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Abstract

Understanding of the 7 production via anti-neutrino-nucleus charged current interaction in
the neutrino cuergy region of 1-10 GeV is essential for neuntrinoe oscillation experiinents. In this
thesis, we present a measurement of charged current 7" production fromn anti-nmon neutrinos
scattering on a palystyrene scintillator (CH) target in the MINER A experiment. A methad for
selecting and reconstructing CC7nY events is presented. The =% and g are fully reconstructed
in the final state allowing for the measurcment of the final state kinematics and the nentrino
cnergy. We describe the two methods developed in this analysis for #° reconstruction i the
MINERyA experiment: [Tough Transform and Angle Scan. Interacting ncutrinos have energy
~ 3.0GeV and 7 have energy ~ 0.3GeV . The total CC7" inclusive crass-section is presented
as a function of neutrino energy and Q2. The total C('CrY exclusive cross-scetion is presented
as a function of neutrine energy, 32 and the final state kinematics. Cross Section ratio Letween
OO exclusive and CCn" inclusive for data and Monte Carlo arc presented, Neutrino beau
data corresponding to 1.019 x 10% protons on target have heen analyzed. For CCn% inclusive
sample we reconstructed 801 events, and for CC=" exclusive sample we reconstructed 514

ovents.
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Chapter 1
Introduction

Neutrino physics has been a very active field both experimentally and theoretically. Neutrinos
play a verv important role m varions hrauches of subatomic physics as well as in astrophysics
and cosmology. Currently there is evidences that neutrinos have mass [1] and can change favor
12].

In this thesis we deseribe our work in the Main Injector Neutrine Experiment for v — A,
known as MINERrA |, a neutrino scattering experiment that uses Fermilab NuMI hcamline.
This thesis presents the first measurement of cross-sections for p-Induced Charged-Current 7¢
Production, for hoth inclusive and exclusive processes.

Chapler 2 introduces basic aspects of neutrino physics and hriefly describes the history of
neutring from its theoretical conception to the present day.

Chapter 3 describes the NuMI beamline and the MINERvA experiment.

Chapter 4 describes the two methods that have been developed for identification and re-
construction of #™s {Ilostgh Transform and Angle Scan) and then analytically compares both
algorithms to maximize the reconstinetion in the 0 — 2 MeV region.

Chapter 5 describes the simulation, event reconstruction and the event selection.

Chapter 6 presents the caleulation of the cross-section for C'C7" inclusive and ('C'7" ex-

clusive as a function of the neutrino energy, Q2% =° encrgy and the angle Dhetween 70 and

;.
Chapier 7 summartzes our results and presents the eonchusions.
We add three appendixes to this thesis. Apendix A shows a test of our methods applied
to a v, sample. Appendix B shows resolition and quality plots for the analysis. Appendix C

describes the method of diseriminating between electrons and photons by the deposited cnergy.




Chapter 2

Neutrino Physics

2.1 History

Ncutrinos are light neutral particles that do not interact through the strong nuclear force.
When it meets matter, a neutrino travels deep to nucleon, then it cither continues on as a
nentrino or change to its associated lepton. In 1911, an experiment realized by Von Bayer,
Otto Hahn and Lise Meitner |3] suggested that the energy emitted in the 3 decay has a con-
tinos rather than discrete spectrum, This observation was in contradichion with the enecrgy

conservation law since, apparently, there was energy loss in the process,

In 1927 Elis ¢ Wooster [4] stablished, without doubts, that the energy spectrum of the 3
decay is. in fact, continuous. In radioactive decavs a uncleus changes into different wucleus

when a nentron decavs into a proton with the emission of an electron and an antineutrine.
n—pte+v (2.1)

In the absence of the antineutrine, cnergy conservation requires the electron and the pro-
ton to share the neutron energv. [owever, experiments showed that those electrons are not
monoenergetic but present a continuous energy distribution that corresponds exactly to a 3

particle final state where the pariicles share the energy.

In an open letter to Liebe Radiocktive Damen und Herren' In a physics conference in Tub-
ingen, Germany, in 1930 Wolfgang Pauli proposed{3] that the existence of a nentral weakly
mteracting fermion emitted i the 3 decay could solve the problem. This neutral fermion, with

mass cloge to the electron mass and ne eclectric charge, was called neutren. When in 1932

'Dear Radicactive Ladies and Genslemncen

A%




Chadwick discovered the nentron that we know todayl6] Fermi called 1Pauli’s particle neutrino
(little neutron) to diferentlate it from the heavy Chadwick’s nentron. In 1933 after comparisons
between Termi |7] and Perrin [8] spectrums it was postulated that the neutrino should have no

MRS,

In 1934 Fermi[9] nsed Dirac,Heisenberg and Pauli’s quantum electrodinamics to formally
develop the F decay theory. Tn 1956 Reines and Cowan[10] made the first direct observation of
the neutrino. They emploved a nuclear reactor as a source of 1 MV antineutrinos and a target

of water and cadmilum chloride to observe the reaction?

—
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]

—

"1?0+;)—H1+c*'

In 1958, Goldhaber observed that neutrinos have left hand helicity 1] and in 1959 Davis
showed that a v can be distinguished from its antiparticle 7 [12]. In 1960 an experiment by
Lederman |13] at the Brookhaven Alternating Gradient Synehrotron{AGS) detected a new type

of neuatrino, the v,

In 1973 the Gargamelle glant bubble chamber at CERN announced the experimental ob-
servation of the weak neutral currents|14]. Experiments with solar nentrinos began on 1968
when Davis [15] revealed a discrepancy between theoretical predictions and the measured solar

neutrino flux. This discrepancy came to be known as the solar neutrino problem.

A discrepancy between the expectled and the measured flux was also observed in experiments
with atmospleric neutrinos that registered the apparent disappearance of muon neutrinos in a
few hundred kilometers of propagation. Experiments that measured the flux of solar neutrinos
found results suggesting that electron neutrinos disappeared in the traveliug distance between

Sun and arth.

These results led Gribov and Pontecorve|16], in 1968, to describe neutrino flavor oscillation if
the neutrinos have mass. The disappearance of atmospheric neutrinos (1,) and solar newirinos
(v, ) is not easy to explain in oscillation terms i mass terms are not included. It is important

to notice that noeutrino oseillation is not predicted by Standard Model.

The very small interaction probabilily required the very intense flux of amtineutrinos provided by the reactor

add a very large volume of the target.




It has been a long journey since the pionecrs hitherto during which we have witnessed an
mtense experimental and theoretical activity aimed at a better understanding of neutrino in-
teractions with nucleons and nuelei. The discovery of the neutrinos and neutrino oscillations
started a new cra of physics.We have found evidences thal neutrinos have mass a fact that
goes beyond the Standard Model. Many important ncutrino beam facilities have been built al

JPARC, CERN and Fermilab in the past vears aimed at the detatled study of newirinos.

2.2 Neutrino Properties

several properties of neutrinos have already been obscrved and measured like the ones

briefly described below.

2.2.1 Neutrino Flavors

The standard model of particle physics contains three neutyino flavors: v, v, and v, Fach
neutrmoe forms a doublet with a corresponding charged lepton. The v, was discovered not even
13 vears ago|17]. The number of neutrinos partivipating i the electroweak interaction can be
determined by the ZY decay width. 1t was beautifully confirmed at LI2P (CERX)]18, 19, 20, 21].

long before the observation of the v, that there are only three light neutrinos.

In 1995 LSND claimed that three nentrinos were not enough to explain thetr results and
introduced a sterile nentrino |22[. This sterile neutrino does not undergo weak interactions nor
interacts in any other way {(except gravity), MiniBooNE resubts from late March 2007 showed
no evidence of muon nentrino to electron nentrino oscillations in the LSND region, refuting a
simple 2-neutrino oscillation terpretation of the LSND resubts. More advanced analvses of

their data are currently being undertaken by the MiniBooN1® collaboration.

2.2.2 Helicity

Wu showed in the late 19508 that parity ts violated in weak interactions|23] and Goldhaber[11]
observed that neutrinos have spin antiparallel to their momentum (left-handed) and antinen-
trinos have it parallel (right-handed). Therefore, only Icfi-handed neutrinos and right-handed

antineutrinos are inclided in the Standard Model.

2.2.3 Neutrino mass

Carrently, the absolute values of the neutrino masses are unknown. The Standard Model

assumes that neutrinos are massless. However, no fundamental aspect of the Standard Maodel




forbids massive neutrinos and it is quite straightforward to insert neutrino mass terms into the
Standard Model Lagrangian. There are two basic methods to generate neutrino mnass terms

that are both gauge and Lorentz invariant|24).

Dirac mass. Thisis obtaiued by introdncing extremely heavy right-handed nentrinos which
have not vet been obscrved. These noutrinos appear in many Grand Unified Theories. The

mass term in the Lagrangian is therefore:

Lpirae = (U Mug +v My, ), (2.3)

whiere ), are the neutrino flavour eigenstates and M 18 the 3x3 neutrino mass matrix.

Majorana mass. A massive Majorana neutrino can be created by modifving the IHiggs
sector in the Standard Model. An additioual singlet, doublet or triplet is added to the onginal
Higgs doublet, although this introduces a new mass scale in the form of the Ihggs vacuum

expeclation value. The mass term mn the Lagrangian is:

1
hrarL A, 3 3
‘C.-'l.'rr?,_jm‘rr.-nn = 5”1’. ;1!1/}; + h.e. (2*1)
In this case neutrinas are their own anti-particles since v is a right-handed neutrina. These
mass lerms violate lepton number conservation by two units and their presence could be indi-

cated by the observation of neutrinodoublie beta decay, nuclear transitions of the type,
(Z7.A) = (Z —2.A)+ 2¢—, (2.5)

which arc only possible in the presence of massive Majorana~-type neutrinos. The pon-abservation
of this transition in current experiments scts a limit to the mass of the eleetron neutrino of my,

- 0.5eV if the v, is assumced to be a Majorana particle.

2.3 Weak Interactions

Since Panli’s prediction of the neutrino, this particle has played an important role n the
imderstanding of the weak interactions. Fermi was the first to include the neutrino in the

description of the f-decay process.

In the Standard Model, neatrinos are considered massless and purely left-handed. This is
in contrast to the experimental evidence for non-zero mass neutrino as discussed previously.
HHowever, even though the non-zero mass is necessary for neutrinoe oscillations, il is not at all
important for neutrino nuecleon scattering simply because it is too small. This tiny mass wll

not affect any of the calculations, therelore, we can assume it to be zevo in all that follows.




Hisrorically, the neurrino-lepron charged current and nencral-current interactions have bheen
ased to study the nature of the weak force in great detail. The electroweak interaction is
part of the Standard Model and is hased on a local ST(2) x U({1) gange svmmetry. After
spontaneaus svimetry breaking via the Higgs mechanism we get tfar the interactian part of the

Lagrangian,|25]
Lt = Lo + Lo+ Lpu (2.6)
The weak charged current (CC) couples with the charged W boson field, the weak neutral

current (NC) conples with neutral Z bosan and the clectromagnetic current{EM) couples with

the photon field. The leptonie part of the Langragian is schematically shawn in Fig.2.1.

o >~~ Wi >—— PR >—— zZ1 >v-

Figure 2.1: Leptonie part of the interaction Lagrangian (I — e, poor 7 )

-+ 15 the charged ¢nrrent Lagrangian rthat couples Tinos and anti-neutrines via a -
Lee is the charged t Lagrangian that couples ncutrinos and anti-neutrinos via a Wt

boson to their charged lepron partners and vice versa, is desceribed by equation 2.7.

.q s T “ r e
— ,C(_,‘(_F = 7 (J{{ “r m "f j{iT HJ) (2 i )
2v2

The second type of interaction, Lye s the neutral current Lagrangian that couples neutrinoes

and anti-neutrinos via the Z° boson, is given by equation 2.8.

q "
— Lye = ——— 47 2.8
e ‘2(_:0591.;-J4 " (28)

. here W and Z, vepresent the heavy gauge boson field. g is the weak coupling constant.
Ay is the Weinberg angle. These are the only possible neutrina interaetions in the Standard
Model. Using this formalism, it s possible ta articulate all neutrino interactions [26] within
this simple framework.

The leptanic charged weak current jij. is given by the farmn,

}ﬁ' = 2 Z DI.-.NA,"”EQL f\?g)

(r=ro T

The leptonic neutral-current term, j% . describes the exchange of the neutral boson Z°,

j;/l =2 Z .ff};,f}nf,ﬂ.’)“vn-f, + gifaLﬁf“IQL + .q‘.f';ﬂ_nf,ﬂ."fﬂfu 4 (210)

=6 41,7




Here virigy and lypm correspond to the left (right) neatral and charged leptonic fields,

while g} _{]{ . and _qﬂ; represent the ferrion left and right-handed couplings. Tabie 2.1, details

these vales.
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Table 2.1: Values for gy (vector), ga (axial). g;, (left) and g (right) coupling constauts for the

koown fermion fields

2.4 Neutrino in the Standard Model

The standard model is the theory that describes fundamental particles and how they
mteract. The standard model is conceptnally simple and ecomprehensive. It is a most succesful
theory with various measurements confirming its predictions. It is. however, incomplete sinee
it does not describe everything (gravity, for instance. is not included). The Standard model is

only able to describe three of the four forces®.

Evervthing around us is made of matter particles and complex interactions, that could be
cxplained with only 6 quarks, 6 leptons and force carrier particles, sce table 2.2, Quarks and
Leptous consist of six particles, which are related in pairs, or generations. The lightest and most
stable particles make up the first generation, whereas the heavier and less stabic particles helong
to the second and third generations. Force carrier particles (hosons) mediate the interactions:
gluous for the strong interaction; W= and Z° far the weak interaction and the photon far the

clectromagnetic interaction,
The Standard Modcl (SM) is based on the gauge group. with three fermiow gencrations,
where a single generation consists of five different representations of the gauge group equation

2.11

GSM = SU(Be x SU(2) x U1y (2.11)

Fthe strong foree, the weak force and the electromagnetic foree

-]



QUARKS

Quatks Mass Electrie charge |
up {u) 23757 MeV - ¢? 13
down (d) 4.8 3?5 MeV/e? ——l;
strange (s) 955 MeV /¢ —3
charm (¢) 1.27540.025 GeV i¢? —i—%
bottown () L65£0.03 GeV i ¢? X
|' top () 173.540.6 & 0.8 GeV /¢ 4.2

LEPTONS
Leptons Mass Electrie charge |
electron (e) 0.510998928 + 0.000000011 MeV /2 -1 |
electron neutrine (v, ) < 2 eéV/ic? (1
muon (1) 105.6583715 £ 0.0000035 MV /2 -1
muon nentrino (v,,) < (.19 MeV /¢? 0
fant () 1776.82 + 0.16 Me\ /¢ -1
tau neutrino {z;,} < 18.2 MeV /¢? 0 i
BOSONS
Bosons Mass Electric charge
photon(~) < 1% 1075 6V /¢ 0 |
W 80.3854% (1.015 Ge\'/¢? +1
A 91.1876 + 0.0021 GeV/e? 0
gluon {g) 0 0
Higgs 125 GeV/e? 0

Table 2.2: Particles in the SM [27] [28] |29]




The Standard Model of weak and electromaguetic interactions was first proposed in 1967
by ASalaun(30] and S.Weinberg|31]. The neutrino interactions within the SM are given by
equations 2.7 2.8 where SM has three active neutrinos. The nentrinos reside in six left-handed
weak isospin doublets® and nine vight-handed singlets, see table 2.3, where N, is the number

of neutrino flavors.

Li(12-472) Q32 1) | Ex(L.1-1) Ua(3.L, 2/3) Dp(3.1.-1/3)
(!:J L (E ) I CR [ dp
(;ﬁ ) L (() L H i R S
(7)., (), n t by

Tahle 2.3: Three matter fermion generations. Fach generation consists of five different. repre-

sentations of the gange group

The measurement of the decay width of the ZY boson inta neutrinos makes the existence of
three. and only three, light (that is, m, < mz/2) active neutrinos an experiental fact, When
expressed in units of the SM prediction for a single neutrino generation, onc gets:

N, =2994 = 0.012 (Staudard Model fits to TEP data) (2.1
2.

