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Abstract

MINERvA Experiment (http: // minerva.fnal.gov/), developed in Fermilab,
studies the interactions between neutrinos and atoms, to determine the nuclear
effects and the neutrino cross section of interactions,giving indicationsfor the right
development of the oscilation and dispersion neutrino theory. MINERVA is
quasiacronimof Main Injector ExpeRiment:v-A.

This work is centred to demostrate a tool to constrain the muon neutrino
flux using neutrino electron scattering studies at the MINERvA Experiment in
the medium energy; about 6 GeV Neutrino electron scattering helps to reduce
flux normalization uncertainties on MINERvA’s absolute cross-section measure-
ments. The electron is detected via an electromagnetic shower, produced by a
single outgoing electron with a very forward angle.

We will describe how the single electron, and the expected signal events, are
isolated using a simulation of neutrinos produced by the medium energy beam.
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Chapter 1

INTRODUCTION

Particle physics is the study of fundamental properties of matter and interac-
tions. It seeks to provide the ultimate answer to the questions "what is that
made of?” and "how was it made?”. The scattering of one particle by another
has been one of the most successful tools in discovering answers to these ques-
tions and understanding the most basic building blocks of the universe.

Scattering has provided proof for the existence of increasingly fundamental
constituents of matter: atoms — nuclei — nucleons — quarks. The Standard
Model of particle physics is the most complete explanation of the subatomic
universe, but it does not describe all phenomena.

The neutrino was postulated originally by Pauli in 1930, and since then,
the neutrino has played a prominent role in our understanding of Nuclear and
Particle Physics. From its postulation, scientist have detected and measured
neutrinos from different sources, man made and natural.

From the experimetal evidences and some inferences that we can made from
them, comes an understanding of how neutrinos interact with the matter. The
correct knowledge of neutrino interaction cross sections is an important and
necesary knowledge in neutrino measurement.

The main remarkable feature of neutrino electron scattering is that it is
highly directional. The outgoing electron is emitted at very small angles with
respect to the incomming neutrino direction.

Experimentally, neutrino electron scattering measurement is a very dificult
task, due to the smallness of its cross section (~ 107*?cm?) and to the presence
of abundant competing background processes which cannot be totally elimi-
nated on an event by event basis.
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1.1 The Standard Model

Around of 1973-1974, the ideas put forward earlier by Weinberg and Salam and
by Glashow, on electroweak unification gradually led to the formulation of the
so-called Standard Model. It explains three of the four observable forces: the
electromagnetic, strong, and weak forces, and defines 16 fundamental particles.
There are three types of particle: bosons, quarks, and leptons. On the Figure
1.1 are shown the Familie of Particles on the Standard Model.

Three Generations
of Matter (Fermions) spin %
| 1} i

SS. 171.2 GeV o
harge % t o g
nnnnn top glu
0
Y
@
=] hoton
o P M(H)=~126GeV
~ [praeevg 5114 GeV
= Z 0 I I
& 0
7 | weak Higgs
o [ force boson
& [posesry spin 0
T W

ak
tau G [
o | force

Leptons

Figure 1.1: The Standard Model is a kind of periodic table of the elements in
particle physics.

The Lagrangian Model is based on the gauge group SU; x U;. The left-
handed fermions from SU, doublets, while the right-handed fermions are in
SU, singlets. Of the four original gauge fields, three acquire mass by the spon-
taneous breaking of gauge symmetry, via the Higgs mechanism, and become the
massive W+, W~ and Z° bosons.

One of the original gauge bosons, which is left massless, is identified with
the photon. The fermions of the theory are the leptons and the quarks. The
theory would have triangle anomalies unless the fermions in the theory had ap-
propriate hypercharges such that all the anomalies cancel among themselves.

The hypercharge assignments are such that cancellation of anomalies does
indeed take place. The fact that the quarks carry color is irrelevant for the elec-
troweak sector; in summing over the colors, one gets only a numerical factor for
the number of colors. Quarks and leptons are fermions, which have half-integer
spin.
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There are 6 quarks and 6 leptons, which come in pairs that are repeated for
three generations. The quark generations are up (u) and down (d), charm (c)
and strange (s), top (¢) and bottom (b). There two types of leptons: charged
and neutral (electron, muon, tau; electron neutrino, muon neutrino, tau neu-
trino). See Figure 1.1. For each of these particles there is an antiparticle.

The lepton generations are electron (e) and electron-neutrino (v.), muon
(1) and muon-neutrino (v,), tau (7) and tau-neutrino (v,). For each one of the
fermions, exists an anti-particle that carries the opposite quantum numbers [2].

The quarks also have strong interactions. For dealing with this part, use was
made of the Lagrangian for QCD wich was avaliable from the work of Fritzsch,
Gell-Man and Leutwyler and Gross and Wilczek and Politzer. Since QCD is
also renormalizable, adding it to the electroweak theory produced a renomarl-
izable gauge field theory wich is capable of dealing with electroweak and strong
interaction. This is the Standard Model [1].

Calculations of strong interactions corrections to electroweak theory, called
QCD corrections are feasible in the realm of high energies where the strong
interaction effects are small, due to the asymptotic freedom of QCD, and per-
turbation theory can be used. The time was ripe for mounting experiments to
test the predictions of the standard model.

The Standard Model cannot explain all observed phenomena. The most
obvious shortcoming is that it does not attempt to explain gravity. But the
Standard Model also fails to explain some subatomic behavior, although was
constructed to do so.

1.2 Neutrino History

Even since the early days of discovery of g radioactivity, several people were
involved with further investigations of the properties of the § particles. It was
discovered that ( particles of both signs (electrons and positrons), are emitted
in [ decays.

Early crude measurements of 5~ energy, by absorving them in thin foils,
showed to be electrons. The energy measurements of g particles were continu-
ally improved by construction of magnetic spectrometers an other methods.

At the same time, progress was being made in more precise measurements of
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Figure 1.2: Beta decay energy spectrum [5].

atomic masses using mass spectrographs. It was established from a number of
such measurements that although the nucleus undergoing the g transformation
was in a definite state and the product nucleus was in a definite state, so the
emitted (3 particle had a continuous distribution of energies.

Measurements showed that the energies of the § particle continuosly ranged
from very low energies to a maximum energy Fjq., (the end point energy of
the [ spectrum), where Fy,, is equal to energy difference between the parent
nuclear and the product nuclear states. This observations were very puzzling,
because it seemed to imply lack of energy conservation in this process. In the
Figure 1.2 is showed the 3 decay energy spectrum.

By energy and spin conservation, the decay was believed to be a two-body
process,

2 2 2
my, +mg — my

n—p+e then E, , (1.1)

2m,,

where E, is the energy of the ejected electron in the rest frame of the neutron
and my,, m,, and m, are the neutron mass, proton mass, and electron mass |5].

Pauli on 1930, who was not willing to abandon the energy conservation,
came up with the idea that possibly a neutral invisible particle is emitted along
with the [ particle. Originality Pauli called "neutrons" to this particles.

He suggested that the two particles together share the energy difference be-
tween the initial and the product nucleus consistent with the conservation of
energy and momentum. If such a neutral particle did indeed exist, its mass, as
deduced from the energy distibution of the 3 particles at the end point, showed
that it was consistent with being zero within experimental errors.
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It was thus assumed that it was a particle of zero rest mass. Enrico Fermi
proposes "neutrino" as the name for Pauli’s postulated particle. He formulates
a quantitative theory of weak particle interactions in which the neutrino plays
an integral part.

Because the nuclear states are also characterized by definite values of angular
momentum, the neutrino along with the § particle must serve to conserve the
angular momentum. The [-decay reaction is now described as

mg +mZ — (m2 +m2)

n—p+e +v, E.€|me, (1.2)

Y

2m,,

where the presence of the neutrino kinematically allows the electron to have
a continuous energy spectrum |[5].

In terms of the angular momenta involved, measurements showed that, ei-
ther both the initial and product nuclei had integer angular momenta, or both
had half-odd integer angular momenta, never otherwise.

This is only possible if the [ particle and the neutrino together carry off
integral units of angular momenta. Because the electrons has an intrinsic spin
(1/2), the neutrino too must posses a half-odd integer spin, that is, it must
obey Fermi-Dirac statistics, like the electron. For definiteness and simplicity, it
was postulated to have a spin (1/2) like the electron.

Neutron Beta Decay Electron Capture Inverse Beta Decay

p o v v et
Initial Ge — Final G initial Ge Final
state € state Initial £ Final state state

state state
v
P & 2 = + "
n>p+e +V e +p>n+V V+p —>n+e

Figure 1.3: Left: Neutron Beta decay, this is the Pauli proposal. Center: Elec-
tron Capture. Right: Inverse Beta decay, reaction used by Reines and Cowan
on reactor experiment. [5].

The neutrino eluded direct observation for a long time after Pauli’s sugges-
tion; persistent efforts, led to a direct observation of its properties by the use
of some remarkable methods.

There is little relationship between neutrons proposed by Pauli and particles

called neutrons in these days. They are completely different. Unfortunately or
fortunately the expected particle was highly elusive, no mass, no charge, or no
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strong interaction with matter.

This was the result of an small cross-section (o, ~ 10~*em?), for about 25
years there were efforts to detect them. The possibility that a neutrino interacts
with matter is very small. A lead block would need a length of a light year, to
stop half of the neutrinos that passes through.

In the mid 1950’s, Reines and Cowan had succeeded in detecting free an-
tineutrinos for first time. The source of antineutrinos was a nuclear fision reac-
tor. These were incident on a large target containing a liquid scintillator rich
in hydrogen and induced the reaction 7, +p — e +n [12].

The ocurrence of this reaction was confirmed by the detection of the gamma
pulse from the annihilation of the positron, followed by a delayed gamma pulse
from the capture of the neutron on the proton in the target; the delay time
being the slowing down time of the neutron prior to its capture.

Incident
antineutrino

Gamma rays

Gamma rays

Neutron capture

Inverse
beta

Positron decay

annihilation

Liquid scintillator
and cadmium

Figure 1.4: The indirect detection of antineutrinos by Reines and Cowan in
1956 [5].

In 1957, Nishijima pointed out the need for a new property characterizing
masslesss neutrinos. The decay of the muon into an electron with no associated
neutrinos (for example, y — e + ) has been searched for and not found. This
transformation would be forbidden if the muon and the electron carried different
lepton number, and these numbers were requiered to be separately conserved.

Since muon-decay to electron plus two neutrinos is observed, the two neu-
trinos cannot be identical; one neutrino must carry off electron lepton number

18



and the other must carry off muon lepton number, such that each type of lepton
number can be conserved in the decay. The electron and its neutrinos from a
family and the muon and its neutrino form a second family. These families are
said to carry electron flavor and muon flavor, respectively.

The existence of a muon neutrino distinct from the electron neutrino was ex-
perimentally established by Lederman, Schwartz and Steinberger in 1963, using
neutrinos from pions and kaons decays. These neutrinos produced only muons
through interaction with nuclei of a target, and no electrons were produced.

1.3 Electroweak Interactions

One of the consequences of the electroweak unification, was the prediction of
the neutral counterpart Z° of the charged weak gauge bosons W* with com-
parable couplings to fermions. This would mean that there must exist neutral
current reaction, u, + nucleus — p~ + X, in which a muon and hadrons are
produced in the final state, there must also occur the neutral current process
v, + nucleus — v, + X.

The neutrino will not be seen, and the signature for a neutral current process
will be the appearance of hadrons alone in the final state. Exactly such events
were seen in the Gargamell bubble chamber exposed to the neutrino beam at
CERN. Events corresponding to the elastic scattering v,e” — e~ were also
observed.

These experiments showed that neutral current effects were indeed being
observed. To get a quantitative measure of the effects, more sensitive experi-
ments were planned.

Experimenters at SLAC measured the parity-violating asymmetry in the
scattering of polarized electrons of a deuteron target. This involves measuring
the difference between the Deep Inelastic Scattering (DIS) cross section for right
and left handed electrons on deuterons ep d — eX.

A good measurement of this asymmetry yielded an accurate value fo the
weak mixing angle.
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Figure 1.5: The W¥ boson diagrams. Left: W7 described by Equation 1.3.
Right: W_ decribed by Equation 1.4.

1.3.1 Isospin and Hypercharge

From the Figure 1.5 we recall the form of the charged currents:

Ju= I = 0,7,(1/2)(1 = 7°)u (1.3)
= v7y,(1/2)(1 — e = VL Yulr, .
Ji = Jy = ey, (1/2)(1 = 5 )uy (1.4)

= eLYuVrL,

where the + and — superscripts are to indicate the charge-rasing and the
charge-lowering character of the currents, respectively. The subscript L is used
to denotate left-handed spinors and records the V' — A nature of the charged
currents. Here, we have used the particle names to denote the Dirac spinors
(a, = 1, ue = e, etc).

We can rewrite these two charged currents in a suggestive 2D form, intro-

ducing the doublet:
0
X (6_)L (1.5)

and the "step-up” and "step-down” operator T = (71 % i7y):

= (8 (1]) and 1 — <(1) 8) (1.6)

here, the 7’s are the usual Pauli spin matrices. Then, now charged currents
(equations 1.3 and 1.4) can be rewrite as

JEO) = Xewrixe and  J;(X) = XLuToXL (1.7)

20



Anticipating a possible SU(2) structure for the weak currents, now we can
introduce neutral current of the form

1_
Ta(x) = SX0 WXL
1 1 (1.8)
= §DL'YMVL - §éL%€L~
The Equation 1.8 can be reduced as
; 1_ : .
Ti00) = gXempmixe with i=1,2,3 (1.9)
whose corresponding charges
7= [ G0 (1.10)
generate an SU(2),, algebra:
[T°,T7] = ie?"T*". (1.11)

The subscript L on SU(2) is to indicate us that the weak isospin current
couples only left-handed fermions.

Now, it is possible introduce j;™ in an attempt to save the SU (2) symmetry.
Note that neither of the neutral currents .JY< or j&™ respects the SU(2)., sym-
metry. The idea is to form two orthogonal combinations which do have definite
transformation properties under SU(2); one combination, Jj’, is to complete
the weak isospin triplet Jl’i, while the second, j}f, is unchanged by SU(2), trans-
formations.

jf; is called the weak hypercharge current and is gived by

G = VY, (1.12)

where the weak hypercharge Y is defined by

Y
Q:T3+§. (1.13)

That is. ]
=Tl i (1.14)

Just @ generates the group U(1)epn, so the hypercharge operator Y gener-
ates a symmetry group U(1)y. Thus, it has been incorporated the electromag-
netic intersection, and as a result the symmetry group has been enlarged to
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Tepton T 1° O T Quark T 7° Q T

ur 12 12 2/3 1/3
v 1?3 11//22 01 1 d; 1/2 -1/2 -1/3 1/3
- /2 1 -
- T L ug 0 0 2/3 4/3

dp 0 0 -1/3 -2/3

Tabla 1.1: Weak Isospin and Hypercharge quantum numbers for leptons and
quarks [7].

SU(2)L X U(l)y

In a sense, now it has been unified the electromagnetic with the weak inter-
action. However, rather than a single unified symmetry group, there are two
groups, each with an independent coupling strength. So, in addition to e, we
will need another coupling to fully specify the electroweak interaction.

The proposed weak isospin and weak hypercharge scheme is mathematically
an exact copy of the original Gell-Mann-Nishijima scheme for arranging strange
particles in SU(2) hadronic isospin multiplets. The names ”weak isospin” and
"weak hypercharge” are taken from this analogy.

The SU(2), x U(1)r proposal was first made by Glashow in 1961, long time
before the discovery of the weak neutral current, and was extended to accommo-
date massive vector bosons (W=, Z°) by Weinberg in 1967 and Salam in 1968.
It is frequently referred as the ”Standar Model for Electroweak Interactions”.

Since we have a product of symmetry groups, the generator ¥ must com-
mute with the generators T%. As a consequence, all the members of an isospin
multiplet must have the same value of the hypercharge.

It is possible to incorporate quarks into the scheme. The weak isospin cur-
rent J/Z couples only on doublets of left-handed quarks (u,d)r; were T = 1/2
was assigned to ¢ and T'= 0 to qg.

The quantum number are showed on the Table 1.1.

22



1.3.2 The Basic Electroweak Interaction

To complete the unification of the electromagnetic and weak interactions, now
it is needed to modifiy the current-current form of the weak interaction

M = %J“Jj, (1.15)

and the invariant amplitude for an arbitrary neutral current process

4G
Mye = —=2pJNC JNCr, 1.16
7520 (1.16)
Now, assuming that the current-current structure is an effective interaction
which results from the exchange of massive vector bosons with only a small
momentum transfer. The QED form for the basic interaction is

—ie(jH A, (1.17)

Just as the electromagnetic current is coupled to the photon, we assume
that the electroweak current is coupled to vector boson.

The standard model consists of an isotriplet of vector fields W,ﬁ, coupled
with strength g to the weak isospin current J/, together with a single vector
field B, coupled to the weak hypercharge current j}: with strength conventional
taken to be ¢'/2.

The basic electroweak interaction is therefore

/

—ig(JYW — i%(jr)”B#. (1.18)
The fields
1 .
W, = \/;(Wj FiWy), (1.19)

describe massive charged bosons W¥, whereas Wj’ and B, are neutral fields.

The electromagnetic interaction on Equation 1.17 is embedded in Equation
1.18. Indeed, it is generated the masses of the boson by symmetry breaking,
the two neutral fields Wj’ and B, must mix in such a way that the physical
states are

A, = B, cos Oy + Wi sin Oy, (1.20)

Zy = —Bysin Oy + W, cos Oy, (1.21)

23



where Oy is called the Weinberg or Mixing Angle (although Glashow was
the first to introduce the idea). The equations 1.20 and 1.21 for massless and
massive interactions, respectively. Then now, it may be possible to write the
electroweak neutral current interaction

/
—ig (W2 — z‘%jf B =
jY
. . 3 / [
— i | gsinbwJ;+g cos b | A" (1.22)
jY
—1 g cos QWJZ’ — g/ Sinewé VA

The first term is the electromagnetic interaction, and so, the expression in
the bracket on the Equation 1.17 must be

.em 1.
ej," = e(Ji + 5]5) (1.23)
Therefore,
gsinby = ¢ cos by = e. (1.24)

That is the mixing angle in the equations 1.20 and 1.21 is given by the ratio
of the two independent group coupling constant, tan 6y = ¢'/g.

With the equations 1.23 and 1.24, it is possible to express the weak neutral
current interaction of 1.22 in the form

. g 3 12 -em _ . g NC
—i——(J O Ih = — JNE I 1.25
Zcos Ow ( p S Vwdy ) Zcos. O * ( )
It is this definition:
JNC = T3 —sin® O ji", (1.26)

which relates the neutral current JV¢ to the weak isospin current J.

The electromagnetic interaction a U(1) gauge symmetry with coupling e;
"sits across” weak isospin as follows: an SU(2); symmetry with coupling g;
and weak hypercharge as follows: a U(1) symmetry with coupling ¢’. The two
couplings, g and ¢’ can be replaced by e and fy,, where the parameter 6y is to
be determined experimentally.

As summary, the observed neutral currents can be expressed as

, . 1. 3 em
Gt =i i and Y = 0= G sin® Oy, (1.27)
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in terms of currents ij and j}: belonging to symmetry groups SU(2), and
U(1)r, respectively. The right-handed component of Jlivc, that was the original
problem, has been arranged to cancel with that in j;™ sin? @y to leave a pure
left-handed .J2 of SU(2)., where sin®fy is to be determined by experiment.

Of course, the same sin? fy must be found in all electroweak phenomena.

1.3.3 The Effective Current-Current Interaction

The charged current phenomena could be explained by invariant amplitudes of

the form
4G

Moo = —=JHJT, 1.28
and using the Equation 1.9, it is possible to get
_ 1 .
J, = Jj(x) = XLVuT+ XL = §(Ji + zJi). (1.29)

For an interaction preceeding via the exchange of a massive charged boson,
rewriting the basic charged current interaction, (Equation 1.18) as

. g -
—ZE(J“W: + JHMW), (1.30)

to get the Equation 1.30, an identity given by the Equation 1.31 was used

1 1
§(T1W1 + W?) = \/;(T+W+ + 7 W), (1.31)

with W* on the Equation 1.19, it is possible to get

)

where 1/M3, is the approximation to the W propagator at low ¢?. Making
the comparison of the equations 1.28 and 1.32

G g
VoREITR

In an analogous way, to express the amplitude for Neutral Current process
in terms of Z exchange, it is necesary to use the Equation 1.25 for |¢?| < M3,

then )
MNC — g NC g NCp ) 1.34
(COS Ow i M2 ) \ cos Oy / (1.34)
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Now, comparing the Equation 1.34 with the current-current form for invari-

ant amplitude
4G
MNC = ﬁQ,OJ;VCIJNOM, (1.35)

G g
A A (1.36)
V2 8MZ cos? Oy
From equations 1.33 and 1.36, the p parameter can be found, wich specifies
the relative strength of the neutral and charge current weak interactions,

it is easy to identify

M,

= —. 1.37
M2 cos? Oy (1.37)

p

Experimentally, p = 1 within a small error. This value is also predicted by
the minimal model proposed by Weinberg and Salam.

1.3.4 Feynman Rules for Electroweak Interactions

To obtain the Feynman Rules for electroweak interactions (for —iM), previously
was found how the electromagnetic interactions look like

—ie(jm) Ay = —ie(i" QU) A, (1.38)

led to the vertex factor

—ieQy"  for v — fFf, (1.39)

where the @ is the charge of fermion f; Qy = —1 for the electron. The out-
going f should be drawn as an ingoing f, and spinors attached to the fermion
lines.

Following the same procedure for the charged current interaction in the
previous section,

.9 - .9
_ZE(XL'VHT-&-XL)W: = —ZE(VLV‘L@L)W: for W' —ef+v  (1.40)

9 g _ o
——= T W~ = —i—(e;y*vp )W for W~ —=e 40
\/i(X” xo)W, \/5( Y)W, (1.41)

For x1 = (ve,€7), these interactions lead to the vertex factor shown; spinors
are associate with the external fermion lines just as in QED.
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Clearly, the vertex factor will be the same for the W= coupling to the other
fermion doublets (v, ™), (u,d), and so on.

g
cos Oy

—i (Jf; —sin? Oy i)z

g
cos Oy,

1 .
5(1 — )P —sin® 0w Q| V4 Z,.

= —i e (1.42)

For the coupling Z — ff. It is customary to express the vertex factor in

the general form

i m(el — AP 1.43

By the comparison of the equations 1.42 and 1.43, the vector and axial
vector couplings ¢y and c4, are determined in the standard model as

o =TF —2sin’ 0y Q; and o =17, (1.44)

where T}” and ()5 are, respectively, the third component of the weak isospin
and the charge of fermion f. The Feynman rules allow us to predict the decay
properties of the W* and Z° bosons in the standard model.

1.3.5 Tree level Cross Sections

The Neutrino Electron Scattering process has an small cross-section and cor-
respondingly it is very difficult to measure. Nevertheless, because the heroic
experimental efforts, they have played a crucial role in confirming the SU(2), x
U(1)y structure of the standard model and in helping to unravel subtle prop-
erties of neutrinos.

On the electroweak interaction framework, several process of neutrino and
antineutrino scattering cross section can be calculated, in this framework it is
possible to divide them into tree categories. Ome for the pure W exchange
and the another for the mixing of W and Z° exchange. The Neutrino electron
scattering is represented by the Figure 1.6.

A variety of neutrino and antineutrino electron scattering cross sections
are possible. This process can be divided into three categories. The fist set,
although kinematically suppressed, is conceptually simple. It corresponds to
pure W boson exchange, it means Charge Current, on this channel (),

v+e—1l+u,, (1.45)
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Figure 1.6: Feynman diagrams for Neutrino Electron Scattering. Left Neutral
Current. Left Charge Current.

where, [ = v or 7. And for the other channel (s)

Ue+e—>1+1. (1.46)

The reaction described by the Equation 1.46 sometimes are referred to as
inverse muon or tau decays. Then the threshold energy for electrons at rest is
gived by

2 02
T Mme (1.47)

)

E, >>
2m,

that is £, > 10.8 GeV for | = p and E, > 3 TeV for [ = 7. Now, for
generality we are only using [. Also, from the Equation 1.46 for semileptonic
reactions, like

d+ @,
Ve + € — s+ U,

1.48
d+ec, ( )

are also possible, however these possibilities will not be discussed on this
thesis, i.e., only leptonic reactions.

For the Neutral Current Channel, i.e. pure Z exchange, gives rise to a second
more easily acccesible set of reactions like these

vi+e—y+e and 7 +e— e, (1.49)
where [ = v or 7. And the last(third) possibility are

ve+e—v.+e and U, +e— . +e, (1.50)

this process is described by the right diagram on the Figure 1.6, it proceeds
through a combination W and Z exchange amplitudes.
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As a simplification, it is possible to make the following assumptions: neu-
trino masses and mixing are neglected; |¢* << m;| or m%, i.e. the propagator
effects and effective four fermions amplitudes employed can be ignored, due that
the electron target is at rest.

Using the Fermi constant to normalize all the neutrino scattering amplitudes,
that is obtained from the muon decay lifetime

2

g -5 -2
G, = — 11663 x 107°GeV 2, 1.51
: 4v/2m3, (151)
Gu_ _
MCC = —Z\/§U1’7 (]- - 75>ul/luu€fy<)c(1 - 75)“6' (152)

The Fermi constant are determined with good accurate. Then using these
assumptions, for the Charged Current reactions, the effective amplitude is de-
scribed by the next equation:

do,ule—>l1/e

2
o 7“[2meEy — (m] —m?)], (1.53)

e

where the u; are four component spinors corresponding to their subscript
fermions. Summing over all polarization and spin states, and integrating over
all unobserved momenta, the obtained differential cross section in the electron
rest frame, with respect to the fractional energy imparted to the outgoing lepton

for l=v or 7is
do_Dee—ﬂDl i 9 9 9
d—y - ?[QmeEu(l - y) ) - (ml - me)(l - y)]? (1'54)

where FE, is the energy of the incident neutrino and m. and m; are the
masses of the electron and the outgoing lepton, respectively.

