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Abstract

A measurement of the magnetic field of the ND280 near detector in the T2K exper-
iment was performed with a dedicated, automated mapping device. A measure-
ment accuracy of ~1 G is obtained for a ~700 G dipole magnetic field, provided by
the ND280 magnet. The systematic errors for the nominal ND280 magnetic field
of 2000 G (0.2 T) are evaluated. An accuracy of better than 2 G is achieved for the
transverse magnetic field components (B, B,). The systematic error of the main
component is determined to be o(B;) = 11.72 G for a field of B, = 2048.14 G in
the center of the magnet, which corresponds to a magnetic field scale uncertainty
of 0.57%. The precise knowledge of the magnetic field meets the requirements for
ND280 TPCs of a momentum accuracy of better than 2%. The momentum scale
is probed by the reconstructed invariant mass peak of ATT resonances, which are
produced in v, CC interactions. A sample of 126 candidate events, with an ex-
pected signal purity of 27.3%, are selected from the data of the 2010 and 2011
runs of T2K, with a neutrino flux corresponding to 1.064 x 10 POT. A simulta-
neous fit of signal and background allows to reconstruct the invariant mass peak
of the A™T signal, which is compared to the expected value from MC simulations
mMC(A+F) = 1.218 £ 0.013 GeV. The value of m{ata(A++) = 1.207 £ 0.025 GeV,
which is retrieved from the data, is compatible with the MC expectation within one
standard deviation. This is also found to be true for momentum biases between
-7% and 18%.
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Introduction

In this thesis, I will present and discuss the results of the magnetic field mapping
of the ND280 magnet in the T2K experiment, which was performed in September
2009. The precise knowledge of the magnetic field is a key ingredient to achieve
the requirements of knowing the momentum scale of the ND280 detector better
than 2%. This will allow T2K to increase the sensitivity for the neutrino mix-
ing parameters Am%3 and 23 through the measurement of v, disappearance in
neutrino oscillations. Also, a precise knowledge of the momentum scale helps to
determine 603 in the v, — v, appearance channel. The discovery of 613 is one of
the major goals of T2K and is possible to reach in 2012 run period. In July 2011,
the T2K collaboration published a 2.5 ¢ indication of a non-zero value for ;3.

In the first chapter, I briefly depict the standard model of particle physics and
the role neutrinos play within and beyond this framework. A special emphasis
is put to the theory of leptogenesis, since it contains the possibility of explaining
the excess of matter over antimatter in our universe with the help of neutrino
physics. The recent result of the T2K experiment indicates that 63, the smallest
of the three mixing angles in the PMNS neutrino mixing matrix, might be large
enough to measure possible leptonic CP violation within the next few years. This
is required in order to test if leptogenesis is realized.

The second chapter describes the T2K neutrino oscillation experiment, which
consists of three major parts: the beamline at J-PARC, near detectors to mon-
itor and measure the unoscillated neutrino beam, and the far detector Super-
Kamiokande, 295 km away, in order to measure the oscillation signal.

The proton and neutrino beamline at J-PARC (Tokai, Japan) is capable of
producing a muon neutrino beam of unprecedented intensity, produced by 30 GeV
protons hitting a graphite target. The high intensity allows to take advantage of
the off-axis technique, where the produced neutrinos are not exactly directed to
the far detector but by an offset of a few degrees to obtain a more monochromatic
beam tuned to maximize the sensitivity for v, — v, oscillations. A set of near
detectors monitor the beam near the production target; and the far detector Super-
Kamiokande, the world’s largest water Cerenkov detector.

Special emphasis is given to the description of the ND280 off-axis near detector
complex, multi-purpose neutrino detector, holding several subdetectors within the
former UA1/NOMAD magnet.

The third chapter describes the design, construction and performance of an
automated mapping device. This device was used to precisely measure the ND280
magnetic field. A total of 89 electronic cards, each holding three Hall probes,
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measured the magnetic field in three dimensions at more than 108 spatial points,
leading to a granularity of ~5cm. It is demonstrated that the error of the mea-
surement is at the order of 1 G at a field strength of ~700 G. This results in an
error of less than 0.5% for the momentum scale at the nominal ND280 field of
2000 G (0.2 T). This precision of the magnetic field is required to achieve the goal
of a momentum scale accuracy of the ND280 TPCs to be better than 2%, because
the magnetic field components transverse to the electric field in the TPCs distort
the drift of the ionization electrons in the TPCs and gives a bias on the measured
momentum.

A check of the momentum scale is presented in the fourth chapter. To probe
the momentum scale with a physics reaction, I concentrated on the search for
ATT resonances from neutrino interactions in the ND280 tracker. The so-called
“golden channel” of K — 77~ for detector calibrations does not provide enough
statistics in this early phase of the experiment. The invariant mass of the ATT can
be reconstructed with the help of the momentum measurements of the ND280
TPCs. From the position of the invariant mass peak, an upper limit of the error
on the momentum scale can be inferred. The study of AT resonances also can be
used to better understand resonant pion production from neutrinos with an energy
around 1 GeV and can form an input to more detailed cross section studies, which
are expected to be a major contribution of ND280 in the field of neutrino physics.



Chapter 1

Neutrino Physics

In this chapter the standard model of particle physics (SM) and the role of neu-
trinos within this framework will be briefly introduced. Since their prediction
by W. Pauli in 1930, many properties of neutrinos have been discovered, which,
among other things, helped to build the SM. But also exploring neutrino physics
itself, as well as physics beyond the SM, are of interest to the research community.

In the past, the observed deficit of electron neutrinos from the sun with respect
to the expectations from the standard solar model formulated the so-called solar
neutrinos puzzle [1]. This led to the discovery of neutrino oscillations, which
implies that neutrinos are massive. In contrast to the flavor mixing in the quark
sector, two of the three neutrino mixing angles are large. Current oscillation
experiments are aiming at measuring precisely the features and parameters of the
neutrino mixing matrix, with a possible prospect of measuring CP violation in
the leptonic sector. The recent indications of v, appearance from T2K [2] and
MINOS [3], as well as the first results from Double-Chooz [1], show that this goal
might be achievable within the next few years.

The implication of massive neutrinos raises several questions: Are neutrinos
Dirac or Majorana particles? And what is the absolute mass of the neutrinos?
These questions are addressed in Section 1.5, which summarizes the results of
several experiments exploring the (3-decay and the neutrinoless double (-decay
(0v2(3). But neutrinos are not only interesting in nuclear and particle physics, but
also in the field of astrophysics and cosmology. In particular, a possible explana-
tion for the matter excess over antimatter in our universe through the leptogenesis
mechanism is a very attractive theory. In the future, it will be interesting to de-
velop further and establish our picture of neutrinos and their properties.

This chapter is divided into five sections. The first section summarizes the his-
tory of the discovery of the neutrino, followed by a section which describes briefly
the standard model of particle physics and the assigned neutrino properties within
this framework. Neutrino interactions are described in Section 1.3, which comple-
ments the view of standard model neutrinos. Section 1.4 discusses in more detail
the framework of neutrino oscillations as an extension of the SM. After deriv-
ing the general flavor transition probabilities in vacuum, neutrino oscillation with
three flavors without and with matter will be briefly examined. The observation
of neutrino oscillations implies that at least two of three neutrino masses must
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be non-zero. The current knowledge of the implications of massive neutrinos is
discussed in Section 1.5. This includes the hierarchy problem of neutrino masses,
measurements of the absolute value of neutrino masses and the question whether
neutrinos are Dirac or Majorana particles. In Section 1.6 an outlook for the next
years in neutrino oscillation physics is presented. A large value for the mixing
angle 013 opens a window to discover CP violation in the near future. If CP vio-
lation turns out to be large and neutrinos are of Majorana type, then leptogenesis
might have occurred in the early universe, as will be discussed in the last section
of this chapter.

1.1 The Discovery of the Neutrinos

In 1930 W. Pauli postulated the existence of a neutral particle in order to explain
the continuous energy spectrum in  decays [5]. Since the only alternative to this
new particle was the violation of the conversation laws for energy and angular mo-
mentum, the neutrino was soon accepted as a new fundamental particle. However,
neutrinos have a very low cross section of o~10"%4 cm? for an energy of ~1 MeV
[6]. This value is based on E. Fermi’s theory of #-decays [7]. It was not before
1956 that F. Reines and C. Cowan finally discovered the neutrino in an experiment
near the Savannah River nuclear reactor by measuring inverse [-decay reactions
(Ze +p — €T +n) [8]. Two photons from the annihilation of the positron with
an electron of the target material form a prompt signal. This is required to be in
coincidence with a delayed signal from neutron capture in the target nuclei, where
gammas in the MeV energy range are emitted.

In 1962, L. Ledermann, M. Schwartz, and J. Steinberger discovered that there
must be at least two types of neutrinos, one being electronic and one being
muonic [9]. They produced a beam of neutrinos from pions decaying into a muon
and a neutrino in more than 99% of the cases. With the help of a spark chamber,
they showed that the interacting neutrinos only produced muons and no electro-
magnetic showers.

With the discovery of the 7-lepton in 1975, the search for the third type of
neutrino started. It lasted until the year 2000 when the 7-neutrino was discovered
in the DONuT experiment at the Tevatron accelerator at Fermilab [10]. A neutrino
beam with a large fraction of v, (5%) was produced and shot on an emulsion target
interlaced with iron plates. Nine 7-decays were observed with a background of 1.5
events, and thus the v, was discovered.

Also in the 1990s, the measurement of the hadronic cross section for the Z
resonance and its width at the four LEP experiments (ALEPH, DELPHI, L3 and
OPAL) at CERN showed that there are exactly three generations of weakly inter-
acting light neutrinos. As a consequence, with v, v, and v, all three standard
model neutrinos had been discovered [11].
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1.2 Neutrinos and the Standard Model of Particle
Physics

1.2.1 The Standard Model

The Standard Model of Particle Physics (SM) depicts the fundamental particles
and the forces which describe the interactions between these particles. It includes
the electromagnetic, strong, and weak forces and their carrier particles (gauge
bosons), but not gravity for which a carrier particle has not yet been discovered.

The fundamental particles consist of 24 fermions, six leptons and six quarks
with their twelve antiparticles, and the gauge bosons. Leptons are grouped in
three families, also called flavors, of doublets. Each doublet contains a negatively
charged and a neutral lepton - an electron, muon, or tauon and its corresponding
neutrino. Quarks are also grouped in three doublets, with one partner having
the charge +2/3 (up, charm, top) and the second partner having the charge -1/3
(down, strange, bottom). The antiparticles have the same mass as particles, but
opposite charge. The second group of particles, the gauge bosons, are the media-
tors of forces between the just mentioned elementary particles.

Three Generations
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Figure 1.1: Overview of the standard model particles [12].
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The mediators of the strong force are gluons which couple to the color charge
(red, blue, green), a quantum number of quarks and gluons. The theory describing
this type of interaction is called quantum chromodynamics (QCD). According to
QCD, strongly interacting particles are in color singlet state. This implies that
they are neutral with respect to the color charge, either by combining three quarks
with red, green and blue charge, or having a pair of quarks with color and anticolor,
e.g. red and antired. The theory also predicts the non-existence of free quarks.
Particles are either formed from two quarks (mesons) or three quarks (baryons).
Free particles formed from more than three quarks have not been observed yet.

The electromagnetic force acts on charged particles via photon exchange. The
photon is massless, has no charge, and spin 1. Electromagnetic interactions are
described by quantum electro dynamics (QED), which allows for particle cre-
ation and annihilation processes and was developed in the 1940s by R. Feynman,
J. Schwinger, and S. Tomonaga [13, 14, 15].

The weak force has three mediators: the neutral Z boson with a mass of
91.2 GeV and the charged W* bosons with a mass of 80.4 GeV [16]. It is the only
force which has an effect on all fermions of the SM and on W and Z. Weak inter-
actions allow for a conversion from one flavor to another of the particle in concern.
Based on the theory of N. Cabibbo [17], in which the hadronic quark flavor states
are a superposition of the quark mass states (and vice versa), M. Kobayashi and
T. Maskawa generalized the picture to a three flavor framework and introduced a
unitary mixing matrix, called CKM-matrix, which describes the mixing between
flavor and mass eigenstates of the quarks [18]. The details of flavor mixing will be
discussed for the case of neutrinos in Section 1.4.

A model of the weak force was presented for the first time by E. Fermi in
1933 [7]. In 1968, S. Glashow, A. Salam and S. Weinberg succeeded in combin-
ing the weak and electromagnetic force to one common electroweak force [19, 20].
According to their theory, the weak and the electromagnetic force are just dif-
ferent manifestations of the same force at low energies. The photon, Z and W=
are therefore a superposition of the four gauge bosons of the electroweak theory
(Wl, WQ, W3 and Bo).