"o

N, = 3.00 1 0.06 (Direct measurernent of invisible Z width)

2.5 Oscillation

The discovery of non-zero neutrino masses is closely related to the discovery of neutrino os-
cillations. Neutrino oscillations are ouly posstble with massive neutrinos due to a distinction be-
tween flavor and mass eigenstates. The idea was first introduced by Gribov and Ponteeorvo[16].
The principle s analogous to the thne evolution of a classical conpled oscillator starting with
an excitation that is not a normal mode. For sunplicity we consider a system with only two
neutrinos.  Neutrinos produced in charged carrent interactions are flavor eigenstates denoted
as v, and v,. Those cigenstates have no well defined mass and are lincar superpositions of the

mass eigenstates vy and v, with masses my and e, respectively:

|ve) = |v1)cost + |v)sing, (2.13)

lvut = —|v1)sind + lve)cosd, (2.14)

1ihe right-handed neatrinos are not included in the SM because the neutrines ineract only weakly and are

presuined assless i the model

9




where ¢ is the neutrino mixing angle. At time t = 0 we have a pure weak eigenstate, say
|(0)) - jv). But p, is a superposition of the mass eigenstates cach of which is propagating
with the tirne dependence dictated by the free Hamiltontan, Therefore at a tine t the state
will be given by

() = —|vn)sinbe B 4 i) cosfle T {2.15)

o B ¥ 2 B A . - . -
(PP 4+t ~p+ ”;11]..:_ The probabilityv of finding a neutrino with electron

where £ o =

flavor is then

P = veit) = [l

= .s:inzfir;ofb'] —eTiE 4 Ff_iE2t|2
. At (2.16)
g 24 .2 .
= ginBeos Osin® | -
1K
} : Am?L
9 22
= gin‘Beos Bsin® | ———
iF )

where Am? = m3 —m? is the squared mass difference and E = p. The last equation is vatid
for highly relativistic particles (L = t) with L being the travelled distance.

Note that ouly the mass difference squared appears, hence measuring oscillation probabilities
will not give absolute values of the neutrino masses. it can only say definitely that at least one of
the lwo neutrinos ias a non-zero mass. The two-favor-oscillation selienie can be casily extended
to three flavor mixing. The nentrino mixing Pountecorvo-Aaki-Nakagawa-Sakata matrix then
contains three angles #y0, $iy. fuy, one Dirac CP violating phase and possibly two Majorana
phases. Further we have three squared mass differences: Ami,, Ami,, Am3, Since the off-
diagonal inatrix elements seemn to be large. also CI* violation might be larger than in the quark

sector.

2.6 Neutrino Interactions

To describe neutrino interactions, we must mention geuncral information coming {rom D.
Selimitz talk on neutrinos 32|, "Everything we see around us is made of only three particies:
protons. neutrons and eclectrons". So, a natural question rises: is the cntire universe made
only of these three particles. We kunow that for every protou, neutron or clectron, the universe
contains 1 billion neutrinos. H we talk about the probability that a neutrino interacts with
matter, we must take a deep breath and digest the idea that a typical neutrino from the Sun

would pass right through 10 quintiilion pcople standing in line and not interact with any of

10




them. Nentrinos are not rare in the nniverse; therefore it is important have a comprehensive

knowledge about them.

[n the last decades, sctentists have detected and measured neutrinos from a variety of sources,
both natural and man-made. Knowledge of the neutrino interaction cross sections is an im-
portant and necessary key in any measurcment, of neutrinos. With the advent of new precision
experiments, like MINERpA | the demands on our understanding of neutrino interactions is

mereasing.

There is a summary of all nentrino interactions [33], where the authors, first establish the for-
malism of nentrino interactions by considering the simplest case of nentrino-electron scattering,

then they shift to neuntrino interaction cross sections at,
Thresholdless processes: F, = (0 — 1M ¢V
Low-energy nuclear processes: £, =1 — 1004/eV
Intermediate energy cross sections: E, = 1 — 20Gel’
High-energy cross sections: £, = 20 — 300GeV
Ultra-high-energy neuntrinos: F, = 0.57¢l — LEcV

We concentrate our study in the intermediate cnergy® where several distinet neutrino seat-

tenig mechanisms start to play a role, The optious fall into three main catcgories:

e Elastic and quasielastic scattering: Neutrinos can clastically scatter off an cutire
nucleon liherating a nucleon (or muitiple nucleons) from the target. In the case of charged
current neutrino scattenng, this process is called as "quasiclastic scattering” and for

neutral-current scattering this is traditionally referred to as Pelastic scattering”.

¢ Resonance production: Neutrinos can excite the target nucleou to a resonance state.
The resulting barvonic resonance decavs to a vaviety of possible mesonme final states

producing combinations of nucleons and mesons,

e Deep inelastic scattering: Given enough cnergy, the neutrino can resolve the individual
quark constituents of the nucleon. This is called deep inelastic scattering and manifests

with the creation of a hadronic shower.

5This energy range is often callerd as the "transicion region” because it corresponds to the boundary hetworn

Huasielastic scattering ou the one end and deep nelastic scatiering on the other
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As a result of these competing processes, the final state may include particles of neutrine
interactions from the emission of nucteons to more complex final states nichuding pilons, kaons,
and collections of mesons.

L order to better understand these neutriuo eross sections, new experiments such as KEK to
Kamioka (K2K), Miui Booster Neutrino Experiment {MiniBooNE), Main INjector ExpeRiment;
nu-A (MINER2A). Main Injector Neutrino Osciltation Search (MINOS), Neutrino Oscillation
MAgnetic Detector (NOMADY), SciBar Booster Neatrino Experiment {5¢iBooNE), and Tokai
10 Kamioka experiment {T2K) have started to study this intermediate CLergy region in greater

detail. New theoretical approaches have also recently emerged.

2.6.1 Quasielastic scattering

For newtring energies less than 2GeV, neutrino-hadrou interactions are predominantly
quasiclastic {QE). In a charged current nentrivo QL interaction, the Larget neutron 1s converted
to a proton. In the case of an antineutrino scattering, the target protoun is converted to a

netron.
pre— j17p. p—ptn (2.17)

The main interest in experiments between 1970-1990, was testing the vector-axial veetor (V-
A) nature of the weak interaction and in measuring the axial-vector form factor of the nucleon,
topics that were considered particularly important in providing an anchor for the study of NC
interactions.

Several experiments relied heavily on the formalism first written down in [34]. The Quasielas-
tic differential cross section® can be cxpressed as
2 3.52 . . :
f_fi _ G M Ari g, {s - quC (2.18)
de®  8nE? M2 A

where (-}« refers to (anti)neutrino scattering, G is the Fermi coupling constant, ? is the

squared four-momenturn transfer (Q? = —¢* > 0), M is the nuecleon mass, m is the lepton
mass, £, 15 the incidenut nentrino cnergy, and s —u = 4ME,, — (J° — m?. The factors A, B, and
C are functions of the familiar vector, T and F2, axial-vector Fa. and psendosealar Fp form
factors of the nucleon.

For the axial-vertor formn factor, it was customary to assumne a dipole form, equation 2.19,
which depends on two empirical parameters: the value of the axial-vector form Tactor at Q2 = 0,

ga = F4(0) = 1.2694 = 0.0028 and the value of the Axial mass (M ).

9In the case of QE scattering off (ree nucleous



24 Ga )
FyQF) = REREE (2.19)

Values of A7,y ranging from 0.65 GeV to 1.09 GeV owere obtained in the pertod from the
late 1960s to early 1990s. DBy the end of this period, the neutrino QE cross section could be
aceurately and consistently described by V-A theory assuming a dipole axial-vector form tactor
with 47y = 1.026 £ 0.021GeV|35]. Most neutrine experiments use a relativistic Fermi-gas
model |36, when simulating their QI scattering event. Other approaches have been developed
in recent vears to incorporate more sophisticated treatments, the added miclear effects tend to
recdluce the predicted neutrino QTD cross section bevond the Fermi-gas modcel, typically on the
order of 10% — 20%.

Figure 2.2 summarizes the existing measurements of v, QE scattering cross sections as a

funetion of neutrino energy.

~ 250
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Figure 2.2: Cross section, v,n — g~ p, as a function of neutrino energy on a vartety of nuclear

targets. The free nucleon scattering prediction agsuming A4 = 1.0GeV is shown for comparison

Figure 2.3 shows the status of measurements of the corresponding antincutrinn QE scat-
tering cross section. Recent results from the NOMAD experiment have expanded the reach
out to higher ncutyino energies, however, there are currently no existing measurements of the

antineutring QE scattering cross section below 1 GeV.
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Figure 2.3: Cross section, v,p — pn, as a function of neutrino cnergy on a variety of nuclear
targets,
2.6.2 Resonant single pion production

We need to consider another interaction, an inclastic interaction. Neutrinos can excite the
struck nucleon to an excited state. In this case, the neutrinn interaction produces a barvon

resonance (N*). The barvon resonance quickly decays, most. often to a,

VN = uN*, N* 9N (2.20)

In scattering off of frec nucleons, there are seven possible resonant single plon reaction

channels, three charged current, see 2,21, 2.22 and 2.23

vup — ppr pup — 't pm” (2.21)
v, = ;f'";mr“, vep =t Law? ('2.22)

V= e Py —r "rmT (2.23}

. and four nevtral current, see 2.24, 2,25, 2.26 and 2.27.

VP — vj,_-p,"-r':’_. Up — Bﬂ,mr” (2.24)
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VP~ vnm’, 7 — E;_“H-Tl“_l (2.23)

. - - o u] 5 e
Pt = Uy G,n — U,nw (2.26)

Vit = Dy — o (2.27)

Improved measurements and predictions of nentrino-induced single pion production have
become important because of the role such processes play in the interpretation of nentrine
oscillation data. The Rein and Schgal model is the most commonly used by Neutrimo experiment
for caleulations. This model gives predictions for both CC and NC resornance production and
a prescription for handling interferences between overlapping resouances.

Figires 2.4, 2.3 and 2.6 summarize the historical measurements of CC neutrino single pion

production cross sections as a function of neutrine encrgy.

2F
18 | . ANL PAL 30,395 (1073), H, 4 BNL PRD 34,2554 (1986).D,
m AN PRD 19,2521 (1978}, H,, D, s FNAL PRL 41,1008 {1978}
16 O ANL PRD 25 1161 (1982} H, D, % SKAT, ZP G4t 527 {1989). CF8r
1.4 o  BEBC. NP B264, 221 (*986). H, NUANGE (M, =1.0 GeV)

4.2} + BEBC. NP 8349, 285 (1990} D,

alv p — wpa*) (1072 cm?2/ nucleon)
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Figure 2.4: Current cross section measurements for the CC process, v,p — p”p7 ', as a function

of ncutrino energy.

NC and CC processes producing pton are irnportant far the neutring physics. NOx? produe-
Lion is often the largest I/“-ill(.lll{:i_‘.d background in experiments searching for v, — v, oscillations.

CCw production processes can present a non-negligible complication in the determination of
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Fignre 2.5: Current cross section measurements for the CC process, v,n — s pr’,as a function

of neutrino energy.
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Figure 2.6: Current cross section measurements for the CC process, v,n — p7nw ' as a function

of neurino energy.

neutrino energy in experiments measuring parameters associated with v, and &, disappear-

ance. Also experimental input to the ratio between NC and CC cross seetion must be taken
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Channel Expertment,  Target  No. Lvents
Dup — it pm”
BEBC D, 300
BEBC H,; 609
GGM CFsBr 282
FNAL H, 175
SKAT CFsBr 145
gy — gt na
BEBC Dy 545
GGM CEBr 2606
SKAT CEyBy 178
v.p — pnrt
GGM C'FyBr 179
SKAT CFyBr 83

Tahle 2.4: Measurcments of antinentrino CC ¥ single pton production from BEBC ([37], {38],
139]), FNAL {|40]), Gargamelle {J41]), and Sepukhov heavy liquid chamber (SKAT) ([42]).

seriously because most of dala analyzed exist in thatl form, J43], [14], 43], [46], [17], |48] and
[49]. Tt should be noted that many of the same barvon resonances that decay to single piou final
states can also decay to photons. Such radiative decay processes have small branching fractions
(< 1%) yet, like NC =% production, they still pose non-negligible sources of background to
oscillation searches.

A summary of the corresponding measurements in antineutrino scattering i1s detailed in
table 2.4. Many of these measureinents were conducted on light targets and served as a crucal

verification of cross section predictions at the time.

Modern experiments have realized the importance of final-state effects, often directly report-
ing the distributions of final-state particles they observe. Such "observable" cross sections are
more useful in that they measure the combined effects of nuclear processes and are much less
model dependent. We define our signal, according to final state particles. Table 2.4 lists a
cottection of some of the most recent pion production cross section reported. Measmemcents
have been produced in the farm of both ratios and absolute cross sections. all on carbon-hased
targets. Similar measurements on additional nuclear targets are clearly nceded to help roumd

ont our understanding of nuclear effeets in pion production interactions.
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Figure 2.7 Measurements of absolute coherent plon production cross seetions from a variety
of nuclear targets and samples. Both NC and CC data are displaved on the same plot after
rescaling the CC data using the prediction that oy = %ch_r. In addivion, dala from various

targets have heen corrected to carhon cross sections assuming AY? scaling.

range comes from early experimenis that collected relatively small data samples {few thousand

ovents).

[Tistorcally, adequate theoretical deseviptions af gquasielastic, resonance-mediated, and deep
inclastic seattering have been formulated; however. there 15 no uniform description which glah-
ally deseribes the transition between these processes or how they should be combined. Moreover,
the full extent to which nuclear eflects impact this region is a topic that has only recently been

appreciated,

2.6.5 Neutrino Kinematics for CCx"

In this dissertation we need to recanstruct the neutrino energy and the momentum transfer
(7). For that reason it is important to reconstruet the muon and the two photons that can

lie used to infer the propertics of the in¢ident neutrino {energy and direction).

In order to reconstruct the neutrino energy, we use an approximation given by R. Nelson
[38]. which replaces the typical lepton momentum used to derive the standard CCQE neutrino

energy formula. A CC" event is of the form,
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Figure 2.8 Total neutrine per nucleon CC cross sections (for an isoscalar target) divided by
neutring energy as a function of emergy. Same data as in Figs(2.2, 2.3), plus additional low
energy C'C inclusive data from & ([39]), * (|G0]), M ([61]). aud % (]|62]). Predictions provided
by the NUANCE generator.
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Figure 2.9: Total anti-neutrino per micleon CC cross sections divided by neutrino energy as a
function of energy. Same data as in Figs(2.2, 2.3), plus additional low energy CC inclusive data
from A (159]), * ([60]). M (|61]), and % (|62}). Predictions provided by the NUANCE generator




"1}_,,_ tp—ntp LY

(2.30)
—n+X
where X — pt + 7% following momentum conservation 2, + £, = P, + Py
2 2
R? = ('Pﬁjf + }::U - P\'J
v v} ¥ ¥ ¥
m? = ms b by 28, - B, 28 - Py - 28, - Py (2.31)
2 2 2 _ . : . 5 o o
my, = m, = my = 2bky E, — 2E; Ex + 2F3, [P x|eost) — 2mp,Ex
, N \ L —
mi =, ~ iy + 2mFx = 2F; (m, — Ex + | Px|cost)
whicl leads to our neutrino energy expression for ('C'z.
D2 o 2 .
Lrs — s —ansy- + 2, By
E,;“ _ ' L By p X (232)

2 m, — Ex +|Px|cost

The 4-momentiin transfer to the hadronie systeni, @, is often represented by its relativistic
invariant, Q¢ = —¢*. where ¢ is the 4-mamentum of the W= boson. It is elear that the 4-
momentum transter can be constructed from just the lepton and incoming neulrino energy

as,

Q2 — QEF/_;.-.(EH - |p;r.

costl,) — m> (2.33)

L
[f we already estimated the neutrino energy, and, neglecting the muon mass, we can recon-

struct €7 by:

9
32 T eip a;
()° = 4k E sin 5 (2.34)
Both expression are going to be used in our main reconstruction on CCRY inclusive and CCr°
welisive samples. In this dissertati - enerey and Q7 re are good k. i
exclusive samples. T this dissertation our energy and €° reconstruction are good enough, m

order to caleulate our total cross sections and cross seetion as function of the Q2.




Chapter 3

MINERvVA Experiment

3.1 The NuMI beamline

Fermilab NuMT beamline provides a high intensity v, beam for several experiments like
MINOS. MINER»A | NOpvA. NuMT neutrinos are the final decay product of charged mesons,
most kaons and plons, generated by the collision of 120 GeV protons!, with a graphite target.
Figure 3.1 shows NuMI main parts and components. A detailed description may be found at

[63] o [64).

syon Montors

Abnorber

Decay Pigs

-

18 m

P

—— """ 7" Hadron fock 12

B75 m .
Moniter Agure couriesy 2.

Paviavic

Figure 3.1: NuMI beailine components.

Protons go through several stages before achicving 120 GeV: the LINAC, the boosier and
the Main Tnjector. The LINAC accelerates the protons up to 200 Mev and scuds them to
the hooster that accelerates thein up to 8 GeV. At the final stage the Main Injector takes the
protons to the final 120 GeV. Every 1.9 s 2 9.7 us spill with about 2. 5% 10" protons is extracted

and sent towards a 0.95m long segmented water cooled graphite target. The target represents

Yexrracted from the Fermilab Main Injector



.95 inreraction lengths to minimize meson production and cach segnrent is 6.4 mm thick to

minmize reabsorption.

