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Abstract

CAPTAIN-MINEREFA is a fusion of the CAPTATIN {Cryogenic Apparatus for Precision Tests
af Argon Interactions with Nentrinos) and the MINERvA (Main Injector Fxperiment for v-A)
detectors at Fermilah Muon Neotrino beamline (NuMMI beanline). ained at making detailed
studies of neutrino interactions with argon which will be relevant for future neatrino oscillation
exXperinients.

In this dissertation, we preseut the muon acceptances for charged current interactions in
CAPTAIN-MINERZA at muon neutrino energies aronnd 6 GeV, GENIE 2.8.4 is nsed to gen-
crate 132,389 neatrino charged current interactions with argon in the CAPTAIN detecror and
GEANTH4 is emploved to siinulate the muon trajectories. All shimulations use a simple geometry
of the CAPTAIN-MINERvA detector claborated by the MINERvA collaboration. Finally, the
CADPTAIN detector is divided in four sectors and the nmon acceptances [rom each seetor are

caleulatoed.
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Chapter 1
Introduction

I the last decades neutrino physics has become a very active and exciting research field. Many
experinients around the world are tryiug to figure out the divase properties of these parti-
cles deseribing their oscillation and how they tuteract with watter. The neutrino nteraction
with matter is still waiting for experimental results with high statisties measurements in the
energy range between 1 GeV and 20 GeV where three different processes overtap: charged cur-
rent quasi-elastic, resonance pion production and deep inelastic scattering. Measuring neutrino
interaction cross sections facilitates high precision nentrino oscillation measurements. Further-
more, neutrinos play a very impertaut role in various branches of subatomic physics as well
as in astrophysics and cosmology, Currently there is evidence that neutrinos have mass and
can change fiavor [1]. Developing an understanding of neatrinos is rightfully oue of the top
priorities of the particle physics community because it has the potential to reveal new pliysics.
New experiments are been planned using liquid argon as the active target. It is of upperiost
importance to understand all aspects of neutrino interaction with argon. CAPTAIN-AINERvVA
is a proposcd experiment ainied at measuering the cross section of neutrino-argon it eractions.
This dissertation describes the proposed CAPTAIN-MINERrA experiment and calenlates the

muon acceptance for charged current neutrino interactions at £, around 6 GeV.



Chapter 2

Introduction to Neutrino Physics

2.1 Brief History

The study of the 8 decay gave the first hint of the existence of neutrinos. In the early twentieth
century it was believed that the energy spectrunn of the 3 decay was diserete. However. in
1911. Von Baver, Otro Hlahn and Lise Meirner ran an experiment that suggested that the J
decay energy spectrum had a continnous imstead of disevete spectrum [2; as the one observed
in the alpha decay. This was contvadicting the cnergy conservation law, In 1927, Fllis and
Woaster confirmed that the 4 decay energy spectyum was really continnous hy showing that
the electron energy distribution corresponds to a three particle final state where the particles
share the cuergy [3].

I 1930, in order to resolve this contradiction aud preserve thie conservation of cuergy
principle Wolfgang Erust Pauli proposed in his famous letter "Dear Radioactive Ladies and
Gentlemen™ addressed to the pacticipants of the physics conference in Tubingen [4] the existence
of a spin ﬁ particle that had charge zero which he calted "nentron”. He was, however, skeptical
about lis idea saying 71 have done something very bad today by proposing a particle that
cannot be detected; it is something no theorist shoulbd uever do™.

Tn 1932, James Chadwick discovered a neutral particle of mass similar to that of the proton
which was also named “neutvon™ [5]. Tu 1934 Enrico Fermi suceeeded on developing a 3 decay
theory integrating the particle proposed by Pault (6. He nuderstood Pauli’s particle shonld
ltave mass of the order of the mass of an electron so he named it “ueutrine” (Italian for “simall

nentron’ ).

It took 22 years for the first observation of neutrinos made by Reiizes and Cowan 7], 18], [9].

in 1956. Theyv used the antineutrino flux of the order of 10'* em™?s7! coming frowm a nuclear

reactor. Antineutrinos coming from beta decays were detected via inverse beta decay,

3]



Vet p—n4et. (2.1)

where positrons were detected in a tank full of tiquid scintillator.

In the sixties Goldhaber measured the left helicity of neutrinos [10] and Davis was able to
discrininate v frowm its antiparticle ¥ [11]. {12]. In 1959 Chien-Shiung Wu discovered parity
violation in weak interaction [13] when a preferred dircection of the produced electrons respect
to the spin of the ®'Co nuclei was observed in the 3 decay of 806,

In 1962 Schwartz, Lederman, Steinberg aud colleagues published results of the first accel-
erator produced neutrino at Brookhaven National Laboratory. They showed that neutrinos
produced by the charged pions beaw interacted producing only mons[ 1], Fhis was evidence
of a now kind of neutrino: the muon neutrino v,

Tt 1973 neutral current mduced processes was announced by the Gargamelle bubble chamber
collaboration at CERN [15] and later confirnued by the same collaboration in 1974

In the seventies, studies of solar neutrinos began measuring the solar neutrino flux. In
1968 Davis™ studies showed a discrepaney betwveen the measured solar neutrino flux and the
theoretical prediction [16]. This was known as the "solar neutrino problexn”. This discrepancy
also observed in atmospheric neutrino fluxest was known as the ~atmospheric nentrino anomaly”
and in 1988, for the first time, neutrino oscillations were suggested as the reason for this
discrepancy in the results given by the [Kamiokande detector [19].

I 1967, Gribov And Pontecorvo considered a scheine of neutrino mixing and oscillations
[20] that explained the flux discrepancy of the solar nentrinos. Mass terins Lad to be included
it order to explain the oscillation of neutrinos?,

Maiuly becanse of the 7 short life time it was not until 2000 that the g, could he observed
at the Fermilab DONUT experiment? [21]. There is no doubt new surprises and discoveries are
ahead. Many nentrino facilities around the world have been built to perform detailed studies
of neutrinos.

Along the time, the studies of neutrino interactions with matter and oscillation phenom-
ena have been an amazing journey on creativity and innovation of mankind willing to better
understand the nature of what we are made of. A new era of physics has started tooking for

expanding the liniits of our understanding of the nmiverse.

\easurements made i 1986 by IMB [17] and Kamiokande [18] did not have a zenith angle dependence and

were not pald attentimi.
2 Neutrino oscillation is not predicted hy the Standard Model and it is then an indication of a physics heyond

the Standard Model.
}.ong before the discovery of the wig, the existence ol just three light. neulrinns was predicted at Large

Eleciron-Positron collider (LEP} at CERN [22], [23], [24]. [25].



2.2 The Standard Model

The standard model is the theory that describes the elementary building blocks of matrer and
how do they interact. However it is incomplete and describes just three of the four forces known
in nature*:electromagnetic, strong and weak. The Standard Model describes nature in ternis of
elementary particles (quarks and leptons) and particles that mediate the interactions {bosons).

There are six quarks and six leptous (all of then fermions that have spin 1/2). that come in
three generations or pairs. The first generation cousists of the lightest and most stable particles
whereas the Leavier aud less stable particles belong to the sceond and third generations. The
quarks generations are: up(u) and down(d): strange (s) and charm (¢); bottom (b) and top (i),
Leptons can be charged (e, ¢ and 7) and neutral (v, v, and ;).

There are four bosons have {(spin 1) and mediate the forces of the Standard Model: the
gluon (g) that mediates the stroug force; the photon () that mediates the clectromagnetic
force: the W+ and Z bosons that mediate the weak force. The fifth boson, the Higgs boson
(H), has spin 0 and is the responsible for giving mass to the other particles.

The 1641 fundamental particles are summarized in Table 2.1.

2.2.1 Neutrinos in the Standard Model

Neutrinos are the only fermiens in the Standard Model that interact only by means of the
weak intevaction. Two different processes can he observed: Neutral Cuurent interaction (NC)
mediated by the boson Z': and Charged Current interaction (CC) mediated by the bosons W,
In a NC interaction the neutrino produced is the same incoming neutrino, however in a CC
interaction a charged lepton is produced. In a CC interaction the interacting neutrino and the
lepton produced are from the same generation, thus we know to which family the interacting

neutrino belongs by the kind of lepton produced in the CC interaction.

2.2.2 Helicity

Helicity is the projection of the spin onto the direction of the momentum. The particle helicity
can have two possible states: spin and momentum having same directions (positive helicity);
spin and momentun having opposite directions (negalive helicity). For particles having mass
any of these states can be possible because the womentum depends of the relative velocity of
the frame of reference.

The chirality of a particles 1s a more abstract concept. It is determined by whether the

particle transforms into a right- or a left-handed representation of the Poincaré group. [t has

1CGravitation is not iucluded in the Standard Model.



QUARKS

Quarks AMass Electric charge
up (w) 22108 \feV /¢ +3
down (d) LTS eV /e? —3
strange (s) 9615 eV /c? -3
charm (¢) 1.27540.03 GeV/¢? +2
bottom () 4.660.03 GeV /e -3
top () 173.21 £0.51 £ 0.71 GeV /¢ +2

LEPTONS

Leptons AMass Electric charge
electron (€) 0.5109989461 £ 0.0000000031 NMeV/¢? -1
electron neutrino {1,) < 2eV/c? 0
muon () 105.6583745 4 0.0000024 MeV/e? -1
muon neutrine (v, ) < 0.19 MeV/c? 0
tau (7) 1776.86 X+ 0.12 MeV/¢? -1
tau neutrino {(v;) < 18.2 NMeV/c? 0

BOSONS

Bosons Aass Electric charge
photon(~) <1x 107" eV/e? 0
W 80.385% 0.015 GeV/e* +1
z° 91.1876 & 0.0021 GeV/c? 0

gluon (g) 0

Higgs 125.09 £0.21 + 0.11 GeV/c? 0

Table 2.1: Particles in the Standard Model [26].




two possible states: right-hauded (RIT) and left-handed (L1I). For massless particles the the
chirality and helicity ave identical. Tn 1958 Goldhaber [100 determined that nentrinos are LH

while antinentrinos are RH.

2.2.3 Neutrino Oscillation and Masses

Neutrino oscillations are possible only if neutrinos are massive. Each neutrino flavor (v, v, v, )
is understood as a combination of three mass states® (v.v2,04). When a neutrino js produced
with a specific flavor. its quantumn state evolves to a combination of mass states with the
proportions oscillating in time. The probability of detecting a specific neutrino flavor depends
on the amplitude of the respective mass state.

Let's cousider, for simplicity, a system consisted of two ncutrino flavors, v, ans vz Both
of these states being superposition of mass eigenstates vy and 1 with masses m; and m;

respectively:

|ve) = |tn)cost + {ig)sind, (2.2)
lg) = —|)sind + |ps)cost. (2.3)

where @ is the neutrino mixing angle. The cvolution in time of the state is dictated by the

free Hamiltonian. The state at £ =0 is

lvs(t=0)) = —|in)sind + |va)cost (2.4)
and at time ¢ the state will be given hy

iFoyl

s (8)) = —|Lf1).c>~z'-m9€:"l_}%l'f + |ra)cosfe” T . (2.5)

We take i=c=1 and consider the extreme relativistic approximation for very small neutrino

2
masses F1» = /{p® + m?_z) ~p+ ﬂ_g;'z. Then we have for the state in sny time {.
ivg(t)) = —|v)sinde P Yt lig)cosfe P E ) (2.6

Then using Ane? = m3 —m? and the relativistic sustitution p = f7, the probability of fiuding

a different neutrino flavor is:

Am?L
2.7
i ) (2.7)

The last line is valid for highly relativistic particles with L being the distance traveled by

Plrg = v t) = (| i) = sin”(20)sin’(

the neutrino.

3This idea was first introduced by Gribov and Poutecorvo [20].

t



Because only mass square difference appears in this definition. measuring oscillation prob-
abilitics can only tell that at least one of the ncutrinos has non-zero mass. This two flavor
scheme can be casily extended to a three flavor scheme. I such a scheme the flavor cigenstates
are related to the mass eigenstates by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix
containing three mixing angles 2, 813, a3 and a phase. Further we have three squared mass
differences Am?,, Am?3,, AmZ,. Neutrinos in the Standard Model have no mass . which is why

the muderstanding of neutrino interactions will surely reveal new physics.

2.3 Neutrino Interactions

In the neutrino energy region of a few GeV a neutrino scatters off a nucleon or an entire nu-
cleus via Charged Current (CC) or Neutrat Current (NC) interaction. CC and NC interactions
are mediated by W% and Z° bosous respectively. In this section the processes: Elastic and
Quasiclastic, Single Resonant Meson procduction via Baryon Resonances Colierent Pron Produe-
tion, Deep Inclastic Scattering (DIS) are presented. The Feynman diagrams for these processes

are shown in Figure 2.2.

2.3.1 Elastic and Quasielastic scattering

Tn both of these scatterings the neutrino scatters off an entire nucleon. In the ease of a Charged
Current interaction the process is called 7 Quasielastic scattering” and in the case of a Neutral

Current interaction it is called "Elastic scattering”. These interactions for neutrinos are as

follows:
(CCYy+n—=101 +p (2.8)
(NCYvi+N = v+ N (2.9)
Where I~ refers to any of the charged leptous e, =, 7~ and N to a nucleon. The Charged

Current Quasielastic interaction is the more predominant for £, < 2 GeV. The CC antineutrino
interaction produce the respective positive lepton. while the NC (neutrino and anitueutrino)
interactions arve not that easily identified. Data for neutrino and antineutrino CC Cross Sections

are shown in Figure 2.1.

2.3.2 Single Resonant Meson production via Baryon Resonances

Neutrino-nucleus interaction can excite baryon resonances which decay into a nucleon and a

meson in the final state. In the few GeV energy range the intermediate state is dominated

7
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by the A(1232) resonance which maiuly decays into a nucleon and a pion. The CC aud NC

neutrine interactions are as follows:

((CYyy~ N>+ A= + N +57 (2.10)

(NOYyy—N o+ A=+ N+ 77, (2.11)

Here N7 vefers to a nucleon different to the original M. A varicty of final states can exist
and the = produced could be 77, 7 or #7. These two types of iuteractions are known as

CC'la and NC17 interactions.

2.3.3 Coherent Pion Production

Another interaction that produces Pions is that of the neutrino interacting coherently with
an entire mclens which remains unchanged in its gronnd state after the interaction. The
momentwn transfered to the nucleus is kept smalt and no miclear hreakup occurs. However
tlie uneleus is exeited. decaving and conming back to its ground state by emitting a Pion. The
outgoing piot and lepton tend to go in the same direction as the incoming neutrino. The CC

and NC neutrine interactions are as follows:

(CYuy+ 1=+ 4+7" (2.12)

(NCY v+ A = v+ A+ 50 {2.13)

Where A is the nucleus n its ground state.

2.3.4 Deep Inelastic Scattering (DIS)

In the high energy region £, > 5 GeV. the neutrino scatters off a gnark inside the micleon. The
high momentnm transfer breaks the nucleon containing the struck gnark producing hadrons in

the final state. The CC and NC neutrino mteractions are as follows:

v+ N = U+ N+ hadrons (2.11)

v+ N = v+ N° + hadrons. (2.19)

9



hadrons

Figure 2.2: Feynwan diagrams for CC neutrino interactions. (a)Charged Current Quasielastic

(h)Resonant production (¢)Coherent Pion production (d)Deep Inelastic Scattering.

2.4 Neutrino Oscillation Experiments

I this section some mmportant results are mentioned and a snunnary of oscillation experiinents

with neutrinos from aceelerators is presented.

2.4.1 Solar Neutrinos

The first hint of neutrine oscillations came from the Homestake experiment headed by Rayvinoud
Davis. The Homestake Solar Nentrino detector was designed to be sensitive to the clectron
neutrino via v, +% Cl = ¢~ +%7 Ar. where radicactive isotopes of Argon-37 were identified
and counted to detect the electron neutrino [16]. The experiment collected data from the lage
19605 to 1996. The final results for the production of Argon atoins was [29] 2.56 £ 0.16(~lat) =
0.16(syst) SNUS. Prediction of the Standard Sotar Model (modet BPO4) is 857§ SNU [30].
This discrepancy, as mentioned hefore, was called the "solar neutrino prohlem™.

The solar neutvino experiment Sudlbany Newtrino Obscrvatory (SNO) started observations
in 1999 and completed in 2006, The SNO was a water-Cherenkov detector that nsed ultra-pure

heavy water (D;0) as neutrino target. This experinient was sensitive to three reactions:

6] $NTJ = 1 Solar Neutrino Unit = 10 %0 captures x 57 per alom.
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v o7 v+ o (elastic scallering). (2.16)

ve+d— ¢+ p+p (Ve charged — carvent), (2.17)

ve + 1l = v+ p+n (newlral curvent), (2.13)

The CC reaction is only sensitive to electron nentrino and the NC reaction is equally sensitive
to all neutrino flavors. The ES rcaction is sensitive to all neutrino flavors but less sensitive to
v, and v,. Tu 2001 a first measnrement of * B flnx deduced from ES (05 ()] and CC [0 (v,)]
reactions showed that o9 {1, ) < of“(v,) suggesting electvon neutrinos change into other active
flavor [31]. In 2002 these fluxes were updated and the 8”7 flux deduced fromt the NC reaction

was measurcd [32]. These results in 10° em sec™! were:

OO = L7648 stat) sy, (219)

o = 239708 (s1al) T (sys ). {2.20)

o = 5.09I G (stat) o (syst), (2.21)
SNO

The measureent of the total flux o3 Y confirmed that v, indeed oscillared to other neutrino
flavors.