The dimensionless inelastic parameter y reflects the kinematic energy of the
outgoing lepton, which in this particular example is

m27m2
y= 2 e (1.55)
E,
The limits of y are such that
0<y<ypm =1 — (1.56)
- 2m.E, + m?

On this derivation, we are not considering the contribution from the neu-
trino masses, which in this context is too small to be observed kinematically.
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The cross section descibed on the equations 1.53 and 1.54 has a threshold en-
ergy imposed by the kinematics of the system, E, > (m? — m?2)/2m,.

Considering the very high energy limit, i.e. extreme relativistic
M~ e, (1.57)

and integrating the Equation 1.53 over y, yield a simple expression for the
total neutrino cross section as a function of neutrino energy

o 2G?*m.E
O.Vze*ﬂlfe ~ 30_1156%11/1 ~ pte—v

- (1.58)
~ 1.5 x 107" (E,/GeV)em?,

from the Equation 1.58, the neutrino cross section grows linearly with the
energy.

From Equation 1.49, their kinematics is simple since m; — m,, but it is not
possible to ignore the left and right-handed leptonic couplings in the effective
amplitude.

As a result, it is obtained a more complex expresions for the relevant matrix
element, taking into account that [ = v or 7.

Gy o - _
Myc = zjguw [e—teVa(l = ¥5)tp €4 UeVa (1 + 5)un ueVa(l — V5)ue).  (1.59)
Considering

e~ =gv+ga=ygr and € =gy —ga = gr, (1.60)

where g, and g4 are the vector and axial-coupling constants, respectively.
Then

Myc = —V2G,, [y (g} — gavs)m] % [evalal — ghs)el | - (1.61)

The same formulation (equations 1.59 and 1.61) can be expressed using the
left and right-handed couplings, g; and gg

Mye = —V2G,[[gi o™ (1 = vs)vi + gaiy® (1 + v5)vi]
X [gié”ya(l —¥5)e + g};é’ya(l +75)e]]. (1.62)

From the Standard Model
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1
QZ = \/ﬁ(—i_ﬁ)v g;/% =0
Sgl = /p(I — Q7 sin® Oy), gk = /p(—Q7 sin Oy)

or, in terms of Vector or Axial Couplings

1% 124 1% 1
9v =91 +9r = \/ﬁ("’ﬁ),
v 14 v 1
ga =91 — 9r = \/5(43)7

9 =gl + g, = VP — 2Q sin® ),
gh = g1 — gk = Vo(I).

Here, Iz{ and Q7 are the weak isospin and electromagnetic charge of the
target lepton, p is the relative coupling strength between Charged and Neutral
Current. Here at the tree level, p = 1 and 0y is the Weinberg mixing angle.

Also, from the Standard Model the definition of the relation between the
electroweak couplings and the gauge boson masses My, and My are
Mg,

-2 —
Oow =1— —=-.
st Uw M%

(1.63)

The cross section for the Neutral Current reactions are directly sensitive to
the left and right handed couplings.

Writing the differential cross section in terms of their vector and axial-vector
currents, using some definitions

gv =297g) and  ga=2g7gh. (1.64)
For neutrinos

doie—vie G2 meEu
=+ [(gv + 94)* + (gv — ga)?

dy 2T
mey
x(1=y)* = (9v —ga) ) (1.65)
And for antineutrinos
dO.Dle—)Dle GimeEV 9 9
dy = or [((gv — g9a)” + (9v + ga)
mey
x (1=y)* = (gv — ga) ) (1.66)
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where, the inelasticity parameter is

El —m, 1

and 0 <y < Ymae = ma (1.67)

with E! being the final state electro energy, and the small interference
gr9r = (g% — g%), term has been retained for low energies applications. We

can see that the cross sections o”¢7"¢ and o”°7"¢ are related by g; < gr
interchange.
Now considering that
1
gL=5- sin?@y, and g = —sin® Oy, (1.68)

and neglecting terms of relative order m./FE,, then the integrated cross
section is gived by the Equation 1.69 for neutrinos

Gim.E, 16
= H " 711 —4sin® Oy + —sin Oy | , (1.69)
2m 3

vie—ve
o-l 1

and the equivalent for antineutrinos
GimeE,,
2

1 4 16
{g -3 sin’ Oy + 5 sin QW] . (1.70)

vie—ve
o e

With sin® 6y ~ 0.23, these cross sections are very small, i.e.,
~ 107*(E,/GeV)cm?.

However, they have been rather well measured for muon-neutrinos, yielding
sin? @y to about +£3.5%. At that level, the electroweak radiative corrections
become important and must be applied in any serious study.

Now, the last neutrino electron elastic scattering to be considered is for
electron-neutrinos(Equation 1.50 ), it comes from a combined W and Z boson
exchange. Replazing for v; — v, and 7, — U, on the equations 1.65 and 1.66,
respectively. Considering

1
Jr —>g'L =g, —1= —5—511129‘;[/7 (1.71)

9r = g = gr = —sin’ Oy, (1.72)

and again, ignoring the m,./E, effects, the cross section for electron-neutrino
electron elastic scattering

GimeEV
2

Ve€—rVe€ __

16
o 1+ 4sin’ Oy + e sin® Oy | . (1.73)

32



Reaction o/(G:mcE, /2T) Relative size

Ve = [ Ve 4 4
Ve€ — |1 V) % %
ve — e 11— 4sin? Oy + % sin® Oy 0.362
vue = e 3 — 3sin® Oy + P sin® Oy 0.309
vee = vee 14 4sin®fy + 13—6 sin’ Oy, 2.2
€ue — Vet % + %sinQ Oy + % sin? Oy 0.922

Tabla 1.2: Tree level neutrino electron scattering cross sections in units of
GimE, /27 [16].

For electro-antineutrino electron elastic scattering,

G*m.E, [1 4 16
!LQ—’/T 5 + g Sin2 9W + ? SiIl4 9W . (174)

0.l7e6—>1756 —
These cross sections are roughly a factor 7 and 3 respectively larger than
those in equations 1.69 and 1.70.

The Table 1.2 shows a summarize of the tree level predictions and relative
sizes for the neutrino electron scattering cross sections.

The main limitation on the precise measurements of the cross section are the
systematic uncertainties in the neutrino flux and spectrum. One way to help
overcome that limitation is often the discussion of some cross sections ratios.

For low energies
glre—rvue

gPue—vue’
and using the low energy neutrinos stopped from 7% and ™ decays in the
chain to normalize the flux

7" = uty, and ut = e, (1.76)

is possible to get other ratio

O.VM E%VHB

Ry = (1.77)

gPne—rvye + O-Veeﬁuee'

The R, ratio was proposed for LAMPF Experiment, but would be useful
for neutrino physics at an intense neutron source facility where many 7% are
produced.
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If the flux normalization could be controlled, using the equations 1.69, 1.70,
1.73 and 1.74, then the expectation at third level for R; and Rj is

3 —12sin’0 16sin* 6
R, = oG & b5 O (1.78)
1 — 4sin” Oy + 16 sin” Oy,

3 — 12sin? 6y + 16 sin Oy
4+ 8sin? Oy + 32sint Oy

The best solution for the flux normalization are the Neutrino Factories. It
can be done using the decay possibilities p= — e~ 7., and pu* — e*v.v,, from
a long straight section, at a muon storage ring, would have very well-specified
neutrino energy spectra.

) = (1.79)

Then, one possibility would be to run in both modes, and after weighting
for the different spectra, measure

O_Vue—wue _'_ O_Dee—n_/ee

Ry = (1.80)

gPue—rvye + O—V66*>V667

where using the previous results, the prediction of the Equation 1.80 at the
third level is
1 — 2sin? Oy + 8sin’ Oy

R: = .
57 1 4 2sin% 0y + 8sint Oy

(1.81)

1.3.6 Experimental Test of Electroweak Theory

In the understanding of the electroweak force and the Standard Model, the Neu-
trino Lepton interaction has played a very important role. For example, the first
Neutral Current (7, +e~ — 7, +e~) observation was made on Gargamelle Ex-
periment [14], The Figure 1.7 shows a muon-neutrino electron elastic scattering.

This observation, in conjunction with the observation of the Neutral Current
Deep Inelastic Scattering (NC-DIS), confirmed the existence of Weak Neutral
Currents and helped to solidify the SUL(2) x U(1)y structure of the standard
model [13].

Subsequent experiments further utilized the information from the observed
rates of neutral current reactions as a gauge for measuring sin” 6y directly.

Neutrino Lepton scattering is a particular sensitive probe because to first
order the cross section depends just on one parameter, sin® fy, [15].
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Figure 1.7: Firts observation of the leptonic Neutral Current candidate event
at Gargamelle CERN Experiment [4].

Several experimental methods have been employed to measure neutrino lep-
ton scattering. Among the first, included the observation of 7, + e~ — e~ + 1,
scattering by Reines, Gurr and Sobel at the Savannah River Plant reactor com-
plex. Making use of the intense 7, flux produced in the reactors, an £20%
measurement, of the weak mixing angle was extracted.

A more recent results from the Taiwan EXperiment On Neu-trinO (TEX-
ANO Experiment), also utilizes reactor antineutrinos as its source. There exists
an inherent difficulty to extract these events, as they are often masked by large
low-energy backgrounds, particularly those derived from Uranium and Thorium
decays.

The majority of the recent precision test have been carried out using high-
energy neutrino beams. Experiments such as Gargamelle, Brokhaven’s Alter-
nating Gradient Synchroton (AGS) source, Chicago-Columbia-Fermilab-Rochester
(CCFR) and NuTeV fall within this category. Often these experiments exploit
the rise in cross section with energy to increase the sample size collected for
analysis.
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The stopped beam pions have also been used for these electroweak tests at
the Los Alamos National Laboratory and Liquid Scintillator Neutrino Detector
(LSND) experiments [28].

1.4 Neutrino Oscillation

The first suggestion that free neutrinos traveling through space might oscilate,
that is, periodically change from one neutrino type to another, was made by
Pontecorvo on 1957.

Gell-Mann and Pais had just shown how quantum mechanical interference
would allow the neutral kaon K° (sd) and its antiparticle K° (5d) to oscillate
back and forth, because the quark mass states are mixtures of weak states.

Pontecorvo noted very briefly that, if the neutrino had mass and if the total
lepton number were not conserved, the neutrino could imitate the neutral kaon,
oscillating between particle and antiparticle as it travels through empty space.
This possibility would have implied that the neutrino is a massive Majorana
particle with no definite distinction between particle and antiparticle forms.

Although very interesting and still relevant today, Pontecorvos suggestion
was not explored in 1957 because Lee and Yangs theory of the massless two
component neutrino was just gaining acceptance. This theory helped to ex-
plain why parity was maximally violated in nuclear beta decay.

The existence of a left-handed neutrino different from the right-handed an-
tineutrino by having the opposite lepton number, was a crucial postulate and
in that theory, particle-antiparticle oscillations could not be possible.

If neutrinos are massless, then the neutrinos, which enter the weak interac-
tion Lagrangian are also the mass eigenstates. If anyone of them has a mass,
then it may be that the mass eigenstates wich is denoted by v; with ¢ = 1,2,3
are different from flavor eigenstates v, (w = e, u, 7). In this case, we can get
neutrino oscillations.

The phenomena of neutrino oscillation can provide a mechanism to measure
extremely small neutrino masses. Remembering, that two sets of states |v,)
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and |v;) are connected with each other by a unitary transformation:
Vo) = Ui |vi) - (1.82)
i

Now,
H(k) |vi) = E; |vi) (1.83)

where 2

2k

since, k > m,; and on the extreme relativistic limit, now at time ¢ |v(t)),
satisfies the Schrodinger Equation

E; = (k* +m? )1/2

(1.84)

d

i Iw(6) = H (1)) (1.85)

In v; basis, H is a diagonal matrix with eigenvalues F;, Fy and E3. Thus

lvs(1)) = e it |14(0)) = e Fit 1) (1.86)
Hence from Equation 1.82,
() = Uie™ P |13, (1.87)

and

(Wt lvo)e =D Usie™ P (v |13)
7
= Uwie UL,
%

Thus the probability that at time ¢, the neutrino of type w is converted to
the neutrino of type ' is given by

(1.88)

Py = [{Vu |Vw>|2

- Z Z (UwiUpys) i) cos(E; — Ej)t (1.89)

using the relation L = ¢t and

2re
J E’L o Ej ( )
L(m} — m?) LA,
(B~ Byt = === 520, (1.91)



Neglecting CP-violating phases so that U is real, it is convenient to rewrite
it as

. L
Py = Oy — 4 Z UyiUviUsy; Uy sin ( Aij) : (1.92)
1>
where L is the distance travelled after v, is converted into v, and:
47E, E, \ eV?
Nij = =247 ) 1.93
’ ij " (MGV) Ajj (1.93)
As a consequence of CPT and CP invariance

Pl/wll/w = Pﬂwzﬂw = Puwuw/ = PDWDNI‘ (194)

The form of transition probability (Equation 1.92) depends on the spectrum
of Am? or A;; chosen and the explicit form of U. If Am? is chosen such that
A > L, then the oscillation term

L
sin’ (%) 0 for AL, (1.95)

On the other hand, for A < L
. o (7L
sin® | == ) = 1/2 for A< L. (1.96)

Then, for conversion of v, to v,, where (x = p or 7),

U ( cosf sm@) | (1.97)

—sinf cosf

and
2

A
Py, = sin?20sin’ {1.27 Em L} , (1.98)

v

while the survival probability is P,,_,,, =1 — P, ., . Here 6 is the vacuum
mixing angle. P, _,, and P, _,, oscillate with L as shown in the Figure 1.8.

The amplitude of the oscillation is determined by the mixing angle; the
wavelength of the oscillation is .

To look for oscillation, is needed the following conditions:
e Low energy neutrinos.
e Long path length.

e Large flux.
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eg. Am?=0.003eV2, sin?20=0.8, E, =1GeV
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Figure 1.8: Pictorial explanation of neutrino oscillations. [33].

1.5 Motivation

1.5.1 Neutrino Electron Scattering

Neutrino Electron Elastic Scattering is a purely leptonic process, where a neu-
trino scatters off an electron by the exchange of a virtual vector boson. The Q?
range covered at the present by the neutrino electron scattering experimentally
reaches from 107¢ at nuclear reactors to 1072 at accelerators but it is always
small compared to the mass of Z°.

From a theoretical point of view, the process of neutrino electron scatter-
ing is comparatively simple. In the previous sections we defined the relevant
quantities to describe this process in the theoretical frame of the the Standard
Model at tree level. But going to higher orders we will need make some remarks
on radiative corrections as well as on physics beyond the Standard Model.

The kinematics of the neutrino electron elastic scattering is fully described
by a single variable; for instance by 6. the angle of the outgoing electron with
respect to the neutrino beam.

Defining E, and FE. as the energies of the incoming neutrino and outgoing
electron respectively, m,. as the electron mass, and y = E./Ev as the fractional
energy loss of the neutrino in the laboratory system.

With the assumption of m, << E., and the small angle approximation for

cosb,,
E.0? = 2m,(1 —y), (1.99)

and, as 0 < y < 1. The experimental important constraint is E.0% < 2m...
The full derivation of the Equation 1.99 and the kinematic constraint is in the
Appendix C.
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This means the outgoing electron is scattered in extremely forward direc-
tion, which is used experimentally to subtract, on a statistical basis, background
events, which has a much broader distribution in E 6.

On the other hand this signature makes impossible to measure directly the
y—distribution of neutrino electron scattering, as reachable resolution are just
in the same order of magnitude as the kinematical bound.

This remarkable feature has been exploited extensively in various neutrino
experiments, particularly for solar neutrino detection. The Kamiokande Neu-
trino Experiment was the first to use this reaction to recontruct ®B neutrino
events from the Sun and point back to the source [19].

1.5.2 Neutrino Flux Constraint

The neutrinos can come from natural or man-made sources. From the natural
sources, the energy and the intensity can not be controled. However the accel-
erator neutrino beams are controllable in both energy and intensity.

Note that, given our inability to identify the neutrino flavor after it has
scattered off the target electron, there is no way of recognizing whether the
scattered neutrino has the same lepton-flavor number or lepton number as the
incoming one.

The basis of this thesis is the differential event spectrum dN(7T)/dT. This
is the number of neutrino electron elastic scattering events within the interval
T to T + dT of electron recoil kinetic energy. It involves the convolution of

the differential cross section do(T, E,)/dT and the incoming neutrino energy
spectrum, d®(FE,)/dE,).

Since the final state electrons scattered from the various neutrino types
are experimentally indistinguishable, their contributions must be incoherently
added, leading to

flavors

d®,(E,) doy(T, E,
= (time) x (#targets) x ; /dEl, d(El, ) do (dT )’ (1.100)

dN(T)
dT

where (#targets) is the total number of target electrons in the detector and,
(time) is the time duration of the experiment.
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To use the Equation 1.100, we must know the flux and the cross section,
along with their associated uncertainties.

Then, the number of events depends from the neutrino flux, the tiny cross
section and the targer used

N,(E,)) = ®,(E,) x 0,(E,) X targets. (1.101)

The energy spectrum of the produced neutrino beam is quite broad in gen-
eral. Since neutrinos are electrically neutral, once generated, they are difficult
to control or monitor directly.

Experimental parameters that adjust the characteristics of the beam are
things like the primary proton energy and the current and position of the mag-
netic horns.

The neutrino spectrum has to be predicted by simulation. Generally, the
flux prediction has large uncertainties (15-20%) due to poor knowledge of the
hadron production.

Long baseline oscillation experiments often also use near detectors to mea-
sure the flux near the neutrino source. This unoscillated flux measured is used
to normalize the flux in the far detector. If the detector technologies are differ-
ent in the near and far detectors, the nuclear dependence of the cross section
introduces systematic error in the flux normalization.

Even if the detector technology is identical in the near and far detectors,
the flux in the near detector is not identical with the far detector. The near
detector sees the neutrino beam angle spread from the sizable decay pipe, while
the far detector only sees a point-like source.

Also, the oscillated spectrum at the far detector is quite different than at
the near detector.

The neutrino spectrum is different depending on beam angle due to the kine-
matics of pion decay. Since muons and kaons present in the secondary hadrons
also can decay into electron neutrinos, v, beams typically have about 1% of
v, contamination. This creates an irreducible background for v, appearance
experiments.
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Chapter 2

The MINERvA Experiment

The MINERvA Experiment is a dedicate neutrino-nucleus cross section exper-
iment, located at Fermilab, Batavia, IL, in USA (http://www.fnal.gov). The
MINERvVA Collaboration is composed by approximately 70 particle and nuclear
physicists from 7 countries(http://minerva.fnal.gov/).

MINERvA Experiment employs two detectors: the main (MINERvA De-
tector) is used to measure the neutrino interaction cross section, and the second
one (Test Beam Detector) is used to calibrate the response of the main detector
to the electromagnetic and hadronic interactions.

The MINERvVA Detector uses the NuMI beamline, and is located approxi-
mately 100 m underground at the same room with the MINOS Near Detector.

The MINERvA Detector employs fine-grained polystyrene scintillator for
tracking and calorimetry. In addition to the active scintillator target, the de-
tector contains passive nuclear targets of carbon, iron, lead, water, and liquid
Helium. The MINOS Near Detector sits downstream of MINERrvA Detector
and it is used like a muon spectrometer.

The MINERVrA Experiment play an important and potentially decisive
role in helping the current and future precision oscillation experiments to reach
their ultimate sensitivity.

2.1 The NuMI Beamline

The Figure 2.1 shows a schematic view of the Neutrino Main Injector (NuMI)
beamline. The production of the neutrino beam begins with the extraction of
120 GeV protons from the Fermilab Main Injector accelerator, in pulses of ~ 10
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us, and consisting of anywhere between 1 x 10 and 4.5 x 10*® protons.

The pulses, commonly referred as spills, are typically extracted every 2.2
seconds. The protons are transferred to the NuMI target hall where they col-
lide with a fixed Graphite target.

Plan View
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Accelerator
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— magnets of o ol
gne Target Hall Evacuated Decay Volume Access Tunnel
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target— Hadron Absorber — Near Detector Hall
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Surface Buildin 1 1 et
Ground Level Surface Building Elevation View Surfuce Buikling
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V108 Bend — Target Hall ervice Sha

Carrier Tunnel — Evacuated Decay Volume
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Near Detector Hall™ ¥ beam

250 m Muon Alcoves

Figure 2.1: A scale diagram of the NuMI beamline. Plan and elevation views
of the NuMI beam facility [34].

Pions and kaons are produced in the interaction of the proton beam with
a fixed target. The decay of these mesons produces the neutrino beam used
in MINOS, NovA and MINERVA experiments. The branching ratios for those
mesons which contribute significantly to the neutrino beam are

™= =+, (2.1)
K* = u+u,. (2.2)
K} = m+pu+u,. (2.3)

The beam is predominantly composed of muon neutrinos (92.9%), with a
small component of anti-muon (5.8%), and electron and anti-electron (1.3%),
neutrinos [31].

When the pions and kaons decay, muons are produced along with the muon
neutrinos, these muons can be used to measure the number and energy spec-
trum of neutrinos delivered to the MINOS, NorvA and MINERVA experiments.
An directly measurement of the neutrino flux will be a significant experimental
challenge for the cross section measurements, and is almost a partial goal of
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this thesis.

Inmediately following the target are two focusing magnets called horns [32].
Particles escape the target with some angular divergence with respect to the
center axis of the beamline. The horns act as lenses, reducing beam divergence,
focusing particles parallel to the beamline towards the MINOS detectors.

The horns have a focal length. This is proportional to the momentum of
the charged particle. Those particles with a momentum matched to the focal
length are most perfectly focused parallel to the beamline. The horns selects
the peak energy of the neutrino beam.

Furthermore, depending on the polarity, the horns focus positively charged
particles and defocus negatively charged particles, produce a predominantly
muon neutrino beam, or focus negatively charged particles and defocus posi-
tively charged particles, produce a predominantly anti-muon neutrino beam |[31].

During the first 2 years of operation, the horns in Medium Energy beam
configuration were operated to produce a muon neutrino beam. All data used
in the analysis discussed here were collected within the first 12 months (Septem-
ber 2013 - September 2014) of operation in Medium Energy.

The target and horns are contained within a 45 m long shielded enclosure.
Immediately following this enclosure is a 2 m diameter and 675 m long de-
cay volume. For the first 3 years of NuMI beam operation, the decay volume
was evacuated. In November 2007 the decay volume was filled with Helium
near atmospheric pressure. The purpose of the decay volume is to allow the
focused mesons to decay in free space producing neutrinos. All kaons and most
pions(95% at 5 GeV/c¢) decay before the end of the decay volume [31].

To stop the mesons that do not decay before the end of the decay volume, a
hadron absorber is used. It is a block of Concrete, Steel and Aluminum immedi-
ately adjacent to the end of the decay volume. The hadron absorber removes all
remaining hadrons from the neutrino beam. Those predominantly are protons
that did not interact in the target and undecayed pions.

With the hadron absorber is contained an hadron monitor, which is an ar-
ray of ionization chambers used to monitor the beam at the end of the decay
volume. After the beam passes through the hadron absorber it is composed of
neutrinos and muons produced alongside the neutrinos in meson decay.

Following to the hadron absorber are ~ 300 m of unexcavated earth, it is
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used to remove the mouns. This region is called the "muon filter” and is largely
composed of dolomite rock.

The energy of the proton beam from the Main Injector is 120 GeV. Thus,
the maximum energy of any muon is also 120 GeV. At this energy, about 200 m
of rock is required for a muon to loose all energy by electromagnetic interactions
with the rock.

Thus, after the muon filter the beam is solely composed of neutrinos. In
the upstream portion of the rock, before all of the muons are removed from the
beam, are three muon monitors.

The first muon monitor is located 7 m downstream of the hadron absorber
and is separated from the hadron absorber by air. The other two monitors are
located within alcoves excavated in the rock downstream of the first monitor.

The second monitor is separated from the first by 12 m of rock and the third
is located after 18 m more of rock. At the end of the muon filter is the hall in
which sits the MINERrA, MINOS Near Detector and the recent off-axis NovA

Near Detector.

2.1.1 The Graphite Target

The NuMI meson production target consists of 48 carbon graphite segments
6.4 mm wide, 18 mm high and 20 mm-long, the beam direction and spaced 0.3
mm apart. The total length of the target is 95.38 cm. There is a 48th target
segment located ~15.7 ¢cm upstream of and rotated at 90° to the main target
segments [31]. Tt is used for aligning the target with respect to the proton beam.

The length of the targer corresponds to 2 interaction lengths. This increases
the fraction of the incident proton beam that will interact in the target and
produces mesons which decay into neutrinos. However, even at this length ap-
proximately 13.5% of the proton beam will remain unreacted, escape the target
and travel downstream to the hadron absorber. The length of the target also
increases the number of reinteractions of particles produced in the primary in-
teraction of the proton beam within the target. This has significat implications
for the neutrino flux.

At ~2.0 m upstream of the target is a 1.5 m long collimating baffle. The

baffle is a carbon graphite cylindrical tube with outer diameter 30 mm and
inner diameter 11 mm. The baffle protects the target cooling lines and horns
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Figure 2.2: The NuMI hadron production target, the 120 GeV proton beam
come from the left and interaction with graphite target produce mesons, which
will decay producing neutrino.|32].

from misaligned proton beam that could damage these components.

The Figure 2.2 shown the NuMI Hadron Production Target. The target and
baffle are mounted in a carrier which can move longitudinally with respect to
the beamline center. This special ability of the NuMI beam line is important
for the physics analysis discussed in this thesis because it changes the neutrino

flux sent to the MINERvVA Detector.

2.1.2 Magnetic Horns

Particles diverge from the target with some transverse pr , and longitudinal p,
momentum as shown in the Figure 2.3. To increase the neutrino flux at down-
stream neutrino detectors it is desirable to remove this divergence and direct
parent pion and kaons towards downstream detectors. The NuMI Beamline
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uses horn focusing to accomplish this.

proton N - i 7_4___77”_7___,,,_17 o
Po % 9 P,

Figure 2.3: Particle diverging out from the target [32].