Positive mesons are focused by magnetic hoims actiug as parabolic inagueiic lenses thas create
a toroidal ficld peaking at 3 T. The horns arc water cooled and operated by a pulsed 200 kA
current {64]. Afrer the horns plons and kaous travel through a vacuum region where they decay
producing a g and a v,. The decay area is a 675m long 2m diameter cylinder kept ar a residual
pressurve of about 1 Torr or less. Hadrons still present ar this stage are stopped at a bean
absorber consisting a water cooled aluminum core swmrrounded by a steel block and an external
concrete chamber. The resulting neutrino beam consists of 97,8% v, and few 7, (1.8%) and v,

(0.4% 3 the last being the resnlt of the decay of mnions.

Iligure 3.2 shows the possible cuergy configurations of the NuMI heam: low energy (LE) and
medium energy (ME). Diflerent cnergles are achieved by changing the distance between the
arget and the seeond horn in ' simile he lenses of ical systemn? Pions and
target and the seeond horn in a movement similar to the lenses of an optical systeinn® Pions anc
kaons of different momenta are sclected and foensed in the decay region resulting in different

CLLeTEV Spectra.

i L L |
] NuMI Beam MC _
150} .
e | —LE
i
o i - N
o
‘S 100
‘j'g _
>
8 . -
T 50 -
0 5 10 15 20

Neutrino Energy (GeV)

Figure 3.2: NuMI configurations. Low Fnergy and Medium Energy. plot generated with

FLUKA [65]

? The target is assembled on a systemn of rails that allows moving the rarget for a distance of 2.5m.
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Changing the horns polarization makes mesons of the opposite signal to be focused so the
NuMI can have a beam of newtrinos or antineutrinos, NuMI provides an intense beam for the
MINQOS experiment whose near detector is haused in an experimental hali 100 m underground

1 1 2

at FERMILADB grounds. MINERvA detector 1s ptaced just upstream the MINOS near detector.

3.2 The MINERVA detector

MINER»7A main objective is to study neutrino scattering with matter with high statistics.

MINFERyA mnst be able to:
e identify muons and measurce their momenta with precision;
o idenutify hadrons and 7° and measure their momenta:
e measure hadronic and electromagnetic showers;
e distinguish reutral current and charged current interactions:

Fignre 3.3 shows the MINER©A detector in the experimental hall 100 m underground.

Figure 3.3: Top view of the MINERvA detector.

The MINER#A devector, shown schematically in figure 3.4, consists basically of two subde-
tectors: Lhe Inner Detector and the Outer Detector. The Tuner Detector itsell is subdivided in

four subdetectors:

e Nuclear targets:




s Active target;
e Llectromagnetic calorimeter (ECAL);

e Hadronic calorimeter (HCAL).
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Figure 3.4: Schematic view of the MINERvA detector.

The active target (the core of the detector) consists of strips of solid scintillator. It is
(he primary volume where interactions happen and where all the analvsis 1s centered. That
inchudes deep inclastic scattering, photon tracking. detection of protons. particle wdentification
through % (loss of cnergy by unit of length). Since scintillators, due to their low deasity, can
not hold the whole event, its volime is surrounded by a sampling detector that constitutes the
electromagnetic and hadronic calorimerers. In these detectors scintillating strips arc interleaved
with absorbers (lead sheets in the electromagnetic calorimeter and steel sheets in the hadronic
calorimeter).  Upstream the detector a veto wall is used to identify charged particles that

traverse the detector.

The detector has the shape of a 5,9m liexagonal prism of cross section varving from 3.3

m to 4.10 m. The total mass of scintillators is 6.4 ton. Nuclear targets consisting of Fe
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(998kq). Pb(1023kg). C{120kg). lquid He (250ky) and HyO are upstream of the detector?.
The detector high granularity (see scintillating strip description in section 3.3) assures precise
vertex reconstruction. The detector is scgmented in scintillating planes (section 3.3) and use

the Ounter Deteetor{OD) as a supporting strueture.

The Inner Detector(ID) has scintillating planes with strips arranged in three different orien-
tations: X, U and V as shown in figure 3.5, U and V planes are rotated £60¢ relative to X.
Two scintiliating planes XU or XV make a module. This arrangemment allows tracking recon-
stroction. Figure 3.6 illustrates one module of the detector active region {structure of a module

is depicted on the right).

. 127 scintillator strips

U/x per plane

3 stereo views
rotated 60 degrees

Instrumented Quter Detector

Figure 3.5: Detector active module, featured, X, U and V planes. Note the £ 60° rotation of

the planes U and V relative to the X planes.

Figure 3.7 shows a module of the electromagnetic calorimeter. Lead sheets are 0.2 ¢ thick

and are placed between scintillating plaves.

The Inner Detector(ID) is surrounded by a system of absorbers and scintillators that con-
stitute the Outer Detector{(OD) (forined by towers arranged at the sides of the hexagon). The
downstream part of the detector has a hadronie calorimeter (IICAL) with 1 inch thick absorbers
per sceintillating plane as shown in figure 3.8. The electromagneric caloritneters(ECAL) have
0.2 ¢ thick I'b sheets ag absorbers. The ECAL high granularity assuves a good resolition for

the energy of eleetrans and photons and make it possible to determine their direction.

fConsidering a transversal section wich radius = 90
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Figure 3.7: Module of the electromagnetic calorimeter. Structure of modules is depicted on the

right.

The uuclear targer region (figure 3.4) has absorbers placed between active targets making

it possible the study of cvents in different nuclear targets.
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3.5.1 Electromagnetic calorimeter

High energy photons are detected by means of the production of pairs of charged particles
that give rise to a shower of ¢', 7 and ~. Since pair production ¢ross section is proportional
to Z2. leal sheets are commonly used to produre showers of reasonable size. The typical length
of the shower varies with the encrgy: however. for phoions of a fow GeV. as the ones we expect

in our expernnent, 99% of the cnergy will stay in 4 em of Ph (7 radiation lengths).

The electromagnetic calorimeter downstreain of the active target s made of 20 lavers of Pb
(2 mm thick each) alternated with scintillating planes formed hy the triangnlar scintillating
prism of scintillator described in 3.3. The cxpected energy resolution is 6% /v E where F is
given in GeV. The side electromagnetie calorimeter is also made of 2 mm thick layers of Pb
alternated with lavers of scintillator. Photons penctrating the side eleciromagnetic caloriineter
in an angle 1 to 25¢ relative to the beamline are absorbed. Photons penetrating at higher
angles will not be totally absorbed by the electromagnetic side calorimeter and will penetrate

the side hadrenic ealorimeter where the remaining shower will be totally contained.

Sinve the wain objective of the downstream lavers of Pb, Ife and C (that are thicker) is
to work as a target, the calorimetry 18 not as cfficient in this regian as it g in the upstreem
modules. The way the targets are positioned presents an interaction length between O and 10
to the slerver. Since the photons in this direction are of lower energy the showers that initiate

i the central region will be totally contained 1n the deteetor.

3.5.2 Hadronic calorimeter

The downstream hadronic calarirmeter is placed just after the electromagnetic caloriineter
and is made of 20 layers of Fe (2.51 ¢ thick each) alternated with scintillating plancs. The
combined action of 4 cm of Pb and 50 cm of Fe stops muons with encrgy up to 600 MeV
and protons with cncrgy up to 800 McV ', The side hadronic calorimeter has layers of Fe aml
seintillatar (totaling 43.4 ¢ of Fe and 12.5 em of seintillator} that is enough to stop 750 MeV
protons penetrating at 907 and 1 GeV protons penctrating at 30°.

The expected encrgy resolution of the hadronic calorimeter is around 30% V' E for hadromns
with encrgy above 1 GeV. For less energetic particles the resolution is expected to be 50% ox

less, depending of the cnergy.

1Since e interaction lengih for Fe is 16 e protons and pions of higher energy are likely 10 be stopped
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3.6 Nuclear targets

MINER#A has uuclear targets of Fe, C, Ph, He and H,(Q (table 3.1). lron is a cheap and
comnmon absorber used in neutrino experiments, Lead is the matenal with higher Z that is
casy to obtain. Ideally the nuclear targets should consist of many thin targels interleaved
with tracking lavers so as to allow the determination of the multiplicity of final states and the
energy of each low energy particle. However, several factors limit the size and number of targets
aud tracking lavers. The intrinsic detector spatial resolution is of the order of 1 em in the z
direction (the beam direction) making thiner targets ineffective. Sheets thicker than 2.5 cm
(like AINO's) would not significantly improve aur knowledge of low encrgy particles spectrum
that is one of MINERvrA's objective and, to improve statistics, we would have to use about 1

ton of cach target.

Target material | Mass (ton) | Charged (:111_‘r'ent sample (K)
Heliam (.25 14
Carbon 0.12 9.0
[ron 0.99 54
Lead 1.02 ar
water (1.39 20

Table 3.1; Charged current events expected at each muclear target.

MINERVA target was implemented according to the following scheme where each F represents
a XU or XV structure (a FTF pair is a set XUXV): FF Pb/Fe [target 1] FTTT Ph Fe [target 2|
FFFTF Pb/Fe.C |target 3| FFFT Pbltarget 4] FFFF Ph/Fe [target 5. Targets | and 2 have 60%
Fe aud 10% Ph totaling 230 kg of Fe and Pb in cach target. Target 3 has 50% C, 30% Te and
20% P totaling 140 kg of C, 110 kg of Fe and 110 Kg of Pb. Targer 4 is pure b with a total
mass of 170 kg. Target 5 has 60% Te and 40% Pb cach with 115 kg. The total mass of Fe and
Pb is, respectively, 685 kg and 855 kg. Total expected number of CC events is 2 millions for Fe.
2.5 millious far Pb and 400,000 for C. Figure 3.11 shows the target configuration, including the
water target. Tt is a hexagonal shaped box (with the same dimensions as the detector) placed
fimmediately before the other targets. The He target will be installed immediately upstream of

the derector as iHustraied in figure 3.4
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Figure 3.11: MINERvA Nuclear targets

3.7 Electronic and data acquisition (DAQ)

Table 3.2 suminarizes the requirements of the clectronics of the MINER A detector. The

requirenients are motivated by the following objectives:

o [Fine spacial resolution taking advantage of the light sharing between adjacent seintillating

hars;

7 and p identification by dE/dx;

o [fficient pattern recoguition using timing to identify the direction of the trajectory and
to identify interactions that occur during the same spitl;

e Ability to identify strange particles and muon decavs through coincidence technigues;

e Negligible dead time in eaclh spill.

MINER#A DAQ requirements are modest due to the relatively low event rate {about 100

kBytes/s).
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Parameter value

spill 12 ps
Repetition time >1.9s
Number of channels 30,972 |
Occupation per spill 2%

gain variation of the photodevice | 4.5 dB3

Time resolution 3 us

Table 3.2: Some parameters and requiremnents for the clectronics al MINER vA |

3.7.1 DAQ hardware

MINTRvA active clements have their signals sent. to 64 multianode photomultipliers (MAPMT).
Information about amplitude and time is digitalized by the electronirs and stored for readout
by the data acquisition system {(DAQ). Each readout electronic front-end board (FEB) is con-

nected Lo one single fotornultiplier.

Groups of up to 10 FEB are read and the result sent to a crate read-out controller (CROC)
housed in a VME crate. Each CROC e¢an accommodate 4 chaings of FEB readout. A total of
12 CROCs is needed for the whole MINERvA detector. The VME crates also house a CROC
interface module (CRIM), a MINER»A timing module (MTM) and a 48 V power supply. There
are no CPU i the VMT crates. The DAQ works during the whole spill. After a pertod of 12
gs the DAQ reads all ehannels that have a signal above a predefined threshold. Even with a
high ocrupancy rate the total munber of bytes that are read in each spill is below 200 kB with

zera suppresston (1 MDB without zero suppression). Dead time is negligible.

The photomultipliers are powered by 48 V power supplics. MINER v A uses the same havdware
for data acquisition and for the detector control system (DCS). A single connection is used for
the FEB readout and as commmication channel for the control nf the detector {as. for istance.
the control of the MAPMT voltages). The main computers for the DAQ and for the slow control
systenn {(the svstem that controls and monitors the slow varving variables) are close to the VAME
elecironies anil are connected to FERMILAB network by two high speed TCP/IP Lines. A two
CT'U server controls the whole system: one CPU dedicated to data acquisition and the other

dedicated to control and monitoring. All DAQ machines run on Scientific Linux.
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3.7.2 DAQ software

MINER»ZA software runs in the GAUDI framework originally developed for the LTICh col-
laboration. The expected average of data without data suppression is onlv 100 kB /s and a two
seconds window is available for each 10 ps spill. The highly predicable beam time makes a
complex trigger system unnecessary. [nstead of such a complex system we simply have a gate
signal that opens immediately hefore the arrival of the beain and all charge and time informa-
tion from the whole detector s registered Just after the end of the spill. The slow control svstem
Is alvo simple with each MAPMT having its own local power supply and with the TER heing
m charge of reading the high voltages, temperatures and other parameters used for monitoring

and control. A schematic diagram of the DAQ is shown in figure 3.12.

3.8 Perspectives for the MINERvA Experiment

Between 1 and 10 GeV all relevant neutrino data comes from bublile chamber experiments
that vun between 1960 and 1980. Gargawnelle 12 feet bubble chamber. Brookhaven 7 feet
chamber, CERN BEBC, Serpukov’s SKAT and FERMILAB 15 feet chamber studied ueutrino

and antiticutyino interactions with nuclei.

Despite low statistics the excellent image resohition of bubble chambers made many ex-
perinients possible. However. bubble chamwher data do net cover the whole neutrino cnergy
spectrum, all nuclear target and all kinds of neutrinos nceessary for a complete understand-
ing of neutrino interactions. Table 3.3 summarizes the current experimental status of those

projects.

The complete MINERvA detector started taking data in march 20010 and should continue
until 2014, In this period the experiment 15 expected to collect 14.5 M charged current events

(CC). Table 3.4 presents the expected number of events in different. processes.

MINER#ZA run at NuMi LE configuration until june 2012 along with the MINOS experiment
and will run at ME configuration along with the NOvA after the 2012 shutdown. A small
pereentage of the Nubdl flux is estimated to cousist of &, Onc iinportant goal of the MINERvA
experiment is to measure v, finx and energv spectruin more accurately than the ones that can
Ie obtained by MINOS.

MINERvrA also makes more precise low energy cross section wmeasuremecuts possible. For

total cross sectionn we nnst consider the contributions, ror = dor + Tres + Tprs where
ogr: quasiclastic :{F)n(p) — p~ (g Jp(n)
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Experiment | Year Reaction Measurement | Events | Reference
Gargatelle | 1977 | v/D-propane/freon | semi-inclusive | v:1,061 [67]
1977 | v/v-propanefreon | 7 production | 7:1,200
Gargamelle | 1978 | T-propanefreon | ik 139 |G8|
1978 | D-propanc/freon v{w) 73
ﬁGen’gamelle 1978 | wv-propanc/freon vp — vpr' 240 (69]
1978 | v-propane;freon vp — vpm! 104
1978 | w~propane/freon vp — vt 31
1978+ p-propane;freon vp — vt 94
Gargamelle | 1979 | v/T-propane /freon v(17Y} 178 |70
1979 | v/T-propane; freon (1% 139
BNL-Counter | 1977 rjr-AlC v(w™ 204 [71]
1977 v /7-ALC 7(10) 29
ANL-12 1974 1-Da s 1-Hy vp — vnm 8 [72]
1971 v-Da/v-1T4 vp — upr 18
ANL-12 1980 v-Dy v — upT ? 173
ANL-12 1981 1-Dy YR — vpm K {74
1981 Dy vy — vpm! o]
1981 v-Dy vp — ppmt 22
BNL-7 1981 -3y vn — vpmTo 200 {75]

Table 3.3: Current noutral current measurenicnts.

Process Total CC/t NCyt
Elab‘iolastiv (0.8 M - 0273 0.09 M

Resonant production LT M 0.503 M (.16 M

Transition: Resonant to DIS 21 M 0.67 M 021 M

DIS. Structure funetions and PDF at high x 4.3 M 1.37 M 04 M

Coherent production of = (.13 M 0.09 M 0.04 M

Production of charued and strange barions  =-240 k

Grencralized parton distribuiion around 10 k events

Nuelear effects He: 0.6 M, C: 04 M, Te: 2.0 M e Ph: 2.5 A

Table 3.4: Estimated number of events for different processes.
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Figure 3.12: Schematic diagram of MINERvA data acquisition systeni.

Trpy vesonant @ v N — pN©
gprs: deep inelastic scattering (v N — p X

Quasielastic events provide an opportunity for a high precision measnrement of o{£&,} and
do/dQ* that are important for the study of neutrino oscillation, the deterruination of axial

vector fonn factor Fy (particularly at high ()%}, the study of the intranuclear proton scattering

and the dependence to the mass number A (targets C. Fe and Pb).
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The detector high granularity and tracking eapability allow the identification of events with

different topologies. Figure 3.13 illustrates how three different. topologies show iu the detector.

+r
T Evernto fuase-eldstico”

Figure 3.13: Simulation results showing how MINERvA can differentiate several event topolo-

gles.

