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Abstract

This thesis is focused on the construction of algorithms to isolate specific kinds of particle
species present in the secondary beam of the current Test Beam (taking data at medium energies
~ 1.5-8 GeV) of the MINERVA experiment at Fermilab. For that purpose it was necessary to
analyze many variables related to specific devices along the beamline (Time of Flight, Cerenkov,
Veto) and the main detector (a miniature version of the MINERVA detector). Results on the
particle composition of the secondary beam (% p*, 7+, u*, e*) are presented for different e-
nergies and polarities of the beam together with a methodology to get those results. The usage
of ROOT via C++/python was mandatory as well as the generation of Monte Carlo simulations
of single particles passing through the Test Beam detector to test the cuts (logic conditions) used
for the isolation of specific particle species (for all energies) and to perform an Efficiency-Purity

analysis in order to find the optimum cuts (for the 2GeV sample).

Keywords: MINERVA experiment, Fermilab, medium energies, Test Beam, Monte Carlo, ROOT,

secondary beam, beamline, cuts, Efficiency-Purity analysis.

Resumen

Esta tesis estd enfocada en la construccion de algoritmos para aislar tipos especificos (especies)
de particulas presentes en el haz secundario del actual Test Beam (tomando datos a energias
medias ~ 1.5-8 GeV) del experimento MINER~A en Fermilab. Para dicho fin ha sido necesario
el andlisis de muchas variables relacionadas a dispositivos especificos a lo largo de la linea
del haz (Time of Flight, Cerenkov, Veto) y al detector principal (una version en miniatura del
detector MINER~A). Resultados de la composicién del haz secundario (% p*, 7=, u*, e*) son
presentados para diferentes energias y polaridades del haz junto con la metodologia seguida
para dicho fin. El uso de ROOT via C++/python ha sido necesario asi como la generacion de
simulaciones Monte Carlo del paso de particulas especificas a través del detector del Test Beam
para verificar los cortes (condiciones l6gicas) usados para el aislamiento de especies especificas
de particulas (para cualquier energia) asi como para realizar un andlisis de Pureza-Eficiencia

con el fin de encontrar los cortes optimos (para la muestra de 2GeV).

Palabras clave: experimento MINERvA, Fermilab, energias medias, Test Beam, Monte Carlo,

ROOT, haz secundario, linea del haz, cortes, analisis de Pureza-Eficiencia.



Introduction

The MINERVA collaboration [1] is currently interested in studying neutrino (neutrinos coming
from a high-intensity beam called NuMI [2]) interactions at medium energies (~ 1.5-8 GeV
[3]) taking place inside its main detector (located underground). In order to test the Monte
Carlo simulation of the final-state particles (arising from those interactions) passing through this
detector it has been necessary to initiate a second Test Beam effort (it was a previous one set for
low energies ~ 0.35-2.0 GeV [4]) at the Fermilab Test Beam Facility [5]. It is very important
for the MINERVA experiment as well as for the Accelerator Division (in charge of delivering
the beam for both the Test Beam and for NuMI) to understand the particle-composition (%
of protons, pions, muons, electrons, kaons) of the (secondary) beam of particles entering the
Test Beam detector (a miniature version of the MINER»A main detector). This work presents
different particle ID algorithms that have been developed and applied to Test-Beam-Data in
order to estimate the composition of this (secondary) beam at different energies and polarities
with the aid of many variables related to the Test Beam devices. The structure of this thesis is

the following:

Chapter 1 provides a general overview of the main goals of the current Medium-Energy Test-
Beam experiment, explaining the way in which a beam of a specific composition, energy and
polarity can be set to enter the Test Beam detector with the aid of different experimental devices
(Triggering, Tracking and particle-ID devices) located along its beamline. It is also pointed out
the importance of this Medium-Energy Test Beam for the MINER»VA experiment as well as an

overview of the way in which the MINER»A main detector works.

Chapter 2 presents an introduction to neutrino physics and the main neutrino interactions taking
place inside the MINER~A main detector. This is relevant because the particles present in the
final state have a specific way of depositing energy inside the detector (an issue which permits

the reconstruction of events) and are the ones we analyze as single-events in the Test Beam.
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Chapter 3 explains the software tools needed to perform Data Analysis (ROOT via C++/python)
and the different ways in which particles passing through matter manage to deposit energy (via
Ionization, Electromagnetic-Showers and Hadronic-Showers). It also provides some features
about Arachne, a software developed by the MINER»A collaboration in order to “visualize”

particle tracks inside its detector.

Chapter 4 establishes the most important conditions (logic statements in a script) we need to
impose on Data in order to retain physically meaningful events to fulfill the main goal of the
Test Beam (to put a single particle “per unit time” of known energy and polarity in a miniature
version of the MINERVA detector) and presents the initial approach that was taken to find the

beam composition as well as some early results.

Chapter 5 presents RESULTS on the composition of the secondary beam (% p*, 7+, u*, e*)

for different energies and polarities from the usage of a systematic approach useful for 4, 6 &
8 GeV data samples. For the 2GeV sample a more sophiticated tool was constructed in order
to separate 1 and 7 present in the ToF (Time of Flight) m-peak. In order to test the validity
of the results, Monte Carlo simulations of single particles passing through the detector were
developed in order to compare patterns (2D histograms of key-variables) of isolated-particles

(from Data) and pure-particles (Monte Carlo).

Chapter 6 shows an Efficiency-Purity analysis developed to find the optimum-cut to separate
pt from 7 for the 2GeV sample (and in this way reduce systematic uncertainties), for this
purpose a change in the logic was needed as well as Monte Carlo simulations of different kinds
of species passing through the detector in order to find the best way of discriminating between
them via the construction of histograms of many Detector-Variables (Var_i_f). The same
method was applied to construct the optimum-cut to separate e™ from p* and et from 7,
respectively. The general way to proceed in order to peform a Particle-ID analysis for Test

Beam data was established after this analysis.

Regarding the Appendex, there are presented only some of the most important scripts (there
were too many scripts containing thousands of lines of code each one) in pyroot to show their
main structure (Appendix A, B, C, D), some plots of important histograms relevant for the
analysis presented in Chapter 6 (Appendix E, F, G) & a final Apprendix (H) in which some of
the main contributions of this work to the MINERVA experiment and other relevant physical

1ssues are summarized.
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Chapter 1

Overview of the Medium Energy Test
Beam of the MINERVA experiment

This chapter starts presenting a short review of the MINERVA experiment [1] in Section 1.1,
discussing its main goals and the way in which they can be achieved. Emphasis is put in the
necessity of using a Test-Beam to measure how well the Monte Carlo simulation (MC) of the
detector response of particles produced from neutrino interactions describes the data. Right
now the MINERVA collaboration is taking data at Medium Energies, they already took Low
Energy data during the period of time from March 2010 to April 2012 and studied interactions
of neutrinos and anti-neutrinos at an energy of few GeV. For that analysis the MINERVA co-
llaboration already worked in a previous Test-Beam (1) for the energy range 0.35 to 2.0 GeV [4]
and is currently working on a new Test-Beam (2) effort for the energy of current interest (1.5 to
8 GeV, although at the beginning even greater energies were expected [3]). Section 1.2 outlines
the main goals of the current Test-Beam 2 project and how a work on the particle composition of
the secondary beam is valuable for its purposes. In Section 1.3 all the necessary devices along
the beamline for taking good data are presented, they can be divided as Triggering, Tracking
and Particle-ID devices. In Section 1.4 some features about the Test-Beam detector and the
difference it has with respect to the MINER~vA main detector (underground) are described,
emphasis is put on the 2 configurations used for taking the data currently used for the particle-
ID analysis. Due to the importance of the Time of Flight system for particle ID purposes, there
is an entire Section (1.5) dedicated to explain how it works, from the experimental part through
the electronics and the variables to look at data acquired from the usage of that equipment.

At the end there is Section (1.6) in which the importance that a Detector Expert plays in the

1



Chapter 1. Overview of the Medium Energy Test Beam of the MINERVA experiment

experiment to ensure that the data is properly taken is presented. There are presented some
issues about the training needed to become a Detector Expert and things to look at when there

is a problem with the data acquisition (DAQ).

1.1 Overview of the MINERVA experiment at Fermilab

MINER7A (Main INjector ExpeRiment 1-A) is a few GeV neutrino-nucleus scattering experi-
ment designed to study low energy neutrino (in a first stage) interactions both in support of
neutrino oscillation experiments and as a pure weak probe of the nuclear medium. The expe-
riment uses a fine-grained, high resolution detector. The active region is composed of plastic
scintillator with additional targets of helium, carbon, iron, lead and water placed upstream of

the active region.

The NuMI [2] (Neutrinos at the Main Injector) is an intense v,, 7,, beam located at Fermi-
lab[6], with the purpose of serving different neutrino experiments, short and long-baseline, such
as MINERvVA (see Figure 1.1), MINOS, ArgoNeut and NOvA [7]. The MINERVA experiment
is located in the NuMI hall (next to the MINOS Near Detector [8]), about 1 km downstream
of the NuMI-target and 100 meters underground in order to get the flux for the neutrino cross
section measurements. NuMI is a tertiary beam which results from the decay of secondary
kaons and pions produced in the NuMI target. A 120 GeV/c proton beam that is extracted
from the Main Injector storage ring bombards a graphite NuMI target producing mostly kaons
and pions. These charged mesons are focused by a system composed of two toroidal magnets
called horns into a 675 meters decay pipe and then decay primarily into x and v,. Then they
travel through a region of 240 m of unexcavated rock that stop the remnant hadrons and leptons,

leaving only the neutrinos (see Figure 1.2).

Figure 1.1: MINERVA installation at the NuMI Hall
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Figure 1.2: The NuMI main components.

The MINERVA Detector: consits of an inner tracker volume made of active plastic scintillator
surrounded by electromagnetic and hadronic calorimeters and a set of different passive nuclear
targets: helium, carbon, iron, lead and water (see Figure 1.3). The detector has 120 modules of
hexagonal shape with an inner portion surrounded by an outer steel support frame. This frame
is 56 cm wide and partially instrumented with scintillator and serves as a hadronic calorimeter.
The content of the inner portion depends on the part of the detector the module is located: the

tracker, calorimeters or nuclear targets.
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Figure 1.3: Minerva Detector Schematic.

Details about the inner detector which is composed of the Nuclear Targets, Tracker Region,
Electromagnetic and Hadronic calorimeters (ECAL and HCAL respectively), and the outer de-

tector can be found in [9]. In Section 1.4 there is more information about the Tracker, ECAL and
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HCAL regions but for the Test Beam detector (which is a miniature version of the MINERvA
main detector). This because the present thesis is more focused on the Test-Beam 2 rather than
in the MINERVA neutrino experiment. In that Section it is explained how the data is acquired
from light (produced by charge particles passing through the scintillators) to electric charge
(which is stored in an FEB) and then digitized to be stored as information in a DST (which
is a ROOT file). Specific and detailed information about the Data Acquisition (DAQ) System
for the MINERVA experiment (for the Test Beam the DAQ system is almost the same) can be
found in [10].

1.2 Goals of the Test-Beam 2 and of a particle-ID analysis

All particle physics experiments rely on computer simulations of their detectors to make mea-
surements, but neutrino experiments struggle to test these simulations using particles that are
created from the neutrino beam itself. Neutrino interactions often produce charged particles
such as muons or electrons (that knock one or more protons or neutrons out of the nucleus)
and also quark-antiquark pairs called pions. Each of these different particles gives us a view
inside the nucleus, but to make these precise measurements, MINER»VA needs to understand

what these particles do once they exit the nucleus and enter the rest of the detector.

We could simply trust a computer package (called Geant4) that simulates particle interactions,
but to be rigorous, we need to verify that package. To do this we use a well-calibrated low-
energy beam of pions, protons, muons and electrons from the Fermilab Test Beam Facility
(FTBF) [5] and a scaled-down version of the full MINERvA detector that is made of planes
of scintillator, lead and steel. This smaller detector, which can be configured to replicate the
downstream third of the neutrino detector (in the ECAL configuration), uses the same materials,

electronics and calibration strategy as the MINERVA (underground) main detector.

The MINERVA collaboration already operated a scaled-down replica of the solid scintillator
tracking and sampling calorimeter regions of the MINER~A detector in a hadron test beam
at the FTBF. They reported measurements with samples of protons, pions, and electrons from
0.35 to 2.0 GeV/c momentum [4] and the calorimetric response to protons, pions, and electrons
was obtained from these Data. These measurements are used to tune the MINERvA detector

simulation and evaluate systematic uncertainties in support of the MINER~VA neutrino cross
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section measurement program.

In the next Figure there is shown a diagram of the beamline used in Test Beam 1, it is relevant
to notice that they used a tertiary beam, which is generated from the collision of pions (of
~ 16GeV) from the secondary beam, which was generated previously from the collision of
120GeV protons (primary beam), as will be explained below. This Figure is relevant to be
shown for comparison with the beamline elements along the secondary beam in Test Beam 2,
the purpose and working mechanism of those elements is explained in Section 1.3 only for

Test-Beam-2 elements.

Target
Collimator Scintillator/absorber stack
/ Upstream TOF Detector frame
_____ LA v /:N_Cl /
‘TE:L}:"JE _ﬁ?‘ wez
Wi ~~a_ = _
& KT;{}E{ wC4
P HHE=
Dipole magnets /
Y Downstream TOF

Figure 1.4: Diagram of the beamline built for the Test Beam 1 experiment, viewed

from above with the beam going from left to right.

For the Test Beam it is possible to select a beam of a given polarity (ie. to select a beam of
positive or negative particles) by changing the direction of the fields in the magnets, located
upstream the detector, as will be shown next. It is very important to be able to know what spe-
cific particles are passing through the detector; in fact, the goal of the Test Beam experiment
(for both TB 1 and 2) is to validate the Monte Carlo simulation used for simulating particles
passing through the detector by putting single particles of known type and energy into a
smaller version of the main detector [11]. For this reason it is necessary to perform a particle
Identification (particle ID) of the species composing the beam entering the detector. For TB-1
this was performed with the aid of a Time of Flight (ToF) device, which permits to separate par-
ticles considering that particle species having different masses spend a different time travelling

from one point to another (as is explained in Section 1.5) and Wire Chambers to calculate the
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momentum of the particles (and follow their trajectory). Thus by constructing a 2D histogram
of ToF time and momentum, as shown in the next Figure they were able to study the composi-
tion of the beam. For TB-2 it is not possible to rely on the Wire Chambers because there is no
tertiary beam (which helped them to calculate the momentum with the aid of magnets placed
between them, as shown in the previous Figure). In next Figure there is also shown the detector
response to pions for TB-1, the idea for TB-2 is to get also the response to electrons and protons

at the extrapolated energy interval.

Pl
2 o7 EH positive pions = 3.0 T T T 10°
5 O ; S MINERVA / T§77
3 i o PRELIMINARY
> | .4 ; <]
£t [ ¢ E
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Figure 1.5: Test Beam 1 Results. Left: Energy Response of the Detector, the

idea is to get results for greater values of energy. Right: The measured momentum
(from Wire-Chambers) and time-of-flight used to separate different particle species

and backgrounds (2D histogram presented).

For TB-2, as already explained, it is more difficult to perform a particle ID analysis due to
the following reasons: At higher energies (greater than 8GeV) the ToF system is not able to
separate pions from protons, there is no tertiary beam that can permit us to discriminate particles
based on their momentum, a dE/dx analysis is also more difficult and useless to separate pions
from protons. Fortunately for the MINERVA experiment at higher energies there is a complete
different process (DIS: Deep Inelastic Scattering) that dominates neutrino Interactions and for
which is not mandatory to study the passage of hadron particles like pions and protons inside
the detector at energies higher than 8GeV. Notwithstanding that, it is still very important to find
the composition of the beam at hand because for TB-2 the collaboration knows more about the
devices and the detector but less about the beam, and also as a way to find out how well the MC

simulation of the secondary beam (still in progress) is being performed.

Events per 250ps x 25MeV/c
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To be able to do a proper particle-ID analysis of the secondary beam it is necessary to understand
how the beam is produced and how all the elements along the beamline affect it, each of these
devices gets specific information using scintillators and PMTs (Photomultiplier Tubes, used to
convert light into an electric signal) when a charged particle passes through them. The DAQ
works in such a way that this information is digitized and stored in a root file called a DST, so it
is also mandatory to understand how to analyze those files using ROOT [12](a software for Data
Analysis). To sum up, to perform a proper particle-ID analysis it is necessary to have a clear
understanding of the devices affecting the beam and to write down scripts in ROOT to isolate
particles looking at specific variables (Branches) that are related to a specific physical property
of the particle we are trying to isolate. For example, a proton and a pion have a completely
different time of flight (for energies < 8GeV) because of their difference in mass and a muon
will deposit energy in the detector (via ionization) in a different way than a pion (via hadronic

showers).

1.3 Devices along the secondary beam of the Test-Beam (TB)

To study the secondary beam (composed mainly of pions, though there are also protons, elec-
trons, muons and very few kaons) which enters the Test Beam detector, we need to understand
the way it is generated upstream. It is generated from the collision of 120 GeV protons (which
composed the primary beam) on a target of Aluminium, where a bunch of particles of different
energies are produced from the interaction. After that, this initial part of the secondary beam
passes through a magnet called MT4W (MT stands for Meson Test) which will make particles
of different momentum to travel along a curve with a different radius as shown in Figure 1.6 (the
higher the momentum the less the radius) and will also give the beam a given polarity (positive

and negative particle will travel along opposite directions).

Just downstream that magnet there is a movable momentum-selector which have an aperture (the
remaining is a calorimeter to avoid other particles to pass through) to select particles travelling at
a specific trajectory (which means they have a specific momentum, because the magnet already
created a correlation between position and momentum). Downstream that momentum selector
and along the beamline there is located the ToF-1 (start or UPstream) station, which have a
scintillator with PMTs attached to it to record the passage of any charged particle through it.

Since the creation of the secondary beam upstream a lot of radiation was produced from the
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interaction of particles, for that reason there is a second magnet called MTSE which is used to
reject neutral particles and radiation (that is why this magnet is called as the sweeper) and ensure
in that way that the downstream beam is composed of charge particles of a given momentum

and polarity (+ or - sign of their charge).

correlates position & momentum,

120 GeV p+ give a polarity to the beam
/
— MT4W — T
US ToF
Al-target momentum
selector

primary beginni _ o \ \
beam €ginning Rejects radiation &
of the neutral particles
secondary
beam .
Cerenkov Detector

Figure 1.6: Elements upstream the secondary beam, produced from the collision of

a bunch of 120GeV protons (primary beam) with a target of Al.

After that we encounter some important elements in the downstream part of the secondary beam,
these devices are divided as Triggering (Cerenkov, MT6SC1 — 4), Tracking MWPC1 —
4) and Particle-ID devices (Cerenkov, ToF Upstream & Downstream). These elements are
extremely important to study the beam, they permit to select specific kinds of particles we want
to get at the Detector (located downstream), follow their trajectory, find their momentum, avoid
the entrance of more than 1 particle at at time to the detector (this is the role of the Veto) and
send a signal (the Trigger) to the DAQ system to inform that it should start taking data. All the
way in which data is acquired in each element and the way in which a specific bunch of protons
(which are not being sent continuously but with a certain periodicity of ~ 19ns == 1 bucket) is
sent by the Acceleration Division (AD) is a very complex process that will not be explained in
this thesis. The remaining part of this section just shows a glimpse about what these important
elements are and do, special emphasis will be put on the ToF device (Section 1.5) because of its

importance in the particle-ID analysis.
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Figure 1.7: Important elements downstream the secondary beam. They can be di-
vided as Triggering, Tracking & Particle-ID devices. At the end of the beamline we
have the Test Beam Detector (in this case in an ECAL/HCAL configuration). This
figure does not show the MT5E magnet.

The Fermilab Test Beam Facility (FTBF) [5] has a number of instrumentation systems to help
users with Triggering (send a signal to tell the DAQ to start taking data), Tracking (follow
the trajectory of charged particles), and Particle ID (Identify the specific species of particles
composing the beam). The cosmic planes are used when the beam is off (out of spill) for
calibrations (taking data from cosmic muons that usually pass through the detector). Only some
of these elements are being used by the MINERVA collaboration for their Test Beam effort, as

shown in the previous 2 figures.

1.3.1 Triggering Devices

Among the Triggering devices we have the Cerenkov (MT5&6CC) and 4 scintillator counters
(MT6SC1—4), the first is used to select or anti-select electrons (there is also a Lead shield, not
in the figures, that is used to reduce as much as possible the amount of electrons when we do
not want them in our sample). All 4 scintillator counters are attached to PMTs (Photomultiplier

Tubes, which convert light into an electric signal) whose voltages are controlled from RR7 in
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MS4 (a location inside the FTBF) and can be read out through ACNET (Accelerator Control
NETwork, which is a system of computers that monitors and controls the accelerator complex).
All these PMTs only have 1 single channel (as those attached to the Veto and the ToF stations),
only PMTs at the detector have 64 channels. These scintillator counters are important in the
formation of the TRIGGER (SC1—3 + SPILL, a signal sent by AD) which tells the DAQ to
start taking data.

1.3.2 Tracking Devices

Among the Tracking devices at the FTBF there are the SWICs (3 in total), The Si-Pixel Tele-
scope and the Multi Wire Proportional Chambers (MWPC1 — 4), where only the 4 MWPCs
are used in MINER~A Test Beam 2. They basically detect if a charged particle passes and get
the trajectory of that particle. The MWPC tracking system is made up of 4 stations, and an
associated DAQ system. Each Station consists of 2-plane(X,Y) wire chamber and the necessary
hardware to support it. Each plane has 128 wires, perpendicular spacing between wires is 1 mm.
Accurate relative positioning of the planes within a chamber is automatic. The four chambers
are read out with LeCroy 3377 CAMAC TDC modules in CAMAC crates. By the way, the
CAMAC is composed also by the Veto, the ToF system and the Cerenkov (they used the same
Readout Electronics). A didatic explanation about the working mechanism of the MWPCs and

the way to study them (using ROOT) can be found in [13].

1.3.3 Particle-ID Devices

For particle ID purposes, the FTBF provides the Cerenkov and the Time of Flight (ToF) systems,
the first one is based on the Cerenkov effect which takes place whenever a charged particle
travels at a speed faster than the speed of light in a medium (vj;4,; = ¢/n, n being the index of
refraction and c the speed of light in vaccuo). It has been used to select or antiselect electrons, so
it is important for taking data without electrons (a Lead shield is also necessary for this purpose,
because of the inefficiency of the device) and to do electron/pion separation. The ToF system,
on the other hand, takes advantage of the fact that different species with the same momentum
have different velocities (because of their difference in mass) so they spend a different time in
travelling from one point (Upstream or Start ToF station) to another (Downstream or Stop ToF

station), and it is very efficient in separating pions and protons. Details about the ToF system
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are presented in Section 1.5.

Figure 1.8: Left: Cherenkov system, located in MT6.1, is > 98% efficient for elec-

tron detection. Right: Differential Cerenkov Counter Optics and the equation that tells
the angle (in general momentum dependent) at which the shockwave is emitted with

respect to the direction of the particle travelling faster than light in that media.

1.3.4 Veto system

The veto system is a set of scintillator paddles that surrounds the central region and looks for
particles entering the detector outside of the direct beamline. We want to only have one particle
in the detector within a 300 ns window (centered at the time the Trigger signal is sent), because
anything smaller than that, we might have trouble resolving. There are 12 Veto paddles, each
of them attached to a PMT, that fire (send a signal) whenever a charged particle passes through
it. Understanding this variables and knowing the spatial location of the paddles is relevant for

an analysis of the spatial distribution of the beam (Section 4.5).

1.4 Details of the TB-Detector and the 2 configurations used
for the DAQ

In order to understand how the Test Beam detector works we need to review how the MINERvVA

(underground) Main Detector works, the way in which the data is acquired and the componentes



12
Chapter 1. Overview of the Medium Energy Test Beam of the MINERVA experiment

Figure 1.9: Veto system (the black paddles are shown) located just downstream (at

the right hand side) of one of the MWPCs

inside the detector that make this possible. This because the Test Beam detector is just a minia-
ture version composed of almost the same material elements (scintillators, steel and lead) and
acquires information in the same way (from light to charge to digital information). For that
reason let us review what materials compose the Tracker, ECAL and HCAL regions of the
MINER»A main detector, understand why they are needed and what other elements are neces-
sary to take data (WLS, PMTs, FEBs). After that it is really easy to understand what are the
42 planes (modules) in the Test Beam detector (relevant for a particle-ID analysis inside the
detector, like a dE/dx calculation over modules as an approach to separate muons from pions)
and how the 2 different configurations (ECAL/HCAL and Tracker/superHCAL), used for ta-
king the data under analysis, lead to a different pattern in which particles deposit energy inside

the detector and consequently to different plots in Arachne (as is explained in Section 3.3).

1.4.1 Composition of the Tracker, ECAL & HCAL regions of the MINERIA

main detector

The MINERVA detector (Figure 1.3) consists of an inner tracker volume made of active plas-
tic scintillator surrounded by electromagnetic and hadronic calorimeters and a set of different
passive nuclear targets: helium, carbon, iron, lead and water. The Inner Detector (ID) has a
hexagonal shape of apothem 1.07 m and is composed of 120 modules divided in four regions:
the nuclear target region, the tracker, the downstream electromagnetic calorimeter (ECAL)
and the downstream hadronic calorimeter (HCAL). It also includes the side electromagnetic

calorimeter.

*Tracker Region:
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Modules in the Tracker Region contain three layers of finely segmented scintillator planes as
shown in Figure 1.10 to allow three dimensional track reconstruction. Each plane is composed
of 127 strips of extruded polystyrene scintillator that are triangular in cross section (17.0 mm
height x 33.4 mm base). The triangular shape ensures energy deposition in two strips per plane
for most particle paths, improving the position resolution of the reconstruction. A 1.2 mm diam-
eter green wavelength shifting fiber (WLS) down the middle of each strip guides the generated
light to a single pixel of a 64 anode PMT. The way in which light is generated inside the
scintillators is the following: When a charged particle passes through a material, it can ionize
the atoms it passes, pulling electrons free. When those electrons recombine with an atom, pho-
tons are released. They come in many varieties and types: There are gaseous, liquid and solid

scintillators. The time to recombine and release light is also different from material to material.

Plane of scintillators

Figure 1.10: Left: One active (tracker) module and its three planes: X,U and V. V and
U are rotated 160 degrees with respect to the X. Right: Triangular scintillator strips
arranged so charged particles hit more than one strip, giving better position resolution

(~3 mm).

*Downstream Electromagnetic Calorimeter (ECAL):

High energy photons are detected through the pair-production/bremsstrahlung process that lead
to a shower of e* and +. The photons energy regime in the detector is of the order of a few
GeV, so 99% of the energy is expected to be contained within 4 cm of Pb, which is about 7
radiation lengths (the Radiaton Length X, is an important physical concept to be discussed
in Section 3.2). The downstream electromagnetic calorimeter consists of 20 layers of Pb, each

2 mm thick, interleaved with one layer of scintillator, consisting of the standard 1.7 cm thick
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layer of triangular strips, which gives an energy resolution of approximately 6% /v/E , with E
in GeV. The idea is to contain almost completely the EM energy deposited. The side ECAL is

not covered in this work.

*PDownstream Hadronic Calorimeter (HCAL):

The downstream hadron calorimetry consists of 20 layers of iron, each 2.54 cm thick, in-
terleaved with one layer of scintillator between plates, downstream of the electromagnetic
calorimeter. The combined thickness of the 4 cm of Pb and 50 cm of Fe stop muons up to
about 600 MeV and protons up to about 800 MeV. One nuclear interaction length (The nu-
clear interaction length \; is an important physical concept discussed in Section 3.2) is 16 cm
for Fe, so higher energy protons (or pions) will also generally be stopped. With this HCAL all

hadron showers are contained so information about their presence inside the detector is not lost.

1.4.2 Elements necessary to take Data (Electronics Structure)

The light acquired from abouth 30.000 scintillators in the MINER~A detector has to be con-
verted to electric pulses with an amplitude proportional to the deposited energy and the time.
In order to accomplish this objetive, the MINER»VA experiment uses multi-anode photomulti-
plier tubes (PMTs) R7600U-00-M64, each with 64 pixels or channels, provided by Hamamatsu
Photonics [14]. Each XU/XV module employs 19 PMT that are the MINER»A fundamental de-
tection instrument. There are 500 PMTs totalling about 32.000 channels. Each PMT is covered
by a cilindrical box of steel called “PMT Box”, in order to isolate the PMTs from backgrounds

of light or electromagnetic fields.

The input signal for each PMT is acquired from the scintillator strips through wavelength shift-
ing fibers (WLS) that are installed at the center of each triangular scintillator strip (see Figure
1.10). The WLS fibers collect the blue scintillation light from the scintillating fibers and shift
it to green, that is reflected internally in the fiber reducing the loss of signal significantly. This
signal input is amplified and read out using MINER»vA’s front end boards or FEBs to be later

translated to physical quantities.

The MINERVA electronic requirements are motivated by the following objetives: 1)Fine-grained
spatial resolution, exploiting light-sharing between neighboring scintillator strips. 2)Identifica-

tion of 7¥ , K* and p, using dE /dz information. 3)Efficient pattern-recognition, using timing
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to identify track direction and separate interactions occurring during a single spill. 4)Ability to
identify strange particles, and muon decay, using delayed coincidence. 5)Negligible deadtime

within a spill.

Figure 1.11: Each Front End Board (FEB) has four subsections that look at one type

of charge, and two that carry another type of charge called Trip Chips (each chip has
16 channels). Right: PMT boxes attached to the Detector, on each PMT there is an
FEB attached which provides the voltage and stores charge to be digitized.

The Front End Boards (FEBs) are in charge of: providing high voltage to the photomultiplier
tubes (PMTs) via the Cockroft-Walton generator [15] and reading out the PMT anode charge.
The standard operating mode of the readout system is to open a collection readout window
(gate) on the FEBs synchronously with the delivery of neutrino beam spills of 16 us each. This
gate is opened 0.5us before and ends 5.5us after the beam spill (see Figure 1.12, Left).

Each readout system channel has a discriminator threshold, so when the charge crosses this
threshold, the TriP-Ts integrates the charge and stores it along with the hit time information
(this happens 150 ns after the discriminator is fired). After this, there is a 20 ns time lapse in

which the channels cannot be readout (Dead Time). This allows up to 5 readouts per gate.

All FEBs are daisy-chained together in groups of nine or ten and connected to a custom VME
module called Chain Readout Controller (CROC) that serves up to four of these chains. CROCs
receive timing information from another VME custom module called CROC Interface Module
(CRIM), that collects timing information from the NuMI and from MINOS. The second infor-
mation is used for matching events between MINER~A and MINOS detectors, since MINERVA
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Figure 1.12: Left: Accelerator Division sends us a signal, telling us that they are
going to send protons to the target, then we wait a specified amount of time (0.541s)
and then we “open our eyes” 16 + 5.5us to watch for the neutrinos. Right: Structure
of the Electronics, controlled through the trigger in the Master Timing Module, there
is 1 CRIM for the Test Beam and 2 for the MINERVA detector underground.

uses the MINOS Near Detector as a muon spectrometer. MINER7A has two VME crates each
housing a CAEN V2718 Crate Controller, two CRIMs and eight CROCs. These crates are
accessed through a CAEN A2818 PCI Card that interact with the V2718 Crate Controller.