Within the framework of the SM, the three neutrinos (and their antiparti-
cles) have no mass, no charge and no color charge and therefore only interact
via the weak force. The spin of neutrinos is always opposite to its direction of
flight, i.e. neutrinos have helicity —1, which M. Goldhaber showed 1958 in his
experiment [21]. In 1957, C.-S. Wu discovered that parity is not conserved for the
weak interaction [22]. Applying parity transformation (P) on a left-handed neu-
trino delivers a right-handed neutrino, but this state is not observed. Adding the
charge conjugation (particle-antiparticle transformation) to the parity transforma-
tion leads to the conserved symmetry of the CP transformation. Hence, antineu-
trinos have helicity +1. Because neutrinos in the SM are massless, this implies
that neutrinos are always left-handed and antineutrinos right-handed. However,
experiments in 1964 with kaon decays [23] and later on B decays [24] showed that
also the CP transformation is not fully conserved. It is not known if this is only
true for hadronic decays or if this statement also holds in the leptonic sector. In
Section 1.6.3 leptonic CP violation is presented in more detail.
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1.3 Neutrino Interactions

As a consequence of interacting only via the weak force, neutrinos have a very low
cross section for interacting with other particles, o~10738 cm?GeV ! for neutrino
energies above ~1GeV. Therefore, a huge amount of detector material is needed
to be able to detect neutrino interactions. The interactions can be classified into
two main categories, neutral current (NC) interactions with an exchange of a Z
boson and charged current (CC) interactions in which a W boson is exchanged.
Observing the corresponding outgoing particles in the detector without seeing an
incoming particle characterizes a neutrino event, e.g. the observation of a u~
representing a v, CC interaction.

When classifying neutrino events, generally three types are distinguished. In
the sub-GeV range, where the momentum transfer Q2 of the exchanged W boson is
not sufficient to break the target nucleus, quasi-elastic (QE) scattering (v +n —
¢~ + p) is the dominant process, with ¢ = e, u,7. For neutrino energies above
~10GeV, the Q? is large enough to break the target nucleus, and the absorbed
energy is transformed into pions and other particles forming a hadronic shower.
These processes are called deep inelastic scattering (DIS). In the energy range
around 1 GeV, single pion (17) production is also an important process. Figure 1.2
summarizes the current knowledge for the energy dependent cross sections of these
processes.
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Figure 1.2: Overview of neutrino cross sections in the energy region between 0.1 GeV and
300 GeV [25].

The production of one or more pions can occur through DIS, coherent scat-
tering (COH) or resonances (RES). In resonant processes the provided energy
excites the target nucleus into a resonant baryon state. The state with the
least required energy is the A(1232) resonance. The A'T production process
vu+p — p~ + AT — 7+t 4 p will be studied in detail in Chapter 4. In Figure
1.3 the corresponding Feynman graphs are shown explaining the differences.
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Y [COH] i
Vi [DIS] K
W
N } npto
X
Vi [RES] K

Figure 1.3: The main types of charged current muon neutrino scattering on a free nu-
cleon/nucleus that produce pions directly. From top left to bottom right are: deep inelastic
scattering (DIS), coherent pion production (COH), and resonance production (RES). In
the figure NV is a nucleon, A is a nucleus, and X represents the hadronic system excluding
pions. The time axis in these and all diagrams in the following figures is from left to
right [26].

NC events are much harder to detect, since the neutrino does not change into
a charged lepton. They are only detectable when the transferred momentum (via
the Z boson) is big enough to produce other particles, such as pions off the target
nucleus.

The prior classification of neutrino events can be made analogously for an-
tineutrinos, except that antineutrino cross sections (for low energies £, < 1GeV)
are lower by a factor three according to the quark parton model for CC interac-
tions [27]. The o(v)/o(v) ratio rises to one half for higher energies (E, 2 20 GeV)
as sea quarks® contribute to neutrino scattering on nuclei, for recent results see
for example [28].

#Sea quarks are virtual quark antiquark pairs, which occur in nucleons due to the strong
force. They build a “sea” of quarks around the valence quarks (e.g. u, u, d for a proton) of the
hadron.
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1.3.1 Neutrino Cross Sections

In order to allow high precision measurements of neutrino properties, a good
knowledge of neutrino cross sections is needed. Not only is this necessary to
estimate the number of events which will be observed in a detector, it also al-
lows to test the underlying theoretical models which predict neutrino interaction
event rates and types. At high accelerator energies (2 10 GeV), where DIS is
the dominant channel, neutrino interaction models are rather well understood. In
the sub-to-few GeV range QE scattering, resonant pion production, and coherent
pion production build a large fraction of the total cross section. Understanding
the exact composition of these processes is one of the major research items of
contemporary neutrino physics.

Data for this energy region come mainly from spark chamber, bubble chamber
and emulsion experiments of the 1970s and 1980s and build the basis for the
neutrino interaction models of almost all of the currently used neutrino interaction
Monte Carlo (MC) generators, in particular NEUT [29] and GENIE [30]. Besides
the standard DIS formulas and parton distribution functions (see for example [16]),
the most commonly used theoretical models are the free nucleon QE cross sections
from Llewellyn Smith [31] and the description of resonant pion production from
Rein and Sehgal [32]. Across the various MC generators, the main differences arise
from the treatment of nuclear and final state effects as well as the implementation
of Fermi gas models [33] and the way the resonant and DIS regions are combined.
The following section will concentrate on pion production, because it is the most
relevant process for the studies in the last chapter of this thesis.

1.3.2 Pion Production

Pions can be produced from neutrino interactions by several mechanisms: resonant
pion production, coherent pion production, DIS, and pions arising from final state
interactions. The dominant channel is through the excitation of baryon resonances,
which decay in a nucleon-pion final state:

v,+ N — p~ + N* and then N* — 7+ N’

For single pion production, charge conservation allows for four NC and three CC
final states:
NC: yu+n—>uu+n+7ro CC: uu+n—>,u*+p+7ro

Vp+n — vy+p+m Vﬂ+n—>,u_+n—|—7r+

Vu+p—>yu+p+ﬂ'0 yu+p—>,u*+p+7r+

vy+p — yﬂ+n—i—7r+
MC generators generally base the theoretical calculations of these resonances on
the model by Rein and Sehgal [32] and then tune the theoretical predictions to
the data. The dominant process at energies around 1 GeV is the excitation of a
A(1232) resonance, but also higher resonances can be excited. The available data
for resonant production stems mainly from bubble chamber [34, 35, 36] and also
a few spark chamber experiments [37]. Of special interest are the distributions of
kinematical values, such as the invariant mass W of the resonance or the transfered
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four momentum @Q?, as they allow to test the theoretical predictions in detail, in
particular to test the power of assuming free nucleon scattering.

For NC events the data is even more limited and usually is reported in the
form of a NC/CC ratio to reduce systematic errors.

Recently, the cross sections (or upper limits for them) for coherent pion pro-
duction were measured by K2K [38] , MiniBooNE [39] and SciBooNE [10, 41].
They report a significantly lower value than predicted by the Rein Sehgal model,
both for the NC (v,A — v, Ar°) and the CC(v,A — p~ Anr™) channel.

Not only single pion production, but also multiple pion production and DIS
need to be studied in detail to understand the overlap region around 1 GeV. Es-
pecially the understanding of nuclear effects are important to model neutrino
interactions properly.

1.4 Neutrino Mixing and Oscillations

In the SM, there are three lepton flavor doublets with the three massless neutrinos:
Ve, v, and v-. From the data of several experiments, it can be inferred that neutri-
nos can change their flavor by means of neutrino oscillations. Among many other
experiments, the most important data today come from Super Kamiokande [12, 413]
for atmospheric neutrinos, KamLAND [14, 45] and CHOOZ [46] for reactor neu-
trinos, K2K [17, 48], OPERA [19], MINOS [50] and T2K [2] for long baseline
accelerator experiments, as well as several solar neutrino experiments, such as
SNO [51], GALLEX [52], SAGE [53] and Super-Kamiokande [54].

The observation of flavor changing neutrinos via oscillations implies that neu-
trinos have masses and that leptons mix. Massive neutrinos are described by three
or moreP neutrino mass eigenstates v, v and 3. Lepton mixing implies that neu-
trinos of flavor e, u or 7, the neutrino flavor eigenstate, is a linear combination of
the mass eigenstates and vice versa.

Vo) = ZUm’lw), i) =D Upnlva) (1.1)

with ¢ = 1,2,3; a = e, u, 7 and a unitary mixing matrix U, the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix [55, 56], in analogy to the CKM matrix in the
quark sector.

Neutrino oscillations extend the SM, in which lepton flavor is conserved and all
neutrinos are massless, such that lepton flavor transitions v, « vg are not allowed,
where o # [ represent two different flavors. Below, the transition probability
P(v, — vg) for one flavor eigenstate |v,) oscillating into another |vg) will be
derived in a generic way, following [57]. The derivation shows the important role
of the squared mass differences of the neutrino mass eigenstates, and the obtained
result allows to outline the important features of contemporary and future neutrino
oscillation physics.

PIf there are more then three neutrino mass eigenstates, then at least one of the linear
combinations |vs) = >, Uas|vi) does not have a charged-lepton partner and does not couple to
the standard model W and Z bosons. This theory of these so-called sterile neutrinos is not
discussed in this thesis, although it is another interesting possible extension of the SM.
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Introducing a mass operator M, one obtains (I/Z‘|M|I/j> = m;6;;, with m; —m; #
0 for @ # j, and the Kronecker delta d;; . Unitarity implies

UUT =1, ie Y UwlUjs=dag, ZU U?, = 635, (1.2)

with the adjoint matrix U . For antineutrinos (Ua) Uqi needs to be replaced with
U , such that

o) = Uil

In the rest frame of the neutrino mass state v;, the neutrino obeys the Schrodinger
equation®

.0
za\w(T» = Eilvi(1)),

which can be solved through its time dependence

vi(7)) = e |3 0)).

Here, 7 is the proper time of the neutrino and F; the energy of a neutrino in mass
state v;. With the time ¢ and the position L, one obtains

vi(t)) = e PR (0)) = e HE P (0)),
where the approximation L = t is used, which is valid for momenta p > m;, and
FE =~ p is the observable neutrino energy. This leads to the relativistic approxima-

2 2
tion E; = \/p?+m? ~ p+ 7;—;)' ~ FE + ?—é, which holds for neutrinos because of
their small absolute masses. The neutrino time evolution thus reads

2

wi(t)) = e~ 25| (0)).

As a next step, the time dependent transition amplitude A,g = (vg|va(t)) is cal-
culated for the flavor transition v, — v3. The time evolution of the state |v,) is
retrieved to be

| (t) ZUme 2Et|y>
with Equation 1.1. The amplitude becomes

2

m3

* —i5it

g E y]‘ Bliale 2E ’yl E wliaie YA

where (v;|v;) = 0;; was used. With the distance L = ¢ between neutrino source
and target, one obtains

.m;

Aap(t) = Aap(L) =Y UgilUjpe 2

oo
Sl

“Throughout this thesis the convention # = ¢ = 1 will be used, which is common in particle
physics.
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Therefore, the transition probability between two flavors v, and vg is

2

=N
e

P(vg — vgit) = ‘Aag(t)P = ‘ Z UaiUjge™ i

2
Amij L

= ZZUMU UpUgje "2 &

Z ‘UazUz*ﬁ‘Q + 2%2 Ua Uj*aUZBUﬁj

Jj>i

2
Ami- L

2 'E
7

with Am?j = mf —m?2. This implies that flavor transitions require non-degenerate
mass eigenstates. Therefore, at least one of the mass eigenstates is not zero, which

is an extension to the SM. Applying unitarity (Equation 1.2), one gets

Am%-
P(Vaﬁyﬁ;t): QIB—Q%ZU U_]*a iB UB] |:1—€ i 2J-é‘:|’ (13)
7>
or split into a real and an imaginary part:
(1.4)

N L
P(vg — vg;t) = aﬁ—4€RZU Uj UlﬁUgjsm (AmgjllE)
7>
28 UaiU,UU Am?, -
+ \s; ailU;aUigUpgj sin m”2E .

To help focusing on the main features, the following shorter notation is used
A
P = 0ap — 4§Raﬁ sin® =L + 2‘Saﬁ sin Ay,

where

Paﬁ = P(l/a — I/B;t), Paﬁ = P(ﬂa — ﬁg;t),

Sy = ZU UinUisUsjs Rilg =R UailUoUisUs;,

7>t

The sign of the imaginary part changes for antineutrinos, such that

APS = Pog — Pop = 497 sin Ay;. (1.5)
This implies the possibility of detecting CP violation, which will be the topic of

Section 1.6.3.
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1.4.1 Neutrino Mixing with three Flavors

In the SM we have three neutrino flavors (ve, v, and v;) and therefore retrieve
a 3 x 3 mixing matrix with three independent mixing angles 0 < 6;; < 5 and
the three differences of the squared masses Am?j with two degrees of freedom
(Am3; = Am?; — Am2,). Additionally, an imaginary phase §“F of the mixing
matrix accounts for possible CP violation with —7r < 6¢* < 7. If the CP violat-
ing phase (6°F) and all three mixing angles (;;) differ from zero, neutrinos and
antineutrinos behave differently: P(v, — v3) # P(vq — vg). The most widely

used parameterization of the PMNS matrix, with ¢;; = cos;; and s;; = sin 0,5, is:

solar accelerator /reactor atmospheric
_isCP
1 0 0 C13 0 S13€ 0 C12 S12 0
U=10 C23 So3 | X 0 1 0 X | —S12 C12 0
;SCP
0 —s23 co3 —81362(S 0 c13 0 0 1
_i(;cp
C12€13 512€13 S513€
— 6P 6P
= | —S12C€23 — C12823513¢€ C12C23 — S12523513€ 523C13
0P 6CF
512823 — €12€23513€ —C12823 — S12€23513€ C23C13

(1.6)

The first term describes the parameters relevant for the oscillation of solar
neutrinos, while the third term represents atmospheric neutrinos. The middle
term describes the oscillation of reactor neutrinos and is an important ingredient
for v, — v, oscillations in current long-baseline accelerator experiments. The
CP violating phase 67 is coupled to sinf3. This is an arbitrary choice of pa-
rameterization, but reflects the fact that 63 is the smallest of the three mixing
angles. Therefore, a possible observation of CP violation in the leptonic sector
critically depends on the value of #13. Note that possible Majorana phases are not
considered in this parameterization, because the complex conjugated terms cancel
out when calculating the oscillation probabilities. This implies that neutrino os-
cillation experiments cannot detect these phases and thereby distinguish between
Dirac and Majorana neutrinos.