A neutrino scattering experiment at the NuMI beamline is an invaluable opportunity for a
high precision study of several topics. Some of these topics have either not heen systematically
studied or have few results with big statistical avd systematical errors, Some subjects that can

be studied by the MINERvVA experiment arc:

o Measurement of the gquasi-elastic neutrino-nucleon cross scction aud its dependence on
E, and Q*
e Alcasurement of 7 production cross section in charged current and neutral current inter-

actions:




e DPrecise measurcament of the coherent s production and tts dependence on A;

o Study of miclear effects in neuwtrino interactions:

These items are important subjecis Ly themselves.  Morcover, they are essential for the
miniinization of systematic errors in oscillation experinents.
Figure 3.14 shows current cross sections measurements and the energy range of several

experunents. Note the broad region covered by MINER A,

U1 CCFRR

B BNL 7-feel
O ANL 12--feel -
® ANL [12-feel 1

1.00

e

Q.75

oee/E, (107 cm?/GeV)

o T‘""Pwi-m’ .4..‘.;
u 500 1800

Figure 3.14: Current cross section neasurcinents for several processes. The cnergy range

covered by several current and future experiments is shown,
Data shown in figure 3.14 belong to experiments from last century 70s and 80s and have

low statistics and high svatematic errors. MINERvA will reduce the uncertainties as shiown
table 3.5.
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Estinated cross section uncertainty

Process Current  Alter MINERzA
Quasielastic 20 % 3 %
Resonant production 40 % 5710 % (CC/CN)
D1s 20 Y% 3%

Caherent production of 7 100 % 20 %

Table 3.5: Cross section nncertainty: current and oxpected after MINER vA.

3.8.1 Quasi-elastic scattering

Quasi-elastic scattering is the dominant process in interactions v-A i the E, < 2 GeV region.
['recise measnrement of this process cross section and its dependence to the energy and to A
is of fundamental importance for neutrino oscillation experiments.

Plot at top of igure 3.15 summarizes the current knowledge of tlie quasielastic crass section.

The plot at the battom shows the expected measurements from MINER v A,

3.8.2 Resonant pion production

Lry awd tracking system allow MINERrA to make significant improvements in the measurements
of resonant pion production in nentrine interactions. These measurements will set limits 1o the
ahisolute and relative cross sections, to the shape of the Q2 distribution and will allow the first

dircct comparison of neutrino tteractians in different targets.

3.8.3 Pion Coherent Production

MINER#~A high rates, multiple nuclear targets, high granularity, high track reconstruction
capability and good calorimetry make it possible the study of neutrino-nuecleus coherent scat-
tering in hoth charged and neutral current processes with a precision that has not vet been
achieved.

Figure 3.16 shows current results for pion coherent production together with the results

expected from MINERYA.

3.8.4 Coherent Cross Section Dependence on A

MINERyA will compare coherent production cross section for C and b, The A dependence
of the cross section is very dependent of the model used for Lhe calculation, specially the riodel

[or hadvon-micleus interactions. Measuring the A dependence provides a test of the models.
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Figure 3.15: Top: current measurements of the quasielastic ¢ross section. The blue dotted line

ses a Fermi gas model. Bottom: results expectert from MINER vA (statistical errors only) .

The Rein-Seghal and the Paschos model, for instance, respectively prediet 0.223 and 0.239 as
the ratio between the NC production cross section for #-C and »~Ph. Figure 3.17 shows the 4

dependence as predicted by both models. The MINERvA experiment can provide a check of

the models.

3.8.5 Deep Inelastic Scattering (DIS)

The stucdy of deep inelastic scattering plays an iinportant role in the understanding of the
parton distribution functions (PDF). PDF describe how partous are distributed in protons and
other hadrons and are defined in terms of matrix element operators . Using neutrinos for DIS
studies is important because only neutrines can resolve the flavors of the nueleus constituents.

MINERZA can use neutrinos to measure the parton structure with a high statistics. MINER vA
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Figure 3.16: Current and expected results from MINERvA for pion coherent production.

A-Dppentence of 5 GaV OO Coherant Crosse-f6otion

Rein-Seghal
— il

Figure 3.17: Cross section as a function of A, The shaded arca shows (he region of previous
measureinents, Crosses are the Rein-Sehgal prediction for ¢ scattering by €. Fe and Ph and
the circles are the Paschos-Kartavisev predictions. The MINER»vA experiment can provide a

check of the models.

has the capability to do the first independent caleulation of the structure functions F¥N (. %),
FIN(r, (%), FPY¥(x, Q%), F¥N(x, Q%) aFyN (0, Q%) and «FY ¥ (x. Q). Parton distributions can

be calculated through the sums and differences of these structure functions, The MINER vA
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experlinent. can use the structure functious of v and 7 1o improve the measurement of these
PDFs.

MINERvA multiple targets make it possible the measurement of cross section and structure
functions for several miclear targets. This is important to establish a connection between pre-
vious measurements and MINERvA measurements at high (9 and allow the first measurement

of nuclear effects in neatrine scattering,.

3.9 Event Reconstruction

Before getting any physical information one must reconstruct the physical events with the
charactertstics of the particles that go through the detector. Reconstruction starts with ohjects
like hits, clusters, blobs and tracks. We use a coordinate syvstem showed in the figure 3.18, X-Y
axts arc defined over the MINERyVA plane, Z axis is perpendicular Lo this plane. The neutxino

beam points down at 3.3 degrees with respect to Z axis.

Due to the detector geometry all information comes in the form of hits (or Digits in the
MINER#A framework}. The hits (signals left in cach part of the detector) can cither be in the
Inner Detector(ID) or in the Quter Detector{OD) and carry information about time, position

(in two dimensions) and the energy deposited in the scintillating bars.

A clusters is a sot of hits that meet some requirements (like heing close to each other). To
form a cluster hits are first ordered by plane, module and strip. In the second step adjacent
hits are grouped forming the cluster. A track is made from a sequence of clusters aund can be

short or long depending on how much the particle travels in the detector.

A blob is a three-dimensional object consisting of a collection of clusters. This collection of
clusters represents the deposited energy. Figure 3.19 shows the main abjects emploved in the
reconstruction of a MINERvA cvent, Groups of clusters that do not helong to a track can be
part of an electronic or hadrouic shower. We use the MINOS Near Derecror like our muon
spectrometer, Figure 3.20 shows the recoustructed track left by a muon that is viewed at the

MINOS detector.
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MINERVA Plane

MINERvA Coordinate System

Figure 3.18: MINER»A coordinate svstem, X-Y plane are defined by MINER A plane, Z is

perpendicular to this plane.
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Figure 3.19: Objects reconstructed at MINERvA and MINOS. Small triangles represent hits.

The track is the line and blohs are the green or bine objecis .
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Figure 3.20: Muon track in the MINOS detector.
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Chapter 4

Neutral Pion Reconstruction

This chapter describes the reconstruction of 7", We have developed two methods for zV

reconstruction that require the reconstruction of the vlectromagnetic showers produced Ly the
photons resulting from the decay of the 7%, The interaction vertex is determined by the recon-
struction of the mon associated with the interacting w,,. All clusters that are not included in a
travk by the MINER»A track reconsirction algorithm are input to our shower reconstruction

algnrithins.

Energy range of neutral pions on CCx" sample averages 400 MeV . Therefore, our electromag-
netic showers resulting from the 7 deray photons are below 400 MceV, Shower reconstruction is
based in grouping adjacent clusters. In the low level of energy of 7" the clectromagnetic showers
contaim gaps and, it many rases, twp showers are too close to cach other inaking reconstruction

and diserimination difficult.

4.1 The 7’ meson

Pions are the lightest mesons' and play an important role in understanding the low-encrgy
propertics of the strong mmclear force. A 79 decays mostly of the time (98.82 + 0.034%) in
two photons(=" — + + ) that we must reconstruct in order to reconstruct the 7% . Thesc
phiotons produce electromagnetic showers through pair production mechanisni (v — ¢* +¢7).
The sccond nmiost common deray mode, with probability of 1.19 4 0.034%., is the Dalitz decay

into a photon and an electron positron pair (7° — ¢" +e” + 7).

Ity particle physics. decay means that a particular particle disappears and is replaced by two

or more so-callerl decay products. We call the initial particle a mother particle and the decay

U hadronic subatomnic particles composed of one quark and one antiguark
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(Group 1 and Group 2}, each defined by two bins, correspond ta the two clusters shown in the

event display.

% ;A0 s T
anglesidegras)

Figure 4.2: Left: Histogram mapping the event display. X-axis represents the angle ol the
chisters relative to the true vertex, Y-axis represents Photo-clectron deposition of the clus-
ter. Right: 7" event display showing the true vertex where the conical regions containing the

clectromagnetic showers start.

After identifving groups and their bin limits (minimum and maximum angles) all clusters
that fall instde of a conical region defined by the minimum and maximmun angle are grouped.
In the sample of figure 4.2 group 1 (bottom shower) and group 2 (Lop shower) are reconstructed
with all the clusters wside the conical regions. Note that the eonical shape allows the nclusion

of all clusters in the main direction regardless of gaps in the showers (as we sec in group 1)2

The MINERvA detector contains 3 stereo views (X-U-V), any single particle passing trough
the detector, leaves clusters in each view. In the absence of other particles those clusters obey
the MINER#7A geometry condition X = 7 + V. This condition is tmportant when we follow
the inverse process; several clusters from severals particles, can be associated to their primary
particle using this condition. Our reconstruetion starts in the X view, wlere clectromagnetic
showers (blobs) are sclected, Then we add information from the U and V views elusters to have

4 complete information about the blob.

To include clusters from the U and V views we re-organize triplets clusters {(X-U-V), where

the X clusters come from the blob cores created in the first step. For a given triple cluster be

The gaps in the showers are not due Lo any detector nefliciency but result from low energy elections aud

posittons thal are slow 1o bneract.
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part of a blob, they must be related by X U | 'V, but our detector resohition and cluster

position errors don't allow perfect mateh, so, we need 1o find a winimum value of 4 (L. 4.1).

8= Xorpas — Urpos — Vipos- (4.1)

where X p,, represents the transversal position of the cluster in the X view (Perpendicular

position respect to beam direction),

For a given X cluster (from the core blobh) and U-V clusters several §’s are calculate. The
smallest 8 defines the "3 views point” in the detector swhere the shower particle interacts leaving
a 3D pesition marked. Tinally we inclide ¢Justers around the main direetion, drawing 2D cones
in the same line defined by the mam clusters, per view, because not all clusters are localed in

the center of the electromagnetic showers.

The Angle Scan method has been developed for the reconstruction ef gammas with profile
well defined and above 3087el’. Angle Sean is able to include clusters that happen bevond
the showers™ gaps as seen in figure 4.3, The left plot shows showers from two gammas. Angle
Scan was able to reconstruct both showers despite their dilference in size. The right plot shows
showers with gaps. Angle Scan reconstructed both completely. Other methods would probably
reconstruct just the first part of the shower missing the part after the gap. That leads to an

ineomplete description of the shower and consequently. to a wrong calculation of the % mass.

g 1| i
VI P oL BR BD BBy

Figure 4.3: Left: Angle Scan applicd 1o a samiple where one of the showers is mueh smaller

than the other. Rigth: Angle Scan applied to showers with gaps.
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4.3 Hough Transform

In 1962 Paul Hough proposed a teclmique for recognition of complex patterus|76| that came to
be know as Hough Transforin. We have used Hough Transform to tmplement an algorithm to

reconstruet Hnes |77] in an electromagnetic shower that is then used for the x" reconstiuction,

These lines represent the main direction of the shower®. When a straigth line is parametrized
as shown in Fig.4.4 the following equation applies
p = rcost | ysind (4.2)
Y
.\\\
2
/ N
oy’ a
O N

Figure 4.4: The lne we want 1o reconstruet is shown in blne. This line is uniquely defined by

;o aue A

Eacl straight hne in the XY space corresponds to a single point in the Hough space {8-p).
If we fix coordinates (x,¥), then @ must varies from 0 ro 180 degrees and p take values given by

Eq 4.2, leading to sinusoidal curves (in the Hough space) for every point. in the cartesinn plane.

To find the line passing through a set of collincar points in x-v space. we need to find, iu
the 0-p space, the commeon point where all Hough curves intersect. Fig.4.5 shows two points in
the x-y space and the two correspouding curves in the 6-p space. The values of » and # wheroe
the curves intercept define the straight line passing through the two poiuts in x-v space*. The
same happens when we have several points defining a straight line as shown in Fig.4.6. Tach
point generates a sinusoidal curve in the Hough space. The coordinates of the point where the

sinusoidal curves intercept define the parameters of the straight line going through the points.

lain direction is defined by the line with the most energetic hits.
1A point in x-v space is represented in Hough space as o line, and a point tn Hough space is reproseured as

a line in x-y plane.
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Figure 4.3: Left: 2 single points in the cartestan plane { 2 hits in MINERvA detector, for

instance). Right: 2 Hongh lines defined by the 2 single poiuts, in Hough Space
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Figure 4.6; Left: Representation of a track seeis as a sequence ol points. Right: Hough space
showing the point where ough lines are intercepted. This point represents a straight line in

the cartestan plane.

Using Hough Transform for shower reconstruction requires a center of reference, the orngin
of the coordinate system. It would be natural to set the refercnce at the origin of MINER»A
reference systemn, This choice, however, prescnts a problem because the lines that we are
reconstructing, all of them are located in the detector fiducial region, which is located 6 away
from the origin of the MINER©A reference system. Many lines get too close to each other,
making the reconstruction difficull. An easy solution for this problemm is to place the veference

point in the most cucrgetic cluster as illustrated in liguve 4.7
Figure 4.8 shows a 7V event reconstructed by Loth methods: Angle Scan and {lough Trans-

form. Angle scan works well when the two gammas are well separated but shows a poor

nerformance when the gammas are too close or the separation angle between them is small.
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Hough Lines ™

Figure 4.7: Moving the reference point to the most energetic cluster is a simple selution to

improve the quality of reconstruction when two gammas are toa close to cach other.

Note how the Angle Scan didn’t find 2 blobs, just 1 blob ( red blob). Hough Transform nethod
can handle this kind of event. Note that, this method reconsoructs 2 blobs { red biob and green

blob). In this thesis both methods are used in order to optimize the 7 reconstruction.

A question rises from the previous example, if Hough Transtorm method can reconstruct
events where Angle Scan fails, why dow’t use just the Hough ‘Iransform method 7. Figure L9
shows the counter example, Hough Transform needs more information to define a Hne. (it can
certainly define a line with 2 hits but, probablyv it is not our main gamma direction}. For this
event, the Hough Transform method does not reconstruct 2 blobs (just the red blob). Angle
Scan only neecd to run a scan over all clusters to find evidence of shower. It does not need too

many clusters. For this event Angle Scan method reconstructs 2 blobs (green and red).

4.4 Shower Energy reconstruction

To reconstruct the energy of an electromagnetic shower ( E,.,), we add up the cuergy of
the clusters that belong to the blob. A cluster raw signal must, however, Le calibrated to

represent the energy of the chister.

For that purpose we use the calorimetric constants caleulated in Cesar Sotclo’s Master

thesis| 78]. We follow equation 4.3. this general formula® that includes the calorimetric constants{ Aregser.

*In his thesis Cesar describes every step of the process as well as how to use the calibration constants,
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Figure 4.8: Top: Angle Scan applied to an event where the angle between two showers is small.
Bottam: Ilongh Transform applied to a nou trivial topology. Both ganunas weve sucesstully

reconstrueted.

Ereo and byow) for each sub-detector: Tracker, Electromagnetic Calorimeter (ECal) and
[Tadronie Calorimeter {(HCal}.

Ereoo = 0 kTraker Ervorker + kECaEBCat ¥ RHCHEHCAL) (4.3)

here Erpopner 18 the cnergy depasited in the tracker. Epco and Eyeq are the encrgy deposited

in the Electromagnetic Calorimeter and the Hadronic Calorineter.
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Figure 1.9: Top: Angle Scan applied to a particular 7% event where there are not maay hits to
clearly define two lines. There are, however. two well identified cones starting at the 7V vertex.
Bottom: Hough Transform method failed because it was applied to a 7% event with few points

ro define two lines.

Analvsts are usuallv restricted to electromagnetic showers reconstructed inside she Aducial
volume®. When an electromagnetic shower reachies the outside part of the detector we must
include additional calibration coustants for the Side Calorimeters and Quter Detector as in

cquation 4.4 in order to get the total energy deposited by the particie.

“Yolume defined in the subsection.3.2
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Eyeco = e B35 1 + hpcaErca 1 kacuEwca + konEon), (4.4)

where ES5 18 given by
P o ~Tuner Detector o, 14 oA = Side Eeal At S = Sk Fleal 4~
Tracker = ;‘"f f'UI’\'f‘-"‘E"TJ'uf'R'f;J' + (2:"11“ - 1) “Tracker + (_L‘I'L_ - l)b'f'-;‘u(:km- (4‘))

F Farres D bectar - Sidde Bend

here is the cnergy deposited by EM shower inside Tnner Detector, £
is the cnergy deposilted in the Side Calorimeters (around Inner Detector).