The NuMI particle focusing system consist of two parabolic horns positioned
as shown in Figure 2.4. Those consist of a 2.54 c¢m thick outer conductor and
a 0.2-0.5 cm thick inner conductor. Both conductors are made of Aluminum
and the inner conductor has a parabolic shape following z = ar? , where z
is the longitudinal coordinate parallel to the axis of symmetry, r is the radial
coordinate, and a is a constant parabolic parameter.

i
~
)
=

target

: —— —— /
proton = \\\i
7 ’

Figure 2.4: Lateral view of particles going through a focusing horn with
parabolic shape of inner conductor. Due to the shape of the conductor, the
particles entering at bigger radius will see greater Bdl resulting in a greater
change in transverse momentum [34]. The squematic view is not at scale.

The first horn has an outer and inner diameter of 35 cm and 1.8 cm respec-
tively, while the second horn is larger with an outer and inner diameter of 79
cm and 7.8 ¢m, respectively, so that it can intercept those particles not fully
focused by the first horn.

The electrical current is applyed and it flows down the inner conductor and
returns along the outer conductor. This generates a toroidal magnetic field
between the conductors, as shown in the next equation

~ poI0

B(r) = Sy (2.4)

where r is the radial distance from the symmetry axis. Ideally, there is no
magnetic field outside of the region between the conductors. Thus, particles
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emitted with very small divergence may pass through the field free region in-
side of the inner conductors of the horns (the "neck” of the horn) receiving no
focusing.

The magnetic field of the NuMI beamline horns is measured using a hall
probe before placing the horns in the beamline. The Figure 2.5 shows the
measured magnetic field inside(13.5 mm - 150 mm) the first NuMI horn. The
magnetic field shows the expected 1/r behavior and the expected, péI/2nr,
magnitude between the conductors. The field drops to zero outside of the outer
conductor at r > 150 mm. The field inside of the inner conductor(r < 13.5
mm) was measured separately and was found to be negligibly small [33].

27 T T | B
e e S -
ko) B i
[«h] L a
i B ]
o 1 7]
5 r ]
c - i
% L _
s 0.5 ]

C | . , ]
L i | e o o .

50 100 150
Radius (mm)

2

Figure 2.5: Magnetic field measured inside the first NuMI horn, it shows the
expected 1/r dependence. The magnetic field drops to zero at r > 150 mm [31].

Particles traversing the region between the conductors feel a force, gv x B,
which directs them towards or away from the axis of the beamline depending
on the sign of their charge, q. The Figure 2.4 shows a schematic of a particle
entering a focusing horn through the parabolic inner conductor. Since the
force on the particle is perpendicular to its motion, the resulting change in the
particle’s momentum is described by the change in direction as

|Apr|

|A9| = |90ut - 9m| = 5 (25)

using the fact that pr « p and so, sinf ~ 6. The magnitude of the particles

momentum change is

Apy| = /B(r)dl ~ ol o (2.6)

2rr

Perfect focusing occurs when 6,,, = 6 so that |Apr| = pr. In the approx-
imation that the source is far from the horn, the focal length, f, of the horn
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T p 27
TN T Mofap'
This shows that the focusing power of the horn depends on the particle
momentum and the current in the horn. The current in the horns selects the
particle momentum that is most perfectly focused parallel to the beamline.
Particles that pass through the necks of the horns are high energy and thus

contribute to the high energy neutrino flux outside of the focusing peak.

(2.7)

It is also possible to change the peak energy of the neutrino beam while keep-
ing the horn current fixed by varying the distance between the target and horns.

The flux of neutrinos with energies less than ~ 20 GeV comes mostly from
the decay of pions. The typical angle of divergence of pions off of the target is

280MeV 2
ZEQ@T) ~ cr_z (2.8)

eﬂ - )
Dr Ex YMir Y

where v is the relativistic boost factor and 280 MeV is the Fermi momentum
of partons in a nucleon. This angle is larger than the typical divergence of
neutrinos produced in pion decay, 6, ~ 1/v. The flux of neutrinos at an angle,
0, with respect to the parent pion direction is given by

1 2y
by~ (53
Am 1+ ~20
With respect to the center of the beam line, in the case of no focusing or a
"bare target beam" § = 3/~ and for the case of perfect focusing 6 = .

ocus _ L+7200,.)%  1+~%3/v)%)?* 100
bare

L+7207,0,0)7  1+72(1/7)2)? 4
The flux of neutrinos to downstream neutrino experiments is increased by a
factor of 25 by removing the divergence of particles coming from the target.

)2 (2.9)

2.1.3 Decay Pipe

Almost 30 m after the second horn, the evacuated decay pipe begins. The
purpose of the decay pipe is to allow pions and kaons to decay in free space
unobstructed by interactions with matter. It is true that the majority of pions
and kaons that contribute to the neutrino flux at the MINERrvA and MINOS
Near Detector decay freely in the decay volume.
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However, as the horns only provide perfect focusing for single particle mo-
mentum, off-momentum particles receive partial focusing and still have some
angular divergence. This angular divergence may be large enough that the par-
ticle does collide with the walls of the decay pipe.

Particles produced in the interactions with the walls, produce neutrinos
which contribute to the neutrino flux at the MINERvA and MINOS Near De-
tector. This is a source of uncertainty in physics analyses [31].

2.1.4 Hadron Monitor

The hadron absorber is located at the end of the 675 m long decay volume. Its
purpose is to remove hadrons remaining in the beam at the end of the decay
pipe in a controlled manner. A breakaway view of the hadron absorber pro-
duced from the GEANT4 beam Monte Carlo is shown in Figure 2.6.

Concrete Shielding

Steel Shielding

Beam

Steel Core

Aluminum Core

Figure 2.6: Hadron Monitor created on GEANT4 as implemantation on the
geometry. The Aluminum core is 2.4 m long and the following steel core is 2.3
m long [31].

It has an inner most core composed of Aluminum and steel surrounded by
steel shielding blocks. The aluminum and steel core is further surrounded by
concrete blocks. The metal core serves to simultaneously create and contain
hadronic showers. Neutrons from these showers are attenuated in the outer
concrete shielding. Further discussion and details of the hadron absorber ge-
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ometry can be found in the main reference (used to the beamline Section [31]).

2.1.5 Muon Monitors

After passing through the hadron absorber the beam contains only neutrinos
and muons produced from the decay of mesons in the decay volume. By the
time the beam reaches the downstream neutrino detectors, it must only contain
neutrinos. The region downstream of the hadron absorber but before the MI-
NOS Near Detector hall is designed to remove muons from the neutrino beam
and is thus referred to as the muon filter.

Muon Aleove 3

Muon Alcove 2 j
7/ Delomite \
Rock.

Il

Figure 2.7: Lateral view scheme of the muon monitors.

In the Figure 2.7 is shown a side view of the muon filter. It consists of about
300 m of unexcavated earth with the exception of four excavated muon alcoves.
The three most upstream alcoves each contain a muon monitor that is used to
monitor the muon beam and measure the muon flux.

The earth is a composition of Dolomite rock and Maquoketa Shale. For
the maximum energy muon of 120 GeV, about 200 m of rock is required for a
muon to loose all energy by electromagnetic interactions with the rock. Hence,
the 300 m of rock between the hadron absorber and the MINOS Near Detector
Hall is sufficient to ensure that the MINERVA and MINOS detectors are not
overwhelmed by beam muons, but rather can record neutrino interactions.

The muon monitors are located within excavated alcoves downstream of the
hadron absorber. Since they are located downstream of the hadron absorber,
the flux of particles through the muon monitors is dominated by muons pro-
duced along with the neutrinos in the decay of pions and kaons in the decay pipe.

52



Like the hadron monitor each muon monitor is a 9 by 9 array of ionization
chambers. Each muon monitor is separated from the decay pipe by successively
more shielding. The shielding imposes a momentum threshold for muons to
reach each monitor of about 4, 11, and 21 GeV /¢, for alcoves 1, 2 and 3, respec-
tively. This is to say that muons produced in the decay pipe with momenta less
than 4(11)21 GeV /c will range out in the hadron absorber and never intercept
muon monitor 1(2)3 |31, 32, 33].

Thus the muon monitors measure an integral of the muon flux above each
of these thresholds. A key role of the muon and hadron beam instrumentation
is the verification of the neutrino beam performance. As described in the refer-
ences [31, 32, 33] precises manipulation of the proton beam can, when combined
with measurements of particle fluxes in these downstream detectors, be utilized
to align the target and magnetic horns.

2.1.6 Variable Energy Beam

From the Equation 2.7, the magnetic horns have a variety of focal lengths for
particles with different momenta. The average momentum of focused particles
is fixed by the longitudinal placement of the target with respect to the horns.

x10°
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0 5 10 15 20
Neutrino Energy (GeV)

Figure 2.8: Monte Carlo simulation of the neutrino flux at the MINOS Near
Detector in the LE010, LE100, LE150 and LE250 beam configurations. The

peak energy of the neutrino flux increases as the target is moved away from the
horns [31].

In the NuMI beamline, the average momentum of focus particles can be
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varied by changing the separation between the target and horns. This locates
a different portion of the target at the focal length of the horns, effectively
changing the focal length of the horns.

As the typical divergent angle of pions out of the target is 2/, higher mo-
mentum pions diverge less than to lower momentum pions. Thus, increasing the
relative difference between the target and horns results in higher momentum
pions receiving full focusing. A higher momentum pion beam directly results in
a higher energy neutrino beam.
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Figure 2.9: Four of the five target-horn configurations in which the NuMI beam
has operated to produce different energy neutrino beams [31].

The target and baffle are mounted in a carrier on rails. The system may
travel a maximum distance of 2.5 m along the rails. Figure 2.9 shows four of
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the five target-horn configurations in which the NuMI beam has operated to
produce different energy neutrino beams.

In the nominal configuration, LE or LEQOO, the target is inserted about 35
cm into the first horn. The LE00O configuration produces the lowest possible
neutrino energy beam. Higher energy beams are produced my moving the target
away from the horns. In principle the target may be positioned at any distance
with respect to the horns up to 2.5 m. The Figure 3.1 shows the Monte Carlo
simulated neutrino flux at the MINOS Near Detector in the LE010, LE100,
LE150 and LE250 beam configurations. The peak energy of the neutrino flux
increases as the target is moved further from the horns.

Neutrino Flux
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Figure 2.10: Low Energy and Medium Energy neutrino fluxes for Forward Cur-
rent Horn configuration.

The ability of the NuMI beamline to produce a variety of different energy
neutrino beams is essential in understanding the neutrino flux.

The MINERVA Experiment has been taking data just in two configuration:
Low Energy (LE) and Medium Energy (ME). The LE period spans from March
2010 to July 2012. Now the Medium Energy period is running, the runs started
on September 2013. The Figure 2.10 shows the LE and ME fluxes.

Figure 2.11 shows a draw of the beamline with all the main components on
different views.
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Figure 2.11: NuMI Beamline.

2.2 The MINERvVA Detector

The MINERvA Detector was designed to allows the detection of multiple par-
ticles in the final state, identify such particles, the track of the charged parti-
cles, the energy contained on the electromagnetic and hadronic calorimeters via
showers and a time resolution capable to distinguish multiple interactions in a
single beam spill.

To study A-dependence of several process, a nuclear target region with dif-
ferent passive targets was designed as weel. On the Figure 2.12 an schematic
representation of the MINERVA Detector is shown.

Elevation View

Side HCAL

\:
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v-Beam \(

Active Tracker
Region
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Calorimeter
Hadronic
Calorimeter
214m
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Scintillator Veto Wall
Nuclear Target Region
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Figure 2.12: Squematic side view of the MINERVA Detector. No to scale. We
can see all the major components: Veto Wall, Cryogenic Target, Nuclear Target
Region, Traker Region, ECal and Hcal, side Ecal and Hcal and the MINOS Near
Detector.
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The description of the components of MINERVA Detector following the
neutrino beam direction, i.e. from upstream to downstream is in the following
Sections.

2.2.1 Veto Wall

The veto wall consists of a 5 ¢m thick steel plate, a 1.9 cm thick scintillator
plane, a 2.5 cm thick steel plate, and another 1.9 cm thick scintillator plane. It
can be seen from the Figure 2.12; the veto wall is located at the front of the
MINERVA Detector, inmediatly behind the Steel shield.

The veto wall is designed to shield the detector from low energy hadrons
and tag muons created by neutrino interactions in the surrounding cavern rock
(such particles are referred to as "rock muons" in this thesis).

2.2.2 Nuclear Target Region

The Nuclear Target Region are composed by 22 tracking modules and 5 solid
pasive targets modules. To get the reconstruction of the events generated in
the targets, four tracking modules are located between the solid targets.

The Figure 2.13 shows an schematic view of the Tracker Region.

The pasive targets are numerated from upstream to downstream, 1 to 5, the
composition of these targets is a combination of segments of Carbon, Iron and
Lead.

Thicker targets are the most upstream, so that they interfere with fewer
final state products from interactions in other targets [36].

Targets 1, 2, and 5 contain Iron and Lead, which are divided diagonally on a
20.5 cm offset from the center of the hexagon. Target 3 is made of Carbon, Iron,
and Lead; which occupies is 1/2, 1/3 and 1/6 of the area of the module-target,
respectively. Target 4 contains only Lead. Each target has some unique features.

e Target 1: Being the most upstream target, it makes Target 1 difficult to
analyze. The primary difficulty is the small number of upstream track-
ing planes which can be used to identify particles produced outside of
MINERVA. To solve this problem, the veto wall has been improved in
this target.
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Figure 2.13: Scheme of the Target Region, not to scale. And actual pictures of
each target.

e Target 2: The orientation of Iron and Lead is flipped horizontally from
that of Target 1.

e Target 3: The carbon slice is three times as thick as the Iron and Lead,
which are the same thickness as the Iron and Lead in Targets 1 and 2.
All materials are flush at the upstream end, so that there is an air gap
downstream of the Iron and Lead.

e Target 4: This is much thinner than the other targets. It is intended to
induce electromagnetic interactions of particles from the upstream targets
before they enter the low Z tracking region. These, both improve the
containment of events in the upstream targets and reduce the noise from
n, v, and 7, which would confuse event selection in the tracking region
|36].

e Target 5: Target 5 has the same shape as Target 1 but is half the thickness.
As the large, fully active tracking region is immediately downstream of
this target, tracking is a bit more precise than in other targets.

There is an air gap between Targets 3, 4, and 5 and the first scintillator
plane downstream of them, which is beneficial for reconstruction because it al-
lows for greater spatial separation of low energy hadronic final state particles.
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The Figure 2.14 shows the configuration of the target-modules.

20€00

Figure 2.14: Configuration of the target-modules, from left to right: U-[Pb/Fe]y,
UV-[Pb/Fe],, UV-[Pb/Fe/Cls, UV-|Pb|, and UV-[Pb,/Fe]s [39].

Water Target

A water target is positioned between solid targets 3 and 4, with a mean position
of 530.8 cm. Tt consists of a circular steel frame with a diameter slightly larger
than the MINERVA inner detector size, and Kevlar (polymerized C14H10N202)
sheets stretched across the frame as shown in the Figure 2.15.
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Figure 2.15: Front and side view of the Water Target [49].

The shape of the water target is not as well known as that of the solid tar-
gets. When the target is filled the lower part expands more than the upper
part, and it is not possible to access the entire target in order to make precise
measurements. The water target chemical composition by mass is 88.5% Oxi-
gen and 11.1% Hydrogen with negligible amounts of C' and N [38].
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Helium Target

The cryogenic helium target is located immediately upstream of the active de-
tector and was filled with liquid Helium during the begin of 2014.

The cryogenic target consists of an Aluminum cryostat capable of holding
approximately 2300 [ of cryogen. The cryostat consists of an inner vessel con-
taining the cryogen, which is thermally isolated from an outer vacuum vessel,
and which hangs from a set of four Kevlar ropes.

The vacuum region contains layers of thin Aluminum baffles for minimizing
the radiative heat transfer from the inside of the outer vessel to the inner vessel.

The inner vessel itself consists of a cylinder with an inner diameter of 152
cm, length of 100 cm, and a wall thickness of 0.635 cm. The ends of the inner
vessel are capped with 0.635 cm thick. The outer vessel cylinder has an inner
diameter of 183 cm and a wall thickness of 0.952 cm.

In order to minimize energy loss and rescattering of final state particles
entering MINERVA, the amount of Aluminum on the downstream end of the
cryostat was minimized in the design.

Consequently, the flanged and dished head on the upstream end has a thick-
ness of 0.635 cm, while the hemispherical head on the downstream end has a
nominal thickness of 0.160 cm and a radius of curvature of 107 ¢m with the
center of curvature downstream.

Since the equation of state for helium is known, the temperature and pres-
sure sensors allow an accurate determination of cryogen density. The tempera-

ture is regulated to within 25 mK via a feedback loop which controls a heater.

On the Figure 2.13 a picture of the Helium target is shown.

2.2.3 Tracker Region

Behind the nuclear target region there is the heart of the MINERvA Experi-
ment: The Tracking Region.

The Nuclear Region contains 22 tracking modules, and the central Tracking
Region contains 62 tracking modules.
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The tracking modules consist of two scintillator planes, each plane is com-
posed by triangular scintillator strips. And each plane consists of 127 strips
glued together with translucent epoxy. Sheets of Lexan cover the planes and
are attached with gray epoxy to make them light tight and to add rigidity.

Black PVC electrical tape is used to seal joints in the Lexan and patch any
light leaks. On the Figure 2.16 is shown a transversal section scheme of the
tracking planes.

I (<) o o o [5)

17 mm

Figure 2.16: Transversal view of one tracking plane.
Optical epoxy provides the coupling between the scintillator and WLS fibers.

The scintillator plane can have one of three different orientations, referred to
as X-planes, U-planes or V-planes, according to the coordinate in the MINERVA
system in which each plane measures particle hit positions.

As shown in the Figure 2.17, the X-planes have scintillator strips aligned
vertically, hence hits in this view give position information in the horizontal or
x-direction. The U- and V-planes are rotated 60 degrees clockwise and coun-
terclockwise from the X-planes in the x-y plane, respectively.

Three different views are used in order to avoid ambiguities with recon-
structed hit associations that can occur when multiple tracks traverse two or-
thogonal planes.

Three views for 3D
reconstruction.

Figure 2.17: Three orientations of the scintillator strips on tracking planes.

The chemical composition and areal mass (mass per unit area) of the planes
is determined by combining measured densities (pure scintillator and coated
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strips), as sayed compositions (coated strips and epoxies), and data sheet val-
ues (tape and Lexan).

The estimated areal mass densities of the epoxy and tape are based on their
usage in plane construction. The chemical composition of the components is
well known. There is some uncertainty in the composition of the coated strips
due to the uncertainty in the coating thickness, which is estimated to have a
relative uncertainty of about 10%. This affects most strongly the fraction of
the strips which is scintillator [40].

The estimated areal density for the scintillator plane is 1.65 4 0.03 g/cm?.
The estimated areal density of an assembled plane is 2.02 + 0.03 g/cm?.

More information about the density and composition in the scintillator
planes, is in the paper ” Calibration, and Performance of the MINERVA Detector”
[40].

2.2.4 Electromagnetic Calorimeter

Each module on the tracking and electromagnetic calorimeter (ECal), has one
X-plane, and either, a U- or V-plane, with modules alternating between a UX
or VX structure with the X-planes always located downstream of the U- or
V-planes.

The Ecal modules are very similar to a central tracking module. It differs
in that it has a 0.2 cm thick sheet of lead covering the entire scintillator plane
instead of a 0.2 cm thick lead collar covering only the outer edge of the scintil-
lator region.

Between the Tracking and ECal Region are located transition modules, this
region contains a 0.2 cm thick lead sheet on the downstream end of the last plane
in the module, so that each plane of the ECal has a lead absorber upstream of it.

The fine granularity of the ECal ensures excellent photon and electron en-
ergy resolution and provides directional measurement for these particles. There
are 10 modules in the Ecal region of the detector [40].
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2.2.5 Hadron Calorimeter

The lead sheets used for the side electromagnetic calorimetry were measured
using an ultrasonic device to determine the variation in thickness along the
length of the sheet. The thickness along each piece vary at the 5% level, and
the average thickness of the different pieces vary at the 3.5% level.

The thicknesses of the lead sheets used in the downstream electromagnetic
calorimetry also vary at this level. The Hcal consists of 20 modules that are
similar to the tracking modules; however, instead of two planes of scintillator
in each module, there is only one plane of scintillator and one 2.54 cm thick
hexagonal steel plane in the inner detector region.

The scintillator planes located in the HCal have a repeating pattern of
XVXU.

Figure 2.18: Side view of the actual state of the Minerva Detector. From left
to right; veto modules, Helium target, Target Region, water Target, Tracker
Region in light-green, ECal Region in blue and HCal Region in dark-green.

2.2.6 Side Electromagnetic and Hadronic Calorimeters

The tracking modules are designed to perform electromagnetic calorimetry us-
ing a 0.2 cm thick lead collar that starts at roughly 90 cm from the module
center and extends to the outer frame. The collar forms a hexagonal ring whose
purpose is to reduce the leakage of electromagnetic showers that originate in
the central detector.
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The Side HCal has 5 trapezoidal Iron blocks, it increases gradually untill
reaches a thick of 43.4 cm, and it is separated by 4 scintillator strips of 2.5 cm
of thick, like the ECal.

The Side Calorimeters design allows a complete particle contain and a high
resolution for angles below 25°. On the Side Calorimeter is possible to stop
protons with energy under 750 MeV when it enters at orthogonal angle with
respect to detector longitudinal direction.

The Figures 2.18 and 2.19 show the profesional draws of the MINERVA De-
tector from different views. The draws are in the minerva-docdb webpage.

Figure 2.19: Left: Front-right corner view. Right: Back-right corner view.

2.2.7 Optical System

The MINERvA Detector is composed from around 32 000 scintillator strips,
this means, the same number of channel must be converted to electrical pulses,
each pulse carries the accurate information related to the energy deposited and
timing information.

When charged particles pass through the individual scintillator strips gener-
ate light, this light is collected in wavelength shifting fibers at the center of each
bar and transmitted through clear optical cables to 64-anode photo- multiplier
tubes (PMTs) mounted above the detector.

Each PMT is enclosed in a metallic cylindrical box, inside it an additional
set of fibers called ”ODU” is contained, it guides the light to the front face
of the PMT. Each box also houses the associated PMT base. The front-end
electronics board that services the PMT is mounted to the exterior of the box
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on one endplate.

MINERvVA Detector uses extruded plastic scintillator technology for the
tracking detectors in the Inner Detector (ID), and embedded scintillators in the
Outer Detector (OD). The blue-emitting extruded plastic scintillator strips are
read out with a green wavelength shifting (WLS) fiber, it is placed in the center
of the strips.

The extruded scintillator strips are made from polystyrene pellets doped
with 2,5-diphenyloxazole (PPO) and 1,4 bis benzene. This scintillator composi-
tion was previously utilized in the MINOS scintillator strips. PPO and POPOP
are used for their spectroscopic properties. The strips are co-extruded with a
white reflective coating based on T'iO; in polystyrene [40].

The ID scintillator strips has a triangular cross section, with a height of
17+ 0.5 mm and width of 33 £+ 0.5 mm, see the Figure 2.20. Each ID strip has
a 2.6 + 0.2 mm diameter hole centered at 8.5 4+ 0.25 mm above the widest part
of the triangle.

Figure 2.20: Left: Scintillator strips used on MINERrA Detector, these have
a triangular cross section. Right: Configuration of the planes by stacking ex-
truded triangular strips, the WLS fiber collect and send the to the PMTs the
light generated by a charge particle interaction [48|.

Both ends of the scintillator strips are painted with white 770y Eljen paint.
The OD scintillator strips have two different rectangular cross sections. For
90% of the detector the OD scintillator strips have a base of 19 + 0.5 mm and
a height of 16.6 £ 0.5 mm. For the hadron calorimeter region the OD steel is
thicker, hence the OD scintillator strips are also thicker to improve hermeticity.
The OD scintillator strips have a 3.5 = 0.2 mm diameter hole [40].
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2.3 MINOS Near Detector

The MINOS Detector is located on the Fermilab site 100 m underground and 1
km from the NuMI target. It is a sampling calorimeter composed of alternat-
ing planes of 1 cm thick scintillator arranged in planes of strips and 2.45 cm
thick steel planes. It is designed to measure the momenta of muons produced
in charged current muon neutrino interactions, v, + Fe — u~ + X.

The detector is magnetized allowing for the separate identification of u* and
p~ from v, and anti-v, charged current interactions, respectively. This also al-
lows for a measurement of muon momentum by the curvature of the muon track.

Figure 2.21: Scheme of the MINOS ND, it is used as muon spectrometer.
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UFSTREAM DOWNSTREAM
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Figure 2.22: Top schematic view, showing the calorimeter and muon spectrom-
eter. The drawing is not at scale [49]

The energy of the hadronic state, X, is measured calorimetrically. The Fig-
ure 2.21 shows a diagram of the 980 ton MINOS Detector. It is a "squashed"
octagon ~3.8 m in diameter and 16.8 m long. The steel-scintillator planes are
spaced 5.95 cm center-to-center for a total of 282 planes.
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The planes alternate in +45°, called U, and -45°, called V', orientation
with respect to the horizontal direction. The upstream 120 planes comprises
the calorimeter portion of the detector. All planes are instrumented to mea-
sure hadronic showers produced in neutrino interactions. The downstream 162
planes form the spectrometer section. Every 5th plane is instrumented to track
muons produced in muon neutrino interactions.

The magnetic coil is offset from the center of the detector by approximately
0.56 m. The neutrino beam is centered on the left side of the detector between
the left edge and the coil.

I S §
A4

STEEL 4

3.8m

CLOSEST
APPROACH

OF THIS STRIP
TOTHECOL ¥

PARTIAL |t G ot
SCINTILLATOR ‘ COIL HOLE

PLANE
FULL SCINTILLATOR PLANE

Figure 2.23: Transverse view fo the MINOS Near Detector. The shaded area
shows a partially instrumented active scintillator plane and the dashed line
within shows the boundary of the fiducial region. And the dotted line shows
the outline of a fully instrumented scintillator plane.