1.4.2 Neutrino Oscillations in Matter

Strictly speaking, the above mechanism is only valid for neutrinos in vacuum.
If neutrinos traverse matter, the Mikheyev Smirnov Wolfenstein (MSW) ef-
fect [58, 59] has to be taken into account, which differs in strength across the
neutrino flavors. Electron neutrinos have a higher probability of interaction in or-
dinary matter than the other two flavors because of the electron abundance in the
traversed matter. As shown in Figure 1.4, the v, can scatter elastically with the e™
by exchanging a W™. This charged current elastic scattering on an e~ is forbidden
for the other two flavors. Therefore, an additional potential V(L) = v/2GrN,(L),
where G is the Fermi constant and N.(L) is the position dependent electron
density), is added to the v, energy (E' — E + V(L)) and changes the oscillation
probability for ve.
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Figure 1.4: Feynman graphs for elastic neutrino scattering. While the neutrinos of all
three flavors (¢ = e, pu,7) can interact with electrons through NC by exchanging a Z
boson (left graph), only electron neutrinos can scatter in CC mode by exchanging a W
boson (right graph).

The MSW effect is needed to explain the solar electron neutrino deficit, which
was observed by several experiments. While traveling through the sun, the neutri-
nos undergo the MSW effect, which changes the energy of the electron neutrinos.
Therefore, the oscillation probability is altered and the MSW effect leads to a
reduced electron neutrino rate on the Earth. The SNO experiment measured the
total neutrino flux through NC interactions in addition to the electron neutrino
flux through CC interactions and found it to be conserved (see Figure 1.5). This
result could explain the electron neutrino deficit with the help of neutrino oscilla-
tions and the MSW effect, and thereby solving the solar neutrino puzzle.

Also for long baseline experiments, the MSW effect can alter the transition
probabilities with respect to oscillations in vacuum. In contrast to the solar case,
where the MSW effects arises from the adiabatic neutrino propagation in the
sun [63], for long baseline experiments the matter effects are resonant. This is
especially important for v, — v, oscillations when comparing the results of the
relevant long baseline experiments (T2K and NOvA [64]) in the near future. Mat-
ter effects are also a key ingredient for understanding leptonic CP violation and the
neutrino mass hierarchy, as I will depict in more detail below and in Sections 1.6.3
and 1.5.1.

With matter effects for electron neutrinos only, the effective Hamiltonian can
be written as

. 0 0 0 A(L) 0 0
H’:ﬁ ulfo am3, o |Uut+| o o0 off, (1.7)
0 0 Am3 0 00
where
L) E
A(L)=2EV (L) ~23x 107* VQL_
() (&) 8 ¢ 3gem ™3 GeV

and p(L) is the matter density of the medium as a function of the neutrino traveling
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Figure 1.5: Flux of u 4+ 7 neutrinos versus flux of electron neutrinos from the sun. CC,
NC and ES flux measurements are indicated by the filled bands. The total 8B solar
neutrino flux predicted by the Standard Solar Model [60] is shown as dashed lines, and
that measured with the NC channel is shown as the solid band parallel to the model
prediction. The narrow band parallel to the SNO ES result corresponds to the Super-
Kamiokande result in [61]. The intercepts of these bands with the axes represent the
+1o uncertainties. The non-zero value of ¢,, provides strong evidence for neutrino flavor
transformation. The point represents ¢, from the CC flux and ¢,, from the NC-CC
difference with 68%, 95%, and 99% C.L. contours included [62].

distance L. With an average density pcrust =~ 2.7 gcm ™3 of the Earth’s crust and
PMantle =~ 4.5 g/ cm? for the Earth’s mantle, matter effects are expected to be large
for baselines L = 1000 km. For antineutrinos, U needs to be replaced by U* and
the sign of A(L) changes. The oscillation probabilities with matter effects become
quite cumbersome. In order to retrieve a better picture of the involved processes,
often a second order perturbative expansion in a = Am3,/Am3; ~ 3 x 1072 is
used for the relevant transition probabilities [65, 66, 67]:

P., ~ sin®2013 71 + a sin20;3 To + « sin2613 T3 + o Ty, (1.8)

where the individual terms are of the form

~

sin?[(1 — A)A]

1
T (1.9)

T1 = sin2 923

sin(AA) sin[(1 — A)A] (1.10)
i (1-A4A) .

T, = sind“? sin265 sin20y3 sin A
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sin(AA) sin[(1 — {1)A]

Ty = cosd“? sin2015 sin 2693 cos A - , 1.11
3 12 23 i 1—A) ( )
in2(AA
Ty = cos®20s3 sin®20;s % , (1.12)
Am2, L Am2, L/km
ith A=—"31"~129 31
wit 15, "N BjG
A 2v2 E A
and A= \/_GFQne = 5
Amg, Amsz,

This expansion is interesting for several reasons. All terms couple to the MSW
effect through A. Ty and Ty represent the oscillations due to the atmospheric and
the solar mass splitting scale, respectively. Which of the two dominates depends on
the size of 013. The first three terms are coupled to sin 26;3, such that a precision
measurement of this parameter needs to take all the effects into account. Moreover,
the CP conserving interference terms 75 and the CP violating interference term
Ty reveal the entanglement of matter effects with 6“©. The chosen channel P,
is the so-called golden channel for future neutrino factories or f—beams, in which
high intense and very pure v, (or 7.) beams will be available (see Section 1.6.1).
The advantage is the improved possibility to study matter effects as they are
enhanced for electron neutrinos. Also, the produced v, (or 7,) give a clear and
easily distinguishable muon signal in the far detectors.

Current accelerator technology only allows high intense and sufficiently pure
muon neutrino beams from pion decays. Therefore, for the current generation of
neutrino long-baseline experiments, such as T2K and soon NOvA, the transition
probability from muon to electron neutrinos P, = Peu(6CP — —§¢P JA = Arey)
is the quantity of interest. A,y = ViewE/ Am%l is the 'reverse’ potential, which
corresponds to the swapped positions of neutrino source and detector. A,.., equals
A if there is a symmetric matter profile (such that the T transformation is con-
served). This includes the case of matter with constant density, which can be
assumed as approximately true for accelerator based neutrino oscillation experi-
ments.

On the one hand, matter effects complicate the precision measurements of the
mixing angles and thereby also 6. On the other hand, matter effects can help to
decide the neutrino mass hierarchy, e.g. through the comparison of the measured
v, — V. oscillation probabilities from T2K and NOvVA (see also Figure 1.8). Both
effects will be depicted in the following sections in more detail.

1.5 Neutrino Mass

The existence of neutrino oscillations implies neutrino masses as derived in the
previous section. However, the conclusions which can be drawn from neutrino
oscillations are limited. Although the order of magnitude of the mass splitting
between mi, mo, and mg is known, it is not known, if mg is the largest or the
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lightest neutrino mass. This is the neutrino mass hierarchy problem and will be
the topic of Section 1.5.1. Moreover, neutrino oscillations are only sensitive to
squared mass differences, but cannot reveal the absolute value of neutrino masses
(see Section 1.5.2). Also the question, whether neutrinos are Dirac or Majorana
particles, needs to be addressed by a different kind of experiment. The most
favored mechanism of how Majorana neutrinos acquire mass, the so-called seesaw
mechanism, is briefly explained in Section 1.5.3.

1.5.1 Neutrino Mass Hierarchy

Although the squared mass differences between 14 and v in the solar sector as
well as between v, and v3 in the atmospheric sector are known, nothing can be
inferred about the ordering of the two measurements (see Figure 1.6). A global
analysis of all solar neutrino experiments favors a solution with m(vy) > m(vy).
However, it is not clear whether v5 is heavier or lighter than the (11, v2) doublet, or
in other words whether the sign of Am?2; is negative (normal hierarchy) or positive
(inverted hierarchy). If Am3, < 0, matter effects enhance v, — v, oscillations,
while otherwise v, — v, oscillations will be suppressed.

A A

m-j . | [Zppemm—— W o TH%

o

2
M = == mj

’J’?’?.g I [/
.2 2
my I [/ Uy ..  — T ms

Figure 1.6: The two possible neutrino mass orderings. Left: normal hierarchy (m3 >
m3 > m3?). Right: inverted hierarchy (m% < m? < m3). The colors (yellow, red and blue)
indicate the mixing of the flavors (e, u and 7) within the mass eigenstates according to
the current knowledge [68].

Which hierarchy is realized in nature might be determined in the near future.
If direct mass measurements (from tritium decay, cosmology or double 3-decay)
become sensitive below ~0.01 €V for the neutrino mass, then they have the power
to observe the type of hierarchy. Inverted hierarchy is realized if no signal is found
in this neutrino mass region (see Figure 1.7).

As depicted in the previous paragraph, long baseline experiments can help to
determine the mass ordering through matter effects which are either enhanced for
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Figure 1.7: Expected ranges for 99% confidence levels as a function of the lightest neutrino
mass my or mg for normal hierarchy (Am3; < 0) or inverted hierarchy (Am3; > 0),
respectively. The left plot shows m,, = />, |[UZ|m?, probed by (-decay; and the right

plot shows |me.| = [\/D_; U%m;]|, probed by 0v23-decay [69)].

normal ordering or suppressed for inverted ordering. Although T2K is sensitive
to this oscillation channel, the baseline of 295 km is too short for unambiguously
discriminating between the two possible hierarchies. However, NOvA with its
810 km baseline will most likely be able to decide the mass hierarchy, as can be
inferred from Figure 1.8.

1.5.2 Absolute Neutrino Masses

Although neutrino oscillation provide evidence for non-zero neutrino masses (for
at least two out of the three mass eigenstates), there is no way to determine the
absolute neutrino mass via neutrino oscillation, since only the differences of the
squared masses enter into the transition probabilities. To determine the absolute
mass, a different type of experiment is needed. Today’s most promising approaches
are the study of 8-decay of tritium and the study of neutrinoless double (-decay.
There are also hints from cosmology about neutrino masses below ~1 €V [70], but
the exact limits are model dependent and should be interpreted with care.
Tritium (-decay experiments try to measure the squared masses of electron
neutrinos (m2, = Y, [U4|m?) through the decay of tritium atoms into helium-3,
an electron, and an antielectron-neutrino (*H — 3He+e~ + ). If neutrinos have
mass, the maximum energy of the electrons will be lessened by the neutrino rest
mass m,, because of energy conservation: EM* = Ey — Eye — m, = Ey — m,,
with the binding energies Fy and Ejy for tritium and helium-3, respectively,
and the endpoint energy Ey = 18.57keV. The experimental challenge lies in
the determination of the kinematic endpoint with a resolution better than 10~%.
Moreover, the determination is complicated through the rare population in the
decay spectrum with only 2 x 10713 of all decays expected in the region with
E. — Ey < 1€V for massless neutrinos [71]. Up to now, [-decay experiments of
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Figure 1.8: The v,, — v, oscillation probability P, is shown as a function of the baseline
length L, assuming a constant L/F ratio tuned to the maximal oscillation. The colors
show different values for the CP violating phase 6. The solid lines describe the case of
normal hierarchy and the dashed lines the case of inverted hierarchy.

this type lowered the upper limit for the electron neutrino mass to below 2 eV [16].
The KATRIN experiment [71], that will start operation within the next years,
aims at reducing this limit by an order of magnitude.

The second approach to set limits for the absolute neutrino masses is through
the study of double (-decays, in which two simultaneous (-decays occur. This is
strongly suppressed as it is a second-order weak process. Therefore, this process
can only be observed in a few nuclei? for which the normal 3-decay is forbidden,
because the final state of the nucleus is at a higher potential than the initial state.

However, the focus is on observing a neutrinoless double 3-decay (0v23-decay),
where two electrons and no neutrinos are emitted (see Figure 1.9). This process
is interesting because its observation would prove that neutrinos are Majorana
particles, meaning that neutrinos are their own antiparticles. The observation of
left-handed neutrinos and right-handed antineutrinos implies that at least one of
the neutrinos must have a non-zero mass. Moreover, the observation of Majorana
type neutrinos would be compatible with the seesaw mechanism, an elegant way
to explain the smallness of the neutrino mass by introducing a heavy right-handed
partner. As the existence of Majorana type neutrinos violates the lepton number,
theories of leptogenesis (in their simplest versions) can make use of the seesaw
mechanism to explain the excess of matter over antimatter in our universe.