Table 4.1 smimmarizes the calibration constants. Caleulation of the 7 invariant mass gives
an idea of the quality of the energy reconstruction {see a bricf discussion in Section 4.7). These
calibration constants are used in the analysis of CCR% inclusive and CCY exclusive deseribed

in Cliapter 3 and 6.

’ Sub-Detector | Calibration Constant
£} 1.213
hrracher 1
Fgcra 2.28
Kticva 10.56
hop 27.72

Table 4.1: Calibration Constants for the subdetectors: Tracker, Eleciromagnetic Calorimeter.

Hadronic Catorimeter and the Outer Detector. Taken from [78]

In summary we must first reconstruct the energy of both decay gammas in order to recon-

struct the 7 CLETEY,

Foo = EI™ + EIT™ (1.6)

The 7" momentumn is the vector sum of the gammas momenta (P, = E %, where # 1s vector

direction of gamma) given by:

— PO TR — K
P = B, + EI°F, (4.7)

e

4.5 EM shower direction

The direction of the particle that gives rise {o a shower can be reconstructed Dby recon-

structing the direction of the shower. Typically 90% of the secondary particles will be traveling

o4




inside of a conieal region. Reconstruction of all these particles gives the direction of the orig-
inating particle. Tigure 4.10 depicts a shower. The direction of the particle that originates
the shower is represented by che dotted Ime that is usually defined by the mosi cnergetic hits

{darkest colors).

:( Start Point

Event
Vertex

Figure 4.10: M direction is calenlated using every hit inside the blob object

The probability of a secondary particle to travel in the same divection of the originating
particle quickly decreases with (he distance from the start point. To calculate the shower
direction we make a sirn of cach hit direetion weighted by the hit energy and by the inverse of

its distance to the start point. As equation 4.8 show for the X component of the direction.

Directiony = Z (HitPositiony — StartPoind 3} x Energia Hit, (1.8)

; ¢;
¢

4.6 Angle Scan vs Hough Transform

Vo must cither decide which method is the better or combine them to get a higher recon-
struetion efficiency. Tor this purpose we apply our methods to a sample of ganunas. get the
right energy correction factors and then see how geod is the calcalated invariant mass when

these methods are applied 10 a 7% sample.

A quick comparison applied of the munber of blobs in different samples tells about the
behavior and tendency with respect to energy, vertex « position and angle. Photons and 7% in

our saniples satisly the following requirements:
o Energy: 0- 2 (GeV).

o 200k events.

(4]
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o \ortex position inside fiducial volume { Subsection 5.2).
o — 7w < <.
o D p<nm.

Fig.4.11 shows the number of reconstructed photons by the Angle Scan and the Hough
Transform method. Angle Scan recoustructs more gaimna evenls with 1 blob {more entries

reconstructed and bigger percent with 1blob).
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Figure 4.11: Number of blobs for gamma sample. Left: Hough Transform method (~160 k

events recoustructed). Right: Angle Scan method {~ 180 k events reconstructed).

We do not see any strong evidence of a geometrical or energy dependence as illustrated hy

the plots in I'g.4.12.

0 sample, where we should find two blobs. Angle Scan

A simlar study 18 perfornied for a ®
recoustricts more eveits with 2 blabs than Hough Transform as shown wm figure 4.13. We sce
that the Angle Scan method has no strong evidence of a dependence with geometry. Figure
1,14 shown the dependence of the number of reconstructed blobs wit the energy and the
veriex, Angle Sean has a good efficiency for low energy 7°s (77 with energy less than 0.9Gel).

Bevond this poing the Fough Transform becomnes more and more cfficient with 2 hlobs.

4.6.1 Applying Angle Scan and Hough Transform to Photons

We applv both methods to a photon sample, then, in order to verify how good are those

reconstrueting photons. We nced to evaluate them. We reconstiuct the energy photon grouping
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Fignre 4.12: Left: number of blobs versus photon energy. Right: muuber of blobs versus XZ

angle (angle between x component and z component divection)

il ><.fr.r'\
;{.‘ {,l“:a.ru.|||| L e | TTT T T T[T T :\; T T LN L L B L T T T
E L Entrics 17179497 E B Fatries i974H)
3 N B
= - -4 B
& __,”:_ Mean 1586 W S Mean 1.5 !
2 Hough Angie Scan § ;
- PRMS 0620 [ [RAMS 06248 ]
) ,5 1t E:0-2GeV ey ' i1 -  £:0-2GeV '
S = | ]
E 1 blok : 48.7% 3 . 1 bigb : 48.8% 1
3 3 40 —
A 2 biobs : 44.0% 3 i 2 vlohs : 46.0% ]
20 5 - —
Tl - [ ]
(E e IR T e ol ]
0T i 4 fF 6 7 % ¢ M w f 2 i 4 5 6 7 X v fn
Number of Blobs Number of blabs

Figure 4.13: Number of blobs for a 200 k =" sample. Angle Scan reconstructs more events.

most of the clusters in the derector, Ideally those collected must be all of them. but in the
development of a electromagnetic shower. not all particles travel in the same direction, which
implies no all clusters are close enough to be recoustructed as the same object. In order to know
the percentage of efficiency that our methods grouping clusters, we show the ratio betwecn true
and reconstructed energy and the residual for both reconstruction methods. Figures 4.15 and

Fig.1.16 for Augle Scan, and for Tough Transform figures 4.17 and 4.18

Al these plots have the second gaussian (one) with the center value shifted to the right,

indicating that some events sbould have mere energy than reconstructed. That happens for

(a8
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Figure 4.15: Ratio Ef*/E for the Angle Scan method.

Right: with the outer detector correction.

evenls that have a shower reaching the outer detector

Right plots in figures 4.15, 416, 4.17 and 4.18 show the ratio and residuals for the same

Left: withont the outer detector.

sanple when the Outer Detector is included in the reconstruction, the second gaussian s not

longer shifted.

We reconstruct the momentuin of a photon by multiplying its energy (Section 4.4} by its

direction (Section 4.5).
Figurcs 4.19, 4.20 and 1.2} show the residual of the X, Y and Z component of the pho-
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Figure 4.18: Residual (!?i;_””' - E,;“”) for the Hough Transform method. Left: without the outer

detector. Right: with the puter detector correction.
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Figure 4.19:  Lefi: Angle Svan, Residual X component of ~ momentum. Right: Iough

Translorm, Residual X component of 4 momentum,

4.6.2 Angle Scan and Hough Transform on 7’s

Vs momentum reconstruction must be gualified for both methods. The incoming plots
represent the residual of every monentun component, the equation 4.7 is used for the 7
momentum reconstruction, Figures 4.22, 4.23 and 1.24 show the residual for the 7% for cach

reconstrizetion method.

The Hough Translorm has better efficiency for energles bigger than 0.9GeV . [t means high

cficiency for big Pz component.
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Figure 4.20: Lefi: Angle Scan, Residual Y component of v momentum. Right: TTongh Trans-

form. Residual Y eomponent of 7 momentum.
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Figure 4.21: Left: Angle Scan. Residual Z component of 7 momentun. Right: Hough Trans-

form, Residual Z component of v momentum.

4.6.3 Summary

After comparing residuals aud ratios for gammas and 7's, we can not strongly recommend
any method over the other. Figure 4.14 shows that Hough Transtorm reconstructs more blobs
for higher cnergy =¥

For our CCr° reconstruction we apply both methods. Tf the energy of all clusters recon-
structed by the MINERVA track algorithm is less than 900M el we run Angle Scan otherwise,

we run Hough Transform. If the Angle Scan fails (do not find 2 blobs) we run the Hough

Gl
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Figure 4.22:  Left: Angle Scan, Residual X component of 7 momentum. Right: Hough

Transforn, Residual N component of 7% momentumn.
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Figure 4.23:  Left: Angle Scan, Residual Y component of 7" omentum. Right: Hough

Transform, Residual Y component of 7% momentum
Transform method.

We summarize all residuals and ratios calculated from the comparison between reconstructed

and True Moute Carlo. Table 4.2 summarizes the ratio and residual for each method.
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Figure 1.24:  Left: Angle Scan, Residual Z component. of 7#” momentum. TRight: Hough

Transforim, Residual Z component of =¥ momentun

) Hough Transtorm | Angle Scan
~ Lnergy ratio 1.08 L.08
~ Energyv residual 8.02 MeV 16.6MeV

v Momentum residual £, -1.39 MeV -1.69 MeV
~ Momentuwin residual F -(1.89 MeV -0.88 MeV
~ Momenturo residual P, 4,53 MeV ; 1.28 AeV
7 Momentum residual P, -1.95 Me\ -1.63 MeV
7Y Momentinn residuat P, -1.24 MeV -1.31 MeV
79 Momentum residual P, 3.62 MeV -2.64 AoV

Table 1.2: Summary ratios and residual table for Angle Scan and [Hough Transform methods,
we defined Residnal  True Monte Carlo - Recoustructed Monte Carlo, and Ratio « True s

Reconustructed

4.7 7 Invariant Mass

If two photons are ebserved (reconstructed) in the detector with energies E. and E., and
angle ¢ Lietween them, how we must get the invariant mnass. Since a photon has 1o mass, its
cirergy and momentun are the same (E, — I and 72 = m =), so energy-momentum 4-vector

conservation can be swritten as:

6.3




Get = Ga t oy
T = @5 + 1y + 2y, - ) (4.9)
Ml =2(E,E,, - P, P.,)

The identification of neutral pions (and other neuntral mesons) is usually based on the

Invariant mass analysis of photon pairs detected in an clectromagnetic calorimeter Eq.4.10

M., = \/‘)F FE. {1 —cosfl. ..} (4.10)

Figures 1.25 shows the " invariant mass reconstructed by our two nicthods. The shape of
L] -
the 7 peak in the invariant mass spectrum reflects the energy and angular resolutions of the

79 reconstruction.
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Figure 4.25: Top: 7 invariant mass (Angle Scan method). Red Gaussian mean value equals to
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Chapter 5

Simulation and Event Selection

5.1 Introduction

We must define which selection criteria we should apply to select our sample of OO
inclusive and CCaY exclusive. The definition of our samples is strongly related to the final state
particles as defined by our Monte Carlo. We do not reconstruct all final state particles from
overy reconstructed event. We mainly reconstruct antimuons and neutral pions. We compare
our data and Monte Carlo for every reconstructed variable. We describe the main components
of our shmulation, like Beam simulation. neutrino interactions simulation, MINOS simulation.
We emnphasize the muon reconstruetion and how MINOS near detector is fundamental to onr

analysis.

5.2 Fiducial Volume
The analysis makes the following requirements for the interaction vertex location:

o ingide an hexagon centered at the detector 7 axis with apothem less than 850 mm.

o 7-component between 5990 mum and 8340 mm. This transkates to a reconstructed vertex

hetween modules 25 and 81, counting a total of 57 modules or 114 planes.

The superficial mass density of carhon in the tracker region is pe = 1.774g/ /e and the
superficial mass density of all scintillator planes corresponds to pp = 1.811¢g/crn? in total. The

arca of the hexagon is:

. 180 9 6 - e -
A=a?x N x mn(_i—) = {83em)” x :/_’E — 25028, Lcm” (5.1)
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where a 85 cmi is the apothem and N = 6 is the number of sides of the hexagon. This

leads to a {iducial mass of carbon given by:

A X perx 114 x 1/1000 = 5.06 1 tons (5.

ot
]
e

and a total ofs

A x pp x 114 x 1/1000 = 5.167tons. (5.3)

5.3 Muon Charge

MINERvA ¢! and g~ reconstruction consider tracks that can be matched to a MINOS
track that provides wformation on the momentum. Muous that stop in our detector are not
used. Wo consider nmons that exit from one of our last five modules and can be matched to
a reconstructed muon on MINOS. We use the momentum reconstrneted by MINOS and the
charge is defined by the track curvature as measured by MINOS.

p#— arc associated to a negative track curvature:
) -
p=-<0 (5.4)
f
and gt oare identified by a positive track cnrvature:

E,
p="Tx0. (5.5)
p

5.4 Our sample

We use data taken between October 2010 and February 2011 (see figure 5.1}, This period
is called MINERvA list 5. And correspond to 1.019 x 10%" protons on targer (POT) have
been analyzed. Monte Carlo sample corresponding to 2.579 x 10?" protons on target have been

analyzed.

5.9 Simulation in MINERvA

Sinmlation involves several different Monte Carlo (MC) packages. We use the GENIL |79
package, version 2.6.2, to simulate neutrino interactions and final state interactions within the
target nuclens. We use GEANTA package to model several different systems. GEANTY is a
C-- - based object oriented stmulation package used to simulate the basie physical interactions

of particles with matter [80]. GEANT4 is au integral part of the Gdnumi package that we
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Protons on Target per day { 1018}

Figure 5.1:  Total data collected by MINER2A at LE beam configuration. v, LI 3.98 x 1%
POT. 7, LE 1.70 x 10* POT and special runs 4.94 x 10" POT

use to simulate the neutrino and anti-neutrine fluxes. Gdnumi uses GIEANT4 version v9.2p03.
We use Geantd to simulate the behavior of the final state particles predicted by the GENIE
sinmlation. This involves simulating the amouut of energy deposited by a given particle in cach

step as well as modeling any multiple scatleting or secondary interactions that may eceur.

The second step of the sinulation involves modeling the actual defeclor components. The
cnergy deposits predicted by GEANTA are converted into a prediction of the anumber of photons
generated in the scintillator. This includes accounting for Birks Law that describes how the
light vield from energy deposited in scintillator saturates for larger cnergy deposits |81]. The
captnre of light by the WLS fiher and its path to the PMT are also stmulated. We model
the quantum efficiency of the anode on the PMT, which converts a percentage of light from
the WLS fiber into clectrons that can be accelerated in each stage of the PMTs. A complete

description about MINER»A simulation could be found in |82]

5.5.1 Simulation of the NuMI Beam

We simulate the NuM1 Beam, predicting the spectrum af pions and kaons that produce
the v and 7 that are ohiserved in the MINER»A detector [83]. These fluxes are produced with
the FTFP and QGSP physics models of GEANT4 9.21p03 (80| to model hadron produetion ani
re-interactions within the target system. A multiplicative factor is applied to some events to

correct for model’s iimprecisions.
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Two exterior data sets are used to reweight the predicted pion and kaou distributions created
by 120 Gel protons colliding with the Nudll target. Tor pions with x. < 0.5, NA49 data [84]
15 nsed Lo reweight plon proditction cross-sections. where g is Feymman x defined [27).

T = 2!—1,1 (5.6)

V4

where py is the longitudinal momentom, and s is the square of the center of mass cnergy.
The Large Acceptance Hadron Detector for an Investigation of Ph-induced Reactions{ NA49)
at the CERN SI'S. studied pion produetion from proton-carbon collisions for protons with
momentum cqual to 158 Gevse. Tor wp > (L5, both data fromm NA49 and Barton, ot a.].[85]
are used to reweight the sample. Production cross-sections for kaons are also reweighted using
NA49 data, but only for xp < 0.2, For all other cveuts, no reweighting is applied. For regions
of 2y where we apply reweighting, we do so based on values of rr and pr, where pp is the
transverse momentum. We compare a sinmlated cross section with the one measured in the
Barton and NA49 data as a funetion of 2y and pp. We then reweight events hased upon the
differences of the cross section in data and shmulation. We show reweighted flux plots using

this method on figores 5.2 and 5.3.

Nudl Low Energy Beamn , FTFP NuMi Low Enargy Beam, FTFP

8]
=1
T
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Figure 53.2: Overlay and ratio plots of the simulated Hux before and after the central value
rewelghting procecdure has been applied for FTFP. The label v, refers to the distribution of
v,'s in the FRHC beam while the label 7, refers to 7,'s in the RIIC beam. Plot Courtesy of M.

Wordosky

This re-weighting sclieme caunol be applied for all shmnlated nentrino interactions. For
these cases, we use the hadron models to simulate the flux. We use the resulting spread of
predictions in the "1000 universes” method deseribed in section 6.2, In all cases, we sinmlate

the in flight decay of pious and kaons to muons, neutrinos, and anti-nentrinos.
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Figure 5.3 Overlay and ratio plots of the simulated flux before and after the central value
reweighting procedure has been applied for QGSP. The label v, refers to the distribution of
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o in the FIIC beam while the label &, refers to 2,s in the RIIC beamn. Plot Courtesy of M.

Kordosky

5.5.2 The GENIE Simulation

GENIE is a C: + and ROOT [86] based simulation package created for modeling neutrino
interactions in matter’'. Various interaction models are used for predicting the eross-section [or

different types of processes.

Quasi-Elastic Scattering: Quasi-elastic scattering (v, +n — g1 p) is modeled using

an inplementation of the Liewellyn-Smith model |34].

o Elastic Neutral Current Scattering: Elastic neutral current processes are computed

according to the model described by Ahrens et al |87].