Figure 2.24 shows a diagram of a MINOS scintillator strip and demonstrates
the scintillation process. Each polystyrene scintillation strip is 4.1 ¢m, 1.0 cm
thick and up to 6 m long (in the Near Detector) and coated with a titanium-
dioxide (TiOs) doped polystyrene reflective layer to maximize reflection and
protect the strip.

A wavelength shifting (WLS) fiber is inserted into a 2.3 mm deep grove cut
into the wide face of the strip. Charged particles ionize the scintillator pro-
ducing scintillation light at a characteristic 420 nm. The WLS fibers absorb
radiation peaked at 420 nm and re-emit light at 470 nm. The light travels along
the length of the fiber to the end where it impinges upon a photo-multiplier
tube (PMT). Each strip is connected to one PMT pixel. Only one end of each
strip is readout, the other end is coated with a highly reflective material.
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Figure 2.24: Diagram of a MINOS scintillator strip showing the outer TiO,
coating and WLS fiber. Scintillation light reflects within the scintillator until
it is absorbed by the WLS fiber. Light is re-emitted by the fiber and travels
down its length to the collector system [31].

2.4 Test Beam Program I and II

The goal of the test beam experiment is to measure how well the Monte Carlo
(MC) simulation of the detector responses to these particles and how well de-
scribes the data. The accuracy of the simulated single-particle response is an
essential ingredient to the MINERVA neutrino cross-section measurements.

The Test beam Detector was proposed to study the hadronic and electro-
magnetic response on a miniature replica of the MINERV©rA Detector, and it is
used for calibration. It is 1 m in the transverse dimension, about half the size
as MINERvA Detector, and one-third the depth.

On the Test Beam I, the energy range covered was 0.35 - 2.0 GeV, it is well
matched to the energy range of protons, pions, and electromagnetic showers in

the data taked from 2010 to 2012, i.e. at MINER~VA Low Energy neutrino and
antineutrino data.

Now, Test Beam II is in operation and it covers an energy range from 1.77
Gev to 8 GeV, these are the predictions for the range of protons, pions and
electromagnetic showers in the MINERvA Medium Energy run.

The Test Beam Experiment was developed at the Meson Test Beam facility
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(MTest). This facility works with a beam coming from the collision of protons
extracted from the Main Injector at 120 GeV on a target of Aluminum, the
products of the interaction are directed towards MTest in the two operation
modes: protons and pions.

The not interacting proton beam is mostly absorbed by a pinhole collimator,
and the beam remainder is transported directly to MTest, while on the pions
beam mode, the momentum selection is made with dipole magnets located
along the beam line. It can provide pions at different energies, below of 1 GeV
the beam content are electron and positrons coming from the decays or showers.

When the secondary beam (pions at 16 GeV) hits the copper target, is gen-
erated a tertiary beam from the products of the interaction, the remain of the
secondary beam is also spread in the room.

Even although secondary and tertiary beam are not on time, this enables to
separate the two signals to a zero level, the secondary beam is absorbed in order
to maintain low levels of radiation. By this means, a sensor chain is installed

on the detector, that is not exposed to a unnecessary contamination.

On the Figure 2.25 is shown the eye-bird view scheme of the test beam array.

Target
Collimator Scintillator/absorber stack
| Upstream TOF Detector frame
[7 WC1
;;;gg g.ﬂcz )

Dipole magnets
Downstream TOF

Figure 2.25: Diagram of the Test Beam Experiment array for Run I, viewed
from above, with the beam comming from left to right [40].

2.4.1 Tertiary Beam

The Test Beam Experiment uses a tertiary beam, this means, that the beam is
extracted from the interaction of the secundary one produced on a copper target.

The motivation to have a tertiary beam is because the secundary beam (pi-
ons at 16 GeV) not covers the requierements of the Test Beam Experiment, it
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necesary a beam with an specific energy range.

These were the beam requierements for the Test Beam I:

e Electrons, positrons, pions and protons with an energy range between
0.35-2.0 GeV.

e Good balance in the events rate, to have a good response of the DAQ
(Data Adquisition Quality System).

e To have an specific particle type per run, with the low contamination
possible.

2.4.2 Test Beam Line

The Test Beamline is composed by one production target, Iron collimator, time
of flight (tof), magnetic spectrometer, four wire chambers and the Test Beam
Detector.

The Figure 2.26 shows the test beamline from two different views.

Figure 2.26: Test beamline. Left: Lateral view. Righ: Front-Uper view [39].

2.4.3 Copper Target

The target type depends of the secondary features, on the Test Beam Experi-
ment, the Copper was chosen, because it has low activity.

The Copper target has trapezoidal shape, with 30.48 cm of length, and 3.17
of thick. It was at 166.4 cm above the floor. The Copper target is shown on
the Figure 2.27.
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Figure 2.27: Copper target.

2.4.4 Collimator

When the beam hits the Copper target, many particles are produced (tertiary
beam), to choose the appropriate beam, an Iron Collimator are been installed,
it choose particles at 16° respect to the secundary beam direction.

The coper target is located just front the collimator, the dimensions of pin-
hole in the collimator are Front, (7.63 x 5.08) cm and Rear, (14.50 x 5.08) cm.
A lateral view of the collimator, target and TOF are shown in the Figure 2.28.

Figure 2.28: Collimator with Copper target in the front.

2.4.5 Drift-Wire Chambers

The reconstruction of the trajectories and angle measurements were done with
four wire chambers, that were the same used previously in the Hiper CP Ex-
periment.

The wire chambers have the same features. One of the four wire chambers
are shown in the Figure 2.29.
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Figure 2.29: Left: wire chamber scheme. Right, picture of the wire chamber
[39].

2.4.6 Magnets

The magnets type "NDB" made at Fermilab, are ramped to a current of 100 A
producing a magnetic field of 0.339 Tesla in the central region of the magnet,
the polarity can be reversed. The typical field integral is 38.3 Tesla cm with 1.5
Tesla ¢m variations around this value that encompass 90% of selected events
[40].

The magnets were built by two coils of 200 turns each, the layer core of the
magnet is made with Iron, each layer has a thick of 3 mm and each magnet
weight is 772 kg.

The dimensions of the cavern in the magnet, where cross the charged parti-
cles, are 20.95 cm, 14.73 cm and 46.4 cm for width, high and length, respectively
[39].

At normal operating conditions the magnets have an inductance of 297 mH,
and the temperature of the core oscillates around 133.8 ° C.

The Figure 2.30 shows the pictures of the two magnets used at Test Beam
Experiment.

2.4.7 Time of Flight

The TOF units, 1 and 2, are used to measure the time the particle travels from
just in front of the first wire chamber to just behind the last wire chamber. The
path length is 6.075 m with RMS variations of 0.014 m from center to inside
and outside tracks through the bend magnets.

The front TOF unit is a single piece of inch-thick scintillator. The back unit

72



Figure 2.30: NDB0022 and NDB0021 magnets before used in the Test Beam
Line.

is three longer pieces of inch-thick scintillator, covering an area larger than the
wire chamber aperture.

A resolution of 200 ps is obtained using fast photo-multiplier tubes (PMTs)
reading out two sides of each scintillator and a 25 ps least-count time to digital
converter. The photo-electron yield, scintillator size, and length of signal cables
contribute to this resolution [40].

2.4.8 Test Beam Detector

The test beam detector is a miniature version of the MINERvA Detector. The
Test Beam Detector is made of 40 square planes of 63 nested triangle-shaped
scintillator strips, each one with length of 107 cm and 1.7 cm of thickness.

As a remainder, the MINERVA Detector has a hexagonal cross section and
it is made of 124 planes of 127 strips in the Tracker Region, 20 planes in the
Ecal and Hcal, which have Lead and Iron interleaved respectively.

Both detectors have the same three views, with the same UXVX sequence
of planes with U and V rotated £60°, relative to the X plane, aligned with
vertical coordinate.

Unlike the MINERVA detector, the test beam detector has removable ab-
sorber planes, that allows to take exposures in two configurations. One has 20
planes with 1.99 mm thick lead absorber in Ecal, followed by 20 planes with
26.0 mm thick Iron absorber at Hcal. The other has 20 planes with no absorber
(Tracker) followed by 20 planes of Ecal [40].

The absorber is interleaved by placing one absorber upstream of each scin-
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tillator plane. More information about the Test Beam Experiment, array, cali-
bration and analysis, in Reference [40].

2.5 Data Acquisition System

As in other experiments, MINER~VA has its own specific readout electronics.
The MINERvVA Detector uses plastic scintillator as fundamental detector tech-
nology. The light generated by the charged particles crossing through the scin-
tillator material is colected and delivered by a wavelength shift fiber to PMT’s.

Each PMT has 64-anode photomultiplier channels, this transforms the col-
lected scintillator light into photo-electrons on their photo-cathodes, which are
then amplified into a measurable signal by series of dynodes inside the PMT.
The MINERVA Detector has approximately 500 PMT’s, which give service to
~32 000 chnannels.

Each PMT is read out by a Front End Board (FEB) that has mounting six
Application-Specific Integrated Circuit (ASIC) chips (TriP-t chips) that digitize
and store charge using pipeline ADCs. Input charges from the PMT anodes are
divided into high, medium, and low gain channels using a capacitive divider to
increase the dynamic range. The high gain is 1.25 f{C/ADC, the medium is 4
fC/ADC, and the low is 15.6 f{C/ADC. The FEBs generate the high voltage for
most of the PMTs using an onboard Cockroft Walton (CW) generator [48].

Each TriP-t chip services 32 channels and has an user-selectable gain. Two
chips are set to low gain for all 32 channels; the other four chips are set to
medium- and high-gain for 16 channels each. The control circuitry resides on
the FEB, while the CW chain itself resides on the base, with appropriate taps
for each dynode.

All FEB operations are controlled by a Spartan 3E Field-Programmable
Gate Array (FPGA) chip. The FPGAs decode timing signals received over the
unshielded twisted pair (UTP) cables, sequence the TriP-t chips and decode
and respond appropriately to communication frames received over the data
link. The FPGA also controls the CW and other aspects of FEB operation.

For data collection, the boards are daisy-chained together (into chains) us-
ing standard UTP ethernet networking cables with a custom protocol and Low
Voltage Differential Signaling (LVDS). Of the four pairs in the cable, one is ded-
icated to timing, including clock and encoded signals, one is dedicated for data,
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Figure 2.31: An Scheme of the MINERrVA DAQ [41].

one is used to indicate the sync-lock status of the data Serializer/Deserializer
(SERDES) and one for a test pulse.

An integration gate on the FEBs is opened synchronously with the delivery
of neutrino beam spills. Beam spills delivered by the Main Injector (MI) are
approximately 10 us long, and are delivered every 2.2 or 2.06 s, depending on
the MI operating mode. The MINERVA read-out gate opens 500 ns before the
arrival of the spill and remains open 5.5 us after the end.

During normal data-taking, one additional calibration gate is recorded be-
tween neutrino spills, either a random sampling of the detector noise (a pedestal
gate) or in coincidence with LEDs flashing the PMTs (a light-injection gate).
Pedestals are used to establish baseline readout levels and light-injection to
monitor gain drifts in the PMTs by sudying the photo-statistics of the LED
signals.

At the end of the gate, the readout system runs a software loop over all
of the FEBs and collects data in the form of device frames (well-defined and
formatted byte data with attached headers) one at a time for the state of the
high voltage, hit timing, and finally the hit blocks themselves.

Each frame is passed through a chain to a CROC FE channel where it is
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stored briefly before being passed to a readout computer for archival and mon-
itoring processes.

Readout of the electronics is done in pairs of nested loops. Requests for data
are sent to the first FEB on each FE channel before looping back to retrieve
the data from the CROC memory. Then the next set of FEBs are handled in
another dual loop over FE channels, etc. This allows the DAQ computers to
communicate with the next CROC while the previous one is fetching data from
the FEBs on one of its readout chains.

In normal data-taking MINERVA reads out in a '"zero suppression”" mode.
In this mode, the DAQ first reads the discriminator frame data for each board
and stores frames that contain hits above the discriminator threshold (about
70 fC). Tt then loops over those boards and reads the FPGA registers and all
time-stamped ADC hit block frames. The FEBs are configured to enable read-
out of up to eight ADC blocks: seven time-stamped hits and one un-timed hit
at the end of the integration gate.

The untimed hit carries no discriminator timing information and contains
all the integrated charge between the last timed hit and the end of the gate.
The FPGA registers contain configuration data, high voltage read-back, and
the local gate time stamp, the time the gate was opened for integration in the
local FEB counter time coordinates. Boards without hits above threshold are
not read out in this loop and neither are un-time-stamped ADC frames (charge
collected below threshold and stored until the end of the integration gate). All
seven available time stamped hits are read out.

During construction and early low energy configuration running, a configu-
ration with five time stamped hits and one un-timed end-of-gate hit was used.
With a 2.2 s MI cycle and 35x10'3 protons on target (POT) per spill, roughly
1 MB per spill for the entire detector in zero-suppression mode running in the
NuMI Low Energy configuration is collected, about half of those data are beam
spill data and half are calibration data.

Readout time for a single frame is approximately 500 pus. Most of that time
is in message preparation and in setting up a block transfer; for our data the
readout speeds per frame are largely insensitive to the size of the frame. Physics
gate readouts typically require 1200 frames on average, while calibration gate
readouts require 1600 (channel occupancy is lower in physics gates). Therefore,
reading a typical cycle (single physics gate plus single calibration gate) requires
1.4 s.

76



Calibration readout times are very stable, but physics gate readout times
vary with the level of activity in the detector. The DAQ is programmed to
protect the integrity of physics gates above all else. It will only attempt a cali-
bration readout in the case where the physics readout is accomplished in under
0.9 s. If the subsequent calibration readout extends beyond 0.9 s, the DAQ will
dump that readout and simply arm for the next physics spill. However, the
DAQ will not interrupt readout of a physics gate. Propagation of the start gate
signal is blocked in hardware and only unlatched after readout is complete [41].
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Chapter 3

Simulation

3.1 Beamline and Flux

The NuMI beamline prediction is possible with G4NuMI, that is a GEANT4
adapted version. The G4NuMI allows modification, as complete interaction
record for all produced hadrons and adapted physical models.

On beamline prediction are included a complete description of all the com-
ponents mentioned on the previous chapters, as the geometry and materials in
the baffle, target, horns, target hall, decay pipe, hadron absorber, muon moni-
tors, and unexcavated rock in areas relevant for the beamline. In G4NuMI, the
target position and horn current are configurable.

The products of primary p + C collisions are allowed to propagate through
the material of the NuMI beamline, where they may reinteract. The products of
these interactions are focused according to a description of the magnetic horns
and decayed by G4NuMI. This procedure is used to predict the flux spectrum
from NuMI for all neutrino and antineutrino flavors [36].

The Monte Carlo flux prediction is frequently changed as new constraints
from measurements of hadron production in conditions similar to the NuMI
beamline are added.

To improve the knowledge of hadron production in neutrino beams, measure-
ments of hadron production on external targets are used to tune the simulation.

MIPP and NA49/SHINE are two of such external hadron production exper-
iments that were performed for this purpose. T2K and MINOS use external
data from these experiments to tune hadron production in their beamline simu-
lation. MINERvA also utilizes NA49 data to tune NuMI beamline simulation.
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Figure 3.1: Neutrino flux prediction at MINERvA. ~93% of the of the flux
are composed by muon-neutrinos, ~ 6% by antimuon-neutrinos and ~ 1% for
electron-neutrinos. Left: muon-neutrino flux. Right: antimuon- neutrino flux.
On both cases, the green line describes the Low Energy prediction and red one
is the prediction for Medium Energy.

In principle, each time that the flux is changed, the neutrino interaction
simulation, detector simulation and reconstruction of this simulated data must
be completely redone, beacuse different flux give different interactions. On the
Figure 3.1 are shown the 4 types of neutrino fluxes usend on different MINERvA
periods.

To avoid this repeated nearly duplicate MC productions, a reweighting tech-
nique is used for variations in the flux. Each event in the Monte Carlo simulation
gets a reweighting factor from the ratio of new flux to old flux as a function of
neutrino energy [44].

3.2 Event Generator
After having the simulation of the NuMI beamline, and the flux prediction,
the next step to do is the event generation. It predicted using GENIE, that is

an object-oriented neutrino generator, it is used on several experiments: T2K,
NOvA, ArgoNeuT, MicroBooNE and MINERvVA.

GENIE use the flux information from the external G4NuMI beamline sim-
ulation output files.

The GENIE flux driver uses an spatial window to predict neutrino flux at a
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Figure 3.2: Genie sample. Left: Transversal view of the detector, interactions
on plane 25, the blue color represents interactions on tracker region, green the
interactions on SideEcal. Righ: Longitudinal-transversal view of the detector,
the blue color represents the interactions just in the tracker region.

specific location. The flux window is located upstream of the MINER»VA Detec-
tor, and its position is given in terms of beamline coordinates [44]|. The window
size are optimized to prevent unnecessary inefficient generation.

GENIE uses a simplified geometry description of the detector (see Figure
3.2), due to that the neutrino interaction is approximately proportional to the
volumen and density of the components in the MINERVA Detector.

A cross section spline file is used for efficient generation. The cross section
spline file is pre-generated for each interaction type, each neutrino flavor and
each different isotope in the target. As the neutrino flux flows through geometry
material, geometry analyzer calculates path lengths through volumes separated
by each isotope [44].

Then, the neutrino interaction is predicted using density and individual cross
section. After it has been determined that the neutrino interacts, GENIE se-
lects the interaction process randomly by considering the relative likelihood for
each process P,(E,) = op(E,)/o(E,). Finally, event kinematics are determined
according to the model of the particular interaction process [36].

The generation of the different neutrino interaction process on GENIE, is
handed by several Physics Models. Here, we are only enumerating the process
and used physics models [36].
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These are some of those models:

Quasi-Elastic Scattering: Llewellyn-Smith.

Resonance Production: Rein-Seghal.

Deep Inelastic Scattering: Quark Parton and Bodek-Yang.

Transition, Resonance to DIS: Applying cuts on W. Res: W < 1.7 GeV,
DIS: W > Mi" 1.232 GeV < 1.7 GeV.

Hadronization: AGKY and KNO.

As was described on the first chapter, neutrino electron scattering is based
on a tree-level calculation, where the low energy term, m./E, is ignored, which
is small correction for the GeV neutrino energies.

A portion of the predicted background comes from a similar reaction: the
inverse muon decay (v,e — p~v.), includes 1-loop radiative correction.

Due to that it is considered events with only one forward electron, the ma-
jor background to the neutrino electron scattering is any process which gives a
single electromagnetic particle in the final state. For example electron- neutrino
charged-current quasielastic (NuE-CCQE) reactions, v.n — ep.

If a recoil proton or neutron is not observed in the detector, which is com-
mon at low Q? , NuE-CCQE events looks like a single electromagnetic shower.

Most parameters of the Llewellyn-Smith model, are precisely determined in
electron scattering, and we used the BBBA2005 form factor parametrization of
these form factors. However, the nucleon Axial Form Factor, F4, while pre-
cisely known near Q? = 0, does not have its variation with Q? well measured
in electron scatering [44].

On GENIE the @Q? dependence of axial vector form factor has dipole form,
1
(14 Q*/m%)

here m 4 is axial mass. Under this dipole assumption, other measurements
of neutrino CCQE favor a value of my = 0.99 GeV [44].

Fy= (3.1)
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Other background contribution to neutrino electron scatering are the pro-
cess that involves 7 production, because it interacts via electromagnetic, and
decays into 2 gammas. For example, vA — v7® + Recoil Nucleus.

The dominant reactions that produce this final state are the excitation of
baryon resonances which decay to nucleons plus pions, and the production of
pions from coherent interactions with the nucleus.

The coherent pion production mechanism has a smaller cross section, but
it produces energetic forward 7°. These reaction are built from an approxi-
mation where the target is a single neutron or proton inside the nuclei. The
kinematic modification of this target nucleon is simulated by a relativistic Fermi
gas (RFG) model for exclusive processes [44].

Many different types of interactions are considered, whose rates in the sim-
ulation are based on measurements of hadron-nucleon scattering as follows:
elastic scattering, pion or nucleon charge exchange, inelastic production of pi-
ons and absorption of pions.

Other feature of GENIE is that it includes the event reweighting, such fea-
ture is useful for studying uncertainties due to variations in cross section models.

3.3 Detector Simulation

The simulation of the MINERrA Detector is based on GEANT4, it is an in-
ternal part of the GAUDI Framework, where the analysis and simulation are
implemented.

Each event generated on GENIE, has no time stamp, this means that each
event is distributed randomly according to the Main Injector bunch time struc-
ture, and later handed by GEANTA4.

The physics models used on GEANT4 for Detector simulation are config-
urable. For electromagnetic interactions the default GEANT model is used,
and for Hadronic interactions is used the QGSP BERT model.

To do the detector simulation, it is necesary to define the detector geometry,
it consists of shape and material definitions, placing daughter volumes inside
mother volumes, and placement of replicas when the geometry is repetitive.
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Only a few definitions of shapes are necessary, because most of the MINERVA
detector is made from the same module shape and composition.

All the aspects related to real detector have been included on the simulation,
for example the fiber hole and the rounded corner of triangular scintillator strip
have been implemented, see Figure 3.3. And the three kinds of module for
Tracker, Ecal, and Hcal have slightly different absorber configurations.

Figure 3.3: Top: Simulated plane, composed by simulated scintillator strips.
Bottom: Cross section of an actual scintillator plane [44].

Due to the flexibility of the XML structure, that allows a slightly different
detector configuration to be studied without signifiant duplication of geometry
coding, the MINERVA geometry is defined based on XML. A component in
an XML file can access to another component from a different XML file via a
reference link.

3.4 Readout Simulation

The simulation works by propagating particles in time steps, determining if and
how they interact with the material. So the next step on the simulation, after
got the GENIE sample, is to simulate the energy deposition.

The GEANT4 simulation result is a collection of true energy deposition with
coordinates where the energy loss happened in the detector. The particle detec-
tor consists of active components and inactive components, like Ecal and Hcal
absorbers. GEANT4 only simulates the particle interactions with material, i.e.
when particles travel through the detector volume.

MC hits from all scintillator strips are serialized into a list without asso-
ciation to originating volume. Geometric calculation is performed to find the
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originating strip from (x,y, z) coordindates of the MC hits.

Energy deposition in the strip is converted into light in the scintillator,
proportional to the deposited energy. An optical model translates the energy
deposited in scintillator into light using Birks law. The calibrations are applied
so that the photostatistics and light yield in the simulation match those found
in data.

Light propagation through a WLS fiber is simulated using a measured at-
tenuation curve that was measured from Module Mapper. In order to find the
correct electronics channel that is connected to the strip, a detector strip to
electronics channel map is used. This map combines the complicating mapping
of clear fiber cables to PMTs and the PMT pixel weave [44].

Time-dependent calibrations applicable to the overlaid data event are used
to calibrate the energy and include the identification of dead channels. A PMT
model that includes optical cross-talk converts the light into charge. The time it
takes for light to propagate through optical fibers is smeared with a data-driven
model. Digitization of charge into hits is simulated by a model of the front end
electronics.

The PMT simulation includes the measured optical crosstalk probability
that the photon lands on a part of the photocathode which feeds a neighbor-
ing PMT dynode. Signal smearing during the dynodes amplification is also
simulated, and the response of the electronics is also simulated to produce the
equivalent "raw” detector data for the simulation.

This “raw* simulated detector data can then be run through all the same
calibration and data processing steps as the real data. A complete description

of the calibration process can be found on the Reference [44].

The Figure 3.4 summarizes the simulation process on the MINERvA Ex-
periment.

3.5 Overlay with Data

Many aspects of the Monte Carlo data are not simulated. Some of them include
the event overlap in the detector, events in the calorimetry, rock muon events,
dead time, dead channels, and miscalibrations.

Instead of developing complicated extensions to the simulation, the effects
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Figure 3.4: Summary of the stages to generate the Monte Carlo data.

are directly imported from real data. The MC data overlay procedure is prefer-
able as it is clearly more representative of the real data than any simulation of
these effects could be.

Some times, a neutrino interaction in the detector or some rock muons may
produce deadtime or cause hit overflow, this may generate that the following
neutrino interaction of interest may not have all hits recorded in the detector.

For example if the region of dead time is near to the interaction vertex, the
event reconstruction cannot be reconstructed with correct vertex, then these
events will not be used for analysis, this means that some candidate signal
events are wasted, i.e. the detector has not an optimal efficiency.

If the neutrino interaction in the real data overlaps with the previous neu-
trino interaction or rock muon without dead time, the event reconstruction may
be blind by the overlapping. Such effect can be simulated from single interac-
tion MC.

A realistic hit time model is difficult to do due to lack of an accurate model
for detector components and electronics. To get around these difficulties, sin-
gle interaction MC event is overlaid with actual data from a randomly chosen
beam spill. The data-MC overlay allows get a more realistic deadtime and hit
overflow from multiple interactions and event overlapping in the MC sample.

Since we are only interested in data hits that are near the MC interaction
time, only data hits within 50 ns of the hits from the MC simulated event are
considered. The reason to use the latest MC hit time in this calculation is that
the interaction may have delayed activity like a Michel electron [44].

MC-Overaly sample is prepared/generated for an specific run period, using
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data from that corresponding run period for the overlay, the idea is to take into
account time variation and hardware updates for the corresponding running
conditions.
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Chapter 4

Reconstruction

Due to that this study is the first one in MINERvA Medium Energy region, and
it is an extension of the previous one in Low Energy, we are using "basicaly"
the same reconstruction package developed from Low Energy, so this chapter is
a complement of the main Reference [42].

4.1 Data and Monte Carlo POT Samples

This thesis was done using the data from the first year of the Neutrino Forward
Horn Current Medium Energy (ME) Beam configuration run, just the first of
the 2 years data were used, these have been taken from September 2013 to
September 2014 using the Forward Horn Current (FHC) or commonly know as
neutrino mode.

At the moment we only have the Monte Carlo (MC) sample just for the first
playlists, it has been done simulating the corresponding status of the MINERVA
Detector, on this case, the MC General Sample corresponds to the status of the
MINERVA Detector between September - December 2013.

Due to the lack of simulated events and to get a better modeling, some Neu-
trino Electron Elastic high statistics samples were generated and processed for
each one of the Medium FEnergy playlists used on this thesis. Table 4.1 shows
the POT size for Data, General MC and NuEElastics high statistics samples.