The Super-Kamiokande detector holds 30.000 tons of water and detects cliarged particles via
Cherenkov radiation. Here, solar neutrinos interactions are detected via the clastic scattering

reaction. The neutral eurrent reaction can measure tnteraction rate of any neatrino flavor.

v, +e” = v, + e (via neuleal — current). (2.22)

However the seusitivity 1o v, neutral current interaction,

v.+e —ute” {2.23)

is higher relative to . and v, nentral current interactions, because it is enlanced by the
v, charged carrent interactions measured. For events over the 5 MeV threshold in Super-
Kamiokaude the 83 flux measured was (2.35 £ 0.02(staf.) £ 0.08(syst.))10%m Zsee™! [33] and
the computed theoretical flux was (5.69 + 1.0)108cm ™ 2sce™h [34]. This discrepancy agrees with

results from otlier experiments,
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2.4.2 Neutrinos from Nuclear Reactors

In 2002 the Kamioka Liquid-scintillator Anti-Neutrino Detector's (IGanLAND) results gave
the first remarkahle cvidence on neutrino oscillation coming from nuclear reactors [35]. The

detector detects electron anti-neutrinos via inverse 3 decay:

Ve + 1) — et + 0. {2.24)

The produced positron is detected in a scintilator and approximately 200 ps later the

neutron captures a proton producing a photon via

n—p-—=+d+5 (22 M), (2.25)

This time delay between the initial scintillating light produced i the positron and the lacter
photon is a robust signature of electron anti-neutrino detection. The ratio of the observed to
the expected energy spectra for the clectron anti-neutrine events ave showu in fignre 2.3, The
clectron anti-nentrinos (or KainLAND come from comercial nuelear reaetors jn Japan and the

average distance from the reactors to the detector is about 180 ke [36].

T« Data-BG- GeoV,
-~ Expectation based on oscl. parameters
Ir i determined by KamLAND
= - . :
@ 0.8 S
= L
S B
a 0.6~
= i
2 -
Z 0.4
0.2 |
OT.l....|..,.|...;|..Hi....|....1,...1H,,1“.

20 30 40 50 60 70 80 S0 100
LyE, (km/MeV)

Figure 2.3: KamLAND ratio of the obscrved to the no-oscillation expected events for the

electron anti-neutrino events as a funetion of 22 where Ly = 180km.

<

CIIOOZ [37] and Palo Verde [38] were two first-generation kilometer-baseline reactor ox-
perithents located in Franee and United States. respectively. The objective of these experi-

ments was to measure the #,5 oscillation parameter. CHOOZ. could measure an upper it of

12



sin?(fr3) < 0.10 at 90%. confidence level. Baseline reactor experiments as Double CIOOZ [39].
[10] in France. RENO [11] in Korea and Dava Bay [12]. [43] in China are aimed to got betrer

measureinents of this parameter.

2.4.3 Atmospheric Neutrinos

Atmospherie neutrinos are produced by decays of kaons and pions produced by interactions ol
costnic rays with uuclel in the Earth’s atimosphere. At these high cnerpy interactions. many

Pions and less abundant Kaons decay via:

PR 1t (P, (2.26)

pt o et v (T + (v, (2.27)

However Kaons are vesponsible for higher energy nentrinos than those prochieed by Pion
decays [44]. This reaction chain produces approximately two muon neuntrinos per one cloctron
neutrinn.

The Snper-Kamiokande experiment confirmed Muon neutrino disappearance due to neutrino
oscillations.  Despite a decrcase in the events ratio :—’ relative to the predicted events was
obscrved, the strong argument for Muon neutrino oscillations came from the distribmtion of
eveutrs as a function of the zenith angle [43} as shown in Figure 2.1, The decrease in the
upward-going p-like events suggested g neutrinos oscitlated when traveling through the carth
towards Lhe detector. The electron neutrinos distribution was as predicted. Comparison with
Kamiokande data conflirmed this decrease was due to the oscillation v, — ;. Subsequent data
from Super-Kamiokande SK-1 SI-TT0 SK-TIT upgrades provided more statistics and confirmed
this resnlt.

At the time the Super-Kawiokande's data confired nentrino oscillations, two other experi-
ments that measured atinospheric neutrinos. Soudan-2 [46]. [47] and MACRO {48.. [49] showed

alsa in their data a v, deficit dependent of the zenith angle

2.4.4 Neutrinos from Accelerators

Accelerator tong-baseline neutrino experiments consist of twa detectors separated a long dis-
tance one from each other aligned on- or off-axis aligned with the neutrino heam produced in
the aceclerator. Manm-made neutrino beams have the chief advantage on redueing systemat-

ics errors of measurenients of neutrino oscittation parameters. However, high neutrina heams
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Figure 2.4: Zenith angle distributions for atmospheric neutrinos events. The left and right
pauel shows the distributions for e-like and p-like events, respectively. © is the zenith angle.

and cos@ = 1 and cos® = —1 iz verticallv dowimward-going and upward-going, respectively.

present serious experimental challenges for neutrine oscillation experiments’,

T2K ({Tokai to Kamioka) is a neutrino oseillation experiment [50] that uses the muon neu-
trino beamn produced at J-PARC facility and the Super-Kamiokande detectar located 295 kn
away to study mainly oscillations v, — v.. T2 Is the successor of the K2K (KEK to Kamioka)
experitment [51] wicl: was a neutrino experiment that operated from 1994 to 2004 and used the
KEK 12 GeV proton synchrotron {average muon neutrino energy 2.3 GeV) aund the Super-
Kamiokande detector located 250 ki away. One of the goals of K2IK was the verificarion of the
Super-IKamiokande's measurements on atmospheric neutring oscillations presented in 1998,

The NuMI beaut is a mnuon neutrine hean of a fow GeV energy (fvom 2 to 10 GeV') pro-
duced at Fermilab, USA. The Near Deteclors of MINOS {(Main Injector Neutrine Oscillation
Search) [52] and NOvA (Nu)T Off-Axis v, Appearance) [53].[54).[55] experiutents are located
at Fermilab., MINOS experiment has its Far Detector 735 ki away at the Soudan Undergronmid
Laboratory in Minnesota and uses the NuMI bean to study disappearance of muon nentrinos.
NOvA experiment has its Far Detector 810 kin away from Fermilab and its main goal is the
measurement of electron neutrino appearance applving an “off-axis” technigue that provides a
narrow peak in the energy spectrun.

The CNGS beant is a muon neutrino heam produced at CERN. At the Gran Sasso Lahova-
tory located in Italy, 730 km away. are lacated the OPERA (Oscillation Project with Ennlsion-
tRacking Apparatus) aud ICARUS (Imaging Cosinic Amd Rare Underground Signals) experi-
ments. Both OPERA and ICARUS have as maiun goal studying the v, appearance.

It must, for instanee. be able 1o produce a suilicient number of interactions a few hundreds kilometers away

from the source.
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Chapter 3

MINERVA Experiment

3.1 The NuMI Beamline

The Neutrinos at Main Injector facility (Null) constructed at Fermilah provides a high inten-
sity on-axis v, or 7, beam ol 2-20 GeVovariable energy to the MINER#2A L MINOS and NOvA
experiments. At the time of this writing the nentrine beaw had an energy peak of 6 GeV. The
neutrine beam results from the decavs of pions and kaons produced by collistons of 120 GeV
protons in a graphite tavget. Two magnetic “horns” focus the positive (negative) mesous that
produce a v, (¥,} heam [56].[57] upon decaying.

Fermilab uses a series of accelerators to create the encrgetic protons required to produce the
neutrine beam. The creation process begins with the acceleration of hydrogen negative ons in
a Linear Accelerator (LINAC) to about 400 MeV. The accelerated hvdrogen fons are then send
to the Booster where a carbon fuil removes electrons from the ions to obtain just protons which
are then acceterated to 8 GeV. Thew, the protons are sent to the Main Injector where they are
accelerated 1o 120 GeV. Ac every 1.9 s a 8.4 ps spill with 3.5 »x 10" protons are extracted and
sent towards the 0.95 1 long segniented water cooled graphite target. called the NuMI target
[58]. Protons arc extracted with a 53 mrad (3.323 ) angle towards Sudan [59].

Two horns steer pions and kaous towards the proron beam patl. For this purpose they
operate by a pulsed +(-) 185 kA current’ [37]. The relative placement of the two horns and
the NuMT target optiniizes the morentiin spectra of the focused particles vesulting in different
neutrino energy speetra [59]. The target is assembled on a system of rails that make posilile
moving the target along the beamline. Figure 3.1 shows the different spectra of neutrino energies
produced by different configurations.

The constituent parts of the NuMI beambine are shown sclicmatically in figure 3.2, 'The

I'This current can be set to different values in order to make special studies and characterization of the

beamhine
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Figure 3.1: NuMT configurations. Low Energy and Medium Fnergy. (Flux estimation using a
GEANT4 based simulation of the NuMI beaw line).

pions and kaons are left to decay in a 657 m long and 2 m base steel pipe kept at a constant
presion of 1 Torr [59]. The hadron absorber removes all the remaining hadrons coming out the
decay volume. The secondary and tertiary particie beams arc monitored by an hadron monitor
and three muon monitors located next to the absorber, as shown in figure 3.3. The dolomite
rocks between the monitors renlove most of muons leaving neutrinos int the heam. The resulting
neutrine bearn consists of 97.8 % v, and few 7, (1.8 %) and v (0.4 %)% The resulting NulMI
neutrine beam is delivered to the MINERrA detector that is locared 100 m underground, just

npstream of the MINOS near detector [60].

3.2 The MINERVA detector

The MINERvA detector emplovs polystyrene seintillator to track particles and fwo tvpes of
calorimeters to contain showers produced by neutrino interactions. The MINERrA detector is
provided of targets of a wide range of micleon nwubers to enable studies of nuclear dependence
in meutrino inreractions, measure form factors and measure cross-scetions in this nuclei munboer
varietv to improve the systematic tncertainties in future nentrino oscillation experimeuts [61].

The MINERvA detector consists of a veto wall, a crvogenic liquid helinnr target and a b
m length hexagonal prism with 4.10 m diagonal length called MINERrA main detector. as is

shown schematically in figure 3.4 and figure 3.5.

2 p, are the result of decay of muons.
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Figure 3.2: Schematic view of the NnMI beanline.

Figure 3.3: The Nudll secondary absorbers and muon monitors.

The MINERZA main detector can be thought of as two detectors: a sialler central hexag-
onal prism with same length but aproximately 2 m width called the Inner Detector (ID), and
the surrounding volwne called the Outer Detector (OD). The Inmer Detector consists oft nu-
clear layers interleaved with scintillator planes; a region of pure scintillator planes called Active
Tracker Region; the side clectromagnetic calorimeter; and at the most downstrean: part the rest
of the electromagnetic calorimeter and part of the hadronic calorimeter. The Outer Detector
consists of the side hadronie calorimeter.

The active tracker region is composed exclusively of scintillating material and is the core of
the MINERvA detector. The precise tracking, the low density material and fine sampling in
this region guarantee difficult measurements can be perforined®. For coustruction convenience

and handling, the MINERvA detector s made of four types of modules: tracking, muclear

3As an example the energy loss per unit length % can be used to identify particles and reconstruct the

nentrino interaction vertex when several final state charged particles are involved.
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Figure 3.4: Schematic view of the NMINERZA detector,

Figure 3.5: Top view of the MINERvA detector.

target. ECAL and HCAL modules. A tracking module consists of two scintiltator planes and
the respective Onter Derector part. which serves as a supporting struetire and s made wp
of a frame of steel with embedded sctntillators, The side electromagnetic calorimeter of the
active tracker tegion is incorporated as a 0.2 e thick by 15 em wide lead "colla™ hetween
cach scintillator plane as shown in figure 3.6. The active track region consists of 62 tracking
modnles and each scintillator plane consists of 127 scintillating strips. A scintillator plane
can have onc of three different oricutations. The X-plaue has the scintillating strips vertically

positioned i1 order to get the x coordenate of the hit. The U- and V-plaues are rotated 60
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degrees clockwise and counter-wise [rom the X-plane respectively. Each tracking module has a
X-plane and cither a U- or V-plane, as showu in Ggure 3.7 for just two conseentive modunfes. Tu
the most upstreant of the detector a “veto wall” shields the detector from low energy hadrons
and tags the muons produced by neutrino teractions in the rock called "rock muons™. The
cryogenic helivm target is located between the veto wall and the main detector. The muclear
target region conststs of five layers of passive targets separated by eight scintillator planes to
make possible the reconstruction of the nentrino nteraction vertex in the targers, and finally
the downstrean electromagnetic and hadvonic calorimeters are made up of scintillator planes

interleaved respectively with lead planes and steel planes [62].

Figure 3.6: Transversal view of a MINER»ZA tracking module.

3.2.1 The Scintillating Strips

The scintillating strips are triangular prisms of sold scintillator (Dow Styron (63 W) doped
with 2.5-diphenyloxazole (POP) (1 % per weight) and 1.4-bis (5-phenvloxazol-2-ylj benzene
(POPOP) (0.03 % per weight) coated hy a reflective layer of TiO, and traversed through
the center with a greeu wavelength shifting (WLS) fiber (1.2 diameter. 175 ppm Y-11 doped)
produced by the Kuraray corporation. The transversal lengths of the scintillating strips are
shown in figure 3.8.

The sciutillating strips are assembled making up a plane as is shown in figure 3.9, This
configuration provides chiarge split between ueighbor strips and improves the determination of
the interaction coordinate. The combination of the three posible plane orientations provides a

stereoscopic 3D image of hits (interactions) in the MINERvA detector.

1Y



'h_\ Another Module
)
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Figure 3.8 Transversal ent of the triangular scintillating prisi.

3.2.2 Photodevices

The MINERrA detector uses 507 Hamamatsu Photonics T80 OD-2 multi-anode Photonml-
tiplicrs (PMTs) to amplify the scintillation light collected from the WLS (Wavelengih Shifting)
fibers in each scintillator strip. The PMTs ave required to have a mininmum gnantum efficiency
of 12% at 520 nm and a maximum-to-minimumn gain ratio less than three. A base cirenit board

and the PMT are installed inside a 2.36 mm thick steel eylindrical box, keeping them protected
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Figure 3.9: Scintillating prisms arranged to form a plane. Each prism holds an optical fiber

along its full length to conduct the signal of the interaction.

from dust, anbient ligth and magnetic ficlds produced by MINOS near detector’'s magnetic
coils. Each nulti-anode PMT has an 8x8 array of pixels, cacht pixel having an effective size of
12, Bach PMT is actnally 64 PNTs becanse it takes 64 clear fibers carryning the electrical
signals from the WLS fibers of the strips as is shown in figure 3.10. These fast analog signals are
fed to the Front End Boards (FEBs) attached to the optical box and located outside of it. The
main functions of the FEB are to digitize timing and pulsc-height signals. and commumication

to the VME readout controllers modules,

3.2.3 Nuclear Targets and Cryogenic Helium target

The nuclear target region located at the most upstream: part of the detector is made up of five
layers of passive nuclear targets in total made of Fe (998 kg). Pb (1023 kg). C (120 kg) and
water. Except for the fourth and fifth lavers each target is separated by four tracking modules.
The figure 3.11 shows the cryogenic Helium target and the nuclear targets in the ID. There are
pure material targets and mixed material targets.

The purpose of the different orientations for the materials in the mixed targets is minimiza-
tion of the effect of acceptance differences for different regions in the detector. The nuclear
targets are mounted in the same hexagonal steel frame (Outer Detector) as the scintillator
planes. The water target do not use the OD to be mounted as is shown in figure 3.12.

The ervogenic heliuiu target is an aluminum cryostat capable of holding approximately 2,300
I, of crvogen. It consists of an inner eylinder with 152 e huer diameter, 100 em Iength, 0.635
em wall thickness: and an external vessel evlinder of 183 em diameter and 0.952 em wall thick.

The cryogenic helium target is planned to be removed when the MINERrA physics program
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Figire 3.10: Optical hox containing the Photomuitiplior {small black cube) conected to the 64
clear fibers.
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Figure 3.11: Nuclear targets.

finish in order to install the CAPTAIN detector in its place to sct the CAPTAIN-MINERrA
detector.
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Figure 3.12: Water targel

3.2.4 Electromagnetic and Hadronic calorimeters

The clectromagnetic calorimeter (ECAL) is made up of ten electromagnetic modules. An ECAL
module is very sinilar to a tracking module but instead of a Pb ving it has a PPh layer (2 mm
thick) covering the hole arca of cach scintillating plane. This region consists of 20 layers of P'h
intorleaved with sciutillator planes having orientations as shown in figure 3.13.

The electromagnetic caloriieter is used to decrease the shower lengths produced by charged
particles i the detector. Since pair production cross scction is proportional to Z2. photons of
few GeV will be detected via pair production.