The decay rate I'g,0p can be measured by experiments, and from this the
neutrino masses can be computed

FOVQB =G- ‘MQ‘ . ’mee’27

4 As of today only 35 naturally occurring isotopes are known which are capable of undergoing
double (-decay.
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Figure 1.9: Left: Feynman diagrams of a double 3-decay. The top diagram shows the
lepton number conserving process of two simultaneous [(-decays, each omitting an an-
tineutrino. In the bottom diagram, the two emitted neutrinos annihilate with each other,
leading to the lepton number violating (AL = 2) process of a neutrinoless double j3-
decay [72]. Right: The golden signature of a neutrinoless double (-decay. The large
peak at lower energies shows the continuous energy spectrum of the two-neutrino double
[-decay. The small peak at the endpoint of the energy spectrum arises from neutrino-
less double §-decay, where the full binding energy is released in the detector through the
electrons.

where G is a known phase space factor, |mee|? = | >, UZm;| is the squared mea-
sured mass, and M is the nuclear 0v23 matrix element, suffering from a sizable
theoretical uncertainty. The 99% C.L. are plotted in the right plot of Figure 1.7.

1.5.3 The Seesaw Mechanism

The seesaw mechanism is a popular theory for explaining the small and non-
vanishing mass of neutrinos. The basic idea is to formulate a renormalizable
theory where the lightness of the neutrinos arise from the heaviness of a partner
above the electroweak scale (M > Myy ), which is depicted here very briefly.

In the SM all fermions, except neutrinos, get masses through renormalizable
Yukawa couplings with the Higgs doublet ¢ = (67, ¢)”, and their corresponding
mass terms break the SU(2);, gauge symmetry as a doublet. In contrast, Majorana
neutrino mass terms, such as

9

V2

break SU(2)y, as a triplet, and therefore needs a different mechanism of creation.

_ 1 .
L=—l;m lR—§I/ECm,, vy, + lL’}/“I/LWu—FH.C.,
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The next best solution to this problem is to introduce a dimension-five operator
of the form

O = (ta9)(lsd) /M,

where ¢ = (Ir,vr) is the SM lepton doublet [73]. Now, a non-zero vacuum ex-
pectation value of the Higgs <¢0> = v gives rise to Majorana neutrino masses
proportional to v?/M, in contrast to the other SM fermions, which are linear in
v. If the mass scale M is much higher than the electroweak breaking scale v,
neutrinos can naturally get much lower masses than the other SM fermions.

In the seesaw mechanism, the operator O is induced by the exchange of a
heavy particle with a mass scale M. The three most popular realizations of such
a heavy state in the seesaw mechanism are:

e Type I: heavy fermions as mediators, which are singlets (vg) under SU(3) x
SU(2) x U(1) gauge symmetry [74, 75, 76, 77].

e Type II: SU(2)-triplet scalars (A) as mediators [78, 79, 80, 81, 82].
e Type III: SU(2)-triplet fermions (X) as mediators [33].

The corresponding Feynman diagrams are shown in Figure 1.10. The details of
these processes can be found in the cited articles.

U* *U ’UX )(U

I I ¢()\ /¢0
@0 | | ¢0 Y
| | I AY
v, I vr(¥) I vy vy | v,
Y”(YE) Y”(YE) Y&

Figure 1.10: Diagrams of the seesaw mechanism for neutrino mass generation. The left
diagram corresponds to Type-I and Type-III seesaw masses, mediated by singlet (vg) and
triplet (X) fermions, respectively. The right diagram shows the generation of Type-II
seesaw masses via the exchange of a triplet scalar A [34].

1.6 The Future of Neutrino Oscillation Physics

One of the major breakthroughs in neutrino physics of 2011 was the indication
of a finite mixing angle 613 from several experiments (T2K [2], MINOS [3] and
Double-Chooz [1]). Global fits to the data revealed a 30° evidence for non-zero

°The author adopts the PDG convention [16] that probabilities can be expressed in terms
of o, where 1o corresponds to the standard error interval (68.27%) of a Gaussian distribution.
Accordingly, 3¢ is just another name for a 99.973% confidence interval.
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013 [35, 86], although the significance is reduced when paying attention to the sign
of 613 [87]. If 13 turns out to be as large as the best fit value (sin? 613 ~ 0.02)
for current data suggests, then there is a good chance to explore CP violation in
the leptonic sector during the next years. If there really is leptonic CP violation
(LCPV), this could be a mechanism which will help explain the matter excess over
antimatter in our universe through the process of leptogenesis.

But not only research on leptonic CP violation profits from a large value of 613,
also the chances to measure the neutrino mass hierarchy and the exploration of
the absolute neutrino mass gain from an enhanced v, — v, oscillation. Combining
the results of reactor and accelerator experiments could even lead to a test of CPT
conservation by comparing the oscillation probabilities for v, and v, with the help
of neutrino factories or #-beams in the future.

1.6.1 Neutrino Factories and (-beams

Two technologies of producing high intensity neutrino beams are currently under
investigation: neutrino factories and (-beams. The idea is to accumulate muons
or -decaying nuclei in a storage ring instead of protons, which need to produce
pions first before these produce neutrinos.

Neutrino factories aim at exploiting the muon decay (either p= — e~ + v, + 7
or ut — et + Uy + Ve). Muons, produced from pions, are collected in a storage
ring and can be accelerated. Oscillations of the neutrinos from the decaying muons
can then be detected by the ”wrong signed muons” at the far site. This means
that the p* decays into a v, which can oscillate into a v,. The muon neutrino
then produces a p~ (the wrong signed muon), which needs to be distinguished in
a magnetized far detector from the p generated from the unoscillated 7,. The
analogous mechanism works for the p~-decay. Since both channels v, < v, and
v, « U, can be studied, this is a strong technique to look for CP violation.

The [-beam technology follows the same idea, but instead of muons, (-
decaying nuclei are stored. In this way, high intense v, or v, beams can be
produced to search for v, — v, or v, — v, oscillations, respectively. The ad-
vantage is that the far detector does not need to be magnetized. However, the
technological barrier of producing and storing a large number of ions to get intense
enough neutrino beams needs to be overcome.

1.6.2 Measuring 63

In July 2011, the T2K collaboration reported an indication of a non-zero value for
013 [2]. The far detector, Super-Kamiokande, observed 6 electron neutrino event
candidates from an intense off-axis muon neutrino beam. The beam is produced
295 km away with the energy and the off-axis angle tuned to a maximum signal to
background ratio for v, — v, oscillations. 1.540.3 events are expected in a three-
flavor neutrino oscillation scenario with |[Am3;| = 2.4 x 1073 eV?, sin? 2053 = 1
and sin?20;3 = 0. This includes the background, such as the misinterpretation
of ¥ from a NC interaction as e~ signals in the Super-Kamiokande detector or
the intrinsic v, contamination of the muon neutrino beam. Applying Poisson
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statistics, this leads to a 2.5¢ significance for 613 # 0, which is a strong indication
for v, — v, oscillations.

Similar hints for a non-zero value of 13 come from the first measurements of
the Double-Chooz experiment [1]. In contrast to T2K, Double-Chooz is a reac-
tor experiment which explores v, disappearance at MeV energies. Anti-electron-
neutrinos in the MeV energy region are produced in the fissions of the Chooz nu-
clear power plant. The 1.05 km far detector of Double-Chooz recorded 4121 events,
while the theoretical expectation without oscillations are 4344 + 165 events, which
rules out the no-oscillation hypothesis at the 94.6% confidence level.

These and the results from other experiments, such as MINOS [3] and
Chooz [1], and the established results in the solar and atmospheric sector, were
included in two global fit analyses. Both conclude that current data suggests that
013 is non-zero at a 3o significance level. As shown in Figure 1.11, the first analysis
finds a best fit value sin?#;3 = 0.021 £ 0.007, or sin? #;3 = 0.025 £ 0.007 for newly
calculated reactor flux systematics [85]. This differs slightly from the results of the
second analysis (Figure 1.12), which obtains sin®#;3 = 0.013f8:88g for normal and
sin? 013 = 0.016f8:88§ for inverted hierarchy [36]. For the next years, a quick im-
provement on the errors of these values is expected, since the reactor experiments
RENO [88] in Korea and Daya-Bay [89] in China are about to start taking data.
Also an improvement of the T2K flux and more statistics from Double-Chooz will
help in further constraining the value of 613 soon. A value of sin 613 > 0.01 opens
the possibility to explore new physics, such as leptonic CP violation, within the
next years with currently known technological solutions.
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Figure 1.11: Left plot: Global 3v analysis. Preferred £10 ranges for the mixing parame-
ter sin 013 from partial (§m?,-sensitive data labeled ”Solar+KamLAND?”, §m3,-sensitive
data labeled ” ATM+LBL+CHOOZ”) and global data sets (ALL). Solid and dashed er-
ror bars refer to old and new reactor neutrino fluxes, respectively. Right plot: Standard
deviations from the best fit in terms of the variable cosd sin 613 for the two CP parities
(cosd = £1) and for both normal hierarchy (NH) and inverted hierarchy (IH), using the
ATM+LBL+CHOOZ data set [85].
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Figure 1.12: Left panel: Ax? as a function of sin® f3 for T2K and MINOS v, appearance
data (“LBL app”), all the other global data (“no LBL app”), and the combined global
data (“global”). Right panel: contours of Ayx?> = 1,4,9 in the sin®#;3 — § plane for
“LBL app” (curves) and for the global data (shaded regions). Only the results for normal
hierarchy are shown [36].

1.6.3 Leptonic CP Violation

CP violation is well established in the quark sector, which was observed in K- and
B-meson decays [23, 24], corresponding to a complex CKM matrix. An analogous
behavior is expected in the leptonic sector, which can be nicely studied through
neutrino oscillations, providing the relevant parameters are not too small to be ob-
servable and that possible degeneracies can be overcome (see Figure 1.13). Because
of the neutral charge of neutrinos, it is possible that neutrinos, unlike quarks, are
of Majorana type, which manifests in two additional CP violating phases a1 in
the PMNS matrix. Up to now, there is no unambiguous evidence for the existence
of Majorana type neutrinos. Nevertheless, Majorana type neutrinos are inter-
esting from a theoretical viewpoint, as they might help to explain the smallness
of neutrino masses through the seesaw mechanism and are used in the simplest
leptogenesis scenarios.

The most promising way to search for LCPV is through the study of neutrino
oscillations, which are sensitive to the Dirac type CP phase parameter 6¢¥ in the
PMNS matrix 1.6. As mentioned earlier, a relative high value of the mixing angle
013 helps to establish a statement on the existence of LCPV in the next generation
of experiments. Other phenomena which are sensitive to a possible CP violation
include the neutrinoless double (-decay and lepton flavor violating decays like
w — ey [90]. If the neutrino mass generation happens close to the electroweak
scale, also high-energy colliders like the Large Hadron Collider (LHC) at CERN
could provide observations of phenomena affected by LCPV.

In this thesis, a general picture of the prospects for discovering LCPV in future
neutrino oscillation experiments is only briefly outlined. But there are several
publications which deal with LCPV and possible future experiments in more detail,
a nice overview is given in [84]. Writing down Equation 1.5 for v, < v, oscillations



1.6. The Future of Neutrino Oscillation Physics 25

L=1000km, E=3GeV

0.04
0.03+ L=1000km, E=3GeV
27 ‘ ‘ —
S (sin®2613, &) P
[~ True:(0.0500, 0.60) mmm—
TlO.OZf [ I:0.0664,2.52) ===m=
> 11:(0.0521, 4.03)  mmeeme oIl
- W TFIVI0.0649,541) ===m N
Vi(0.0369, 0.75)  ——— oIl
0.01+ | VE(0.0455,2.38) ===~ e
oV @True
000 001 002 003 004 Goi 0.05 0.1
P(Vu_)ve) sin22913

Figure 1.13: Left panel: An illustrative example of the eightfold degeneracy in terms of
the bi-probability plot in P, — P,. space. Right panel: Values of (sin? 2613, §¢7) for the
true solutions and the clone solutions II-VIII in sin® 20,5 — 6" space. The correspondence
between the ellipses (top panel) and the solution labels are made clear by using the same
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leads to
APSE = APCP = APSP = APYP = 412 (sin Agy + sin Agp + sin Agg).

This equation implies that there is no CP violation if one of the mixing angles
is zero (= %éi = 0) or if two or more neutrino masses are degenerate (Ay; = 0,
if my, = m;). Also, because of P,, = Paq under CPT invariance, LCPV cannot
be observed in disappearance channels. Furthermore, experiments need to be
sensitive to the relevant parameters, which requires L and E to be chosen such

that at least one of the phases Ay; is of the order one.

However, a non-zero measurement of AP“? does not automatically imply CP
violation, because matter effects in neutrino propagation can fake CP violation,
since only v, but not 7, contribute to the MSW resonance. But the two effects
show a different behavior with respect to L/E, such that the combination of data
from two experiments with either different base lengths or energies can help to
reveal the true effect. For details see for example [91, 92].