To qualify as useful data for analysis, the data must meet certain quality re-
quirements. The primary proton beam position and various other primary beam
and secondary beam conditions, such as the focusing current in the horns, have
been monitored during neutrino beam operation. The analysis requires that
the neutrino beam is an expected state, the POT counting and the beam flux

89



Playlist‘ Data ‘ MC ‘NuEElastic

melA 9.118 | 80.482 3000
melB 1.864 | N/A 630
melC 4.720 | N/A 1560
melD | 14.367 | N/A 4730

Tabla 4.1: Protons on Target (POT) for Medium Energy Data, MC and NuEE-
lastic hight statistics samples used on this thesis. All the samples are scaled to
x10Y¥POT. The data sample is comparable to the Low Energy sample data
used on the Reference 42.

prediction based on that counting are reliable.

The status of the MINERrvA DAQ is also required to be good; otherwise
data from the detector may not be reliable. Good status of the MINOS Near
Detector is generally necessary for analysis of the v, Charged Current reac-
tions, those dominate the observed reactions in the MINERrvA Experiment,
these muons leave the MINERVA Detector at the back part and are necesary
to be reconstructed.

The Neutrino Electron Scattering does not require muon reconstruction, so
the MINOS near detector has not been taken into account.

The analysis is done with a Data-overlay in MC samples, it is used to mimic
the overlap of multiple interactions and deadtime of electronics.

Some MC events will become unanalyzable due to the event overlap or dead-
time as a result of event overlap, and the simulation successfully reproduces such
occurrences. However it is possible to reconstruct Neutrino Electron Scattering
events from overlaid data as a MC event, if the true MC interaction is some
other reaction that happens outside the fiducial volume.

Due to that the MC analysis relies on the simulation itself generating the
candidate event, this is not a genuine MC event for the purposes of this analysis.

For a given reconstructed event in MC sample, it can be either a genuine
MC event or an overlaid data event or even possibly a mixture of both. Because
it is a MC simulation and there is full knowledge of the event, it is possible to
determine what fraction of energy in a reconstructed event is from MC hits, to
handle this feature, is used a plausibility cut, that will be described later.
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4.2 Reconstruction

An energetic electron traverses about a radiation length as a MIP (Minimal
Ionizing Particle) until it begins to shower. The radiation length Xj, in the
Tracker Region is about 42 cm, when the direction of the electron is normal to
the planes, the radiaton length corresponds to 25 scintillator planes.

The first part of the electron interaction with the detector, before it showers,
could be a track-like, this part of an electron shower can often be reconstructed
as a track. In this analysis the track serves as the heart to applay a cone that
encloses the shower seeding as shown in the Figure 4.1.

(a)

(b)

Figure 4.1: (a) Electromagnetic shower with the beginning of shower recon-
structed as a track. (b) Shower cone enclosing the track-like shower [44].

In order to apply the shower cone algorithm, the start position and direc-
tion of the electromagnetic shower should be known. The shower cone angle is
chosen to collect most of the hits that are associated with the shower. Even
though the seeding track is 3-dimensional, the shower cone is applied in 2D,
i.e. in XU, and XV views. If more than one track is available at the same time
gate, then the more upstream track will be used first as a shower cone seed.

Occasionally an electron starts to shower early and the MIP track is too
short to be reconstructed as a track. In such case, an isolated blob will be used
for the shower cone seeding. The most upstream isolated blob is used as shower
cone seeding as shown in Figure 4.2.

On such case the direction is determined from a fit to the shower cone seed-
ing isolated blob. If the most upstream isolated blob is too short, and the
direction of the isolated blob seed does not give a reasonable direction for the
shower cone, the next upstream isolated blob will be used as a shower cone.
This procedure continues until the shower cone algorithm succeeds in creating

91



Figure 4.2: (a) Electromagnetic shower with beginning of shower reconstructed
as an isolated blob. (b) Isolated blob seeded shower cone [42].

a shower or there are no more available isolated blobs.

In the case where the most upstream small isolated blob is skipped for the
seeding, the shower axis of the reconstructed shower cone is traced back in the
upstream direction to check if the small isolated blob is on the shower axis. If
the small blob is on the axis, the shower start position is moved back to the
small blob, and shower direction is determined from the small blob and the
reconstructed shower cone.

The cone shape parameters that are used are the cone offset (50 mm), the

cone opening width (80 mm) and the cone opening angle (10 degrees), they are
showed in the Figure 4.3.

Cone offset Seeding Track

Opening width

Vertex offset

Figure 4.3: Shower cone and shape parameters [42].

4.2.1 Calorimetric Energy

Using the shower cone shape, the energy contained into it is measured calori-
metrically. The calorimetric energy is the sum of calorimetric energies in each
sub-detector computed with each apropiate sub-detector’s calorimetric constant
as is decribed by the Equation 4.1.

E = a(Er + kpcaErca + kncaEuca)- (4.1)
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Where Er.k, Epca and Epcg are the visible energies in the Traker, Electro-
magnetic Calorimeter and Hadronic Calorimeter, respectively. The parameter
« is at the same time an scale factor and the Tracker Calorimetric constant.
The kgcy and kgcoa are the Electromagnetic and Hadronic Calorimetric Con-
stants respectively.

The physical interpretation for the kgco and hgoa is the quantity necesary
to compensate the energy loss in the pasive absorber material at the ECal and
HCal region respectively. The scale factor a compensates the energy loss in the
inactive materials in each scintillator plane, such as the WLS fiber, capstocking
material, lexan wrapping and epoxies.

The clusters with low activity, that often are the after-pulse noise or cross-
talk hits, have not been included in the calorimetric energy calculation.

The calorimetric constants were determined via MC studies. The tracker
constant o was determined from events generated using an electron particle gun
sample(MC-PC) with a semi-infinite size, and just working inside the Tracker
Region. The Figure 4.4 show the Visible Energy vs the True Energy before
applying the proportional scale factor a.

Energy

[GeV]
]
'y
{1
|

E_reco
=

@®

(2]
II‘I\\l\IIlI\\l\II‘II\
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Figure 4.4: True electron energy vs Reconstructed electron energy, before ap-
plying the « calibration constant.

As is shown in the Figure 4.5, the scale factor was calculated from the ra-
tio between True(GENIE) Energy and Visible Energy (o = Erpye/Evis). To
do this, it is necesary to apply some cuts like fiducial volume, plausibility and
good reconstructed tracker, to restrict the working volume region at the Traker
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Region and use only the useful events.

F Entries 754
160 C Mean 1.198
ol RMS 0.1081
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Figure 4.5: The Tracker constant "a" is calculated from a gaussian fit applied
over the Reconstructed and True energy ratio distribution.

The « constant is obtained from the mean of the Gaussian fit. After calcu-
lating the constants, this is applied over the Visible Energy as an scale factor,
now the Visible Energy vs True Energy are showed on the Figure 4.6.
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Figure 4.6: Reconstructed vs True energy after applying the calorimetric tracker
constant.

Then following the same process, using the electron particle gun (MC-PC)
sample, but now with on the semi-infinite ECal Region, the ECal calorimetric
constant was calculated from kpca = F/(aEgca), where o comes from the
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‘ Constant ‘ Value ‘

o 1.296
EgCal 2.341
kHCal 9.54

Tabla 4.2: Calorimetric Reconstructed Energy values in Medium Energy.

procedure mentioned above.

The MC-PC with a semi-infinite HCal-only geometry is used in a similar
fashion to calculate the HCal calorimetric constant (kgca = E/(aEycal))-

To get the calorimetric constants, the low energy events (E < 0.5 GeV) have
not been used, due to that those are nonlinear at low energies. The calorimetric
constants obtained with electron particle gun samples (MC-PC) are sumarized
in the Table 4.2. The calorimetric energy constant for the Tracker Region in
Medium Energy is 3.9% more lower than the same parameter (app = 1.348)
used on the Low Energy region.

The Side ECal has not been taked in the Equation 4.1 because it will be
treat on different way, depending on the hit position, see Figure 4.7.

If a hit is known to be in the Side ECal region as shown in Figure 4.7 (a),
it can be treated in the same way as the downstream ECal.

For the x-y position is little more hard, for example when the electromag-
netic shower are close or in the Side ECal. Thus, the Side ECal calorimetric
energy calculation only relies on hit strip position. If the hit is from strip 1-10
or 118-127, it is certainly a Side-Ecal hit.

The C hit in the X-plane in the Figure 4.7 (b) will be recognized as a Side
Ecal hit, but the same position will not be recognized as a Side ECal hit in the
following U or V-planes as in (c) and (d).

Since plane orientation follows XUXV pattern, hit C will be treated as a
Side-Ecal hit twice in four planes as shown in Table 4.3.

Hit B in the V-plane in (d) will be recognized as a Side ECal hit but not in
the X or U-planes. Hit B will be treated as a Side ECal hit only once in four
planes as shown in Table 4.3. Hit D in the U-plane will be treated similarly as

hit B in the V-plane [42].
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Hit in Side-Ecal

B
Hit in Tracker
C C
D
(a) Side-Ecal hits (b) X-plane
B B
C C
D D
(c) U-plane (d) V-plane

Figure 4.7: Different possible positions of the hits on Side ECal [44].

If a hit is from strip 1-10 or 118-127 in the X-view, it is necessary to compen-
sate the missing Side-Fcal energy in the U and V planes. The energy calculation
without a correction is & (kgcaer +e2+kpcaes+krcaes), where the energy de-
posited in the 4 planes are ey, es, e3, and ey, respectively. The energy deposited
in each of the 4 planes are approximately the same, therefore

a(k:Eel + e9 + kE63 -+ k’E64) ~ 2(]{75; + 1)6 (42)

[Plane [B|C D]

X-view v
U-view v
X-view v
V-view | v

Tabla 4.3: Checkmark squares represent the hits recoignazed as Side ECal hit
based on the strip position in the plane [42]. The hit positions B, C and D are
defined in the Figure 4.7.
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Figure 4.8: Left: Reconstructed vs True energy. Right: Electron energy resolu-
tion.

Ideally, the correct form is 4kge. Then, the missing amount is

Similarly, a compensation factor for the U or V-plane is 2(kgl)e. In sum-
mary, the calorimetric energy calculation with Side ECal is given by

E =a|(Ep + kpEp + (2kp — 1) B4V + (4dkp — 1) Egy " + kyEy), (4.4)

where EéfE’mw is the Visible Energy in the Side ECal for X-view plane, and
Egbv_mw is the Visible Energy in the Side ECal for U or V-view plane, respec-
tively.

After obtaining the calorimetric constants, using a High Statistics NuEE-
lastics sample, it is posible to check the Reconstructed Energy versus the True
Energy as shown in the Figure 4.8.

On this case, only some minimal cuts were applied just to check the good
recontruction of the events. The event selection will be described in the next
section. From Figure 4.8, the energy scale is flat over the entire energy range.

The energy dependence of the energy resolution will not follow conventional
calorimetric behavior exactly, because the vertex 7 position varies within the
fiducial volume (will be explained in the next section), and the fraction of the
energy in the ECal affects the energy resolution.

The low energy point is not on the fit line because the shower does not reach
the Ecal. The energy resolution of a shower fully contained in Tracker will be
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better than one reconstructed in the mixed calorimetry of Tracker and ECal [44].

4.2.2 Direction and Angular Resolution

The experimental signature of the ve — ve is single electron at very forward
angle, so the accurate in the direction recontruction is critical to the background
rejection when kinematic constrain (Equation 1.99 or C.31) is applied.

To get the direction, is not necessary to use all the nodes and energy cen-
troids on the scintillator planes, because the part of the shower is wider in
transverse size, and the transverse energy distribution could be asymmetric due
to shower fluctuations. To determine the optimal direction of the electron only
is used the beginning of the electron shower, just were the shower is a narrow
track-like, see Figure 4.9.

Nuclear Target Region ECAL HCAL

S wu{========'_ ————————————— ) I I

-

T ==

Figure 4.9: Real reconstructed EM Shower as it seems in the event display
software tool.

The energy centroid diverts significantly from the shower axis near the end
of the shower, where the shower diminishes gradually. Also, occasional heavy
bremsstrahlung can give off shower axis energy deposits near shower maximum
position.

The electromagnetic shower is not a single particle once the electron starts
to shower, and then to use The Kalman fitter tool to get track direction, that
is single particle fitting, the direction is is obtained using up to the first 30 fit
nodes, i.e. before the electron begins to shower.

However, the charged showering particles travel collinearly because the de-
tector is not magnetized. So, the showering particles are treated as a single
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Figure 4.10: Angle resolution for electrons. Left: x axis. Right: y-axis. The
angle resolution on x direction is slightly better than the y direction, due to the
MINERVA Detector planes configuration.

particle collectively using the energy centroid positions.

The Kalman filter was used with the single electron assumption. In other
words, the particle mass parameter in Kalman filter was set to the electron
mass. The fit of the Kalman filter will be best at the beginning of shower, and
this is used to represent the initial electron direction.

The Figure 4.10 shows the angular resolution just for a high statistic NuEE-
lastics sample. The angle reslution is represented by the angle residual in each
x and y directions. The angle x is solely determined by the X-planes, while
the y direction is determined by combining the U and V-planes. The y angular
resolution is slightly worse than the x angular resolution due to the X, U, and
V plane orientation and XUXV plane configuration [44].

The angular residual vs electron energy is shown in the Figure 4.11, we can
see more NuEElastics events at low energies, and the angular resolution is bet-
ter at high energies, due to that the electrons at higher energy can travel more
distance before the shower development.
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Figure 4.11: Angle vs Reconstructed Energy: Left: angle in x direction. Right:
angle in y direction. The angle resolution is better at high energies.
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Chapter 5

Event Selection

Each one of the cuts applied on the neutrino electron scatering study in Medium
Energy were tested, the goal was optimize the signal selection, but due to this
analysis topic represents the first study on Medium Energy beam configuration,
a lot of problems was found on the way.

In the Medium Energy some cuts used previously in Low Energy analysis are
applied and 2 new cuts have been added; 1 cut from Low Energy was eliminated.

The Neutrino Electron Scattering is a rare event, to find these events rep-
resents a lot of effort to build an efficient event selection system in order to
maintain high efficiency for single electron signal events, and be very carefull to
not reject the few signal events.

The shower cone that is the base of the event reconstruction, is applied
wherever a viable seed is found as described in the previous chapter. Due to
this feature, the raw output of the reconstructed showers does not necessarily
represent a good reconstruction, particularly for background events and events
originating outside the tracker region of the detector.

Requirements on the location vertex of the shower cone and quality of the
reconstruction are necessary to ensure that the reconstructed shower cones are
consistent with electrons originating from the Tracker Region.

The cuts used on event selection can be divided on tree types: Fundamen-
tal Cuts -Basic event selection- Pre-Selection Cuts -Quality recontruction- and

Signal Selection Cuts -Neutrino Electron Scattering signal isolation-.

The first two types of cuts, preserve a very high single efficiency (~ 99%).
For the third cut type, the most strongs cuts are applied, to reject the photons
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that looks like a single electron, and to reject electrons at large angle. Both
cuts are necesary to be consistent with Neutrino Electron Scattering definition.

5.1 Fundamental Cuts

The fundamental cuts are the minimal requierements imposed over the MC and
Data samples analysis. This includes the good quality and geometrical recon-
struction and the ionization handle.

5.1.1 NullReco

This cut is used just to ensure if some track were or not reconstructed in the
gate, in some cases the gate have information related to tracks reconstructed on
the Reco Stage, but the Ana/NuE tool is unable to give a good reconstruction,
the issue come from the unknown vertex position or rock muons.

5.1.2 Fiducial Event

The fiducial volume defines a proper region of work inside of the MINERVA
Detector. The main idea of this cut is to have the best quantity and quality
information using the vertex position information.

The fiducial volume is defined by a hexagon with an apothem 88.125 c¢m
whose outer boundary is therefore 4 cm away from the inner boundary of the
Side ECal. A z-view of the Inner Detector is shown in Figure 5.1.

The most upstream two modules in the Tracker Region have been excluded
from the fiducial volume, the idea is to remove interactions from the Nuclear
Target Region, which includes other pasive materials different of the scintilla-
tor and for this composition has different detector response for electromagnetic
showers.

The most downstream four modules in the Tracker are excluded from the
fiducial volume in order to have at least four module track length in Tracker,

the reconstructed shower has good angular resolution before it enters into ECal.

The top-longitudinal view of the Inner Detector with highlighted fiducial
volume is shown in the Figure 5.2. The total mass of the detector within the
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Figure 5.1: Transversal draw of the MINERVA Detector with the fiducial vol-
ume viewed from the direction of the beam [42].
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Figure 5.2: Longitudinal squeme of the Inner MINERVA Detector with the
different regions. The fiducial volume corresponds to a portion of the Traker
Region.

fiducial volume, which is proportional to event rate, is about 3 metric tons.

5.1.3 Plausiblility

The plausibility cut is made with "e is plausible" variable, it is a requirement
that only has effect on MC Sample, because this cut uses the information of the
clasification of the Prong inside the DAQ System, this means that the prongs
can be identified or assigned to a determined particle, for example muons, pro-
ton or electrons, and only it is possible the identification on MC samples because
the true information is known.

This cut is useful to know if the MC sample is overlaid or not, because it
only has 2 options: 0 or 1. 0 for Data inside MC sample; and 1 for MC data.
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When a Data sampe is analyzed, automatically the number 1 is asigned at the
time when the job is sent to the Fermi-Grid.

5.1.4 Minimum Energy

Neutrino Electron Scattering at low energies has a very high background, mostly
resulting are photons from 7° decays. The event reconstruction is also more

challenging for lower energy electrons.

In particular, the particle identification for low energy electrons becomes
more difficult because the electron does not have enough energy for bremsstrahlung,
and the subsequent photon e~e™ pair production processes to cause the particle
multiplicity to rise as the electron traverses the detector, see Figure 5.3.
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Figure 5.3: Fractional energy loss in Lead as a funtion of positron energy [7],
in the Appendix B there is a better desciption.

In that case, electrons are too similar to particles which merely lose energy
by ionization and leave straight tracks in the detector.

Another pathology of the low energy electrons is that they often create
showers with gaps along their longitudinal development track due to hard
bremsstrahlung. When a hard bremsstrahlung photon carries most of the en-
ergy from an electron, the shower becomes invisible in the detector until the
bremsstrahlung photon undergoes pair production [42].
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Since the gappiness in the electromagnetic shower is unique, it could serve as
particle identification for low energy electron. These shower gaps are not used
in this study, but they could be used to allow extension of the energy threshold
to lower energies.

Due to this phenomenon, the energy of electron candidates is required to be
greater than 0.8 GeV.

5.2 Pre-selection

On the Pre-selection cuts, some geometrical, energy balance and electromag-
netic shower size are imposed, to ensure at the end to have the best signal
isolated candidates.

5.2.1 Bending Angle

High energetic electromagnetic particles produces a shower that follows a straight
line in the same direction of the initial particle, since typical transverse momen-
tum exchanged by bremsstrahlung or pair-production reactions is of the order
of electron mass.

In particular, a large fluctuation of the transverse direction in the early
stages of a true electromagnetic shower is very rare, and when this does hap-
pen, it is often correlated with the gap behavior described above.

Bending Angle . Final Point

Ny

Track

Initial Point

Figure 5.4: Bending angle cut representation.

By contrast, in the hadronic interactions the impact transverse momenta is
of order m,, and so often appear bent along their path. The bending angle of
a shower is measured by drawing segments between the shower track-like start
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point and the midpoint as shown in Figure 5.4. The angle between initial the
midle point and between the midle point and the end of the shower.
The bending angle is measured in the midle piont of the electron signature.

The goal of the bending angle cut is to handle the cases with a large kinked
path, on this situaction the shower cone will not contain the entire kinked track.
However, this metric is almost always sufficient to identify such events.

Other goal is to reject the overlaping events in one-view. This cut need to
be optimized, because it uses only the information coming from one-view (X, U
or V-view), for the ideal situation the bending angle should use the information
coming from at least two-views.

5.2.2 Chi2perDoF

The determination of the electromagnetic shower direction is made with the
Kalman fitter assuming the beginning of the electromagnetic shower behaves
like a single particle, which was described previously in the Reconstrution Sec-
tion.

The Kalman fitter produces a x? statistic, describing the quality of the fit
to this underlying model of a single particle.

The reduced chi squared, x?/degree of freedom does not follow the expected
x? distribution because the single particle hypothesis is not correct. However,
high values of this parameter are highly correlated with events where the fitted
direction of the electromagnetic shower is misreconstructed due to a poor fit [42].

In particular, some classes of background events will contain multiple par-
ticles in the cone and will not be well represented by a single straight shower.
For such events, the x?/NDF of such background event will be larger than the
electron shower, and they can be removed by the very loose requirement that
x?/NDF < 100.

5.2.3 ECal - HCal Visible Energy

Several electromagnetic shower reaches the HCal Region, no matter it is an
event originating in the Tracker, it has to go through ECal Region. Almost
all of the electromagnetic shower energy deposited in the Tracker should be
deposited in the ECal and a tiny amoung in the HCal. The definition for the
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Visible Energy Asymmetry on this thesis is

ViSEECal — ViSEHcal
VisEgca + VisEgca

Asimmetry, 5 =

On this analysis, we set the asymmetry energy at Ag_g > 0.6.

5.2.4 Maximum Tranverse Spread

After the track is computed from a shower cone, the energy weighted mean
residual distance of clusters from the shower axis was calculated to determine
the transverse spread of energy from the shower axis.

The electromagnetic showers from a single electron will have a greater spread
in this variable than is expected from single minimum ionizing particles. How-
ever for the background events where this larger transverse size is comming
from the nearly overlapping tracks, will tend to have a larger transverse spread
than electron showers.

In some cases, when two particles overlap in the shower cone with a small
opening angle, it is possible that in one view the two tracks may accidentally
overlap giving a small transverse spread in that view. However, if the transverse
energy spread is calculated in each view, the maximum value of the three views
will be affected by the opening angle between the two overlapping tracks.

By contrast, a single electromagnetic shower will have approximately the
same transverse spread in all three views. Thus, the maximum root mean
squared (RMS) of transverse residual among three views has sensitivity to dis-
tinguish two track background events [42].

To get the maximum transverse spread, the follow equation is used:

2

1
RMS of transverse residulax_yiep = | =———— Z (At;)%e;| . (5.2)

EX—Uiew . .
i, X —view

After some studies, it was found that this quantity is required to be < 65
mm to reject events with two or more overlapping tracks in the shower cone.

5.2.5 Energy Balance

As it was explained on the previos chapter, the scintillator plane configuration
follows the XU-XV pattern, then the electromagnetic shower will deposit 50%
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of the energy in the X-view and 25% of the energy in the U and V-views.

The Energy balance between three views can be expressed as two conditions
E,—-FE,—E,~0,and £, — E, = 0.

For background events with multiple particles, the energy balance is not
guaranteed within the shower cone. The energy balance cut is useful to re-
ject misreconstructed events [42]. The energy balance metric is given by these

equations:
Ex — Ey — FEy

E = . 5.3
rov Ex + Ey + By (5:3)
Ey — Ey
Eyy = ——. 5.4
vV Ey + Ey ( )
The cuts applied on these equations to select the signal event are
Exyy <0.28 and Eyyv < 0.28. (55)

5.2.6 The End of the Shower in the Second Module

Using the most downstream position of an electromagnetic shower in the de-
tector can give us a handle to reject some types of background events. Even
the most energetic electromagnetic showers will not penetrate far into the HCal
because its has 1 inch steel absorbers, not matter how close to the downstream
of the detector the shower begins. See the Figure 5.5.

The electromagnetic shower loses most of its energy in the ECal (~ 8X),
and the remaining showering particles cannot reach too deep into the HCal.

ECal

Tracker

Figure 5.5: This figure shows true electron on different region of the detector.

When a true electromagnetic shower, at the end of the shower, has a high
energy photon, that can cross few modules in the HCal before, pair production
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is done typically will result in just few hits in the next one or two downstream
HCal modules. Therefore, it is desirable that the definition of the shower end
point should not be sensitive to such straggling low energy photons [42].

Then, the shower end position is defined as the most downstream hit in a
triplet of planes in one each view, all of them with hits, which is not longer
extent than five consecutive modules.

If a triplet candidate is more than five modules in extent, then the most
downstream hit of that triplet is ignored, and the next most upstream triplet
is considered until the five module criteria is meet [44].

The shower end position is required to be between modules 70 and 112, i.e.
near to the upstream end of the HCal or close to the downstream end of the
ECal Region.

5.2.7 Dead Time

How it was explained in the Simulation Chapter, the data acquisition has some
insensitive "dead time” after hits, i.e. the time that the electronic needs to
process the hit information.

In order to avoid incorrect reconstruction due to the effect of dead time, the
channels upstream of the start of the reconstructed shower cone are checked to
see if these channels are dead at the time of the interaction. If there are such
dead channels, then the reconstructed vertex position may be shifted down-
stream from its true value, and this will have a cascade of negative effects in
the entire reconstruction [42].

Considering the reconstruction process of the candidate electron track: it
is extrapolated through two upstream modules, or four planes to find a cen-
tral strip in each plane. The total number of dead channels on these strips and
the adjacent strips in each of the four planes is required to be no more than one.

5.2.8 Neighborhood Energy

Since the experimental signature of Neutrino Electron Scattering is a single
very forward electron, then the reconstructed candidate event should be a well
isolated shower with little portion of other nearby activity.
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In principle, a sum of all the energy outside the shower cone could be used to
ensure a single electromagnetic shower, but this quantity is maximally sensitive
to overlapping energy from pileup in the detector.
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Figure 5.6: The Neighborhood Energy is the energy into the 5 cm region outside
of the shower cone.

Some times is possible to have other interaction or activity at the same gate,
and we want to conserve this event, therefore only the nearby "neighborhood”
energy to the shower cone is used to check if an electromagnetic shower is iso-
lated. The Neighborhood Energy is defined as energy contained in a region
within 5 cm of the outer boundary of the shower cone, see Figure 5.6.