The hadronic caloriwmeter placed at the most downsireaw of the detector is made up of 20
HCAL modules. Each HCAL module is made of a Fe layer (2.54 nun) aud just one sciutillating
plane. Muons with energy up to 600 MeV and protons with cuergy np to 800 MeV wilt be

stopped by the combined action of all this layers. A HCAL module is shown in figure 3.14.

3.2.5 The Outer Detector (OD)

The Quter detector {OD) is a steel hexagonal shell with immer apothem 1.168 m and outer
apothem 1.727 m. All steel franes are 3.9 em thick except for framnes surrounding the thicker
downstream HCAL where they are 3.81 an thick. Each [rame has four slots each holding a
pair of 2.54 x 2.54 em? rectangular scintillator strips for calorimetry and tracking. The total
iron thickness is 43.4 em, or 340 g/em?, which can stop. from fonization losses alone. np to 750

MeV protons at 90° and nearly 1 GeV protons entering at an angle of 30°,
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Figure 3.14: HCAL module and plane orientations for consecutive modules.

3.2.6 MINOS (Main Injector Neutrino Oscillation Search) Near De-

tector

MINOS is a long-bascline oscillation experiment. As an usual long-bascline type experiment

it. consists of two detectors separated by a long distance.

24

The Near detector is located at



Fermilab just downstream MINERyA and the Far detector is located 430 wiles away in northern
Miuncsota. The MINOS Newr and Far detectors are made of steel and plastic scintillator [60)]
like the MINERVA lhadronic calorimeter. One of the advantages of MINOS near detector is

that it is magnetized. which makes it possible the reconstruction of the charge and momentum

of the (anti)muons produced by charged current (antijneutrino interactions. In figure 3.15 are

shown two views of the MINOS near detector (ND).
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Figure 3.15: Two views of the MINOS near detector. Left: View from above. Right:View

the beam direction.{62].
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Chapter 4

CAPTAIN-MINERvVA Experiment

4.1 Time Projection Chamber

A Time Projection Chamber (TPC) is a particle detector that uses the ionization electrons
produced by the passage of a charged particie through a sensitive substance to reconstiucet the
track and momentum of the particle. Tn general, a TPC uses a cathode and an anode plane
to produce an uniforin clectric field inside a field cage and induction planes located just before
the anode plane to detect the passage of the drifted electvons. The electrous passing through
the induction planes provide a two dimensional location of tlhie interaction and their drift time
to the collector anode gives the third coordinate position. A schematic functionality of a TPC

is shown in figure 4.1
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Figure 4.1: Schematic view of o TPC.
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4.2 The CAPTAIN detector

Liquid Argon is advantageous as a sensitive substance fir a TPC hecause it is dense (1.4
g/em®). permits electrons long drift-times thanks to its low cleetronegativity aud high electron
wobility, excellent scintillator. cheap and easy to purify [63]. [64].[65]. The CAPTAIN detector
is a Liquid Areon Time Projection Chamber (TPC) conforined by a portable and evacuable
vacuu isolated ervostat that can hold 7700 liters of liquid Argon. A general view of CAPTAIN
is shown al figure 4.2. The crvostat has side ports allowing optical aceess {or laser calibration
and a work deck mounted on the top head to provide workers safe access to the top ports of
the cryostat where all tnstrmnentation and crvogenics are made through.

Because liquid argon serves as target and detection mediwn for the CAPTAIN detectar it
must retirain minimally contauninated of oxveen and water. these matecules may affect the drift
of clectrons. A mininunn contanination of Nitrogen is also required to avoid the absorption
of scintillation light. Using a design based on experiences of the MicrolBooNE experiment [66}.
[67] and Liqud Argan Pwrity Demonstration {LAPD) experinent. the CAPTAIN's cryogenics
systemn monitors and regulate the state of the quid argon in the detecror. For this purpose
CAPTAIN holds a dual filter systam consisting of a bed of molecular sieve (208604-5KG Type
1A) to remove moisture aud auather bed of activated copper material (CU-0226 S 14 X 28) La

relilave oxXyvgern.
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Figure 4.2: Schematic view of the CAPTAIN detector.



The CAPTAIN’s Time Projection Chamber (TPC) consists of a ficld cage in a hexagonal
shape witl a mesh cathode plane on the hottom of the cage and four wire planes ou the top.
The coustruction material of the TPC is the FR4 glass fiber composite. The ficld cage can
be secn as two modules: the drift cage module and the planes module. The planes module
located at the top of the field cage consists of the grid, U. V and anode (collection) plane. as
shown in figure 4.3. The U and V wires arc oriented £60 degrees relative to the anode wires.
The U and V planes detect the ionized electrons by induction providing two spatial coordinates
of the track and the anode planc provide the third coordinate by measuring the drift time of
the electron produced by ionization. The apothem of the TPC is 100 ¢ and the drift length
(height) is 100 cm. The field cage is double sided gold plated copper clad FR4 arranged with
5 mm wide traces separated by 1 . The electric field inside the cage is 500 V/cm and the
electron drift velocity is 1.6 min/ps.

The seiutillation light produced in the Liquid Argon has an specetrim peak at 128 wn not
energetic cnough to produce secondary ionisation or excitation. The scintillation light is used
as a trigger of the read-out process [68]. Detection of this light 15 important also to improve
the energy resolution of the detector. Stmulations for minimum ionizing particles (MIP) in a
TPC with a field of 500 V/em showed detection of several photoclectrons per MeV improves
the energy resolution by 10-20%. This improvement is due to the anticorrelation between
scintillation light and ionization electrons [69].

Unfortunately most of the photodetector window materials absorbs the liquid argon scintil-
lation light (128 nm), so it is necessary to shift this light to visible. For this purpose a large area
of the detector is covered with a thin film of tetraphenyl butadiene (TPB), the most commom
of the wavelenght shifter used in liquid argon detectors. The detection of visible light is done
by sixteen Hamamatsu R8520-500 photomultiplier tubes (PMT). Eight PMTs are located on
top of the TPC and cight on the bottom. This configuration provides a minivmm deteetion of
2.2 phatoelectrons per MeV for a minimum jonization particle (MID).

The calibration svstem consists on producing a well-defined ionization track within the
liquid argon TPC in order to be able to measure the electron lifetime in-situ and determince the
drift ficld within the TPC. Making use of the optical access windows on the sides of the detector
to avoid possible dispersious by surface irregularities a frequency quadrupled Nd-YAG laser is
used to produce the well-defined ionization track. This calibration method is well explained

and documented in Rossi et al. [70].
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Figure 4.3: Structure of the CAPTAIN detector.

4.3 CAPTAIN-MINERvVA Detector

A broad program of neutrino cross-sections measuremenits on a few GeV range can be pursued
by installing the CAPTAIN detector upstreann the MINER#A detector. The combimed data
of the CAPTAIN. MINERrA and MINOS could provide extremely helpfull measurements for
future oscillation experiments. Comparison of cross sections on Argon (Ar) to scintiliator (CH)
would improve the measurements on effects of the nuclens to neutvine interactions since these
cross section ratios are not affected by large flux uncertaintes.

The Long Baseline Neutrino Facilty (LBNF) is belng constructed at Fermilab. This facility
will provide a wide-range muon neutrino energy beam for the leading-cdge Deep Underground
Neutrino Experiment (DUNE), a dual-site expertmuent for neutrino science and proton decay
studies wich will be located at a baselirne of 1300 kn [71]. The first oscillation maximum at this
baseline occurs i the neutrino energy range fromn 1.5 to 5 GeV' | then most electron neutrinos
at this range of energy are expected to be detected [72]. DUNE has proposed to use a liquid
argon TPC detector and therefore measurements of neutrino-argon interactions are important
for the suceess of the DUNE experiment. The ArgoNeuT detector, a 170 liter iquid argon
TPC, published resnlts on studies of neutrino-argon interactions in the low NuMI beam energy
(73], [74]), [75]. [76]. Nevertheless, these results are statistically Hmited. MicroBooNE [66].
[67], a 170-ton liquid Argon TPC detector will do studies of neutrino-argon interactions i the

Booster Neutrino Beam (BNB) of neutrino energy peak O(1 Gel’), consistent with the same
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energy range for the second oscillation maxinnun for a baseline of 1300 km. Thus, studics
made by CAPTAIN in the medimn energy NuMI beamline will complement those studies
made by MicvoBooNE at the BNB low energyv. In figure 4.4 the three fluxes provided by
the Booster Nentrino Beam (BNB) for MiniBoone and MicroBooNE: Long Baseline Neutrino
Facility (LBNF) for DUNE and the NulI facility for MINERrA and MINOS ave show.
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Figure 4.4: Unoscillated v, DUNE far flux, BNB flux at MiuiBooNE, medinm-energy NudI

fBux at the MINOS near hall and GENIE cross section on 40 Ar [77]

The integration of CAPTAIN to the MINERrA detector will improve the tracking and
energy measurement of particles exiting CAPTAIN, most importantly inuons. These will be
tracked by MINER#A and/or MINOS ND providing a berter estimation of the mcoming neu-
trino energy than could be achieved by CAPTAIN detector alone. Liquid argon TPC's provide
excellent energy resolution, position resolution and particle identification making posible precise
reconstruction of the events.

The planned installation of CAPTAIN-MINERrA cousists on replacing the MINERVA s
actual helium scryogenic target by the CAPTAIN detector as shown i figures 4.5 4.6.
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S

Figure 4.6: Front view showing the relative size of CAPTAIN and the MINERrA main detector.
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Chapter 5

Calculation of the muon acceptance

5.1 Simulation

5.1.1 GENIE and Geant4

MINERVA uses the GENIE 2.8 4 [78] to generate events of neutrino inferactions with matter.
GENITE uses different cross scetion models for cach type of interaction. The differential distri-
bution for the model is used to get the event kinematics. GENIE has three families of models:
nuclear physics, neutrino cross sections and final state interactions (FSI).

GEANT4 (79], [80] is used to simulate the passage of particles throngh matter. This toolkit
is used by essentially all experiments and projects at Fermilab. in addition to be used in a large
number of experiments in a variety of application domains, including high cnergy astroplystcs
and space science, medical physics and radiation physics. The toolkit has been designed.
developed and maintained by collaborators from institutes, High Energy Particles expermments.

annd universities.

5.1.2 The NuMI Flux

The low probahility of neutring interaction rakes it diffienlt the direct measurerment of the
energy spectrum of a neutrino beam. Actual strong interaction theorv poorly models inter-
actions in the NuMI target and a beam-line particle is expected to re-interact in any of the
different cormponents of the target. These two facts make it difficult the analytical calenlation
of the neutrino speetrum of the NulMT beam. Therefore MINER©vA relies on a GEANTH-basce
simulation package named G4nurni. This package considers the main geometrical details such
as the NuMT target Hall. the decay pipe, absorber, ete. to simulate the neutrine beam. How-
ever the flux prediction is more sensitive to some elements than others, such as the targets and

horns. gdnumi uses the FTPB_BERT hadronic physics model that combines the FRITIOF Pre-
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compound model [81 for processes with energies greater than 1 GeVoand the Berting cascade
model (82] for energies less than 5 GeV. However it docs not proviae a very precise description
of protou-nuclens interactions. In order to minimize these nncertainties constraints the exper-
imental hadron production data from CERN’s NA4Y experiment [83] and Barton ef al group
[84] are used. Since the NA49 experiment and Barton ef al collected data at 158 Gel /e and
100 GeV/e proton cinergy respectively. an energy scaling is applicd hased on the predictions

from the FLUKA {35] hadrou production simmlation software.

Figure 5.1: Left: Front view of the CAPTAIN-MINER#©A detector. Right: View from above
ol the CAPTAIN-MINERvA detector.

5.1.3 CAPTAIN-MINERVA detector Geometry

The CAPTAIN-AINERVA geometry was huplemented i the MINER#A experiment fratie-
work. The medivnm enersy NnMI {lux was nsed to generate neutrino interactions ad simulate
the passage of the produced particles through the geometry. The nentrino interaction events
were generated by GENIE 2.8.4 and the passage of the produced particles were simulated by
Geantd, The geometry was previonsty probed using the nentrino interactions events provided
by GENIE 2.8.4 to check it was complete.

The CAPTAIN-MINERrA geometry consists of the CAPTAIN detector. the MINERVA

main detector and a steel "mirvor plane” as shown in figures 5.2 and 5.1. The mirror plase
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Figure 5.2: Lateral view of the CAPTAIN-MINERvA detector.

is a steel plane positioned between MINERZA and MINOS, just on the region of MINOS’s
return coil. This planc covers 40 of MINERrA s PMTs providing shiclding from magnetic
fields produced by the coil. The veto wall, the water target and the MINOS near detector are
not included in this geometry.

The CAPTAIN detector is a stainless steel cvlinder of 1.8127 m height, 1.35 m radius
and 44.7 mm thick wall, filled with liquid Argon {density=1.4 g/cm?). The MINERrA main
detector can be seen as a hexagonal prism of ~5.72 m length and ~3.46 m hexagon width. The
muclear target region has all the passive targets' as shown in figare 5.2, The tracking region,

ECAL and HCAL are complete. The detector environment 1s air.

5.1.4 Geometry Probing

Four millions neutrino interaction events were generated in the CAPTAIN-MINER»A geometry.
Figures 5.3 and 5.4 show the these GENIE events in the MINERvA coordinates from fromt, up
and lateral views respectively. Codes were implemented to plot specific regions and/or modules
of the geometry identifying the material they are made of All these plots are presented in
Appendix A. The CAPTAIN-MINERvA geometry has all the modules and targets, but the
water target.

The next step s simulate the passage of particles through the detector. In the AINERrA
framework GEANTA simulation is limited by virtual planes sswurounding most of the MINERvA
detector. The GEANTAS simulation stops tracking particles just after they pass these planes. A
rectangular virtual plane is positioned just downstream of the mirror plane positicued parallel
to it and six virtual planes are extended along the lateral sides of the hexagonal MINERvA

detector. These planes are identified when the end points of muons produced by the neutrino

'"The wateor target is not included
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Figure 5.3: Front view plot of CAPTAIN-MINERrA detector made with GENIE events. The
CAPTAIN detector and the “mirror plane” shapes can he identified. The color bar indicates

density of events.

interactions are plotted as shown in fignre 3.3
The virtual planes surrounding the main detector werce snceessfully disabled by modifyving
an “option file” used in the MINERvA framework. It is not possible to disable the rectangular

virtual plance downstream the detector.

5.1.5 Muon acceptances

Muons from 132,589 neutrino charged current events in Argon of the CAPTAIN volime are used
to obtain the muon acceptances for different regions of the CAPTAIN-MINERVA geometry.
These muons are classificd in five categories according to their trajectories in the detector

geometry:
e muous reaching MINOS fiducial region

e muons stopping in MINERvA (stopping in any regiou of the MINERrA main deteetor)
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Figure 5.4: Plots of the density of events from different views.  Lell: View from
above of the CAPTAIN-MINERrA detector. Right: Lateral view of Lateral view ol the
CAPTAINMINERVA detector.

¥ im;
- 3

o L LN AR LR RRRLN LAY LARRE LRI LN A

Figure 5.5: Left: Trausversal view of tie end points of muons produced in the CAPTAIN
reaching farther the end of the MINERvA detector. End points in the area of the NINERvA
detector arve not plotted. The mmuons are stopped on the rectangular virtual plane and on the
spatial limits of the simmlation. Right: Transversal view of end points of muons being stopped

on the planes surrounding the MINERrA main detcetor.
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Figure 5.6: The CAPTAIN-MINERvA detector in the MINERvA framework coordinates shaw-

ing the muon categories.
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Figure 5.7: Superimposition of the Transversal Areas of the MINERvA detector and MINOS

fidiicial region.

e muons stopping in fiducial MINERvA {The MINER#ZA fiducial volume is a small hexagon
prism of 0.85 m apothern and 2.95 1 length (5.99<z<8.34 min the MINERPA coordinate

system) that consists of pure seintillator.)
e muons missing MINERvA

o wmons crossing MINERvA (includes those muons crossing MINERrA aind not reaching
AINOS fiducial region)
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Figure 5.8: Charged Current events with Argon in the CAPTAIN fiducial volume (center=2.75;
radius=1.15; -0.8<y<0.8: 1.6<2<3.9 meters.

The location of the geometry in the MINERvA framework coordinate system and some
muon trajectories are shown in Figure 5.6. The coordinates of the geometry are extracted from

Section 5.1.4 and are shown in Table 5.1.

CAPTAIN MINERvA
height: -0.9635<v<0.9635 hexagon height: -2<y<2
widths: 1.d<z<4.1 hexagon width: -1.73<x<1.73
-0.675<x<.675 lengtly: 4.28<z<10

Table 3.1: MINERvA coordinates of the detector.

A three dimensional linear equation is inplemented for cach muon trajectory. The dimen-
sions of the detector geometry (Table 5.1) is then used to sort every muon into the categories.
Muons exiting MINERvA towards (he MINOS detector are stopped in the rectangular virtual
plane. Inn order to obtain the ones that reach the MINOS fiducial region the trajectories of
muons stopped on the virtual planc are projected into the MINOS fiducial region. In addition.
the projected trajectories are required to have at least one meter into the volume covercd by
MINOS fiducial region. The relative avea sizes of the MINERrA detector and the MINOS
fiducial region are plotted and shown in figure 5.7.