1.4.3 Test Beam detector configurations

As it was said previously, Test Beams are used in neutrino experiments to make sure we unders-
tand our detector’s response to the charged particles that are produced in neutrino interactions.
Most neutrino experiments do some sort of “Test Beam” measurement at some point in the
course of their lifetimes [16]. TB-1 looked at Pions, protons, electrons from ~400 MeV to ~2
GeV (Positive and negative polarity) and TB-2 has been looking at Pions, protons, electrons
from ~2 Gev to 8 GeV (Positive and negative polarity). The TB detector only has 42 planes
of scintillators and is reconfigurable, which means that we can slide Lead or Steel in front of
scintillator planes as we wish. We put particles of known Type and Energy into this smaller
detector and measure its response. The planes for this detector are squared and have 63 nested,
triangle-shaped scintillator strips each with length 107 cm and thickness 1.7 cm. It shares
the same 3-view UXVX sequence of planes as the main detector but unlike that one, this has

removable absorber planes that allow to take exposures in 2 configurations [4].

One configuration (ECAL/HCAL) has 20+1/2 planes with 1.99 mm thick lead absorber (ECAL)
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followed by 21 planes with 26.0 mm thick iron absorber (HCAL). The absorber is interleaved
by placing one absorber upstream of each scintillator plane, note that this configuration is equi-
valent to the last dowsntream part of the main detector (ECAL/HCAL downstream calorime-
ters). The other configuration known as (Tracker/superHCAL) has 20 planes of Scintillator, 4
planes of Steel/Scintillator, 11 planes of Double Steel/Scintillator and 6 planes of Steel/Scintillator.
Data Run 1 refers to the data taken between 6-21 April in ECAL/HCAL configuration and Data
Run 2 refers to the data we taken between 23-30 April in Tracker/superHCAL configuration
[17], the main goal of Data Run 2 was to study both electrons and high-energy (> 4GeV’) pion
shower shape, Test Beam experts wanted to look at initial shower development (which is the
part of current electron ID that seemed suspicious) and look at the back leakage for very high

energy pions (> 10GeV), as there seemed to be large Data/MC disagreements.

20+%: planes
ECAL

20+% planes 11 planes
Tracker Double HCAL
Scintillator 2 Steel/Sc

ECAL/HCAL Tracker/SuperHCAL

Pb/Scintillator

Figure 1.13: Left: ECAL/HCAL configuration used for taking Data Run 1. Right:
Tracker/superHCAL configuration used for taking Data Run 2.

These Data Sets are extremely important for the particle ID analysis presented in Chapters
4,5 & 6. It is also worthy to mention that this Data was initially separated in 3 different
Files: MWPC data was stored in a txt File, CAMAC data (containing ToF, Veto and Cerenkov
information) was in another txt File and TB-Detector data in a DST (ROOT File) so they needed
to be merged into what we called the merged-DSTs [18] located in Folders labeled with the
Energy of particles, the Type of particles (a beam mainly composed of electrons or pions, the
Cerenkov and Lead shield used for this separation) and the Polarity of the beam (positive or

negative particles, the upstream magnets used for this separation).

The readout chain from scintillator to wavelength-shifting (WLS) fiber to photomultiplier tube
(PMT) to digitization is almost identical between the Test Beam and the MINERVA detectors,

some of the slight differences for Test Beam 1 (that remain valid for TB 2) are outlined in [4].



18
Chapter 1. Overview of the Medium Energy Test Beam of the MINERVA experiment

The fact is that the MINERVA collaboration currently knows more about the Detector and the
DAQ for TB 2 (than for TB 1) but less about the beam, and that is why a study of its structure
becomes valuable. Referring to the concept of a module, it is important to say that for the main
detector each module consits of 2 planes of scintillators but for the Test Beam of only 1 plane,
where different modules in the TB detector are located in regions where different materials
are placed between scintillators (see Figure 1.13) so in order to calculate the energy deposited
(using a function called ModuleMultipler, as explained in Chapter 4) in a given plane, one has
to multiply the number of photoelectrons (PE) by a number which depends on the specific plane

inside the Detector (& take into account passive material present there).

1.5 Details of the Time-of-Flight (ToF) device

This section is dedicated to a review of the ToF system, what elements compose it at the FTBF,
how this device takes Data, how one can expect to get different peaks related to energy deposited
(hits) by different species in the histogram of the Measured Time variable containg peaks at
different times (hits at specific times) and also some initial results from its usage are presented.
These initial results, that can be found in the ToF Technical note [19], were obtained from Data
taken in February 2015 and are important because we can compare them with results using
modern Data, which corresponds to Data Run 1 and 2 (taken during the month of April of 2015,
as explained in Section 1.4.3). It is also relevant to say that the energy of the beam and its
corresponding uncertainty can be calculated with the aid of this device, although there is a fixed

relative error in the energy of the beam of ~ 3% set by the Accelerator Division (AD).

As part of its 2014-2015 TestBeam effort, the MINERvVA collaboration needed to determine the
response of its detector to different hadrons of different energies to the level of a few percent.
The beam, particularly at lower energies like 1GeV, will have some non-negligible p/7 ratio.
There is not a good way to distinguish the species of hadron from shower shape or other detector
variables in MINER7 A, but different hadrons will, as a result of having different cross-sections

for different processes, produce different detector responses.

Consequently, a time of flight system, consisting of a START (or UPstream) station in MT3-
4 (locations at the FTBF) located at the old MTS5SC location, a STOP station in MT6.2 and

readout via NIM/CAMAC electronics was installed in MTest. This information will also be
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used in validation of a MARS / TURTLE simulation of the beamline (which is a still in progress
Monte Carlo simulation of the secondary beam) that will be of great value in predicting the

properties of the beam under a variety of usage scenarios.

The START station (Figure 1.14, Left) was constructed for an earlier edition of a Time-of-
Flight facility for the MTest beamline, and was rebuilt for this rendition. This station contains
4 fast PMT tubes all looking at a single Smm thick piece of polyvinyltolune based scintillator
(Bicron 400). The scintillator is approximately an octagon of 10cm side-to-opposing-side. It
is located just upstream of the vertical bend magnet MTSVTI, and is supported with Unistrut
that is bolted to the floor, to ease removal and replacement. The PMTs are 2 inch diameter
“fast”(1.3ns with a jitter of about 0.3ns) Ampex model PM2106 PMTs. A fast PMT is one

which has a small value of rise-time.

The STOP station (Figure 1.14, Right) was constructed for the MINERVA testbeam. It is
located just in front of the MINERVA testbeam structure, but will be relocated when the system
is re-purposed for other users. This station contains 2 not-so-fast PMT tubes (a higher value
of rise-time), both looking at a single 25.4mm thick piece of polyvinyltolune based scintillator
(Bicron 404). The scintillator is a 130 x 130mm square, in order to completely cover the span
of the “Fenker” MWPC trackers that are commonly used. The PMTs are Thorn- EMI (Now ET
Enterprises) model 9954 units; also 2 inch diameters. Their rise time is 3.0ns, with a jitter of

about 0.4ns.

Figure 1.14: Left: The installed START station in MT3-4 (4 PMTs looking at a
single scintillator). Right: The STOP station, installed in MT6.2 (2 PMTs looking at

a single scintillator).
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The rise time of the PMTs is useful for setting the delay of the Constant Fraction Discriminators
(CFDs); the measurement desired for that use is the time from when the pulse reaches 20% of
its maximum amplitude to the time when it reaches 100% of its maximum amplitude. The
100% point is difficult to find easily with a scope, but the 20% - 80% rise time can be found
almost automatically. The average reading on 50 samples was 1.57ns on the START station
PMTs (with a scatter of 0.26ns) and 2.81ns (with scatter 0.33ns) on the STOP station PMTs.
The specification rise time of the scope is 0.7ns. Scaling the numbers by (100-20%)/(80-20%)

and subtracting 0.7ns from the rise time (but not the scatter) gives the values listed above.

In the START station, PMTs are numbered 1-4 in a counter clockwise direction starting from
the 2nd quadrant as one faces the device in the beamwise (i.e. from upstream to downstream)
direction. In the STOP station the PMTs are labeled L and R (left and right) based again on

their position as seen in the beamwise direction.

In this thesis there is no information about the HV settings, discriminator thresholds, cabling,
Constant Fraction Discriminators (CFDs), delays and TDC (Time to Digital Converter) which
are important for the electronics and DAQ of the ToF system but irrelevant for an analysis on
particle-ID, for more information about those topics look at [19]. However, it is important to
present some of the initial results obtained with old data in order to get the physics behind this

system and to compare them with results using modern data (Data Run 1 & 2).

Considering that ALL particles in the beam have the same momentum (selected upstream using
the momentum selector) and that the distance between the 2 ToF stations is known, we can
calculate the time spent by each kind of particle in travelling from ToF-Start to ToF-Stop stations
and the time difference between particles of different mass, like protons, pions, kaons and so on.
Each time a particle passes through both stations a point in recorded (due to signals sent from
the 6 PMTs) in a histogram of the measured time, as is presented below, where we expect a time
different between hits coming from particles of different masses. For the analysis of Chapters
4 & 5 a point is attached to such a histogram each time the 6 PMTs sent a signal (within a time
window specified by the Electronics of the system that also takes into the account the Trigger

signal).

Figure 1.15 presents the relativistic equations for calculating the time spent by a particle in
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travelling between the 2 ToF stations, what is important is the time difference between particles
(we can fix a zero of time arbitrarily) although the exact time spent by protons can be calculated
sending a single bunch of protons (primary beam) and measure the total time spent. For particle
ID purposes it is only imporant to measure a difference in time to make a cut and in that way
separate the protons present in the sample from the other particles (pions and muons have almost
the same mass and are found inside a single peak, electrons can be rejected using the Lead Shield
and the Cerenkov). Regarding the masses of particles in the secondary beam we expect to see
first hits from electrons, then from muons, pions, kaons and protons (the greater the mass the

greater the time difference).
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Figure 1.15: Relativistic equations to calculate the time spent by a particle travelling
between both ToF Stations and time difference between 2 different kinds of particle

species.

Figure 1.16 shows the distribution of (PMT1+ PMT2+ PMT3+ PMT4)/4 — (PMTL +
PMTR)/2 (which account for the measured time) in 2GeV “pion” beam (electrons rejected
using a Lead shield and the Cerenkov), taken in early February 2015. Corrections for channel-
to-channel offsets due to cable length and TDC offsets were determined from 120GeV beam
and applied to each of the 6 channels before constructing the plot; events where any of the 6

readings are absent are not included (so we considered ToF events of quality one, as explained
in Chapters 4 & 5).

Because of scattering in MT6, and because the ToF device is fairly far downstream, loss of
particles before reaching the STOP counters is considerable. Only 48% of the triggered events
have hits in STOP under these conditions; that fraction can be raised to 67% by introducing the

FTBF provided He filled tubes to reduce scattering.
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In Figure 1.16, vertical bars are drawn to show where we would expect to see m, i, K and
p to appear, assuming a distance between the stations of 88.122 m and exactly 2 GeV/c of
beam momentum. Evidently, either the energy was lower or the beamline was longer! As was
expected from earlier experiments, the beam is mostly electrons, pions and a few protons. The
proton fraction is about 9.00 x 10~3 , but much work needs to be done to really understand the

beam composition (that is why a particle-ID analysis is important).
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Figure 1.16: Initial results with 2 GeV “pion” beam.

The horizontal error bar for the expected proton position shows the spread that would be created
as a result of a 2.7% full span variation in beam energy; that is the nominal energy spread
for this beamline. There is also evidently some level of either intermediate speed particles
(contamination), or very off-momentum halo particles, possibly a result of decays in flight. We
can see that there is no kaon peak, which would imply that almost all kaons produced upstream
already decayed; however there is certainly certain amount of contamination at the right of the
pion peak (composed maily by muons as will be seen in Chapter 4) that ends at 15 ns. There
is also an accidental peak maybe due to particles from the second bucket, although we did not
know a priori their identity (scanning how those events look at the detector may say something

about their identity).
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Figure 1.17 is the same distribution in 4GeV “pion” beam, we notice that the proton and pion
peaks are closer, they actually merge at energies higher than 8GeV and in the ultrarelativistic
limit the difference between the peaks is as small as the resolution of the device (~ 200 ps), we
also see a larger proton fraction, of about 26 x 1073, as expected (these protons may come from
the Al target or from energetic protons from the primary beam that did not have enough time to

interact).

* Data e peak fit

Nominal g

Nominal K Haominal m Nominal p ppeak fit

Figure 1.17: Initial results with 4 GeV “pion”’beam.

The width of the electron peaks in these plots is o = 288ps in the 2 GeV data and 190ps in the
4GeV data. The widths of the proton peaks are 1398ps and 325ps, respectively. However, the
fits shown here are really only based on events in the centers of the peaks; there are substantial
tails not yet included in the fit. If we assume a 500ps width in the electron peak (to allow that
there will be a tail from relatively indistinguishable pions) and a 300ps width in the proton peak,

then there should be 30 of electron-proton separation up to 8.5GeV.

It is also possible to calculate the beam momentum and its uncertainty using this ToF device,
considering that there is a relation between the time difference and the momentum of the beam
(see the equations in Figure 1.15), if we find the uncertainty in the time difference between

pions and protons then we can find the uncertainty of the beam momentum (energy). It can
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be shown that the uncertainty increases as the beam energy increases, the way in which this
calculation is performed can be found in [19], there are some results validating this assuming

an accuracy in ToF of ~ 100ps (taken as the resolution of the ToF system).

1.6 Working as a Detector Expert

For the MINERVA experiment it is extremely important to assure that good quality data is being
taken 24 hours a day, for this reason there is always a shifter at the ROC (Remote Operations
Center) West located at the Fermilab Wilson Hall who is in charge of checking that data is
properly taken looking at monitors which indicate different issues related to the data acquisi-
tion (DAQ): the status of the beam, the current Run and subrun being processed, the status of
different hardware components of the detector and also the status of the MINOS near detector

(which is used by MINERVA as a muon spectrometer).

Every 12 hours 2 types of calibration data are taken: Light Injections and Pedestals. The idea
behind light injections is to put a known amount of light into the PMT and measure the charge
output of the PMT, this allows us to calculate the “gain” of the PMT and to see if there is any
dead channel (more than one in a given region will indicate a problem) which permits to detect
a problem in an FEB or PMT. The idea behind pedestals is that when there are no particles
passing through the detector, we take a gate’s worth of data just to see what the background
levels are, we subtract off the average value for each channel from the data in order to “suppress

the pedestal .

In order to solve any specific problem related to the DAQ, which may be a software or hard-
ware issue, there is a Detector Expert available for a week which is responsible to solve any
problem the shifter cannot solve. To become a Detector Expert there is a training provided by
the MINER~A Run Coordinator (Dr. Howard Budd) in which we have to test PMTs at Lab-G
(a specific location inside Fermilab), there we take some Pedestals and Light Injections using
PMTs that present specific (already known) problems, familiarize ourselves with the way in
which hardware components in the main detector and in the Test Beam are located and how a
DST (root file) is made up and read (to check any problem like a light leak by looking at specific
histograms). All the procedure to test PMTs at Lab-G can be found in [20], the procedure for
replacing FEBs in [21] and the way in which the MINERvVA detector is turn ON and OFF in



25
Chapter 1. Overview of the Medium Energy Test Beam of the MINERVA experiment

[22]. All this implies working with both the Run Control and Slow Control Interfaces and to
follow a specific procedure for each case as is indicated in the cited references. When the prob-
lem cannot be fixed remotely it may be necessary to go underground to make a replacement of
an FEB. The philosophy behind being a Detector Expert is to be able to have the DAQ working

properly, the most important part related to this can be found in [22].



Chapter 2
Neutrino Physics & Interactions

This Chapter summarizes the basic concepts we must know in the field of neutrino physics,
these include their history and the way different flavors were discovered through many different
experiments, how it was found that this “ghostly” particle can change its flavor (oscillate) &
in that way have a non-zero mass. The study of neutrinos is important because it may provide
also information about the imbalance in the ratio of matter/antimatter in our Universe. It is very
important to study its interaction channels in detail because they provide information about
their identity and this is important in the study of Neutrino Oscillations. These interactions take
place in the MINER7A detector located underground (at Fermilab) & the way each interaction
is studied is via the reconstruction of specific events based on the specific pattern of energy

deposited inside the detector by particles present in the final state.

Even though I have worked analyzing Data coming from the Medium Energy (~ 1.5 — 8GeV)
MINERVA Test Beam detector & beamline elements and not from the MINER»~A main detector
(located underground), it is extremely important to understand the neutrino interactions taking
place inside the MINER~A main detector because particles present in the final state are the
Events we analyze in the Test Beam, where each Event corresponds to each of these final state
particles, which are mainly electrons, pions, protons and muons. The Identification of these
particles is extremely important for the reconstruction of the specific neutrino interaction and
the calculation of its cross-section (probability of taking place). It is also vital to point out that
by studying neutrino interactions we can undestand better why at different interaction energies
different processes dominate over others, a feature which permits us to justify the need for

this second Test Beam (taking data at medium energies) experiment notwithstanding the fact

26
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that a previous Low-Energy Test Beam experiment was already studied (The Energy Range
of the interaction has a great effect in the expected cross sections for each process). The same
information provided here can be found in [9], where more details on the Muon Charged Current

Quasi-Elastic channel are presented.

2.1 History & General overview of Neutrinos

Experiments in 1911 by Otto Hahn and Lise Meitner [23], and by James Chadwick in 1914 [24]
suggested that the beta decay spectrum was continuous rather than discrete. In 1927, Ellis and
Wooster confirmed this result [25]. That is, electrons were ejected from the atom with a range
of energies, rather than the discrete amounts of energies that were observed in gamma and alpha
decays. This was a problem for nuclear physics at the time, because it indicated that energy was

not conserved in the beta decays.

On 4th December 1930, the Austrian physicist Wolfgan Ernst Pauli proposed the neutrinos

existence, in his famous letter to the “Dear Radioactive Ladies and Gentlemen” who had ga-
thered in a Physics conference in Tubingen (Germany), in order to explain the apparent con-
tradiction to the law of conservation of energy produced in beta decays. This particle should
have a neutral electric charge and be extremely light, reason for which in 1933, Enrico Fermi
proposed the name of neutrino to this particle, which is the italian equivalent of “little neutral
one”. Fermi developed a beta decay theory (the first theoretical model ever known for weak

interactions), in which the neutrino played an important role.

Frederick Reines and Clyde Cowan reported the first neutrino evidence in 1956, using a fission
reactor as (anti)neutrinos source. The anti-neutrinos interacted with the protons inside a target
made of water mixed with cadmium chloride, originating a positron (e™) and a neutron. This

reaction is actually the inverse beta decay':

Ve+p—n+et (2.1)

In 1957, the Italian physicist Bruno Pontecorvo formulates a theory of neutrino oscillations,

The positron interacts via e~ — e™ annihilation producing two photons. The neutron decelerates before being
eventually captured by a cadmium nucleus, originating a photon emission about 15 ys after the e™. These photons

are detected and the 15 s of difference identify the neutrino interaction
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showing that neutrino-antineutrino transitions may occur, if different flavors of neutrinos exist
[26]. Although such matter-antimatter oscillation has not been observed, this idea formed the
foundation for the quantitative theory of neutrino flavor oscillation, which was first developed
by Maki, Nakagawa, and Sakata in 1962 [27] and further elaborated by Pontecorvo in 1967
[28].

The muon-neutrino (v,) was discovered in 1962 by a group of scientist of Brookhaven Labo-
ratory and Columbia University, using a proton beam at the Brookhaven’s Alternating Gradient
Synchrotron [29] in order to produce a shower of pions that traveled about 21 meters through
a 5 tons wall of steel. In the process, they decayed into muons and neutrinos, but only the
neutrinos went through the whole wall, reaching a spark chamber detector. There, the neutrino
interaction with the aluminium plates produced a trace of muons that were detected and pho-
tographed, demonstrating the muon neutrino existence (v,,). Leon Lederman, Melvin Schwartz

and Jack Steinberger won the Nobel prize for this discovery (see Figure 2.1).

Figure 2.1: Leon Lederman, Melvin Schwartz and Jack Steinberger, Nobel prize

winners for the discovery of the muon neutrino.

In 1973, a group at CERN [30], used a buble chamber (Gargamelle) with a muon neutrino
beam produced by the CERN Proton Synchrotron in the search of weak neutral currents. This
led to the experimental observation of the weak neutral currents that was announced in July
1973, shortly after their theoretical prediction by Sheldon Glashow, Abdus Salam and Steven
Weinberg.
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Two years later, the 7 lepton is discovered by a group led by the physicist Martin Perl at SLAC
(Stanford Linear Accelerator Center), which later led to the evidence of a third neutrino fla-
vor, the tau neutrino v, [31] which was discovered in 2000 in the DONUT [32] experiment at
FERMILAB.

2.1.1 Neutrino Flavors

The number of neutrinos participating in the electroweak interaction can be determined by
the Z° decay width. It was confirmed at LEP (CERN) [33] [34] [35] [36] long before the

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

LSND (Liquid Scintillator Neutrino Detector?) claimed in 1995 that three neutrinos were not
enough to explain their results and introduced a sterile neutrino [37]. This sterile neutrino does
not undergo weak interactions nor interacts in any other way but gravity. However, MiniBooNE
results from late March 2007 showed no evidence of muon neutrino to electron neutrino osci-
llations in the LSND region, refuting a simple 2-neutrino oscillation interpretation of the LSND
results. More advanced analyses of their data are currently being undertaken by the MiniBooNE

collaboration [38].

2.1.2 Helicity

An experiment carried out by C.S Wu [39] in 1957 determined that the weak interaction maxi-
mally violates parity conservation. Applying this result to massless neutrinos leads to the con-
dition that neutrinos must be fully polarised with a helicity of +1 or —1. In 1958, an experiment
by Goldhaber [40] measured the helicity of the neutrino and determined that only left-handed
neutrinos (spin anti-parallel to neutrino direction) and right-handed antineutrinos (spin parallel

to anti-neutrino direction) participate in the weak interaction.

2.1.3 Solar Neutrinos

The Sun is a powerful source of electron neutrinos with energies of about 1 MeV, produced

in thermonuclear fusion reactions in the core of the Sun [41]. Since neutrino interactions with

2Scintillation counter at Los Alamos National Laboratory that measured the number of neutrinos being pro-

duced by an accelerator neutrino source.
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matter are extremely weak, most of the neutrinos pass through the Sun and go to space.

The flux of solar neutrinos that get to the Earth is enormous but its detection is quite difficult
and require big detectors due to the low cross section rates neutrinos have. These detectors are

installed underground in order to protect them from cosmic rays.

The pioneering experiment in this field was performed deep in the Homestake Gold Mine in
South Dakota starting in the early 1970s [42]. A large tank was filled with 100 000 gallons of
C5Cl, , an ordinary cleaning fluid. Electron neutrinos reacted with the chlorine in the solution
to produce Argon-37. The tank was periodically purged with Helium gas and any Argon atoms
were captured in a charcoal trap, that then decayed producing electrons and detected. The
number of electrons were proportional to the electron neutrino flux at the mine. But the average

neutrino flux measured was only 28% of the flux predicted by the standard solar model[43].

In the 1990s, different experiments, SAGE [44], GALLEX [45], Kamiokande, Super-KamioKande
[46], also measured solar neutrino rates with the similar results. SAGE measurements were only
51% of the flux predicted by the standard solar model, GALLEX 53%, KamioKande 42% and
Super-K 37%.

The discrepancies related to the solar neutrinos remained until the SNO experiment (Sudbury
Neutrino Observatory [47]) contributed significantly into the topic. The detector consisted of

1 000 tonnes of heavy water (D-0) enclosed in a transparent plastic vessel measuring 12 meters
across. The vessel was itself enclosed in 7 000 tonnes of pure normal water, lodged in an
immense 22 meters wide and 34 meters high cavity. The acrylic vessel was surrounded by
a geodesic dome equipped with 9 600 detectors that sensed the presence of neutrinos. The
frequency of neutrino detection was one per hour. Unlike previous experiments, SNO was
able to detect the three flavors of neutrinos. Electron neutrinos v, are produced at the core of
the Sun, but during their travel to Earth, they could oscillate into v, and v, , explaining these

discrepancies.

2.1.4 Atmospheric Neutrinos

Another source of neutrinos is the upper atmosphere. Primary cosmic rays consisting mainly

of high energy protons and electrons bombard the earth’s atmosphere continuously from all
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directions. The protons interact with nuclei in the superior atmosphere producing mainly pions

that decay as [48]:

7T+—>u++uu, T = U+ U, 2.2)

Muons decay into electrons and electron neutrinos through the following process:

pr=et v 4+v,, u e +0. 4y, (2.3)

Many experiments measured the ratio of muon to electron events. A double ratio R was also
conventionally calculated, which is the ratio of the j/e ratio measured by experiment to the
/e ratio predicted by Monte Carlo simulations, and is expected to be 1 if the data is correctly
described by the Monte Carlo. Figure 2.2 shows the double ratio R for different experiments:
Kamiokande Sub-GeV, Super-Kamiokande Sub-GeV (where Sub-GeV means the visible en-
ergy measured is less than 1 330 MeV), Kamiokande Multi-GeV, Super-Kamiokande Multi-
GeV (where Multi-GeV means the visible energy E,;s > 1 330MeV) [49], IMB (Sub-GeV and
Multi-GeV) [50], Soudan 2 [51], Fréjus [52], NUSEX [53], where only NUSEX and Fréjus did

not see a significant deviation from the unity.

Kam.(sub-GeV) ZE ' 1.;. .
Kam.(multi-GeV) H-o—H
IMB-3(sub-GeV) =
IMB-3(multi-GeV) e
Frejus H——H
Nusex - S—
Soudan-2 H——H
Super-K(sub-GeV) HH
Super-K(multi-GeV) 1 i

o o5 1 15

(u/egata/ (u/e)M c

Figure 2.2: The atmospheric neutrino anomaly [54].

The Super-Kamiokande [55] experiment delivered the most precise results on the Atmospheric

Neutrinos Anomaly. Super-Kamiokande is a 50 Kiloton water Cherenkov detector constructed
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under Mt. Ikenoyama located at the central part of Japan, giving it a rock over-burden of

2 700 m water-equivalent. The fiducial mass of the detector for atmospheric neutrino analysis
is 22.5 kiloton. The experiment found substantial difference between the flux of neutrinos
produced above the detector and the ones produced in the antipode region in South Atlantic.
This observation could be explained with the oscillation of v, neutrinos into v, when traveling

more than 12 km through the earth.

2.2 Neutrinos in the Standard Model, Neutrino-Mass & Neutrino-

Oscillations

Neutrinos in the Standard Model

In the seventies, S. Glashow, S. Weinberg and A. Salam, proposed the electro-weak model,
which unify electromagnetic and weak interactions postulating four massless gauge bosons, or-
dered in an isovector triplet under the SU(2) group and an isoscalar singlet under the U(1)

group. The model is referred to the group SU(2), @ U(1)y.

The spontaneous symmetry breaking SU(2);, ® U(1)y allow bosons to acquire mass while
interacting with a scalar field (Higgs boson) that permeates the whole space. The massive

bosons are denoted Wj and ZS while one, the photon A, remains massless [56].

In relativistic quantum mechanics, fermions with spin % and mass m are described by the Dirac

equation (using Einstein notation and considering h = ¢ = 1) [57]:

0
(i’y“@ —m)Y =0 (2.4)

where 1) denotes a spinor of four components and +* are the matrices 4 x 4 denoted by? :

70 = , 7= . (2.5)

where o, are the Pauli matrices 2 x 2 [48]:

3This is the quiral representation (Weyl) for v*.
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0
ol =1= a— o L 00 = (2.6)

0 1 10 t 0 0 —1
The four components of ¢/, correspond to particles and anti-particles with two possible projec-
tions J,; = i% equivalent to the two helicities H = %ﬁ = 41, where s and p are the particle
spin and momentum. Neutrinos are leptons of spin % as other fermions, however, it is an ex-

perimental fact that only left-handed neutrinos (H = —1) and right-handed anti-neutrinos are

observed (H = +1)[57].

Hence, a spinor of two components (Weyl spinors) should be enough to describe them. In a

four-components theory, this is obtained with the help of the operators P, p = %(1 F+°) [48]

V= (P + P = 5(1= 970+ (14 9°) = ¥y + @)

—d% 0

0 of

where 75 = i70v12~3 =
The elementary particles are arranged in a weak isospin SU(2); that consists of doublets for

chiral left-handed fields and singlets for right-handed fields in the form:

(), (), () (), (), (),

ER ‘U,H_ ™R Up db)_ SR Cr bH_ ?fH_

The Glashow-Weinberg-Salam lagrangian using electromagnetic charged and neutral currents

1s:

9 g -
L= —eTfudu— g ThieBu— (Il WEH JEWS)

where, 7, 5 s 18 the electromagnetic current, 7, ]‘\}C the weak neutral current, and (J “)Jr , J* the
weak charged current and the coupling associated with the photon field A, the field of the

boson Wj and the boson Z,,.
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The lepton currents (quiral representation) are given by [57], [58]:

( — — —
Tpn = Lyl + Irylr = Iv*

jﬁc = %71{7“”& - %ZLVMZL — (sin QW)ZJELM

2.9)
(Joc)t =t
(oo = ly'u,
Or in Dirac representation [59]:
( _ — —
Tga = Ml + Lry g = Iyl
The = 570" (57 m = 51 = 2Asin ) ) () (simbw P ()

(JE ) = v (20

- 5
\Jg‘c = lV“(lTV)Vl

Where 6y is the Weinberg angle, such that: sin 6y = e/g

Neutrino Mass:

Massless particles in the Standard Model formulation [60] guarantee gauge invariance under
SU(2) or U(1) transformations; however, it is an experimental fact that particles and gauge

bosons W+, Z° do have mass (which makes the weak force to be short range)*.

In the standard model, mass addition is accomplished through the spontaneous symmetry break-
ing via Higgs Mechanism. In order to break SU(2) symmetry, a fundamental complex weak
doublet of scalar (spin-0) fields for the charged and neutral states is introduced:
+
o= (bo (2.11)
¢

which leads us to add the so called Yukawa coupling to the Standard Model lagrangian for each
lepton family:

“The weak force range is about 10~ ¥m, in comparison to the infinite range of electromagnetic forces with the

photon as its gauge boson, which is massless
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Eyuk = —(C [7L¢+ZR + ZL(bOlR] + h.c. (212)
where ¢; is an arbitrary constant coupling and h.c. the hermitian conjugate.
After the spontaneous symmetry breaking, the values for the ¢ field come from a particular
configuration selected called vacuum space, motivated by the fact that such space has an electri-
cally neutral state, where the vacuum expectation values of the Higgs field are: < ¢™ >= 0 and

< ¢° >= v/+/2, where v ~ 246 GeV/, making neutrinos massless and charged leptons ¢, j, T

with a mass term coming from:

Lp = —(mb)IlLlg + h.c. (2.13)

where ml, = cjv/ /2, and the coupling constant ¢; is experimentally obtained.