¢ Baryon Resonance Production: The production of barvon resonances in nentral and
charged current channcls is inchided with the Rein-Sehgal model [88]. This model einploys

the Feviman- Kislinger-Ravndal [89] model of barvon resonances.

e Coherent Neutrino-Nucleus Scattering: Colerent scattering results in the produe-
tion of forward going pions in both charged current and ncutral current channels. Coher-

ent nentrino-nucleus interactions are modeled according to the Rein-Schgal model [90].

"We nse GENTE version 2.6.2 in this thesis




e Non-Resonance Inelastic Scattering: Deep (and not-so-deep) inelastic scatlering
(DIS) 15 calculated in an effective leading order model using the modifications suggested

by Bodck and Yang[9l] to describe scattering at low Q%

e Neutrino-Electron Elastic Scattering: The cross sectious for all v, scattering chan-

nels other than Inverse Muon Decay is computed according 1o [92].

Woe generate events using the GENIE sinmlation by acquiring an cnergy and neutring Havor
fronr the beam siinulation. Using a random unmber seed, we then generate a particalar in-
teraction based npon that random number seed and the predicted likeliliood for the different

mteraections.

5.5.3 MINOS simulation

Ve need to simulate Muons passing through the MINER#zA aud MINOS Detector. This
15 done by passing the position, tyvpe, and the four-momentum of that muon to the MINOS
simulation.  The MINOS sitmlation uses GEANT3 to mwodel the MINOS detector and the
magnetic field present within that detector. This simulation runs separately and independently

from the MINER#zA simuiation as well as the MINER A software framework.

9.6 Processing Data in MINERvA

The same high level processing steps are emploved for data and the simulation. Several steps

of processing occur.

5.6.1 Matching MINOS and MINERvA

One of the earliest stages of high level processing is combining MINGOS and MINER »A detector
information. This includes associating MINERvA gates and MINOS suarls with each other. A
MINOS snarl is similar to a MINER2A gate. In the case of data, gates and snarls are matched
using GPS thing information. In the case of the simulation, a given MINERrA gate and

-

MINOS snarl are known 1o be associated a priorl. For a given MINOS snarl, we run the [ull
MINOS reconstruction prior to gate and sirarl matching, This reconstruction inreludes a MINOS
track finding algorithm, which uses a Kalman Filter and accounts for multiple scatteriung and

deflection due to the magnetic ficld.
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5.6.2 Forming Time Slices

Giveu the fine timing resolution of MINER A and the timing calibrations that we apply, most
nentring interactions have a narrow time profile. Since maltiple interactions can oceur within
the detector, separating interactions by their time offers an effecrive way of disentangling in-
teractions that would otherwise overlap in space. To do thig, hit times are sorted using a Heap
Sort 93],

Ouce hits are ordered, a sweep start inding hits concentrations over rime. If at least two
hits with minimal charge associated with themn are located within a particular window, the hits
are grouped into a time slice. The hits are then added to this segment of time if they gecur
wear the initial hits in the time slice.

The time shice is then used as the basie unit in processing for the remainder of reconstruction.
On Hgure 3.1 we can see a MINER2A gate. The top represents the hit time distribution. and

we represent 3 different time slices and the complete event.
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Figure 5.4: Event display showing single time slices and all hits deposited in our detector during

a MINERvA gate ~ 16ns




5.6.3 Clustering

To form clusters, we look for hits adjacent to each other within a plane within a given
time iuterval{time slice). Any space berween hits leads to a new cluster group, where a space
is a strip that does not register a hit. An isolated strip with a hit and without neighbors which
recorded a hit is promoted 1o a cluster.

A illustration of clusters being forme from strips is shown in figure 5.5

Muon EM Shower
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N\/\/-
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-

I R

Closter: 3hits

Figure 5.5: Clustering example. Adjacent hits within a strip plane create a cluster

The cluster position is calculated using weighting all entrics by their energy. The tinte of the
energetic hit 1 considered to be the time of the cluster.

Wo classity the resulting clusters by their composition as:

¢ Low activity clusters: Clusters with less than 1 Mel are considered low activity clus-

Lers.

¢ Trackable clusters: Total cluster energy must be less than - 12 MeV and bigger than
1 MeV, The hits, must have either one or two hits with it energy > 0.5 MeV, and be

directly adjacent to each other.

e Heavy ionizing clusters: Total cluster Energy > 1 AMcV, four ar less hits. Must have
ohe, two, or three hits each with hit encrgy > 1.5 MeV, and they must all be directly

adjacent to each other and not qualifv as a trackable clusrer.

e Superclusters: Anv cluster with more than 1 MeV in energy that does not meer the

criteria for either trackable or heavy lonizing clusters is classified as a supereluster

|
[




o Cross-talk clusters: A cluster is identified as a cross-talk cluster by inspecting the PMT

pixels assoctated with hits within that cluster.

5.6.4 Tracking

Photons andd charged particles usually deposit energy in each plane. We identify these
deposits and use them to reconstruet the path of the particles. In MINER#A we reler to the

resulting reconstrueted object as a track.

The muon is one of the casiest particles to find. Removing the activity associated with a
wnon generally improves the overall success rate of finding other tracks and the vertex of the
witton track s usually the neutrino interaction vertex, After finding the rmuon we search for

other tracks using the same tracking procednre we use to find the mmon.

Tlie steps [ollowed to find tracks are:

1. Making Track Seeds and Track Candidates: The basic step i the tracking process
is making two dimensional track seeds( Track sceds per view X. U and V). To make these
seeds, we sort. trackable and heavy ionizing clusters by thetr location along the Z-axis.
Track seeds are then found by lookiug for clusters within planes with the same view [or
thiree clusters that are in a line, We fit the three clusters (enforcing a miniomun y2 valuc).
Only tracks seeds that pass the cut arve considered in the next step. Then, we merge track
secds into track candidates. We initiate this in the downstream end of the detector and
work upstream. The result is two dimensional track candidates cach camposed of clusters
m a single view. We then attempt to merge recently formned track candidates comparing
the slope and slope intercepts. If the two are sinilar enough, we combine them into a

single track candidate.

2. Kalman Filter: Ve use a Kalman filter implementation that incorporates nultiple
seattering to fit a track using a Kahman filter |94]. The Kalnan filter is a recursive
method that takes input data to make a statistically optimized prediction assuming a
linear syvstem swhich is then used as an input for the next iteration of the filter. The
multiple scattering calenlation incorporates material inlormation for the region of the
detectar the track is traversing as well as the mass of the partiele. Tor the first round of
tracking where we search for & muon track, we use the mass of the muon in calentaring

multiple scattering.

3. Track Cleanup: After the ahove step, we inspect cach track to determine whether the

object shonld be divided into two parts. Looser standards regarding gaps along a track
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arc mitlally used since some activity related to the track may be part of a supercluster
and thus not available for forming a track. If no activity 1s found to fill the empty spaces
along a track, we call them gaps. If this gap is too large, we split the track into two

separate pieces, considerinig that it 1s caused by interactions of separated particles,

1. Applying the Tracking Algorithm As mentioned above, after reconstructing the muon
wrack we search for hadronic particles. The track we consider most likely to be the muon
15 saved and all other tracks deleted. We then use the muon track as an anchor to
find hadronic particles with the same vertex. We take the remaming trackable and high
ionizing clusters and repeat the above tracking algeorithm with the requivement that tracks
must have a common vertex with the miuon. A Kalman filter fit is done to the rack and
vertex svstern. Any tracks that do not have a vertex consistent with the nmon track are
deleted. Track cleanup is performed on the newly ereated tracks splitting them if large
paps cxist within the track. We repeat this anchor-based tracking using the ends of all
tracks as potential new vertices. We use the sarme tracking and anchoring method used
for the muon track. After this search for sccondary vertices, we search for tracks not
associated with the reconstructed muon track. All remaiming trackable and high ionizing
clusters are used. The same track procedure is used, with a final clcanup step of splitting

newly found tracks il appropriate.

5.6.5 Attenuation Correction

The size of the signal observed in a strip, given a specific energy deposil by a particle
depends on the position along the strip where the particle interacted. The rcason for this
position dependence is the attenuation of light within the fiber WLS. Tor one single hit within
a strip, the attenuation correction can not be performed breanse there is no way to know where
along of the strip the hit was produced. However, once the tracks have been created, we know
the three-dimensional position of the clusters that make up the track, In the early stages of
processing, cluster energy is calibrated as if every cluster is in the center of the strip. For
clusters that have three dimension information available, calculating and applyiig a correction

differs from where the hit ocenrs in the middle of the strip in the longitudinal direction.

5.6.6 Incorporating MINOS Reconstruction

We attempt to mateh MINER©vA tracks that have a cluster in at [east one of the last five
modules in the detector to tracks m MINOS. The resulting abject 18 referred as a prong. To
qualifv as a maich, the MINOS track must start within the first four planes of MINOS. Yve
only consider matching MINOS and MINER A tracks if they ave within 200ns of cach ather.
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We project the MINCGS track across t-}.l(‘. two meters S(?pel.l'ating the two detectors to the plane
that contains the last cluster on a MINERvA track, and, we project the A[INER#A track to the
plane that contains the vertex of the MINOS track. In MINERvA | we compare the position
of the last eluster on a track with the projection of the MINOS track. We refor to the distance
between these two points as the match residual. We also look at the analogous quantity in

MINGS, Tf both match residuals are less than 4(lem, we consider them to be matching tracks.

Tf multiple potential matehes exast, we take the mateh with the smallest mateh residual. We
find that tracks matched to a MINOS track are almost exclusively muons giving a high level of

confidence to our particle dentification for such tracks.

5.6.7 Muon Energy Reconstruction

A MINOS track has a charge associated with it which is lound by examining the direction
of curvature in the MINOS magnetic field. We nse the energy found by MINOS reconstruction.
Energy can be found in one of two ways in MINOS. In one case, range of the frack is used to
esthmate its intial energy. The curvature of the track in the magnetic field 1s also used o make
anr energy measurernent. We use rauge or curvature for energy reconstruction depending upon
where the track bepins or ends. This mcludes whether the track passes into region containing
non- wstruiented planes, in which case we use curvature for reconstruction. If the track is
contained within a particular volume that is fully instrumented, we use range for the momentum
mcasurement, In all other cases, we use the result of the curvature measurement.

To find the energy of a muon in MINER#A, we must account for the energyv lost by that
muon as 1t travels in the MINERvA deteclor. To account for this energy loss, we use the

Bethe-Bloch formula which gives the energy loss per distance travelled of charged particles,

dE C o Z L, 2t P e, W(87) 5
—_—— = [ e 2 R ! - l.--j _ : 1 5.7
=Bl IE - o (5.7)

where K is a coustant, z is the magnitude of the ¢harge of the incident particle, A is the

atomic mass, Z the atomic number, T is the mean excliation energy, ni, is the mass of the

eloctron, A{3~) is a density effect correction to onizatiou energy loss, ¢ is the speed of light,

and we use the relativistic variables 3 and . Ty 18 the maxitnun amouni of energy that can

be imparted to an electron, given by

o
2m, 322

2
e

— T {5.8)
I+ =7+ 35
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wlhere M is the mass of the particle for which 75, is being ealculated. To apply this formula,

we crement every step along a track assessing the ammount and Lypes of material along it.
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5.6.8 Blob Reconstruction

Blobs are objects 1o define or store auy group of clusters aud are constructed to capture
different types of topologics. We use blob objects to contain or reconsiruct eleciromagnetic
showers. Ir this thesis we reconstruct gammas, see Chapter 4 for full description. We also use
the blob obhject to contain the activity around the event vertex, {(Subscction 5.7.2). The blob
energy is going to be a fundamental key to distinguish our OO inclusive and CC7Y exclusive
samples. AH the cnergy deposited i our detector and not reconstnicted by any method above

described, 1s stored as another blob object called dispersed blob.

5.7 Event Selection and Reconstruction

This measurement has heing performed on the active region of the MINERvA detector,
pavticular attention must be paid to how the sample is defined. Our final-state interactions
(ESI) are the key to split our different samples, considering we are selecting anti-neutrinos, our
main signal or sample is domninated when the final state particles are 1 anti-riuon and 1 7Y

have been produced.

According to our Monte Carlo, the final state particles distribute our events mto four cate-
govies {figure 5.6), the first one is cvents where the particles in the final-state are 1 p', I 7¥
and 1 . The second group is events that didn’t belong to first group and contains 1 p' and at
least | x". The third group is events that contain 7" coming from interaction in the detector.
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Figure 5.6: Stack Invariant mass version showing the 4 categories of our sample
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E~vent Selection lor Anti neutriuo interactions:

o The basic criterta for selecting o events are MINER#ZA muon tracks. where the event

vertex must be inside the "fducial volhume™.

o We requive a MINOS-matched track with positive curvature and a successful encrgy re-

construction, to select anti-imuons.
o Hits to be reconstructed, must be within 255 respect to vertex time.
¢ Muon vertex must he inside "fidueial volume™.

o Showers must be reconstructed by Hongh Transform if energy is bigger than 900 Mc\ or
Angle Scan fails. Usnally Tough Transform works for energetic 7% and Angle scan lor low

energy .

2 BEM showers - Energy in Targel. Region -0 20 MeV.

Woe are trying to reconstruct 70 in the final states. Qur goal is to identify a meutral pion
among other particles. We can think of cases where the topology is the simplest one and very
complicated as it is the case of 7” production in deep inelastic scattering. Our philosophy is to
0

reconstruct events with sirnple topology where two photons decaying from 7% are well defined

and with no other particle overlapping them.

Following these concepts, we divided our signal in two calcegories, the first group theve is g f,
7% and any otlrer particle(s) as final state particles (CC'=" mclusive deseribed in 3.7.3), and the
second group wlere there are only these 3 final state particles g7, 7 and n (('C'7° exclusive

described 1 5.7.4).

We must split our data into the same categories described above but, using kinematie vari-
ables curs. The first one is the invariant mass {deseription in Subsection 5.7.1) and the second

onre will be the energy around the vertex of interaction (description in Subsection 5.7.2).

5.7.1 Invariant Mass

The observables needed for the invariant mass analysis are two photon energies (I, E.)
and the opening angle 0., between them (equation 4.10), this invarlant mass nust be equivalent
to the 7% mass (134.90el7/¢?) so we can assume the gammas are coming from the 7°. If the
invariant mass is not closc to the 7" mnass we may lave fake electromagnetic showers or a wrong

combination of gammas.
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It is not practical w0 show all these graphics in this thesis. They can be found i internet

public arca [93]. We include plots with both relative and absolute normalization.
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normalization (sidehands are the systematic errors).

5.7.3 CC#" inclusive

We nmst., include all events containing one antl-muon, one Al

amd additional particles.
Using our kinematic variables we make cuts on the invariant mass between 70 and 2003/ eV/c?
as shown in figure 5.11 and on the vertex energy below 80 MV as showit in figure 5.12 ensuring

A sample with the purity greater than 62% on average.
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Figure 5.11:  Invariant mass plot with stack histograms including our different categories,

GO inclusive contains events with ol nw? (pink) and ' 7" X (green) in the final state.
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Figure 5.12: Left: Vertex Energy including our categories. Right: C'C7" inclusive purity versus

vertex energy dependence. We define a cut at vertex energy equals 1o 80 el

Table 5.1 shows the cfficiency of ~ 3% and purity around 62% for C'C7" inclusive. Several
factors contribute for such poor efficiency mainly the reguirement of a muon match with the

MINOS near detector, that has an efficiency-acceptance around 50%.

Owr algorithms attempt Lo reconstruct 7' that well defined by the decay pliotons. 1n interac-
tions with multiple particles in the final state such as po' 7X (table 5.1). The efficiency is only
1.7% and purity of 24%. In the case of a single final state. like ¢! ', the efficiency is higher.
Additional factors contribute to the poor efficiency, the combination of directions and energy
of photons produced, the first photon can overlap with the second photon i one of the views
of the detector, or one of them does not have enough energy to leave a trace in the detector,
or the probability that one of the photons travel i a parallel divection to the anti-imnon, and

finallv problems due to reconstruetion algorithms, as they are not totally perfect.

5.7.4 CCr" exclusive

We demand that the final state particles ninst contain one anti-muon. ome neutron and
one 7°. This selection is made using information from the Monte Carlo, and cuts m kinematics
variables. To isolate exclusive events we demand a vertex cnergy helow 20M ¢V, as ensuring
at least a purity of 20% shown in figure 5.13. Background is greatly reduced as show in left
plot in the figure 3.14. After this cut over vertex energy finally our COrY exclusive sample s

restricted to invariant mass region among 40 and 240A7eV/¢? as shown i the right figure 5.14.
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| CCa® INCLUSIVE
[ FINAL STATES | EVENTS | PURITY l EFFICIENCY

ptaln 1087 38.3 %
pra®X v | 688 242 %

ut X — ot 502 177 % L.7T%
no 9 537 18.9 % 0.4 %

Table 5.1 Efficieney and Purity for CO#° inclusive with 70.0 MeVic® inass- 200.0 MeV /e?
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Fignre 5.13:  ('C'7° exclusive versus vertex cnergy

With these cuts we achicve an efficiency of 6.4% with purity of ~ 63% as shown in table
5.2. The purity of every background component averages 10%. MINERvA can use the vertex
energy to reduce the background. This variable tells us if therc is a strong evidence of additional
particles coming from the interaction. Other experiments can mis-reconstruct or mis-label

inclusive events as simple v-Induced Charged-Current 7 production.