The charged current nentrino interactions events in Argon of the CAPTAIN fiduicial volume

are plotted in Figure 5.8, We will refer to CAPTAIN fiducial volume just as CAPTAIN.
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Figure 5.9: Events distributions for muous stopping in MINERvA - MINER» A fiducial volume
and reaching NMINOS fiducial region. Left: As a function of the neutrino energy. Right: As a

function of the muon energy.
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Figure 5.10: Events distributions for muons stopping in MINERvA fiducial volune. Left:As a

function of the Neutrino energy. Right:As a function of the Muon energy.
Events distributions for muons stopping in MINER»A | muons stopping in fiducial MINER©vA

and muons reaching MINOS fiducial region, as a function of the neutrino energy and the

muon energy, are shown in figure 5.9. Events distributions for muons stopping in the fiducial
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Figure 5.11: Events distributions for mmnons crossing and missing MINERvA . Left: As a function

of the Neutrino ciergy. Right:As a function of the Muon encrgy.
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Figwre 5.12: Events distributions for muons stopping in MINERvA | reaching MINOS fiductal

region, crossing and missing MINERrA as a function of 6.

MINERvA are shown in an appropiate scale in Figure 5.10. Events for muons stopping in
MINERvA produce more energetic hadrons than those events for muons reaching the MINOS
fiducial region, as can be seen in Figure 5.9. Only the more energetic muons can go through

the MINERVA detector and reach MINOS detector. The 12.92% of muons stop in MINERvA
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and the 19.15% of the muons reack the MINOS fiducial region.

« 90¢ & 90
2 F 2 r
) = 8o
70?— 70? 16
60 60 14
502— 50? 112
Aol aof 110
30; 30b
20?— 20?—
1of- 105
G‘..\:H.h,”l\..»Iu...i.lguhr..\.; O-E‘HH.HH{UHIH..!LJ s

-1.5 -1 0.5 G 0.5 1 15 15 2 2.5 3 3.5

x {m}

Figure 5.13: Events in the CAPTAIN volume (or Muons missing MINERrA . Left:As a function

of @ coordenate. Right: As a function of z coordenate.

Figure 5.11 shows the events distributions for muons missing MINERrA and muons cross-
ing MINERvA | as a function of the neutrino cnergy and the muon energy. Muons missing
MINERvA category tool into account the backward-going muons. Events for muons miss-
ing MINER~A produce more energetic hadrons than events for muons crossing MINER»A .
The 10.53% of produced muons miss the NMINERvA detector and 58.28'% of muons cross the
MINERvA detector. The muons that niss the MINERrA detector arc less encrgetics than
those muons crossing it.

Muons are produced at an angle  with respect to the z axis of the MINERrA coordi-
nate system. Events distributions as a function of @ for uons crossing MINERVA | nissing
MINERVA | stopping in MINERrA awd reaching MINOS fiduciat region are showi in Figme
5.12. The maximum # angle around 18 for muons reaching MINOS agrees with previous stud-
ies [77], [86]. The wide ¢ distribution for muons missing MINERVA as a function of neutrino
energy is reviewed in Figure 5.13 by plotting the location of these events in the CAPTAIN
volume. It can be seen that events closer to the origin on the x axis have larger 6 angles and
events with higher z coordinate (closer to the MINERvA detector) have also larger ¢ angles. It
follows that the wide 8 angle distribution for muons missing MINER#A is due to the hexagonal
shape of the MINERvA detector and the distance of the event to it.

Muon acceptance in a region of the detector is defined as the ratio between the muons

reaching or stopping in this region to the tolal muons produced in the CAPTAIN volume.
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Figure 5.15: Acceptance of Muons in MINERrvA and MINOS fiducial region as a function of 6.

The muon acceptances in MINERvA and the MINOS fiducial region, as a function of the
neutrino and muon energy are shown in figure 5.14. As expected, higher neutrino encrgles
are responsible for muon acceptance i the MINOS fiducial region. The Muon acceptances
in MINERvA and MINOS fiducial region as a function of # arc shown in Figiuve 5.15. These

acceptances confirm the maximmm & angle & 18° for MINOS fiducial region and fhe wide
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distribution for MINERrvA. A swimmary of the acceptances for all the muon categories arc

presented in Table 5.2,

Muon acceptances
MINOS—19.15%
MINERrvA —12.02%

crossing—H8.28%

missing—10.53%

Table 5.2: Summary of the muon acceptances.

UP-BACK LUP-FRONT
CAPTAIN BLOCK BLOCK
detectar
FLUX FOW-BACK LOW-FRONT
BLOCK BLOCK

Figure 5.16: Division of CAPTAIN fiducial volume ito 1 hlocks. NuMI comes from the left.

Finally, CAPTAIN volume was divided in four blocks as showw in Figure 5.16. Muon
acceptances in MINERvA and MINOS fiducial region as a function of the ncutrine energy,
muon energy and @ for all the four blocks have been obtained and are shown in Appendix C
and Table 5.3 sumarizes the resulits.

The up-front block has most of the events and the low-back block has the fewest events.
Front blocks have more events for muous stopping in MINER»A and reaching MINOS fiducial
region than the back blocks. In general, cach block has approximately the same munber of
cvents produced. The slight difference on the muuber of events obsarved between the up and
low blocks might he consequence of the -58 mrad angle of the NuMT flux beam (Scetion 3.1)

respect to the z axis on the zy plane of the MINERvA framework coordinate svstem.
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UP-BACK
Events— 26.51% x(Total cvents)
MINOS—18.41% = (up-back block events)
MINERvA —9.68% x (up-back block events)

UP-FRONT
Events— 25.68% < (Total events)
MINOS—21.15% x (up-front block events)
MINERvA —14.44% x (up-front block events)

DOWN-BACK
Events— 24.30% x (Total cvents)
MINOS—17.10% x (down-back block events)
MINERvA —9.84% x{down-back block events)

DOWN-FRONT
Events— 21.49%x (Total events)
MINOS—19.83% x {down-front block events)
MINERvA —14.09% x (down-front block events)

Table 3.3; Acceptances in each block of CAPTAIN.
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Chapter 6
Conclusions

Eight millions charged current neutrino interaction cveuts gencrated hy GENIE 2.8.4 were used
to probe the CAPTAIN-MINER©VA detector. A code was developed to visualize the composition
of cach module In the geometry.

The detector geometry was implemented in the MINERpZA experiment framework in order
to simulate the passage of the Muons produced in charged eurrent neutrino interactions cvents
occurring in the CAPTAIN fiducial volume and a code was developed to calculate the Muon
Acceptances of the NINERvA main detector and MINOS ND.

The results can be sunmarized as follows

e events whose muons stop in the MINERvA main detector produce more energetic hadrans

than the events whose muons reach MINOS. as showm in Figure 5.9.
e muons produced with higher energy reach MINOS ND as shown in Figure 5.9

e cvents whosc muons miss the MINERvA main detector produce more energetic hadrons

than events whose muons cross the MINERvA main detector as shown in Figure 5.11.

e muons that reaching MINOS ND arc produced with a maximumn angle ¢ of ~187 with
respect to the 7 axis, in contrast to the wide distribution observed far mmons that stop in

the NINERvA main detector as shown in Figures 5.12 and 5.15.

e more muons reach MINOS ND than stop in the MINERrvA main detector. Most of the
muons cross both the MINERrA and MINOS ND and only a few miss the NMINERvA

main detcctor as shown in Table 5.2

e mions that stop in the MINERvA main detector and and wuons that reach MINOS ND
are produced almost uniformly in the four sectors of the CAPTAIN detector. Muons

produced in the front sectors are more likely to stap in MINERvA main detector because
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tliese sectors are situated closer to the MINERvA detector. The observed slight difference
hetween the production of nmons in the upper and lower sectors, as shown in Table 5.3

may be due to the -58 mrad incidence angle of the NaMI beam into CAPTAIN.
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Appendix A

Geometry probing

The plots used to check the CAPTAIN-MINERrA geometry are presented. The 2 coordenate
values used to plot differeut scotions of the geonietry were taken [rom the MINERvA Wiki

wehsite [87} )

£ ALSLCLTI

Figure A 1: First Nuclear target 4.446 < =z < 4.53411 (meters)
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Figure A.2: Sceond Nuclear targel 1.667 < z < 4.735 (1neters)

.0 -1.5 -1

Figure A.3: Third Nuclear target 1.883 < z < 5.004 (meters)
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Figure A.5: Fifth Nuclear target 5.742 < z < 5.810 (meters)
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Figire A.6: MINERvA main detector 5.810 < = < 8.590 (melers)
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Appendix B

Muon Acceptance code

The code developed to get the Muon accepntances is presented.

Listing B.1: Descriptive Caption Text

#tinclude
#include

#include

"iostream"
"TTree.h"
"TBranch .h"

using namespace std;

veid tes

ting ()

// diamater= 2.7
// altitud= 1.9

// default radius=1.2 , center=2.8 , -0.6<y<0.6

bool isFiducial_Captain(dcuble x, double y, double z)

{

const double radius=1.15;

if(x*x + (2-2.75)*(2-2.75)
true;

return false;

}

< radius*radius & ~0.8<y & y<0.8 )} return



// here, x and y is the x,y position of end of track

// w is the inner detector ’width’ (2*apothem) is 2128.5mm (DocDB
226-vl1)

// wich means absolute y length = 2.4572 and apcthem = 1.06426 m

// only for track with end of track z pos > 10292.0 mm

// minerva hole volume -> (3.450/2)cos30=apothem (presentation)->
(2.45)cos30=w=2.9877 ; begins z=4.29304 m; end z=9.9874 m (wiki
modules)

// fiducial volume => w=2+%0.85 m ; length not determined
// w=3.86

bool HexagonAccepted(double x, double y, double w)

{
double max = w/2;
double min = -w/2;

double pi=3.1415926535897,;

double deltaphi = 60.0%(pi/180);
double phi = 0.0;

for (int i = 0; i < 3; ++i)

{

double xtmp = cos{(phid*x + sin(phi)=*y;
phi += deltaphi;

if (xtmp < min || xtmp > max) return false;

}

return true;

//For MINQS fiducizl area: xm and ym is the coordinate of the track
pesition

//(when the muon hit MINOS face/when it starts in MINOS). It is in
Minerva cocrdinate.

//The muon must stay in the fiducial area for &0 cm.

bool MinosAcceptedArea(double xm,double ym)
{



//
//

//

//

//

bool pass_uv = false;

double nu = (xm + ym)/sqrt{2.0); // converting to MINOS coord
double nv = (-xm + ym)/sqrt(2.0); //converting to MINOS coord
if( (nu > -1.340) && (nu < 1.160) &&

(nv » -1.716) && (nv < 0.784) &&

(xm < 1.481))1

if(nu< -0.840 && nv< 0.284 ){
pass_uv=truse;

}
if(nu> -0.840 && nv> 0.284){
pass_uv=true;

}
if(nu>» -0.840 && nv< 0.284){

pass_uv=true;

+
}
return pass_uv;
}
TChain #*f = new TChain("minerva","medium energy");

With wall simulation and the 1 millons of events.

f->Add ("/minerva/data/users/gianfred/
mc_production_cml_viOr8p8_complete_final_hastobe_endoftheworld/grid/
central_value/minerva/dst/viQr3pB/00/00/00/71/
SIM_minerva_OOOOOO?i_OOO1_IDDDDigitsﬁDST7v1Or8p4_v10r8p8.root");

f->Add (" /minerva/data/users/gianfred/
mc_producticn_cml_v10r8p8_complete_final hastobe_endoftheworld/grid/
central_value/minerva/dst/v10r8p8/00/00/00/71/%.root");

f->Add ("/minerva/data/users/gianfred/mc_production_complete_more/
grid/central_value/minerva/dst/v10r8p8/00/00/00/81/% . rcot");

f->Add{"/minerva/data/users/gianfred/mc_production_complete _more/
grid/central_value/minerva/dst/lerSpS/00/00/00/81/
SIM_minerva_OOOOOOSl_OOO1_IDDDDigit5_DST_V10r8p4_viOr8p8.root“);

f->Add (" /minerva/data/users/gianfred/mc_production_complete_more/

grid/central_value/minerva/dst/vi0r8p8/00/00/00/81/*. root");

double mc_traj_point_x [600][56];
double mc_traj_point_y[600][5];
double mc_traj point_z[600][6];
double mc_traj_point_E[600][5];
double mc¢_traj_point_px [600][5];



double mc_traj_peint_py [600]1[5];
dotble mc_traj_point_pz [600][5];
int mc_traj_pdg[600];

int mc_traj_npeints [600];

int n_mc_trajectories;

int mc_int_current [1];

int me.int_targetZ [1];

int mc_int_FSLepton([1]3;

int mc_int_channel[17;

int mc_int_FSPdg[1](30];

double mc_int _FSParticlesE[1][30];
double mc_int_vtx (1]1[4];

double mc_int_FSLeptondp [1][4];

double mc_int_incemingE [1];

f->SetBranchiddress ("mc_int_targetZ",&mc_int_targetZ);
f->SetBranchiddress ("mec_int_vtx",&mc_int _vtx);
f->SetBranchiddress ("mc_int_FSLepton" ,&mc_int_FSLepton);
f->SetBranchiddress ("mc_int_incomingE",&mc_int_incomingE);
f->SetBranchiddress ("me_int_FSLeptondp",&mc_int_FSLeptondp);
f->SetBranchAddress ("mec_int_channel" ,&mc_int_channel);

f->SetBranchAddress ("me_int_current” ,&mc_int_current);

f->SetBranchAddress ("mec_traj_point_px".&mc_traj_point_px);
f—>SetBranchAddress("mc,traj_point_py”,&mc_traj_point_py};
f->SetBranchAddress ("mc_traj_point_pz",&mc_traj_point pz);
fﬁ>SetBranchAddress("mc_traj_pointh”,&mc_traj_pointﬁE);
f—>SetBranchAddress(“mc_trajfpoint_x",&mc_trajfpoint_x);
f->SetBranchAddress ("me_traj_peint_y",¥mc_traj_point_y);
f->SetBranchiddress ("mc_traj_point_z",&mc_traj_point_=z);
f->SetBranchAddress {"mc_traj_pdg" ,&mc_traj_pdg);
f->SetBranchAddress ("mc_traj_npoints",&mc_traj_npoints);

f->SetBranchAddress ("n_mc_trajectories” ,&n_mc_trajectories);

THiF #hl = new TH1F("hi1"," VERTEX ; y (mm) ; events",100,-4,4); //end
muons from captain and not

hl->SetXTitle("y {(m)");

hi1->Set¥Title ("events"};

TH1F *h?2 = new TH1F("h2","v energy" ,60,0,15}; //mc_incomingE o E
h2->SetiTitle ("Neutrino Energy (GeV)");
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h2->8et¥Title("events ") ;

TH1F *h3 = new TH1F("h3","u energy (GeV)",60,0,15)
h3->SetXTitle("Muon Energy (GeV)");
h3->Set¥Title("events");

TH1F +*hé = new TH1F("h4","theta¥",6240,-180,180); //
h4->SetXTitle("thetaY");
h4->SetY¥YTitle("events") ;

TH1F #h5 = new THI1F("h5","theta",60,0,90);
h5->8etXTitle("theta ") ;
h5->SetYTitle ("events™);

TH1F #*h6 = new THI1F("h&"," VERTEX ; x (mm) ; events",

muons from captain and not
h€->SetXTitle ("x (m)");
h6->5Set¥YTitle ("events®);

TH1F *h7 = new TH1F("h7","ENERGY ; Neutrino Energy (GeV);

*,60,0,15); //mc_incomingE o E
h7->SetXTitle ("Neutrino Energy (GeV)™");
h7->Set¥Title ("events")

TH1F #*h8 = new TH1F("h8","U ENERGY; Muon Energy (GeV);

; //muon energy
h8->S8etXTitle("Muon Energy (GeV)");
h8->SetYTitle("events");

; //wmuon energy

TH1F #*hO = new THIF("hO","theta¥; events",240,-180,180);

h9->SetXTitle("theta¥Y") ;
h9->Set¥Title{("events");

THIF *h10 = new TH1F("hi1Q","theta”,60,0,90);
h10->SetXTitle ("theta");
h10->SetY¥Title("events") ;

TH1F *hl1l = new TH1F("events muon","VERTEX MUON ;
",10000,9,18); //mc_incomingE o E

z (m);

100, -4,4);

events

event s

// end

events",60,0,156)



h11~->8etXTitle("z (m)");
h11->8et¥Title ("events");

TH1F *h12 = new TH1F("h12","ENERGY ; Neutrino Energy (GeV); events
",60,0,15);

h12->SetXTitle ("Neutrino Energy (GeV)");

h12->SetYTitle ("events");

TH1F *h13 = new TH1F("h13","U ENERGY; Mucon Energy (GeV); events
",60,0,156); //muon energy

h13->SetXTitle ("Muon Energy (GeV)");

h13->SetYTitle ("events");

TH1F *h131 = new THIF("h131","U ENERGY; Muon Energy (GeV); events
",60,0,15); //muon energy

h131->SetXTitle ("Muon Energy (GeV)");

h131->Set¥Title ("events");

TH1F %h14 = pew THLF("h14","theta¥Y; events",240,-180,180);
h14->S5etXTitle ("thetaY");
h14->SetYTitle ("events");