However, it is also an experimental fact that neutrinos have mass, reason why the right-handed
chiral neutrino component is introduced, obtaining a lagrangian similar to the ones for the

charged leptons:

L8(x) = —Va, (¥)Maprs, + h.c. (2.14)

where m,s is a complex matrix, than can be represented in diagonal form with the help of two

unitary matrices:
Mag = (Us;) miUj; (2.15)
here, m; are three real and positive masses. U LU are the unitary matrices.
Considering the Standard Dirac lagrangian density [48]:
L= isz“GNwL + iw;ga“@uw}g —m(Yf g+ w;wL) (2.16)
Where o, o* are in function of the Pauli matrices defined in (2.6):
ot = (0%, 0", 0% 0%, 7 = (0°, —c', —0?, —0%) (2.17)

and ¢, , ¥ r come from the four-component Dirac field
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P = = + (2.18)

Then, we can define:

viy (2) = (Ujg) Vay (7) (2.19)
Vig(2) = (Uig) Var (2) (2.20)

and replace in 2.14, getting:
LH(x) = —my(v vy, + vt viy) (2.21)

Which resembles the mass term in the standard lagrangian density in terms of ¢y and ¢ in

(2.16).

However, due to the fact that neutrinos are neutral particles, it would be possible to define them
in a different way, considering the neutrino is its own anti-particle. In a Majorana field we have
[61]:
_ c
v=vL+vy (2.22)

which satisfies the Majorana condition:

v =v (2.23)

The mass term in the Majorana Lagrangian density is given by [48]:

1
L) = —Eyg(—ioz)ygmaﬁ + h.c. (2.24)

where «, 3 take values of the three neutrino flavors e, y1, 7, and v,, v are chiral left-handed

neutrinos (L subscript are omitted for better clarity) and m,g 1s an arbitrary complex matrix.

If we consider mqg = mgs, , we can then write:

Mag = Uaim;Ug; (2.25)
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where m; are three positive masses, and we can define:

vi(z) = Upiva() (2.26)
where the equation 2.24 becomes:
1 T(_ ;2
L(z) = —5 MY (—io)v; + h.c. (2.27)
where:
vo(z) = Usvi(x) (2.28)

Neutrino Oscillations

Neutrino oscillations are related to the fact that the mass of neutrinos is not zero, which is why

it requires extending the Standard Model.

In the neutrino oscillation model, the neutrinos that are produced by weak interactions (weak
eigenstates) are not states of a definite mass but a linear superposition of mass eigenstates ins-
tead. This can be expressed in the form of a mixing matrix, if we assume only two neutrino

species, then such matrix would be:

Vg cosf sinf V1
= (2.29)

Vg —sinf cosd Vs

where (v,, v3) are the weak eigenstates and (14, ;) the mass eigenstates and 6 is the neutrino
mixing angle. Also, o, 3 are the neutrino flavors and you could associate two masses m;, ms to

the mass eigenstates.

Hence, using equation 2.29, a neutrino weak eigenstate at a time ¢ = 0 would then be:

|Vo(t = 0) >=sinf|v; > + cosb|vy > (2.30)

However, for a time ¢ # 0, the mass eigenstate propagates with a different phase factor, as

following:



38
Chapter 2. Neutrino Physics & Interactions

Vo (t) >= sin e F1PT |y > 4 cos fe Py > (2.31)

where Iy , F are the mass eigenstates energies with a momentum p. If we consider the extreme

relativistic approximation for very small neutrino masses m < p, then:

m%,z
Eipo~p+—= (2.32)
2p
So, using 2.32 in 2.31:

—im2L im3L

|Ua(t) >= |11 > cosfe” 2B + |y > sinfle” 28 (2.33)

where ¥ = p and L is defined as the distance from the neutrino production to the neutrino
detection. So, after that distance propagation L, the probability to find a different neutrino

flavor is defined as:

P(vy — vg,t) = | < vg|va(t) > |* = (sin 20)*(sin {Am*L/4E})? (2.34)

where Am? = m2 — m7 is the mass square difference.

2.2.1 Neutrino main Interaction Channels

The interest in neutrino interactions has recently increased in the physics community due to
the need of it for neutrino oscillation data interpretation. Neutrino scattering results on both

charged current (CC) and neutral current (NC) interaction channels.

Neutrinos cross sections can be expressed as:

o=c%C 4+ N¢ (2.35)

and each one of these inclusive cross sections can be broken up in three basic processes which
are described in Sections presented below: Quasi-Elastic %7 | Resonance o¢**% and Deep

Inelastic o279 each of which has its own model and associated uncertainties.

gCONC _ ;QF | SRES |  DIS (2.36)

For the sake of simplicity, small contributions to the total cross section in the few GeV energy

range, such as coherent and elastic ve™ scattering, were omitted from the expression above.
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Figure 2.3: Existing muon neutrino charged-current cross section measurements and
predictions as a function of neutrino energy. The contributing processes in this energy
region include QuasiElastic (QE) scattering, Resonance Production (RES), and Deep

Inelastic Scattering (DIS)[62].

2.2.2 Deep Inelastic Scattering

This is the dominant channel at high neutrino energies (see Figure 2.3). The term “deep” is
due to the fact that the interaction is produced at the quark level. It is characterized by a high
momentum transfer g. The associated wavelength of the propagator 1/|q| is at the size scale of

the nucleon constituents.

Neutrinos have the unique ability to taste particular flavors of quarks, hence playing an impor-
tant role in the extraction of Parton Distribution Functions (PDFs)°, which represent probability
densities to find a parton carrying a momentum fraction z at a squared energy scale Q% [63]. In
charged current DIS, the v interact with d, s, w and ¢ while the 7 interact with u, c, d and 5. This

is due to charge conservation i.e: v(0) + d(—1/3) — p~(—1) +u(2/3).

The main interactions for charged and neutral current can be expressed in the equations pre-

sented in the next Figure:

SThe Parton name was proposed by Richard Feynman in 1969 as a generic description for any particle con-

stituent within the proton, neutron and other hadrons. These particles are referred today as quarks and gluons.
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Charged Current : Neutral Current : N=npn

v+ N—=I"+X v+ N-ou+X X denotes any

4+ N-=IT+X n+N-—-+ X final hadron state

Figure 2.4: Main interactions for charged and neutral currents.

2.2.3 Resonance Production

In this interaction process, a resonant state is produced due to the excitation of the nucleon
during the interaction process. These excited states decay to their fundamental states producing

a combinations of nucleons and mesons.

Resonant reactions can be expressed as:

v+ N —v+R (2.37)
v+ N — 1" +R (2.38)

The resonant production in neutrino interactions represents a significant fraction of the total

cross section for the few GeV range as seen in Figure 2.3.

This channel is also the main background source for experimental quasi-elastic analyses, which
is a channel with very high statistics, and the main channel studied in [9]. There, in particular,

resonant processes where single pions are produced were analyzed.

Resonance Single Pion Production

As mentioned previously, resonance reactions involve a nucleon that is excited into a resonance
state. At low neutrino energies, these resonance states are composed of isospin 1/2(N*) and

3/2A states, which generally decay into a nucleon and a single pion final state (See next Figure):
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Figure 2.5: (left) Charged and (right) Neutral Current resonance pion production.

Resonance reactions in which intermediate resonance states like A(1232) are produced are
given in the equations shown in the next Figure (charged current & neutral current re-

actions):

Charged Current:
Vptp—p +p+at , putp—opt+p+a

r/#—l—n—uf,_—l—n—l—rr*' . r?#—l—n—uﬁ—l—n—l—rr_
r/”—l—n—u,f,_—l—-p—l—rr“ , r?”—l—-p—uﬁ—l—n—l—rr“
Neutral Current:
I/#—I—}J—)'U#—I—})—I—?TO , r?”—l—-p—H?P%—-p—l—?TO
v#+-n—>r/#+n—|—7r° , r?#—l—n—njpﬁ—n—l—vro
r/#—l—p—>r/#+-n—|—7r+ , r?#—l—p—>r?#+-n—|—7r+
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Figure 2.6: Charged & Neutral current reactions for the Resonant-Single-Pion-

Production process.

The single pion production from baryonic resonances is predicted using the Rein & Sehgal
model [64] , which works well for high energy neutrino interactions, but are poorly constrained

by neutrino data at lower energies (below 2 GeV) [65].
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2.2.4 Coherent Pion Production

In coherent pion production, very little energy is exchanged between the neutrino and the target.
The nucleus remains intact in its fundamental state but a single pion exists in the final state
from the coherent sum of scattering from all the nucleons, with the same charge as the boson
involved in the interaction [66]. Coherent charged and neutral current processes are expressed

in the equations presented in the next Figure:

Neutral Current

Vﬂ—f—A—H/u—kA—i—rro . 1?,1+A—>17”+A+7r0

Charged Current
v+t A—-p +A+7t | Ao put+ A+

Figure 2.7: Charged & Neutral current reactions for the Coherent-Single-Pion-

Production process.

Just as in the resonance pion production case, the Rein and Sehgal model [64] is also used for
predicting these reactions but more data is necessary to constrain the model. There has been
many pion analyses currently on-going on the Minerva experiment [101] from both neutrino
and anti-neutrino resonant and coherent channels. The work developed in particle-ID for the
Test Beam actually contributed to analyze these processes in which there is a charged pion

present in the final state.

2.2.5 Quasi-Elastic Scattering

This is the dominant channel below 2GeVl as Figure 2.3 shows. The neutrino scatters off a
nucleon inside the nucleus of an atom by the exchange of the W boson (for charged current
interactions) or the Z boson (for neutral current interactions) and one nucleon (or multiple
nucleons) come out from the target. The term “quasi” for charged current interactions is due to
the fact the the neutrino can change its identity to a charged lepton and the neutron can suffer a
quark flip becoming a proton. For neutral current interactions, this process is referred simply as

elastic scattering.
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Charged Current Quasi-Elastic Scattering

The charged current quasi-elastic reactions for neutrinos and anti-neutrinos are® :

vi+n—p+I1~ (2.39)
U +p—n+lt (2.40)

where | = e, u, 7

The differential cross section can be expressed in the Llewellyn-Smith formalism [67]. This
formalism allows to describe the cross section in terms of functions that only depend on the
four-momentum transfer (2. The neutrino cross section is then written as the next Figure

shows:

I/,jn, vp Gz

dog

wud mJ,\; [A (Q?) £ B (QY) S —2u Lo Q) (s —4-3,5)2]

dQQ 87 (pu - pw,) my my

s—u=4ME, — Q? —m? «A, B, C are in function of Q%

, 2
A= S R - (= ) FY P 7 (1= 1) (F) + 4r FY Y
ma
9 2
mi [y 2 Q 2
F F Fao+2Fp) — 4| F
C4Am?, [( L 2) + (Fa+2Fp) (mN+ ) P}}
Q)? v v 1 2 L
N

Figure 2.8: Expression for the differential cross section for the CCQE process in the

Llewellyn-Smith formalism.

In the expression presented in the previous Figure 7 = Q?/4m3,. Notice that neutrinos and

anti-neutrinos just differ in the cross section formula by the sign in the B term.

%The equation 2.40 with [ = e is also called inverse beta decay and has been used in historical experiments

such as in the Cowan and Reines experiment, where neutrinos where observed for the first time.
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In other words, the cross section can be expressed in terms of four form factors: F)' ) F4
and F’ P.

The vector form factors Flv , can be expressed considering the conserved vector current hypoth-

esis (CVC) [68] in terms of the Dirac and Pauli electromagnetic form factors F¥", F3™":

Ff2 = Ff, — F (2.41)

These electromagnetic form factors have been measured in electron scattering experiments, and

can be written in the Galster et all formalism [69]:

p’n p’n
Gy +1GY;

FP™ = 2.42
! 1+7 (242)
Gp7n + TGpvn
Byt =M 2.43
2 1+7 (243)
where 7 = —¢*/m3%,.. The G and G, are called the Sachs form factors and are parameterized

in terms of the dipole form factor (G ) as shown in next Figure:

GP 2 — G 2 . ]_
J':(Q) D(Q ) GD(QE) — W

Gp(@Q*) =0 i’

Gy (@) = I‘LPGD(QQ) vector mass

G (Q%) = 1,Gp(Q%) My = 0.843 GeV

Figure 2.9: Sachs form factors parameterized in terms of the dipole form factor G .

The pseudo-scalar form factor Fp and the axial form factor /4 can be related by requiring

partially conserved vector current (PCAC) [70]:

2m3;
Q? +m3

The axial form factor commonly adopts the following dipolar form:

Fp(Q?) = Fa(Q?) (2.44)

2 Q*
Fa(Q%) = ga/[1 + fo] (2.45)
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where the average axial mass constant M4 = 1.026 GeV and the best axial vector constant
coming from beta decay experiments [71] g4 = —1.267. For a detailed discussion of the axial

structure of the nucleon, see [72].

It is important to notice that the neutrino energy E, and the four-momentum transfer ()% can be

expressed in terms of the muon kinematics as following:

pon _ (Mo~ Ep)E, [(M,, — Eg)? + m? — m?]

A 2 [(ﬁ,{n —Ep)—E, + /Eﬁ — mi cosﬂﬁ]

Qe =~ + 2B9E(E, — \[B — i cost,)

Figure 2.10: Neutrino energy E, and the four-momentum transfer Q? in terms of
the 1 kinematics. Ep is called the binding energy and is equivalent to 34MeV in this

model.

2.2.6 Short Range Correlations

Quasi-elastic scattering is traditionally viewed as scattering off single nucleons, as described
previously. However, when nucleons are too close from each other (< 15fm), strong short-
range forces increase their relative momentum and push the nucleons far off-shell. This is
known as short range correlations (SRCs) [73] and are predicted to involve the nucleon 20%
of the time and most of them are neutron-proton correlations [74] [75]. These effects are not
included in the simulation but have a significant impact in the mea- surement. Details on this

can be found in [76].

2.2.7 Meson Exchange Currents

This is another mechanism that is not included in the standard quasi-elastic formalism. Meson
exchange currents are two-body currents carried by a virtual meson which is exchanged between
two nucleons in the nucleus. This leads to the emission of two nucleons in the hadronic final

state. See [77] for more details.
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2.3 A particular Analysis Motivation

Quasi-elastic interactions were extensively studied in between the 1970s and 1990s using deuterium-
filled bubble chambers. This could be called the first generation of neutrino quasi-elastic expe-
riments, where the main interest was to measure the axial-vector form factor of the nucleon

[78]. The Llewellyn-Smith formalism was used to describe the quasi-elastic scattering.

The modern neutrino quasi-elastic experiments no longer use deuterium as a target, but hea-
vier nuclei with A > 2 instead. By doing so, nuclear effects become important and produce
considerable modifications to the standard quasi-elastic differential cross section described in

Equation presented in Figure 2.8.

Figure 2.11 shows the comparison of the v, CCQE cross-section as a function of neutrino en-
ergy for different experiments and models. Here, MiniBooNE [79] and NOMAD [80] are both
modern neutrino experiments with high-statistics and carbon-based targets, but some disparity

can be appreciated between both measurements.

NOMAD experimental data is consistent with a neutrino quasi-elastic scattering on a free nu-
cleon target, as described in Llewellyn-Smith formalism with the standard axial mass constant

M4 =~ 1.03. MiniBooNE data on the other hand, prefers an axial mass of M = 1.35.

Notice that the neutrino energy range is different in both experiments. MiniBooNE has neutrino
energies less than 2GeV while NOMAD cross sections have neutrino energies greater than
3GeV.

It is currently believed that nuclear effects are responsible for these discrepancies. In partic-
ular, nucleon-nucleon correlations and two-body exchange currents can improve the accuracy
of describing neutrino quasi-elastic scattering. These effects yield significantly enhanced cross
sections (larger than the free scattering case) which, in some cases, appear to better match the

experimental data [81].

These nuclear effects also produce final states that include multiple nucleons, implying a “quasi-
elastic” definition should not be restricted to a single nucleon. Nowadays, the fact that nuclear
effects may play an important role in neutrino quasi-elastic scattering has made both theorists

and experimentalists to put a lot of effort in these studies
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Figure 2.11: Flux unfolded o(F, ) Data for MiniBoone and NOMAD.
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Since the total cross sections o(F, ) and the axial mass are model dependent quantities, espe-
cially when scattering off nucleon targets, there is a strong preference to report differential cross
section results in term of observables instead. MiniBooNE measured single differential cross
section as a functions of Q? and a double differential cross section in terms of the muon kinetic

energy and the scattering angle [82] for F, < 2GeV.

Figure 2.12 shows a single differential quasi-elastic cross section as a function of ()?> compared
to different models in the MINERVA experiment. The purity of the sample is about 49% and
the background is removed with a MC-driven background subtraction technique that constrains
the background models with MINER~A own data [83] in order to lessen the model dependency.
The analysis developed in [9] aimed to improve the purity of the MINERVA quasi-elastic sam-
ple by extending the reconstruction to identify the protons and rejecting pion backgrounds that
decay into michel electrons. The analysis perfomed there measured Quasi-Elastic Like events,
which are events that a detector can see (because of the specific particles present in the final

state), with a neutrino energy 1.5 GeV < F,, < 10.0 GeV'.

In order to lessen the model dependency, it also aimed to measure a double differential cross
section as a function of two observables: the longitudinal (P ) and transverse () momentum
of the muon. This phase space was chosen instead of the 7}, cos 6, phase space used by Mini-

BoonE because the muon scattering angles are more forward in MINERVA due to the higher
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Figure 2.12: Minerva single differential cross section do /dQ?.

neutrino energies from the NuMI beam, and because this acceptance is limited more by the re-
quirement of these muons to match into the MINOS Near Detector’ (more about this in the next
Chapter). Figure 2.13 shows how different constant values of the neutrino energy and the four-
momentum transfer E9F, Qé p calculated under the quasi-elastic assumption from the muon

kinematics (see Figure 2.10) look like in this phase space.

"This Detector is used as a y spectrometer, it has a magnetic field which tells us the ; charge & momentum
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DATA POT: 9.42e+19 POT
DATA

Tracker — CCQE-like MINER vA Preliminary

2]
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Reconstructed Muon Pr (GeV)

4
Reconstructed Muon P;
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b=
Events / 0.5 GeV/ 0.125 GeV

Constant E, qe Lines

(a) Evae= 2 GeV
(b) Ev,ae = 4 GeV
(c) Ev,ae=6 GeV
(d) Ev,or = 8 GeV
(e) Ev,qe= 10 GeV

(a) Constant lines of different EYE values in the muon Pz — Pr phase space.

DATA POT: 9.42e+19 POT
DATA

v_Tracker — CCQE-like MINER v A Preliminary
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(b) Q2qe = 0.4 GeV?
(C) QZQE =0.8 GEV2
(d) QZQE= 1.2 GeV?
(e) Q%qe=2.0 GeV?

(b) Constant lines of different Q2QE values in the muon Pz — Py phase space.

Figure 2.13: Constant lines of EQF, Qé g values in the muon Pz — Pr phase space.

Events shown here are data events taken from March to July 2010 after passing a

“selection criteria” described in [9].
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Chapter 3
Tools for Data Analysis

To be able to perform Data Analysis it is mandatory to understand how to use the software
needed for that purpose, in the area of High Energy Physics, ROOT [12] is the software most
widely used to analyze data. It is also relevant to have some experience in programming, spe-
cially in C++, because most of the ROOT syntax is actually C++ syntax. Python is another
language that can be use, we just need to import the ROOT libraries (which turns python into
pyroot) and in that way be able to define and use ROOT objects in a python script (the scripts
for the analysis performed in this thesis have been written in python). The concepts of objects
and classes, which are part of the paradigm of Object Oriented Programming (OOP), are ex-
tremely important because in ROOT we deal with Data-objects like Chains, Branches, Trees
and Result-objects like histograms and functions. A nice and didatic introduction to OOP in
C++ can be found in [84]. In Section 3.1 all basic feactures about ROOT and OOP in C++ are

covered.

The idea is to be able to create histograms (and later fit them) of events of interest, to get these
events we require to isolate them from all the sample taken and for this we require to loop over
all events in a Chain (which is make by adding many Trees) and put conditions on them (cuts) in
order to retain the events we seek to analyze. To perform a proper cut we require to understand
the physics behind the Branch on which we are imposing conditions, this can be made with a
Monte Carlo simulation (to create simulated-data which can tell us what specific events to look
at), with a scatterplot of different variables to see if cutting on one of them can improve our
DataSet (for example, to reject events of high y?) or using some physical criteria to tell which

Branch intervals are physically meaningful.

50
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For the last way to perform a proper cut, if we want to identify different kinds of particles inside
the detector, we need to understand the different mechanisms in which they deposit energy as
they pass through matter. This permits to separate protons from pions or muons from pions in a
given sample by looking at specific variables related to the energy deposited in a specific region

of the detector.

All the issues related to the ways in which particles deposit energy, which can be via ionization
(dE/dx), via Electromagnetic Showers or Hadronic Showers, are outlined in Section 3.2. For the
MINERVA and Test Beam detectors, which have a specific way to read the energy deposited by
charged particles (as explained in Section 1.4), there is a software called Arachne [85] (devel-
oped by the MINERVA collaboration) which permits visualizations of the hits deposited inside
the modules and in that way permits to perform an eye scanning of events of interest to test if

the cuts performed were useful, a review of what it means is covered in Section 3.3.

3.1 Basic Concepts in ROOT

The software ROOT is already installed in the Fermi machines, so we just need to access one
of these machines via SSH (Secure Shell) using the Kerberos Network Authentication Protocol.
With the aid of this software we can create scripts (Macros) to open DSTs (root files) containing
Trees (we can also open many Trees into what is called a Chain), which are datasets with
different Branches (physical variables), and be able to create histograms, fit functions, perform
cuts, among many other things. A good and didatic ROOT tutorial which tell us what is needed

to start a basic analysis (the template of the script) can be found in [86].

Let us do a basic review of ROOT, all features about the important topic of Object Oriented
Programming in C++ are not covered in this report but a good summary about it can be found
in [87] and [84]. With the aid of ROOT we can plot a function (and manipulate it, change its
domains and axis-labels), create a histogram (specify the number of bins and the axes limits),
fill a histogram with random outcomes from a given probability distribution function (gaussian,
poisson, Landau, etc), fit a histogram with a function, save and open a Canvas (a space where
we can plot functions or histograms), use the TBrowser (a GUI interface) to open Trees and
look at histograms of specific branches in an easy way and the most important thing is that

there is a command (actually a C++ function) called MakeClass() that creates a (polymorphic)
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class for our analysis, which has a (virtual) function in which we specify all we need for our

analysis (definition of objects of interest, loops to do cuts and presentation of results).

In the remaining of this section an interactive usage of ROOT is presented with some figures
showing the results of the commands typed in the ROOT command line, then it is explained
how to make a Class for our analysis and what is the structure of the python scripts used for
the analysis presented in Chapters 4, 5 & 6. Keeping in mind that functions and histograms in
ROQT are actually C++ objects, we define them in the same way we do in a C++ program. In
Figure 3.1 we can see the way to define a given function (C++ object) and the result of using
the function Draw (a method of the class TF1 whose objects are 1D functions), which plots the

function inside a Canvas.

Class C++ name (object)

ROOT name

[] TF1 f1("funcl","sin(x)/x",0,10)

f1.D
[ E\a\W{ ) function domain

member-function of Class TF1

sin(x)/x

-2 0
¥ [radians]

Figure 3.1: Definition and plot of a function in ROOT.

Figure 3.2 presents the way in which a (non-standard) gaussian function can be defined in order
to generate random outcomes from it that are used later to fill a histogram, and the way to draw
that histogram with error bars, that indicate the statistical uncertainty. When putting error bars,

the width of those statistical errors is reduced as we increase the number of Entries due the Law
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of Large Numbers (this is relevant for the analysis in this thesis because only raw data was used

so all the errors are of statistical nature):

Var(X 1
X)) _ 7 0L 0 as N —s oo G.1)

o
Relative Error(X) = Y¥————> = —
<X > wo N

[] TF1 myfunc("myfunc", "gaus",0,3) //(creating a gaussian-pdf)

[] myfunc.SetParameters(10.,1.0,0.5)//(fixing its parameters)
const. =

\\
mean (jt) std-dev (0)
[1 myfunc.Draw()
title-displayed number

Class of of bins

histograms C++ object ROOT name domain

A

[] TH1D }{{”histZ","Histogram from my function",100,-3,3)

[] h2.FillRandom( "myfunc",10000)
nan “——Number of Entries
[1] h2.Draw("e")

. (random-outcomes;
T—-adding error-bars
gaus Histogram from my function o
60 Entries 1000
Uy Mean  1.005
r RMS 0.5022
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Figure 3.2: Definition of a non-standard gaussian function (Left) used to fill a his-

togram (Right).

We can use the TBrowser to explore the contents of any root file, for example in [86] there
is a file called histogram.root which contains a complex histogram which is fitted by the sum
of two non-standard gaussian functions. Figure 3.3 shows this histogram (with error bars) and
the fitted function (in red) inside the TBrowser GUI, the value of x?/ndf is also presented,
which indicates how good the fit was performed (~ 1 for a good fit, the parameters of the fit are

displayed at the top right of the Canvas).
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[1 TF1 func("mydoublegaus", "gaus(0)+gaus(3)")
[] func.SetParameters(5.,2.,1.,1.,10.,1.)
[] hist2.Fit("“mydoublegaus”) 3 param per gaussian

Famon) X [t 3 ]

| Another function o be fit

200" "A_‘ r It's relevant the value
of Chi~2/ndf] (~1 for a good fit)

Figure 3.3: Definition of the double gaussian function to be fitted in the histogram

shown in the TBrowser.
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It is possible to open a File with ROOT commands, do any modification we want and then save

the File with these modifications. It is sometimes useful to open a ROOT File contaning a Tree

and analyze the Tree (containing many Branches) interactively before creating a Macro for a

more specific analysis. Figure 3.4 shows the way to open a File and save the modifications and

also some basic commands to analyze a Tree (it is possible to add many Trees, each comming

from a specific root file, into what is called a Chain, as is explained below).

[1]
[1
[l
[1
[1

[
1
[]
[1
(]
(1

[]
(1

[]
(1

TFile filel("histogram.root”,"UPDATE") Opening the Fle "histogram.root”
hist2.Draw() which contains the C++ object

TF1 func("user”,"gaus(0)+gaus(3)") hist2 (a certain histogram)

func.SetParameters(5.,2.,1.,1.,10.,1.)

hist2.Fit("user”) The Write() command

hist2.Write() [_——permits us to Save the
func.Write() fitted function.

filel.Close()

treel->Scan() (To display the TTree-data)

treel->Print() (display only the name of vars & size of TTree)
treel->Draw("ebeam" ) (to create a histogram of 1 var.)
treel->Draw("ebeam:px") (scatterplot, to measure correlations)
treel->Draw("zv", "zv<20") (To perform specific cuts )
treel->Draw( "ebeam", "zv<20")

treel->Draw( "ebeam", "px>10 && zv<20")

Figure 3.4: A way to open a root file and save modifications (above), and some

commands that can be applied to a root file containing a Tree (below).
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So until now we have seen how some basic commands can be written down in the ROOT
command prompt to plot functions, construct, fill and fit histograms, and make some cuts in a
Tree. However, to perform an analysis we usually require to work with many histograms, apply
multiple cuts (usually we open many Trees into a Chain and loop over all Events there), plot

many histograms or functions of interest and save our results into a (PDF) file.

For that reason ROOT provides a method (actually a C++ function) called MakeClass(), which
creates 2 files in the working directory: a.h file which contains the body of a polymorphic class
with the name we wish and a .C file which contains the body of the virtual function (member of
the previous mentioned class) called Loop(), is inside this file that we can make histograms of
1 or more quantities we seek to analyze, draw scatterplots to find correlations (and in that way
perform cuts), calculate our own (derived) variables (eg. Transverse momentum, angle made
by the beam), apply specific cuts to calculate the frequency of a given conditional event and
reject events with high 2, write histogram to a File (instead of showing them directly), among
many other things relevant for our analysis. Figure 3.5 shows the way in which an analysis
class is created and the way to run the code inside the .C file which consists of 3 main parts:
1)Set-Up: Open files, define variables, create histograms, etc; 2)Loop: for each event in the
Tree or Chain perform some taks, calculate values, apply cuts, fill histograms, etc; 3)Wrap-Up:

display results, save histograms.

[] TFile myFile( "experiment.root”) (Open the File containing the TTree)

() treel->MakeClass| “Analisis* ) (Create a[Class|called "Analisis"

Then 2 Files are created in the working directory:

Analisis. . (Definition of the Polymorphic Class as
well as its member functions except Loop() )

(Implementation of the member function outside
Analisis . C| the hody of the Class usTng the scope :: operator)
void Analisis::Loop()

{ Body of the function Here is contained the code to perform the analysis, }

it consists of the following main parts:

(to tell ROOT to run the

(] -L Analisis.c code inside the .C File )

[1 Analisis a (i create object a of class "Analisis"]

[] a.Loop() (torunmember function Loop())

Figure 3.5: A way to open a root file containing a Tree, create an analysis class to

perform analysis on that Tree and run the .C file.
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The way to perform an analysis using the C++ approach (which uses a lot of pointers to objects)
is very important, specially when doing a more complex analysis which involves the usage of
Gaudi (when one needs to create a new branch not in the avaible DSTs); However, for a basic
analysis it is often easier to use pyroot (python with the ROOT libraries imported), in this way
it is not necessary to use pointers but just the objects themselves. When using pyroot it is
not necessary to rely in the MakeClass() command, we just import ROOT libraries and start
looking at the DST’s (root files containing Trees) Branches. For all the analysis presented in
this thesis pyroot codes (except for some plots of data with errors) were used with the following

characteristics:

*A python Class (HTML) and a function (DrGranCoolTool) were created to be able to construct
HTML-Files (Arachne-Links) of the events of interest to see how those selected events look at

the detector.

*The usage of dictionaries was important for several reasons like keeping histograms and
Arachne-Links for different folders (keys of the dictionaries) and for constructing histograms
of new (user-defined) variables, like the total Energy deposited in the Detector and the value of

dE/dx for a given module of the detector.

*Many cuts were used that ensure physical things like: the beam was on, there was activity in
the detector, the event occurred in the trigger slice (more about the slices in Section 3.3), the
time interval in the ToF was fixed (to separate pions and protons for example), the total value of

energy deposited was in a given range (to separate muons from pions for example)

So the pyroot scripts used for the particle-ID analysis permit us not only to construct histograms
(for different energies, which means root files in different folders) of the events of interest (and
save those histograms in a PDF file) but also to construct Arachne Links for those events to be
able to perform an eye-scanning and test in that way how efficient were the cuts in separating

the particles of our interest.
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3.2 Interaction of particles passing through matter

From neutrino interactions different kinds of particles are present in the final state, these parti-
cles have a specific way in which they deposit energy in the scintillators, lead and steel present
in the MINER7VA and Test Beam detectors. The 3 main ways in which particles loss energy
as they pass through matter (Figure 3.6) are [88]: Ionization (primary mechanism for muons),
Electromagnetic showers (for photons and electrons) and Hadronic showers (for hadrons
like pions or protons). The concepts of Radiation and Nuclear Interaction lenghts (Xy & A;)
become important because due to its composition, the detector posseses specific values of that
parameters in different modules, which imply we will have a particle depositing energy in a
certain region with a given probability. This permits to be able to identify a particle based on
the way its energy was deposited inside the detector as it passed through it. For example, in
the ECAL/HCAL configuration of the TB detector, we expect most electrons to shower in the
ECAL region and many pions to shower inside the detector (if they not shower in the ECAL,
there is a big chance they will do it in the HCAL).