Some times the energetic electrons can produce a shower which is slightly
wider than the cone. To maintain good efficiency at high energies, the neigh-
borhood energy cut is loosened linearly above the electron shower cone energy
of 7 GeV. The neighborhood energy cut, shown as the red line in Figure 5.7.

Originally in the first studies, these cuts were set to be constant, now the
conditions applied for this cut are

< 120 it B <7 GeV

< T82E 16522 if E>7 GeV (5.6)

Neighborhood Energy = {

5.2.9 vtxToShower

Using the information from the Figure B.6 and applying it to the Equation
B.7, it is possible to detemine the slope from the vertex to the maximum of the
shower, therefore

(5.7)

CEb (0.7t \ T 1
" Ta e triazXo
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Figure 5.7: Neighborhood Energy vs True Energy, the selected event are below
the red line [42].

Therefore, the following quantity is, on average, approximately constant for
an energetic electron shower:

1 (dE/d)sras

R ~ constant, (5.8)

although on an event by event basis, this quantity does vary due to the
stochastic behavior of shower development. A low value of this cut means
the particle appears minimal ionizing, like a muon. But a high value it is
characteristic of background events with overlapping short tracks stopping not
too far from the vertex [44], for example when a non- relativistic recoil proton
stops inside the shower cone. It is requiered

l (dE/dx)Max

< 5. 9.9
E T Max ( )

5.2.10 Peaks In ECal Region

Due to that a single electromagnetic shower is considered, one of the main back-
grounds is a single photon background from the 7° decay (7° — ~v), where one
of the two photons is not observed. This happens for one of two reasons as
follows:

First, the energy of one of the photons is very small, or 7 is very energetic
and then the two photons are too close or nearly collinear in the original 7°
direction.
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In the other case, the two photons may not be reconstructed separately if
their opening angle is too small. The photons travel a significant distance in
the Tracker before they interact, but never more than a very short distance in
the ECal because of the high pair production cross-section in the lead absorbers.

If the 7 decays into two photons with a small opening angle then both
may be within the same shower cone, but this does not mean that they are not
separated transversely in space. The Figure 5.8 illustrates such a case where
two peaks in the transverse projection can be identified within a single shower
cone.

The event selection looks for such peaks in the ECal region, where the pho-
tons lose most of their energy, and it requires only one peak(shower).

Tracker Ecal Hcal
i ¥ First peak -8  Transverse
1' position
\ l | in Ecal

| ]

———S s
o] I Q-
| Second peak ]

Energy deposit at transverse position in Ecal

Figure 5.8: 7 — 27. Left: Event display, the square enclose the ECal Region,
where 2 peaks appear. Right: Energy deposited for each photon [42].

5.2.11 Upstream Interactions

To select the electron candidate events inside of the fiducial volume, a neutrino
interaction that happens upstream of the fiducial volume may contribute to the
background if its event vertex is misreconstructed.

The upstream region includes the Nuclear Target Region and material in
front of the detector; such as Helium Target and Veto wall, so the upstream re-
gion contains significant mass and therefore a large rate of neutrino interactions.

As an example, a neutral current interaction with 7° in the Nuclear Tar-
get region could simulated the signal, since a photon from the 7° decay will
typically travel through detector about one radiation length without making
a track, and may produce an electromagnetic shower starting in the fiducial
volume. Fortunately, such electromagnetic showers point back to the location
of an upstream neutrino interaction [42].

112



The total energy is calculated inside a cylinder of radius of 30 cm and whose
center axis is the upstream extrapolation of the reconstructed electron candi-
date track. This energy is calculated in three views. If there is localized activity
near the true neutrino interaction vertex, then the extended z distance of the
energy in all three views should overlap.

Each pair of views is checked for such overlap and the deposited energy is
only considered in one view if there is such an overlap. Events with all three
possible overlaps are rejected if the energy in the overlap region is > 300 MeV.

5.2.12 Non-trackable Cluster in Tracker

One of the basic cuts is the minimum energy cut, where the electron candidates
was required to have an energy great than 0.8 GeV, it due to the very high
background at lower energies comming from the ionization process.

Even with this requirement, most backgrounds are still concentrated be-
tween 0.8 and 2 GeV, and therefore extra selection cuts are useful to reject the
background in this region.

The effectiveness of the particle identification methods depends on the en-
ergy of candidate events, because both of the longitudinal and transverse size of
the electromagnetic shower, and in particular the amount of energy deposited
in the ECal Region have a significant dependence on energy.

While most of the electrons below 2 GeV do still reach to the ECal, they
often do not deposit sufficient energy in the ECal to rely on that energy for
background rejection. In fact, electrons and charged pions at low energy can
be much more easily confused in the ECal by at lower energies than they can
be at higher energy. Because of the small and fluctuating energy in the ECal,
these extra selection cuts rely on the shower development in the tracker [42].

The pattern of energy deposited by a charged pion that doesn‘t undergo
inelastic interactions is consistent with a track of a Minimum lonizing Particle
(MIP) in the Tracker. In elastic interactions, which typically make a track, the
abruptly changes directions, or kinks, are already removed by the reconstruc-
tion quality cuts.

When an electron traverses the tracker, it starts to shower by bremsstrahlung
and subsequent pair production of those photons, but due to the particle mul-

tiplicity is still low, the resulting electromagnetic shower is slender. However,
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the overall transverse size of the electromagnetic shower is still slightly wider
than that one of the MIP particle.

The transverse size of the electromagnetic shower can be quantified by the
different topologies of clusters, for example, these slender electromagnetic show-
ers may make a number of three strip clusters before reaching the ECal, but
MIP particles will almost always only create one or two strip clusters, which we
categorize as "trackable” clusters along the track [42].

The fraction of non-trackable cluster in tracker is used to reject the MIP-like
track in the Tracker. Useful discrimination is only possible when the interaction
vertex is in the upstream part of the fiducial volume, so the particle can travel
a sufficient distance and begin to shower before it enters into Ecal.

For electromagnetic candidates with energy below 2 GeV, whose vertex po-
sition is not too close to ECal, and with vertex module < 65, the fraction of
non-trackable clusters in the Tracker is required to be < 0.05 to reject MIP-like
tacks [42].

5.2.13 Rock Muons Rejector

The Ana/NuE package includes the option to remove the Rock Muons, those
are the muons generated by the neutrino interaction with the rocks between the
decay pipe and the MINERVA Detector. But some times when the rock muon
track has a gap or not deposited enough energy in the upstream and downstream
of the detector, it is not considered like a rock muons, and it falls on the samples.

To remove these events, it is used the information coming from the Nuclear
Target Region and HCal region, if at the same slice it appears on both regions,
it is considered as rock muon, and the track information will be removed.

The Figure 5.9 shows the Electron Energy and the kinematic constrain plot
after applying all the precuts (geometrical and good quality reconstruction),
the last one, just for the range of £6% < 0.04 GeVrad?.

5.3 Signal Selection

After applying the geometrical and good reconstruction cuts, the electron en-
ergy spectrum is shown in the Figure 5.9. Due to that the kinematic constraint
for Neutrino Electron Scattering is known, it is expected to have those events
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Figure 5.9: After applying the Pre-selection cuts. Left: Electron Energy. Right:
Kinematic Constraint. It can be seen how after applying the pre-selection cuts
the signal events in the left plot does not appear even the pre-selection cuts
reject almost the 70% of the background.
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Figure 5.10: After applying all the Pre-selection cuts and the soft cuts on
the kinematic contraint, £6% < 0.04 GeVrad?®. Left: Electron energy. Right:
Kinematic Constraint, both plots after the shoft cut on E6% < 0.04 GeVrad?

at very low values in £6?, so it is possible to apply a soft cut on the kinematic
constrain just to study and see the effect of each cut that will be studied in this
chapter.

This means, from now the following plots will include the E§? < 0.04
GeVrad? as default cut. The Figure 5.10 shows the Electron Energy.

At this point, the sample has an efficiency of ~ 82%, but the samples still
conserve the main background: gammas and electrons coming from v+n — p+e
and neutral current 7y, those will be removed in the final cuts.
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Figure 5.11: Left: Transverse Residual RMS in the first third of the shower at
the Tracker Region. Right: Electron Energy for the events contained under the
first 20 cm on the left plot.

5.3.1 Shower Mean R at the 1rstThird of the Shower

At the beginning of the electromagnetic shower from electrons, it does not show
significant transverse energy spread because the particle content at the start of
the shower is still a single electron until the first hard bremsstrahlung interac-
tion, and the radiation length is more than ten modules in tracker for electrons
in the beam direction.

However, background events with multiple particles may have some trans-
verse spread in energy even if they are within the shower cone.

As the shower develops, the electromagnetic shower will eventually show
significantly wider transverse distribution near its shower maximum, so the dis-
crimination will not be useful in this region. Therefore, the transverse energy
distribution is calculated at the first one third of the shower in the Tracker
Region using the method described previously on Maximum Tranverse Spread
cut, but summing over all three views [42].

The energy weighted transverse residual RMS in the first third of the shower
in the Tracker region is required to be less than 20 cm.

On the Figure 5.11, there is the electron energy after applying the cut in
the first third of the shower in the Tracker Region.

5.3.2 Higher Angle Rejector

Sometimes the electron candidate events in the fiducial volume, has a large
angle with respect to the z-axis, and it may escape out the side of the inner
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detector. For such events if the particle is minimally ionizing like a muon, it
leaves little energy in the SideEcal before exiting, and the hits in the SideEcal
extend to the edge of the detector.

However, if the exiting particle is making an electromagnetic shower, then
it leaves significant energy with a typically large transverse energy spread.

U-view
M | Tracker
scintillator only
T . W Side-Ecal
1204 T |
100
80 ' 107 cm
804 | 105 cm
404 ! 92 cm
20+
o T T
1
54 1
0= T T T
0 20 4 60 80 100
(a) (b) (c)

Figure 5.12: (a) Track going out from the Inner Detector on U-view, (b) Same
track but on transversal view, and (c¢) Transversal view of the Inner and Outer
Detector. [42].

The transverse position at the end of such shower is measured by the en-
ergy centroid, and because of the transverse spread of energy deposited in such

events, the apparent position of the exit shower can be far from the edge of the
detector.

Due to the Inner Detector is hexagonal, an exiting track should escape
through one of six sides, and this means that the track will often only reach the
edge of the detector in one view [42].

For example, in the event shown in Figure 5.12 (a), it reaches the side of
the event display in the U-view, but in the X and V-views the track appears
ending in the middle of the detector.

To measure the proximity to the edge of the detector, the maximum of the
absolute value of the transverse position from each of the three views is calcu-
lated. This is equivalent to the apothem of the minimum side hexagon centered
along the detector z-axis that encloses the shower end transverse position. This
is required to be less than 1050 mm, which is at 2 cm from the boundary of the
Inner Detector as shown in Figure 5.12 (b) and (c).
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Figure 5.13: Left: The maximum absolute value of the EM Shower transverse
position. Right: Electron energy for the signal candidate events under the first
1050 mm on the left side plot.

The Figure 5.13 shows the strong effect of this cut over the background, this
cut can be used to reject some events coming from the outer detector.

Some events coming from Neutrino Electron Charge Current Quasi-Elastic(NuE-
CCQE) are removed with this cut, because the electrons have an angle more
bigger than the electrons coming from Neutrino Electron Scattering. If the
NuE-CCQE electron is at the edge of the side fiducal volume, it will scape to
the Side ECal. The Figure 5.14 shows an example of the NuE-CCQE event.
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— MeV
V +n—e + P Electron neutrino 7% proom MC
€ w fraction in fluxis 7, T [ 8
73 + small ~ 1%. i
V.+p—e +n ool X % j
n p 50 electron 2
If recoil nucleon is not ohserved, it looks similar to signal. z 0

Angles of electron have wide spread while signal is very forward.

Figure 5.14: Example of one Electron-Neutrino Charge Current Quasi-Qlastic
event, it looks like signal event due to that some times the energy of the proton
is too low to be reconstructed and the interaction looks like a single electron in
the final state.

5.3.3 Photon Rejector

In the case of the Neutral Current Single 7° production, the only visible par-
ticles in the interaction may be the photons from the 7% decay. In some cases,
one of the two photons may not be observed in the detector because it has low
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energy, and it can look like a single electromagnetic shower. See Figure 5.15.

Also, when the produced 7° is highly relativistic (at high energy), the decay
of 7% may produce two photons with a very small opening angle. With the
small opening angle, these two photon showers can nearly overlap and appear
like a single electromagnetic shower.

Since the photon shower development processes are very similar to an elec-
tron shower, it can mimic the signal. See the right side of the Figure 5.15.

Neutral current single 1

0 . .
V;:A — V‘,Aﬂ' NC-coherent Tt° b) One of gammas is not observed in the detector
V,,N —>V”NfrD NC-resonant 1t° Vo=
7 et ———
a) Small opening angle between two gammas }’
72-0...::::::};/::;’ —— y (67 MeV) Simuiated event
Y i T (L1 GEV) e e
TO (15 GON) it s
L i
Simulated wlzm

Figure 5.15: a) High energetic 7° decay into two gammas with small opening
angle. b) In some cases just one of the two photon is visible from 7% decay.

At high energies the pair production dominates and the mean free path of
the photon is 9X,, where the radiation length, Xy, in the Tracker Region is
about 50 cm.

However, photon and electron have an important difference at the begin-
ning of the shower. As it is explanied on Apendix Section B. When an electron
travels in the detector, it initially loses energy due to ionization until the multi-
plicative processes in electromagnetic shower development increases the shower
multiplicity.

The most common first steps in a photon shower for energies above 10 MeV
is pair production of e~e™, and thus at the start of a photon shower typically
has twice dE/dx than seen in electron showers. As the electromagnetic shower
cascade develops, the number of particles increases and dE/dx continues to
increase and become more influenced by the stochastic fluctuations in shower
development.

Therefore, it is very useful to calculate dE/dx near the beginning of shower
to separate electrons and photons. But if only few planes are included in the

calculation, the dF/dx has broad distribution due to variation of the vertex
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Figure 5.16: Energy loss per length for electron and photon at the first 4 planes.
The distributions are made using a Monte Carlo Particle Cannon (MC-PC)
samples.

position within the first scintillator strip and due to the energy resolution in
the detector.

Increasing the number of planes included in the sum decreases these smear-
ing effects. Measuring the dF/dx over first 4 scintillator planes it found to be
a good choice for optimal discrimination.

Mean dE/dx at first 4 planes Electron Energy
E 7908 A\[iNERvA ME Preliminary | Sgral 315.0 1000~ MINERvA ME Preliminary | W Sgnal 2821
R _ L 3007420 POT B 51771 S [ 3007420 POT Bk 739.2
= goof 007+ *  Dawn 5149.0 A s *  Dawm 830.0
S E melA, melB, melC & melD ; 800; mel A, mel B, melC & melD
D o0l £ 800
5 + g
€ 400 [ w soo—.
> C & L
§ 300 - = 00
& 200 F L C
F 200~
3 I Bn . a .-—
C I — . L —
07 ™ b b b b b b 0|\\‘\\\‘\\\‘l\\‘\\\\\\\\l\\\v\\\\\\\l\\
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
dE/dx (MeV/1.7cm) Electron Energy (GeV)

Figure 5.17: Left: Energy loss in the firs four planes at the beginning of the
electromagnetic shower. Right: Electron energy for the signal candidate events
under 4.5 MeV /1.7 ¢cm on the left plot.
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We define the mean measured energy loss per length as

4
1
(dB/dz), 4= 7 > dE; x cosb, (5.10)

planei=1

where dF; is energy deposited in the i —th plane and 6 is the angle of shower
in detector coordinates. Monte Carlo simulation for electron and photon dFE/dx
samples are compared in Figure 5.16.

Electron and photon (dE/dx), , have a peak near 3 MeV /1.7 cm and 6
MeV /1.7 em respectively, and indicates a good discrimination between electron
and photon showers.

'g 250 - MINERVA ME Preliminary
O C . ——
~ - POT-Normalized \I:,)a:!a 258.8
by — 3.01e+20 POT " N
S 200¢ et v,e 188
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£ 100 v, nc-others 149.0
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i L
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ww .
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dE/dx (MeV/1.7cm)

Figure 5.18: Energy loss in the first four planes for Data and MC.

After the efficiency analysis with the electron and photon MC-PC samples
and the purity studies using the general MC, the (dE/dx), , < 4.5MeV/1.7cm
is required for this analysis.

Other experiments plan to use this technique in the future to discriminate
electrons from photons in neutrino interactions. The Figure 5.18 shows the
dE /dz distribution for Data and MC sample.

The plot on the Figure 5.18 shows the dEdx in the first four planes for

data and the simulated events. The main signal cadidate event are under
4.5MeV /1.7cm.
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Figure 5.19: Left: Q? distribution. Right: Electron Energy for the signal can-
didate events after the cut on Q* < 0.025 GeV?2.

5.3.4 The Q?

Before applying the main isolator cut, that is useful to removed NuE-CCQE
background events effectively at low energy, but is less effective for high energy
electrons. The electrons from NuE-CCQE also are observed at smaller angles
at higher energies, so the angular resolution becomes more important.

As an extra cut, the Transfered Momentum (Q?) is reconstructed directly
under the assumption of NuE-CCQE kinematics

mpE, —m?/2
E, = = , 5.11
m, — E, + p.cost ( )
E, =2m,(E, — E.), (5.12)

where E, is the neutrino energy, Eg is electron energy, p. is electron mo-
mentum, m, is the electron mass, and m,, is neutron mass.

The @Q? for the Neutrino Electron Scattering is gived by the next equation:

2m2E, — m,m?

2 p—¢e Pt
= —2m,F.. 5.13
@ my — E.(1 — cos0) "y (5.13)

On this analysis, after several efficiency and purity studies, Q? (CCQE) <
0.025 GeV? is required to reject high energy electron from NuE-CCQE. This
is an small addition to the existing E6? cut, and is also only a function of the
electron angle and electron energy [42].
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5.3.5 Main Signal Isolator

With the dE/dx selection we are removing most of the backgrounds from pho-
tons, the remaining major background is from NuE-CCQE, v.n — ep and
Vep — €.

If the recoiling nucleon is not observed in the detector, which is common at
low Q% , the final state is a single electron or positron. The MINERvA Detector
does not distinguish electron from positron due to lack of magnetic field. Even
though v, content of the neutrino beam is only about 1%, the NuE-CCQE
background is potentially very large because the neutrino electron scattering
cross-section is a factor of 2000 smaller than neutrino nucleon scattering.

Since the observable particle content is identical, no particle identification
requirement can reject NuE-CCQE background directly. However, neutrino
electron scattering can be separated using a kinematic constraint which is de-
rived in Appendix Section C.

E6* < 2m,, (5.14)

where FE is electron energy, 6 is angle of the electron with respect to the
neutrino beam direction, and m, is electron mass.

The CCQE background, in which the target is a nucleon, can have values
of EG? up to 2my, where my is the mass of the target nucleon. The E6? cut
was previously used by the CHARM II experiment to measure the weak mixing
angle from Neutrino Electrical Scattering [21].

To use the kinematic constrain, Equation 5.14, is necesary to make the
Beam Angular Correction. At the location of the MINERvA Detector, the
beam points down by ~3 degree so that the NuMI beam arrives near the sur-
face at the far detector location of MINOS in northern Minnesota, at 735 km
from MINERVA.

While the direction of the beam is well known by survey relative to out-
side references, any measurement of track angles in the MINERvA Detector
is based on the MINERVA Detector coordinates. If there is a misalignment
of the MINERVA Detector with respect to the beam, the measured angle at
MINERvA will be shifted [42].

The beam angle is important for many measurements in MINERvA. For
example, the neutrino energy reconstruction of CCQE events depends on the
muon angle with respect to the beam direction.
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Figure 5.20: Angular distributions on the MINERvA Detector frame before
applying the angle beam correction.

But due to that the neutrino electron scattering produces very forward elec-
trons, some at small angles with respect to the beam direction, the angles in
the x-z and y-z planes with respect to the beam direction peak sharply at zero,
other interactions have a more broad distribution [42].

Due to that the peak electron direction is the same as the beam direction,
the Neutrino Electron Scattering signal can help to check the detector alignment
if it is close enough so that the event selection has not affected the distribution.

In the Figure 5.20 and 5.21 it is shown angle x and y distributions respec-
tively for studied sample, before E6? cut is applied. Peak positions of angles in
the x-z and y-z planes, 0, and 6, peak at the beam direction. Note that in the
Neutrino Electron Scattering, the beam angle has a strong effect on the E§?
event selection.

The angle in the y-z plane, 0, is slightly shifted with respect to the ex-
pectation. A correction to the beam angle on the data sample was applied to
restore/match the peak position to zero angle, and E6? was recalculated using
this correction.

Due to that the angles x and y are measured on the MINERvA Detector
coordinates, is necesary make a transformation to the Beam Frame, to do it,
we are using the Equation 5.15.

Owribeam = acos(—n,sin(dpeam + Gx)
— nysm(é’beam + Qy)cos(gbbeam + ¢$)
+ 12€05(Opeam + 0y)c0s(Ppeam + @) (5.15)

where, n,, n, and n, are the unitary vectors for x, y and z directions, re-

124



300

300

g [ MINERVA ME Preliminary g [ MINERVA ME Preliminary
s r . —+— Data s r . —+— Data
E £ POT-Normalized g £ F  POT-Normalized
o 20 Goierpopor | CEE V. 2412 o 250 Zoteropor @ DEEE Vee 2412
o r v.e 17.6 o r . v.e 17.6
R 200 [ v, CCQE 234.7 Ry 200 [ v, CCQE 234.7
8 L v, others 40.2 & L v, others 40.2
H r EE= v, COH® 0.8 H r EE= v, COH® 0.8
o 190 7 v, COH 99.9 & 190 7 v, COH® 99.9
= F v, he-others 257.6 = F v, he-others 257.6
100 v, cc 100.5 100 v, cc 100.5
50— 50—
Oi—ﬁh—mm””u”m” + Ll O:“ﬁ.”"mum‘wm‘H.m”m”
-200 -100 0 100 200 300 -200 -100 0 100 200 300
Angle x (mrad) Angle y (mrad)

Figure 5.21: The angular distributions. Left, angle on x-axis. Right: angle
measured with respect to the y-axis. The distributions are after applying the
beam angle correction.
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Figure 5.22: Angle of the outgoing electron measured with respect to the beam.
Left: Before applying beam angle correction. Right: After applying the beam
angle correction.

spectively. Opeqm and 0, are the angle of the beam and y beam angle correction
on data, measured on the Y Z plane, with respect to the z axis. @peam and ¢,
are the beam angle and beam angle correction on data, measured X Z plane,
with respect to the x-axis.

The Figure 5.22 shows the angle of the electron coming from the neutrino
electron elastic scattering, measured with respect to the beam direction, in this
figure there is the effect of the beam angle correction.

The Figure 5.23 shows the E6? distribution of the candidate events after the
beam angle correction and all event selection cuts have been applied except the
E6? and Q? cuts. The signal event are peaked at very small F6? value.
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Figure 5.23: E6? distribution, before applying the last 2 cuts. The predicted
signal events are too close to the origin. The final cut to isolate the v — e
Scattering events are made on E6? < 0.0032GeV rad?.

Note that the signal peak is much wider than 2m, ~ 1 MeV due to the
smearings effects from the detector, as angular and energy resolution for the
reconstructed events.

Ef, < 0.0032GeV x rad? is applied for neutrino electron scattering analysis.

After the £6? cut, finally the Electron Energy spectrum is obtained and shown
in the Figure 5.25
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Figure 5.24: E6* distibution with error bands. Left: POT normalization. Right:
Absolute normalization.
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Figure 5.25: Electron Energy spectrum after applying all the selection cuts and
the beam angle correction.
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Chapter 6

Neutrino - Electron Elastic
Scattering Analysis

6.1 Background Studies

The plot on the Figure 5.25, shows the predicted Neutrino Electron Scattering
energy spectrum, and the predicted signal and background events, those are a
fraction of the signal events.

Considering that the given is the right fraction of background present on
the final data signal candidate events, and if this predicted background is sub-
tracted to the data distribution, then a real measurement of the neutrino elec-
tron scattering events will be obtained. This procedure is subject to systematic
uncertainties in the background Monte Carlo prediction, because a mismodeling
of the background will bias the signal measurement.

The main uncertainties on the analysis comes from the neutrino flux and
the cross-sections, instead for the background reactions, our poor knowledge for
the hadron production is the main contribution to the flux uncertainties [42].

The uncertainties due to the flux are particularly problematic, since this
measurement is to be used to constrain the neutrino flux.

The method to break the vicious circular reasoning and reduce the back-
ground uncertainties is to use the sidebands studies. A sideband is a portion of
the data that fails one or more of the event selection cuts, this method is used
to constrain the backgrounds.

The sidebands are used to tune the background predictions, this means that,
the agreement between Monte Carlo simulation and data in the sideband region
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is demanded.

The Tuning is a procedure that makes the Monte Carlo prediction similar
to data by correcting normalizations on different background reactions, and ex-
trapolating those normalizations into the signal region [42].

Whith this procedure, the uncertainties in the model are reduced but not
eliminated, since these uncertainties may still giving result with uncertainties
in this extrapolation. The sidebands also provide a test of the model and the
uncertainties since one can study distributions of observables that are sensitive
to the different reaction cross-sections in these sidebands, i.e. it is looked for
the good data modeling at different regions.

The tuning will be optimal if the tuned parameter is the real source of the
discrepancy between data and MC. If the physics model is wrong, the tuning
may not perform very well; if the model is approximately correct or only good
in certain regions of the sideband, and the sideband tuning is not fully useful to
try to compensate some calibration or geometrical problems, then tuning will
not be perfect but it is still useful to match data and Monte Carlo.

6.1.1 Parameters to Tune

In this analysis, the tunning in done using many sideband distributions throughly
to test these predictions of the background within their uncertainties. Two dif-
ferent tuning parameters may have similar effects on one distribution but have
different effects on the another distribution, this is because the data or MC
events are correlated with ather variables.

In principle, will be ideal to tune all the free or uncertain parameters in
the flux and cross-section model, however is more practical work and fit on an
small number of non-degenerate parameters. The simplest case is just to fit
for an overall correction to the rate of a given process. It should be tested if
this simplification is acceptable by comparing distributions of observables in the
data and simulation at the sidebands.