Further degeneracies are possible, which can lead to an eightfold degeneracy in
the worst case. This complicates the measurement of the different, yet unknown,
oscillation parameters 67, 6,3, the sign of Amgl, and whether A3 is maximal
mixing or not. Namely, the three twofold degeneracies are a (6“7, 613)-ambiguity,
a sign(Am3, )-ambiguity and a (63, /2 — f23)-ambiguity. Each possible set of pa-
rameters leads to an ellipse in the (P, P) bi-probability space, and the degeneracies
can be understood as the intersection points of these ellipses, as it is illustrated in
Figure 1.13.
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1.6.4 Leptogenesis

One of today’s unsolved questions in physics is the excess of matter over antimat-
ter, which is inferred from the observation of the Big Bang Nucleosynthesis [94]
and anisotropies in the Cosmic Microwave Background (CMB) [95].This excess is
usually captured in the baryon asymmetry parameter

MN(
Ty o

n= 6.21 +0.15) x 1071,
Three possible explanations have been examined. The asymmetry coming from
initial conditions, baryogenesis and leptogenesis.

The hypothesis of an asymmetry coming from initial conditions is regarded
unlikely, since it requires a strong fine tuning of parameters and an initial asym-
metry of 1077 to explain the observed effect. Moreover, in a universe with inflation
(which is widely accepted to be the case), all initial asymmetries would have been
erased in the inflationary phase.

Another possible explanation is the excess to be the result of a dynamical
evolution with the assumption of a complete symmetry in the initial conditions of
the Big Bang. Sakharov [96] formulated three necessary conditions that need to
be fulfilled to allow this explanation:

1. The baryon number is violated.
2. C- and CP-symmetry are violated.
3. Departure from the thermal equilibrium.

The first condition is necessary to allow deviation from total symmetry (B=0).
The second condition needs to be fulfilled, because otherwise the rate of a process
which produces an excess of baryons is equal to the rate of the complementary
process which produces an excess of antibaryons, such that the net baryon number
does not change [97]. From the definition of C, P and T transformations acting
on quark fields, one obtains:

CBC~!=(CP)B(CP)! = (CPT)B(CPT)™! = -B.

At thermal equilibrium, the Boltzmann distribution dictates that there should be
equal amounts of matter and antimatter. Other processes will turn any baryon
asymmetry back into even numbers of baryons and antibaryons. Thus, any baryo-
genesis must happen under conditions outside of thermal equilibrium:

(B)p = Tr(e PH B) = Tr((CPT)(CPT) 'e PHB) = Tr((CPT)e PH(CPT) "' B)

= Tr(e PH(CPT)"'B(CPT)) = Tr(e P (—B)) = —Tr(e P B) = —(B)r,

where the Hamiltonian H commutes with CPT. Thus, we obtain (B)r = 0 in
thermal equilibrium and no baryon excess is produced.

The Sakharov conditions are compatible with the Standard Model and realized
in nature. At today’s temperatures in the universe, B and L are accidentally
conserved, in fact, only the quantity B-L is conserved while B+L is not. But at
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high temperatures (2 10 TeV, the so-called sphaleron mass) in the early universe,
the transition from leptons to baryons can be explained with the help of sphalerons
[98]. Sphalerons are unstable solutions in the electroweak theory and describe the
transition between two vacuum states. Such a transition process requires nine
right-handed quarks (three colors for each generation) and three right-handed
leptons (for each corresponding generation). In a sense, this process generates a
baryon excess out of a lepton excess. The violation of C- and CP-symmetry in the
CKM matrix has been discussed in previous sections. However, the extent of the
observed violation in the weak sector is not large enough to explain the full baryon
asymmetry. Finally, the out-of-equilibrium temperature is the electroweak phase
transition (~100 GeV). When the universe cools down below this temperature,
possible asymmetries can be ”frozen in”. Specifically, this means that baryon-
generating processes, such as the sphaleron process, occur at the interphase, and
due to CP violation baryon generation dominates over the conjugate process.
These asymmetries are ”frozen in” when cooling below the transition temperature
and the sphaleron mass. But this process can only explain an asymmetry of
n~ 10720,

Besides physics at the GUT-scale’ (~10'% GeéV) or the Planck-scale® ~10'° GeV
with energies that are not feasible for testing in the laboratory, leptogenesis is a
mechanism which could explain the baryon asymmetry. The idea is that, through
a yet to be specified mechanism, a large lepton excess is created and then is prop-
agated to a baryon excess through B-L conserving processes. Since CP violation
in the leptonic sector is not as constrained as in the quark sector, this mechanism
could be held account for the observed asymmetry.

In its simplest realization, new heavy particles are introduced, such that the
interactions relevant for leptogenesis are simultaneously responsible for smallness
of the neutrino masses via the seesaw mechanism. Since the seesaw mechanism
requires lepton number violation, the first Sakharov condition can be fulfilled
through sphaleron transitions to baryon violation. The complex Yukawa couplings
of the neutrino provide the necessary C and CP violation. And the departure
from thermal equilibrium is guaranteed by the out-of-equilibrium decays of the
new heavy particles.

fGrand unified theories (GUT) are models which predict the unification of the strong, weak
and electromagnetic forces above a certain energy threshold, a mechanism similar to the elec-
troweak unification.

¢The Planck-scale is the energy range, at which quantum effects of gravity start playing a
significant role, such that quantum field theories do not hold anymore. It is theorized that all
four forces are unified at this energy scale, but the exact mechanisms are still unknown.
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Chapter 2

The T2K Experiment

Super-Kamiokande J-PARC
Near Detector 280 m

E 1000 m

Neutrino Beam

295 km

Figure 2.1: A schematic view of the T2K baseline. Neutrinos are produced at J-PARC in
Tokai and travel 295 km to the Super-Kamiokande detector in Kamioka [99].

The T2K (Tokai-to-Kamioka) experiment [99, 100] in Japan is a second gen-
eration long base line neutrino oscillation experiment that probes physics beyond
the Standard Model. It aims at performing high precision measurements of neu-
trino mixing and also hopes to shed a light on the neutrino mass scale. A high
intensity narrow band neutrino beam is produced via the decay of secondary pi-
ons created by an intense proton beam at the Japan Proton Accelerator Research
Complex (J-PARC). With the help of the off-axis neutrino beam technique the
neutrino energy is tuned to the oscillation maximum at ~0.6 GeV for a base-
line length of 295km towards the world largest water Cerenkov detector, Super-
Kamiokande [101]. Its excellent energy resolution and particle identification en-
able the reconstruction of the initial neutrino energy, which is compared with the
narrow band neutrino energy, through quasi-elastic interactions.

The physics goal of the first phase is an order of magnitude better precision
in the v, — v, disappearance oscillation measurement (§(Am3;) < 107*eV? and
§(sin? 2053) < 0.01) and the discovery of 613 if it is non-zero or improving the
sensitivity on sin? 26,3 by a factor of ten in v, — V. appearance with respect to
the CHOOZ limits [416]. T2K allows a confirmation of the v, — v, oscillation or
discovery of sterile neutrinos by detecting neutral current events, and will pro-
vide important input on the study of neutrino interactions at an energy scale of
~1GeV. Besides quasi-elastic scattering, resonant pion production and deep in-
elastic scattering build an essential part of the neutrino cross section in this energy
region.
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Figure 2.2: A schematic view of the T2K neutrino beamline [104].

In a possible second phase, an upgrade of the accelerator in beam power and
the construction of a larger far detector (e.g. a 1 Mton Hyper-Kamiokande detec-
tor [102] at the Kamioka site) are envisaged. Another order of magnitude improve-
ment in the v, — v, oscillation sensitivity allows for a search of CP violation in
the lepton sector [34], which might give a hint to the observed matter-antimatter
discrepancy in the universe through Leptogenesis [103].

In Figure 2.2 a schematic view of the T2K neutrino beam is drawn. A
30 GeV proton beam impinges on a graphite target and thereby produces sec-
ondary mesons, mainly pions and kaons. The pions are focused in a toroidal
magnetic field with the help of three magnetic horns, operated with a pulsed cur-
rent of up to 320kA. In the subsequent 96 m long decay pipe, the pions mainly
decay into muons and neutrinos (7 — p* +1,). In the following 75 ton graphite
beam dump, all particles are stopped; except neutrinos and high energy muons
(Eu 2 5GeV), which are measured by the muon monitor to retrieve information
on the beam on a bunch-by-bunch basis. 280 m downstream of the target, the on-
axis near detector INGRID and the off-axis detector ND280 analyze the neutrino
beam properties. INGRID is an array of scintillator/iron sandwich calorimeters
which measures the neutrino beam profile and direction. The magnetized ND280
measures the v, flux and energy spectrum, the intrinsic electron neutrino con-
tamination as well as the exclusive neutrino interaction rates. These inputs are
essential to characterize signal and background in the Super-Kamiokande detector.

2.1 The Beamline at J-PARC

The T2K beamline (see Figure 2.3) consists of a linear accelerator (LINAC), the
Rapid Cycle Synchrotron (RCS), the Main Ring synchrotron (MR), and the pri-
mary as well as the secondary neutrino beamline. In the primary beamline the
extracted protons from the Main Ring are directed onto a graphite target where
secondary pions are produced. In the secondary beamline these pions are focused
by three magnetic horns [105]. In the subsequent decay pipe, the pions decay pre-
dominantly into muons and neutrinos, which form the T2K neutrino beam towards
Kamioka. The off-axis angle with respect to Super-Kamiokande can be tuned from
the current setting of 2.5° down to 2.0° to allow for tuning the beam towards opti-
mal oscillations probabilities. An overview of the T2K neutrino beamline is given
in Figure 2.4. This section summarizes the functionality of the beamline which is
described in more detail in [99].



2.1. The Beamline at J-PARC 31

Yo il
30 GeV PS
T'arg_et Station
[ . s -
< ) i Joecay Pipe &
1 e ~ ) - "\In,_‘ - /
e A\ -/
181 MeV LINAC | A% V4
: FDYN\ * == A
S .___,_.s:__/ﬁ /
To Super-Kamiokande
e v

Figure 2.3: Overview of the T2K beamline at J-PARC [100].

2.1.1 J-PARC Accelerator and Primary Beamline

In the LINAC, an H™ beam is accelerated up to an energy of 181 MeV (upgrade
to 400 MeV planned in 2012). After the conversion to H" by means of charge
stripping foils, the proton energy is increased to 3 GeV in the RCS and finally to
30GeV in the Main Ring. In the so-called fast extraction mode, the protons in
a beam spill consisting of 8 bunches (6 bunches until June 2010) are bent by five
kicker magnets in the primary beamline towards the target.

The primary beamline consists of the preparation section, the arc section,
and the final focusing section. In the 54 m long preparation section, the beam is
tuned with 11 normal conducting magnets such that it can be accepted by the arc
section. In the 147 m long arc section, the beam is bent by 80.7° toward the final
beam direction (i.e. 3.637° below the horizontal in direction of Kamioka) using 14
doublets of superconducting combined function magnets.

The proton beam needs to be well-tuned to ensure a stable neutrino beam
production and is therefore equipped with a series of beam quality monitors. The
beam intensity is monitored with an uncertainty of 2% on the absolute intensity
and a fluctuation of 0.5% on the relative intensity by five current transformers
(CTs), which are 50 turn toroidal coils with a ferromagnetic core.

A series of 21 electrostatic monitors (ESMs) measure the beam center position
with a precision of better than 450 um by exploiting asymmetries in the elec-
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Figure 2.4: Overview of the T2K primary and secondary beamline [99].

tric field induced on four segmented cylindrical electrodes surrounding the proton
beam orbit.

At various places along the primary beamline, 50 wire proportional counters
filled with an Ar-COs mixture are placed around the beam to monitor beam
losses. When the integrated signal during a spill exceeds a threshold value, beam
operation will be aborted.

The beam profile is monitored by 19 segmented secondary emission monitors
(SSEMs), which are temporarily introduced into the beam during commissioning
and extracted from the beam during continuous operation because they reduce
the beam intensity by 0.005%. Each SSEM is made of three titanium foils, two
of them horizontally and vertically stripped with a HV anode foil in the middle.
The proton beam interacts with the foil material and thus produces secondary
electrons which drift to the anode and give an indication of the beam profile with
a systematic uncertainty of 200 um on the beam width measurements.

2.1.2 Secondary Beamline

The secondary beamline is separated from the primary beamline by a titanium-
alloy beam window. The secondary beamline is placed in a volume of 1500 m?
filled with helium gas at atmospheric pressure. It includes the target station, a
96 m long decay pipe, and a beam dump (Figure 2.5).

The target station contains the baffle, optical transition radiation monitors
(OTR), the target, and three magnetic horns. The baffle is a 1.7 m long graphite
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Figure 2.5: Side view of the T2K secondary beamline [99].

block with a hole of 30 mm for the primary proton beam to pass through, and
thereby functioning as a collimator to protect the horns.

The purpose of the OTR [106] is to monitor the proton beam in the highly
radioactive environment in proximity to the T2K target. It transports transition
light from through-passing protons to a lower radiation area where it is possible
to operate cameras which capture the light. The OTR measures the proton beam
position and width with a precision of better than 500 um. It consists of a thin
titanium-alloy foil which is placed at 45° to the incident proton beam. As the
beam enters and exits the foils, transition radiation is produced and reflected at
the foil in a 90° angle with respect to the beam direction.