(minimum ionizing)

1] 28

electron SVATAVAVAVRY
" NS all electromagnetic

—— KX

PN AN]

W 7 U’-“ \ )

hadron

hadronic shower
n,hadrons with EM showers and neutrons

Figure 3.6: Three kinds of particle signatures, related to different kinds of interaction.

3.2.1 Energy loss by ionization

Primary mechanism for muons in energies of modern neutrino experiments, if a particle is too
slow to start producing showers, it will loose energy through ionization. This occurs for hadrons

within a distance less than the nuclear interaction lenght (\;) and for electrons within a distance
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less than the radiation lenght (X). This kind of energy loss can be used to ID particles in range
of momentum, because from the Bethe-Bloch equation dF/dx = f(5 = v/c), and the value
of dF/dx in common detector materials determines how long an event will be in the detector.
Figure 3.7 shows the Bethe-Bloch equation and the function dF /dx vs momentum for different
kinds of particles (useful for discriminating between hadrons like pions and protons before they
shower), it also presents a table of the dF/dx values in common materials used in detectors.
For example, in the T2K experiment, to contain a 700MeV muon, it is required 350 cm of water

(or scintillator) or 65 cm of steel.
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Figure 3.7: From the Bethe-Bloch equation dE/dx = f(8 = v/c¢), which permits a

particle ID in range of momentum.

3.2.2 Electromagnetic Showers

For electrons above the critical energy, they will create photons through Bremsstrahlung which
then go on to produce e~ et pairs. As those produced e and e~ travel, they also will create
photons until the energy of particles in the shower goes below the critical energy, then particles
lose energy by bremsstrahlung and these last photons do not have enough energy to produce
pairs again. The Radiation lenght X, is defined as the distance over which electrons lose 1/e
of their energy by radiation, this is equivalent to say that roughly, every X, an electron will
emit a photon through bremsstrahlung. The distance over which photons will pair produce is

related (A = 9/7X,) and the Transverse EM shower development is determined by the Moliere
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radius. Figure 3.8 shows some of these relations and a table with the values of X, for different

materials.
c = —?)UU MeV e Material X, (cm)
i Z +1.2 "’"\/*,j.‘
J Liquid Argon 14
i 716.4A g Water 37
—\{]:, - _ -, 77 {0}
Z(Z +1)In(287/vZ) Lem= Steel 1.76
TR Scintillator (CH) | 42
Moliere radius | B = Xo~ ;p Lead 0.56

Figure 3.8: Critical energy for an electron above which starts to shower, value of X
as a function of the atomic number Z, Moliere radius and table of X for different

materials.

3.2.3 Hadronic Showers

Similar to electromagnetic showers, but different underlying interaction means vital statistics
are different (here there is strong interaction beside the EM one). Instead of a radiation length,
now there is a Nuclear Interaction Length )\; defined by the average distance a hadron travels
before it undergoes a strong (nuclear) interaction. It is relevant to keep in mind that sometimes
neutral pions are produced which decay to photons which then proceed electromagnetically and
that sometimes neutrons are made in the shower, which then may show no visible energy in the

detector.

Radiation lenghts are always shorter than Nuclear interaction lenghts and EM showers are
shorter and narrower than hadronics, for incoming particles of the same energy. If we look
at the dependence of these parameters on the materials the nuclear interaction probability is a
function of the atomic number A, whereas the electromagnetic interaction probability follows a
dependence of the form A/Z2. Figure 3.9 presents some features of this interaction and a table
with the energy dependence of the different interactions for different particles (showing their

primary energy loss mechanism).
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Particle | Characteristic Length Dependence
Electrons | Radiation length (X)) Log(E)

Hadrons | Interaction length (A;yy) | Log(E) .

Muons | dE/dx E =
Taus Decays first yet=y87um —
3 . dE Density

Material X, (cm) Ai(cm) dx (MeVicm) ;gjgm-"] . "15GeV
Liquid Argon 14 83.5 2.1 1.4
Water 37 83.6 2.0 1
Steel 1.76 17 11.4 7.87
Scintillator (CH) | 42 ~80 1.9 1
Lead 0.56 17 12.7 11.4

Figure 3.9: Table showing the characteristic lenghts for different particles, values
of these lenghts for different materials and a comparison of an EM (electrons) and a

hadronic shower (pions) for particles of the same energy (15GeV).

3.3 Importance of the eye-scanning (Arachne)

As it was previously stated, once we are able to retain events of interest (performing cuts) it is
usually important to see how those events look at the detector. Considering the way in which
different particles species deposit energy, we expect to see a difference between them. As a
particle passes through the detector it deposits energy in different modules, so there is a specific
number of hits in different strips for a given module (a module is a plane in the TB), it means
that is possible to have a visualization of the tracks of particles by assigning a color intensity to

a given strip proportional to the number of hits (and photoelectrons, PE) on it.

It is relevant to point out what we mean by a specific event: when data is taken we consider
many Runs, for each Run there are many other Subruns, for each subrun there are many gates
(see Section 1.4.2) and for each gate (which lasts for ~ 16..s) there can be many events taking
place. We consider an event to take place inside the detector if there is enough energy deposited,
so for a given gate we have many slices (intervals over which the previous condition holds) and
we are usually interested in the Triggered Slices (the slice that represents the events that fired
the Trigger). Figure 3.10 shows some slices for a given gate, one of those slices represent the

event that made the Trigger to fire (for the TB).

The activity taking place inside the detector is visually represented with a web-based tool called



61
Chapter 3. Tools for Data Analysis

Arachne. Data are retrieved from a central server via AJAX, and client-side JavaScript draws
images into the user’s browser window using the draft HTML 5 standard. These technologies
allow neutrino interactions in the MINER~A main detector and passage of particles in the TB
detector to be viewed by anyone with a web browser, allowing for easy eye-scanning of particle

interactions [85].
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Figure 3.10: We look for concentrations of hits in time and divide those into things
called “slices”, which represent physical events. One of them corresponds to the trig-

gered slice.

In the python scripts used for the particle-ID analysis there is a class called HTML and a func-
tion called DrGranCoolTool, that permits us to create Arachne-Links of events of interest. The
most important condition for these events to be physically meaningful is that they oc-
curred in the triggered slice, this piece of code is mandatory and goes beside any other cut
one is interested in performing (more details about this in Chapter 4). The Arachne-Link for
each event also indicates the Run/Subrun/Gate and Tiggered Slice for the event of interest. In
that link one can see the number of hits, total PE in each strip for each module and also the track
of the particle in 3 different views: XZ, UZ and VZ (related to the planes U, V and X discussed
in Section 1.4.1).

Considering the way in which different particle species deposit energy in the detector (Section
3.2) and the lengths X, and \; for the TB detector components in the ECAL/HCAL confi-
guration (see Section 1.4.3) we can calcuate the survival probabilities of electrons and pions
(survival means they passed along the whole detector whithout showering). For example, in
the ECAL (8.17 radiation lengths and 0.77 interaction lengths) the Probability(An electron
not shower in the ECAL)= exp(-8.17)~ 0.03% and the Probability(A pion not shower in the
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ECAL)= exp(-0.77)~ 46%. This means that almost all electrons will shower in the ECAL
and that 54% pions shower in the ECAL, the remaining 46% will shower in the HCAL or
pass through the whole detector without showering and so looking like a muon. Figure 3.11
presents a table with the accumulated radiation and interaction lengths for the TB detector in
ECAL/HCAL configuration and probabilities of survival for electrons and muons in each part

of the detector.

ECAL HCAL
Accumulated radiation lengths through volume 8.17 38.64
Electron survival probability through volume e®"7=0.028% | e?*%= |nsignificant
Accumulated interaction lengths through volume | 0.77 4.36
Pion survival probability through volume e’ = 46% e*¥=1.3%

Figure 3.11: Total radiation and nuclear interaction lenghts for the ECAL & HCAL
parts of the TB detector and probabilities of survival for electrons and protons in each

region.

Now we can look at how we expect to look in the detector the tracks for different particles
(Figure 3.12): A beam muon does not shower so will look like a straight line that passes along
the whole detector. A pion may shower in the ECAL or HCAL so we expect a certain initial
regime in which it deposites energy like a muon (via dF/dx) but a point in which it showers.
An electron will certainly shower in the ECAL region and we do not expect to see any region
in which it looks like a muon considering that the energy (8GeV) is certainly above the critical
needed for the electron to start showering. A proton may be more difficult to locate since it will
look like pion; however, before showering it has a greater value of dE/dx so we would expect to
see a darker color. There maybe events which do not have any specific pattern but for that reason
one always makes a spreadsheet to count events and see if we have enough events of interest
for our cuts to be reliable. Chapter 4 presents some of these spreadsheets for an eye-scanning

of events (contamination) between the proton and pion peaks.
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Figure 3.12: Different tracks in the TB Detector (in ECAL/HCAL configuration) for

different particles passing through it, as is seen in Arachne for a given view (XZ).



Chapter 4

Initial Results (& Technical issues) in the
ID of particles composing the secondary

beam

The goal of a particle ID analysis is to develop tools (scripts) for the identification of parti-
cle species, in this particular case for particles composing the secondary beam used by the
MINERvVA collaboration for their Test-Beam-2 effort. The way this secondary beam is gene-
rated and the elements along its beamline were already explained in Section 1.3. It is important
to present results on the percentage of different particles species (% p*, 7%, u*, %) in the se-
condary beam, that information is useful both for MINER» A and for the Acceleration Division.
Right now there is not yet a Monte Carlo simulation of this beam (it is still in progress) so
it would be interesting to make comparisons between these results using current Data and the

predictions of that simulation (when it is ready) regarding the composition of the beam.

It is relevant to say that for this analysis one looks at DSTs (root files) in specific folders that
indicate: the configuration of the TB Detector (Data-Run-1 or Data-Run-2), the specific energy,
the “type” of beam (composed mainly by pions or electrons) and its polarity (beam composed
of positive or negative particles). For this early results only Pion-Folders were analyzed, to get
this data we put a Lead Shield and use the Cerenkov to reject electrons and get only pions, with
some protons (always present, that are separate using the ToF system) and muons (which come

mainly from the decay of pions).

64
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The scripts for doing this analysis are written in pyroot (python with the import of ROOT
libraries) and use specific functions related to the Detector configuration (like the ModuleMul-
tipler function, line 47 of Appendix-A), a function to generate Arachne links of selected events
(DrGranCoolTool function, line 32 of Appendix-A) and loops to perform important tasks like
for example to add many Trees (each one belonging to a specific DST in a specific Folder) into
a Chain to loop over all events in the Folder (line 133 of Appendix-A). The branches of interest
are related to the Time of Flight (ToF_quality & ToF_measured_time), the Veto (the 12
counters and the Veto_Count branch) and the Detector (number of hits, PE and module of a

specific hit, etc) devices.

In this Chapter we review the initial procedure followed, starting from the construction of the
ToF histograms (where we can isolate the protons), the scanning of the events between the pion
and proton peaks (contamination interval), some ways in which we can separate the muons from
the pions in the pion peak, a way to visualize the spatial distribution of the beam by looking
at the Veto Counters, the importance of the Veto in the events of interest and the efficiency of
the mandatory cuts (which isolate the events physically meaningful). All results presented are
discussed and the pieces of code relevant to get them (the specific lines) are referred so they can

be found in the respective Appendix.

4.1 Main Cuts used in the scripts

To retain events of interest there are some mandatory cuts beside those related to ToF, this is
because we require the beam to be ON (event.In_spill > 0.5), that there is activity in the
detector (event.n_slices > 0) and the event to take place in the triggered slice (conditions if
triggered and if sliced to be true, as shown in lines 184 and 194 of Appendix-A). After that we
require that All 6 PMTs in the ToF stations to send a signal (which represent the greates amount
of information from the ToF device), this requirement is fullfilled if we only take events for

which event. ToF'_quality == 1. The meaning of this branch is the following:

ToF_quality == 1: All 6 PMTs with hits
ToF_quality == 2: 3 upstream, 2 downstream

ToF_quality == 3: 4 upstream, 1 downstream
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ToF'_quality == 4: 3 upstream, 1 downstream
ToF'_quality == 5: 4 upstream, 0 downstream
ToF_quality == 6: 3 upstream, 0 downstream

and anything that doesn’t fall into those categories has quality score 7 (the worst condition in
which there were no hits in any PMT). After retaining these good ToF events we can fill a
histogram containing them. These histograms are shown in the next Section for both Data-Run-
1 and Data-Run-2. They clearly show the proton and pion peaks separated (for energies below
8GeV) which means that we can perform a time cut to isolate protons and pions (with muons
also there), and that there is also some contamination between them. At this stage stage the Veto
was not taken into account (the piece of code related to it is commented, as shown in line 41 of
Appendix-A) because as the ToF stations and the Veto paddles almost don’t overlap in space, so
we though the effect of the Veto (to reject events in which the Veto fire, which means we only
consider single-particle events) was going to be negligible, but it is not the case as discussed in

Section 4.6.

It is relevant to indicate that the script in Appendix-A is written to construct histograms for
Data-Run-1 folders, if we want to do the same for Data-Run-2 we need to modify the Mo-
duleMultipler function to consider passive material in the other configuration of the detector,
choose other list of directories (line 94), choose other address where the files are located (line
119), change the name of the pdf file to be created (line 204) and of course to replace by “Run2”

everywhere we see “Runl ” written down.

4.2 Application of the scripts to Data Run 1 & 2. Interpreta-

tion of Results

Below are the ToF histograms (in logarithmic scale) of the Pion-folders for both Data-Run-
1 and Data-Run-2, the contamination interval (containing unknown events), which is located
between the pion and proton peaks, is also indicated for each of the folders. For each of the
histograms the contamination interval was already located, there we can perform a time-cut (to

restrict the branch T'oF_measured_time to be in a certain interval) and save Arachne links of
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those events to perform an eye-scanning.

Data-Run-1 ToF histograms
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Figure 4.1: ToF histograms for events in the 1.77GeV_Pos_ Pions (contami-
nation interval ~ [9 000,30 000](ps)), 2GeV_Pos_ Pions (contamination inter-
val ~ [7 500,20 600](ps)), 2GeV_Neg_ Pions (contamination interval ~7) and
3GeV_Pos_ Pions (contamination interval ~ [7 500,15 000](ps)) folders (Data-

Run-1). There was no data for negative runs neither for the 1.77GeV nor for the 3

Figure 4.1 shows the ToF histograms for low energy samples, we notice that for positive runs it

is possible to distinguish clearly the pion (left) and proton (right) peaks and also the contami-

nation present in between. For negative runs it is more difficult to locate the proton peak (and
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also the contamination interval) because the production rate for antiprotons is smaller than the
one corresponding to protons & they are less stable. It is also generally more difficult to get
negative data, so the statistics is worse (as can be seen in the 2GeV_Neg_ Pions sample) and

in other cases it was not possible (for 1.77 and 3 GeV samples) to take this data.

It is noticeable that for low energy samples there is a signal at the right of the pion peak that
ends at 15 ns, a region where we would expect to find a peak for kaons (although there is no
such a peak) so we still need to study more about the composition of the contamination to tell

what is actually in between those peaks.
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Figure 4.2: ToF histograms for events in the 4GeV_Pos_Pions (con-
tamination interval ~ [7 500,11 500](ps)), 4GeV_Neg_Pions (contamina-
tion interval ~ [8 200,11 000](ps)), 6GeV_Pos_Pions (contamination inter-
val ~ [7 500,8 500](ps)) and 6GeV_Neg_Pions (contamination interval ~
[7 000, 8 200](ps)) folders (Data-Run-1).

Figure 4.2 shows ToF histograms for a kind of medium energies, the 2 main peaks are more

noticeable for most of the folders, except for the 4GeV_Neg_ Pions where the antiproton peak
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is not noticeable. We notice immediately that the production rate for antimatter is lower (or just

antiprotons are less stable) so we have less antiprotons than protons produced (look at the 6GeV

histograms).
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Figure 4.3: ToF histograms for events in the 7GeV_ Pos_ Pions (small contami-
nation interval ~ [7 000, 7 500](ps)), 8GeV_ Pos_ Pions and 8GeV_Neg_ Pions
folders (Data-Run-1).

Figure 4.3 shows the ToF histograms for higher energies, we notice that there is almost no
contamination interval and that the pion and proton peaks approach each other as the energy
increases, in the ultrarelativistic limit the difference between the 2 peaks is of the order of the
resolution of the system (~ 100ps). We notice that as the energy increases we tend to have
more protons (and antiprotons) being produced, there may be that some protons come from
upstream and some from the Al target. Until now we can make a fit on both peaks and estimate
the number of events (particles) in each of them and perform an eye-scanning of the events in

the indicated contamination intervals, the only issue to determine until now is if we are actually
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considering one particles events or not (because the effect of the Veto was not considered yet)
and how to determine the number of muons in the pion peak for each case (energy and polarity
of the beam). For energies greater than 8GeV it is not possible to separate protons and pions
using ToF (nor using dE/dx) but fortunately at those energies other process (DIS) dominates the

neutrino interaction inside the MINERVA main detector.

Data-Run-2 ToF histograms
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Figure 4.4: ToF histograms for events in the indicated folders for 4, 6, and 8 GeV

(Data-Run-2) for both positive and negative polarities.
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Figure 4.4 shows the ToF histograms for Data-Run-2 folders, there we can see clearly the proton
(antiproton) peaks for each energy, the contamination interval (which decreases as the energy
increases), and some accidental peaks which may be due to particles from the beginning of the
second bucket, this is conceiveable because each bucket time interval is of ~ 19 000ps and the

time interval presented in the histograms is of ~ 25 000ps.

The contamination intervals for Data-Run-2 histograms are the following: For 4GeV_ Pos_ Pions
~ [2 000,5 000](ps), for 4GeV_Neg_Pions ~ [2 500,4 000](ps), for 6GeV_Pos_Pions
~ [1 500, 2 500](ps) and for 6GeV_Neg_ Pions ~ [1 300,2 000](ps). For the 8GeV samples it

is not possible to choose a contamination interval because the 2 peaks almost merge each other.

4.3 Analysis of the contamination between the 7 & p peaks

in the ToF histograms

Using the fact that the script permits to create Arachne links for the selected events and that we
already know what is the pattern of the energy deposited in the detector by charged particles
passing through it (Section 3.3), we can eye-scan events in the contamination interval and fill
a spreadsheet with the kinds of particles we expect to find there to calculate their frequencies.
Below are some results of the contamination scanning just for the 4GeV samples for Data-Run-
2. Figure 4.5 shows the selected contamination-histograms and the spreadsheets indicating the
number of events (and frequency) of each kind. We can see that almost half of those events
corresponds to muons, for the Pos sample 114 Events were scanned and for the /Neg one a total

of 83 Events.

Something that was not expected was the outcome of some cosmic muons in the sample (these
look like a muon but appear at a high angle with respect to the axis of the beam). This was not
expected because for an event to appear in the histograms it had to made the trigger fire (so pass
along the 3 scintillators as explained in Section 1.3) and the 2 ToF stations to fire, this means
that the particles should have passed along a straight line and certainly not look like a cosmic

muon; however, here are some hypotheses for them to appear:
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Figure 4.5: contamination histograms and results from the eye-scanning for the
4GeV samples of Data-Run-2. In both cases almost half of the events corresponded

to muons.

*A beam-particle fired the trigger and ToF-US, it was scattered between the 2 ToF stations and

a cosmic muon hit the ToF-2.

*A beam particle fired the trigger, close both ToF stations but then a cosmic passed through the

detector .

*Maybe a pion (which fired the Trigger and both ToF Stations) decayed between the start &
stop stations and the product was a muon at a certain angle respect to the direction of the parent

pion.

The last hypothesis seems more reasonable because many pions decay in their way to the detec-
tor, it is also relevant to notice in the spreadsheets the option Muon(s) beside other particles
(or 1 or 2 muons beside other particles ), these are events which present more than 1 particle
in the Triggered Slice, a situation I baptized as a party of particles, below (see Figure 4.6) are

shown 2 examples of these kinds of events.

This means that in our sample there are events containing many particles, and the Goal of the

Test-Beam is to put a single particle of known energy & polarity into a smaller version of
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our Main Detector. For it was relevant to study correlations between the ToF and the Veto
systems and to add an extra condition, which is that the Veto should not fire, to get a more pure
sample of single-particle events, which are the actual Events of interest, whose efficiency (what
fraction they represent of all available physically meaningful Events) is calculated in Section
4.7.
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Figure 4.6: Party of particles in the scanned sample, maybe because the Veto was
not considered (to reject them and select only single-particle Events, as the TB Main

Goal demands).

4.4 Ideas to isolate ;. from 7

As was indicated above, for both Data-Run 1 & 2, the pion peak for each sample not only
contains pions but also muons, because these 2 kinds of particles have almost the same mass
(see Figure 1.16 of Section 1.5). Then it is not possible to use ToF to separate the muons there
from the pions and we must rely on other tools, like looking at those events in the detector. These
tools should exploit the difference in which pions and muons deposit energy in the detector, we
expect for example a pion to deposit an almost fixed amount of energy (a narrower distribution)
and to pass along the whole detector (activity in the last planes or modules) without showering.

A pion will certainly shower in the HCAL region of an ECAL/HCAL configuration if it did
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not shower in the ECAL (see Figure 3.11 ) and even with more probability in the superHCAL
of the second configuration (Figure 4.6 (at the bottom) shows a pion showering in the module

corresponding to the HCAL part of the superHCAL).

If we consider (this was a initial hypothesis, which is actually not true) that the probability of a
pion to shower inside the detector increases with the decrease in its energy (because it will be
more time inside the detector and will have more time to interact and shower) then we can look
at events that present activity in the last 4 planes and label them as muons, this would work for
low Energy samples (less than 4 GeV). What occurs is that low energy pions deposit less energy
which is therefore closer to the energy deposited by muons (muons always deposit less energy

because it is deposited only via ionization).

For higher energies however, some energetic pions may not have enough time to interact (again,
this was an initial hypothesis!) and will pass along the whole detector looking like a muon, but
they will deposit more energy (on average) than a muon, so for high Energy samples a cut in
the total-PE (or total energy deposited) will be reliable, as will be presented below (where we

verify that this cut works better as the energy increases).

Other interesting variables to look at are the dF'/dx, which can be calculated for a given module
or as an average over all modules and the total number of Hits in a given module (for muons
this number is almost always fixed, equal to 2 or 3). Until now, we can separate muon-like from
pion-like events using the previous mentioned variables and then calculate their dE/dx to see
what would be the pattern to expect for pure samples of muons and pions. Early estimations

presented below correspond to Pos samples of Data-Run-2 for 4, 6 and 8 GeV.

4.4.1 Cutsin PE & LP. Analysis of dF /dx over modules

Above we have discussed the importance of being able to separate the muons present in the
pion sample. We can use a PE cut for energies higher than 4GeV to get a sample of almost
pure muons and other containing mainly pions and plot a dE/dx histogram over modules to see
if we can find a characteristic pattern for each sample. This procedure is outlined below for

Data-Run-2 folders of 4, 6 and 8 GeV (Pos samples because they have better statistics).

To calculate the dF /dx for each module (total energy deposited in that module) we can rely on

the following formula, considering that each hit took place in a given module and deposited a
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given value of PE, we can use dictionaries in python (see Appendix-B) as an elegant way to deal
with this issue (the keys of the dictionaries are the modules and they stored the energy deposited

for that module):

dE
dx

= ModuleMultiplier(event.hit_pe[i],event.hit_moduleli])
(module_{j})

{ i/ event.hit_ module[i] = j}

The sum is over all hits ¢ that took place in module j, note that the Branches hit_pe and
hit_module are lists containing the values of the PE deposited by hit ¢ and the module (plane in
the TB detector) in which that hit occurred, respectively. The lenght of these lists is obviously
the total number of hits for the selected event, which equals the value of the Branch n_rawhits.
The ModuleMultipler function permits to calculate the actual energy deposited in that module
considering a given configuration of the detector, for the analysis presented below it was set in
the Tracker/superHCAL configuration (Data-Run-2) and to find the dF'/dx values for different

modules, dictionaries were used in a clever way.

It is relevant to say that there were 2 different ways in which this analysis was performed, each

with a specific procedure but with the same goal in mind.

*In a first stage the events in the pion sample are separated, then a PE cut (which is actually
a histogram of the total number of photoelectrons) is performed to isolate muon-like events
as indicated in the figures below (inside the green arrows) and the remaining of events were
considered as pion-like. Then for each subset of events (muon and pion like) a dE/dx was
calculated for each of the modules considering ALL events in the Folder which specifies energy

and polarity.

*Since the functions dE/dx vs modules calculated by summing the contributions of ALL events
in the folder are not physically meaningful, or, in other words, a 2D histogram of dE/dx which
can tell us more information about each individual event is more reliable, it was a second stage
in which, to increase the purity of the sample only events near the center of the muon peak were

taken a muon-like and events at the right of the pion peak as pion-like. Then with this more
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pure sample, 2D histograms of dE/dx, total-PE and total-Strips hit were constructed. The code

in Appendix-B was actually made for this second stage.

Below are presented the results for the 4, 6 and 8 GeV (Pos polarities) of Data-Run-2 in the
following order: First a ToF histogram indicating the interval cut to retain pion and muons,
then the PE histogram for these events to be able to separate muon like from pion like events,
then the functions dE/dx for the contribution of ALL the events in the folder that passed the
previously mentioned cuts (for both muon and pion like events), then are shown 2D histograms
for dE/dx, total-PE and total-Hits for almost pure samples (obtained following the procedure

mentioned for the second stage).
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Figure 4.7: Cuts to get the muon and pion samples and dE/dx of all those events in

the Folder 4GeV_Pos_ Pions
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module module

Figure 4.8: 2D Histograms of the dE/dx, total PE and total Number of Hits for muon
like and pion like Events in the folder 4GeV_ Pos_ Pions of Data-Run-2.
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x6GeV_Pos_Pions (Data-Run-2):
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Figure 4.9: Cuts to get the muon and pion samples and dE/dx of all those events in

the Folder 6GeV_ Pos_ Pions
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Figure 4.10: 2D Histograms of the dE/dx, total PE and total Number of Hits for muon
like and pion like Events in the folder 6GeV_ Pos_ Pions of Data-Run-2. Pion-like

Events at the right & muon-like at the left.
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x8GeV_Pos_Pions (Data-Run-2):
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Figure 4.11: Cuts to get the muon and pion samples and dE/dx of all those events in

the Folder 8 GeV_Pos_ Pions
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Figure 4.12: 2D Histograms of the dE/dx, total PE and total Number of Hits for muon
like and pion like Events in the folder 8GeV_ Pos_ Pions of Data-Run-2. Pion-like

Events at the right & muon-like at the left.

Looking at the previous Figures we can find some interesting features about those results: The
cut in PE improves as the energy of the events increases, so the accuracy of getting almost
pure muons and pions increases. We can see in the function of dE/dx for that sums the contribu-
tions for all events in the folder that the rate at which this function decreases (over the modules)
is greater for pion than for muon like events. In the 2D histograms we notice that the values

of dE/dx values of pion like events attain values a lot higher than those for muon like events
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(approximately 5 times the value of dE/dx for 4GeV sample), the idea is to continue working
with these variables to find the best tool to use to separate the muon from the pions present in
the pion peak. Once this best tool is obtained it can be applied to all folders of Data-Run-1 or 2

to find out what is the particle composition of the beam.

4.5 Analysis of the Spatial Distribution of the Beam using the

Veto Counters

Since the Veto paddles are arranged in a definite and known way in physical space and they send
a signal each time a charged particle hits any of them (they have scintillators attached to PMTs),
it was interesting to see if looking at correlations among them and counting how many times
each of them (or more than one, since some of them overlap spatially, as explained below) send
a signal we can have some information about the spatial distribution of the secondary beam and
how much it is centered. Figure 4.13 shows a diagram of the spatial distribution of the Veto
paddles (12 in total, each one related to a Veto Counter Branch), where we can see that there are
correlations among some of them, this means that each time one of them fires there is other that
should also fire, this issue can be exploited to construct a correlation matrix and them perform

a mapping (line 151 of Appendix-C) to study the spatial distribution of the beam.

5 6 7 8 9
10
4
2
12
1

Figure 4.13: Spatial configuration of the Veto paddles where correlations among them
are noticeable. The idea is to use this “map” to find the spatial distribution of the beam

by looking at a correlation matrix of Veto Counters.
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Some things that were not difficult to find are: The number of times each counter fired for each
Energy & the correlation-matrix for each Energy (Spatial correlation only). The previously
shown (Figure 4.13) spatial correlation permits multiple possibilities because there are many
cases of overlapping of more than 2 veto paddles in actual physical space, then we require time
information (at what specific time each counter fired for each event) in order to actually locate
one unique point in space. The next Figure (4.14) shows the correlation matrix and a histogram
of the total number of times each counter fired (looking at ALL events in the folder). We can
notice a degree of correlation between counters and that counters 3 and 5 did not fire at all (they

are actually not working now according to Test Beam experts).

4000 —1

Number of times each counter
fired (right) and correlation 3000
matrix (in 2 styles)
between counters 2000
for 4GeV_Pos_Pions sample
of Data Run 2 1000

0 |—I_‘_‘_ "

0 5 10

Counter

0 5 10
Correlation Correlation

Figure 4.14: Each time counter ¢ fired we can look at what other counter j different
than ¢ also fired and add this to the correlation matrix, in that way we can find a degree

of correlation between counters.

From the correlation matrix we can go to analyze the spatial distribution performing an elegant
mapping shown in Appendix-C; however there is a problem: In the correlation-matrix attached

previously a point in the histogram is attached each time 2 (space-correlated) counters fired,
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but this provides more events than the number of real physical events due to the lack of time-
information (not available yet in the DSTs). Once time info is available we will be able to locate
the real-points in space. To see why time information is important to locate a unique point in

space consider the following situation:

Suppose that counters 2,4,6 and 8 fired then we have the 3 possibilities for points to allocate to

the correlation-matrix (considering only spatial correlations), as shown in Figure 4.15:

{(6,4),(2,8)} (2 points) or {(6,2),(8,4)} (2 points) or even {(6,2),(8,4),(6,4),(2,8)} (4 points).

1 1 1

Figure 4.15: 3 possibilities for the counters that sent a signal considering only spatial
correlation among counters, without time correlation we are considering the 3 cases

while filling the correlation matrix.