The Figure 5.25 shows the predicted background components after the fi-
nal event selection. The total background consists of many different reactions

which are governed by distinct physics models.

To apply the tune procedure, it is tunned the background components which
are known to be most uncertain and have the biggest representation in the sig-
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nal and sideband regions.

For the tuning, the reactions are classified as either Charged Current (CC)
or Neutral Current (NC). Both are subject to uncertainties from the neutrino
flux, but the cross sections for NC have additional uncertainties because the
measurements of these reactions are few, and the uncertainties are therefore
larger.

The largest component in background as shown in the Figure 5.25 is Nuk-
CCQE reaction, and here the major uncertainties in the model of NuE-CCQE
events is due to the large uncertainty in the v, flux. Due to this all v, induced
events are grouped together with one tuning parameter [42].

The Coherent-7® production is not tuned because it is an insignificant part
of total background. Future analysis might attemp to tune either by improved
sideband tuning or using CC-Coherent measurement.

In summary, the method for tuning parameters chosen for the sideband stud-
ies are four normalizations: one for all v, induced processes except Coherent-7°
production, one for all NC-v, induced processes.

After choosing the parameters to tune from the sideband data, it is used to
chose the selections for defining sidebands and the distributions in those side-
bands to fit and match Monte Carlo to Data.

6.1.2 Sideband Regions

Following the same procedure for the background studies made in the previous
Low Energy analysis, that is described on the Reference 44, it is introduced two
new quantities, which have not been used in the signal selection cuts.

Any track originated from the fiducial volume(Figure 5.12), is defined as
a fiducial track. The length of such fiducial tracks that penetrates into the
HCal region, is a good discriminant between tracks from electromagnetic show-
ers, which do not penetrates far into the HCal, and MIP tracks such as muons
from Charged Current interactions, which will typically penetrate deep into the
HCal, this particles may be pions and kaons.

The main process in the background contribution for neutrino electron scat-

tering is coming fron NuE-CCQE, to study, it is used the Min[dE /dxq], it is
defined as the minimum measured deposited energy, dF /dx, from the second to
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Figure 6.1: Example of NuE-CCQE event taked account on the signal selection.

sixth planes at the beginning shower from an electron candidate, the numbering
are from the plane one at the vertex.

The main difference between the dF/dx in the first four planes (dE/dxi4)
and this quantity (Min[dFE /dxsg)), is that the second one is less sensitive to
the possibility of a few planes with high deposited energy near the vertex. For
example, in NuE-CCQE (v, +n — e~ + p), the recoiling proton may leave no-
ticeable energy near the vertex that overlaps with the electron shower cone [42].

Typically these protons are not collinear with the electron, and some of the
energy of recoil protons may not be fully contained within the shower cone. But
even in these cases, some of the energy may overlap in one view as illustrated
in the Figure 6.1.

More benefits beyond of the good resolution is the XU-XV plane configura-
tion, it ensures that such overlaps cannot happen in every plane, and therefore
MindFE /dxq will select dE/dx from one of the planes without an overlapping
electron.
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— i dE/dx
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Figure 6.2: Sideband distribution in the E6? vs dE /dzy_4. The picture is taken
from the Reference 42.

When a low energy proton makes energy deposition only in first few planes,
Min[dE/dzq6) is not affected by the small vertex energy. Most NuE-CCQE
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events will have Min[dE /dxys) < 3 MeV /1.7cm [42].

The main and strong signal cuts on neutrino electron scattering is the dE /dz
and F6* these have been requiered to be less than 4.5 MeV /1.7cm and less than
0.0032 GeVrad?, respectively. The Figure 6.2 shows an scheme of how the side-
bans were chosen.

After several studies, on different varibles and sidebans, it is decided to use
the same sidebans selection than those used on the previous neutrino electron
scatering study in MINERvA Low Energy.

The primary sideband, region (b), is defined to be all events with E6% >
0.005GeVrad® and dE/dx < 20MeV/1.7cm. Very high dE/dx tends to select
complicated events which are not representative of the events that are into the
background of this analysis.

The region 0.0032 < F#% < 0.005GeV rad? is not used in the sideband, in
order to avoid having a significant signal component in the sideband region. For
sideband to avoid the mixed region that has both signal and background.

Sideband 3 |
1.2} weeeeoeed Sideband 1

Sideband 2 :
0.8 Fo e

3 Min dE/dx

Figure 6.3: Sideband for Neutrino Electron Scattering, it is used the same
sideband definition used on the previous Low Energy studies [42, 44].

Region (c), £6? < 0.005 GeV rad® and 4.5 < dE/dx < 20 MeV/1.7cm, is
not used because F#? < 0.005GeV rad” is a very restrictive requirement that
selects a tiny population compared to the sideband, except for the case of the
signal reaction.

The primary sideband (E6? > 0.005GeV rad?) is a sample with many real
electromagnetic showers, but most of these events are v,-CC background be-
cause of the restrictive cuts in the analysis. Several cuts were dropped from
the standard analysis to define the sideband to accept more of these events:
the shower end transverse position was not longer required to be < 1050 mm,
and the shower transverse spread in the first 1/3 of the shower was not longer
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required to be < 20 mm. v,-CC events dominate the events with shower end
transverse position > 1050 mm region because these events contain side exiting
Muons.

The sideband is further divided into three sub-regions so that the sub-regions
contain a different mixture of background components. If a particular back-
ground component is a small fraction of the overall sideband, it is difficult to
constrain this sidebands.

The three sub-regions are shown in the Figure 6.3. This subdivision also
helps to enhance shape differences in the distributions used in the fit. Without
such shape differences, it is also difficult to constrain the different components
that make up the background. The three regions are separated by Electron
Energy and by MindE /dxg [42].

6.2 Sideband Tuning

The sideband tuning method is performed by adjusting the normalization of
each of the three background processes described above, to make the Monte

Carlo simulation agreeable with the data distributions in each one of the three
sidebands.

The normalization of v, induced processes, v,—NC and v,—CC processes,
are simultaneously tuned using seven distributions in three sidebands to match
normalization and shape of the simulated distributions with data.

The optimal normalizations are determined by a x? fit, comparing the Data
and Monte Carlo distributions as a function of the normalization parameters.

The x? minimization is performed by the TMinuit minimization module in
ROOT with the MIGRAD. The sideband tuning minimizes x? in the seven dis-
tributions of sidebands one through three simultaneously.

The x? used in the minimization, is the sum of the seven individual x?
decribed by

D - MC-(m)>2

Y (6.1)

e-zx!

where m is histogram index, ¢ is the bin index in an histogram, D is data
histogram, and MC' is MC histogram.
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Variable histogram binning is used to ensure that the Monte Carlo sim-
ulation prediction has at least twenty entries in each bin. The x? is a poor
approximation of the true likelihood of the data distribution given the predic-
tion when the number of entries in each bin is too small [42].

< Min dE/dx>3 (sideband 1)

) E<1.2 (sideband 2)
Min dE/dx<3 <
E>1.2 (sideband 3)

Figure 6.4: Sideband division ranges.

Remembering the division of the sidebands (Figure 6.4), and the use of dif-
ferent distributions helps to enhance shape differences in the distributions to
use in the fit.

Such shape differences are necesary to constrain the different components
that make up the background. The three regions are separated by Electron
Energy and by the energy loss on the planes 2 to 6 at the begin of the shower.
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Figure 6.5: Fiducial track length inside of HCal Region for sideband 1. Left:
before tuning. Right: after tuning.
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Figure 6.6: Track transversal shower end position for sideband 1. Left: before
tuning. Right: after tuning.

x10° x10°
© 7 — o 7 —
o [ MINERVA ME Preliminary o [ MINERVA ME Preliminary
E eL POT-Normalized ~— _*_Data E eL POT-Normalized ~— _*_Data
> £ 3.01e+20 POT EEmY.e O > £ 3.01e+20POT EEv.e O
g C : v.e 0.0 = C : v.e 0.0
o SE 8 v, CCQE 5.8 o 5 [ v, CCQE 5.3
S E e v, others 18.3 S [ e v, others 16.8
2 4 [ v, COHR 1.7 2 4 v, COHn 1.7
= B [777 v, COH n° 75.7 = E [T v, COH " 757
3 = v, nc-others 1341.3 3 E v, nc-others 1197.3
i v, cc 45226 i v, cc 3820.0
2= 2
1= 1=
0 B T P R e serebmttei el otz e S R R B
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
fidTrkLenInHcal (SB2) [mod] fidTrkLenInHcal (SB2) [mod]

Figure 6.7: Length of the fiducial track inside of HCal REgion for sideband 2.
Left: before tuning. Right: after tuning.
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Figure 6.8: Transversal end position of the track for sideband 2. Left: before
tuning. Right: after tuning.
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’ Parameters \ Tune Value ‘

Ve 0.920 £+ 0.029
v, NC 0.893 = 0.019
v, CC 0.845 £ 0.009

Tabla 6.1: Tune/normalization parameters obtained after match Data and MC
in the sideband region using 7 distributions.

The normalization tuned parameters are shown on the Table 6.1.

After the extracting the normalization parameters from sideband tuning
and applying those making and extrapolation over the signal region, the final
Electron Energy spectrum is shown in the Figure 6.12.
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Figure 6.12: Final Electron Energy distribution after sideband tuning.

6.3 Multi-Universe Method

The systematic uncertainties are evaluated on this analysis using the called
"multi-universe" method. In this method, each "universe" is a single scenario
that incorporates systematic uncertainties on the models of the neutrino flux,
MINERvVA Detector and underlying reaction cross-sections.

A reweighting of a single Monte Carlo simulation sample is used to simulate
each of these universes.

The name multi-universes refers to the creation of a statical ensemble of

such individual randomly generated universes. The measurement is repeated
in each individual universe and the statistical variation of the measurements is
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used to evaluate systematic uncertainties.

The systematic uncertainties are classified as either the uncertainty in the
background prediction or the uncertainty in the detector efficiency and accep-
tance. There are many individual systematic uncertainties that are evaluated.
For convenience and clarity of presentation, the largest uncertainties are com-
bined into broad categories.

6.3.1 Energy Scale Uncertainty

The largest uncertainty in the background prediction comes from the back-
ground cross section models, although they are signficantly reduced by the
sideband tuning procedure, due to the extrapolation of the scale background
tuned to the signal region. The uncertainty in the electron energy scale is 1.2%,
it was determined by comparing the agreement between data and Monte Carlo
for the Michel Electron candidates.

The applicability of this energy scale across a wide array of energies and for
electromagnetic showers ideally should be confirmed using samples of 70 — ~y
decays and Michel electrons from u* — evr decays of muons stopping in the
detector, as well as in test beam measurements using a smaller version of the
MINERvA Detector [40].

It is said ideally because in Low Energy this was the followed process, but
due to that in Medium Energy this was the first analysis, it was just used the
Michel Electron information. The Michel Electrons analysis in Medium Energy
is shown in the Appendix section.

6.3.2 Angle Uncertainty

The 1 mrad of uncertainty in the neutrino beam angle direction with respect to
the detector axis is determined by comparing the data and simulation for high
energy v, Charged Current events that have very low hadronic energy.

The neutrino beam angle direction was determined using the Charged Cur-
rent Inclusive Data and MC samples for Medium Energy. Based on that study,
a correction of 3 mrad is made on the angle in the vertical and 1 mrad for the
horizontal direction.

The process to determine the neutrino beam angle direction is described on
the Appendix section.
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Figure 6.13: Fractional systematic uncertainties on Data and Monte Carlo back-
ground as a function of the Electron Energy after tuned background.

On the Figure 6.13 the systematics for Data and predicted background are
shown.

The Figure 6.14 shows the angular and energy scale systematics in data after
the background subtraction.
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Figure 6.14: Fractional systematic uncertainties on Data after background sub-
traction and sideband tuning as function of the Electron Energy.

6.3.3 Flux Uncertainty

All systematic uncertainties on neutrino interactions are simulated within GE-
NIE by varying individual parameters, but in the final evaluations, these un-
certainties are combined into a single GENIE parameter systematic [42].
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Figure 6.15: Flux uncertainties for signal prediction after tuned background.
Left: individual flux uncertainty contribution. Right: grouped flux uncertain-
ties.

There are also large uncertainties associated with the flux of neutrinos on
the detector. These are grouped into three categories. Focusing uncertainties,
NA49 hadron production uncertainties and Tertiary beam uncertainties.

The Focusing uncertainties are uncertainties associated with the beam op-
tics. This includes uncertainties from alignment of two horns, uncertainties in

the horn current, and uncertainties on the current distribution within the horn
[31, 42].

As it was explained before on the Simulation Chapter, the MINERVA Ex-
periment uses data from the NA49 hadron production experiment that measures
pion and kaon rates produced from interactions of protons on thin carbon tar-
gets. If the neutrinos come from such measured interactions, the rate is given
by the NA49 measurements and the uncertainties of that data are used as an
uncertainty in the flux.

Approximately 60% of neutrinos are produced by processes that use this
data to constrain the flux, these uncertainties are known as NA49 uncertainties.

The primary reactions not constrained by this data are reactions where there
are multiple interactions in the target or in other material such as horns and
the decay pipes that create the particles that decay into neutrinos.

It is used the term Tertiary to cover the uncertainties on such processes since
the most common case of such reactions is production of secondary particles

in interactions of primary protons in the carbon target, which then result in a
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tertiary meson that decays into neutrinos.

The flux uncertainties are incorporated by varying the parameters associated
with hadron production and beam focusing in the flux model. The non-CCQE
interaction model uncertainties are incorporated by varying the underlying pa-
rameters in the cross section models for processes such as resonance production
and coherent scattering.

The Figure 6.15 shows the uncertainties asociated with the flux.

To corroborate the systematic uncertainties in the multi-universe method,
again the sideband tuning was performed on each universe. This provides a way
to measure how systematic uncertainties are reduced by the data constraint in
the sideband tuning [42].

A simplest example of an uncertainty that is expected to vanish in sideband
tuning is the normalization uncertainty, such as one due to uncertainty in the
scintillator mass in the detector. If the Monte Carlo normalization is different
than reality, the sideband tuning will alter the Monte Carlo normalization to
match the data.

The flux uncertainties, although they do have some variation with neutrino
energy, have an overall uncertainty independent of energy as their primary ef-
fect. Therefore, much of the flux uncertainty will be reduced by sideband tuning.
In the Figure 6.16 it is possible to see the reduction effect from the flux before
and after tuned the background.
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Figure 6.16: Flux uncertainties just for background prediction as function of
Electron Energy. Left: before tuned background. Right: after tuned back-
ground.
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6.3.4 The Q? Shape Correction

The most important systematic uncertainty for electron energies below 7 GeV
comes from the fact that the v, CCQE cross section shape as a function of
Q? is not known precisely, and for those electron energies the background at
low Q? must be extrapolated using events at high E6?, which are also at high Q2.
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Figure 6.17: The % shape variation in Medium Energy.

The MINERvA Experiment measured a different cross section shape versus
Q? than what is in the standard GENIE neutrino event generator, on this case
the systematic is evaluated by taking the difference between the shape of the
MINERvA measured cross section as a function of the Q? and the one predicted
by GENIE.

At higher electron energies this uncertainty no longer dominates and the
flux and the electron energy scale becomes the largest unertainties.

6.3.5 Reconstruction Efficiency Uncertainty

The reconstruction efficiency uncertainty is determined by assuming that the
reconstruction efficiency uncertainty for electrons is the same as it is for muons,
since both particles tracks are seeded using the same technique.

The reconstruction efficiency uncertainty for muons is determined by com-
paring the data and simulation for the efficiency of matching a muon track in
the MINERvA Detector once a track is found in the MINOS Detector that
extrapolates into MINERvA. The discrepancy between data and simulation is
treated as the systematic uncertainty.
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Figure 6.18: Final fractional systematic uncertainties as a function of the elec-
tron energy, after applying all cuts, sideband tuning and background subtrac-
tion.

The systematic uncertainty, shown in Figure 6.18, is evaluated by randomly
changing the underlying simulation prediction according to the various uncer-
tainties, refitting the background scale factors, and then subtracting the back-
ground, extracting the electron energy spectrum, and correcting for detector
acceptance.

6.4 Background Subtraction

The utility of the Monte Carlo simulation is to predict the signal and background
distributions, with it, it is easy to apply cuts and identify the background com-
position.

The next steps in the signal selection and the sideband tuning is to measure
the real Neutrino Electron Scattering events into the final sample. To do this,
it is necesary to subtract the predicted background on data and Monte Carlo.

In the background subtraction process, it is used the remaining predicted
background after applying all the cuts, if the subtraction to the Monte Carlo is
made, then it is conserved only the Neutrino Electron Scattering events, and so
due to that the Monte Carlo is a prediction of the Nature via Physics Models
then it is subtracted the background content of the Data.

The background subtraction is made bin by bin. In the Figure 6.19 is shown
the predicted signal and background, from where it is subtracted it bin by bin

on data and Monte Carlo at the same time.
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Figure 6.19: Right: Electron Energy after all cuts, all the background process
are considered as only one background. Left: Ratio between Data and Monte
Carlo prediction after sideband tuning.

Figure 6.20 shows the Electron Energy after the background subtraction on
data and Monte Carlo.
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Figure 6.20: Electron Energy after background subtraction procedure. The
agreement remains after the subtraction.

6.5 Efficiency Studies

As it was explained before, the Neutrino Electron Scattering process has very
low rate, almost ~ 1/2000 of the cross section for neutrino-nucleus interaction,
so it is mandatory not wast signal events, then it is requiered to use high effi-
cience cuts to keep all the v — e events.

145



The final data sample used in this thesis is composed by 4 playlists, on this
case to study the efficiency is needed a high statistics sample, but due to the
low probability of the neutrino electron elastic interaction, then 4 high statistics
samples were generated just for our interaction channel.

The sizes of each high statistics signal sample are on the Table 4.1, each size

is almost 300 times the data sample. The efficiencies in each playlist are shown
on the Figure 6.21.
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Figure 6.21: Efficiency as function of the True Electron Energy for each one of
the playlists.

The final efficiency for the entire high statistics signal sample was calculated

via the Equation 6.2, there, it is used the POT size from each sample as a weight.

POTmelAemelA + POTmelBEmelB + POTmelCEmelC + POTmelDemelD
POTmelA + POTmelB + POTmelC’ + POTmelD ‘

€all =

(6.2)
The Figure 6.22 shows the efficiency for each one of the single cuts. The
scheme of 21 cuts are on the Appendix Section. Almost all the cut have an
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Figure 6.22: Left: Single cut efficiency, almost all the efficiencies are over 90%,

including the main signal isolator cut (F6?). Right: accumulative Efficiency.
The final efficiency is ~ 67%.

efficiency greater than 95%, except for the cuts: Peak in ECal and Q?, both
have an efficiency around of 94%; the most strong cuts are dE/dx and F6? that
have an efficiency of ~ 86% and ~ 92% respectively.

On the Figure 6.22, the accumulative efficiency is shown, so it means, that is
the efficiency after applying the previous cuts. The efficiency goes down by ac-
cumulative cuts, but it still remain high (~ 80%) after applying the first 20 cuts.

When the dE/dx,_4 cut is applied, the efficiency drops until ~ 71% and
after applying all the cuts, the final efficiency is ~ 68%.

The Figure 6.23 shows the efficiency as function of the True Electron En-
ergy, it is seen how it looks almost flat for the range [0.8, 9.0 GeV, and fall a
litle bit for high energies; 9 to 20 GeV.

6.5.1 Efficiency Correction

After background subtraction on data and Monte Carlo, the next step is to
apply the efficiency correction, this means, apply the efficiency of the cuts as
function of true electron energy over final reconstructed electron energy.

The goal of the efficiency correction is to predict the real number of neutrino
electron scattering events before applying the selection cuts. Figure 6.24 shows
the electron energy after applying the efficiency correction, the data and the
Monte Carlo prediction agree.
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Figure 6.23: Overall Efficiency as function of the True Electron Energy.
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Chapter 7

Flux Constraint for MINERVA
Medium Energy

The Electron Energy spectrum may be like a tool to constrain the overall nor-
malization and shape of the neutrino flux.

This can be accomplished by noting that Bayes Theorem, that relates the
probability of a particular flux model (M) given an observed electron spectrum
(Nye—sve) to the a priori model and the probability of the data given by the
model

P(M|Nue—>ue) X P(M)P(Nue—we|M>v (7‘1)

assuming a (Gaussian approximation of the Poisson distributed data, the
probability of the data spectrum given by the model is proportional to

P(Nye_ype| M) o e~ (7.2)

here x? is the chi-square statistic comparing the observed Electron Energy
distribution to that predicted by model M. For this procedure it is assumed
that the experiment has a valid probability distribution for its a priori flux pre-
diction, and that the probability to see at least the difference between the mean
prediction and the actual measurement is not negligibly small.

The Figure 7.1 shows the probability distribution for the number of Neu-
trino Electron Scattering events predicted, and it is obtained making random
variations in the parameters of the simulation.

The combined randomly variations on flux parameter are shown in the Fig-
ure 7.2. The probability distribution (black) of the predicted number of Neu-
trino Electron Scattering events in the simulation provides errors in the neutrino
flux model and the modified probability distribution (red) given the observed
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Figure 7.1: Number of ve — wve predicted events obtained from randomly

varying flux parameters. From left to right variations on Flux Focusing, Flux
NA49 and Flux Tertiary.
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electron energy spectrum.
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Figure 7.2: Probability distribution (back) of the predicted ve — ve events and
the probability distribution (red) for the observed Electron Energy spectrum.

The probability distribution showed on Figure 7.2, gives the observed Neu-
trino Electron Scattering spectrum, that was constructed by weighting the entry
corresponding to a given universe by eXi. Where the exponent tell us the dif-
ference between the predicted Neutrino Electron Scattering energy spectrum in
the universe ¢ and that observed in the data, i.e. this is an approximation of
the likelihood method.

At the same Figure 7.2 the mean of the second, “constrained”, distribution
is 14.7% lower than the original distribution, and the RMS is reduced by 74%.

The same weights applied to produce this distribution can be used to con-
strain any other prediction that is calculable by the simulation, for example the
flux distribution.

In few words, the constraint method uses two sets of probabilities: Total
number of events in all bins and the number of events in each individual bins
(spectrum). Then each universe gets a weight equal to its probability, the
weights are normalized to conserve number of universes.

To use the constrain method, to get the constrained value of some quantity,

it will be plotted in the universes applying the weights. Then the new mean
and width of histogram gives the constrained value and uncertainty.
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Te main idea of the flux constrain method is described in the Figure 7.3.

MC: N, events Weight

Gaussian . 5
PDF Weight flux multi-

Data: N, events universe

Figure 7.3: Flux Constrain Method representation.

Then the new flux prediction, that includes the constraint from Neutrino
Electron Scattering, i.e. the original flux distribution weighted by the mean
from the probabilities distributions is shown on Figure 7.5.

This measurement (new flux prediction) can be used by other experiments
operating in the NuMI beam which use a similar multi-universe method of
propagating neutrino flux uncertainties and that are able to produce a pre-
dicted number of Neutrino Electron Scattering events with an electron enegy
above 0.6 GeV in the fiducial mass and location given each of their simulated
universes [53].

The effect of the new flux prediction over the Electron Energy espectrum
for Neutrino Electon Scattering can be seen in the Figure 7.4.
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Figure 7.4: The Electron Energy distributions for the ve — ve events before
and after the flux constrain.

An the ratio between the Electron Energy distributions after and before the
flux constrain have been applied, is in the Figure 7.5.
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Figure 7.5: Ratio of the Electron Energy after and before the flux constrain.
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Chapter 8

Results

8.1 Data and Monte Carlo

The energy spectrum for the outgoing electron coming from the Neutrino Elec-
tron Elastic Scattering is shown on the Figure 8.1, this plot is after the Sideband
tuning, i.e, after tuned background prediction was done. At this point there is
the signal events with a tuned background.
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Electron Energy (GeV)

Figure 8.1: Neutrino Electron Elastic Scattered energy spectrum, after sideband
tuning.

The comparison between the measured and the prediction for Electron En-
ergy spectrum is shown in the Figure 8.2.

Since the Neutrino Electron Scattering cross section has not a significant
uncertainty, then the uncertainty on the predicted energy spectrum comes di-
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rectly from the prediction of the neutrino flux [42].
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Figure 8.2: Monte Carlo electron energy error band after sideband tuning.
There is a good agreement between Data and Simulation.

As it was mentioned on the Sideband Tuning Section, it will be a good
tuning if the desagreement between Data and Monte Carlo comes from an in-
complete or wrong modeling, therefore the background tuning compensates the
mismodeling on Neutrino Electron Scattering. The small disagreement between
Data and Monte Carlo on the Figure 8.2, would therefore be an indication of
an incorrect neutrino flux prediction.
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Figure 8.3: Total uncertainties on Data as function of Electron Energy, after
background subtraction and tuned.
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| Sources | Events | Fraction [%] |
Flux (MC-Bkg) 1.1 0.56
GENIE (non-CCQE) | 4.3 2.12
CCQE 4.6 2.23
Beam Angle 0.4 0.17
Energy Scale 4.0 1.91
Reco Eff 5.5 2.73

| Total 93 | 457 |

Tabla 8.1: Final systematics uncertainties contribution sources.

The uncertainties in the Neutrino Electron Scattering has different sources,
as it was explanied in the previous sections. The Figure 8.3 shows the uncer-
tainties on data after the backgroun subtraction, on such plot the uncertainties
on angle "x” and ”y” were grouped just as one uncertainty. The same procedure
was followed for the flux uncertainties.

The Fractional systematics uncertainties after the background subtraction
and sideband tuning is shown in the Table 8.1.

The measured and predicted number of Neutrino Electron Scattering events
in the sample, performed by predicted background subtraction from the sample,
and correcting it for the signal efficiency is in the Figure 9.2, this is the final
resulting Electron Energy spectrum.
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Figure 8.4: Electron Energy after sideband tuning, background subtraction and

efficiency correction.
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\ Events \ + Statistics \ + Systematics \ TOTAL ‘

Data 262.000 16.186

MCpiy 57.295 4.553 0.077

Bkg Subtracted

Data - MCpyy 204.705 16.815 9.329 4+ 19.229
204.705 8.21 % 4.55 % +9.39 %

Aft Eff Corr

ve — ve 303.917 25.125 14.076 + 28.799

Tabla 8.2: Final results with uncertainties, before and after the background
subtraction. All the results come after tuned background.