Figure 5.15 illustrates vertex energy helps to identify exclusive events. The top event display
shows an event with two photons (red and green) and a vertex activity with more than 4037eV.
The vertex is inside the active region and is defined by the upstream position of the anti-muon
(long track). The bottom cvent display shows an event with a long track (an anti muou) and

two photons (red and green) and no cnergy around the vertex.
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Figure G.44: Left: invariant mass mcluding Monte Carlo, its background and data. Right:
invariant mass stack histograms including our different categories, CCa? exclusive contains

events with g nw’ (pink) in the final state.

CCx" EXCLUSIVE
FINAL STATES | EVENTS | PURITY | EFFTICIENCY

et X 223 14.1 % 0.6 %
HtX — ! 173 10.9 % 0.6 %
1o & 183 11.a % 0.1 %

Table 5.2: Efficiency and purity for ('O exclusive with 40.0 MeV/¢? - mass. 240.0 MeV¢?

and Eppey - 20 MeV

5.8 Reconstructed Variables

In this section we deseribe some important variables and compare the shape of the distri-

butions of reconstriucted data with reconstructed Monte Carle, Plots are relative normalized.

A complete recoustruction of our eveits requires several key variables related to the nmon
(sucli as direction and eucrgy) and to the 70 (such as the encrgy of the photons and the angle

hetween thelr directions).
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Figure 5.15: Top:Event display showing C'Ca" inclusive candidate from data. The red photon
is the energetic one, the seccond photont (less energetic} is shown in green. The long rrack is
the anti-muon and the dark hits inside the circle around the vertex account for the vertex
cnergy. In this event we have Fppe, = 12837 MeV, M = 130.47 MeV /2 B = 132,05 MeV,
Frs = 127.40 MéV. Bottom: Event display showing CCzn" exclusive candidate from data.
E.ree = 0 MéV (there is no activity around the vertex), A = 130.88 MeVie?, B, = 164.32
My and E., = 155.12 MeV,

5.8.1 Kinematics Distribution for CC#" inclusive

Ag a check of our reconstruction methods we compare data and Monte Carlo distributions

for every recoustructed variable,




The same algorithms are used for CCn" inclusive and for ("C'n" exclusive. The goal is to
identify and reconstruct a single 7%, It is important to see how the reconstructed energy of the

energetic 5 (v, ) compares for data and Monte Carlo?. Figure 3.16 shows that our algorithm

reconstructs the energetic v with a mean energy of ~ 20034 ¢l

v, CC 70 inclusive
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Y, Energy Reconstructed (GeV) Y, Energy Reconstructed (GeV}

Figure 5.16: Left: ~, energy distribution. data and Monte Carlo. Stack plot includes all our
categories. Right: ~y energy distribution, data and Monte Carlo (Monte Carlo background

inehrded).

Figuve 3.17 shows the distribution of (£, — E.,) / (£,, +I2,,) that quantifies the asymnetry
heiween the photons coming from the 7 decay. Only a small percentage of events has one of
the photons getting most of the encrgy of the 7°.

Figure 5.18 show the « momentum distributian. Tt peaks around ~ 300M el and decreases

fast as the momentum increases. Very few events are recoustructed with energetic 7.

Figure 5.19 shows the distribution of the opening angle betwecen gammas.  Most 7 are
recoustructed when opening angle 15 small.

MiniBooNE experinent reported an observation of more evenls than predicted by Monte
Carlo when cosfn is close to one®. Our distribution of cosfin, as shown in fignre 5.20, does not
show this effect. One should notice that MiniBooNT uses the NUANCE Monte Carlo while
we use GENIE. The effoct is not observed even when we weight cosfl,o by the 77 energy as we
shown in figure 5.21.

When we are recoustructing the long tracks in order to find muons. leplons are used to
indirectly determine whether there was an charged current interaction of a nentrimo in the

detector. This track wust be originated in the center of the detector, and head into MINOS

TG section 4.4 for a detailed deseription of Low we reconstruct she energy of 2 given electromagnetic shower.
Seosl_g is Ute angle between the divection of 7% and the divection of the interactlug neutrino.
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Fiewre 5.18: Left: reconstructed 7% momentmn. Data and Monte Carlo stack plot for CO7Y
8 1

inclusive. Right: reeonstructed 70 momentum including Monte Carlo background.

detector to complete the reconstruction of the muon cnergy.

It is mmportant showing the

refationship between Data and Monte Carlo, the energy aud direction of the muon.

Muon momentumn is very importaat for the reconstruction of any charged current neutring

interaction. Usnally a big percentage of the neutrino energy is carricd by the mwon. Figure
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Figure 5.19: Left:Cosine of opening angle between gamimas, data and Monte Carlo, stack plot
for ('C’7° mclusive. Right: Cosine of opening angle between gammas including Monte Carlo

background.
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Figure 3.20: Left: cosine opening angle between ¥ aud 7, direction, data and Monte Carlo,
stack plot for CC7% inchustve. Right: cosine opening angle between 7 and 7, direction including
Monte Carlo Background. Both plots are absolute normalized to compensate for the difference

hetween the number of entries in data and Moute Carlo.

5.22 shows the muon momentum distritnition. We deraand the inuon energy above 1.5GeV™.
A, and o, are inporlant variables for the reconstruction of ()? and the nentrino energy.

Figures 3.23 and 3.24 show the distrihution of these varables,

Tonargotic mnons are able to reach the Minos Detector and have puod acceprance
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Figure 5.22: Left: muon momentum distribution, data and Moute Carlo. stack plot for CCOxY

inclnsive. Rigth: Muon monentwn distribution including Monte Carlo Background

E,,, is ealeulated using (e approximation given by equation 2.32

() is caleulated using the neutrino energy and the muon energy-direction recoustructed,

expressed on equation?.34. Figure 5.26 shows the € distribution.
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Figure 5.23: Left: # augle of the muon direction, data and Monte Carlo, stack plot. Right: #

angle of the muon direction including Moute Carlo background for C'Cr" inclusive.
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Figure 5.24: Left: ¢ angle of the muon divection, data and Monte Carlo, stack plot. Right: ¢

angle of the muon direction inchuding Monte Carlo background for CC#Y inclusive

5.8.2 Kinematics Distribution for CCx" exclusive

\We are using the same set of plots showed on the previous subsection. COT exclusive has

less statisties than (7C'7% tnclusive®, our distributions show bigger statistical fluctuations.

Gainina energy distribution for the energetic gammma is shown on figure 5.27.

51 he cross-section for exclusive is small with respect to ivcusive 7 production
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Figure 5.25: Left: Ep, for CCaY inclusive, data and Monte Carlo, relative normalize, stack

plot. Right: Ey i for C'C7Y nclusive ineluding Monte Carlo background.
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Figure 5.26: Left: Q? for CC'z" inclusive, data and Moute Carlo, relative normalize, stack plot.

Right: (° for CCx" inclusive, including Moute Carlo Backgroud

Figure 5.28 shows the asymmetry between the two decay gamimas. This plot is showing 1
average, how the 72 energy is distributed between the gannmnas,

For CC7° exclusive the 7% momentum shows high purity of the signal defined by the final

state particles p'na’  The recoustructed rate events are, again, low for events where the
reconstructed 7¥ momentin is bigger than 1Gel, as shown in figure 5.29
Figure 5.30 shows the cosine of the opening angle between v, and 7. A high percentage ol

events reconstructed lave a small opening angle.
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The cxcess production for a small d,0 reported by MiniBooNE |56/, is not observed even

when the cosf o 1s weightec

| by the ¥

encrgy, as we cau sec in figures 5.31 and 5.32.

Figures 5.33, 5.34 and 5.35 show the distribution of the muon momentun, A ane o

Our reconstructed neutrine encrgy distribution include ¢t over 2Gel”, because we already

have applied a cut on muon energy distribution above L5GeV . We follow the same assumption

given in Section 2.6.5.
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Figure 3.29: Left: reconstructed 7V momentum. data and Monte Carlo, stack plot for Y

exclusive. Right: reconstructed 7° mnomentum including Monte Carlo Background.
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Figure 5.30: Left:Cosine of opening angle between ~; and o, data and Monte Carlo, stack plot

for ("'CzY exelusive. Right: Cosine of opening angle between 7, and 7, including Monte Carlo

hackground.

Fepration 2.34 is used for the caleulation of Q7 whose distribution is shown iu figure 5.37.

5.8.3 Summary

This chapter shows that we are able to reconstruct 7 events in MINERwrA with good

agreement. between Data and Monte Carlo. All distributions in this chapter represent every
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Figure 5.31: Left: Cosine opening angle between 7 and », direction, data and Monte Carlo.
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stack plot for CCnY exelusive. Right: Cosine opening angle between 7% and v, direction |

meluding Monte Carlo background.
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Figure 3.32: Left: E.n x cosw", data and Monte Carlo, stack plot. Right: Eov x cosT? including

Monte Carlo Backgronnd for C'Cn" exclustve.

1)

. - . . 3 N .
step In our reconstruaction: muon energy, Imuan direciion. 7 momentnul, (2“ and Nentrno

LEnergy.

These plots were shape comnpared, showing good agreement beiween Data and Monte Carlo.
In the next chapter we use our reconstructed sample to calculate the cross scction for CCxY

inclusive and (O exclusive.
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Chapter 6

Measuring the Differential Cross Sections

for CCrY

6.1 Introduction

The reconstruction of observable cross section for CCa” inclusive and OO exclusive samples

was done m several stejs.

o Background subtraction: our reconstructed sample is contaminated by non-signal

events {backgronnd) aud does not fully contain all signal events.

o Unfolding: the reconstructed variables usually are deviated from their true value. We

need to redo this effect, it means "unfold” our signal events.

o Efficiency correction: the cfficieney is used to recover the signal event rate from owr

reconstructed candidates.

C'ross section is calenlated as

()o’ . Z; {/’T?'_}'{;Vj - BJ)

o 6.1
daly AL (6.1)

where v is the variable of interest, i labels a bin of the measurement, Awx, is the bin width,
AN is the number of cvents in bin j. B; is the expected hackground in hin j, U5 18 a matnx
clemnent that unfolds out detector offects, ¢ is the bin efficicncy, ¢; is the predicted nentrino

flux, and » is the number of interaction targets.

For the single differential cross-section measurements the flux factor, ¢;, is constant and

equals the total flux. For the tolal cross-seetion weasurement as a lunction of neutrino cnergy
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the flux factor is per energy bin. A cross-section is naturally a function of every degree of
freedom associated with the interaction, constrained by conservation of cnergy, momentum.

and angular momentum.

6.1.1 Background Subtraction

The first step towards estimating the mmmber ol interactions is to subtract the expected
background from the measured event rate. To estimate the background we assume that our
Monte Carlo background predictions are correct. Our Monte Clarlo sample is not of the same
size of our data sample, therefore, we mmst extract. the fraction of the background, scale it to
data nsing the ratio of their Proton On Targets (POT). When background [raction is measured

in Monte Carlo this [raction is subtracted from data according to,

I;-\..'t‘_J_f! —sth N :{i(_)._'{no;m Y
o i P()]"'-,"I/f(‘ J

For (?C7Y exclusive sample, Monte Carlo predicts a purity 63% after all analysis cuts,

(6.2)

and Monte Carlo predicts a (*C'7% inclusive sample that is 62% pure observable ('C'z%. The
contribution of the background interactions to the randidate rate appears i figure 6.1, For

CORY inclusive our backgronnd is coming from the %Y produetion i the deteetor and rnos-

reconstruction of the 7% (usually ocenrs in the presence of pions). For CC7% exclusive, our
hackpround comes from the same background as to C'Cx” inclusive and [row events with final

state partieles like pt 7Y X

6.1.2 Unfolding

After the background bas been subtracted the event rate must be correcied. Numerous de-
tector effects coupled with imperfect veconstruction have the tendency to scatter reconstructed
kinematics around their true value or cven bias them away. This phenomenon is known as

smmearing. The inverse process is called Unfolding.

Bavesian probability that a given true event of some variable A and bin 7 (A7), comes from

a reconstructed event of the same variable hnt different bin (x—l;’”’”“"'), is given by

P(;‘fl_mt'”ﬁ /«_‘1?:7‘1:.(')P(/_Lf_,rn.r-) .
P qu_ru{% ‘_4?_:1('0.5- - - 4 : ] ot : 63
( g | J ) ; _-1;-‘ e JD( fﬂl_}nml“"|“1F"m').P(AFTHFJ ( )

The expected nunber of events to be assigned to each i true vartable due to the measured

of mumber events tliat can be calenlated as:

99




= , 0
V,Conu'nn

- x10°
- | Mrwekvs Preliminary + Data
%‘, '_‘”“" ~— Monte Carko
= MC Background
o~ |
e
in
el
c
o 0.6
-
w ;
04 —'j ;
[ :l | ‘
0.2 . ! |
0— : | .. . L . PN 1 1 ‘
0 02040608 1 121416 18

Figure G.1: Left: Reconstructed Eoe, data and Monte Carlo, relative normalized for C'Cz

n¢ Energy Reconstructed (MeV)

Events/0.2 (MeV)

p4

10° v, CC n? inclusive

08l
0.8

0.4

S S Y
A I = - I\
= T

MINERvA Preliminary + Data

—— Monkz Carlo
: MC Background

0.2

%

. g N Sty N *
020406408 1 12 14 16 1.8
n® Energy Reconstructed (MeV)

-0

exclusive. Rieht: Reconstructed 2o reconstructed for OO inclusive, data and Mounte Carlo
[ x _

relative normalized.

where i peews correspond to number of bins.

11 qarrerts

?,}.{‘;1:{‘1!.&) - Z n_(z,_«l}n_(-n.-s)P(‘!_.lzrurf|‘4-}m.:u..<):

Jj=1

(6.4)

The unfolding wmethod constructs a unfolding matrix from the Monte Carlo (Migration

ratrix{’;;) that maps reconstructed quantities to their predicted vahies. The chosen method

utilizes the [terative Bayes algorithm [96] that runs iteralively several times until A\ from

P111(4%%) and AT (A7) is small enough. 27 (A) romes from,

Hyerrcas

.ht [N {;‘li?bsj — Z n ( ‘q}n.(.a.\:'}})f (‘_ﬁ e

Jj=l

and PFA|Af) comes from.

l{_){__‘jl;m:as|AE,.M Jfﬁ (‘427'411:)

(6.5)

A prieurs

P.f. (.‘.4?'?”5

RSy
14.-}' )

- Z;T'_:-ii"f“' P(jﬂl;_ﬂ.r.‘(i.‘i|J‘_-ii.'f'u(‘.)Pi’(‘q??'?ﬁ(’.) )

(6.6)

where P(A"f-’“i“'-"'g;-‘lj"”") represents the migration matrix clements. For the first iteration, t

0, the probability P°{A7") is chosen from the best knowledge of the process under study.

I)(] {flz rare ) - '
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In case of total ignorance PO{AY will be a uniform distribution: (1/N,,..,). Figue 6.2
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represents a migralion matrix of the neutrine enerpgy distribution lor ¢'C77 exclusive sample

that associates the reconstracted Monte Carlo to the True Monte Carlo,
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Figure 6.2: Migration matrix used to unfold the neutrino energy distritnition for C'C7" exclusive

samiple

6.1.3 Efficiency Correction

The unfolded distributions are efficiency corrected i a bin by bin basts. Efficiencics are
estiinated as (he ratio between Trne Monte Carlo signal events (alter reconstruction cuts and
restricted to the fiducial voluine) and the generated distribution of signal events {(without cuts

but restricted to the fiducial valure).

Let's AF(truc) be the munber of events in bin ¢ as sclected by reconstructed Monte Carla
but with variable A4 True Moute Carlo information stored. To select an event we ask for a
recoustruct mumon with charge equal to 1. Then we ask for two recoustructed blobs and we
1

. . 3 ; . R CASTI
store the associated True Monte Carlo 70 energy {not the recoustructed 79 energy). A; ' is

all events geucrated that correspond to the bin 4. Efficiency correction is given by.
. s | Al (true)
m&;gbﬂm—&m—, = (6.8)
z € A;Truce)
The overall efficiency for selecting observable C'C®Y inclusive interactions is 3% aud the
purity is 62%. For ('C/7® exclusive interactions the efficicucy is 6% and the purity is 64%. The

bulk of evenis is lost by the mmon selection and ¥ reconstruction when the topology is not
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siniple. The cuts to veduce the background and preserve well-reconstructed events acconnt for
the remainder.
Figure 6.3 shows the muon energy efficiency and energy purity for the C'C7° exclusive

gample.
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Figure 6.3: Left: F,. efficiency for CCO% exclusive sample. Right: E,+ purity for COr"

exchusive sample.