To choose among these 3 possibilities we require time information because only spatial infor-
mation leads to more possibilities, once time information is avaible (not yet in the DSTs) we can
choose one of the 3 possibilities and attach that point to the correlation matrix and with the aid
of the mapping to a given point in real space. The best that can be done now is the following:
each time a veto counter fires, choose other at random among those counters correlated to it (this
1s done with the usage of dictionaries where each key is a counter which opens a list of counters
correlated to it) and fill the correlation matrix, then with the mapping locate a random point in
physical space. This is like doing a simulation of the beam, knowing the spatial correlation we
guess what would have happened to locate a unique point in space and not be lead to choose
all 3 possibilities avaible. Figure 4.16 show such a kind of simulation for the 1.77 GeV Pos
Pion folder of Data-Run-1, although the sample has a very poor statistics it shows something

we actually expect.
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Figure 4.16: Number of times each of the counter fires and spatial distribution of
simulated points, these histograms were obtained from the correlation matrix by doing

an elegant mapping to spatial locations (Appendix-C).

4.6 Correlation ToF-Veto & Veto Sanity Check

As it was stated previously (Section 4.3) the Goal of the Test Beam is to have only a single
particle passing through its Detector, for this reason it was useful to see any correlation between
the ToF and the Veto, we expected that among those events that passed through both ToF stations
no one of them to fire the Veto or that fraction to be very small because the Veto paddles and

the ToF stations almost don’t overlap spatially.

The next Figures show the number of Events that passed the ToF cuts and the fraction of them
that also made the Veto fire for both Data Run 1 and 2, the fraction was higher than expected so it
was necessary to see if we were looking for Veto Events inside the Minerva Readout window or
inside the 300 ns window cetered at the time in which the Veto fired. Something that is relevant
is that the fraction of events decreases as the energy increases, this was expected because as the

energy increases the beam is more focused so less particles scatter and hit the Veto paddles.
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| Data-Run-1 | (Pion-Folders) |
Beam Energy(GeV) Polarity Total Events (ToF-cuf) |Total Events (ToF-cut & Veto Fired) Fraction

1.77 Pos 5067 1097 0.2164989145
2 Pos 4550 845 0.1857142857

3 Pos 2919 572 0.1959575197
4 Pos 3225 442 0.1370542636
6 Pos 4222 473 0.1120322122

8 Pos 3054 257 0.0841519319
2 Neg 105 33 0.3142857143
3 Neg - -

4 Neg 1361 378 0.2777369581
G Neg 3947 384 0.0972890803
8 Neqg 3946 334 0.0846426761

Figure 4.17: Number of good ToF Events and fraction of them that also made the
Veto fire for Data Run 1.
| Data-Run-2 | (Pion-Folders) |
Beam Energy(GeV) Polarity Total Events (ToF-cuf) [Total Events (ToF-cut & Veto Fired) Fraction

4 Pos 22695 5198 0.2290372329
6 Pos 26574 3881 0.1460450064
8 Pos 28989 3460 0.1193556176
9 Pos 34214 3248 0.0949318992
10 Pos 33348 3163 0.0948482668
16 Pos 16477 852 0.0517084421
4 Neg 25081 6049 0.2411785814
6 Neg 30673 4953 0.1614775209
8 Neg 32548 3479 0.1068882881
9 Neg 31658 2603 0.082222503
10 Neg 31904 2640 0.0827482447

Figure 4.18: Number of good ToF Events and fraction of them that also made the

Veto fire for Data Run 2.

Since the fraction was still quite high it was relevant to find out if the condition used for the

Veto to fire considered events inside the Minerva Readout time window or inside the 300 ns

time window centered at the point in time in which the Veto fired. The hypothesis was that

maybe there was a large fraction of halo muons hitting the Veto paddles.

For this issue it was relevant to count events in which the Veto fired that occurred inside that

time window and inside the minerva readout window, the branches to look at and their meaning

as well as the number of events for both kinds of Veto conditions are presented below:
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Difference between the r‘Veto_VetoCounter_i"|& |"Veto_Veto_Count"| branches

*1 particle made the Trigger to Fire,

this occurs at a time inside the

"guaranteed Minerva read-out". This
readout window (blue) is determined by the
CRIM.

*There are other things happening around it
on time. Info about the physics include the

detector.  xped squares represent points in time at which

1 of the 12 Veto counter Fire (just one of them

is needed for making the Veto Fire). All of these
points inside the Minerva-readout time window

are considered. However, if we only are interestec |
in the number of points within +-150 ns of t" we
should look at the branch "Veto Veto Count".

. (time at which the Trigger is

i{ Fired)
| - - " - I = time(ns)
\guaranteed Minerva
readout time-window

t'=0
I

determined by the

CRIM " .
300 ns time-window

*Faor the specific Event presented: We have that the branch
event.Veto_Veto_Count = 1 > 0 (1 Counter fired inside

the 300ns time-window). We see that there are other
counters that also made the Veto fired, but outside this
time-window). There can be more than 1 red-square inside
the 300 ns time-window. In the histogram of this branch
we can see approximately: >750 Events in which the Veto
Fired outside this time-window, ~100 in which 1 counter
fired inside it, ~200 in which 2, ~10 in which 3.
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So, in a 1st stage we found the fraction of Good ToF-events (with T'oF"_quality == 1) that also
made the Veto to fire (not necessarily inside the 300 ns window) and in a 2nd stage the fraction
of those inside this 300 ns time window. It was really odd to find more veto-events inside the 300
ns window than inside the Minerva readout window, for this reason it was needed a Veto Sanity

check to analyze in more detail specific kinds of events but wiping out the ToF condition. The
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issue was that it was actually a problem with the Veto Count branch related to the electronics
and the the other way to consier the Veto to fire (via one of the 12 counters) already considered

the events inside the 300 ns time window.

We can present the Veto Sanity check which counts events in which the branch Veto Count is
greater than zero but any couter fired and also the number of Events of our interest (of good ToF

quality and in which the Veto did not Fire) in the figures of the next Section.

4.7 Efficiency of the cut to get physically meaningful Events

Since TB require only 1 particle (of known type & energy) to pass through the detector....we
should consider T'oF_quality == 1 and the condition that the Veto don’t Fire (any of the
counters). The idea was to calculate the Efficiency of this last cut with respect to events al-
ready In_Spill,n_slices > 0,Triggered & Sliced. The following table presents all kinds of
events considered, where the highlighted type of events are those acceptable for the particle-ID

analysis.

Events-0: Total Number of Events In_Spill
Events-1: Total Number of Events In_Spill & event.n slices>0 (Activity in the Detector)

Events-2: Total Number of Events In_Spill & event.n slices>0 + Triggered + Sliced

Events-3: Total Number of Events of kind-2 & Veto Fired

Events-4: Total Number of Events of Kind-2 & Veto_ Count>0

Events-5: Total Number of Events of kind-2 & Veto_Count>0 & Veto Fired

Events-6: Total Number of Events of kind-2 & Veto_Count>0 & Veto did not Fired (odd -Events)

Events-7: Total Number of Events of kind-2 & ToF_quality==1 & Veto did not Fired (my -Events)

The efficiency of the cuts to get Events of kind 7 is calculated with respect to Events of kind
2, we can construct Arachne links of Events of kind 6 (odd events) and sent them to the TB
Experts so they can look at the problem in the Veto Count branch (for the Sanity check), this

was already done and it seemed that it was a problem with the electronics.
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Data-Run-1 (Pos) (Pion-Folders)
Energy (GeV) 1.77| 2| 3 4 6 7 8 16]
Polarity Pos Pos Pos Pos Pos Pos Pos Pos
Events-0 13252 9414, 4602 4416 5407 11290 9529 4163
Events-1 12631 8836 4494 4218| 5189 10913 9391 4089
Events-2 11259 7042 4138 4014 4088 10593 0337 2
Events-3 5707 3473 1507 1035| 1002 1864 1386 386
Events-4 6226 3818 1660 4014 1180 2246 5031 525(
Events-5 5707 3473 1507 1035 1002 1864 1386 386
Events-6 519 345 153 2079| 178| 362 3645 139
Events-7 3070 3705 2347 2783 3749 8204 2797 0
Efficiency(Events-7) 0.352606803| 0.466507177| 0.567182214 0.693323368' 0.?5160@849' 0.782969886
[Data-Run-1 (Neg) | Pion-Foiders)
[Energy (Gev) 2 3 4 6 7 8 12
Polarity Neg Neg Neg Neg Neg Neg Neg
Events-0 8032 5043 2225 5046 0 4642 18082
Events-1 7902 4975 2149 4806 0 4481 18082
Events-2 7215 4414 2006 4652 0 4400 18061
Events-3 4926 1975 854 865 0 614 2055
Events-4 5315 2145 931 4653 0 4400 2190
Events-5 4926 1975 854 865 0 614 2055
Events-6 389 170 77 3788| 0 3786 135
Events-7 72 0 983 3563 0 3612 0
Efficiency(Events-7) | 0.00997921 0| 0.42002991| 0.765807137 0.82020209 1 [N
[ o] ion o)
Energy (GeV) 4 6 8 9 10 16
Polarity Pos Pos Pes Pos Pos Pos
Events-0 30392 33952 34625 40009 38137 18422
Events-1 29923 33087 33580 38966 37421 18137
[Evems2 || oeovs]  auaee|  soes|  sma21|  aevss|  7esg|
Events-3 9621 7237 5942 5741 5166 1713
Events4 10406 8323 6983 7019 6369 2272
Events-5 9621 7237 5042 5741 5166 1713
Events-6 785 1086 1041 1278 1203 559

Efficiency(Events-7) | 0.61231846| 0.720733024 0.774356952| 0.810182884| 0.821740669| 0.873490608

R R 7 on o

Energy (GeV) 4 6 8 9 10
Polarity Neg Neg Neg Neg Neg

Events-0 36067 38203 38512 37827 36864
Events-1 35337 37356 37544 36803 36004
Events-3 12356 8484 6143 5160 4688
Events-4 13403 0688 7375 6588 5804
Events-5 12356 8484 6143 5160 4688
Events-6 1047 1204 1232 1428| 1206,
Efficiency(Events-7) 0.573425731| 0.716714039| 0.792265133] 0.800805179| 0.827906187

Some observations about the previous results: It can be noticed that the efficiency of the required
cut (Events of interest) tends to increase with Energy. However, it is quite strange that for

8GeV_Pos_Pions Folder (in purple) this situation is not exhibited. It’s interesting also to
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notice that for the High-energetic folder 12GeV_Neg_ Pions there are no events that passed
the T'oF'_quality == 1 cut. These events are fortunately not relevant for ToF because at these
range of energies one cannot separate protons from pions (perhaps that is why no data was taken

at that energy). The idea is to construct ToF histograms again but with the previous condition.

4.8 Summary of Early Results & work to focus on

The idea was to repeat the procedure starting with Data Run 1 Folders considering the effect
of the Veto, because we do not want the Veto to fire (we want single particle events). At this
point there was still plenty of work to do in the development of better tools to separate muons
from pions in the pion peak, it was better to start looking at Data Run 1 folders because there
was already a Monte Carlo simulation of the passage of particles in this configuration of the TB
detector (not to be confused with a MC simulation of the secondary beam !), so it was relevant

to use the developed tools to the Monte Carlo sample and make comparisons.

The specific tool to use in the separation of muons from pions depends on the energy so it was
relevant to find the best tool for each range of energy and then present those results, they will be
really useful once the Monte Carlo simulation of the secondary beam is ready (it was not ready
at the end of my stay at Fermilab) to make comparisons and to test if the simulation is good

enough or there is something to be improved over there.

In the following chapters Results are presented on the composition of the secondary beam
(Chapter 5), the methodology to obtain them and a specific way (via an efficiency-purity ana-
lysis) to make up the best cut for the isolation of specific species of particles from others (Chap-

ter 6).



Chapter 5

Results on the composition of the
secondary beam (% p~, 7=, /Li, eT ) for
different energies (8, 6, 4 & 2 GeV) and

polarities (+,-)

The previous chapter dealed with the way to find the mandatory conditions needed to select
physically meaningful single particle events, which are the following: The beam has to be ON
(In_spill > 0), there has to be activity in the detector (n_slices > 0), the event has to take
place in the triggered slice (Triggered & Sliced conditions), all 6 PMTs of the 2 ToF stations
have to fire (T'oF_quality == 1) & the Veto should not fire (“not Did VetoFire(event)”’condition).
With these conditions we can assume that each Event corresponds to a single particle, so when
talking about an Event we mean a particle (the one which fired the Trigger, passed through both

ToF stations and did not make the Veto fire) passing through the Test Beam (TB) detector.

We can start by isolating (and counting) protons from the ToF histograms (the peak located at
the right), then store the Events that are part of the contamination intervals (there are usually
2 contamination intervals: 1 in between the pion and proton peaks and 1 at the right of the
proton peak) to construct Arachne Links of them in order to find out their particle composition
by eye-scanning. For Events in the pion peak it was necessary to look at other variables in
order to separate muons and pions present there, for the case of electrons an initial approach

(in next chapter a better tool for looking at them is explained) for counting them was to fit a
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gaussian in this pion peak and to store events (for eye scanning) in any tail that may appear at

the left (because electrons might be present there).

Since there is already a MC (Monte Carlo) simulation of the passage of single particles through
the TB detector in the ECAL/HCAL configuration (useful to analyze Data Run 1), we can
exploit it in order to separate muons and pions by locating the interval (which varies from his-
togram to histogram of detector variables) in which muons (or pions) may be present (according
to the MC) in order to apply the same cuts to data and in that way separate the muons (or pions)
present in the ToF pion peak (for electrons the methodology used was different, as stated be-
fore). With the previous conditions imposed to have single-particle events and the procedure to
isolate and count each kind of species we could find an estimate of the compostion of the beam

for different energies and polarities.

This methodology has been applied to data (Data Run 1) of 8, 6, 4 and 2 GeV for both Positive
and Negative polarities of the beam. For the energies of 8, 6 and 4 GeV a cut in the histogram of
“Total Energy”’(deposited in the TB detector) worked quite well (validated by a MC simulation
of pure muons, which tell “where they are located”) for separating muons and pions present
in the ToF pion peak. Notwithstanding that, for the 2GeV samples it was not possible to rely
on a single cut for separating muons and pions present in the ToF pion peak, for that reason it
was necessary to look at different detector variables in different regions of the detector in order
to find out which one was the “best cut” (a combination of different variables) for performing
the separation (in the next chapter a detailed analysis of the cuts to the be applied to the 2GeV

samples for separating different particle species is outlined).

In order to perform the above mentioned analysis for all these energies and polarities of the
beam several histograms were constructed (~ 750), many events were eye-scanned and diffe-
rent scripts with cuts in different intervals for different variables were written [89]. This chapter
presents the procedure followed just for the 8 & 2 GeV (+) samples because the same procedure
that was applied to the 8 GeV sample was applied also to the 6 & 4 GeV samples. Results are
presented as well as the most important histograms used for both locating muons and comparing
patterns of isolated particles (after applying the cut) and pure particles (MC) in order to test the

cuts.

The way in which the MC simulation of pure particles is useful for locating the muon (or pion)

intervals is the following: We construct histograms of pure muons (MC) for different variables
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and compare it with data, then we can notice in what intervals of a specific variable there
are certainly no muons. The usage of muons is more reliable because they have narrower and
more localized distributions (so they tell us where they are located) whereas pions usually have
more spread and non-localized distributions (a pion may actually look like a muon if it passes
through the whole detector without showering & may look like an electron if it showers in the
ECAL). The next Figure shows this criteria for locating pions knowing where muons are located

with the aid of a MC simulation of muons.

MC (pure p ) MC (pure 1)
X ¥, y ¥
-—
Data pions Data
_h \
X ‘Pl y lPZ

event. ‘l’l > x || event. ‘i—‘zc: y:

event == pion
Counter_pions +=1
Save ArachnelLink

else:| (The same but considering the event == muon)

Figure 5.1: Muons have usually narrower distributions so they tell us where they
are and in this way we can locate pions. This figure shows the usage of 2 different
arbitrary variables (17 & 12) to make up the cut that looks at pions (the cut that looks

for muons will be the negation of this statement).

Before moving on it is also important to show the main Detector-Variables (also called p-ID
variables) constructed to separate muons and pions present in the ToF pion peak. Four kinds of

variables and five regions of the detector were analyzed, which gives us a total of 20 different
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variables that can be used to separate muons and pions, these have been very useful for the 2GeV
samples because one variable was not enough to make up the cut for this separation. All these
variables can be contructed from the definition of python-dictionaries that contain the dE/dx,
total-PE and total-Hits for all 42 modules (modules as keys that open the respective values) of

the TB detector. The next figure presents these variables and how they were constructed.

“’i - Z ModuleMultiplier(event_hit_pe[i],event.hit_module[i]) Region=
dz [(module_{i) ;' cvent.nit_modulelil = j} ECAL || HCAL
|| Whole-Det
Total-E = Z dE/dx
- dule) || L8P || L4P
(Region) "module” } (modu
{ in “Region®
PE - Z event.hit_peli] TOtaI'pE Z PE ‘
(module_{j}) { i/ event.hit_module[i] = j} (Region) "module® } (module )
in “Region”
<dE/dx>| - Total-] Y1
' Reaqi “module”
(Region) (Region)/ £ -Region® }

Figure 5.2: From the python dictionaries of dE/dx, total-PE & total-Hits for each
module we can construct a total of 20 variables considering 4 kinds of variables (Total-
E, Total-PE, < dE/dx >, Total-Hits) over 5 regions of the detector for each of them
(Total-Detector, ECAL, HCAL, L8P & L4P).

5.1 Procedure established for the 8 GeV 7+ sample

Here is explained the methodology followed for the 8 GeV 7+ sample. We start from the ToF
histogram (Figure 5.3) where the main intervals are indicated. We can see the gaussian fits in
both the pion (left) and proton (right) peaks and it is indicated that at the left of the pion peak
some electrons may be present, so those events were stored to be eye-scanned. In this case all
events considered have to be in the first bucket (~ 19 ns). As mentioned earlier, the particle

composition of the contamination intervals was determined via eye-scanning.
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8GeV_Pos_Pions

remaining sample

ﬂ//{n,p&fewe]

Events/50ps
2

any e protons
here 7
contamination-1
contamination-2
2-nd bucket
/ particles

0 5000 10000 15000 20000 25000
ToF_measured_time(ps)

Figure 5.3: ToF histogram for the 8 GeV 71 sample showing the main intervals to be
analyzed according to the methodology established. The left peak is the 7w-peak which

contains 7T, 4T & some e™. The right peak is the proton-peak.

The specific intervals considered, together with their composition, are presented below. But let
us first show the histogram of the “Total-Energy” (deposited in the Detector) for a sample of
pure (MC) muons, a sample of pure (MC) pions and the Data at hand for events present in the
ToF 7 peak. We can clearly see from the histogram of pure (MC) muons that they tell us where
they are located, whereas pions have a wider spectrum and some of them (~ 4% at 8 GeV) look
like muons (these pions may have passed through the whole detector without showering). Then
the MC sample of pure muons tell us the interval in which to cut in order to separate muons from
pions. We can test this isolation by comparing 2D histograms (which may be of the variable
dE/dx vs. module, for example) of pure (MC) muons and isolated muons (Figure 5.4). It is
very important to indicate the the unit “u” for the Energy deposited in different regions of the

detector is estimated in the final section of this chapter.
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The histogram of pure
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cut to separate muons
from pions

Data (isolated p)

dE/dx_(mu)

100}

MC (pure p)

Figure 5.4: UP: Histograms of the “Total Energy” deposited in the TB detector for

pure (MC) muons, pure (MC) pions & Events (Data) in the ToF m-peak (interval pre-

sented in the previous Figure). DOWN: 2D histograms of dE/dx vs. module for iso-

lated (from Data) p & for pure (MC) p. We notice that the patterns agree as expected

due to the separation of the p & 7 peaks in the Total-E histogram. The red spot in

module-0 (1st-plane) present in the MC sample is discussed at the end of this chapter.

The respective profileX histograms are presented below.
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Results for the 8 GeV 7t sample

The relevant intervals (in the ToF histogram) and their composition are the following (for the
Pion-Interval there are other 2 intervals indicated that are located in the Total-E histogram,
there is indicated also the number of e counted at a specific region at the left of the ToF Pion-

peak):

*Contamination-2 Interval (at the right of the Proton-peak) = < 9 100, 16 500 > (ps): 17p, 1u
*There is no Contamination-1 Interval (p & 7 peaks very close together)

*Proton-peak Interval = < 7 000,9 000 > (ps): 510p

*Pion-peak Interval = < 3 800, 7 000 > (ps):

{p-Interval = < 0,10 000 > (u) : 329,

m-Interval = < 10 000, 56 000 > (u) : (2464 — (5)),

5e found in the ToF interval < 3 900, 4 650 > (ps)} = From the total number of 7 counted
we have substracted the number of e (assuming that some ™ may be confused as e, because

will almost never look like e).

= The rough composition of the beam of 8 GeVn™ (~ 3 321 particles (Events) identified)
is presented in the next Figure (the relative error is calculated as 1/+/Ny, where Ny is the

respective number of each of the species & = 7, p, u, e):

Particle: Number Percentage Relative error
proton 527 15.87% 0.043561
pion 2459 74 .04% 0.020166
muon 330 9.94% 0.055048
electron 5 0.15% 0.447214

Total 3 321 "located" events == particles

Figure 5.5: Estimation of the beam composition for the 8GeV ™ sample. It is re-
levant to indicate that for this particular case all these particles have + charge, so

“electron” actually means “positron”.
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5.2 Procedure established for the 2 GeV 7 sample

For the 2GeV samples it was not possible to rely on a single cut to separate ;& 7 present in the
ToF Pion-peak (see Figure 5.12) because the 1 & 7 peaks in the Total-E histogram almost merge
each other. For that reason 5 different kinds of cuts were constucted, each of them looking at a
different kind of variable and being a combination of cuts in that specific variable over different
regions of the detector. The first 4 cuts are related to a specific kind of variable and the 5th cut
is a combination of the first 4 cuts (as summarized in next Figure). Let us label these cuts as
CUT-: (where ¢ = 1, ..., 5), each of them is looking at 7 taking advantage of the MC sample of

pure p to locate them (as explained above, by knowing where the ;4 are we can locate the 7):
CUT-1: looks at Energy deposited in different regions of the TB detector

CUT-2: looks at PE deposited in different regions of the TB detector

CUT-3: looks at the < dE/dz > in different regions of the TB detector

CUT-4: looks at the Number of Hits in in different regions of the TB detector

CUT-5: A combination of All previous cuts

CUT fi]l= U {sub_cut_[] H= Var il Ee }

k=1

i = F,PE, Ave_dFE /dx, Hits| : k = Total, ECAL, HCAL, L8P, LAP

: A m-interval in histogram of variable Var_i_k

-
CUT-5=|JCUT_j

j=1

Figure 5.6: 5 Cuts that look at 7 in the ToF Pion peak for the 2GeV samples.

Let us show the way in which CUT-1 was built up by looking at the histograms of Energy de-
posited over different regions of the detector for Events in the ToF Pion-peak (the ToF histogram
is shown in Figure 5.12), adding these cuts into a single one and to show its logic statement
(for the other variables the procedure is similar). The next figures show this procedure and the

final logic statement constructed for CUT-1:
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Events/(200u)

Events/(125u)

Events/(100u)
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Figure 5.7: We can say from the MC sample of pure u that events with values of

Total_E > 10 000 are certainly not u, so we considered those events as 7. But due

to the overlapping of the u & 7 peaks we need other variables to make up the cut
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o |
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From the MC sample of pure p we can say that events with
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g MC (pure 1, 2GeV_Pos) g 100 Data (2GeV_Pos_Pions)
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Figure 5.9: From the MC sample of pure ;« we can say that events with values of
Total _E_HCAL > 10 000 or < 4 000 are certainly not p
= MC (pure p, 2GeV_Pos) § 2000 Data (2GeV_Pos_Pions)
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Figure 5.10: From the MC sample of pure i we can say that events with values of
Total _E_L4P < 400 are certainly not p. A similar situation is observed for the
Total_ E_ L8P variable (histogram not shown here).
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if 10000<=S E tot or 2000<=S E ecal or 10000<=S E hcal or
S E hcal<=4000 or S E L8P<=400 or S E L4P<=400: #pi-like events
{Counter, ArachnelLinks, construction of 2D-pion-histograms
(dE/dx, Total-PE, Total-Hits vs. module)}

else: #mu-like events

{Counter, ArachnelLinks, construction of 2D-muon-histograms
(dE/dx, Total-PE, Total-Hits vs. module)}

Figure 5.11: With the aid of the previous histograms it was possible to locate the
interval for each variable and make up the logic statement for the CUT-1 that looks
at m. In this statement S_ E_xyz is the counter of the total Energy over region zyz

(total, ecal, hcal, L8P, L4P) of the TB detector.

Before presenting Results for each of the CUT-: it is relevant to indicate the Intervals consi-
dered (starting from the ToF ones) and their composition (then the logic for each of the CUT-;
is indicated). The next Figure shows the ToF histogram for the 2GeV 7 sample, where we can

locate immediately all the relevant intervals.

1 [
3 03 2GeV PP
o
D n
=
:@ 2 Pion peak Proton peak
S 10% V
>
w
Contamination-1
10f Contamination-2
T

0 10000 20000 30000 _ 40000
ToF_measured_time(ps)

Figure 5.12: ToF histogram for the 2GeV 7+ sample showing the relevant intervals.
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Results for the 2 GeV 7t sample

*Contamination-2 Interval = < 16 000, 26 000 > (ps): 29p, 6, le

*Contamination-1 Interval = < 8 000, 16 000 > (ps): 34w, 29y, be

*Proton-peak Interval = < 26 000,39 000 > (ps): 1 105p

*Pion-peak Interval = < 4 000, 8 000 > (ps):

{ -CUT-1: 749y, 2 6237;
5184, 2 854

-CUT-2: 444, 2 928;
-CUT-5: 2724,3 1007 }

-CUT-3: 663p,2 7097;

-CUT-4:

No electrons found in the tail at the left of the Pion-peak ~< 4 000, 4 500 > (ps)

= The rough composition of the beam of 2 GeV 7" (~ 4 581 particles (Events) identified) is

presented in the next figure (the relative error is calculated as 1/+/ Ny, where Ny is the respective

number of each of the species k = 7, p, i, e). It is relevant to point out that showers at the right

of the proton peak were considered to be protons, but they may be pions from the second bucket

(it is also important to stress the fact that these numbers are estimations, there will never be a

perfect particle ID technique for reasons explained in the last Section of this Chapter).

Particle: Number Percentage Relative error
proton 1134 24.75 % 0.029695694
electron 6 0.13 % 0.40824829

pion 2657 58.00 % 0.019400111 | cuT-1
muon 784 17.11 % 0.035714286

pion 2962 64.66 % 0.018374159 CUT-2
muon 479 10.46 % 0.045691166 | )
pion 2743 59.88 % 0.019093568

muon 698 15.24 % 0.037850558 — CUT-3
pion 2888 63.04 % 0.018608 CUT-4
muon 553 12.07 % 0.042524 | )
pion 3134 68.41 % 0.01786284 CUT-5
muon 307 6.70 % 0.057073015[ )
Total 4581 "located" events == particles

Figure 5.13: Estimation of the beam composition for the 2G'eV 7+ sample for diffe-

rent ways to look at 7 in the ToF Pion-peak.
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*The logic statements for each of the CUT-; are presented in the following figures (the intervals

and logic statement for CUT-1 were already presented):

(CUT-2)"Cut considering the "Total PE" in different Regions":
U (MC-sample) pi (Data-sample)

-Total PE: U~ <1000, 2000> ----> pi ~ <2000, >

-Total PE_ECAL: p ~ <0,16000> ----> pi~ <1600, >

-Total PE HCAL: pu ~ <0,800> ----> pi ~ <860, >

-Total PE L8P: p ~ <150,400> ----> pi~ <0,150>

-Total PE L4P: p ~ <56,250> ----> pi ~ <0,50>

if 2000<=S PE _tot or 1800<=5 PE ecal or 800<=S PE hcal or
S PE hcal<=350 or S PE LBP<=158 or S PE L4P<=50: #pi-like events

(CUT-3)"Cut considering the "Ave dE/dx":

B (MC-sample) pi (Data-sample)
-Ave dEdx_Total: u ~ <100,225> ----> pi ~ <225,1000>
-Ave dEdx ECAL: L~ <0,100> e pi ~ <100,1000>
-Ave dEdx HCAL: U ~ <200,400> ----> pi ~ <400,2000>
-Ave dE/dx L8P: p ~ <150,400> ----> pi ~ <0,150>
-Ave dE/dx L4P: U ~ <100, 600>----> pi ~ <0,100>

if 225<=5 E tot/42 or 100<=S E ecal/2l or 400<=5 E hcal/2l or
S E hcal/21<=200 or S_E L8P/8<=150 or S_E L4P/4<=100: #pi-like events

(CUT-4)"Cut considering the "Total Hits:

L (MC-sample) pi (Data-sample)
-Total_Hits: u ~ <100,200>----> pi ~ <200,600>
-Total Hits ECAL: p ~ <50,125> ----> pi ~ <125,400>
-Total Hits HCAL: p ~ <50,100> ----> pi ~ <0,50> or <120,>
-Total Hits L8P: B~ <20,50> ----> pi ~ <0,15>
-Total Hits L4P: u ~ <8,30> > pli ~ <0,7>

if 200<=5 hits tot or 125<=S hits ecal or S hits hcal<=50
or 120<=5_hits_hcal or 5S_hits_L8P<=15 or S_hits_L4P<=7: #pi-like events

(CUT-5)"Using ALL previous cuts”

if 10000<=S E tot or 2000<=S E ecal or 10000<=S E hcal or
S E hcal<=4000 or S E L8P<=400 or S E L4P<=400 or 2000<=S PE tot or 1000<=S PE ecal
or 800<=S PE hcal or S PE hcal<=350 or S PE L8P<=150 or S PE L4P<=50 or
225<=S E tot/42 or 100<=S E ecal/2l or 400<=S E hcal/2l1 or S E hcal/21<=200 or
S E L8P/8<=150 or S E L4P/4<=100 or 200<=5 hits tot or 125<=S hits ecal or
S hits hcal<=50 or 120<=S_hits hcal or S_hits L8P<=15 or S _hits L4P<=7:#pi-like events

Figure 5.14: CUTS-; for ¢ = 2,...,5 (Relevant Intervals & logic statements pre-

sented). The construction of CUT-1 was already explained in detail.
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5.3 Intervals & Results for All the other samples

Here are presented Results on the composition of the beam for the other samples, only the most

important histograms are attached together with the relevant intervals considered.

Results for the 8 GeV 7~ sample

A similar procedure to the one used for the 8 GeV 7" sample was followed, the ToF histogram
& the Total-E histogram (used for the separation of 7w & p present in the ToF Pion-peak) are

presented below together with the relevant Intervals and their composition.

8-1 03 3 —_—
& 8GeV NP 3
= I Q
2 | Al
c =
O, L )
m ' € 407
b )
>
L
10:
[ 20 L
1:
| . JII Ll 1 L .
-5000 0 5000 10000 15000 20000 0 20000 40000
ToF_measured_time(ps) Total E (u)

Figure 5.15: Left: ToF histogram for the 8 GeV 7~ sample. Right: Total-E histogram
for Events in the ToF Pion-peak (of the histogram at the left).

