 70000 Ea;: Bin 1: q;: Bin 2 ! q; Bin 3 ! q: Bin 4 ! q; Bin5 ! q; Bin 6
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— ! ! ! ! 1 =— NuWro SF
500001 — : : : | —NuWrOLFG
C l l l l l — GENIE3 10a
40000 | | | | |
30000— | 1 1 1 1
20000 |— ;
10000 — ! ! ‘ !
0 5 10 15 20 25 30 35 40

Figure H.20: x? full covarianve matrix with only FSI and Interaction model
uncertainties
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H.3. CROSS-SECTION x? (SYSTEMATICS UNC. COMBINATIONS)

Full Covariance matrix with only Flux + Hadronic energy uncer-

tainty
Only Flux + Hadron Energy Systematics
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Figure H.21: x? full covarianve matrix with only flux and hadronic uncertain-
ties
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H.3. CROSS-SECTION x? (SYSTEMATICS UNC. COMBINATIONS)

Full Covariance matrix with only Flux + Hadronic energy + Muon

energy and angle uncertainty
Only Flux + Hadron Energy + Muon Energy and Angle Systematics
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Figure H.22: 2 full covarianve matrix with only flux, hadronic energy, muon
energy+angle uncertainties

Page 286



H.3. CROSS-SECTION x? (SYSTEMATICS UNC. COMBINATIONS)

Full Covariance matrix with only Hadronic energy + Muon energy

and angle uncertainty
Only Hadron Energy + Muon Energy and Angle Systematics

< 70000 Ea, Bin 1: q: Bin 2 ! a;: Bin 3 ! a: Bin 4 ! a;: Bin 5 ! q, Bin 6
60000 [— 1 1 1 1 | — MnvTune-v3 x 4
- i i i I I — MnvTune-vl1.2 x 4
— ' ' ' ' ' — NuWro SF
50000 — ! ! ! 1 \ — NuWro LFG
C l l l l l — GENIE3 10a
40000— | | | | |
30000— | 1 1 1
20000F- ; 1 ;
10000 — ! ! !
oF——

Figure H.23: x? full covarianve matrix with only hadronic energy, muon en-
ergy-+angle uncertainties
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APPENDIX I

SUSAV2 QFE

Its implementation is a hadron tensor. It pulls one target nucleon from a
GENIE Local Fermi Gas and then gives it energy and momentum transfer
in the lab frame to send it out in the nucleus to be FSI re-scattered [260].
The general feature of the SuSA QE compared to the GENIE GFG, is that
GENIE has a more narrow effect on the QE peak, and SuSA QE extends on
the tails, contributing to the dip region between the QE and the Delta (see
Figure 1.1 and 1.2). This feature of putting events in the dip region had the
same SRC motivation as the spectral function and the Bodek Ritchie tail and

our enhancement of it.
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Figure I.1: SuSAv2 QE cross-section in function of ¢y and ¢3 on the left, and
the right hand side plot GENIE with GFG cross-section in terms of ¢y and ¢s,
plots taken from [260]. Z-axis represents the cross-section.
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Figure 1.2: Ratio plot from SuSAv2 QE cross-section over GENIE with GFG
cross-section in terms of ¢y and ¢3. The enhancement on the high energy
transfer side is unmistakeable, compared to the Global Fermi gas. Plots taken
from [260]

Effect of SuSAv2 QE on low recoil sample

For the SuSAv2 QE the RPA effect is turned off. The difference between
SuSAv2 QE (RPA turn off) with nominal is around 40% maximum at the low
g3 region. However, the higher contrast in QE events is more than 60% in the
tails of QE distribution shadowing from other contributions (Figure 1.3), as is
expected from the 2D ratio above (Figure I.2). Compared with the data, higher

g3 agrees better and is not the case at low g3 where the nominal MC works
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better (Figure 1.4 and 1.5). Compared with the previous Bodek-Ritchie tail
enhancement, SuSA-QE preserves the quasi-elastic rate. The data prefers the
overall increase in quasi-elastic as much as the increase in the dip region. The
second observation from [260], the simulation of the resulting ejected nucleon
in the SuSA implementation in GENIE is suspicious [345] and anyway can not
be reproduced by simple re-weighting. The FE,,.;; prediction not only does not
describe data, but it also does not describe the SuSA prediction. We will not
use this iteration for the newCV (referred to in the thesis also as MnvTune.v3)

and hope a better implementation is available in the future.
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In red the Total MC and in blue QE event types.
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APPENDIX J

MINERvA COLLABORATION

Figure J.1: MINERVA Collaboration meeting Pittsburgh, USA 2019
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