The comparison of the Electron Energy spectrum before and after the effi-

ciency correction is shown in the Figure 8.5.
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Figure 8.5: Comparison of the electron energy before and after sideband tuning,

background subtraction and efficiency correction.

The total rate of ve — ve scattering events in the fiducial volume, estimated
from the measured Neutrino Electron Scattering events, i.e, after background
subtraction and after sideband tuning, are in the Table 8.2, the results come
before and after efficiency correction.
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Chapter 9

Conclusions

To detect the elusive neturinos is necesary to run for a long time an intense
neutrino beam interacting with a massive detector. Up the moment, in the
first two years in the Medium Energy Forward Horn Current configuration, the
MINERvA Experiment have taken ~ 6 x 10'2 POT, but the data used on this
thesis is just ~ 1/2, i.e., just 1 year of data.

Neutrino Electron Scattering may be the most rare process in the MINERvA
Experiment, due to the small cross section, this is ~ 1/2000 compared with the
cross section of the neutrino nucleus scattering. The Neutrino Electron Scat-
tering has an appearance rate of 1 event every 30hrs in the Medium Energy
forward beam configuration.

Unfortunately, some ve candidate events are rejected by the dF/dx, this is
the more strong cut on this analysis, due to the electron - photon overlapping.

The results obtained on this thesis provide a measurement of the rate of
Neutrino Electron Scattering events, which is in good agreement with the flux
pediction, and has comparable precision to the prediction.

As it was predicted, on the electron energy distribution the v, dominates
the flux, it can seen on the Figure 9.1.

The Neutrino Electron Scattering prediction has an stronger contraint on
the high energy neutrino flux at lower energies, that is because the particles fo-
cused from the proton-graphite interaction are more energetic, this means, the
pions and kaons travel more distance before decaying into neutrinos, it maybe
gives a different beam angle.

It can be seen in the Figure 8.2 how each bin has large uncertainties, on this
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Figure 9.1: The Neutrino Electron Scattering energy spectrum. This plot is
coming directly from the GENIE sample.

case, the ability of this result to contraint the neutrino flux as a function of the
energy is marginal.
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Figure 9.2: Electron Energy after sideband tuning, background subtraction and
efficiency correction.

There is a barely significant indication that the rate of events observed below
3 GeV electron energy is less the nominal flux predicted. This indicates that
there is slightly less flux at lower neutrino energies, but again, the observation
is not significant [42].

Due to main trace of the Neutrino Electron Elastic Scattering is very for-

160



ward electron, the well understood process and the low uncertainty, the method
described on the present thesis, can be used as a cheaper and no invasive way
to contraint the neutrino flux on the actual and future neutrino oscilation ex-
periments.

This measurement is an important proof of this technique that could be used
for a future long baseline experiment, such as the DUNE Experiment.

This process involves scattering off electrons rather than nuclei, and pro-
vides a precise flux prediction, given any near detector technology with suffi-
cient angular resolution, energy reconstruction and mass to isolate statistically
a significant sample of these events.
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Chapter 10

Perspectives

10.1 Full Medium Energy

The MINER~A Experiment will continue operating in the medium energy (ME)
run at last for 2 years more. Neutrino beam peak energies of LE and ME are
about 3.5 and 6.5 GeV, respectively, as shown in Figure 3.1.

For the full Medium Energy, it is expected to have a significant neutrino
electron elastic scatering sample, because the neutrino-electron total cross sec-
tion is proportional to the neutrino energy and because the expected number
of protons on target should be 10 x 10** POT, this is 3 times the size of the
exposure used in this analysis. And 3 times the Low Energy sample.

An important part of the machinery developed for this analysis is the tuning
of backgrounds on data using sideband samples. This suggests that uncertain-
ties on the backgrounds will decrease with increased statistics. Our preliminary
Monte Carlo simulation studies suggest that the signal-to-background ratio re-
main similar to the Low Energy studies.

For the full ME sample, it is expected to have approximately 1100 signal and
300 background events [42]. That should provide a flux integrated constraint
with 3 — 4% uncertainty, which is much smaller than the uncertainty of the flux
prediction itself.

10.2 Medium Energy vs Low Energy

The Low Energy Forward beam configuration sample is almost the same size of
the data sample used on this thesis, with the actual beam configuration it has
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Figure 10.1: The golden plot for Neutrino Electron Scattering - the kinematic
contraint- F6?. Left: Medium Energy result. Right: Low Energy result.

been measured almost three times the number of Neutrino Electron Scatering
candidate events.

The physical explanation for this result is due to that the Neutrino Electron
scattering cross section has energy dependence, so the cross section increases
slightly with the neutrino energy.

The Neutrino Electron Scattering analysis in Medium Energy was done us-
ing almost the same machinery developed for Low Energy analysis. Due to
experimental lack of ability to distinguish between neutrino flavors, all the neu-
trino flavors where included as one neutrino type.

The difference in magnitude of cross section for the different neutrinos fla-
vors interacting elastically with electrons, in both analysis (LE and ME) have
not been taked into account, it is considered that such effect is low due to the
main composition of the neutrino beam in ME and LE is ~ 94% of the v,,.

On the next Figures 10.1 and 10.2, are shown the £6* and Electron Energy

distributions from the Low Energy [44] and Medium Energy analysis, both are
after sideband tuning.
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Figure 10.2: Electron Energy spectrum for Neutrino Electron Scattering after
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Appendix A

Units and Notation

It is used the natural units

h=c=1 (A.1)
It is noted that
[h] = ML*T = 6.582 x 10"2MeV — s (A.2)
[c] = LT™' =3 x 10"%m/s (A.3)
[hc] =197 x 107 MeV — em (A.4)

If h=c=1, then

v =

p _ p(MeV/e)
E

= W(in C units). (A.5)

With M =1 GeV,
1 he

L ~ - ~92x 1071 A.
GV~ T000Mey = 2x 10 Tem (A.6)
1 h
T ~ = ~6.58 x 107% AT
GeV  1000MeV % 5 (A7)
IMeV =16 xC%erg=16x"1J (A.8)
lgm = 5.61 x* GeV (A.9)

The position is indicated by a 4-vector x(u = 0,1,2,3):

ot = (et,x) = (t,x) (A.10)
r, = (ct,—x) = (t,—x) = gua” (A.11)
=gt =t —x* =0 (A.12)
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with g, = 0, 1t # v, goo = 1, g22 = g3z = —1. On the light cone
P?=0=t-x*=0
The energy E and momentum p are represented by 4-vector p:

' = (E/c,p) = (E,p)

0 0

O =0 = oY)
0 0

H— o~ (— —

0 oz, (815’ V)
62

6“8M:@—V:D2

p'=pa =py—p =E-p’

For a particle on the mass shell
E? = p? + m?

ie.,
2

p* =pupt =m?

The scalar product

pq=p"q. = E,E,—p-q
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Appendix B

Electromagnetic Showers

One of the physical process that play a role in particle detection is the electro-
magnetic shower development, this is well understood.

On the media electrons and positrons lose energy via two mechanism: ion-
ization and radiation. Each one has its action range, the first process dominates
at low energy, the second one at high energy.
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Figure B.1: Fractional energy loss in Lead as a funtion or positron energy |7].

The energy loss of charged particles from ionization, often referred as dF/dzx,
is an excellent particle identifying discriminant for particles that passes through
material. Not only is this energy loss the effect of many small interactions, typ-
ically ionizing thousands of atoms per gram/cm?, and therefore less subject to
stochastic fluctuation, it also depends strongly on momentum as the particle
slows down from ultra-relativistic and therefore the pattern of dE/dx as the
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particle stops is sensitive to its mass.

From the Figure B.1, it is seen the interacting mechanism of the photons,
these interact either through the Photoelectric Effect, Compton Scattering or
Pair Production.

Other plot that describes the energy loss mechaninism is the Figure B.2.
There the photoelectric effect dominates at low energies, pair production at
high energies. The relative cross sections are also Z dependent.

| Pair production
10 E

Compton scattering

Energy (MeV)
T

01 ¢

Photoelectric effect

10 7 » 100

Figure B.2: Charged particle energy loss process: photoelectric effect, Compton
scattering and pair production, as a function of the number Z of the absorber-
material [46].

The angular distribution is more or less isotropic for the photon and Comp-
ton electrons, but highly directional for the e*e pairs produced in pair produc-
tion. At energies of 1 GeV and higher, electrons and photons initiate electro-
magnetic showers in the materials they penetrate.

Electrons loses their energy predominantly by radiation, the most energetic
photons produced in this process convert into e™e pairs, which radiate more ~s,
etc.

The number of shower particles produced in this particle multiplication pro-
cess reaches a maximum at a certain depth inside the absorber, and gradually
decreases beyond that depth, see Figure B.3.

The depth of the shower maximum increases (logarithmically) with the en-

ergy of the incoming electron. Because of the particle multiplication, the to-
tal amount of material needed to contain electromagnetic showers is relatively
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Figure B.3: The energy deposited as a function of depth for different electron
enegies, the showers are developing in a block of copper [46].

small.

The lateral development of electromagnetic showers is governed by two types
of processes:

e Electrons and positrons move away from the shower axis because of mul-
tiple scattering.

e Photons and electrons produced on isotropic processes (Compton scatter-
ing, photoelectric effect) move away from the shower axis.

The first process dominates in the early stages of the shower development,
the second one is predominantly beyond the maximum shower. Both processes
have their own characteristic, exponential scale.

The shower development can be described more or less independently of the
details of the absorber material in terms of the radiation length (for the lon-
gitudinal development) and the Moliere radius (for the lateral development).
Both units are defined for the asymptotic energy regime (> 1 GeV).

The radiation length (X)) is the ratio of the electron energy and the specific
energy loss by radiation. Therefore, a high-energy electron loses on average 63%
(1 —e™') of its energy when it traverses 1X, of material. The mean free path
of a high-energy photon amounts to 9X,/7.

The Moliere radius (pys) is defined through the ratio of the radiation length
and the critical energy. Expressed in g/cm? | X, scales as A/Z% and j; as A/Z.
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Therefore, pys is much less material dependent than X, [46].

The radiation length has a fundamental different meaning for electrons and
photons. Therefore, showers initiated by high-energy electrons and by photons
developed in the beginning quite differently. When they encounter material,
high-energy electrons start to radiate immediately. On their way through a few
mm of material, they may emit thousands of Bremsstrahlung photons. On the
other hand, high-energy photons may or may not convert in the same amount
of material.

In the latter case, they do not lose any energy, and when they convert early
on, they may lose as much as, or even more than, electrons in the same amount
of material. In the same amount of material, electrons lose on average a larger
fraction of their energy than photons, but the spread in the energy losses by
photons is larger.

The differences may be understood from the fact that the particle multipli-
cation continues down to lower energies in high-Z material and decreases more
slowly beyond the shower maximum. For example, a given high-energy electron
produces 3 times more positrons when showering in Lead than in Aluminium.

As a result, it is needed more X, of Lead than of Aluminium to contain
this shower at the 99% level. Also, the shower maximum is located at a greater
depth in Lead. For 99% containment, the difference between high-Z and low-Z
absorber materials may be as much as 10.X.

An electromagnetic shower has a characteristic longitudinal energy profile
determined by the shower cascade processes. When electromagnetic particles
such as electron, positron and photon traverse in a medium, carrying an energy
> 1 GeV, they produce electromagnetic showers via successive Bremsstrahlung,
et — eTre, and pair production, v — ete™ in the fields of the atoms in the
target [42].

The number of showering particles increases exponentially like a cascade
until the energies of the particles drop below the energies where such multi-
plicative reactions dominate, this energy is called the Critical Energy, F. .

The longitudinal energy deposition profile, which is proportional to the num-
ber of charged showering particles (e*) at each point in the shower, follows the
same pattern.

The Cascade Model is based upon the following restrictions [45]:
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Figure B.4: Electromagnetic shower representation, via Cascade Model.

The incoming charged particles has an Starting Energy FEj that is much
greater than the Critical Energy E¢, below it ionization losses predomi-
nate over pair production; Ey >> F.

Each electron with Ey > E¢ travels one radiation lengths and then gives
one half of its energy to a Bremsstrahlung photon.

Each photon produced with energy E > E¢ travels one radiation length
creates an electron-positron pair with each particle carrying away half the
energy of the original photon.

Electrons with £/ < E¢ cease to radiate and then lose the rest of their
energy by collisions.

At high energy the probabilities for Bremsstrahlung and pair production
are assumed to be independent of Z (atomic number) when distances are
measured in radiations length.

The theoretical cross secctions are based on Born approximation and are
most reliable for low Z materials. Deviations in large Z materials are

proportional to Z2.

The difference in the cross section for high energy electron and positrons
are neglected.
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e The asymptotic formulas for radiation and pair production are asumed
valid.

e The Compton effect and the collision process are neglected at high energy.

The model is schematically shown in the Figure B.4. The simple branching
model suggest that after ¢ radiation the shower will contain 2 particles. There
will be roughly equal numbers electrons, positrons and photons, each with an
average energy given by
=5

Then, the cascade process will stop abruptly when E(t) = E¢x. The thickness
of absorber at which the cascade ceases, )., can be writen in terms of the initial
and critical energies:

E(t) (B.1)

In(Ey/E¢)
tMae = ————. B.2
M In2 (B:2)
The critical energy is the intersection between ionization and bremsstrahlung

process, for Lead it is showed in the Figure B.1.

From the model, it is extracted that the maximum shower depth varies as
the logarithm of the primary energy decribed by Equation B.2, as a feature
that emerges from more sophisticated models of the process and is observed
experimentally. It also predicts that the shower curve should rise rapidly to a
peak value and the fall to zero.

The broad peak of the experimental curve can be interpreted in terms of a
spread of energies of the incoming particles. Experiments also show that the
curve does not eventually drop to zero, but instead has a long tail. The long
tail can be interpreted as being due to muon interactions producing knock-on
electrons capable of making a contribution to the cascade process [45].

Electromagnetic shower development is stochastic, but on average the lon-
gitudinal energy profile of the shower is given by a photon distribution,
dE (bt)a—Lebt

=~ Bb

— B.
dt Ta ’ (B.3)

where t is the distance measured in units of radiation lengths, F is the initial
energy and a and b are free parameters that can be empirically determined for
each material.

The dFE/dt distribution reaches its maximum when

—1
¢ =TIny + C, (B.4)

tMaz =
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where y = E/E. and C' = 0.5 for electrons and +0.5 for photons. The
critical energy, E., for carbon (Z=6) is 111 MeV according to the following
empirical formula

800 MeV

C Z+127

For electrons in Carbon between 1 to 10 GeV, y = E/E, ranges from 9 to
100. b is nearly constant for a given detector material but has a slight depen-

dence on y [45] that is shown in Figure B.5. For y values of 9 to 100, b ranges
0.64 to 0.7 for Carbon.

(B.5)
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Figure B.5: b values for different materialas at different y ranges [7].

The dE/dx value at shower maximum (¢t = (a — 1)/b) is

a—1
dEN - _ EBb (a - 1) . (B.6)
dt ) v La e

Define the vertex to shower maximum average slope as

(dE/dx)sras  Eb (a— 1)‘” 1

T Maz I'a € tMaJ:XO

(B.7)

The Figure B.6 shows a typical longitudinal energy profile for an electron
shower. The figure was taken from the Reference 42.

Photon initiating shower development is shown schematically in Figure B.7.

Note that the photon is not visible in the detector until it creates charged parti-
cles by pair production, or undergoes Compton scattering from atomic electrons.
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Figure B.6: Electron shower longitudinal energy profile [42].

Energy per module

Electron Shower Photon Shower

Figure B.7: Electron and photon shower longitudinal development profile.

If the interaction vertex is known, for example, by a muon track from v, C'C
reaction, and an electromagnetic shower starts at some measurable distance
from the vertex and the shower direction points back to the vertex, it is almost
certainly due to a photon.

For lateral shower containment, material differences are smaller than longi-
tudinally. In addition, there is no energy dependence. A given long cylinder
will thus contain the same fraction of the energy from 1 GeV electromagnetic
showers as from 1 TeV ones.

For example, in Lead more than 40% of the shower energy is deposited by
particles with energies below 1 MeV, while the critical energy is more than 7
MeV. Only one quarter of the energy is deposited by positrons, the rest by
electrons.

This illustrates that Compton scattering and photoelectron production are
very important processes for understanding calorimetry. Both processes dom-
inate at energies far below the critical energy and are therefore not properly
described by scaling variables such as Xy and pys [46].
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Appendix C

Kinematic Constrain

The variables s, t, and u are, defined as follows:

s = (pa+ps)?, (C.1)
t = (pa+pc)?, (C.2)
u=(pa—pp)* (C.3)

where pa, pg, pc, and pp are the 4-momentum vectors for the particles A,
B, C, and D. Three variables are not independent. The are constrained by the
next relation:

s+t +u=m%+my+mg+mj,. (C.4)

Using those equations, it is possible to apply over own reaction ve — ve,
where the p/,, and p. represents the 4-momentum for the initial neutrino and
electron, respetively. p/, and p. are the 4-momentum of neutrino and electron
after the collision. And the Center of Mass (CM) frame, ¢ is calculated as

t=(pv +p/e)27 (05)

t=2p, -1, (C.6)

t =2FE,+ E/ (1 — costl), (C.7)
$

t= 5(1 — cost)). (C.8)

Where 6’ is the scattering angle in the CM frame. The electron rest mass
was ignored, as the interesting scattering is highly relativistic, so F. >> m..
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The inelasticity y es defined as

y=28"17 (C.9)
PB - PA

Here ¢ is the 4-momentum transfer. If y is calculated at the lab frame, then

PB - \PA — Pc
y:¥

. C.10
PB - Pa ( )

Making the sustitution for the correspond 4-momentum:

Eg,0)-(Es— FE —
y— (Ep,0) - (B4 — Ec,pa P0)7 (C.11)
(EB7 0) . (EAa pA)

_ EB<EA — Ec) _ K

EgFE 4 R

Here v = E, — E!, where F, and E/ represent the initial and final neutrino

energies. The physical meaning of the inelasticity is the energy loss fraction of
incoming neutrino.

(C.12)

Now, using the Equation C.11 to determine the energy loss fraction at the
CM frame

(£,-p) (0,p — P

_ , C.13
V= "1E -p) (B.p) (©1)
y:p)-p’—|p|2 ©14)
2E? '
1
y = % (C.15)

From equations C.8 and C.15

t = —sy. (C.16)
With Equation C.3, v in the lab frame

u=(p, —p,)* (C.17)

Here p, is the incoming neutrino 4-vector, p!, is the neutrino 4-vector after
collision, and p. is recoil electron 4-vector.

u = m?2 +m’e — 2p, - pL, (C.18)
u=—2(E,,p,) (E.,Pp.) (C.19)
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u=—2(E,E. — p,p.cosb), (C.20)

u=—2E,E.(1 — cosb). (C.21)

Due to that in the case where E, >> m,, so s +t + u = 0, and from the
Equation C.16,

5+t=—u, (C.22)
s(1—y) =2E,E.(1 — cosb). (C.23)

Using the Equation C.1,
s = ((Bv,pv) + (Ee, pe))”, (C.24)
s = —=2(E,E, — p,p,cosb), (C.25)
s =2m.E,. (C.26)

So,

2m.E,(1 —y) = 2E,E.(1 — cosb), (C.27)
me(1 —y) = EL(1 — cosh). (C.28)

Making the expansion for small dispersed angles

6 o 62
Now, an expression in a simple from
2me(1 —y) = E.6°. (C.30)

Where E! is the electron energy at the lab frame or recoil electron energy,
6 is the recoil electron angle, m, the electron rest mass, and y the inelasticity.

Since, the fraction energy loss by the neutrino, i.e. 0 <y <1

E6? = 2m,. (C.31)
2m.(1 —y) = E.6°. (C.32)

179



180



Appendix D

Angle Beam Correction

The angle beam direction has big relevance in the Neutrino Electon Scattering,
it is due to that the Q? and E6? variables have angular dependence, i.e a wrong
beam angular direction will modify the limit of the cut and it could imply a
wrong signal selection.

To get the angle beam direction in Medium Energy, the same process from
Low Energy was followed, but this time selecting muons at more high energy,
so the angle was determined using the ME Reconstructed Charged Current In-
clusive (CInclusiveReco) Data and Monte Carlo samples.

The final sample used to determine the beam angle direction meets the typi-
cal CC Inclusive cuts: fiducial events, Total energy (neutrino energy) below 120
GeV, Muon energy between 30 GeV and 120 GeV, the events should match in
MINOS Near Detector, Helicity (muon or anti-muon) cut and the dead time cut.

The Figure D.1 shows the beam angle direction distributions on x and y
axis in the MINERvVA Detector frame for ME data and MC, each plot covers a
100 MeV range of Neutrino Recoil Energy up to 500 MeV.

The Recoil Energy is defined by the Equation D.1

VRE = EV - ELepton' (D]-)

On the plots from the Figure D.1 a Gaussian fit is applied to data and MC,
with the mean and sigma indicated. The errors showed are statistical only.

The event samples corresponds only for the first year of Medium Energy
run, i.e. minervamelA to minervamelD. Ideally it should have been used all
the information from ME run an apply a more energetic requirement over the
muons, but untill the moment just four playlist have been processed with the
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Figure D.1: Medium Energy beam angle direction measured in the MINERVA
Detector coordinate system. For each one of the neutrino recoil energy bining.
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|

|

Ox (mrad)

| Oy (mrad) |

Data
MC

1.3520 = 0.8957
-2.4797 £ 0.7799

0.9179 £ 0.9092
-0.3316 £ 0.7439

Tabla D.1: ME beam angle direction at MINERvA Detector frame.

CC Inclusive machinery.

The mean and asociated error from the Gaussian fits in the Figure D.1 is
shown in the plot D.2. If a horizontal line is fitted to the data and simulation,
the angle beam direction is shown in the Table D.1.
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Figure D.2: ME bean mean direction for data and MC in x and y axis.

The physical meaning of the Figure D.2 is that these values corresponds to
a bias in the data and simulation respect to the detector frame. To match the
data with the prediction events, just the subtraction between directions should

be made.

Those points are showed in the Figure D.3, and after applying a horizon-
tal fit over those values, the angle beam correction (correction on bias) is
—3.8944 + 1.2089 mrad for angle in x — axts and —1.2223 4+ 1.1817 mrad in

Y — aris.
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Figure D.3: Beam angle correction needed in Medium Energy to match the
neutrino beam direction in Data with Monte Carlo.
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Appendix E

Michel Electrons

The Michel Electron is produced by the decay of stopping muon (anti-muon)
or from a decay chain of stopping 7+, as follows:

put = v, +ve+et. E.1
I

B = vyt vete. (E.2)

The response of the detector to Michel Electrons at different locations can
provide a cross-check of the relative calibration. The overall electromagnetic
energy scale can also be checked by comparing the Michel Electron spectrum
in data and MC simulation.

In general a Michel Electron is identified by a delayed signal near the end-
point of a stopped muon track. However, stopped muons or pions from neutrino
interactions occurring in the detector also produce Michel Electrons.

Finding a Michel Electron from a short length stopped track is difficult since
reconstruction of the short track is more challenging. Besides the difficulty of
short track pattern recognition from small number of hits, the short track is
often produced with a high angle where the track reconstruction is poor. Also,
short stopped track may be spatially nearby other tracks from the same neu-
trino interaction [44].

Thus, it is difficult to match the Michel Electron with the end point of short
tracks. But the event rate of unmatched Michel Electrons is higher than Michel
Electrons from rock muons. It is found that the unmatched Michel Electron
sample has very small background near the Michel Electron energy peak.

Thus, this unmatched Michel electron sample serves as a high statistics cal-
ibration sample. The Figure E.1 shows the comparisons between Data and MC
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for each one of the Data playlist, instead the Monte Carlo sample corresponds
just to the first playlist.

«ot  Michel Electron energy ot Michel Electron energy

aF
© MINERvA ME Preliminary ¥ P2
= Monte Carlo
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Figure E.1: Michel Electons energy distributions for each one of the Medium
Energy Data playlists.

Another calibration cross-check between Data and MC is the Michel Elec-
trons energy loss, in this case just to follows the the Neutrino Electon Scattering
energy loss convention, there is energy loss in the first 4 planes at the begin of
the Electromagnetic Shower, those distributions are showed in the Figure E.2.

The Figure E.3 shows the comparison between Data and Monte Carlo for all
the Medium Energy playlists at the same time, the plots show a good agreement.

Using all the ME data sample is possible to get the Michel Energy and
dE /dz time dependence for both samples; data and Monte Carlo, each point in
the Figure E.4 corresponds to 1000 Michel Electron events taken over the time.

Applying a horizontal fit over the Michel Electrons energy and dF/dx time
dependence points, is possible to get the mean value for this quantities over
the time, i.e the energy and dF/dx stability. The Table E.1 shows the fitting
parameters for Data and Monte Carlo.
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Figure E.2: Michel Electon energy loss in the first 4 planes for each one of the
Medium Energy Data playlists.
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Figure E.3: Michel Electron energy and energy loss distributions for full ME
Data sample.
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Figure E.4: Michel Electron energy and energy loss over the time for all the
information available in Medium Energy run. The energy scale and energy loss

is constant over the time, i.e. it is stable.

playlists ‘ Energy [MeV] ‘

dE /dz [Mev/1.7 cm] |

Data

melA 37.979 £+ 0.026 3.152 £ 0.002
melB 37.957 4+ 0.055 3.145 £ 0.006
melC 38.029 4+ 0.035 3.152 £ 0.003
melD 37.725 + 0.021 3.129 + 0.002
Total

All Data | 37.981 + 0.022 3.151 £ 0.002
All MC | 37.532 + 0.020 3.126 £ 0.002

Tabla E.1: Energy scale for Michel Electrons in Data and Monte Carlo Medium
Energy samples.
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Appendix F
The MINERvVA Collaboration

Figure F.1: The MINERvA Collaboration at anual summer meeting, June 2015.
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