TH1F *h15 = new TH1F("h15","events",60,0,90);
h15->8etXTitle ("theta™);
h15->8et¥Title ("events ") ;

TH1F *hl17 = new THIF("h17","ENERGY ; Neutrinoc Energy (GeV); events
®,60,0,15); //mc_incomingE o E->8etXTitle("Neutrino Energy (GeV3")

h17->SetXTitle ("Neutrino Energy (GeV)");

h17->SetYTitle ("events");

TH1F #*h18 = new THIF("hi18","U ENERGY; Mucn Energy (GeV); events
*,60,0,15); //muon energy

h18->8etXTitle ("Muon Energy (GeV)™);

hi8->3etY¥Title ("events");

THIF *hl19 = new THIF("u angle 1" ,"thetaV; events" ,240,-180,180) ;



h19->SetXTitle ("theta¥Y");
hi9->8et¥Title ("events"”);

TH1F #*h20 = new TH1F("h20","events",60,0,80);
h20->SetXTitle ("theta");
h20->SetYTitle ("events");

TH1F *hvE = new THIF("nvE","ENERGY ; Neutrino Energy (GeV);
©, 60 ,0,1B);
hvE~>SetXTitle ("Neutrino Energy (GeV)");
hvE->SetYTitle ("events");

TH1F *huE = new TH1F ("huE","U ENERGY; Muon Energy (GeV);
" .60,0,15);

huE->SetXTitle ("Muon Energy (GeV)'");

huE->8etY¥Title ("events");

events

events

TH1F *hbvE = new THIF ("hbvE","ENERGY ; Neutrino Energy (GeV);

events" ,60,0,15);
hbvE->SetXTitle ("Energy (GeV)");
hbvE->8et¥Title ("events");

TH1F #*hbufE = new TH1F("hbukE","U ENERGY; Mucn Energy (GeV);

events"” ,60,0,15);
hbuE->8etXTitle ("Energy (GeV)");
hbuE->Set¥Title ("events");

TH1F *hbtheta¥Y = new TH1F("hbtheta¥Y" ,"events",245,-190,190);
hbthetaY->8etXTitle ("theta¥Y");
hbthetaY->SetYTitle ("events");

TH1F #hbtheta = new THLF{"hbtheta","events",60,0,90);
hbtheta->SetXTitle ("theta");
hbtheta->SetYTitle ("events");

TH2F *hminos = new TH2F ("hminos","events",200,-4,4,200,-4,4};
hminos->8etXTitle ("x (m)");
hminos->8etY¥Title ("y (m)");



TH2F *hmucons = new TH2F{("hmuons","events" ,200,-4,4,200,-4,4);
hmuons~>8etXTitle("x (m)");
hmuons->SetYTitle ("y (m)");

TH2F *hlmzyl = new TH2F("hlmzyl","hlmzyl",900,0,27,900,-11,11);
hlmzyl->SetXTitle{"z (m)"),;
hlmzyl->Set¥Title("y (m)");

TH2F #*hlmzx1 = new TH2F{("hlmzx1","hlmzxl",900,0,27,900,-11,11);
hlmzxl->SetXTitle("z (m)");
hlmzx1->Set¥Title("x (m)");

TH2F *hfmxyl = new TH2F("hfmxyl","hlmxyl",k900,-11,11,800,-11,11);
hfmxyi->SetXTitle{"x (m)");
hfmxyl ->Set¥YTitle{"y (m)");

TH2F =hlmzy2 = new TH2F ("hlmzy2","hlmzy2",6900,0,27,900,-11,11);
himzyZ->SetXTitle{"z (m)");
himzy2->SetYTitle{("y (m)");

TH2F *himzx? = new TH2F{"hlmzx2","hlmzx2",900,0,27,900,-11,11);
himzx2~->SetXTitle{"z (m)");
hlmzx2~>SetYTitle ("x (m)");

TH2F *hfmxy2 = new TH?F("hfmny","hfmny",900,—11,11,900,—11,11);//
hist front {minerva detector)

hfmxy2->SetXTitle {"x (m)");

hfmxy2->8SetY¥YTitle ("y (m)");

TH2F =hlmzy3 = new THZF{“hlmzyB","hlmzyB",900,0,27,900,—11,11);
hlmzy3->SetXTitle{("z (m)");
hlmzy3->SetYTitle{("y (m)");

TH2F =hlmzx3 = new TH2F{("hlmzx3" ,"hlmzx3",900,0,27,900,-11,11);
hlmzx3->SetXTitle("z (m)");
hlmzx3->Set¥Title{("x (m)");

TH2F *hfmxy3 = new TH2F ("hfmxy3","hlmxy3",900,-11,11,900,-11,11);
hfmxy3->SetXTitle ("x (m)");
hfmxy3">S€tYTitle("y (m)");

TH2F *hfmxy31 = new TH2F ("hfmxy31","hlmxy31" ,900,-11,11,900,-11,11);
hfmxy3i->SetXTitle("x (m)");



hfmxy31->8etYTitle("y (m)");

TH2F *hfmxy32 = new TH2F ("hfmxy32","hlmxy32",900,-11,11,900,-11,11);
nfmxy32->SetXTitle("x {(m)"J;
hfmxy32->SetYTitle ("y (m)");

TH2F *hlmzy4 - new TH2F ("hlmzy4","himzy4",900,0,27,900,-11,11);
hlmzy4->SetXTitle("z (m)");
hlmzyd ->SetYTitle ("y (m)");

TH2F *hlmzx4 = new TH2F("hlmzx4","hlmzx4",900,0,27,800,~-11,11):
himzx4->SetXTitle("z (m)");
himzx4->SetYTitie("x (m)");

TH2F *hfmxy4 = new TH2F{"hfmxy4","hlmxy4",900,-11,11,900,~-11,113;
hfmxyd->SetXTitle("x (m)");
hfmxyd->Set¥Title("y (m)");

TH2F *hfmxy4l = new TH2F ("hfmxy41","hlmxy4l™ ,900,-11,11,900,-11,11);
hfmxydl~>SetXTitle ("x (m)™);
hfmxy41->SetY¥Title("y (m)");

TH2F #hfmxy42 = new TH2F("hfmxy42","himxy42",900,-11,11,800,-11,11};
himxyd4Z->SetXTitle("x (m)");
hfmxy42->Set¥Title ("y (m)");

TH2F *hfmzx43 = new TH2F ("hfmzx43","nhfmzx43",900,0,27,800,-11,11),;
hfmzx43->SetXTitle("z (m)");
hfmzx43->8et¥Title("x (m)");

TH1F #h22 = new THiF("h22","Neutrino Energy (GeV); events",60,0,15);
h22->5etXTitle ("Neutrino Energy (GeV)");
h22->8etYTitle{"events") ;

THIF %*h23 = new TH1F("h23","Muon Energy (GeV); events" ,60,0,15);
h23->8etXTitle {("Muon Energy (GeV)");
h23->8etYTitle{("events");

THiF *h24 = new THLIF{"h24","zl from CAPTAIN", 1060,-11,25);
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h24->SetXTitle(*z (m)"):
h24->Set¥YTitle("events ™) ;

THIF #hmtE = new TH1F ("hmtE","ENERGY ; Neutrino Energy (GeV); events",
100 ,0,15);

kmtE->SetXTitle ("Neutrino Energy (GeV)");

hmtE->SetYTitle ("events");

TH1F *hmtuE = new THIF("hkmtuE","U ENERGY; Muon Energy (GeV); events
",100,0,156) ;
hmtuE->SetXTitle {("Muon Energy (GeV)");

hmtuE->SetYTitle("events");

TH1F *hfmE = new THLIF("hfmE","ENERGY ; Neutrino Energy (GeV); events
",60,0,15);

hfmE->3etXTitle ("Neutrino Energy (GeV)");

hfmE->8etYTitle ("events");

TH1F *hfmuE = new TH1F("hfmuE","U ENERGY; Muon Energy (GeV); events
",60,0,153;

hfmuE~->SetXTitle ("Muon Energy (GeV)");

hfmuE->SetYTitle("events");

THI1F *hfmuEl = new THIF("hfmuE1",*U ENERGY; Muon Energy (GeV); events
",80,0,156);

himuEl ->SetXTitle ("Muon Energy (GeV)™);

hfmuEl ->Set¥Title ("events");

THIF #*htheta = new THIF("htheta",“theta”,60,0,90);
htheta->8etXTitle("theta");
htheta->Set¥Title ("events");

TH1F *hacctheta = new THI1F("hacctheta”,"",60,0,90);
hacctheta->8etXTitle{("theta);

hacctheta->8etYTitle ("acceptance");

THIF *hsmmtheta = new THiF{("hsmmtheta”,”theta" ,60,0,90);
hsmmtheta->SetXTitle ("theta");

hsmmtheta->SetYTitlie(*events") ;
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TH1F #hsvE = new TH1iF("hsvE","neutrino emergies sum”,60,0,15);
hsvE->SetXTitle ("Neutrinc Energy (GeV)");
hsvE->SetYTitle("events") ;

TH1F #hsuE = new TH1F ("hsuE","muon energies sum",60,0,15);
hsuE->SetXTitle ("Muon Energy (GeV)");
hsuE->SetYTitle ("events");

TH1F *hsmmvE = new TH1F ("hsmmvE","ENERGY ; Neutrino Energy (GeV);
events" ,60,0,15); //mc_incomingE o E
hsmmvE->SetXTitle ("Neutrino Energy (GeV)");

hsmmvE->SetY¥Title ("events™):

TH1F *haccvE = new TH1F("haccvE","ENERGY ; Neutrino Energy (GeV);
events",60,0,16); //mc_incomingE o E
haccvE->SetXTitle ("Neutrino Energy (GeV)");

hacevE->SetYTitle ("acceptance");

TH1F *hstheta = new THIF("hstheta","theta sum",6C,0,9C);
hstheta->SetXTitle("theta");
hstheta->SetYTitle("events");

TH1F #hfinaluE = new TH1F("hfinaluE","final muon energy distribution

",80,0,15);
hfinaluE->SetiTitle ("Muon Energy (GeV)'");

hfinaluE->SetYTitle("events"):

TH1F *hbeguE = new TH1IF ("hbeguE" ,"begining muon energy distribution

",6C,0,15);
hbeguE->SetXTitle ("Muon Energy (GeV)");
hbeguE->SetYTitle ("events");

TH2F *hfidminzx = new TH2F ("hfidminzx","hfidminzx
",900,1,11,900,-3,3);

hfidminzx->8etXTitle("z (m)");

hfidminzx->Set¥Title("x (m)"J};

TH2F *hfidminzy = new TH2F("hfidminzy","hfidminzy
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*,900,1,11,900,-3,3);
hfidminzy->SetXTitle("z (m)");
hfidminzy ->SetYTitle ("y (m)");

TH2ZF *hfidminxy = new TH2F("hfidminxy","hfidminxy
",900,-11,11,900,-11,11);

hfidminxy->SetXTitle ("x (m)"};

hfidminxy->8Set¥Title("y (m}");

TH2F *hfidminxyl = new TH2F ("hfidminxyi®","hfidminxy!l
",900,-3,3,900,-3,3);

hfidminxyl-»SetXTitle ("x (m)");

hfidrinxyl->SetYTitle("y (m)");

TH1F *hprobfidmin= new TH1F("hprobfidmin","hprobfidmin",80,0,15);
hprobfidmin->SetXTitle("Mucn Energy (GeV)");
hprobfidmin->Set¥Title("Probability");

TH1F *hprobmin= new THiF ("hprobmin","hprobmin® ,60,0,15);
hprobmin->SetXTitle ("Muon Energy (GeV}");
hprobmin->SetY¥Title (" Probability");

TH1F *hprobminos= new THIF ("hprobminos",6"hprobminos"”,60,0,15);
hprobminos->SetXTitle ("Muon Energy (GeV)");
hprobminos~>Set¥YTitle ("Probakility");

THiF *haccthetaminerva=new THIF{"haccthetaminerva","haccthetaminerva
",60,0,90);
haccthetaminerva->SetXTitle ("Theta");

haccthetaminerva->8etYTitle ("Acceptance”);

TH1F *haccthetaminos=new TH1F ("haccthetaminos" ,"haccthetaminos
" 60,0,90);
haccthetamincs —>SetXTitle ("Theta");

haccthetaminos ->SetYTitle ("Acceptance");

TH1F *haccuEminerva=new TH1F{("haccuEminerva","haccuEminerva
",60,0,15);
haccuEminerva->S8etXTitle ("Muon Energy (GeV}");

haccuEminerva->S8etY¥Title ("Acceptance”);

THiF #haccuEminos=new TH1F("haccuEminos","haccuEminocs” ,60,0,15);
haccuEminos->SetXTitle ("Muon Energy (GeV)");

haccuEminos->SetYTitle {("Acceptance");
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TH1F *haccvEminerva=new TH1F("haccvEminerva","haccvEminerva
",60,0,15);
haccvEminerva->SetXTitle ("Neutrino Ensrgy (GeV)");

haccvEminerva->SetYTitle ("Acceptance");

TH1F *haccvEminos=new TH1F("haccvEminos","haccvEmines" ,60,0,15);
haccvEminos->SetXTitle("Neutrino Energy (GeV)");

haccvEminos->SetYTitle ("Acceptance”);

TH2F *hcapzy = new THQF(”hcapzy",”hcapzy“,200,0,5,200,—2.5,2.5);
hcapzy->SetXTitle{"z (m)");
hcapzy ->SetYTitle{"y (m)*");

TH2F *hcapzx = new THQF(”hcapzx",”hcapzx“,200,0,5,200,—2.5,2.5);
hcapzx ->SetXTitle {"z (m)");
hcapzx->5et¥YTitle{"x (m)");

TH2F *hthetacapz = new TH2ZF{"hthetacapz","hthetacapz
“,70,1,4.5,70,0,90);

hthetacapz->SetXTitle("z (m3");

hthetacapz->8etYTitle ("Theta");

TH2F *hthetacapx = new TH2F (*hthetacapx","hthetacapzx
",70,-1.75,1.75,70,0,90);

hthetacapx->SetXTitle ("x {(m)*");

hthetacapx->SetYTitle ("Theta");

ofstream outputFilel;
outputFilel.open("info.txt“);

int w=0;

int events;

int gq=0;

int allmucns;

int themines=0;

int MINOS;

int theminerva=0;

int MINERvVA;
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int thefiducialminerva=0;

int FIDUCIALMINERvA;

int thecrossing=0;
int CRDSSINGMINERwvA;

int themissing=0;

int MISSINGMINERvA;

int thebetween=0;
int BETWEEN;

Int_t nentries = f->GetEntries();
for (int i = 0: i1 < nentries; 1i++)
{
f->GetEntry (i);

if (mc_int_targetZ{0]==18)
{

for (int j=0;j<30;++j){
if(mec_traj_pdgl{jl==132{

int point=(mc_traj_npoints{jl-1};
double t=180/3.1416 ;

double px0O=le-3*mc_int_FSLeptondp [0][0];
double pyO=le-3*mc_int_FSLeptondp[0][1]1;
double pzO0=le-3*mc_int_FSLeptondp[0][2];
double px=le-3*mc_traj_point_px[j1[0];
double py=le-3*mc_traj_point_py[jl[0];
double pz=le-3*mc_traj_point_pz[]j][0];

double P=sqrt ((px0%px0)+(py0*py0)+(pz0*pz0));
double theta=t*acos (pz0/P) ;

double uE=ie-3%*mc_int_FSLeptondp[0][3];

double E=le-3*mc_int_incomingE[0];

double xl=le-3*mc_traj_point_x[jllpoint];
double yl=le-3%mc_traj point_y[jl[point];

double zl=1le-3%mc_traj_point_z[j]l[point];



!/
!/

/7
!/
/7

/7

double x=le-3*mc_traj_point_x[j][0];
double y=le-3*mc_traj_point_y[jll0];
double z=le-3*mc_traj_point_z[jl[0];

double d=1e-3*mc_traj_peint_E[j]llpoint];

if ({isFiducial_Captain(x,y,z)==true) && {(mc_int_current

[0l==1) && (px==px0) && (py==py0) && (pz==pz0))

++w

hecapzy->Fill(=z,y);
hecapzx->Fill(z,x);
hvE->Fill (E);
huE->Fill(uE);
h24->Fill(=z1);
htheta->Fill(theta);

// Additional plot x range , y range and xlyl proyection of

the final peints, and alse

// the z1 position on the hexagon shadow fer z1>10.

if(z1>10)
{

hmuons ->Fill(x1,y1);

ht->Fill{y1);
h6->Fill(x1);

// End muons in MINERvA { end of MINERvA at

10.25)

if ((HexagonAccepted(xl,yl,3.46)==true) && (4.28<zl1)

&& (z1<10) && (Q<pz0)
{
++q;

++theminerva;

h2->Fill(E);
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h3->Fill (uE);
h4->Fill (theta¥);
h5->Fill (theta);
hlmzy1->Fill(=z1,y1);
hlmzx1->Fill(z1,x1);
hfmxyl->Fill(xl,y1);

// End muons in fiducial MINERvA

if ((HexagonAccepted(xl ,yl,1.7)==true) && (5.990<z1)
&& (z1<B8.340) && (0<pz0))