A 91.4 cm long graphite target of 2.6 cm in diameter and a density of 1.8 gcm™>
follows the OTR. Besides other hadrons, mainly secondary pions are produced
which are collected and focused in the toroidal magnetic fields of the magnetic
horns working at a pulsed current of 250kA (320kA in the future). When
the horns are run with the operation current of 320kA, the neutrino flux at
Super-Kamiokande is increased by a factor of ~16 at the spectrum peak-energy
(~0.6 GeV).

The pions decay into muons and neutrinos via Lorentz boosted two-body decay
in a 96 m long steel tunnel, which is followed by the beam dump. The neutrinos
and muons with energies above 5 GeV penetrate the beam dump to reach the muon
monitor pit.
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2.1.3 Muon Monitor

Downstream to the beam dump, the muon monitor [104, 107] characterizes the
neutrino beam on a bunch-by-bunch basis. It measures the profile of the muon
distribution and has a precision on the beam center position of better than 3 cm
which corresponds to 0.25 mrad. The stability of the beam intensity is known to
better than 3%. With 3.3 x 10' protons per spill, 107 charged particles per bunch
and cm? are expected, composed of 87% muons and 13% from electromagnetic
showers. The charge deposition shows a Gaussian profile with a width of 1 m.

The muon monitor consists of two types of detector arrays: a plane of ioniza-
tion chambers with sensors made of two aluminum ceramic electrodes with 200 V
applied between them, and a plane of silicon PIN photo diodes. Each array holds
49 sensors and covers an area of 150 cm x 150 cm.

During beam commissioning, an emulsion tracker was inserted in the muon
pit. On a one shot basis the muon flux was determined with 2% uncertainty with
the help of a module of eight consecutive emulsion films. A second module of
25 films interleaved by 1 mm lead plates allowed the momentum measurement of
each particle via Coulomb scattering with a precision of 28% for muons with a
remaining energy of 2 GeV after the beam dump.

2.2 INGRID

The INGRID (Interactive Neutrino GRID) detector is centered on the beam axis
and was designed to directly monitor the neutrino beam direction and intensity
280 m downstream of the target with sandwich type iron/scintillator calorimeters.
Using the number of observed CCQE neutrino interactions, a precision of better
than 10 cm, corresponding to 0.4 mrad, on the beam direction is achieved. INGRID
isa 10m x 10 m cross-shaped detector made of seven horizontal and seven vertical
modules with the center modules on the neutrino beam axis. Two additional
off-axis modules are installed to check the axial symmetry of the beam. The
geometrical setup is shown in Figure 2.6.

Each module has a weight of ~8tons and is composed of 11 plastic scintilla-
tor planes interleaved with 9 iron plates, all perpendicular to the beam direction.
Because of weight restrictions, there is no iron plate between the last two scintil-
lator planes. A scintillator plane consists of two sub-planes, which are made of
24 horizontal bars glued to 24 vertical bars, where each bar has the dimensions
1.0cm x 5.0cm x 120.3 cm. Each module is surrounded by four veto planes con-
sisting of 22 bars (compare with Figure 2.6). The scintillator bars are made of
polystyrene, doped with 1% PPO and 0.03% POPOP, and produce blue emission
light with a peak at 420 nm. A white reflective coating composed of TiOy infused
in polystyrene is co-extruded. The bars have a 3 mmdiameter hole in the center to
insert wavelength shifting (WLS) fibers. The WLS fibers have a diameter of 1 mm
with their absorption and emission spectrum centered around 430 nm and 467 nm,
respectively, with only a small overlap between the two spectra, thereby reducing
self-absorption effects. A multi-pixel photon counter (MPPC) is attached to each
fiber by a connector glued to the fibers. The scintillator planes, WLS fibers and



2.3. ND280 Off-axis Detector 35

A | () )] —

Figure 2.6: The left image shows the INGRID on-axis detector. An INGRID module is
shown in the two right images. The middle image shows the tracking planes (blue) and
iron plates (gray). In the right image the veto planes (black) are shown [99].

MPPCs are placed in a light-tight dark box made of a aluminum structure and
plastic plates. The front end readout boards, Trip-T frontend boards (TFBs), are
mounted outside the dark box and each is connected to 48 MPPCs via coaxial
cables. In total, INGRID has 9,592 readout channels.

INGRID was calibrated with cosmic ray and beam data. The mean light
yield is greater than 10 photo electrons per 1cm MIP track length, and the time
resolution for each channel is 3.2 ns.

In addition to the 16 standard modules, the so-called proton module is placed
between the two center modules of the INGRID cross. It holds no iron plates and
is built to detect muons and protons from CCQE interactions with good efficiency
for comparison with Monte Carlo simulations of the beamline particle propagation
and neutrino interactions.

More details on the construction, performance and first physics results of the
INGRID detector can be found in [108].

2.3 ND280 Off-axis Detector

The ND280 off-axis detector (Figure 2.7), or ND280, is located 280 m downstream
of the target in the direction of Super-Kamiokande, i.e. 2.5° off-axis. Its purpose
is to measure neutrino beam properties prior to oscillation, such as the neutrino
flux and spectrum and the electron neutrino contamination of the muon neutrino
beam. Also, ND280 is designed to study neutrino interaction cross sections and
reconstruct exclusive event types, which is important to constrain possible back-
ground processes for Super-Kamiokande, such as neutral current 7¥ events. While
the characterization of the muon neutrino flux is an important input for the dis-
appearance analysis, the energy dependent study of electron neutrinos is essential
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Figure 2.7: An exploded view of the ND280 off-axis detector with magnet outer dimen-
sions of 5.6m x 6.1m x 7.6m.

for the electron neutrino appearance.

To perform these functions, ND280 is divided in several sub-detectors which
will be explained in more detail in the following subsections. All sub-detectors
are placed in a uniform magnetic field of 0.2 T. Most upstream is the 7% detector
(POD) which is optimized for the reconstruction of neutral current interactions. It
is followed by the tracker which is composed of two finely grained detectors (FGDs)
and three time projection chambers (TPCs). The tracker is ideal for the study of
charged current events. P@D and tracker are surrounded by an electromagnetic
calorimeter (ECal) and side muon range detectors (SMRD) within the magnet
yoke.

2.3.1 ND280 Magnet

The magnetic field for ND280 is generated by the former UA1/NOMAD [109, 110)]
dipole magnet which was refurbished at CERN and shipped to J-PARC in 2008.
The 16 C-shaped flux return yokes, made of low carbon steel plates for a total
weight of 850 tons, define the magnet outer dimensions of 5.6m x 6.1 m x 7.6 m.
The magnet is mirror symmetric and the two halves can be moved on rails to allow
access to its inner volume.



2.3. ND280 Off-axis Detector 37

For the T2K experiment, a 0.2 T uniform magnetic field is generated by four
water-cooled aluminum coils with a total of 208 turns at a current of 2900 A. This
magnetic field allows the identification and momentum determination of charged
particles in the ND280 sub-detectors (in particular in the TPCs) contained in the
magnet. The design of the coils, with a hole at the up- and downstream end of the
magnet allows to place the basket - a support frame made out of stainless steel
holding most of the sub-detectors of ND280.

A measurement campaign with a dedicated mapping device was performed in
September 2009 in order to map the magnetic field with an accuracy of the order
of 1 G. More details about this are given in Chapter 3.

2.3.2 Pi-zero Detector (P@D)

The primary goal of the P@D is to measure NC 7° production (VN — I/ﬂN/ﬂ'OX)
for neutrino interactions on HyO with the same muon neutrino flux as at Super-
Kamiokande. The POD is made of four sections (so-called Super-P@Dules),
the“upstream ECal” followed by the“upstream water target”, the “central wa-
ter target” and the “central ECal”, as shown in Figure 2.8. The combination of
134 2.2m long vertical and 126 2.34 m long horizontal triangular scintillator bars
form a POD module, or P@Dule. Seven P@Dules alternate with 0.4 mm thick
lead sheets in the case of the two ECal sections, and for the two water target
sections 13 P@Dules are interleaved with 28 mm thick water bag layers followed
by a 1.5 mm thick brass sheet. This design improves the containment of electro-
magnetic showers from photon conversion and provides a veto region before and
after the water target to reject particles entering from outside the P@OD.

The doped polystyrene scintillator bars with a TiOs reflective layer have a
central hole for WLS fibers (1 mm in diameter). The collected light is mirrored at
one end of the bars and read out with MPPCs at the other end, which transfer the
signal to the TFBs. The signals from the overall 10,400 channels are transfered
to the ND280 DAQ system.

The water bags can be filled or empty, which allows a subtraction method for
the neutrino HoO cross section determination. The total water mass is 1902+16 kg,
measured with two type of sensors. Binary level sensors (wet/ dry) and pressure
sensors allowing to determine the water depth with a precision of 5mm. Further
information on the design, performance and first results using the P@D can be
found in [111].

2.3.3 Time Projection Chambers (TPCs)

The time projection chambers (TPCs) have three key functions. Firstly, they
provide the number and orientation of charged particles, therefore allowing to
reconstruct different neutrino interaction types with high purity. Secondly, by
measuring the curvature of charged particle tracks, they determine the particle
momentum. This enables the study of the neutrino interaction rate as a function
of neutrino energy prior to oscillation. Finally, the deposited energy via ionization
in combination with the momentum information give a strong tool for identifying
the different types of particles.
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Figure 2.8: P@D schematic view of the four Super-P@Dules and their composition as
installed in ND280 [111].

Each of the three TPCs has outer dimension 2.3m x 2.4m x 1.0 m and consists
of an inner box with an argon-based drift gas (Ar:CF4:C4Hy, 95:3:2) contained
in an outer box that holds CO5 as insulating gas. The inner volume is held under
overpressure with respect to the outer gas volume which in turn is set to positive
pressure with respect to the atmosphere to prevent impure gas from streaming in.

The inner box panels are precisely machined to form an 11.5 mm pitched copper
strip pattern, which together with the central copper cathode provides a uniform
electric field roughly aligned with the magnetic field direction of the ND280 mag-
net. Ionization electrons drift along the electric field towards the readout planes
at the two ends of the TPC in positive and negative x-direction, where the charge
is amplified by bulk micromegas detectors [113] with a 7.0mm x 9.8 mm pad seg-
mentation. The signal pattern at the anode pads in combination with the arrival
time allow a 3D imaging of charged particle trajectories within the TPC. Two ver-
tical columns of six 342 mm x 359 mm micromegas modules form a readout plane
for a total of 72 micromegas modules. The columns are slightly offset in vertical
direction such that the inactive regions between the modules in a single readout
plane are not aligned.

A calibration system uses diffuse light of a 266 nm laser to illuminate small
aluminum discs which are glued to the central cathode surface. The emerging
photo electrons provide a control pattern which is used to precisely determine the
electron drift velocity and to measure distortions because of inhomogeneous and



2.3. ND280 Off-axis Detector 39

Outer wall

E.B

directions Inner wall and

field cage

v beam

| Micromegas
detector

| Front end
cards

Central cathode

Central
cathode HV

Figure 2.9: Simplified cut-away drawing showing the main aspects of the TPC design with
outer dimensions 2.3m x 2.4m x 1.0m [112].

misaligned electric and magnetic fields.

The TPC perform an excellent particle identification (PID), which uses a trun-
cated mean of the energy loss of a particle, taking the lowest 70% of the energy loss
into account. This value was optimized with the help of Monte Carlo simulations
and test beam studies. This results in an energy deposit resolution of 7.8% for
minimal ionizing particles (MIPs), while the point spatial resolution is determined
to be 0.7 mm per column by comparison of the transverse coordinate from the
global track fit to information obtained from a single column of pads.

More detailed information about the design, construction and the performance
of the TPCs can be found in [112].

2.3.4 Fine Grained Detectors (FGDs)

Two fine grained detectors (FGDs) interleave the three TPCs, whose purpose is to
provide a target mass for neutrino interactions as well as the tracking of charged
particles from the vertex. Moreover, the design of the first FGD being made of
scintillators only and the other as a sandwich of scintillator and water allows a
comparison of neutrino cross sections on carbon and water.

FEach FGD has outer dimensions 2300 mm x 2400 mm X 365 mm and a tar-
get mass of 1.1tons and is constructed from 9.61 mm x 9.61 mm x 1864.3 mm
polystyrene scintillator bars with a TiOy coating and a central hole, in which
WLS fibers are inserted. The light signal is mirrored on one end of a bar and read
out by an MPPC at the other end. The first FGD is built of 30 layers of 192 bars
each. The bars are orthogonally oriented in successive planes, such that each pair
of orthogonal layers builds an XY module perpendicular to the neutrino beam.
The second FGD is made of seven XY modules interleaved with 2.5 cm thick wa-
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ter layers at sub-atmospheric pressure®. Each FGD is surrounded by a light tight
dark box on which the readout electronics for the 42 so-called mini crates, which
contain 4 front end boards each, are mounted.

2.3.5 Electromagnetic Calorimeter (ECal)

An electromagnetic calorimeter surrounds the P@OD and the tracker to measure
photons, primarily from 7° production. It also helps to distinguish electrons,
muons and pions in addition to the TPC dE/dx particle identification.