6.1.4 Number of Targets

The munber of interaction targets is calculated in the fiducial volume. The target is o type
of polystyrene scintillator with other elements present in the amounts listed in table 6.1 [97].
These elements are coutained in the optical fiber, epoxy, and light sealing materials used 1o

construction of cach plane.

Element | Atoms / cm? [/ plane
C T R.80x 1022
11 9.03%x10%
O 0.24% 10
T L76x 102
Al L1Ex 1070
St 1.29 % 10%"
Cl 180 x 1070

Table G.1: Number of atams per centimeter squared per plane inn the MINER vA fiducial volumne,
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8.80x 10% carbon atomns per ¢in® per plane, times the area of hexagou (85 cin apothem) and

37 planes in our fiducial volume corresponds to 1.26825 x 167 C atoms.

6.2 Systematic Uncertainties

Systentatic nncertainties play a key role i our cross section measurcinents and are different
from statistical uncertainties. Svstematic Uncertainties are due to nncertainties i the appara-
tus or model and correlated with previous measurements. The svstematics errors used i this

dissertation are the errors coming from our event generator (GENIE) and our reconstruetions.

In MINERzZA we apply event weights {Vertical Errors) to deal with this ervors. A compre-
hensive description about how to apply svstematic nncertainties from the neutrino Interaction
made] s found in [98]. Our enrrent event weights are obtained by simultaneously varving all
internal model parameters in our Monte Carlo. The parameter values are drawn randoindy
based on an estimate of the Lo uncertainty for each parameter. Every draw is referred 1o as a
universe and the event weight is assigned to the diagonal of the covariance matrix [99]. In the

standard software configuration MINERvA generates 1000 universes for cach cevent.

The normalization corrections from our reconstiuctions are described n [100]. [n our analysis

we apply the following correetion factor:

Track reconstruction efficiency: 4.5%

Minos muon acceptance: 2.5%
o Minos rate effect: 2.8%

Mass assay: 1.4%

Comparison of data and Monte Carla includes signal and background events, sa the uncer-
tainty on those distributions is also comniug from backgronnd and signal events. Figure 6.4
shows the reconstructed event and uncertainties distribution as a function of the muon energy

for data and Monte Carlo.

I order to measure (O inelnsive and CORY exelusive cross sections we mnst subtract the

background from our sample as described in subscetion 6.1.1 as,

‘I.’\.,-'CTI'- "?\'T;Jt;fa‘u - BC""' (69)

stgnal T

where NV and Bey represents ceutral vahie of sigual and backgrond.

103




V,Coun’n v,Cou'n'n

%; 9007 mInERvA Preliminary  -a pata aE' L —— Tetal Error iStat. & 5ys. |
0 - Monte Carlo -E 0.71‘ s o Statistical (Monta Carla)
el MC Background h = ; ------------ - Flux_BeamFocus
= @ 0B8] —— . Fluxnass
-‘: - g L . Flux_Tertlary
..'ﬂ 600~ o ] 0.5 e GENIE
5 500 ﬁ [ mmsw———  Norm. Cocrgetionx
I.B : : c 04
4000 | £ :
- B o3
300 = i
a00[- | = 02
St ; L
100 ¢ : : o o, .
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Reconstructed Muon Energy (GeV) Reconstructed Muon Energy (GeV)

Figure 6.4: Left: Data and Monte Carlo comparison of (*C'n® exclusive events. absolute nor-
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After backeround subtraction, we still neod o caleulate the errors from the measured signal
& fol

events (data). For that, we build many different possible signal event distributions ;‘\-"_jiwﬁi

{(1n
order to associate to our systemnatics errors) by subtracting different MC background universe
front our single data distribution,

J.\‘.'j _ Arsel BJ’ (6 [U)

signal Y Deta

6.3 Cross Sections

Having a compreheusive CO! event reconsiruction allows for detailed measuranents of
CORY interaction cross-sections. The cross-sectiou is deperddent only on the neutrine cnergs.
It is measured relative to the incident nentrino direction. Eacli cross section, whether rotal or
differential, is a flux-averaged cross section. The mecan energy of 7, in the Anti Neutrino beam

iv ~ 3GeV and we assunte O atoms as the interaction targets.

The measurerments presented in this doctoral thesis are the most comprehensive measure-

ments of 7 OG0 interactions 1o date. The total CCaY cross-section is measured as a function
Y exclusive. For C'Cx° exclusive

1

ol the neutrino energy and Q2 for CCx” incliusive and CC'x
we also calenlate the cross-scction as a fonction of cosm! and of the 7" momentum. Before

this analysis there was no measurement of 7 C'Cx°% Figure 6.6 shows how the background
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In order to isolate our signal events from the selected evenrs. we subtract the background

and unfold the distribution to retrieve our generated sample. We then corvect by the efficiency.

Figure 6.7 shows tle last two steps.
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We can then compare our reconstructed {observed) Monte Carlo and our generated Monte
Carlo as in figure 6.8, We are then ready to use the distribution to measure the eross section,
taking the targets and the anti nentrino flux into account. The matching between generated
and observed sample tells us that we are using the right tools to calculate the crass-section

INCASUTCINCHES.

6.3.1 CCx" inclusive cross sections

Plots in figure 6.9 show the calculated total cross seetion as a [unction of ()? and of the
neatrino energy. These Cross Seetions are inportant for the understanding of the 7' production
in meutrino teractions. We still need to improve our understanding about the errors comng

from the flux amd the systematic errors resulting from the =9 reconstruction.

6.3.2 CC#° exclusive cross sections

Our CO7Y exclusive event selection has a purity good enough to be guaranty that out
seleetion contains 7V events. In figure 6.10 we plot the differential Cross Section a as function
of cos#? and as function of = momentum. The total Cross Section as fuuction of the neutrino

energy and the differential Cross Section as [unction of €2 is shown in figure 6.11.
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Figure 6.8: Gencerated and observed samples

6.3.3 Cross Sections Ratio for CCr" production

We can perform a test our Monte Carlo models, calenlating the ratio of the cross sections
for (7 inclusive and (7" exclusive data and Monte Carlo. Figure 6.12 we show the ratio
for total eross sections. We see a big difference around 2 GeV suggesting that we may be

overestirnating the CC#r" exclusive for that energy in data respect to Monte Carlo.
Our sccond test is calculate the same ratio, but now for the differential cross section as

function of %, again there is difference with Q2. Figure 6.13 show both plots for Monte Carlo

and Data. There is. again, a differeuce for @ around 0.05 GV /¢
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Chapter 7
Conclusions

[ have worked in the Flectromagnetic Final State Working Group in the MINER #A experiment.
M work is center around g-Induced Charge-Current 7% production, T have developed two

methods for the 79 reconstruction:

o Angle Sean. wethod deseribed on the Section 4.2, The method is to clustering Lits with
angle dependence with respect to the event vertex. This method has good efficiency when

the photons are well defined and do not traveling in samne direction.

o [Tough Transform. method described on the Section 1.3, We use tlie [Tough Transforma-
tion to get the main direction of the gammas, This method is powerlul when the photons

are pretty close,

Both methods are used to jsobate and reconstrict gammas coming from the 7 decay. Our
quality measurcincnts like gamma energv ratio{ 1.08) and encrgy residual (163{¢V) between
reconstricted and troe allow a good 7% recoustruction. The residuals for the + momentum
are 1.69MeV for p,. 0.88MeV for p, and for p, 1.28A¢V). For 7¥ mwomentum owr residuals
1.6341eV for p., 1.31 MeV far p, and 2.64McV for p,. A importaut varialle to quantify our 7Y
reconstruction is the invariant mass calculation Angle Scean and for Iough Trausform provide

133.3 and 135.3 MeV/e? as the 7V invariant mass.

We use kinematics variahles digtribution to double-check aur reconstruction, we select events
for C'C=Y inchisive and C'C=Y exclusive samples, and then compare Monte Carlo and data. We

have verified that our Monte Carlo and methods are working well,

Our measuremntents presented here provide the most complete nnderstancding of & induced
CCRY interactions at cnergies above 2 GeVoto date. We have shown that our sample and

Monte Carlo almost match perfectly. Every step in the caleulation of Cross Sections has a good
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conlidence level, The reconstruction developed in this thesis allow the measurement of the full

kinematics of the event and resulted in the measurement of six cross sections:
e The toral cross section as a function of neutrino energy. for the C'Cw? inclusive
o Flux-averaged differential cross sections in 2, for the (YC'7" inclusive.
e The total cross section as a function of neutrino cnergy, for the CCn" exclusive

e Flux-averaged differential cross sections in Q%) for the CC7Y exclusive,

o Tlhux-averaged differential cross sections in =" Energy, for the C'C7" exclusive,
e Flux-averaged differential cross sections m (Cosfo, for the O exelusive,

gLy

The ratio between the toral and diferential Cross Seetion between (YO inclusive and CC'r
exclusive, imelnding errors, are in good agreement with our Monte Carlo muodel. There is an
ongoing analvsis applying the saie methods to reconstruct 7 events on Neutrino Interactions.
We liave applied the methods developed in this dissertation to a small sample of Nentrinos with

enconraging results (Appendix A).
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Appendix A

First test of v-Induced Charged-Current

7V Production

Our antineutrine sample is not 100% pure siuce it contains a small amount of neutrmo
events that is part of the noise. Tn order to test our methods of recoustraction. we do our

reconstruction requiring muons (rather than anti-muons) in the final state.

v, O = 7' X (A1)

We plot the invatiant mass, vertex cuergy and dispersed energy for "neutrino” events that

pass our reconstraction. The figure Al shows the invariant mass.

Figure A.2 shows the vertex cnrgy distribution. This distribution is guite different from our
7 ('O yeconstruetion, where the vertex energy distribution shows a huge peak in (I1fel.
The difference may be assoetated to a proton and other particles coming out from the nucleus
(at muon vertex) so the energy of the vertex is not zero. All clusters that are not part of any
MINER#A object are grouped in a blob calted dispersed blob. Figure A 3 shows the distribution

of this dispersed encrgy.
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Figure A.1: Recenstructed 7% invartant mass, data and Monte Carlo including Monte Carlo

background prediction.
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Figure A.2: Vertex energy for for reconstructed =2 from v, events, data and Moente Carlo
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Appendix B

Resolution and Quality Plots for the
CCrV Analysis

B.0.4 CCr exclusive

In seetion 6.3.2 we calculate the COF" exclusive cross section as function of the neutrino
energy, 2, 7 momentum and costo. We have to deal with residuals (true - reconstricted)
before completing any analvsis.  This residual distribution mst he a synunetric around (.
Fignre B.1 shows the residual distribution for #¥ momeutum and cosf.o. Figure B.2 shows the
residual distribution for Q and Ej . Tigure B.3 shows efliciency and purity as a function of

[, . Figure B.4 shows the efficiency and the purity as a fupction of Q-
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True - Reconstructed Cost_, True - Reconstructed 7 Momentum (GeVic)

Figure B.1: Left: cosf residuals for ("C7" exclusive events. Right: 7" momenium residnals

for C'C'=Y exclusive sample.
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Figure B.2: Left: Q7 residuals for CCn" exclusive sample. Right: E;  residuals for CCw°

exclusive events.
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Figure B.3: Left: T, efficiency for COn" exclusive sample. Right: £« purity for CCr°

exclusive sample,

Figure B.5 shows how many times Angle Scan and ITough Transform reconstruct 7. Angle
Scan reconstructs 62% of the generated 7' and Hough Transform reconstructs 38%. Figure B.6
shows how many events are reconstructed nsing 2 views or 3 views.

B ( * L3
B.0.5 ('Cn" inclusive

[n section 6.3.1 we calculate the CCO7Y inclusive cross sections as a function of Q% and

E,. . Figure B.7 shows the residnal distribntion for those quantities. Note that the residnal of
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Figure B.4: Left: Q7 efficiency for ('C'wY exclusive sample. Right: Q2 purity for C'C7% exclusive

sample.
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Fignre B.5: Our Monte Carlo sample 18 1773 events reconstricted [or C'C exelusive, Angle

Scan reconstructs 1103 evenis( 62%) and Hough Transforin reconstructs 670 (38)1773

Lz in the CO=% inclusive sample is {14837V} is bigger than the one in the C'C=Y exclusive
sample (105A1¢V}. This difference is becanse the CORY inclusive topalogy s more difficult to
recoustrnet. Qur Nentrino Energy formula (Equation 2.32) assumes final state particles pf, n
and 7 but most of the CC=" inclusive events contains the final staie particles gt 7% and X,

where X can be anv other particle(s). Figure B.8 shows the efficiency and purity as a [inction
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Figure B.6: We use ('C'7Y exclusive sample, where 1477 evens were reconstructed using the 3

views. it represents (83%) and 296 events were reconstructed using just 2 views, which represents

(17%).

of Itz . Figure B.9 shows the efficiency and the purity as

a function of Q.
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Figure B.7: Left: Q? residuals for CCn" inclusive sample. Right: Ej residuals for ¢'Cn®
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Figure B.9: Left: (7 cfficiency for ('Cx? inclnsive sample. Right: Q? purity for CCn® inclusive

sample.

For (70 inelusive 56% events were reconstruct by Angle Scan method and 44% events are
reconstructed by the Hough Transform method. Figure B.10 the the distribution on reecon-
structed ovents, by both methods, as a function of E o,

From our reconstructed Monte Carlo ('Cw0 inclusive samnple 17% events were rccon-
structed using 2 views and 83% events were reconstruered with clusters from the 3 views

(X-U-V). Note how this proportion between 2 views hlohs and 3 views blobs is the same found
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Figure B3.10: Our Monte Carlo sample is 3326 events recounstructed for 'Ca? inclusive. Angle

Sean reconstriet 1872 events {569 and Hough Translorm recoustruct 1434 events (44%).
) 24

for the C'C'a" exclusive sample. OQur methods are related to the =" topology, and not to final

state particles. Figure B.11 shows the distribution of reconstructied cvents.
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Figure B.11: The CC'7° inclusive sample has 2775 cvents recoustructed with the 3 views (R3%)

and 331 events reconstructed with only 2 views (17%).




Appendix C

Electron and Gamma Discrimination

using dE/dx

[ order to test our 7 reconstruction we apply the dE/dx technigue 1o our reconstructed
gammmas from data and Monte Carlo. dIEsdx tool is good for the identification of particles in
EM showers, This technique was proposed to identify and separate photons from clectrons in
nentrine oscillation experiments where it is necessary to find if an electromagnetic shower 1s

originated from a photon or from an electrow.

Since a photon produces an electron-positron pair the cnergy deposition inust be twice the
clectron energy deposition. Figure C.1 shows the dl2/dx mean value predicted by our Monte

Carlo and the value caleulated from the michel electron sample {data - Monte Carlo).

dE/dx {4 planes mean)

Sonec } Data.... e
g : : «~— Monte Carle
~ T ; o
- 1200 .~ gAmma 4000;,
10006+ - 5,{’ L LAl
g : ctonstat 11785 156
806 - E > 400 MeV Saan 29712 0.669
- | thoracl0degre  sum oses-amms
1% Sﬂ{}:\: £ 1 nat 193718 11
. Constam 439378
&U{}____ Mean 5726 ; 0.024
- H Sigma 1R 008
a0e; ? P ™., e —— :
.......... AT bl R L“r\v:y—n“i"‘v“ : : : b e b
G ] 4 6 8 10 1% ia 4 ] 5 7 ]
dE per plane (MeV} dE/dx (MeV/1.7cm)

Figure C.1: Left: Monte Carlo prediction for average dF/dx in the first 4 planes. Right:

Average dE/dx for AMichel electrons. Figure comrtesy of .. Park.




dE fdx mean value over the first 4 planes! from vertex is calculated according to,

dE 1< . 1
dr EZ"{‘E“"- (C.1)

t=1

0

where d77; is the energy loss m the i-th plane (i +1,2.3.4). We use our 7 reconstruction

to isolate ~ coming from the 7% decay from CC7" inclusive sample {(fignre (12) and CCr"

exclusive sample (figure C.3). We then apply the dE/dx calenlation to both samples.
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Fignre C.2: C'C=Y inclusive sample. dE/dx caleulated for phatons from the 7 decay. Monte

Carlo and data. Monte Carlo background is shifting the peak position

The ('CrY exclusive sample shows a better agreement between data and Monte Carlo. Note
that the CC'7 exclusive sample contains an almost pure sample of 7. It s more difficult to

reconstruct a 70 in the CCR° incusive sample.

Future oscillation experiments (v, — v, } can apply this technigue to reduce the main soree
of hackground. Experiments looking for v, signal nsually mis-reconstruct a v coming from the

) decay as an clectron.

LPlane distance in AMINER2A s L.Tem
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