*Contamination-2 Interval (at the right of the Proton-peak) = < 8 800, 16 000 > (ps): 13p
*Contamination-1 Interval (between the p & 7 peaks) = < 6 650, 7 000 > (ps): 2e,4m, 1u
*Proton-peak Interval = < 7 000, 8 800 > (ps): 105p

*Pion-peak Interval = < 3 400, 6 650 > (ps):
{p-Interval = < 0,12 000 > (u) : 5104,
m-Interval = < 12 000, 56 000 > (u) : (3 352 — (6))m,
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6e found in the ToF interval < 3 400,4 500 > (ps)} == From the total number of 7 counted

we have substracted the number of e (assuming that some m may be confused as e, because

will almost never look like ¢).

= The rough composition of the beam of 8 GeV 7~ (~ 3 987 particles (Events) identified)

is presented in the next Figure (the relative error is calculated as 1/+/N, where Ny is the

respective number of each of the species k = 7w, p, u, €):

Particle:

(-)Polarity
proton
pion
muon
electron

Total

Number Percentage Relative error
118 2.96 % 0.092057
3350 84.02 % 0.017277
511 12.82 % 0.044237
8 0.20 % 0.353553
3 987 "located" events == particles

Figure 5.16: Estimation of the beam composition for the 8GeV 7~ sample.

Results for the 6 GeV 71 sample
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Figure 5.17: Left: ToF histogram for the 6 GeV 7+ sample. Right: Total-E histogram
for Events in the ToF Pion-peak (of the histogram at the left).
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*Contamination-2 Interval (at the right of the Proton-peak) = < 12 000, 16 000 > (ps): 4p, 2e
*Contamination-1 Interval (between the p & 7 peaks) = < 7 800, 8 980 > (ps): le, 67,4
*Proton-peak Interval = < 8 980, 11 250 > (ps): 539p

*Pion-peak Interval = < 4 000, 7 800 > (ps):

{p-Interval = < 0,10 000 > (u) : 4724,

m-Interval = < 10 000, 55 000 > (u) : (2 628 — (1)),

le found in the ToF interval < 4 000,4 500 > (ps)} = From the total number of 7 counted
we have substracted the number of e (assuming that some m may be confused as e, because u

will almost never look like ¢).

= The rough composition of the beam of 6 GeVw™ (~ 3 656 particles (Events) identified)
is presented in the next Figure (the relative error is calculated as 1/+/Ny, where Ny is the

respective number of each of the species & = 7, p, u, e):

Particle: Number Percentage Relative error
(+)polarity

proton 543 14.85 % 0.042914

pion 2633 72.02 % 0.019488

muon 476 13.02 % 0.045835
electron 4 0.11 % 0.500000

Total 3 656 "located" events == particles

Figure 5.18: Estimation of the beam composition for the 6GeV 7+ sample.

Results for the 6 GeV 7~ sample

*Contamination-2 Interval (at the right of the Proton-peak) = < 10 700, 16 000 > (ps): 10p, 1u
*Contamination-1 Interval (between the p & 7 peaks) = < 7 000, 8 100 > (ps): 27, 1u
*Proton-peak Interval = < 8 200, 10 700 > (ps): 95p

*Pion-peak Interval = < 3 800, 7 000 > (ps):
{p-Interval = < 0,10 000 > (u) : 4814,
m-Interval = < 10 000, 55 000 > (u) : (2 955 — (4))m,
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4e found in the ToF interval < 3 800, 4 500 > (ps)} == From the total number of 7 counted

we have substracted the number of e (assuming that some m may be confused as e, because

will almost never look like ¢).

= The rough composition of the beam of 6 GeV 7~ (~ 3 545 particles (Events) identified)
is presented in the next Figure (the relative error is calculated as 1/+/N, where Ny is the

respective number of each of the species k = 7w, p, u, €):

Particle: Number Percentage Relative error
(-)polarity

proton 105 2.96 % 0.097590

pion 2953 83.3 % 0.018402

muon 483 13.62 % 0.045502
electron 4 0.11 % 0.500000

Total 3 545 "located" events == particles

Figure 5.19: Estimation of the beam composition for the 6GeV 7~ sample.
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ToF_measured_time(ps)

Figure 5.20: Left: ToF histogram for the 6 GeV 7~ sample. Right: Total-E histogram
for Events in the ToF Pion-peak (of the histogram at the left).
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Results for the 4 GeV 7+ sample

*Contamination-2 Interval (at the right of the Proton-peak) = < 17 000, 20 000 > (ps): 4p
*Contamination-1 Interval (between the p & 7 peaks) = < 7 500, 11 500 > (ps): 2e, 207, Tu
*Proton-peak Interval = < 11 500, 16 500 > (ps): 580p

*Pion-peak Interval = < 3 500, 7 500 > (ps):

{p-Interval = < 0,8 000 > (u) : 498y,

m-Interval = < 8 000,45 000 > (u) : (2 446 — (1)),

le found in the ToF interval < 3 500,4 000 > (ps)} = From the total number of 7 counted
we have substracted the number of e (assuming that some m may be confused as e, because u

will almost never look like e).

= The rough composition of the beam of 4 GeVr™ (~ 3 557 particles (Events) identified)
is presented in the next Figure (the relative error is calculated as 1/+/Ny, where Ny is the

respective number of each of the species &k = 7, p, u, e):

w f-‘-.60-
8_ 4GeV PP 8
2 o
8 oY
5102- %
TR € 40f
>
L
10¢
207
1f
o[ |
-5000 0 5000 10000 15000 20000 0 - Y
: 0 20000 40000
ToF_measured_time(ps)
Total_E (u)
Particle: Number Percentage Relative error
(+)polarity
proton 584 16.41 % 0.041380
pion 2465 69.30 % 0.020141
muon 505 14.2 % 0.044499
electron 3 0.08 % 0.577350
Total 3 557 "located" events == particles

Figure 5.21: Relevant histograms & Estimation of the beam composition for the

4GeV T sample.




109
Chapter 5. Results on the composition of the secondary beam (% p*, 7+, u*,e* ) for ...

Results for the 4 GeV 7~ sample

*Contamination-2 Interval (at the right of the Proton-peak) = < 17 800, 21 000 > (ps): 4p
*Contamination-1 Interval (between the p & 7 peaks) = < 7 800, 14 500 > (ps): 5e,40m, 17u
*Proton-peak Interval = < 14 500, 17 700 > (ps): 34p

*Pion-peak Interval = < 4 000, 7 800 > (ps):

{p-Interval = < 0,8 000 > (u) : 2864,

m-Interval = < 8 000,45 000 > (u) : (1 143 — (1)),

le found in the ToF interval < 3 500,5 000 > (ps)} = From the total number of 7 counted
we have substracted the number of e (assuming that some m may be confused as e, because

will almost never look like e).

= The rough composition of the beam of 4 GeV' 7~ (~ 1 529 particles (Events) identified)
is presented in the next Figure (the relative error is calculated as 1/4/ Ny, where Ny is the

respective number of each of the species k = 7, p, i, €):

0 4GeV NP =
S =
o))
Al N
o ~
@ £ 20}
> c
w o
>
L
10
10t
1
L L | 0 1 |1 1
-5000 0 5000 10000 15000 20000 0 20000 40000
ToF_measured_time(ps) Total E (u)
Particle: Number Percentage Relative error
(-)polarity
proton 38 2.5 % 0.162221
pion 1182 77.3 % 0.029086
muon 303 19.82 % 0.057448
electron 6 0.39 % 0.408248
Total 1 529 *“located" events == particles

Figure 5.22: Relevant histograms & Estimation of the beam composition for the

4GeV ™ sample.
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Results for the 2 GeV 7~ sample

*Contamination-2 Interval = < 30 000, 31 000 > (ps): 0 particles

*Contamination-1 Interval = < 12 000, 16 000 > (ps): 2w, 1p

*Proton-peak Interval = < 20 000, 25 000 > (ps): 3p

*Pion-peak Interval = < 4 000, 8 000 > (ps):

{ -CUT-1: 48,90m;  -CUT-2: 47u,91m;  -CUT3: 484, 90m;  -CUT-4: 13, 1257
_CUT5: 1241, 1267 }

No electrons found in the tail at the left of the Pion-peak ~< 4 000, 4 500 > (ps)

= The rough composition of the beam of 2 GeV 7~ (~ 144 particles (Events) identified) is
presented in the next figure (the relative error is calculated as 1/+/ Ny, where Ny is the respective
number of each of the species k = 7, p, i, €). We notice that the statistics is very poor when

compared to the positive-polarity sample (antiprotons are less stable).

Particle: Number Percentage Relative error
(-)polarity

proton 3 2.08 % 0.57735
electron 0 0 % 0

pion 92 63.89 % 0.10426] .
muon 49 34.03 % 9.14286] O
pion 03 64.6 % 0.10370

muon 48 33.3 % 0.14434[ CUT2
pion 92 63.89 % 0.10426 | ~
muon 49 34.03 % 0.14286 cuTs
pion 127 88.19 % 0.088736

muon 14 9.72 % 0.267261 [ VT4
pion 128 88.89 % 0.088388

muon 13 9.03 % 0.277350[ CUT->
Total 144 "located" events == particles

Figure 5.23: Estimation of the beam composition for the 2GeV 7~ sample for diffe-

rent ways to look at 7 in the ToF Pion-peak.
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2GeV NP

Events/100ps
=

| |

0 10000 20000 30000 40600
ToF_measured_time(ps)

Figure 5.24: ToF histogram for the 2GeV 7~ the poor statistic of this sample is

immediately noticeable (there are almost no antiprotons).

*The logic statements for each of the CUT-: (that look at 7, in the same way as the ones used

for the positive-polarity sample) are presented in the following Figures:

(CUT-1)"Cut considering the "Total E" in different regions"”:

i (MC-sample) pi (Data-sample)
-Total E: U ~ <5000,10000>; pi ~ <10000,>
-Total E ECAL: p ~ <0,2000>; pi ~ <2000, >
-Total E HCAL: p ~ <4000,10000>; pi ~ <8000, >
-Total E L8P: p ~ <500, >; pi ~ <0,400>
-Total E L4P: p ~ <500, >; pi ~ <0,400>

if 10000<=S E tot or 2000<=S E ecal or 8800<=S E hcal or
S E L8P<=400 or S E L4P<=400: #pi-like events

(CUT-2)"Cut considering the "Total PE":

M (MC-sample) pi (Data-sample)
-Total PE: M ~ <1000, 2000>; pi -~ <2000, >
-Total PE ECAL: p ~ <0,1000>; pi ~ <1000, >
-Total PE HCAL: p ~ <400,800>; pi ~ <800, >
-Total PE L8P: pup ~ <100,400>; pi ~ <0,100>
-Total PE L4P: p ~ <50,200>; pi ~ <0,30>

if 2000<=S PE tot or 1000<=S PE ecal or 800<=S PE hcal or
S PE L8P<=100 or S PE L4P<=30: #pi-like events
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(CUT-3)"Cut considering the "Ave dE/dx":
M (MC-sample) pi (Data-sample)

-Ave dEdx Total: u -~ <100,225>; pi ~ <225,1000>
-Ave dEdx ECAL: H ~ <0,100=; pli ~ <l66,1000>
-Ave dEdx HCAL: K ~ <200,400>; pi ~ <400,2000>
-Ave dE/dx L8P: U ~ <158,450>; pi ~ <B,100>
-Ave dE/dx L4P: u ~ <100, 600>; pi ~ <0,100>

if 225<=S E tot/42 or 100<=S E ecal/21 or 400<=S E hcal/21 or
S E L8P/8<=100 or S E L4P/4<=100: #pi-like events

(CUT-4)"Cut considering the "Total Hits:

H (MC-sample) pi (Data-sample)
-Total Hits: M ~ <100,200>; pi ~ <200,600>
-Total Hits ECAL: p ~ <50,125>; pi ~ <125,400>
-Total Hits HCAL: p ~ <50,100>; pi ~ <0,50> or <120,>
-Total Hits L8P: u ~ <20,50>; pi ~ <0,15>
-Total Hits L4P: u ~ <8,30>; pi ~ <0,7>

if 200¢=S_hits_tof or 125<=5 hits ecal or S hits hcal<=50 or
120<=S hits hcal or S hits L8P<=15 or S hits L4P<=7:

(CUT-5)"Using ALL previous cuts"

if 10000<=S E tot or 2000<=S E ecal or 8000<=S E hcal or
S E L8P<=400 or S E L4P<=400 or 2000<=S PE tot or 1000<=S PE ecal or 800<=S PE hcal
or S PE L8P<=100 or S PE L4P<=30 or 225<=S E tot/42 or 100<=S E ecal/21 or
400<=S E hcal/21 or S E L8P/8<=100 or S E L4P/4<=100 or 200<=S hits tot or
125<=S hits ecal or S hits hcal<=50 or 120<=S hits hcal or S hits L8P<=15 or
S hits L4P<=7:

5.4 Relevant Observations & Summary of Results

The previous Results presented on the composition of the secondary beam (% p*, 7, u*, e*)
at different energies and polarities are important for the Test Beam to test the efficiency of its
beamline & main detector devices (for example, the efficiency of the Cerenkov and the Lied
shield in rejecting electrons and of the ToF in separating 7 and p) and also for the MINERVA
experiment to have more tools available for the identification of specific species passing through
its main detector (along its ECAL/HCAL region). Only results for Data Run 1 (ECAL/HCAL
configuration of the detector) have been presented because the beam is actually the same for

both Data Run 1 & 2, but the detector configuration for Data Run 1 makes it easier to perform a

systematic analysis via the definition of specific variables over different regions of the detector.
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In this chapter only the most relevant histograms have been presented and the 2D histograms of

pure and isolated species (¢ & ) have been omitted although they can be found in [89].

There are some specific details that are relevant to discuss: What unit of energy corresponds to
the unit “u”’used for all histograms of Energy related variables (Energy deposited over different
regions of the detector)?, Why there is a red-spot in the 2D histogram of dE/dx vs. module for
the Monte Carlo sample of pure ;. in module-0 ? (there is also other interesting feature in this
module for the total-PE vs module in Data) & What are the limitations of the logic used so far
for the 2GeV samples that has been set to look at 7 (Figure 5.6). The last point related to the
need to change the logic is important to analyze in detail the cuts used for the 2GeV samples in
order to reduce their number and in that way reduce the systematic uncertainties (that cannot

be reduced with increasing the statistics) introduced by each of them.

To estimate the exact units for the unit of energy “u” we can rely on the histogram for Total-
Energy for the 8GeV 7t sample. From there we can assure that 56 000 u < 8GeV, because
even if the particle of 8GeV managed to deposit all of its energy inside the detector it will
deposit a less amount of energy which depend on the detector response at different energies.

This implies that v < 1.43 x 10%°¢V ~ 2.3 x 107147

For particles with E ~ 8GeV entering the TB detector....

g 40 g 2000¢ MC (pure p sample)
8 n peak 8'
@ 30 % 1500/
g, H pea g‘)
W 20f r/ W 4000

10f 500

Al | I |
0 20000 40000 0 20000 20000

Total_E (u) Total_E (u)

Figure 5.25: For any particle entering the TB detector at a given energy, we can find
a limit for the unit “u” based on the upper limit for the energy deposited. From this:
u < 1.43 x 10%eV ~ 2.3 x 10714,
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With respect to the red spot appearing in module-0 for the MC sample of pure p it seems that
some attenuation lenght was assumed that made the dE/dx to appear too low, this module-0 was
not present in Test Beam 1 and that experiment was the starting point for the development of the
MC simulation for Test Beam 2. Regarding the higher value of PE for module-0, it seems that
due to the fact that this plane is actually a half-plane (it only contains 32 strips instead of 64),
the attenuation distance is on average shorter, which implies higher light-yield for this module

[90]. This issue of course is not a problem because for other planes the pattern is as expected.

Data (isolated p) MC (pure p)

= - = i = .
H B
xl
<]
wi
=
=5 =
£ £

| w
E| &
s s
e 2

module expected module
pattern

Figure 5.26: Some features taking place in module-0 of the TB detector: A lower
value of dE/dx for the MC & a higher value of PE for Data. For the remaining planes

it is obtained the expected pattern.

With respect to the logic used for locating 7 for events in the ToF Pion-peak (Figure 5.6), it is
relevant to point out that the union of cuts is not reliable because it makes it difficult to perform
any Efficiency-Purity analysis and to analyze the effect of one specific cut on another one. It is
also important to state that for the specific cuts of type CUT-: used, there may be some useless

cuts making up a specific CUT-7, this is bad because the higher the number of cuts we introduce,
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the greater the systematic uncertainty in the results obtained on the composition of the beam.
For this reason in next Chapter a change in the logic is performed together with an Efficiency-
Purity analysis to make up the best cut for separating specific species at 2GeV (where more

than 1 cut is mandatory for this separation).

Finally, let us end this Chapter presenting a summary of the Results (estimations) obtained on

the composition of the beam based on different cuts for different energies and polarities of the

secondary beam:

Energy(GeV) [Polarity %p %1 %op %e
8 Pos 15.87 74.04 9.94 0.15
6 Pos 14.85 72.02 13.02 0.11
4 Pos 16.43 69.34 14.2 0.03
2 Pos 24.75 58 17.11 0.13 |CUT-1
2 Pos 24.75 64.66 10.46 0.13 |CUT-2
2 Pos 24.75 59.88 15.24 0.13 |CUT-3
2 Pos 24.75 63.04 12.07 0.13 |CUT-4
2 Pos 24.75 68.41 6.7 0.13 |CUT-5
Energy(GeV)|Polarity %p %TT % %e
8 Neg 2.96 84.02 12.82 0.2
6 Neg 2.96 83.3 13.62 0.11
4 Neg 2.5 77.3 19.82 8.39
2 Neg 2.08 63.89 34.03 0 CUT-1
2 Neg 2.08 64.6 33.3 0 CUT-2
2 Neg 2.08 63.89 34.03 0 CUT-3
2 Neg 2.08 88.19 9.72 0 CUT-4
2 Neg 2.08 88.89 9.03 0 CUT-5

Figure 5.27: Particle Composition of the Secondary Beam for different Energies &

Polarities. For the 2GeV samples it is shown the specific CUT-7 used for getting those

results.



Chapter 6

Efficiency-Purity analysis to find the
optimum cuts to separate different species

for the 2GeV sample

It was stated at the end of the previous Chapter why it is important to reduce the number of cuts
employed for the isolation of a specific kind of particle species (to reduce systematic uncertain-
ties) for the 2 GeV samples. The cuts of type CUT-: presented there were made up as unions of
cuts over different specific variables (each CUT-: being the union of 5 variables among a total
of 20 of them) and looked at 7. Since these 20 variables can be used in the separation of i from
m, we can analyze each of them and the effect of 1 after another. For that purpose it is better to
change the logic and seek for the best cut for the isolation of species as an intersection instead
of as a union. Figure 6.1 present the logic that would look at y insted of 7 (which is just the
negation of the one used in the previous Chapter) & the definition of the Variables Var_i_(. It

is relevant to point out that this analysis is performed on Positive Polarity particles.

It is relevant to point out that for the analysis that is presented in this Chapter, Monte Carlo
simulations of single-particle species were mandatory. However, there was a problem found in
the MC while constructing shower-shape scripts (this was an idea to separate ;. by considering
that they deposit a number of hits less than a certain fixed number for all modules==planes
of the TB-Detector). The issue is that there are several Events in the MC sample that have
Hits with values of PE less than 3 (as explained in Figure 6.2), this means that those hits are

not physically meaningful (this occurs because the MC is just a simulation !). In this way the

116



117

Chapter 6. Efficiency-Purity analysis to find the optimum cuts to separate different...

variable of kind “Hits " (a subset of the set of variables Var_i_(3) is affected and for this reason

it was necessary to introduce an extra condition in the scripts for this analysis: For each Event

only consider Hits with a PE higher than 3.

CUT = m {sub_cut_[l Bl= Var_[il Rl e @}
=1

i=F, PE Ave_dF /dx, Hits

. |8 = Total, ECAL, HCAL, L8P, LAP

: A M-interval in histogram of variable Var_i_R

4
(ﬁ_s = n
j=1

R latin-index: | |9reek-index:
CUT . Detector-V. Region of the
/ -] etector-Vars| |petector

Figure 6.1: Logic of the cuts that look at . The variables of kind Var_i_g are

presented there. It is relevant to keep in mind that the (sub)cut of type i_ 3 looks for

Events in the p-Interval I, so it is mandatory to find the optimum I, for each of the

20 Variables Var_i_pJ.

] 6 Hits

| MC event: 102|2|79%6

8 Hits

O T T
U o o o 57 3 = S0 A T B B B e T SRR AT 5 21 937 337
Draw Color Scale

FedizTiTee

TT7 5L SRS SE0SE] S5 333 584 555 6L 8T 58I SEHI0 S

uz

Figure 6.2: Many Events in the MC sample contain hits with PE less than 3, this

feature was found out while developing shower-shape scripts. It was necessary to

repeat the analysis with the condition that for each Event only those Hits with PE >=

3 to be considered.

What is presented next is an Efficiency-Purity Analysis of the 20 cuts that look at isolating p

from 7. The idea is to end with a cut that

results to be the intersection of the 2 Best Cuts (among
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the 20 ones) with regard to their value of Efficiency (£) & Purity (P). For each of the variables
Var_i_f we can find the optimum p-Interval Iff. Figure 6.3 presents this methodology to
find the optimum p-Interval for each variable and the definitions of Efficiency & Purity are
summarized in Figure 6.4 together with the necessary conditions for those definitions to hold

and the way to calculate their respective uncertainties [91].

li = E, PE, Ave_dE Jdz, Hits

Var_fi] [8] 8 = Total, ECAL, HCAL, L8P _L4P]

H-MC sample *The Goal is, for each of the Var_i_B,

to find the interval [*” such that:

m-MC sample H
£ x P‘ —— MAX
{cut in Uarfij,}
Vi=1.2.34
—rf - Var [ ] v 8 =122345

Figure 6.3: For each of the Variables Var_i_ [ the optimum cut to look at p is the

one that maximizes the product £ x P.

_ wEvents(Var_i B € [ ;;‘3) N,
u-Events (All p-histogram) N, + Ny
Do u-Events( Var i B € [ ;fj) _ N,
p-Events(Var i B € [ ff" )+ n-Events (Var_i B € I:;"")’) N, + N,
Conditions:

- The total number Ny = Np + Ny ~ Po())

- Total Number of Events in the p & 1t histograms should be equal
(== normalized histograms) for a proper calculation of the Purity

- With that assumption & considering errors in the previous
numbers as, iV, = VN,. iV, =/N; we can find the respective errors
in the Effic & Pur (to plot 2D graphs with error bars & analyze
correlations among cuts) using a propagation of errors formula:

AL =€ =©/N])'?; AP = [P(1=P)/N, + N, |'*

Figure 6.4: Definitions of Efficiency & Purity. For these to hold the total number of
Events should follow a Poisson distribution & the Total Number of Events for both

histograms should match. The uncertainties in £ & P are defined at the bottom [91].
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Next an £ — P Analysis is applied to make up the best cut that separates:  from 7, e from
1 and e from 7. For each case the specific methodology is explained in detail. At the end it
is presented the Tool developed and the way it should be applied to Data in order to find the

Identity of any Event (Particle) that comes from Test Beam Data.

6.1 £ — P Analysis to make up the Optimum-Cut to separate

' from 7t

In Appendix E are presented histograms of pure (MC) u™ & 7" samples together in a single
Canvas for each of the 20 variables Var_i_{ and the interval I, that maximizes the product
¢ x P (highlighted). Here are presented plots of &, P, £ x P vs. Cut & a 2D plot of P vs.
&. After having selected the best among the 20 cuts we outline the methodology followed to
pick up the second cut in order to make up the “optimum-cut” for separating ™ from 7 (as an
intersection of the 2 cuts chosen among the 20 ones avaible).

*For the 20 cuts whose intervals in their respective histograms are presented in Appendix E:

Type of Cut refers to each of the 20(sub)cuts(to separate p from )
1 : : : : : : : :

Efficiency
o
w
w
w

0.99

0.985

. O Effficienc?y

0.98—+

ILliIIJ|:IlLiIIJJIII{IIIiJIIi\IIjlllil\li]
097577754 6 8 10 12 14 16 _18 20

Type of Cut

Figure 6.5: Efficiency for each of the 20 cuts (each maximizing the product ¢ x P in

the respective variable Var_i_3) that can be used to separate u* from 7.
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Figure 6.6: Purity for each of the 20 cuts (each maximizing the product £ x P in the

respective variable Var_i_3) that can be used to separate ™+ from 7.
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Figure 6.7: Efficiency x Purity for each of the 20 cuts (each maximizing the product

& x P in the respective variable Var_i_ /) that can be used to separate ™+ from 7.
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Figure 6.8: All the 3 previous quantities in a single plot.

*A 2D Plot of P vs. £ is also interesting because it permits to locate what are the best cuts and

which of them have similar features.

y

Purit
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0.7

0.65
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0 6 1 ‘ 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1
' 0.98 0.985 0.99 0.995

1
Efficiency
Figure 6.9: P vs. £ for each of the 20 cuts (each correponding to a different variable).
This plot permits to analyze correlations among different cuts (points close together

correspond to cuts that have a similar effect in Data) and also to locate the best ones.
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From the previous plots we notice that cuts 5,10,15,20 (L4P vars) are the best ones. After them
we have the cuts in L8P vars as shown in the next Figure. The idea is to plot histograms of other
Vars for events in the p-interval (for the best cut) in order to see which could be the best second
cut. However, there are some relevant remarks to point out: The Purity of the cuts calculated
previously cannot be used for Data because for the Data sample we do not know the ratio of 7
to u, since there is no MC simulation of the secondary beam...then we tried to estimate the
background for both 7 & p in another way, in other to find an estimation of the number of these

species. Below the Methodology followed is outlined.

L4P cuts

> I
£0.95
x -
g 0.9
o
o -
£0.85¢
[T .

ors P \ A S 73) .

Eook L B-a :
0-65?\;')3‘ffféi)f
| = T I IS PP I I P O PR

®TT2 4 6 8 10 12 14 16 18 20

Type of Cut

Figure 6.10: This plot shows that the cuts in the L4P are the best ones (because those
have the largest value of £ x P), followed by the ones in the L8P.

*Methodology followed (a suggestion made by my supervisor at Fermilab, Dr. Leo Bellantoni)

-From the best cuts we select 1 of them (let’s call it in Variable x;) to retain events in the

p-Interval (1,,).

-Plot the histograms of other variables for events in the selected p-Interval (/,,) to see which
variable (let’s call it x5) separates better the 1 & 7 present there. Select the remaining y in the

new p-interval (/ L ) in this new histogram.

-Plot also the histogram of the same variable (x;) in that interval in log-scale...to see if we ought

to change the p-Interval in order to improve the cut.
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-8 candidates (because their histograms showed a better separation of y from 7) were selected
as the second cut (to add to the one cited above) and the most efficient (in selecting 1) among
them was chosen.

-Then we can make up the cut to retain p as well as the cut to retain 7 (which is the negation of
the other). The next Figure presents the logic of the optimum-cut constructed and the relevant

numbers to calculate: efficiencies (&, ), fractions of u looking as 7 (§,.) and viceversa

(é.wu)-

« Cut p=={ r; € I“ && I € [L }

ccutn=={m el [[{mel, a& 72€ I }}
FENEY . . ' . I" — I“‘
( )__{ I € ]-,'r || Tp € Iﬁ ]' - CUt_IJ. T

I, =1

» Applying these cuts to the MC samples of pure p & T we can find the
efficiencies:

- Fraction of p looking as p(pass the Cut_p): &
- Fraction of plooking as : &, = 1 — &,

- The same for the case of T &, , ET.,; =1 — &enr

Figure 6.11: Logic of the cut (intersection of 2 of the 20 cuts) to look at p (& ).
The relevant fractions (£, §ux,&x,) are presented and the intervals for the first (1,,)

& second cut (J L).

Choosing the best cut =, as Hits_L4P (Figure E.20 of Appendix E) we make a plot of events
in an interval a bit larger (< 4,12 >) than the initial p-Interval (< 4,10 >) for the same
variable x; to correct this p-interval (log-scale used) as is shown in Figure 6.12. Choosing 8
candidates for the variable x5 (Total_E,Total E_HCAL,Total _PE,Total _PE_HCAL,
< dE/dx >_ Total,< dE/dx >_ HCAL,Total_Hits_ HCAL, & Total_Hits_L8P), af-
ter plotting their histograms for Events in which z; € I, & after calculating the numbers §,,,,,
Eums Enms Eap it wWas found that 2o = Total - PE_HC AL maximized the efficiency for selecting
i (Figure 6.13 shows this result together with its histogram for Events that have z; in /,, & the
new pi-Interval I}, in which to cut on variable v, = Total PE_HCAL)
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4 r
—~ 10 — W'-MC
5 m'-MC
S 10°
>
@O
10°
10}
0 10 20 30 20 50

Total_Hits_L4P_After Hits_L4P_cut (*)

[, = <412>—» [, =<411>

Figure 6.12: Histogram of variable x; for events such that x; € I, in log scale (in
an interval a bit larger than I,,). This shows that a slight change in the interval was

relevant to improve the cut (to improve a little the efficiency of selecting ().

r
I} =<350,750> &, = 0.999334073 S7r = 0.95515

c% — -MC
o n'-MC
E 300t
=
[
i

200t

100}

0 —

0 500 1000 1500 20|00 2500
Total_PE_HCAL_After_Hits_L4P_cut (u)

Figure 6.13: Histogram of variable x, for events such that x; € I,. The new pu-
Interval (I l/") for variable xo that maximizes the efficiency of selecting 1 (£,,) is

I/, =< 350,750 >.
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After having constructed this cut to separate ¢ from m we can estimate the numbers for each of
the species (applying the cut to Events that come from the ToF Pion-peak) and the background
for each case using the following formulas (This is to be applied after the initial numbers of p

& 7 have been calculated):

¢ Relations that may be used:

NO = NDuta N7 = N7

N = NY/E,, Ny = N2 /&xn

.-'\"'ﬁ p= -\f_l ET,-’“ ‘_?\.-'m._ = -"\"r; E,u':r

N/ =N, = Npp =N}, = Nl &uu| [Nz = Ne = Nuw = Np = N, &ir

Figure 6.14: Iterative relations to estimate the particle composition of a given Data
sample (composed of 1 & ), this is called correction by efficiency. A way to estimate
the background in terms of the fraction of a given species looking like the other is also

presented.