The ECal is tiled in 13 modules and each is built from a sandwich of scintillators
and lead sheets. The scintillator bars are made of doped (1% POP and 0.03%
POPOP) polystyrene with a TiO, reflective coating and a 1 mm in diameter WLS
fiber inserted in a central hole. The bars have a 4cm X 1 cm cross section and vary
in length depending on the module they belong to. The scintillation light from
each bar is read out by one or two MPPCs depending on the length of the bar.

The downstream module (Ds-ECal) is placed perpendicular to the neutrino
beam inside the basket at the downstream end. It consists of 34 layers with
1.75 mm thick lead sheets corresponding to 10.6 XoP. 50 bars of 2.04m length
form a layer, and the orientation alternates between x and y in successive layers.

The tracker is surrounded by six modules (Barrel-ECal) along the z-axis, which
is formed of 31 layers at each side corresponding to 9.7 Xy. On the sides a layer
of 3.84 m long bars (two-sided readout because of their length) in z-direction
alternates with a layer of 2.36 m long bars in y-direction. On the top and bottom
the z layers alternate with x layers of 1.52m long bars.

Also the POD is surrounded by six modules (P@D-ECal) parallel to the beam
direction. Since photon conversion is happening mainly inside the P@D volume,
the POD-ECal’s main tasks are to serve as a veto for entering particles and tag
muons and gammas that escape the POD without being reconstructed. For these
purposes, a reduced granularity with six scintillator planes containing 2.34 m long
bars always oriented in z-direction interleaved by 4 mm lead sheets is sufficient.

2.3.6 Side Muon Range Detector (SMRD)

The side muon range detector (SMRD) provides energy measurements of muons
which escape from the inner sub-detectors at high angles with respect to the beam.
It also serves as a trigger for cosmic ray muons, and can veto beam related inter-
actions in surrounding walls and the ND280 magnet yoke. The SMRD consists of
440 scintillator planes in total, which equip the 1.7 cm air gaps between the 4.8 cm
thick steel plates of the magnet yoke. The magnet is built of 16 C-shaped yokes,
where two C-yokes form a ring, such that there are eight yoke rings, numbered from
1 to 8 along the beam direction. The three innermost horizontal (vertical) gaps
of are equipped with four 167 mm x 7mm x 875 mm (7mm X 175mm X 875 mm)

#The lower pressure with respect to the surrounding volume is a safety measure to avoid the
water spilling over the electronics in a case of a leak.

> X, is the radiation length which is defined to be the distance after which an electron has
only 1/e of its initial energy remaining.
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scintillation counters per gap. For the three most downstream yoke rings (6, 7,
8), more gaps (4, 6, 6) are instrumented with counters.

The scintillator bars are made of doped polystyrene, painted with a reflective
TiOs coating and hold an S-shaped groove which contains a WLS fiber. 4,016 MP-
PCs detect the scintillation light and together with information from 880 temper-
ature sensors are read out by 128 TFBs, the same electronics system as it is used
for INGRID, the POD, and the ECal.

The performance shows an average MIP light yield of about 50 photo electrons,
and the position resolution is determined to be ~7 cm.

2.4 Super-Kamiokande

The far detector, Super-Kamiokande, is located in the Kamioka Observatory, and
has been successfully taking data since 1996. The detector was also used as a far
detector for the K2K experiment [114]. It is a 50,000 tons water Cerenkov detector
located at a depth of 1,000 m (2,700 meters water equivalent) in the Kamioka
mine in Japan. During its four major running periods (SK I to SK IV) Super-
Kamiokande contributed results in the field of flavor oscillations of atmospheric,
solar and accelerator-produced neutrinos [12, 54, 48, 115, 116], as well as setting
the world-leading limits on the proton lifetime [117, 118, 119]. A schematic view
of detector is shown in Figure 2.10.

The cylindrical detector cavity is 41 m in height and 39 m in diameter, filled
with 50,000 tons of pure water. It consists of two major volumes: The inner
detector (ID), 33.8m in diameter and 36.2m in height, is surrounded by the ap-
proximately 2m thick outer detector (OD), optically separated by a 50 cm wide
cylindrical structure which consists of a stainless steel scaffold covered by plastic
sheets. 11,129 inward facing photomultiplier tubes (PMTs), each 50 cm in diam-
eter, are instrumented on all surfaces of the inner detector with a 70.7cm grid
spacing for a 40% cathode surface coverage. The outer detector contains 1,885
outward facing PMTs (20 cm in diameter) on its inner wall and is used as an
anti-counter to identify entering/exiting particles to/from the ID.

The primary strategy for T2K flavor oscillation measurements is the counting
of CCQE events from electron and muon neutrinos. The relativistic charged par-
ticles, produced in these neutrino interactions, travel through the detector with
a speed faster than the velocity of light in water. The thereby polarized water
molecules rapidly turn back to their ground state and emit Cerenkov light, which
is detected by the ID PMTs.

For both v, and v, CCQE signals the starting position of the leptons is required
to be fully contained in the fiducial volume, which is defined to be more than 2m
away from the ID wall for a total fiducial mass of 22,500 tons. The pulse hight
and timing information of the PMTs are fitted to reconstruct the vertex, direction,
energy, and particle identification of the Cerenkov rings. A typical vertex, angular
and energy resolution for 1 GeV muons is 30cm, 3° and 3%, respectively. The
typical ring shape, which is obtained from fully contained charged particles with
an energy above the Cerenkov threshold, allows to infer the vertex position and
the momentum of the charged particles. A very good discrimination between fuzzy
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Figure 2.10: A schematic view of the Super-Kamiokande Detector.

electron like rings of Cerenkov light and sharp edged rings from muons enables to
separate v, from v, interactions. The blurring of the e-like rings originates from
multiple scattering which is more likely to occur for electrons than for muons. A
typical rejection factor to separate muons from electrons (or vice versa) is about
100 for a single Cerenkov ring event at 1 GeV. The electrons and muons are further
separated by detecting decay electrons from the p decays. A typical detection
efficiency of decay electrons from stopping cosmic muons is roughly 80% which
can be improved by further analysis. A 47 coverage around the interaction vertex
provides an efficient 7° detection.

Interactions of neutrinos from the J-PARC accelerator are identified by syn-
chronizing the timing between the beam extraction time at the accelerator and the
trigger time at Super-Kamiokande using the Global Positioning System (GPS).
The synchronization accuracy of the two sites is demonstrated to be less than
200 ns. Because of this stringent time constraint, and the quiet environment of
the deep Kamioka mine, a chance coincidence of any entering background is neg-
ligibly low. A typical chance coincidence rate of atmospheric neutrino events is
10719 per spill, which is much smaller than the signal rate of about 3 x 10~ per
spill. [101]

For the SK IV period, in which the T2K running period falls, an electronics
upgrade was completed in 2008 to improve the data processing rate and the trigger
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method. The 550 new front end boards for the readout of the 13,014 PMT's allowed
an increase of the order of a magnitude in the input pulse rate from 1.4kHz per
channel to 80 kHz per channel. In combination with new programmable software
triggers, which are capable of implementing a coincidence trigger with the beam
arrival time as in the case of T2K, the setup improved Super-Kamiokande’s ability
to better accommodate a larger range of neutrino studies. The DAQ system
records hit information in a 1 ms time window around the T2K beam arrival time
and passes the data to a cluster of online PCs which organizes the PMT hit
informations for later offline analysis.
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Chapter 3

Magnetic Field Measurement
of the ND280 Magnet

The precise mapping of the magnetic field in the instrumented region of the ND280
detector complex has several goals. The dipole magnetic field itself is a key element
for precisely measuring the momentum of the charged particles passing through
the inner detector volume. The performance requirements of the TPCs correspond
to a momentum resolution of better than 10% for ~1GeV particles, and to a
momentum scale known to better than 2% [112]. Besides mapping the distortions
of the magnetic field accurately, it is also important to know the absolute scale of
the measured magnetic field values.

To achieve these goals, a dedicated movable mapping device was designed,
constructed and tested. The device was equipped with 89 electronics cards, each
holding three orthogonal Hall probes, to map the instrumented detector region
inside the ND280 basket (2.3m x 2.4m X 6.6 m) with an accuracy of the order of
1G. Because of technical problems with the magnet power supply?, the ND280
magnetic field was mapped at a mean value of ~700 G. This is almost a factor
three lower than the nominal field of the ND280 magnet of 2000 G (0.2 T) which
was used during neutrino data taking.

The design of the mapping device and the survey of the equipment will be
described in Section 3.1. The calibration of the Hall probes and the achievable
accuracy of the probes will be discussed in Section 3.2. The topic of Section 3.3 is
the equalization and calibration of the data taken during the mapping campaign.
The scaling of the measured field to the nominal values and the systematic errors
are also evaluated in detail. Section 3.4 summarizes the results of the mapping.

The description of the mapping device and calibration is also described in
a recently published article [120], and the calibration procedure together with
the estimation of systematic errors is summarized in a T2K internal note [121].
The final results of the measurements are briefly reported in [99] and will also be
discussed in [122]. This chapter combines the results of these articles in a coherent
way with an emphasis on the analysis of the magnetic field measurement data.

#The temporary problems were solved in the months following the B-field mapping, such that
physics data taking from 2010 on has been performed with the nominal magnetic field value.
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Figure 3.1: Top view of the ND280 magnet with open yokes (la, 1b). The mapping
device (2) is installed within the basket (3).

3.1 The Mapping Device

3.1.1 Mechanics and Electronics

The mapping device was built in a collaboration by the CERN PH-DT group and
the Bern T2K group. It was designed to measure a volume slightly larger than the
instrumented region inside the basket. The device has a total weight of ~700kg
and consists of three parallel arms, which cover the width (x-direction) of the de-
tector region (2.2 m) and are movable in y (2m in height) and z (6 m in length). For
the movement in the z-direction, additional rails had to be temporarily installed
into the basket and aligned with the mapping device.

To prevent undesired field distortions, the whole equipment was built of non-
magnetic materials such as aluminum and stainless steel. It can be moved by
means of three pneumatic motors (one for the movement in y-direction and two
for the movement along the z-axis). A drawing and a photograph of the device
are shown in Figure 3.2 and 3.3, respectively.

The information on the position of the mapping device during its operation
is read out by four optical encoders (two for the y- and two for the z-direction)
which allow the user to control the movement of the equipment and to know the
actual position of the measurement bench with a precision of 10 wm.

In total, 89 electronics cards [123] are installed onto the device. Each card is
equipped with three Hall probes, which measure the voltage induced by the Hall
effect for each component of the magnetic field (B,, By, B,). The Hall cards
also contain a temperature sensor as well as the necessary readout electronics
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Figure 3.2: Drawing of the mapping device installed into the basket. The device is movable
along the rails in z-direction and in y-direction.

(Figure 3.4). The 89 electronics cards are distributed over four chains with a
parallel readout. The user can communicate with the cards via CAN bus® [124] to
activate the routines for movement of the device and initialization, as well as for
the readout of the cards. The data of the three Hall probes and the temperature
sensor are individually read out and stored. The total readout time per card is
270 ms, summing up to a readout time of 6s per measurement position.

Each of the two longer arms of the device holds 39 cards covering a range of
2166 £+ 1 mm with a distance of 57 £ 0.2 mm from center-to-center of each card in
the x-direction. The arms are separated in z-direction by 383 mm. An additional
parallel third arm, with a distance of 201 mm in z-direction and 255 mm lower
(y-direction) than the second arm, holds 11 cards spread over 1710 + 1 mm.

3.1.2 Device Survey

The positioning and angular deviations from the desired axes were obtained from
several surveys of

1. the mapping equipment and rails with respect to the basket at CERN;

PCAN bus is a message-based protocol, which is commonly used as a transfer protocol between
electronic control units.
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Figure 3.3: Picture of the mapping device in the basket before its installation into the
ND280 magnet. Two of three parallel arms which hold the electronic cards are visible.
The air pipe supplies the pneumatic motors which drive the machine.

2. the device with respect to the general ND280 reference frame before the
actual measurements [125];

3. the device after the field measurement campaigns [125];

4. the positions of the individual Hall probes on the electronics cards.

The x-axis of the ND280 reference frame was chosen to coincide with the cor-
responding axis of the coordinate system of the mapping device. The second of
the above mentioned surveys showed that the y-axis of the mapping device was
rotated by 0.8 mrad with respect to the y-axis of the ND280 reference frame. The
center of the magnet is the origin of the mapping device reference frame as well
as of the ND280 coordinate system.