++thefiducialminerva;

hfmE->Fill (E);
hfmuE->Fill (uE);
hfmuE1->Fill (uE);
hfidminzx->Fill(z1,x1);
hfidminzy->Fill(z1l,yl);
hfidminxy->Fill(x1l,y1);
hfidminxyl->Fill(xl,y1);
¥

// End muons between virtual plane and minerva limit

if ((HexagonAccepted(xl,yl,3.46)}==true) &k (10<zl)
&& (z1<10.302) && (0<pz0))

++q;
++thecrossing;

++thebetween;
h12->Fill(E);

h13->Fill (uE);
h15->Fill(theta)
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//
’

/*

’

// End Muons reaching MINOS

if ((HexagonAccepted (xl,y1,3.46)==true) && (10.302<zl

Y && (0<p=z0) )

double zf=13 ;

double ya=((zf-z)*{yl-y)/(z1-z))+y;
double x4={(zf-z)*{x1-x)/(z1-2))+x;

double y2=((zf-z1)*(b)/(c))+yl;
double x2=({zf-z1)=*(a)/(c))+xl;

hfinaluE->Fill(d):
hbeguE->Fill (uE);

//O0ther MINOS test x4,y4. Line coming from

MINERvA

if (MinosAcceptedArea(x4,y4) == true)

{
h7->Fil1(E);
B&->Fil1(uE};
h$->Fill{theta¥);
h10->Fill(theta);

}

// End Mucns reaching MINOS fiducial region

if (MinosAcceptedArea(x4,y4) == true)

{
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++q;

++theminos;

h7->Fill(E);
hg§->Fill (uE);
h9->Fill{thetaY);
h10->Fill(theta);
hlmzy2->Fill(zl,y1);
hlmzx2->Fill{=z1l,x1);



//

hfmxy2->Fill(x4,y4);

// Bome of them considered crossing

if {MinosAcceptedArea{x4,y4)==false)

{

// Plotting considering the hole hexagonal

area

++q;

++thecressing;

hi12->Fill(E);
h13->Fil11(uE);
h14->Fill{(theta¥);
hi5->Fill(thetal;
himzy3->Fill(zl,yl);
hlmzx3->Fill(=z1,xzl);
hfmxy3->Fi1l({x1,yl)};
himxy32->Fill{x4,y4);
h131->Fill (uE);

if (HexagonAccepted (x4 ,y4,3.46)==true);

{

h22->Fill(EJ;
h23->Fill (uE);

// Considering end points ocutside DETECTOR

if ((Hexagonhccepted(xl,yl,3.46)==false) |/

<4.28))
{

(Y

{(z1



//

//

double y3={(({4.28-2z)*(yl-y)/{z1-2))+y;
double x3=((4.28-z)*(xl-x)/(zl-z))+x;

// Plotting tracks crossing MINERvA

// Plotting tracks missing MINERvA
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if ((HexagonAccepted (x3,y3
,3.46)==true) && (=z1
>4.28) && (0<pz0) )

{

g

++thecrossing;

h12->Fil11(E);
h13~>Fill(uE);
ht4->Fill(thetaY);
h1s~>Fill{(theta);
hlmzy3->Fill (z1,y1);
hlmzx3->Fill (=z1,x1);
hfmxy3->Fill{(xi,y1);
hfmxy31->Fill {x1,¥y1)

)

if ((HexagonAccepted (x3,y3
,3.46)==false) && (z1l
>4.28) &% (0<pz0))

+tq;

++themissing;

h17~>Fill(E);
h18->Fill (uk);
h19->Fill (thetaY);
h20->Fill (theta);
hlmzy4->F11l(z1l,y1);
hlmzx4->Fill(=z1,x1);
hfmxy4->Fill(xl,y1);
hfmxy42->Fill (x1,y1)



hthetacapx->Fill (x,
theta);

hthetacapz->Fill (z,
theta);

// Plotting tracks missing MINERvVA

// attention tec pz0 condition

if ((0<pz0) && (=21<4.28))

{
++q;

++themissing;

h17->Fill(EJ;
hi8->Fill(uE);
hi19->Fill{theta¥);
h20->Fill (theta);
hlmzy4->Fill{zl,y1);
hlmzx4->Fill (=1 ,x1);
hfmxy4->Fill (x1,y1);
hfmxy4l->Fill{xl,y1)
hfmzx43->Fill{z1,y1)

il

¥
// Plotting tracks going backward
if (pz0<0)
{
++q;

++themissing;

hbvE->Fill(E);
hbuE->Fill (uE);
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// hbtheta¥Y->Fill(
theta¥Y);
hbtheta->Fill {(theta)

events=w;

allmuons=qg;

MINOS=theminos;

MINERvA=theminerva;
FIDUCIALMINERvA=thefiducialminerva;
CROSSINGMINERvA=thecrossing;
MISSINGMINERvA=themissing;
BETWEEN=thebetween;

cout <<"TOTAL_EVENTS="<<events;

cout <<"TOTAL_SUM_CATEGORIES="<<allmuons;

cout <<"MINOS="<<theminos;

cout <<"MINERvA="<<theminerva,;

cout <<"CROSSING_MINERvA="<<thecrossing;

cout <<"MISSING_MINERvA="<<themissing;

cout <<"BETWEEN_END_&_VIRTUAL="<<thebetwveen;
cout <<"FIDUCIAL_MINERvA="<<thefiducialminerva;

outputFilel <<"TOTAL_EVENTS="<<events;
outputFilel <<"TOTAL_SUM_CATEGORIES="<<allmuons;
outputFilel <<"MINDS="<<theminos;
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cutputFilel <<"MINERvA="<<theminerva;

cutputFilel <<"CROSSING_MINERvA="<<thecrossing;
outputFilel <<"MISSING_MINERvA="<<themissing;
outputFilel <<"BETWEEN_END_& VIRTUAL="<<thebetween;
outputFilel <<"FIDUCIAL_MINERvA="<<thefiducialminerva;

outputFilel.close ();

hsvE->Add (h2,1) ;
hsvE->Add (h7 ,1);
hsvE->Add (hi12,1);
hsvE->Add (h17,1);
hsvE->Add (hbvE, 1) ;

hsuE ->Add (h3,1);
hsuF ->Add (h8,1) ;
hsuE->Add (h13,1);
hsuE->Add (h18,1);
hsuE->Adgd (hbuk,1);

// all (60,0,90)

hstheta->Add (h5,1); // MINERvA

hstheta->Add (h10,1) ; // MINDS fiducial region
hstheta ->Add(hi& ,1); // crossing MINERvA
hstheta->Add (h20 ,1); // missing MINERvA

hstheta->Add (hbtheta ,1); // back
hsmmvE->Add (h2,1) ;
hsmmvE->Add (h7 ,1); //muons ending MINERvA(hole)+MINOS(

fiducial)

hsmmtheta->Add (h5,h10,1.0,1.0); // muons ending in MINERwvA(
hole) + MINOS(fiducial)

// acceptance theta MINERvA and MINOS

haccthetaminerva->Divide (h5,hstheta ,1,1);

haccthetaminos->Divide (h10,hstheta ,1,1);

//acceptance uE MINERvA and MINOS
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haccuEminerva->Divide (h3,hsukE ,1,1);

haccuEminos ->Divide (h8,hsuE ,1,1);

//acceptance vE MINERvA and MINOS

haccvEminerva->Divide(h2,hsvE ,1,1):

haccvEminos->Divide(h7 ,hsvE,1,1);

hacctheta->Divide{hsmmtheta ,h hstheta,1,1);

haccvE->Divide (hsmmvE ,hsvE,1,1);

hprobfidmin~>Divide(hfmuE,hsuE,1,1);
hprobmin->Divide (h3,hsuE,1,1);
hprobminos ->Divide (h8,hsuE ,1,1);

TCanvas *cl1 = new TCanvas ("cl","first canvas®,1200,1200);

cl->cd{);

hsvE->SetlineStyle (2);
hsvE->SetLineColor (1)} ;
hsvE->SetLineWidth (4} ;
hsvE->SetTitleOffset (1.6,"y");
hsvE->Draw () ;
h2->SetLinelolor (2);
h2->SetlLineWidth (4);
h2->Draw{"same") ;
h7->SetLineColor (4);
h7->SetLlineWidth {4} ;
h7->Draw ("same ") ;
h22->SetLineColor (3);
h22->Draw (" same ) ;
hfmE->SetLineColor (8);
hfmE->SetLineWidth (4) ;

hfmE->Draw("same");
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TLegend *legl = new TLegend
(0.5235562,0.7002762,0.8427052,0.9005525 , NULL ,"brNDC");

legl->SetFillStyle (0);

legl->SetText3ize (0.025)};

legl->SetHeader (" Neutrino energy for CCY);

legl->AddEntry ("hsvE","Total® ,"1£");

legl->AddEntry ("h2", k" MINERvA®,"1");
legl->AddEntry{("hfmE" ,"MINERvA fid. vol.”,"1"):
leg1—>AddEntry("h7",“MINDS fid. wvol.","1");

legl->AddEntry (*h22*","MINOS (hexagenal regiom)™,"l");
legl->Draw();
cl->Print("vE_1.png");

TCanvas *c2 = new TCanvas ("c2","second canvas",1200,1200);

c2->cd();

hsvE->Setline3tyle (2) ;

hsvE->SetLineColor (1) ;

hsvE->SetLineWidth (4) ;

hsvE->SetTitlelOffset (1.6,"y");

hsvE->Draw () ;

hi2->8etLineColor (8);

hi2->SetlLineWidth (4);

hi2->Draw ("same") ;

hi7->SetlineColor (46} ;

hi7->8etLineWidth (4);

hi7->Draw (" same") ;

TLegend *leg2 = new TLegend

(0.5235562,0.7002762,0.8427052,0.9005525, NULL ,"brNDC™") ;

leg2->8etFillStyle (0);

leg2->SetTextSize (0.025);

leg?2->SetHeader {"Neutrino energy for CC");
leg2->AddEntry {("hsvE" ,"Total” "1f"};
leg2->AddEntry("hl2","crossing MINERvA" ,"1%) ;
leg2->AddEntry {("h17" "missing MINERvA" ,"1");
leg2~->Draw () ;

c2->Print ("vE_2 .png");

TCanvas *c3 = new TCanvas ("c¢3","third canvas"“,1200,1200);
c3->cd ()

hsuE->SetLineStyle (2);

hsuE->SetLineColor (1) ;

hsuE->SetLineWidth (4} ;
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//
/Y

//

hsuE~>8etTitleDffset (1.6 ,"y");

hsuE->Draw () ;

h3~>8SetLineColor (2);

h3->SetlineWidth (4) ;

h3->Draw{"same") ;

h8->SetLineColor{4);

h8->SetLlineWidth (4);

h8->Draw (" same") ;

h23->8etLineColor (3);

h23~>Draw ("same" ) ;

himuE->SetLineColor{(8g)

hfimuE~->SetLineWidth(4);

hfmyE->Draw ("same"

TLegend *leg3 = new TLegend

{0.5235E562,0.7002762,0.8427052,0.9006525, NULL ,"brNDC") ;

leg3->SetFillStyle (0);

leg3->SetTextSize (0.026);

leg3->SetHeader ("Muon energy for CC");
leg3->AddEntry ("hsuE" ,"Total" ,"1£");
leg3~>AddEntry ("h3" ,"MINERvA","1£");
legd->AddEntry ("hfmuE" ,"MINERvA fid. vol.","1");
leg3~->AddEntry ("h8% ,"MINDS fid. vel.","1");
leg3->AddEntry ("h23","MINOS (hexagonal region)","1");
leg3-»>Draw();

c3->Print ("uE_1.png");

TCanvas *c4 = new TCanvas ("cd","fourth canvas" ,1200,1200);

ci->cd ()

hsuE~>3etLineStyle (2) ;

hsuE->SetLineColor (1) ;

hsuE~->SetLineWidth {&)

hsuE—>SetTitlefoset(1.6,“y");

hsuE->Draw () ;

hi3->SetLineCclor (8);

hi3->SetlineWidth (4);

hi3->Draw{"same");

hi8~>SetLineCeclor (46) ;

h18->SetLineWidth (4) ;

hi8~>Draw{"same") ;

TLegend *leg4 = new TLegend
(0.5235562,0.7002762,0.8427052,0.9005525,NULL ,"brKDC") ;

legd->3etFillStyle (0);

legd->SetTextSize (0.025);
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legd->SetHeader ("Muon energy for CC")};
legd->AddEntry ("hsuE" ,"Total" ,"1£");
leg4->AddEntry ("hi3","cressing MINERvA","1");
legd->AddEntry ("hi8","missing MINERvA","1%");
legd->Draw () ;

cd->Print ("uE_2.png");

TCanvas #*cb=new TCanvas ("c5","fifth canvas",1200,1200);
c5->cd ();
hbuE->SetLineColor (2) ;
hbuE->SetTitlelffset(1.6,"y");
hbuE->Draw () ;
hbvE->SetLinelolor (1) ;
hbvE->Draw {"same");
TLegend *leghb = new TLegend
{0.5235562,0.7002762,0.8427052,0.9005525, NULL ,"brNDC");
legs->SetFillStyle (0);
legi->SetHeader {("Backwards Muons);
legh->AddEntry {"hbvE","Neutrino Energy in CAPTAIN" ,"1");
legb->AddEntry {("hbuE","Muon Energy","1"};
legh->Draw{);
¢5->Print ("back_uEvE.png");

V- TCanvas *c6=new TCanvas ("c6","MINOS fiducial region
",1200,1200);
hmuons->Draw ("colz");
hminos->Draw("same") ;

c6->Print ("minos_fiducial_region.png");

TCanvas *cB8=new TCanvas ("c8","y muons",1200,1200);
hi->Draw () ;

c8->Print ("y_muons.png");

TCanvas #*c9=new TCanvas ("c9","x muons",1200,1200);
h6->Draw () ;
c9->Print ("x_muons.png");

*/

TCanvas #cll=new TCanvas ("cl11,"MINERvA MINOS theta Y
" 1200,1200) ;
cli->ecd (),
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h9->SetlLineColor (3);

h9->Draw();

hé->SetlLineColor (2);

h4->Draw("same");

TLegend *legb = new TLegend

(0.5235562,0.7002762,0.8427052,0.900565625 ,NULL ,"brNDC");

leg6->8etFillStyle (0);

legb->8etHeader ("Theta Y angle");
legf->AddEntry ("h4" ,"MINERvA" ,"1£f");
legé~->AddEntry ("h9" ,"MINOS" ,"1");
legG->Draw () ;

c11->Print ("thetaY_MINERvA_MINQS.png");

TCanvas *cl12=new TCanvas {("c¢l2","crocssing missing theta Y
",1200,1200);
c12->cd();
hi4->SetLineColoxr (2);
hid4->Draw () ;
hi9->SetLineColor (3);
h19->Draw (" sane") ;
TLegend *leg7 = new TLegend
(0.5235562,0.7002762,0.8427052,0.90056525, NULL ,"brNDC");
leg7->S8etFillStyle (0);
leg7->SetHeader ("Theta Y angle");
leg7->AddEntry ("h14" ,"crossing MINERvA™,"1£");
leg7 ->AddEntry ("h19" ,"missing MINERvA",“"1f");
leg7 ->Drau () ;

cl2->Print("theta¥Y_crossing_missing.png");

TCanvag *cl13=new TCanvas ("c13","MINERvA MINQS theta
",1200,1200);
cl3->cd () ;
hstheta->SetLineStyle (2);
hstheta->S8etlLineColor (1) ;
hstheta->SetLineWidth (4) :
hstheta->SetTitleOffset (1.6,"y");
hstheta->Draw () ;
h->SetLineColor(2);
hb->SetlineWidth (4) ;
h6->Draw ("same") ;
h10->SetLineColor{4);
h10->SetLineWidth (4);
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h10->Draw (" same") ;
TLegend *leg8 = new TLegend
(0.5235562,0.7002762,0.8427052,0.9005525, NULL,"brNDC") ;
leg8->S5etFillStyle (0);
legB->SetHeader ("Theta") ;
leg8->AddEntry ("hstheta" ,"Total" ,"1f");
leg8->AddEntry ("h5","MINERvA™,"1");
leg@->AddEntry ("h10","MINGS fid. vol.","1");
leg8->Draw () ;
c13->Print ("theta MINERvVA_MINOS.png");

TCanvas *cld=new TCanvas ("cl4","crossing missing theta
®,1200,1200);

cld->cd () ;

hstheta->3etLineStyle (2);

hstheta->SetLineColor (1) ;

hstheta->SetLineWidth (4);

hstheta->SetTitlelffset (1.6,"y");

hstheta->Draw () ;

h15->SetLineColer (8):

hi5->SetLineWidth (4);

hi15->Draw ("same" ) ;

h20->8etLineColor (46) ;

n20->SetLineWidth (4) ;

h20->Draw (" same"

TLegend #*leg® = new TLegend
(0.5235562,0.7002762,0.8427052,0.9005525 , NULL ,"brNDC") ;

legd->5etFillS5tyle (0} ;

legd->SetHeader ("Theta");

1eg9">AddEntry(”hStheta","Total","lf");

leg9->AddEntry ("hib" ,"crossing MINERvA" ,"1");

leg9->AddEntry (*h20" ,"missing MINERvA","1%);
legt->Draw () ;

cl4->Print ("theta_crossing_missing.png");