6.2 ¢ — P Analysis to make up the Optimum-Cut to separate
e’ from p"

A similar analysis was performed to make up the optimum-cut to separate et from p*. For
this case, as is outlined below, the cuts were excellent and only one of them was enough. This
actually verifies what was expected when the TB detector was constructed: The separation
between et & ut should be almost perfect, since all positrons (that behave like electrons) will
be stoped at the ECAL and all muons will pass through the whole detector, depositing energy
in the Last-Planes. Despite this fact, the analysis was performed in order to verify that the logic
used in the scripts was good and to find out which of the variables was the best one in separating
et from p". Appendix F presents histograms of pure (MC) et & u in the same way as were

presented before for the case of u™ & 7.
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*For the 20 cuts whose intervals in their respective histograms are presented in Appendix F:

Type of Cut refers to each of the 20 sub-cuts

(to separate e from p)

P

o~

0.995

Efficiency

0.99

0.985

0.98

0.975

0.97

0.965

|IIH\IIIII\[lIIH\IIIIIHIIHI

0.96

Figure 6.15: Efficiency for each of the 20 cuts (each maximizing the product £ x P

in the respective variable Var_i_[3) that can be used to separate e™ from u™.

Purity

0.999

0.998

0.997

0.996

0.995

0.994

0.993

Figure 6.16: Purity for each of the 20 cuts (each maximizing the product £ x P in the

2
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respective variable Var_i_(3) that can be used to separate e from pT.
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ity

0.995

0.99
0.985

0.98

Efficiency x Pur

0.975

0.97
0.965

fficiency x Purity

0.96

0.955

J‘l;lll]\ll|l|||ll|] L1l
0.5 e e e 12 4

Figure 6.17: Efficiency x Purity for each of the 20 cuts (each maximizing the product

¢ x P in the respective variable Var_i_3) that can be used to separate e from p+.

Type of Cut

h1.(1'1_
= =
a C
x 1@y O s®nEOa @"",“OO
= QP2%0 RC
el @ @
=U_99_ .....
e
=0.98_ .....
0.97 P O Efficiency
S @ &
0 96: Purity
e () Efficiency x [Purity
0.95F
0.94 1112111411161 13111101111211114111161ll18l11201
Type of Cut

Figure 6.18: All the 3 previous quantities in a single plot.
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*A 2D Plot of P vs. £ in this case shows that there are many excellent cuts that can be applied,
this can be seen in the previous histograms since many of them showed the peaks for u & e well

separated.

&

@
\II\!III\‘?IIII

+#

0.996
0.995
0.994

O:Pur vs. Eff +

111 | L1 1 1 \|\|i|\\|i||||i|\||;||||i
0993 965 097 0075 098 0985 099 0995 1

Efficiency

1

[

0.99995

]
a
]
S
s

Purit

0.9999

0.99985

0.9998

0.99975

FanY
N

0.9997 ) Purvs: Eff-

L T :

0.99965

.996 0.9965 0.997 0.9975 0.998 0.9985 0.999 0.9995 1
Efficiency

0.9996

°_IIII

Figure 6.19: P vs. ¢ for each of the 20 cuts (each correponding to a different variable)
that separate e* from p. This plot permits to analyze correlations among different
cuts (points close together correspond to cuts that have a similar effect in Data) and
also to locate the best ones. In this case we see an accumulation of very good cuts at

the right top corner.
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*Some observations about the ¢ — ;/ separation:

We notice there are many good cuts that separate e from p, many cuts in LP — Vars are
almost perfect. We expect that electrons will almost never arrive at the L P so this is physically
expected. I believe that the best-cut (/its_L8P) is enough for a very good separation. The
best cuts to separate any e that may be in a ;4 sample would be the ones with highest values of

the product & x P as shown in the next Figure:

Var i B ExP
Hits L8P 0.99994
catras Lap | 09998
Hits_L4P 0.99982
E_L4P 0.99979

Figure 6.20: This table shows the best cuts together with their value of ¢ x P. Their

histograms and the relevant intervals I, can be found in Appendix F.

6.3 ¢ — P Analysis to make up the Optimum-Cut to separate

et from 7

In the same fashion, an Efficiency-Purity analysis has been developed to find the best cut to
separate e™ from 7", these are actually the most difficult samples to separate each other because
there is still a non-negligible probability that a 7+ will shower in the ECAL region of the
detector and in that way look like an e (both kinds of particle species tend to shower inside
the detector). On the other hand, as is presented in the histograms below, since both kinds of
particles make showers inside the detector there is really difficult to separate them by looking at
the Last-Plane (L P) variables. A similar analysis to the one performed for the ;1 — 7 separation
was done for this case, the only change is that we deal with e-Intervals I, & I. and seek for
the optimum-cut that maximizes the efficiency in finding e (£..). The relevant histograms for

variables Var_i_[3 & the intervals I, for each one are shown in Appendix G.



130

Chapter 6. Efficiency-Purity analysis to find the optimum cuts to separate different...

*For the 20 cuts whose intervals in their respective histograms are presented in Appendix G,

only 12 of them are useful, since for the L P-Vars it was not possible to perform any cut (no

interval presented & no points attached in those plots):

Type of Cut refers to each of the 12 sub-cuts (to separate e from 1)

-

presented before... (No LP cuts for this case )

cy

£0.99
£0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.9

icien

E

iyt

HI\lIIH I\Illlllll\l\l‘ll\\ \IlllHHlI\II TTTT

16 18

L
20
Type of Cut

Figure 6.21: Efficiency for each of the 12 cuts (each maximizing the product £ x P

in the respective variable Var_i_(3) that can be used to separate e™ from 7.
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Figure 6.22: Purity for each of the 12 cuts (each maximizing the product £ x P in the

respective variable Var_i_ /3) that can be used to separate et from 7.
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Figure 6.23: Efficiency x Purity for each of the 12 cuts (each maximizing the product

¢ x P in the respective variable Var_i_ 3) that can be used to separate e™ from 7.
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Figure 6.24: All the 3 previous quantities in a single plot.
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*A 2D Plot of P vs. £ is also interesting because it permits to locate what are the best cuts and

which of them have similar features.

y

Purit

0.85

0.8

0.75

0.7

S : E : s : s

0.65

P_

Efficiency

Figure 6.25: P vs. ¢ for each of the 12 cuts to separate e™ from 7. This plot permits
to analyze correlations among different cuts (points close together correspond to cuts

that have a similar effect in Data) and also to locate the best ones.

*Methodology followed (in the same way as for the ;» — 7 separation)
-Select the best cut as the one in Variable x; to retain events in the e-Interval (/.).

-Plot the histograms of other variables for events in the selected e-Interval (I.) to see which
variable (let’s call it x5) separates better the e & 7 present there. Select the remaining e in the

new e-interval (] ) in this new histogram.

-Plot also the histogram of the same variable () in that interval in log-scale...to see if we ought
to change the e-Interval in order to improve the cut (for this case was not necessary to change

the 1.).

-3 candidates (whose histograms showed a better separation of e from 7) were selected as the
second cut (to add to the one cited above) and the most efficient (in selecting ¢) among them
was chosen (it was not possible to find more than 3 candidates since for the other variables there

was full overlapping between e & 7 histograms).
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-Then we can make up the cut to retain e as well as the cut to retain 7 (which is the negation
of the other). The logic of this optimum-cut and the relevant numbers to calculate (efficiencies
(€ee» Ern), fractions of e looking as 7 (&) and viceversa (£,.)) follow the same pattern as in the
case of the ;1 — 7 separation.

*Choosing x, as T'otal _PFE (Figure G.5 of Appendix G) we make a plot of events in the initial

e-Interval for the same variable x; to see if it was necessary to correct this e-interval (log-scale

used):

3 I = [3600,]
5 10°F (it was no need
I to change the
2 initial interval)
1w

10¢

0 2000 2000 6000
Total_PE_After_total PE_cut (u)

Figure 6.26: Histogram of variable x; for events such that z; € I, in log scale (in

an interval a bit larger than 7,,). In this case it was not necessary to change the initial

interval 1.

Choosing the only 3 possible candidates for the variable xo (T'otal_E, Ave_dFE /dx, Total _ Hits),
after plotting their histograms for Events in which x; € I, & after calculating the numbers &,
Eens Enns Exe 1t was found that xo = Total _ Hits maximized the efficiency for selecting e (Fi-
gure 6.27 shows this result together with its histogram for Events that have x; in /. & the new
e-Interval I/ selected). After having constructed this cut to separate e from 7™ we can estimate
the numbers for each of the species (applying the cut to Events who are the 7 separated from
the ToF Pion-peak using the cut that separates ;o from 7 in a first stage) and the background
for each case using the formulas presented in Figure 6.28 (it is relevant to stay again that these

relations are to be applied to the already separated 7 in order to isolate any e present there).
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Ie = [110,180] e = 0.9532 &nm = 0.94105
:é 600F
c
@
=>
w
400f
200
0 ™ )
0 100 200 300 400 500

Total_Hits_After_total PE_cut(*)

Figure 6.27: Histogram of variable x5 for events such that ;1 € I.. The new e-

Interval (I)) for variable x5 that maximizes the efficiency of selecting e (&) is I, =

[110, 180].

N-g — J\gsolated T (cut_pm) *“"\F::(: = 1‘\'2150|ated T (cut_pm)

N, = N0/teq Ni = NO/Enn

Nye = N £re Ner = Ne en

N/ = N} = Nyo = N! = NL & ||N7 = Ny = Ner = Ny — N Len
Cute=={71 €I, && T2€ )} Cut_m==~Cute

Figure 6.28: Iterative relations to estimate the particle composition of a given Pion
Data sample (composed of some e & previously isolated 7 from the ToF Pion peak),
this is called correction by efficiency. A way to estimate the background in terms of

the fraction of a given species looking like the other is also presented.

6.4 Procedure established to apply the Tool developed for the
2GeV samples

Here are summarized the optimum-cuts developed for the separation of each of the 3 kinds

of particle species (e, i, m). Using the notation C'ut_i_7 for the optimum-cut that separates
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the species of kind 7 from the ones of kind j (where 7,5 = e, u, ), the cut that separates
the species of kind j from the one of kind 7 can be calculated as the negation of the previous
one: Cut_j_i =~ Cwut_i_j. The optimum-cuts that have been calculated from the previous

Efficiency-Purity analysis are the following:

Cut_p m == {Hits_L4P € [4,12] && PE_HCAL € [350,750] }
Cut e p == {Hits L8P € [0,5]}

Cut_e m== {Total PE € [3600,] && Total Hits€ [110,180]}

Figure 6.29: Here is the final Tool developed from the Efficiency-Purity analysis:
The optimum cut to separate species ¢ from j for the 2GeV sample, where i, =

et,pt, 7t and Cut_j_i =~ Cut_i_j.

These cuts permit us to construct the logic to find out the identity of any Event (Particle) from
Test Beam Data, for both m-Folders (Events containing mainly 7 selected with the Cerenkov
and the Lead Shield used to reject €) & e-Folders (Events containing mainly e, selected with the

Cerenkov device). The procedure is outlined in the Figure below:

n-Folders: e-Folders:

Events in ToF-m-peak |Events in ToF-e-peak

Figure 6.30: Here is presented the logic procedure to follow to apply the developed

Tool to Events (Particles from the left ToF peak) comming from Pion Folders (Left)
& Electron Folders (Right). At the end of the procedure we get the isolated species.
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There may be other ways to perform a PID analysis as there are many ways to solve a problem in
physics; however, the usage of the variables Var_i_ [ has been proven to be useful and agreed
with the physical expectations. These confirmed not only that the scripts were properly made
but that the experimental devices along the beamline and the TB-detector configurations were
set properly to accomplish their purpose: Give to the beam a given value of energy and polarity,
select 1 specific particle to enter the detector & have a detector in a configuration that permits

to analyze different energy-deposition patterns inside it.

Notwithstanding that, it is important to point out that there will not be possible to develop perfect
PID algorithms because the beamline devices and DAQ-elements are not 100% efficient, this
was confirmed while eye-scanning some events in the contamination intervals, which showed
more than 1 particle entering the detector despite having imposed the No_Veto condition,
used only the triggered slice & the T'oF_quality = 1. It is also relevant to point out that the
an Efficiency-Purity analysis would permit us to separate any other kind of particle species
(like Kaons or Deuterons) that may be present in the beam because it is based on Monte Carlo
simulations and the Monte Carlo permits to simulate any kind of particle species (only 3 species

were analyzed because the fractions for the others are negligible).

It is also relevant to point out that this Efficiency-Purity analysis was developed only for the
2 GeV Positive Polarity sample because the statistics for the negative sample was very poor
(there were almost no antiprotons & the pion peak had a lot less events), but in any case the
same procedure can be applied to them or to particle of any energy because the Monte Carlo
permits to model almost everything that has been studied theoretically (is a simulation). I should
also mention that this analysis presents a procedure to make up an optimum Tool for particle
isolation, the estimations we can get at the moment are not fully reliable yet (as those Results
presented in the previous Chapter) because the Data under analysis is not fully callibrated yet,
Test Beam experts are currently working on the improvement of the Data I worked with, which

was mainly Raw Data.
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Conclusions

This work presented results (they are actually estimations since I worked with Data not fully
calibrated yet) on the composition of the Medium-Energy (~ 1.5-8 GeV) MINERVA Test Beam
experiment as well as efficient tools (algorithms) for the identification of specific kinds of par-
ticle species (p*, 7, u*, e®). This is very important for the MINERvA experiment since these
tools permit us to identify a specific kind of particle passing through the ECAL/HCAL region
of its main detector & in that way be able to reconstruct any Event that took place (a particu-
lar neutrino interaction) inside it. The results are also important for the Accelerator-Division
because they are interested in analyzing the composition of the delivered beam in order to see
what needs to be improved in their operations & will also be relevant for comparison with results
from a Monte Carlo simulation of the secondary beam (not ready yet). The results presented
permit also to test the efficiency of the Test Beam devices and to improve the way in which they
are calibrated and arranged spatially in order to increase the purity of the beam that enters the

Test Beam detector (as it was shown there are many ;= and some e* beside the desired 7+).

As it was stated at the end of the last Chapter, the definition of the Detector-Variables Var_i_ (3
for the separation of different species is just a particular case in which we can separate between
different species exploiting the fact that different species will have a different behaviour inside
the Detector. There may be other variables to look at but these have proven to be valuable
and permitted to verify that the way the detector was constructed (the configuration) is useful in
discriminating between different species. They also permitted the development of an Efficiency-
Purity analysis that would be useful to separate any other kind of species that may be present in

the secondary beam (like kaons and Deuterons) because this analysis is based on Monte Carlo
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simulations of the “ideal way” these particles (the ones we wish to analyze since the Monte

Carlo permits any species to be simulated) would behave inside our detector.

The specific algorithms developed for particle-ID may be used as a starting point for the deve-
lopment of other particle-ID scripts or to start looking at completely different kind of variables.
They have also been useful, beside other sophisticated tools used to perform Data Analysis in
MINERVA, as a tool for the identification of charged pions in the work performed in our last
publication [101] because it was mandatory to be able to separate between different species,
specially between & and 7+ in the ECAL/HCAL region of the MINER~A main detector, in
order to recontruct the specific neutrino interaction that took place & to retain events in which
charged pions were produced to calculate their respective frequency, which tend to the value of

their respective cross sections when the statistics is high, due to the Law of Large Numbers.

The work performed required the understanding of many theoretical, computational and expe-
rimental concepts in the field of Experimental High Energy Physics. For this reason, working
in an experiment at Fermilab and in that way having the support of the staff of scientists and
other students has been very important. Is not just the learning of theoretical issues and progra-
mming but seeing how “physics is done” (by taking shifts to control the DAQ, studying the Test
Beam detector & beamline elements) and dealing with real data comming from a very complex
disposition of experimental devices the way in which one does this specific kind of research.
Research on Data Analysis requires both an understanding of how the experimental devices

work & of the physical concepts and phenomena taking place.

Finally, I would like to point out the importance of working in a collaboration because these
kinds of experiments are so complex that many researches working in different areas are re-
quired, for this reason it is very important for our home institution Universidad Nacional de

Ingenieria (UNI) to continue being part of this collaboration.
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Appendix A

Pyroot scripts to construct ToF histograms

& select contamination intervals

1 from ROOT import #
2 import os

3 import sys

4 import myPlotStyle
5 import re

6

7 class HTML:

& def init (self,Types):

9 self.Data=dict()

10 for type in Types:

11 if type=="":

12 continue

13 self.Data[type]=[]

14  def AddType(self,Type):

15 for datum in self.Data:

16 if Type==datum:

17 print "Type already exists!"

18 return

19 self.Data[Type]=[]

20 def OpenHtml(self,Type,filename):

21 self.Data[Type].append(open(filename, "w"})
22 self.Data[Type] [-1].write("<html=<div=\n")
23 def CloseHtml(self,Type,index):

24 self.Data[Type] [index] .write("</div=</html=\n")
25 self.Data[Type] [index].close()

26 def CloseAll(self,index):

27 for datum in self.Data:

28 self.CloseHtml (datum, index)

29 def GetlLastHtml({self,Type):

30 return self.Data[Typel[-1]

31

32 def DrGranCoolTool (gate,inputdst,outfile,slice):
33 #NOTE! Gate in Arachne=ev gate-1

34
35
36
37

outstring = ""
outstring+= "<p=<a href=";

outstring+= "http://minerva@s.fnal.gov/Arachne/arachne.html?entry=%d"%gate
outstring+="&filename=%s&filetype=dst> \t%s\tgate=%d</a></p>"%
(inputdst,os.path.basename(inputdst) ,gate)

148
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38 outstring+="<p> Gate "+str(gate)+": Triggered Slice: "+str(slice)+"</p>"

39 outfile.write(outstring)

40

41 #def DidVetoFire(event):

42 # 1if event.Veto VetoCounter 1»8 or event.Veto VetoCounter 2=0 or
event.Veto VetoCounter 3>8 or event.Veto VetoCounter 4>0 or event.Veto VetoCounter 5>8
or #event.Veto VetoCounter 6=8 or event.Veto VetoCounter 7=8 or
event.Veto VetoCounter 8=8 or event.Veto VetoCounter 9=8 or event.Veto VetoCounter 18>8
or #event.Veto VetoCounter 11=8 or event.Veto VetoCounter 12=0:

43 # return True
44 # else:

45 # return False
46

47 def ModuleMultiplier(pe,module):
48  #ECAL/HCAL Multiplier

49  if module<0:

50 return @

51 elif module==0:

52 return pe=1.3
53  elif module=0 and module<21:
54 return pe*2.1

55 elif module>=21 and module<42:
56 return pe*10.7

57 #TRAK/SuperHCAL

58 # if module<B:

59 # return @

60 # elif module>=0 and module<2l:
6l # return pe*l.2551

62 # elif module>=21 and module==24:
63 # return pe*18.7271

64 # elif module>=25 and module<=35:
65 # return pe*28.1991

66 # elif module==36 and module<=41:
67 # return pe*le.7271
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69 def GetTrigTime(event, hit):#This gets the time of the trigger

76 qgtick=e

71 if event.hit quarter ticks[hit]==8:

72 qtick=4

73  return (0.5/53.1032e6)*1e9*(event.hit sys ticks[hit]+event.hit delay ticks[hit]
+8.25%event.hit quarter ticks[hit])

74

75 def IsSliceTriggered(minmax,triggertime):#This finds the slice that was triggered

76 trigdelta=80

77  truetime=triggertime-740#offset is ~540 ns

78 triglo=truetime-trigdelta

79 trighi=truetime+trigdelta

80 if triglo=minmax[1] and trighi=minmax[1]:#trig range above slice range

81 return False

82 elif triglo<minmax[8] and trighi<minmax[@]:#trig range below slice range

a3 return False

84 elif triglo=minmax[8] and triglo=minmax[1]:

85 return True

86 elif trighi=minmax[8] and trighi<minmax[1]:
a7 return True

88

B e e e e e e e

98 myPlotStyle.myPlotStyle()#Sets a fixed plot format

91

92 #The merged DSTs live in /minerva/data/testbeam2/runldatamerged/(directory)/
TB * mergedDST. root

93 #I found it advantageous to separate the analysis according the directories

94 dirs=["1.77GeV Pos Pions",

95 "2GeV Pos Pions",
96 "2GeV Meg Pions",
97 "3GeV Pos Pions",
98 "3GeV Meg Pions",
99 "4GeV Pos Pions",
108 "4GeV Meg Pions",
181 "6GeV Pos Pions",
102 "6GeV Meg Pions",
103 "7GeV Pos Pions",

104 "7GeV Neg Pions"]
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118 #HTML is a class I wrote (you can find it above). Here, we are creating the class wit
the types of events we want to look at so we can call them later. In this case, the
only events look at are those that passed all the cuts shown below (not yet a time-cut

111 html files=HTML(["ALllEvents"])

112

113 #List of histograms

114 ALlEventshists=[]

115 #Contaminationhists=[]

116

117 for dir in dirs:

118  #This returns a list of files in the directory

113 input files = os.popen("ls /minerva/data/testbeam2/runldatamerged/%s/*mergedDST.root
(dir)).readlines()

128

121  AllEventshists.append(TH1D({"AllEvents"+dir,";ToF measured time;",288,-5680,28000))

122 #Contaminationhists.append(TH1D
("Contamination"+dir,";ToF measured time;",-5000,20000))

123

124  #This opens an html file called "Arachnelinks Runl (directory).html"

125  #Whenever we put an event in type "AllEvents", it writes a link to the event

126 #in ArachneLinks Runl (directory]).html

127 html_files.OpenHtml("AllEvents","ArachneLinks Runl "+dir+" AllEvents.html")

128 #html files.OpenHtml("Contamination","ArachneLinks Runl "+dir+" MNoVeto.html")

129

138 #This creates a TChain in which you can add TTree to with the name "minerva"

131 roottree = TChain("minerva")

132

133 for infile in input files:

134 filename = infile.split()[©]

135 print filepame

136 roottree.Add(filename)#This adds the TTree in the file to the chain

137

138 nEntries=roottree.GetEntries()

139

148 counter=8
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141 for iEvent, event in enumerate(roottree): #Loop through the events in the chain
142 #If In spill is larger than 8.5, then the event occured in a spill

143 #n slices tell you how many slices there are in an event

144 #If n slices=0, nothing happened in the detector

145 if event.In spill=0.5 and event.n slices=8:

146 #This is just a counter of the number of events

147 if int(iEvent)/100=counter:

148 print "Gate: %i/%1" % ((int(iEvent)/100)*180,nEntries)

149 counter=int(iEvent) /1600

150

151 trigtime=0

152 triggered=false

153

154 totpe=dict()

155 timedist=dict()

156 sliceminmax=dict()

157

158 for i in range(event.n slices):#ignore slice @

159 timedist[i+1]=[]

160 totpe[i+1]=0

161

162 #Some variables come in arrays. You will need to loop over these arrays to get
the values

163 for i in range(event.n_rawhits):

164 #This returns the trigger time for each event. If there was no trigger, then
the "triggered" flag remains false

165 if event.hit disc fired[i]==1 and event.hit croc[i]==1 and event.hit chain
[1]==0 and event.hit board[i]==5 and event.hit pixel[i]==7:

166 trigtime=GetTrigTime(event,i)

167 triggered=true

168

169 #Here is where I'd write code to get the values of the variables you want for
each event.

178 #For instance, here I'm grabbing the pe for each hit and summing them together

(this part relevant for the dE/dx and PE calculation)
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171 if event.hit pe[i]>=0 and event.hit time slice[i]=0:

172 #ModuleMultiplier takes in account passive material in the detector

173 if event.hit_time slice[i]=event.n_slices:#This shouldn't happen

174 continue

175 totpe[event.hit time slice[i]]+=ModuleMultiplier(event.hit pe
[i],event.hit module[i])

176 timedist[event.hit time slice[i]].append(event.hit time raw[i])

177

178 #This goes through and finds the slice in which the trigger occurred

179 triggerslice=0

180 sliced=false

181 for sl in timedist:

182 if len(timedist[s1])!=0:

183 sliceminmax[sLl]=[min(timedist[s1]),max(timedist[s1])]

184 if triggered:

185 for slmm in sliceminmax:

186 if sliceminmax[slmm][0]==sliceminmax[slmm][1]:

187 break

188 if IsSliceTriggeredisliceminmax[slmm],trigtime):

189 triggerslice=slmm

198 sliced=true

191 break

192

193 #Here is where we output the results. Write events into html files, write
events into histograms, etc.

194 if sliced:

195 if event.ToF quality==1:#and event.ToF measured time > t1 and
event.ToF measured time < t2:

196 #To be used after locating contamination interval
<tl,t2> for each folder

197 DrGranCoolTool (event.ev gate-1,roottree.GetCurrentFile().GetName
(),html_files.GetlLastHtml("AllEvents"),triggerslice)

198 AllEventshists[-1].Fill(event.ToF measured time)

201 html files.CloseAll(-1)#Closes all html files

202

203 gROOT.SetBatch()

204 outfile="Runl ToF histograms.pdf"
285 c=TCanvas()

206 c.Print(outfile+"[")

207 for AEhist in AllEventshists:

208 gPad.SetLogy()

209 AEhist.Draw()

210  c.Print(outfile)

211 #for nvhist in Contaminationhists:
212 # nvhist.Draw()

213 # c.Print(outfile)
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Script for constructing dE/dx histograms

1 from ROOT import #

2 import os

3 import sys

4 import myPlotStyle

5 import re

B

7 class HTML:

8 def init (self,Types):
g self.Data=dict()

10 for type in Types:

11 if type=="":
12 continue
13 self.Data[typel=[]

14 def AddType(self,Type):
15 for datum in self.Data:

16 if Type==datum:
17 print "Type already exists!"
18 return

19 self.Data[Typel=[]

20 def OpenHtml(self,Type,filename):

21 self.Data[Type].append(open(filename, "w"})

22 self.Data[Type] [-1].write("<html=<div=\n")

23 def CloseHtml(self,Type,index):

24 self.Data[Type] [index] .write("</div=</html=\n")

25 self.Data[Type] [index].close()

26  def CloseAll(self,index):

27 for datum in self.Data:

28 self.CloseHtml (datum, index)

29 def GetLastHtml(self,Type):

30 return self.Data[Type][-1]

31

32 def DrGranCoolTool(gate,inputdst,outfile,slice):

33 #NOTE! Gate in Arachne=ev gate-1

34 oputstring = ""

35 outstring+= "<p><a href=";

36 outstring+= "http://minerva®5.fnal.gov/Arachne/arachne.html?entry=%d"%gate

37 outstring+="&filename=%s&filetype=dst> \t%s\tgate=%d</a></p>"%
(inputdst,os.path.basename(inputdst),gate)

154



155
Appendix B. Script for constructing dE/dx histograms

38 outstring+="<p> Gate "+stri{gate)+": Triggered Slice: "+str(slice)+"</p="

39 outfile.write(outstring)

40

41 #def DidVetoFire(event):

42 # 1if event.Veto VetoCounter 1=0 or event.Veto VetoCounter 2=0 or
event.Veto VetoCounter 3=0 or event.Veto VetoCounter 4=8 or eveni.Veto VetoCounter 5=0
or #event.Veto VetoCounter 6=0 or event.Veto VetoCounter 7=0 or
event.Veto VetoCounter 8=0 or event.Veto VetoCounter 9=8 or event.Veto VetoCounter 18>8
or #event.Veto VetoCounter 11=0 or event.Veto VetoCounter 12=0:

43 # return True
44 # else:

45 # return False
46

47 def ModuleMultiplier(pe,module):
48  #ECAL/HCAL Multiplier

49  #1f module<@:

58  # return B

51 #elif module==0:

52 # return pe*l.3

53 #elif module=8 and module<21:
54 # return pe*2.1

55 #elif module==21 and module<42:
56 # return pe*l@.7

57  #TRAK/SuperHCAL

58 if module<®:

59 return @

60 elif module==0 and module<21:
61 return pe=1l.2551

62 elif module>=21 and module<=24:
63 return pe*16.7271

64 elif module>=25 and module<=35:
65 return pe*20.1991

66 elif module==36 and module<=41:
67 return pe*10.7271

68



156
Appendix B. Script for constructing dE/dx histograms

70 def GetTrigTime(event, hit):#This gets the time of the trigger

71 qgtick=e

72 if event.hit quarter ticks[hit]==8:

73 gtick=4

74  return (0.5/53.1032e6)*1e9*(event.hit sys ticks[hit]+event.hit delay ticks[hit]
+0.25%event.hit quarter ticks[hit])

75

76 def IsSliceTriggered(minmax,triggertime):#This finds the slice that was triggered

77 trigdelta=8e@

78  truetime=triggertime-740#0ffset is ~548 ns

79 triglo=truetime-trigdelta

80 trighi=truetime+trigdelta

81 if triglo=minmax[1] and trighi>minmax[1]:#trig range above slice range

a2 return False

83 elif triglosminmax[@] and trighi=minmax[0]:#trig range below slice range

84 return False

85 elif triglo=minmax[8] and triglo=minmax[1]:

86 return True

87 elif trighi=minmax[@] and trighi=minmax[1]:
88 return True

89

OO S R A

91 myPlotStyle.myPlotStyle()#Sets a fixed plot format

92

93 #The merged DSTs live in /minerva/data/testbeam2/run2datamerged/(directory)/
TB * mergedDST.root

94 #I found it advantageous to separate the analysis according the directories

95 dirs=["4GeV Pos Pions"]

96 # "4GeV MNeg Pions",
97 # "6GeV Pos Pions",
98 # "6GeV Neg Pions",
99 # "8GeV Pos Pions",
100 # "8GeV Neg Pions",
1ol # "9GeV Pos Pions",
102 # "9GeV Neg Pions"]
183 #"10GeV Pos Pions",
104 #"10GeV Neg Pions",

185 #"16GeV Pos Pions"]
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187 #HTML is a class I wrote (you can find it above). Here, we are creating the class with
the types of events we want to look at so we can call them later.

188 #In this case, the events are those that passed the ToF cuts and then the dE/dx is
constructed for pi and mu like events.