TCanvas *clb=new TCanvas ("cl5","backward thetaY and theta
",1200,1200);

c15->cd () ;

hbtheta->SetLineColor (3);

hbtheta->SetTitlelffset(1.6,"y");

hbtheta ->Draw();



*/

/7

hbthetaY->SetLineColor (2);

hbthetaY->Draw("same") ;

TLegend *legll = new TLegend(0.2,0.7002762,0.5,0.9005525,

NULL ,"brNDC"} ;

legl0->SetFillStyle (0);

leglO->SetHeader ("Theta");

legli0->AddEntry ("hbtheta¥Y" K "backward Theta ¥U,m1ny);
legl0->AddEntry ("hbtheta", "backward Theta","1")
legiO->Draw () ;

c15->Print("thetaY_theta_backward.png");

TCanvas *cif=new TCanvas ("ci6","Z21 from CAPTAIN",1200,1200)
h24 ->Draw () ;
c16->Print("z1_frem_CAPTAIN.png");

TCanvas #cl17=new TCanvas ("c17","Comparing energies
»1200,1200) ;
cl7->cd (),
hvE->SetLineColor (1);
hvE->SetLineWidth {(4) ;
hvE->SetTitleOffset (1.6,"y");
hvE->Draw (" same"
hsvE->SetLineStyle (2);
hsvE->SetLineColor(1};
hsvE->SetLineWidth (4);
hsvE->Draw (" same"
TLegend *legll = new TLegend
(0.5235562,0.8002762,0.8427052,0.9005525, NULL ,"brNDC"};
legil->SetFillStyle (0);
leglli->SetHeader (“Neutrinc Energy"};
legil~>AddEntry ("hvE" ,"Total interactiones in CAPTAIN" , "1f
")
legll->AddEntry ("hsvE" ,"All muons categeries" ,"1");
leglli->AddEntry ("hsvE" ,"MINERvA + MINOS + crossing +
mnissing + backward","1");
legil->Draw();

c17->Print (" comparing_energies.png”);

TCanvas *=ci8=new TCanvas ("cl8","acceptancce theta
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",1200,1200) ;
c18->cd () ;
hacctheta->SetTitlelffset (1.6,"y");
hacctheta->Draw () ;

cl8->Print ("acc_theta.png");

TCanvas *cl9=new TCanvas ("¢19","total wvs real Theta
",1200,1200);
c19->cd (]} ;
htheta->SetlineColor (1) ;
htheta->SetTitlelffset (1.6,"y");
htheta->Draw () ;
hatheta->SetlineStyle (2);
hstheta->SetLineColor (1) :
hstheta->Draw("same");
TLegend #*legl2 = new TLegend
(0.52356562,0.7002762,0.8427052,0.90055625 , NULL ,"bxrNDC");
legl2->8etFillStyle (0);
leglZ->SetHeader {"Theta comparison");
legl12->AddEntry ("htheta","real theta","1£"};
legl2->AddEntry ("hstheta","MINERvA + MINOS + crossing +
missing + backward","1");
leglZ ->Draw{);
c19->Print ("total _real_theta.png");

TCanvas #*c20=new TCanvas {("c20?,"MINERvA+MINOS theta and
real theta ",1200,1200);
c20->cd () ;
hstheta->SetLineStyle(2);
hstheta->8etlineColor (1) ;
hstheta->Draw () ;
hsmmtheta~>SetlineColor (13} ;
hsmmtheta->Draw{"same™”
TLegend #legl3 = new TLegend
(0.5235562,0,7002762,0.8427052,0.9005525 ,NULL ,"brNDC") ;
legl3->8etFillStyle (0);
legl3->SetHeader ("theta comparison");
leng—)AddEntry("hstheta","Total",“lf");
legl3->AddEntry ("hsmmtheta" ,"MINERvA + MINOS ","1");
legl3->Draw{);
c20->Print ("MINERvA_MINOS_total_theta.pug");

TCanvas *c21 = new TCanvas {"c21" ,"end muons MINERvA zy
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", 1200,1200);
c2l->cd () ;
hlmzyt ~>Draw () ;
¢21->Print ("end_muons_MINERvA_zy.png");

TCanvas *c¢22 =new TCanvas ("c22","end muons MINERvA =zx
" .1200,1200);
c22->cd () ;

hlmzxl->Draw () ;

¢22->Print ("end_muons_MINERvA_zx.png");

TCanvas *c23 =new TCanvas ("c23","end muons MINERvA xy
",1200,1200);

c23->cd{);

hfmxyl->Draw () ;

c23->Print ("end_muons_MINERvA_xy.png"),;

TCanvas *c24 =new TCanvas ("c24","energy muon virtual plane
",1200,1200);
hbeguE->8SetLineWidth (4);
hbeguE->SetTitleOffset (1.6 ,%y");
hbeguE->Draw () ;
hfinaluE->SetlineStyle (2);
hfinaluE->SetLineWidth (4);
hfinaluE->Draw("same"
TlLegend *legid4 = new TLegend
(0.5235562,0.8002762,0.8427052,0.9005525 , NULL ,"brNDC"};
legld->8etFillStyle(0);
legl4é~>SetHeader ("¥uon energy lost");
legi4->AddEntry ("hbeguE"," CAPTAIN" ,*1£");
legl4->AddEntry ("hfinalulE”,"plane downstream MINERvA","1f")
legl4->Draw();

c24->Print ("energy_muon_virtual_plane.png");

TCanvas *c241 =new TCanvas ("c241","muon energy comparison:
all muons on vp,matched and not matched ",1200,1200};

hbeguE->SetLineColor (4);

hbeguE->SetLineWidth (4} ;

hbeguE~->SetTitlelffset (1.6,"y");

hbeguE~>Draw ();

h131->8etlineColor (46);

h131->8etlineWidth (&) ;

hi3i{->Draw {"same");



h8~>8etLineColor (i) ;

h8->SetLineWidth (4);

h8->Draw ("same™) ;

TLegend *legld4l = new TLegend

(0.5235562,0.7502762,0.8427052,0.9005525 , NULL , "brNDC") ;

legidl->8etFill8tyle (0);

leglél->S5etTextSize (0.023);

leglél->SetHeader ("Exiting muons at downstream');
legldl->AddEntry ("hbeguRE" ,"Total™, "1f");
legi4l->AddEntry ("h131" ,"missing fiducial region","1f");
leglél->AddEntry ("h8" ,"reaching fiducial region","1f");
leg141->Draw();

c241~>Print ("energy_muon_ncotmatched_matched comparison.png”)

2

TCanvas *c2b = new TCanvas ("c25","end muons MINOS zy
*,1200,1200) ;

c26->cd ()

hlmzy2->Draw {) ;

c25->Print ("end_mucons _MINOS_zy.png");

TCanvas *c26 = new TCanvas ("c¢26","end muons MINOS =zx
",1200,12000;

c26->cd () ;

hlmzx2->Draw () ;

c26—>Print(“end_muons_MINUS_zx.png");

TCanvas *c27 =new TCanvas {"¢27","end muons MINOS xy
. 1200,1200) ;
c27->cd ();

hfmxy2->Draw();
c27-»>Print (" end_muocns_MINOS_xy.png");

TCanvas *c¢28 = new TCanvas ("c28","end muons crossing =zy
*,1200,1200) ;

c28->cd ()

hlmzy3->Draw () ;

c28->Print{"end_muons_crossing_zy.png®);

TCanvas *c29 = new TCanvas ("c¢28","end muons crossing zx
w1200 ,1200) ;
c29->cd ()
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hlmzx3->Draw () ;

¢29->Print ("end _muons_crossing_zx.png");

TCanvas *c30 = new TCanvas ("c30","end muons crossing =xy
",1200,1200);
c30~->cd () ;

hfmxy3->Draw();

c30->Print ("end_muons_crossing_xy.png");

TCanvas #*c301 = new TCanvas ("c¢301","end muons crossing xy 1
",1200,1200);
c301->cd () ;

hfmxy3l->Draw () ;

c¢301->Print("end_muons_crossing_xy_1.pug");

TCanvas *¢302 = new TCanvas ("c302","end muons crossing xy
2" ,1200,1200);
c302->cd () ;

hfmxy32~>Draw();

c302->Print ("end _muons_crossing_xy_2.png");

TCanvas *c31 = new TCanvas ("c31","end muons missing zy
",1200,1200);
c3i->ca();

himzy4~>Draw () ;

c3i~->Print ("end_muons_missing_zy.png");

TCanvas *c32 = new TCanvas ("c32","end muons missing 2zx
",1200,1200);
c32->cd () ;

hlmzx4-~->Draw () ;

¢32->Print ("end_muons_missing_zx.png");

TCanvas *c33 = new TCanvas ("c33","end muons missing xy
",1200,1200);
c33->ca ();

hfmxy4->Draw () ;

¢33->Print ("end_muons_missing_xy.png");

TCanvas *c331 = new TCanvas ("c331","end muons missing xy =z
<4.28",1200,1200);
c331~->cd();

hfmxy4l->Draw();
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¢331->Print{("end_muons_missing_xy_1.png");

TCanvas #c¢332 = new TCanvas ("c332","end muons missing xy z
>4.28",1200,1200) ;
c332->cd ()

hfmxy42->Draw () ;

c332->Print {"end_mucns_missing_xy_2.png");

TCanvas =c¢333 = new TCanvas ("c333","end muons missing zx z
<4,28" ,1200,1200) ;
c333->cd () ;

hfmzx43->Dravw () ;

¢333->Print ("end muons_missing_xy_3.png");

TCanvas *c34=new TCanvas ("c¢34","acceptance vE" ,1200,1200);
c34->cd();
haccvE->Draw () ;

c34->Print ("acc_vE.png");

TCanvas *c35=new TCanvas ("c35","fiducial volume zx
" 1200,1200);
c35->cd ();

hfidminzx->Draw () ;

c35->Print ("fidminzx.png");

TCanvas #¢36=new TCanvas ("c36","fiducial volume =zy
",1200,1200);
c36->cd();

hfidminzy->Draw();

c36~->Print ("fidminzy.png");

TCanvas *c37=new TCanvas ("c37","fiducial wvolume =xy
",1200,1200);
c37->cd ()

hfidminxy ->Draw() ;

c37~>Print ("fidminxy.png");

TCanvas #c¢38=new TCanvas ("c¢38","fiducial volume xyl
" .1200,1200);
c38->cd () ;

hfidminxyl ->Draw () ;
c38->Print ("fidminxyl.png"),;
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TCanvas *c39=new TCanvas {("c¢38" ,"fiducial minerva log scale
muon energy",1200, 1200);

c39->cd () ;

c39->Setlogy () ;

hfmuEl->SetLineColor (6);

himuE1->Draw () ;

€39->Print ("uZ_logscale.png");

TCanvas *c40=new TCanvas ("c40","minerva and mincs muon
probability*® ,1200,1200);

hprobmines->SetLineColor (4);

hprobminos ->Draw () ;

hprobmin->SetlineColor (2);

hprobmin->Draw ("same");

TLegend #*leglbh = new TLegend (0.2,0.7,0.38,0.9,NULL ,"brNDC");
leglb-»SetFillStyle{0);
leglb->SetHeader ("Muon Probabilities");
leglb->AddEntry ("hprobmin", "MINERvA" ,"1");
leglb->AddEntry ("hprobmines ", "MINOS" ,"1");
legl5->Draw () ;

c40->Print ("probabilities.png");

TCanvas *cdl=new TCanvas ("c41","fiducial voclume muon
probability",1200, 1200);
cdl->cd () ;

hprobfidmin->SetLineColor (6) ;
hprobfidmin->Draw{);
c41->Print ("probfidrin.png®);

TCanvas *c42=new TCanvas ("c42","fiducial minerva log scale
v energy" ,1200,1200);
c42->cd ()

c42->S5etLogy () ;
himE->8etlineColor (4);
hfmE->Draw () ;
c42->Print("vE_logscale.png");

TCanvas *c43=new TCanvas ("c43","fiducial minerva normal
scale muocn energy",1200, 1200);

cd3->cd () ;

hfmuEl ->SetlineColeor(8);

hfimuEl ->SetLineWidth (4) ;

hfmuEl ~>SetTitlelffset (1.6,"y");
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/*

hfmuEl ->Draw{);
Tlegend #*leg8 = new TLegend{0.57,0.7985,0.8427052,0.9005525,
NULL ,"brNDC") ;
leg8->SetFillStyle (0);
leg8->SetText8ize (0.025);
leg8->AddEntry ("hfmuEi","MINERvA fid. vel.","1");
leg8->Draw{);

c43->Print ("uE_normalscale.png");

TCanvas *céd4=new TCanvas ("c44" "fiducial minerva normal
scale v energy",1200,1200);

cdd->cd{);

himE->SetLineColor (8) ;

himE->SetLineWidth (4);

hfmE->SetTitlelffset (1.6,"y"),;

hfmE->Draw () ;

TLegend *leg8 = new TLegend(0.57,0.795,0.8427052,0.8005525,
NULL , " brNDC") ;

leg8->8etFill8tyle (0}

leg8->3etTextSize (0.025);

leg8->AddEntry ("hfmE" ,"MINERvA fid. vol.","1");

leg8->Draw () ;

c44->Print ("vE_normalscale.png");

TCanvas *cd45=new TCanvas ("c45","acceptance theta minerva
",1200,1200) ;
cd5->cd {);

haccthetaminerva->0raw () ;

c45~->Print ("accthetaminerva.png");

TCanvas *cd46=new TCanvas ("c46","acceptance theta minos
",1200,1200);
c46->cd () ;

haccthetaminos ~>Draw() ;

cd6->Print ("accthetaminos.png");

TCanvas *c45=new TCanvas ("c45","acceptance theta minerva
and minos",1200,1200);
c45->cd () ;

haccthetaminos ~>SetTitlelffset (1.2,"y");
kaccthetaminos ~>SetLineColor (4) ;
haccthetaminos ~>SetlLineWidth (4);
haccthetaminos ->0raw () ;

haccthetaminerva->SetLinelolor (2);
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haccthetaminerva->SetLineWidth (4);

haccthetaminerva->Draw ("same");

TLegend *leg8 = new TLegend (0.6,0.795,0.8427052,0.9005525,
NULL ,"*brNBRC") ;

leg8->SetFillStyle (0) ;

//leg8->SetHeader ("Theta");

leg8—>AddEntry("haccthetaminerva","MINERVA”,“I");

leg8->AddEntry (" haccthetaminos" ,*MINCS fid. wvol." "1")};

leg8->Draw () ;

c45->Print ("acctheta_minerva_minos.png");

TCanvas *c46=new TCanvas (”"c46","acceptance uE minerva and
minos",1200,1200) ;
cd6->cd () ;

haccuEminos ->SetTitle0ffset (1.2 ,"y");

haccuEminos ->SetLineColor (4);

haccuEminos ->SetLineWidth (4) ;

haccuEminos ->Draw () ;

haccuEminerva->SetLineColor (2) ;

haccuEminerva ->SetLineWidth {4) ;

haccuEminerva->Draw("same")

TLegend *leg8 = new TLegend{(0.2,0.795,0.4427052,0.9005525,

NULL ,"brNDC") ;

leg8->SetFillStyle (0);

legB8->SetHeader {("Muon Energy");

1eg8—>AddEntry("haccuEminerva“,"MINERVA“,“l");
leg8->AddEntry("haccuEminoes","MINOS fid. vol. ","1"};
leg8->Draw();

c46->Print ("accuE_minerva_minos.png");

TCanvas *c47=new TCanvas ("cd47","acceptance uE minerva
",1200,1200);
cd7->cd () ;

haccuEminerva->Draw();

cd7->Print {"accuEminerva.png");

TCanvas #*c48=new TCanvas ("c48","acceptance uE minos
" 1200,1200) ;
cd8->cd () ;

haccuEminos ->Draw () ;

c48->Print ("accuEninos.png"};
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TCanvas *c47=new TCanvas ("c47","acceptance VE minerva and
minos™" ,1200,1200);

cd7->cd () ;

haccvEminerva->8etTitlelffset(1.2,"y");

haccvEminerva->SetLineColor (2) ;

haccvEminerva->8etlineWidth (4) ;

haccvEminerva->Draw () ;

haccvEmines->8etLinelolor (4);

haccvEminos ->8etLineWidth (4) ;

haccvEmines ->Draw{"same") ;

TLegend *1leg8 = new TLegend{0.4,0.795,0.6427052,0.9005525,
NULL ,"brNDC") ;

leg8->5etFillStylea (0);

leg8->SetHeader ("Neutrino energy");

leg8->AddEntry("haccvEminerva” ,"MINERvA" ,"1");

leg8->AddEntry ("haccvEminos" "MINOS fid. vol. ","1");

leg8->Draw () ;

c47->Print ("accvE_minerva_minos.png");

TCanvas *c49=new TCanvas ("c49","acceptance vE minerva
",1200,1200};
cd9->cd () ;

haccvEminerva->Draw () ;

cd49->Print("accvEminerva.png");

TCanvas #*c¢50=rnew TCanvas ("c50","acceptance vE minos
",1200,1200};
c50->¢cd ()

haccvEminos ->»>Draw (),

c¢50->Print("accvEminos .png");

TCanvas *cG5l=new TCanvas ("cbl","capzy",1200,1200};
c51->cd () ;

hcapzy->S8etTitleOffset (1.2,"y");
hecapzy->Draw{"colz");

¢51->Print ("capzy.prg") ;

TCanvas *cb2=new TCanvas ("cb2","capzx" ,1200,1200);
c52->cd () ;

hcapzx->SetTitlelffset{1.2,"y");

hcapzx ->Draw ("colz");

c52->Print (“capzx .png");
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TCanvas *c53=new TCanvas ("c53","thetacapz",1200,1200);
chb3->cd ()

hthetacapz->8etTitleDffset (1.2,"y");
hthetacapz->Draw("colz");

cb3->Print (" thetacapz.png");

TCanvas *cbd=pew TCanvas ("c54","thetacapx™,1200,1200);
chbd->cd () ;

hthetacapx->SetTitle0ffset (1.2,"y");

hthetacapx ->Draw("colz");

cb4->Print("thetacapx.png");
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Appendix C

CAPTAIN Acceptances by blocks

C.1 Acceptances as a function of the Neutrino Energy

Figure C.2: Left:Acceptance in the Down-back block. Right:Acceptance in the Down-front

block.
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C.2 Acceptances as a function of the Muon Energy
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Figure C.3: Left:Acceptance in the up-hack block. Right:Acceptance in the up-front block.
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C.3 Acceptances as a function of the Muon Angle

Figure C.5: Left:Accoptance in the up-back block. Right:Acceptance in the up-front block.

Figure C.6: Left:Acceptance in the down-hack block. Right:Acceptance in the down-front

block.

Acceptance
<

= |

|

]

o
@

0.5F
0.42
0.35
02f

a.

g HILLL s !
:nf ! P - VU VN W B

e MINERVA

s MINOS ),

ik il P
t0 20 30 40 50

60 70 80 90
Theta

=]
o
[

2
o

Acceptance

0.7

0.6

0.5

0.4

=4
£

=
i)

T T T T T T

o
-

ndlordani) La

e MIHEARA
e MINGS fid.

[=]
ST

L T P T,
0 20 30 40 50

bt
60 70 B0 90
Theta

93

Acceptance
=
2

e
@

0.5

0.4F

0.3]

——— MIHERvA
—— WINOS lia.

0.2 N,
n
01 4
£ ‘L[
o .,LLll..l ....... | ..I...I\}ﬁﬂl..n
0 20 30 40 50 60 70 60 90

Acceptance
[=]
o

0.6

0.5¢

0.4

Theta

P

T

s MINERVA

—— WINGE Hd. l

L_-"—u”ﬂ.ﬂrrl}.l"‘jlpd

i

‘II%,

P i
0 t0 20

80 90
Theta

N PURTTTTEE BTN FUU B e T
30 40 50 60 7O



Bibliography

[1] 7. Maki. AL Nakagawa. and S. Sakata. Prog. Theor. Plivs. 25, 870 (1962).
2] Von Baver, O. Habhin, L. Meituer, Phys. Zeitschrift, 12, Jauuary, 1911, p. 378.

3] C.D. EHis, B.A. Wooster, The average energy of desintegration of Radium E.Proc. Roy.
Soc. A117(1927) 109-123.

4] W. Pauli. Letter sent to Tubingen conference. Dec. 1930,
[5] J. Chadwick. F. (1932) Proc. Rov. Soc.. A 136. 692705,

[6] Fred L. Wilson. Ferui's Theory of Beta Decayv (English translation). Awmerican Jonrual of

Physics vohune 36, munber 12, pagina 1150.
[7] Reiues, F. and Cowan, C. L. Nov, (1953), Phyvs. Rev. 92(3), 830831

[8] C.1.. Cowan. F. Reines. F. B. Harrison, H. W. Krnse. AL D, McGuire. (1956). "Detection

of a Free Neutrino: a Confiriration”. Science Vol 124 . Numther 3212,
(9] F. Remes and C.L. Cowan,(1956G), “The nentrino”. Nature 178 <L16,

[10] M. Goklhaber, L. Grodzins., and A W. Sunyvar,(1957), Helicity of neutrinos, Phys. Rev.
[O9 1015,

[11] R. Davis. (1955}, Phys. Rev. 97. 766.
[12] R. Davis and D.S. Harmer, . Bull. Am. Phys. Soc. 4. (1059)217.
[13] C.S. Wu et al., Phys. Rev. 105 (1957)1413

[14] Danby, G., Gaillard, J.-M., Goulianos, K., Lederman. L. M. Mistry. N Schwartz, M., and
Steinberger, J. July 1962 Physical Review Letters 9, 3644,

[15] Gargamelle Neutrino Collaboration: F.J. Hasert et al.. Observation of neutrino-like inter-
actions without muon or electron in the Gargamnelle neutrino experiment. Phys. Lett. B

46 (1973)133.

91



BIBLIOGRAPHY 95

[16]

[17]

(18]

[19]

[20]
[21]

22)

[23]

28]

[29]

130]

R. Davis.D.S. arner. and K.C. Holhuwan, Scarclh for uentrinos from the sun, Plyvs. Rev.

Lett. 20 (E9GR)1205.

Haines, T.J., Bionta, R, Blewitt. G.. Bratton, C.I3.. Casper, D., Claus, R. et al. (1986)
Caleulation of atmospheric neutrino-induced backgrounds in a nucleon-decay search. Phys.

Rev. Lett. 57. 1986-1989.

Nakahata. M., Arisaka, K., Kajita. T.. Koshiba, M., Ovama. Y.. Suznki. A. et al. (1986)
Atmospheric nentrino background and pion nuclear effect for IKARMIOIKA nucleon decay

experiment. J. Phys. Soc. Jpu. 55, 3786-3805.

Hirata, K.S.. Kajita. T.. Koshiba. M., Nakahata. M. Olara. S.. Ovama, Y. ot al. (1953)

Experiniental study of the atmospherie neutvine fux. Phys.Tett. B 205, 116-120.
V.N. Gribov and B. Poutecorva. Phys. Lett B 28(1969)493.
DONUT Collaboration (2001} Phys. Lett. B504, 218224,

ALEPH Collaboration:D. Decamp ot al.. "Determination of the Number of Light Neutrino
Species”. Phys, Lett. B 231(1989)519.

Delphi Collaboration:P.A. Aarnio et al.." Measurcment of the Mass and Width of the Z"
Paricle from Multi-Hadronic Final States Produced i the ¢ ¢~ Annihilation”, Phys. Lett.
B 231 (1989)539.

L3 Collaboration:B. Adeva et al..” A Determination of the Properties of the Neutral Inter-
nediate Vector Boson Z°7. phys. Lett. B 231 (1989)509.

OPAL Collaboration:M.Z. Akrawy et al.,” Measurcinent of the Z°% Mass and Width with
the OPAL Detector at LEP”, Phys. Lett. B bf 231 (1989)530.

C. Patrignaui ot al. (Particle Data Group). Chinese Physies C, 100 100001 (2016).

J. A, Formaggio. G. P. Zeller, (2012). Frown ¢V to EeV: Neutrino cross seclions across
energy scales, Rev, Mod, Phyvs: Volume 84,1307 .

D.Casper (2002). The NUANCE Neutrinoe Simulation, and the Futinre, arXivihep-
ph/0208030v1.

B.T. Cleveland ot al. Astrophys. J 496 . 505 {1998).

Bahcall J N and Pena-Garay C 2004 New J. Phys.G 63.



BIBLIOGRAPHY 96

[31]

371

38)

39)

[40]

(). R. Alimad ct al. {SNO Collahoration). Measurement of the Rate ol v, +d = p + p
+ ¢ Interactions Produced by *13 Solar Neutrinos at the Sudbury Neutrino Observatory.

Phivs. Rev. Lert. 87. 071301 (2001).

Q. R. Alimad et al. (SNO Collaboration), Direct Evidence for Nentrino Flavor Trausfor-
nation from Neutral-Cirrent Interactions in the Sudbury Neutrino Observatory. Phys.

Rev. Lett. 89, 011301 (2002).

J. Hosaka et al.. Solar nentring measurements e Super-Kamiokawde-1. Phys, Rev.. D73.

112001 (2006). hep-ex /0508033,

Jo N Baheall, A AL Serenelli and S, Basu, New solar opacities, abundances, helioseisimol-

ogy, and neutrino Auxes. Astrophys. J.. 621, LRSLAY (2005).

K. Eguchi et al.(2003) (IKaimnlLAND Collaboration) First Results from KamLAND: Evi-
dence for Reactor Anti-Neut rino Disappearance | Phys, Rev. Lett. 90, 021302.

Abe et al. (The KamLAND Collaboration)2008(). Precision Measurement of Neutrino
Oscillation Parameters with KammLANDS.. Plivs. Rev. Letr, 100, 221303,

Apollonio. M. et al. Lhuits on neutrine oscillations from the CHOOZ experiment. Phys.

Lett. B 466, 415430 (19499).

Bochm. F. et al. Search for uentrino oscillations at the Palo Verde nuclear reactors. Phys.

Rev. Lett. 84, 37643767 (2000).

Abe, Y. ot al. Indication of reactor electron-antineutrino disappearance in the Double

Chooz experiment. Phvs. Rev. Lett. 108, 131301 (2012).

Abe Y. ¢t al. Background-independent measurement of 3 in Donble Chooz. Phys. Lett.

BB 735. 5156 (2014).

Al J. K. et al. Observation of reactor electron antinentrino disappearance i the RENO

experinient. Plivs. Rev. Lett. 108, 191802 (2012).

An, F. P. et al. Observation of electron-antinentrino disappearance at Dava Bay. Phys.

Rev. Lett. 108, 171803 (2012).

An, F. P. et al. Spectral measurement of electron antinentrino oscillation amplitude and
frequency al Dava Bay. Phvs. Rev. Lett. 112, 061301 (2014). Detennination of thie mixing
angle b 13 and observation of thie associated oscillations at the Dayva-Bay reactor experi-

maent.



BIBLIOGRAPHY 97

[44] T. K. Gaisser, M. Honda. (2002}, Fhix of Atiospheric Neutrinos, arXiv:hep-hp/0203272v2,

[45] Y. Fukuda et al. (Super-Kamiokande Collaboration) (1998). Evidence for Oscillation of
Armospheric Neutrinos, Phys. Rev. Lett. 81, 1562

[16] T. Kafka. talk presented at 5th International Worlshop on Topics in Astroparticle and
Underground Physics (TAUP 97), Gran Sasso. Italy. 711 Sep 1997 hep-ph/9712281: E.
Peterson. talk presented at The XVIIIth International Conference on Neutrino Physics
and Astrophvsics (NEUTRINQOS8). Takayama. Japan. 49 June, 1993: H. Gallagher. par-
alle] session talk presented at The 29th Tnternational Conference on High-Energy Physics

(ICHEP 98), 2329 Jul 1998, Vancouver. Canada.

[47] Allison, W.WAL, Alner, G.J. Ayres, D.S. Barr, G.. Barrett. W.L., Bode, (. ot
al.{Soudan-2 collaboration) (1999) The atmospheric nentrino flavor ratio from a 3.9 fiducial

kiloton-year exposure of Soudan 2. Phys. Lett. B 449, 137-144.

[48] Ambrosio. M., Autolini, R., Aramo, C.. Auriemma. G.. Baldini, A., Barbarino, G.C. ¢l al.
(MACRO coltaboration) (1998) Measurewent of the atmospheric uentrino-huduced upgoing

non fhux using MACRO. Phys. Lett. B 434, 451-457.

[49] Ambrosio. M.. Antolini. R.. Aurienmma, G., Bakari, D.. Baldini, A.. Barbarino, G.C. et
al (MACRO collaboration) (2000) Low energy atmespheric muon ueutrinos in MACRO.
Phys. Lett. B 478, 5-13.

50] K. Abe, N. Abgrall, H. Aihara et al.. The T2K experiment, Nuclear Instruments and
Methods in Physics Research, Section A, vol. 659, no. 1, pp. 106135. 2011.

[51] M. H. Alin, E. Aliu, 8. Andringa ¢t al.. Measurewent of nenirino oscillation by the K2I<
experiment, Physical Review D, vol. 74, no. 7. Article ID 072003, 39 pagoes, 2006.

[52] 1. Ambats et al., (MINOS Collaboration). The MINOS Detectors Technical Design Re-
port,1998.

(53] D. Ayres et al., Letter of Intent to build an Off-axis Detector to study v, to v, oscillations

with the NuMI Neutrino Bear. http://arxiv.org/abs/hep-ex /0210005,

[54] D. Ayres et al., NOvA: Proposal to build a 30 kiloton off-axis detector to study v, = e
oscillationsg in the NuMI beawline, 2004,

[55] D. Ayres et al.. The NOvA Technical Design Report FERMILAB-DESIGN-2007-01, 2007.

56] J. Hylen ot al., NuMT Technical Design Handbook, Internal NulT report (2003).



BIBLIOGRAPHY s

[37]

58

59

[60)]

1)

162]

63

[64]

165]
[66]
[67]

[63]

[72]

[73]

R. M. Zwaska, Accelerator Systoms and Iustrumnentation for the NuMI Neatrino Bean.

PhD thesis University of Texas at Austing 2005.

G. Arturo Fiorentint Aguirre (2013). Measurement of u,,,, Induced Charged-Current Quasi-
v 2 — 10, PILD. Theses. Centro Brasileiro de
Pesquisas Fisicas (CBPF), Rio de Janetro - Brazil.

Elastic Cross Scctions on Polystyrene at E

8. Kopp. The NuMI Neutrino Beam at Fermilaly, Departinent of Physics-University of
Texas. Austin, TX 78712, US.AL

D.G. Michael ot al. (MINOS collaboration), (2008), The Magnetized steel and seiatilla-
tor calorhucters of the MINOS experitent. Nuel, Tnst. and Meth. Phiys. Res. Scet. AL
H96:190228.

Richard Gran (2007). The MINERrA Neutrino Interaction Experineent. arXiv:0711.3029.

I.. Aliaga et. al: Design. Calibration. and Performance of the MINERvA Detector:
Nucl.Inst Metlr. A473 (2014) 130: arxiv:1305.5199.

(. Rubbia {1977), The Liguid-Argon Time Projection Chamber: A New Concept for
Neutrino Detectors, CERN, 2P Internal Report 77-8.

Piotr Poski, Dorota Stefan. Robert Sulej. Krzysztof Zaremba. Image Segmentation in
. J [m)

Licquid Argon Thne Projection Chamber Detector

http:/ /www2 warwick.acuk/fac/sei /pliysies/research /epp/exp/detrd /lar /doc/larseminarvi. pdf
H. Chen et al. [MictoBooNE Collaboration]. FERMILAB-PROTPOSAL-0974,

I.. Camilleri [MicroBooNE Collaboration]. Nucl. Pliys. Proc. Suppl. 237-23%. 181 (2013).

Qiuguang Liu, The CAPTAIN Liquid Argon Neutrino Experbnent. DPhysics Procedia 61
(2015) 483-487.

E. Conti et al.,, Phys. Rev. I3 63(2003) 054201
B. Rosst et al. JINST -1(2009)P07011

LOU  presented  to  Fermilab  PAC,  httpr/ /www.fnal.gov /directorate /progratu

planning/Jan2015Public /LOI- LBNF . pdf
(. Adains et al. (LBNE Collaboration). arXiv:1307.7335 hep-ex.

C. Andersou ef ab. (ArgoNenT Collaboration). Phys. Rev. Lewt. 108, 161802 {2012).



[74] R. Acciami et al. (ArgoNeuT Collaboration), Pliys. Rev. D89, 112003 (2014).
75] R. Acciarni et al. {AvgoNeuT Collaboration), Phys. Rev. D90. 012003 (2014).
[7G] R. Acciarri et al. {ArgoNenT Collaboration). arXiv:1408:0598 hep-ex.

177] (2015).Proposal CAPTAIN-MINERA: Neutrino-Argon Scattering in a Medium-Energy

Neutring Beam

[78] Andreopoulos. C. ct al, Nuclear Instrmuents and Methods in Phvsics Research A 614, 87
(2010).

[79] S. Agostinelli et al. [GEANT4 Collaboration], Nucl. Instrum. Meth. A 506, 250 (2003).

[80] J. Allison. K. Amako, J. Apostotakis, H. Arvaujo. P. A. Dubois. M. Asai, G. Bar- rand and
R. Capra et al., IEEE Trans. Nucl. Sci. 53. 270 (2006).

[81] Geant4, Model: Ftfp, Accessed: 2016-02-11, URL http://geantd.cern.ch/
support/proc_mod_catalog/models/hadronic/FTFP html.

[82] Geant4, Model:Bertini cascade, Accessed:2016-02-11, URL http://geantd.cern.ch/suppo:

3] C. Alt ot al.. Eur. Phys. J. C 49, 897 (2007),
[84] D. S. Barton ct al., Phys. Rev. D 27, 2580 (1933).

[85] A. Ferrani, P.R. Sala. A. Fasso, and J. Ranft. Fluka. CERN-library in: hetp://fluka. web,
cern. ch/fluka. (2005)

186] Aaron Higuera, CAPTAIN-MINERvA . MINERvA Document 11029-v1.

87 nttps://cdcvs.fnal.gov/redmine/projects/minerva/wiki/
P g p
7 Positions_of_Planes_in_the_Full MINERvA_Detector

09



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109