109 html files=HTML{["All hists"])

110

111 #List of histograms

112

113 PE hists=[]

114

115 dEdx1 hists = []

116 dEdx2 hists = []

117 totPEl1 hists = []

118 totPE2Z hists = []

119 totHitsl hists =

120 totHits2 hists =

121

122 for dir in dirs:

123 #This returns a list of files in the directory

124 input files = os.popen("ls /minerva/data/testbeam2/run2datamerged/%s/*mergedDST. root"%
(dir)).readlines()

[]
[]

125

126 PE_hists.append(TH1D("PE hists"+dir,";pe; Events",b280,0,56000))

127 dEdx1 hists. append(THzD(“ddel hists"+dir,";module; dE/dx {1}",42,0,42,1600,0,8800))
#1 stands for mu-like and 2 for pi-like

128 dEdx2 hists.append(TH2D({"dEdx2 hists"+dir,";module; dE/dx {2}",42,8,42,100,0,35000))

129  totPEl _hists.append(TH2D("totPE1 hists"+dir," module totPE {1}",42,0,42,100,0,2600))

130 totPE2 hlsts append(TH2D("totPE2 hists"+dir,";module; totPE {2}",42,0,42,100,0,2600))

131 totHitsl hists. append(TH2D ("totHits1 | h15t5“+d1r “;module; totHits
{1}",42,0, 42 106,0,60))

132 tDtHltSZ_hlStS append(TH2D ("totHits2 hists"+dir,";module; totHits
{2}",42,8,42,180,0,68))

133

134  #This opens an html file called "ArachneLinks Run2 (directory).html"

135 #in Arachnelinks Run? (directory).html

136 #html files. DpenHtml{“All hists","ArachneLinks Run2 "+dir+" PE.html")

137 #html files. DpenHtml{“Cnntamlnatlnn“ "ArachneLinks Runz "dirs” _NoVeto.html")



158

Appendix B. Script for constructing dE/dx histograms

139
140
141
142
143
144
145
146
147
148
149
158
151
152
153
154
155

156

157
158
159
160
161
162
163
164
165
166
167
168
169
170
171

#This creates a TChain in which you can add TTree to with the name "minerva"
roottree = TChain("minerva")

for infile in input files:
filename = infile.split()[@]
print filename
roottree.Add(filename)#This adds the TTree in the file to the chain

nEntries=roottree.GetEntries()
counter=e

for iEvent, event in enumerate(roottree): #Loop through the events in the chain
#If In spill is larger than ©.5, then the event occured in a spill
#n slices tell you how many slices there are in an event
#If n_slices=0, nothing happened in the detector
dEdx1=dict() #This contains the modules as keys and for each value the dE/dx for

events with pe < E critic(mu-like)

dEdx2=dict()#This contains the modules as keys and for each value the dE/dx for

events with pe = E critic (pi-like)

totPEl=dict()
totPE2=dict()
totHitsl=dict()
totHits2=dict()

dEdx1[-1]=8 #THIS ODD MODULE-NUMBERS MAY DEPEND ON THE FOLDER
dEdx1[-99]=0
dEdx2[-1]=0
dEdx2[-99]=0

totPE1[-1]=0
totPE1[-99]=0
totPE2Z[-1]=0
totPE2[-99]=0
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172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
150
191
192
193
194
185
196
187
198
199
200
201
202

203
204

285

totHits1[-1]=0
totHits1[-99]=0
totHits2[-1]=0
totHits2[-99]=0

for 1 in range(42):
dEdx1[i]=0
dEdx2[i]=0
totPE1[i]=0
totPE2[1]=0
totHits1[i]=0
totHits2[i]=0

if event.In spill=8.5 and event.n slices>0:
#This is just a counter of the number of events
if int(iEvent)/180=counter:
print "Gate: %i/%i" % ((int({iEvent)/180)*108,nEntries)
counter=int(iEvent) /100

trigtime=e
triggered=false

totpe=dict()
timedist=dict()
sliceminmax=dict()

for 1 in range(event.n slices):#ignore slice @
timedist[i+1]=[]
totpe[i+l]=08

#Some variables come in arrays. We need to loop over these arrays to get the

values

for i in range(event.n rawhits):
#This returns the trigger time for each event. If there was no trigger, then

the "triggered" flag remains false

if event.hit disc fired[i]==1 and event.hit croc[i]==1 and event.hit chain

[i]==0 and event.hit board[i]==5 and event.hit pixel[i]==7:
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285 if event.hit disc fired[i]==1 and event.hit croc[i]==1 and event.hit chain
[i]==0 and event.hit board[i]==5 and event.hit pixel[i]==7:

206 trigtime=GetTrigTime(event,i)

207 triggered=true

208

209 if event.hit pe[i]==0 and event.hit time slice[i]=8:

210 #ModuleMultiplier takes in account passive material in the detector

211 if event.hit time slice[i]=event.n slices:#This shouldn't happen

212 continue

213 totpe[event.hit time slice[i]]+=ModuleMultiplier(event.hit pe
[i],event.hit module[i])

214 timedist[event.hit time slice[i]].append(event.hit time raw[i])

215

216 #This goes through and finds the slice in which the trigger occurred

217 triggerslice=a

218 sliced=false

219 for sL in timedist:

228 if len(timedist[sl])!=0:

221 sliceminmax[sl]=[min(timedist([s1l]) ,max(timedist[s1]]}]

222 if triggered:

223 for slmm in sliceminmax:

224 if sliceminmax[slmm][B@]==sliceminmax[slmm][1]:

225 break

226 if IsSliceTriggered(sliceminmax[slmm],trigtime):

227 triggerslice=slmm

228 sliced=true

229 break

230

231 #Here is where you output the results. Write events into html files, write
events into histograms, etc.

232 if sliced:

233 if event.ToF quality==1 and event.ToF measured time > -30008 and
event.ToF measured time < 10080:

234 PE hists[-1].Fill{totpe[triggerslice])

235 if totpe[triggerslice] = 7080 and totpe[triggerslice] =< 9008: #These are

mu-like events
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236
237
238

239
240

241

242
243
244

245
246
247
248
249
230

251
252
253
254
255
256
257
258
259
260
261
262

263 html files.CloseAll(-1)#Closes all

264

for i in range(event.n rawhits):

if event.hit time slice[i]==triggerslice:

dEdx1[event.hit module[i]]+=ModuleMultiplier(event.hit pe
[i],event.hit module[i])
totPE1[event.hit_module[i] ]+=event.hit_pe[i]

totHitsl[event.hit module[i]]+=1

elif totpe[triggerslice] > 20800 and totpe[triggerslice] < 3500808: #These
are pi-like events

for i in range(event.n_rawhits):

if event.hit time slice[i]==triggerslice:

dEdx2[event.hit module[i]]+=ModuleMultiplier(event.hit pe
[i],event.hit module[i])
totPEZ[event.hit module[i]]+=event.hit pe[i]

totHits2[event.hit medule[i]]+=1

else:
continue

#NOW FOR THE SELECTED EVENTS AND THE DICTIONARIES CONSTRUCTED WE
PROCEED TO FILL THE 2D-HISTOGRAMS:

for i in dEdx1:
if dEdx1[i]=5:

dEdx1 hists[-1].Fill(i,dEdx1[i])

if dEdx2[i]=5:

dEdx2_hists[-1].Fill(i,dEdx2[1i])

if totPE1[i]=5:

totPE1 hists[-1].

if totPE2[1]=5:

totPE2 hists[-1].
totHitsl hists[-1].
totHits2 hists[-1].

265 gROOT. SetBatch()

266 outfile="Run2 dEdx totPE totHits mu pi 4GeV Pos Pions.pdf"

267 c=TCanvas()
268 c.Print{outfile+"[")
269 for 1 in range(len(dEdx1l hists)):

276
271
272
273
274
275
276
277
278
279
280
281
282
283

PE_hists[i].Draw(})
c.Print({outfile)

dEdx1 hists[i].Draw("colz")
c.Print{outfile)

dEdx2 hists[i].Draw("colz")
c.Print{outfile)

totPE1 hists[i].Draw("colz")
c.Print{outfile)

totPE2 hists[i].Draw("colz")
c.Print{outfile)

totHitsl hists[i].Draw("colz")
c.Print{outfile)

totHits2 hists[i].Draw("colz")
c.Print{outfile)

284 c.Print{outfile+"1")

Fill{i,totPE1[1])

Fill{i,totPE2[i])
Fill{i,totHits1[i]
Fill{i,totHits2[1]

(if any) html files

)
)

161
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Script for analyzing the spatial

distribution of the beam

119 #HTML is a class I wrote (you can find it above). Here, we are creating the class with
the types of events we want to look at so we can call them later. In this case, the
only type of events here are those which fired the Veto

120 html_files=HTML(["Veto"])

121

122 #List of histograms

123 Contador total hists=[]

124 Correlationl hists=[]

125 MAP1 hists=[] #This contains blue-point hists containing points when "only one counter
fired" (and a random-one is addded)

126

127 for dir in dirs:

128  #This returns a list of files in the directory

129 input files = os.popen("ls /minerva/data/testbeam2/runldatamerged/%s/*mergedDST.root"%
(dir)).readlines()

130

131 Contador total hists.append(TH1D("h Contador total "+dir,";Counters;"+dir,12,0,12))

132  Correlationl hists.append(TH2ZD
("h Correlation "+dir,";Correlation;"+dir,12,0,12,12,0,12))

133 MAP1_hists.append(TH2D("hVetoMapl“+dir,";Veto Map;"+dir,5,0,5,5,0,5))

134 #MAP2 hists.append(TH2D("hVetoMap2"+dir,";Veto Map;"+dir,5,0,5,5,0,5])

135

136  #This opens an html file called "ArachneLinks Runl (directory).html"

137 #wWhenever we put an event in type "Veto", it writes a link to the event

138 #in ArachneLinks Runl (directory).html

139 html_files.OpenHtml("Veto","ArachneLinks Runl_"+dir+" Veto.html")

148

141 #This creates a TChain in which you can add TTree to with the name "minerva"

142 roottree = TChain("minerva")

143

144 for infile in input files:

145 filename = infile.split()[0]

146 print filename

147 roottree.Add(filename)#This adds the TTree in the file to the chain
148

149 nEntries=roottree.GetEntries()

150 #This does the mapping from the correlation matrix to physical space

162
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150 #This does the mapping from the correlation matrix to physical space
151 VetoPaddles={ 5 : {12:[0,0],
152 2: [\8,1],
153 3: [@,2],
154 4: [@,3],
155 10:[0,4]
156 I

157 6 : {12:[1,8],
158 2: [1,1],
159 3: [1,2],
160 4: [1,3],
161 10:[1,4]
162 1

163 1: {12:[2,0],
164 2: [2,1]
165 1,

166 7 {4: [2,3],
167 10:[2,4]
168 1,

169 8 : {12:[3,8],
178 2 :[3,1],
171 11:[3,2],
172 4 :[3,3],
173 18:[3,4]
174 1,

175 g : {12:[4,8],
176 2 :[4,17,
177 11:[4,2],
178 4 :[4,3],
179 18:[4,4]
18@ }

181 }

182

183 Key counters=dict()

184 Key counters[®8]=[1,11]

185 Key counters[1]=[4,5,8,7,8]
186 Key counters[21=[4,5]
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187 Key counters([3]=[4,5,6,7,8]

188 Key counters[4]=[9,3,2,1,11]

189 Key counters[5]=[9,3,2,1,11]

198 Key counters[6]=[9,3]

191 Key counters[7]=[9,3,10,1,11]

192 Key counters[8]=[9,3,10,1,11]

193 Key counters([9]=[4,5,6,7,8]

194 Key counters[18]=[7,8]

195 Key counters[11]=[4,5,0,7,8]

196

197 counter=g8

198 for iEvent, event in enumerate(roottree): #Loop through the events in the chain
199 #IT In spill is larger than 8.5, then the event occured in a spill
200 #n slices tell you how many slices there are in an event
281 #IT n _slices=0, nothing happened in the detector

2082

2083 if event.In spill=8.5 and event.n slices=0:

204 #This is just a counter of the number of events

205 if int(iEvent)/180=counter:

206 print "Gate: %i/%i" % ((int({iEvent)/1808)*188,nEntries)
287 counter=int(iEvent) /108

208

209 trigtime=0

210 triggered=false

211

212 totpe=dict()

213 timedist=dict()

214 sliceminmax=dict()

215

216 for 1 in range(event.n slices):#ignore slice @

217 timedist[i+1]=[]

218 totpe[i+1]=0

219

220 #Some variables come in arrays.

the wvalues

221 for 1 in range(event.n rawhits):

You will need to loop over these arrays to get
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222 #This returns the trigger time for each event. If there was no trigger, then
the "triggered" flag remains false

223 if event.hit disc fired[i]==1 and event.hit croc[i]==1 and event.hit chain
[1]==0 and event.hit board[i1]==5 and event.hit pixel[i]==T7:

224 trigtime=GetTrigTime (event,i)

225 triggered=true

226

227 if event.hit pe[i]>=0 and event.hit time slice[i]=0:

228 #ModuleMultiplier takes in account passive material in the detector

229 if event.hit time slice[i]=event.n slices:#This shouldn't happen

230 continue

231 totpelevent.hit time slice[i]]+=ModuleMultiplier(event.hit pe
[i],event.hit module[i])

232 timedist[event.hit time slice[i]].append(event.hit time raw[i])

233

234 #This goes through and finds the slice in which the trigger occurred

235 triggerslice=0

236 sliced=Talse

237 for sl in timedist:

238 if len(timedist[sl])!=0:

239 sliceminmax[sl]=[min(timedist[s1]),max(timedist[s1]])]

240 if triggered:

241 for slmm in sliceminmax:

242 if sliceminmax[slmm][B]==sliceminmax[s1lmm][1]:

243 break

244 if IsSliceTriggered(sliceminmax[slmm],trigtime):

245 triggerslice=simm

246 sliced=true

247 break

248

249 #Here is where you output the results. Write events into html files, write
events into histograms, etc.

250 if sliced:

251 if DidVetoFire(event):#If true, veto fired

252 #Flag=0

253 Lista counters=[event.Veto VetoCounter 1, event.Veto VetoCounter 2,

event.Veto VetoCounter 3, event.Veto VetoCounter 4, event.Veto VetoCounter 5,
event.Veto VetoCounter 6, event.Veto VetoCounter 7, event.Veto VetoCounter 8,
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event.Veto VetoCounter 3, event.Veto VetoCounter 4, event.Veto VetoCounter 5,
event.Veto VetoCounter 6, event.Veto VetoCounter 7, event.Veto VetoCounter 8,
event.Veto VetoCounter 9, event.Veto VetoCounter 18, event.Veto VetoCounter 11,
event.Veto VetoCounter 12]

254 for i in range(12):

255 if Lista counters[i]=0:

256 Contador total hists[-1].Fill({i}

257 listita=Key counters[i]

258 j=random.choice(listita)

259 Correlationl hists[-1].Fill(i,j) #Histogram filled when 1 counter

fired (the other chosen randomly among those correlated to it)

260

261 for x in VetoPaddles:

262 for y in VetoPaddles[x]:

263 MAP1 hists[-1].Fill(VetoPaddles[x][y][®8],VetoPaddles[x][y][1],Correlationl hists
[-1].GetBinContent(x,y))

264

265 html files.CloseAll(-1)#Closes all html files

266

267 gROOT.SetBatch()

268 outfile="Runl Veto-Counters-SpatialRandomMAp-1.77GeV Pos Electrons.pdf”

269 c=TCanvas()

270 c.Print(outfile+"[")

271 for vhist in Contador total hists:

272  vhist.Draw()

273 c.Printioutfile)

274 for Vmaphl in MAP1 hists:

275 Vmaphl.SetMarkerColor(kBlue)

276  Vmaphl.Draw()

277 c.Print(outfile)

278  Vmaphl.Draw("colz")

279  c.Printioutfile)

280 c.Printioutfile+"]")



Appendix D

Script for counting events of interest (to

calculate efficiency of cuts)

113 for dir in dirs:

114  #This returns a list of files in the directory

115 input files = os.popen("ls /minerva/data/testbeam2/run2datamerged/%s/*mergedDST. root"%
(dir)).readlines()

116

117 Anne_Eventshists.append(TH1D("Anne Events"+dir,";;",280,-5000,20000))

118 ### Contaminationhists.append(TH1D("Contamination"+dir,";pe;",-56000,20000))

119

120  #This opens an html file called "ArachneLinks Run2 (directory).html"

121  #Whenever we put an event in type "Veto" or "NoVeto", it writes a link to the event

122 #in ArachneLinks Run2_(directory).html

123 html_files.OpenHtml("Anne Events","ArachneLinks Run2 "+dir+" Anne Events.html")

124 ###  html_files.OpenHtml("Contamination","ArachneLinks Run2_"+dir+" Noveto.html")

125

126 #This creates a TChain im which you can add TTree to with the name "minerva"

127 roottree = TChain("minerva")

128

129 for infile in input files:

130 filename = infile.split()[®]

131 print filename

132 roottree.Add(filename)#This adds the TTree in the file to the chain

133

134 nEntries=roottree.GetEntries()

135

136 contador@=8 #Counts ALl Events just In_spill

137 contadorl=0 #Count ALl Events In spill && event.n slices>8 (Activity in the Detector)

138 contadorz=8 #counts ALL events that satisfied the previous cut + triggered + sliced
(events in the triggered slice)

139 contador3=e #counts all events that passed the previous cuts AND in which the Veto
fired

140 contadord=0 #Counts all events that passed made Veto Count=8

141 contador5=8 #Counts all events that satisfied both previous conditions.

142 contadore=0 #Counts all events that passed made Veto Count>@ AND Veto did not fire
(0dd Events)

143 contador7=8 #Events of kind 2 AND ToF quality 1 AND Veto did not fire (My Events)

144

145 counter=0

167
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146 for iEvent, ewvent in enumerate(roottree): #Loop through the events in the chain
147 #If In spill is larger than 8.5, then the event occured in a spill

148 #n slices tell you how many slices there are in an event

149 #IT n_slices=0, nothing happened in the detector

158 if event.In spill=0.5:

151 contadorg+=1

152

153 if event.In spill=8.5 and event.n slices=0:

154 contadorl+=1

155 #This is just a counter of the number of events

156 if int(iEvent)/180=counter:

157 print "Gate: %i/%i" % ((int(iEvent)/108)*188,nEntries)

158 counter=int(iEvent) /100

159

160 trigtime=0

161 triggered=false

162

163 totpe=dict()

164 timedist=dict()

165 sliceminmax=dict()

166

167 for 1 in range(event.n slices):#ignore slice @

168 timedist[i+1]=[]

169 totpe[i+1]=0

178

171 #Some variables come in arrays. You will need to loop over these arrays to get the
values

172 for 1 in range(event.n rawhits):

173 #This returns the trigger time for each event. If there was no trigger, then the
"triggered" flag remains false

174 if event.hit disc fired[i]==1 and event.hit croc[i]==1 and event.hit chain[i]==0
and event.hit board[i]==5 and event.hit pixel[i]==T7:

175 trigtime=GetTrigTime(event,i)

176 triggered=true

177

178 if event.hit pe[i]==0 and event.hit time slice[i]=8:
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178 if event.hit pe[i]==8 and event.hit time slice[i]=8:

179 #ModuleMultiplier takes in account passive material in the detector

180 if event.hit time slice[i]=event.n slices:#This shouldn't happen

181 continue

182 totpe[event.hit time slice[i]]+=ModuleMultiplier(event.hit pe
[i],event.hit module[i])

183 timedist[event.hit time slice[i]].append(event.hit time rawl[i])

154

185 #This goes through and finds the slice in which the trigger occurred

186 triggerslice=8

187 sliced=false

188 for s1 in timedist:

189 if len(timedist([sl])!'=0:

196 sliceminmax[sl]=[min(timedist([s1]) ,max(timedist([s1])]

191 if triggered:

192 for slmm in sliceminmax:

193 if sliceminmax[slmm][@]==sliceminmax[slmm][1]:

194 break

195 if IsSliceTriggered(sliceminmax[slmm],trigtime):

196 triggerslice=slmm

197 sliced=true

198 break

199

208 #Here is where you output the results. Write events into html files, write
events into histograms, etc.

281 if sliced:

202 contadorz+=1

203 if DidVetoFire(event):

204 contador3+=1

205 if event.Veto Veto Count=8:

206 contadord+=1

287 if DidVetoFire(event) and event.Veto Veto Count=8:

208 contadors+=1

289 if event.Veto Veto Count=8 and not DidVetoFire(event):

21@ contadorb+=1 #This is an 0DD Event

211 if event.ToF guality==1 and not DidVetoFire(event):

212 contador7+=1 #This is an event of interest for Me. aenerate also Arachne-
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212

213

214
215

216

contador7+=1 #This is an event of interest for Me, generate also Arachne-

links for them (using DrGran)

DrGranCoolTool (event.ev gate-1,filename,html files.GetlLastHtml
("Anne Events"),triggerslice)

dirdict[dir]=[contador®, contadorl, contador2, contador3, contador4, contadors,

contadoré, contador?]

217 html files.CloseAll({-1)#Closes all himl files

218

219 gROOT.SetBatch()

220 outfile="Run2 ToF VetoCounters2.pdf"
221 c=TCanvas|()

222 c.Printioutfile+"[")

223 #for AEhist in AllEventshists:
224 # gPad.setLogy()

225 # AEhist.Draw()

226 # c.Print(outfile)

227 #for nvhist in novetohists:
228 # nvhist.Draw()

229 # c.Print{outfile)

230 c.Print(outfile+"]")

231

232 print "Events-8: Total Number of Events In Spill";
233 print "Events-1: Total Number of Events In Spill & ewvent.n slices=8 (Activity in the

Detector)";

234 print "Events-2: Total Number of Events In Spill & event.n slices=0 + Triggered + Sliced";
235 print "Events-3: Total Number of Events of kind-2 & Veto Fired"; |
236 print "Events-4: Total Number of Events of kind-2 & Veto Count=0";

237 print "Events-5: Total Number of Events of kind-2 & Veto Count=@ & Veto Fired";

238 print "Events-6: Total Number of Events of kind-2 & Veto Count=0 & Veto did not Fired

(0dd-Events)";

239 print "Events-7: Total Number of Events of kind-2 & ToF guality==1 & Veto did not Fired

240
241

242
243
244
245
246

(My-Events)";

print "";

print "Folder ", "Events-@ ", "Events-1 ", "Events-2 ", "Events-3 ", "Events-4 ",
"Events-5 ", "Events-6", "Events-7";

print "";

for 1 in dirdict:

print i, dirdict[i][®], dirdict[i][1], dirdict[i][2], dirdict[i][3], dirdict[i][4],
dirdict[i][5], dirdict[i][6], dirdict[i][7] ;
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Histograms of pure (MC) 2 GeV p* & 7

samples
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Figure E.1: Histogram of Var_1_1 for pure (MC) 2 GeV u™ & 7+ samples.
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Figure E.2: Histogram of Var_1_2 for pure (MC) 2 GeV u & 7+ samples.
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Figure E.3: Histogram of Var_1_3 for pure (MC) 2 GeV p™ & 7T samples.



Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.4: Histogram of Var_1_4 for pure (MC) 2 GeV p™ & wF samples.
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Figure E.5: Histogram of Var_1_5 for pure (MC) 2 GeV u & 7+ samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.6: Histogram of Var_2_1 for pure (MC) 2 GeV pu & 7T samples.
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Figure E.7: Histogram of Var_2_2 for pure (MC) 2 GeV u & 7+ samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.8: Histogram of Var_2_3 for pure (MC) 2 GeV p™ & wF samples.
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Figure E.9: Histogram of Var_2_4 for pure (MC) 2 GeV p & 71 samples.



Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.10: Histogram of Var_2_5 for pure (MC) 2 GeV p™ & T samples.
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Figure E.11: Histogram of Var_3_1 for pure (MC) 2 GeV pu™ & 7+ samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.12: Histogram of Var_3_2 for pure (MC) 2 GeV ™ & 7+ samples.
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Figure E.13: Histogram of Var_3_3 for pure (MC) 2 GeV p & 7t samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.14: Histogram of Var_3_4 for pure (MC) 2 GeV u™ & 7+ samples.
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Figure E.15: Histogram of Var_3_5 for pure (MC) 2 GeV ™ & T samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.16: Histogram of Var_4_1 for pure (MC) 2 GeV ™ & 7+ samples.
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Figure E.17: Histogram of Var_4_2 for pure (MC) 2 GeV p & 7t samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.18: Histogram of Var_4_3 for pure (MC) 2 GeV p & 7t samples.
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Figure E.19: Histogram of Var_4_4 for pure (MC) 2 GeV p™ & T samples.
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Appendix E. Histograms of pure (MC) 2 GeV u* & 7 samples
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Figure E.20: Histogram of Var_4_5 for pure (MC) 2 GeV ™ & T samples.



Appendix F

Histograms of pure (MC) 2 GeV e™ & u™

samples
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Figure F.1: Histogram of Var_1_1 for pure (MC) 2 GeV e & p™ samples.
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Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.2: Histogram of Var_1_2 for pure (MC) 2 GeV e & p+ samples.
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Figure F.3: Histogram of Var_1_3 for pure (MC) 2 GeV et & u™ samples.



Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.4: Histogram of Var_1_4 for pure (MC) 2 GeV e & p+ samples.
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Figure F.5: Histogram of Var_1_5 for pure (MC) 2 GeV e & p+ samples.
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Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.6: Histogram of Var_2_1 for pure (MC) 2 GeV et & pu™ samples.
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Figure F.7: Histogram of Var_2_2 for pure (MC) 2 GeV et & T samples.
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Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.8: Histogram of Var_2_3 for pure (MC) 2 GeV e & p+ samples.
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Figure F.9: Histogram of Var_2_4 for pure (MC) 2 GeV e & p+ samples.



Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.10: Histogram of Var_2_5 for pure (MC) 2 GeV e & pu™ samples.
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Figure F.11: Histogram of Var_3_1 for pure (MC) 2 GeV e™ & p+ samples.
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Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.12: Histogram of Var_3_2 for pure (MC) 2 GeV e & pu™ samples.
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Figure F.13: Histogram of Var_3_3 for pure (MC) 2 GeV e & pt samples.



Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.14: Histogram of Var_3_4 for pure (MC) 2 GeV e & p+ samples.
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Figure F.15: Histogram of Var_3_5 for pure (MC) 2 GeV e & p+ samples.
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Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.16: Histogram of Var_4_1 for pure (MC) 2 GeV e & p+ samples.
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Figure F.17: Histogram of Var_4_2 for pure (MC) 2 GeV e & u™ samples.



Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.18: Histogram of Var_4_3 for pure (MC) 2 GeV e & pu™ samples.
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Figure F.19: Histogram of Var_4_4 for pure (MC) 2 GeV e & u™ samples.
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Appendix F. Histograms of pure (MC) 2 GeV e™ & p samples
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Figure F.20: Histogram of Var_4_5 for pure (MC) 2 GeV et & u™ samples.
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Histograms of pure (MC) 2 GeV e™ & "

samples
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Figure G.1: Histogram of Var_1_1 for pure (MC) 2 GeV e & 7" samples.
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Figure G.2: Histogram of Var_1_2 for pure (MC) 2 GeV e & 7T samples.

3 — &-mC
0 -MC
@
c 400
[o7)
>
L
200
00 5000 10000 15000 20000 25000
Total_E_HCAL (u)
Mar i B cut() _ Cut(e)_Interval Eff Deff Pur Dpur —  EffPur  D(Ef*Pur) |
[0,3000] 0.91765 0.0019438 0.78191 0.0026954 0.71752  0.0039933
[0,4000] 096785 0.0012473 0.75176  0.0026921 0.72759 0.0035433

Figure G.3: Histogram of Var_1_3 for pure (MC) 2 GeV e & 7T samples.
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Figure G.4: Histograms of Var_1_4 & Var_1_5 (no possible cut) for pure (MC) 2

GeV e & 7+ samples.
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Figure G.5: Histogram of Var_2_1 for pure (MC) 2 GeV e & 7" samples.
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Figure G.7: Histogram of Var_2_3 for pure (MC) 2 GeV e & 7t samples.
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Figure G.8: Histograms of Var_2_4 & Var_2_5 (no possible cut) for pure (MC) 2

GeV et & 7 samples.
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Figure G.10: Histogram of Var_3_2 for pure (MC) 2 GeV e™ & 7" samples.
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Figure G.11: Histogram of Var_3_3 for pure (MC) 2 GeV e™ & 7" samples.
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Figure G.13: Histogram of Var_4_1 for pure (MC) 2 GeV e™ & 7" samples.

Figure G.12: Histograms of Var_3_4 & Var_3_5 (no possible cut) for pure (MC)
2 GeV eT & 7t samples.
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2 GeV et & 7T samples.



Appendix H

Summary of main contributions to

MINERvVA & other physical issues

As has been outlined in this work, the development of particle-ID tools is crucial to be able
to distinguish specific particle species moving, and thus depositing energy in a specific way,
inside the MINERVA Main & Test Beam detectors. The identification of muons is extremely
important to avoid their confusion with some pions that may reach the ECAL/HCAL region
of the MINERVA Main detector and in this way permits us to reconstruct properly the Event
(which is a specific neutrino interaction, as detailed in Chapter 2). It is also important to be
able to locate some rock muons that may be present and wipe them out from the Event we wish
to reconstruct, since those particles do not come from neutrino interactions but from the NuMI
beam (rock muons are those muons that did not decay and managed to arrive at the MINERvVA

main detector).

The methodology presented in Chapter 6 for making up the Optimum-Tool (based on an Efficiency-
Purity analysis) to locate specific particle species can also be followed for locating specific
species inside the MINERVA Main Detector with a slight modification of the ModuleMultiplier
function (that should consider now the Main Detector Modules in the Tracker-Region) & the
definition of other variables similar to the Var_i_g for the tracker region. The importance
of the Methodology established in that Chapter is that one can make up the Optimum-Tool to
locate any charged particle species at any energy moving inside the MINERvVA Main & Test
Beam detectors with the aid of Monte Carlo simulations of single particles moving inside the

detectors.
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As it was stated in Chapter 1, it was necessary to look at the Detector (& construct Detector
Variables) to separate muons from pions present in the Time of Flight (ToF) Pion peak because
the time difference between muons and pions is smaller than the resolution of the ToF device (~
10%ps). To see this we can use the relativistic equations of Figure 1.15, considering the lowest
possible energy (which permits a better separation of species) in which p ~ 1Gel//¢, the fact
that the masses of the proton, pion and muon are m, ~ 1 800m,, m, ~ 273m., m, ~ 207m,
(m. being the mass of the electron) & the following approximations (using the SI system of

units for each quantity):

p~1GeV/e~ 107", ¢~ 10°, m, ~ 1073, distance ~ 10

then we can estimate the time difference between the muons and pions (6¢,,) & between the

pions and protons (t,,,) using the equation present in Figure 1.15:

Otym ~ 1ps,  Otg, ~ 10%ps

Then we notice (from this estimation) that the ToF device has problems in separating pions
from muons because their time difference is smaller than the resolution of the system (even at a
low energy like 1GeV) whereas the time difference between pions and protons is almost of the

order (or even larger) of the resolution of the ToF device.

Other interesting feature of this experiment is that we deal with very tiny time intervals (all
of the order of ns) in which we expect specific interactions or events to take place (1 bucket
~ 19ns, Minerva Readout window ~ 300ns, Time in which the Gate is open to receive the
beam ~ 16ns) & also deal with neutrino interactions that take place in a very short region
of the space (called the vertex), which ideally would be a point but due to limitations of the
MINERVA detector spatial-resolution we are able only to have a precision of mm when the
vertex is reconstructed (the size must be always less than 3 cm to have certainty that the vertex
was located). The size of the vertex is usually taken as the RMS (standard deviation) of the
Track Position Resolution, which physically represents the spatial uncertainty in locating the
actual vertex from which final state particles come from. Although this thesis does not deal
with this issue, more information about it can be found in the NIM paper (Reference [96]). The
next Figure shows that the vertex usually has a size of the order of mm. With better detector

technologies we would be able to achieve better resolution (smaller sizes for the vertex) in the
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reconstruction of the vertex (it would be great to attain sizes of the order of nm).

Fraction of Position Measurements

5
Track Position Resolution (mm)

Figure H.1: Resolution of the fitted positions along a track relative to the measured
cluster positions for a sample of data rock muons. The RMS of the distribution is

3.1mm [96].

Other interesting issue would be the usage of muons (because they deposit energy via ionization
in an almost constant & predicted way along its trajectory and do not produce showers) to
study properties and composition of materials, this is like trying to infer what would be the
ModuleMultiplier function (which provides information on the composition of the material)
for a given piece of matter over which we make muons to pass through and then analyze the
response of that material to them (attaching PMTs to specific spots to record the response of the

material to the passage of muons).