The three Hall sensors on each card had a slightly different position with
respect to each other, as can be seen in Figure 3.5. For the identification of the
measurement point, the center of mass of the three probes was taken and the
measured voltages were associated with this point. This method induces an error
on the position of less than 1 mm. This is negligible, since the magnetic field
changes with less than 2 G/cm in the region with the strongest field gradient close
to the coils.
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3.2 Hall Probe Calibration

For the Hall probe calibration, performed at CERN, each card was placed in a
highly uniform field whose strength was monitored by an NMR probe with a pre-
cision of better than 1 G[126]. This setup was already used for the calibration of
the field mapping equipment of the ATLAS experiment at the LHC [127, 128].
Pictures of the setup are shown in Figures 3.6 and 3.7. Each card was turned to
many different orientations with polar angle 6 and azimuth angle ¢ that were pre-
cisely measured by pickup coils. The measurements were repeated for several field
strengths and temperatures. The Hall voltage (V) is decomposed into orthogonal
functions. Spherical harmonics Y (6, ¢) describe the rotation angles, and Tscheby-
shev polynomials T" are used for the modulus of the field B and temperature t:

l
V(B,4,0,6) => > > > crimTe(B)dnim T (t)Yim (6, ¢) (3.1)
k. n I m=0

Using this series, a total of about 200 calibration parameters was calculated
for each probe. A separate angular calibration was used to find the orientation of
the calibrated coordinate system relative to the three feet that support the card
on the mapping device.

All Hall probes were calibrated at 0.2 T and 1.14 T, and probes which deviated
more than 2 G at a field of 0.2 T were rejected. A few probes were also calibrated at
0.1'T as a cross-check, and the results were found to be consistent. Figure 3.8 shows
the measurements for one of the probes. The accuracy for the angular alignment
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Figure 3.6: Photograph of the calibration setup. In a homogenous magnetic field (from
bottom to top) a thermally isolated box is mounted, which is temperature controlled by
a Peltier element and a ventilator. Inside the box, an NMR probe monitors the magnetic
field and the head to hold the cards with the Hall probes is installed. The head can be
rotated freely in three dimensions, which is done by two external motors via driving axes.

between the three probes on an electronic card was measured to be =2 mrad. An
improvement on both values, the accuracy of the magnetic field and the angular
alignment, can be obtained from the actual mapping data, as described in 3.4. All
probes have an intrinsic resolution of 0.2 G, which was obtained from repeated B-
field measurements under identical conditions, constant B-field, temperature and
angle with respect to the magnetic field.
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Figure 3.7: Photograph of one of the electronics cards installed within the calibration
setup. The card can be rotated in angles ¢ and 6 around two orthogonal axes.
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Figure 3.8: Calibration measurements for one of the Hall probes at 28 angles in 45° steps.
The measurements for three different magnetic field values are shown on the left (top:
0.1 T, middle: 0.2T, bottom: 1.14T). At a magnetic field of 0.2 T, the deviation of B
from the nominal magnetic field is below 2 G for all measured angles, as can be inferred

from the distribution on the right.



52 Chapter 3. Magnetic Field Measurement of the ND280 Magnet

3.3 Calibration and Corrections of the B-field Data

After the mapping, the data were analyzed carefully and the following steps of the
calibration were applied:

1. Uncertainties of the survey of the equipment.

2. Corrections for non-linearities in the magnetic field.

3. Skewing corrections due to the movement of the mapping device.
4. Corrections for the misalignment between the Hall probes.

5. Extrapolation from 1000 A up to the nominal values of 2600 A, 2700 A and
2900 A.

All these steps have been cross-checked and several consistency checks were per-
formed which will be mentioned in the corresponding sections of this thesis.

3.3.1 Uncertainties of the Survey of the Equipment

Before and after the mapping of the ND280 magnet, the mapping device was
surveyed inside the ND280 basket. Details on this can be found in [125]. As
an upper limit on the uncertainty on the position, the value of 1 mm has been
estimated. This implies an error of 0.5 mrad on the angle with respect to the
ND280 reference frame (1 mm uncertainty over a length of 2.2m for the mapping
device).

3.3.2 Correction of Non-linearities of the Magnetic Field

When ramping up the magnet, a non-linear behavior between the current in the
magnet coils and the measured magnetic field is observed. At higher field values,
a saturation of the ND280 iron yoke decreases the magnetic field. In a first order
approximation, a quadratic function is fitted to describe this behavior, based on
the observations of the UA1 and NOMAD experiments which used the same mag-
net before (and applied similar corrections)®. A summary of the magnetic field
mapping of the UA1 magnet is given in [129]. For the mapping of ND280 the input
values are taken from 220 measurement positions throughout the full basket at a
set current of 250 A, 500 A, 750 A and 1000 A. The measured current values of
the coils are a little higher than the nominal values (4+0.089%), but in this thesis,
and in all calculations, I will refer to the nominal values!. The parameterization
of the fitting function is:

B[G] = co+ erl(1+ co) = co + c1] + crcl? (3.2)

“However, these experiments had magnet end caps installed, which changes the properties of
the magnetic yoke.

4Using the true field values would simply implement an additional factor of 1/1.00089 for the
c1 and ¢ parameter in Equation 3.2 and complicate calculations by having to use numbers like
2602.3 A instead of a round number (2600 A in this case) in the reconstruction code.
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The ¢y parameter only depends on the magnetization features of the iron yoke.
In fact, it also takes into account the magnetization of all surrounding materials
such as the basket or the mapping device itself, but the influence of those can be
regarded as negligible. In Figure 3.9 the distribution of ¢y for all measurement
points is shown to peak at a value of —3.0 x 1073 kA~!. With this given value of
¢2, the fit is then repeated for each probe and each direction (B, B, and B.).
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Figure 3.9: Distribution of the fitted co

parameter for all measured positions. A Gaussian

fit to the distribution is shown in blue. A mean value of —3.0 x 1072 kA ! is retrieved.
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Figure 3.10: MC distribution of the fitted co parameter for all measured positions. Three
different values for the intrinsic resolution were simulated (0.1 G, 0.2G and 0.5G), and
the histograms are normalized to the same maximum value. The width of the distribution
is compatible with the data for an assumed resolution of 0.2 G.
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The large value of the RMS has two contributions. On the one hand, because of
its low value the co parameter is very sensitive to the intrinsic Hall probe resolution
of ~0.2G of each probe. This was checked with a Monte Carlo simulation for
different values on the assumed intrinsic resolution of the probes, as shown in
Figure 3.10. The measured intrinsic resolution is shown in Figure 3.11. On the
other hand, the mean value of the fitted ¢ parameter varies from probe to probe
(see Figure 3.12). The combination of the two effects results in the relatively large
width of the distribution in Figure 3.9.
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Figure 3.11: Data from one of the permanent Hall cards over the period of three weeks
with stable magnet operation. The width of the distribution is a measure for the intrinsic
resolution of the probe.

The remaining two parameters ¢; and ¢y describe the strength of the field and
the offset value for each probe, respectively. Note that ¢; is the conversion factor
from the applied current to the coils to the observed magnetic field in case of no
disturbing effects like saturation. This factor varies for each measured position.
The parameter ¢ is a property of each Hall probe and corrects for possible offsets.
It combines the effects at very low currents and possible distortions at 0 A coil
current, such as background fields (like the Earth magnetic field) or remaining
magnetization of the yoke.

Figure 3.13 shows the distribution of the offsets for all Hall probes and the
corresponding errors. The fact that the errors on the ¢y parameter are rather low
with d(¢p) = 0.2 G and that the RMS = 1.5 G for all values is below 2 G confirms
the precision from the calibration procedure at CERN.

3.3.3 Skewing Corrections

During the mapping campaign the position of the mapping device in the y- and
z-direction was carefully monitored with the help of optical sensors. This allows
to correct for skewing and twisting of the mapping device with respect to the
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Figure 3.12: The ¢y parameter in dependence on the probe number. The mean value for
all fitted co values varies with the probe.
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Figure 3.13: Distribution of the offsets for all Hall probes (left). The error for each offset
value (right) is at the order of the intrinsic variation (0.2 G) of the Hall probes.

axes of the reference system. Such skewings can happen when the two motors,
which drive the device in z-direction, stop at slightly different positions. This
independent control of the motors ensured a smooth movement of the mapping
device. Because the arms have a length of 2.2m and the position is monitored
with a precision of 0.1 mm, the measured rotations of the mapping device are of
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the order of 0.1 mrad. In formulas, the corrections are:

sina, = Az/d, cosa, =+/1—(Az/d)? and likewise for
B! = B, cos(ay + @) — Bysinay, — B sina,
le/ = Bycosa, + By sinay

/ .
B, = B,cosa, + By sina,,

where d is the distance between the two rails, Az the distance between the stopping
positions of the two pneumatic motors for the movement in the z-direction, and
«; the angles of the skewing. The corrected values B] are used for the further
analysis. As an example, Figure 3.14 shows the effect of the correction for B,.

With this method, effects at the level of the intrinsic probe resolution of 0.2 G can
be corrected.

By[G], yz-plane, probe_nr=59 |

-500 0 500 1500 2000
Z1in mm

By[G], yz-plane, probe_nr=59 |

500 1000 1500 2000

Zin mm

Figure 3.14: Side view of the ND280 TPC region. The colors indicate the B, field values
in G. One can see the improvement (top: without correction; bottom: with correction)
of data quality after correcting for skewing effects of the device. The differences between
neighboring columns vanish due to the correction and the mean value moves closer to 0 G.
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3.3.4 Misalignment Between the Hall Probes

The misalignment of each probe with respect to each other must also be taken
into account. From the calibration at CERN (Section 3.2) it is known that the
probe alignment agrees within +2mrad. For the transverse components B, and
B,, the alignment can be further refined by exploiting the cartesian symmetry
of the ND280 magnet geometry. In the horizontal symmetry plane of the coils
at y = 0, we expect the vertical field distortions for B, to vanish. An analogue
statement holds for the B, component.

In these planes of symmetry (y = 0 and z = 0), either |B,| or |B.| should
be minimal everywhere. The mean value of one B-field component of the probes
along the second arm is taken and defined to be the reference value.

n 39

. — 1
BZ“" = By = 39 .1 ZZBy,ija
i=1 j=1

with ¢ being the index of the n stopping positions in the y=0-plane of the mea-
surement device and j an index for the 39 Hall probes of the second arm. Bg””:O
holds if the y-axis of the mapping device is perfectly orthogonal to the main com-
ponent of the magnetic field. The correction for each Hall probe j rotates the
y-axis of the probe into the x-direction® by an angle ¢; such that the mean of B}
equals B;m":

n

o
Byt =~ > (Byij + ¢ - Buij)

7
n- Bt — 571 By
220 Buij
The analogue rotation with the angle ), is done for each probe in B,.

m- Y " BI"" — B,
> B ’

where m is the number of the measurement position in the z=0-plane. Note that
p; = %ZZ" pi; and V; = % Y795 are the mean rotations for a given probe j
under the assumption of a constant B, which is true at a level of £1% for almost
the complete measured region. Only for the most downstream part of TPC 3, B,
can differ by up to 4% with respect to the value in the center of the magnet. The
uniformity also guarantees that an alignment correction has the same effect as an
offset correction, the two effects are indistinguishable.

The values for the mean field values in the symmetry planes and its errors

after corrections are:

B;m'“ =0.08 +0.18G and

B™" = —1.3440.35G

This implies that the y-axis of the mapping equipment is well aligned with the
ND280 reference frame, while the z-axis is systematically rotated.The distributions
for the 39 rotation angles are shown in Figure 3.15.

< P =

¥ =

°This rotation does not effect the orthogonal B, and B, values.
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Figure 3.15: The misalignment of the 39 probes along arm 2 of the mapping device before
(upper plots) and after the correction (bottom plots) are shown. Each entry corresponds
to the rotation with respect to the B, direction at one measurement point. The rotations
of each probe in the xy-plane and xz-plane are denoted by ¢ and 1, respectively.

Figure 3.16 shows the improvement of the data quality for By, in the plane
where y=0. The discrepancy of neighboring measurement points decreases with
the applied corrections. The width of 0.3 G/kA (i.e. 0.3mrad) from the distri-
butions in Figure 3.17, in which the differences in B-field values of neighboring
probes are plotted, is taken as a measure for the systematic error of this method.

For z = 0, the B, value is not minimal since this is the main component of
the field, which is intended to be as large and uniform as possible. Also, assuming
small rotations of not more than 2mrad and since the B,- and B, component
are much smaller, their influence is negligible. Only rotations with respect to the
x-axis (£) need to be considered, which leads to a deviation

2 4 %1076
AB, =By (1 - cos€) ~ By - 3 < T126G XT ~0.014G,
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where 712.6 G is the measured value for B, in the center of the magnet, which here
is used to illustrate the smallness of the effect. In other words, small rotations of
the x-direction do not have any effect on the magnetic field scale.

[Byl[G], xz-plane, arm2, y=0 |

LB B _1J"IIIII.IIIIIII

n® "l imm
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-1000

500 1000 1500 2000 2500
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Figure 3.16: Top view on the ND280 TPC region. The colors represent the B, field values
in the horizontal symmetry plane (y=0). Each row corresponds to the measurements of
one probe. The differences of the the absolute measured values between the probes is
significantly lowered (top: without correction; bottom: with correction). The blue and
red colored regions on the right-hand-side of the plot are expected to be as they are, since
these are the regions close to the gaps between the coils. Only with the correction of the
data, these effects become visible.

3.3.5 Extrapolation from 1000 A to 2600 A, 2700 A and 2900 A

The nominal B-field exceeds the field which was available during the mapping by
almost a factor of three. Therefore, the measured B-field values need to be scaled
to the actual field values. In order to estimate the scaling function, dedicated
stepwise ramp-ups of the ND280 magnet were performed. The acquired values are
reported in the Tables 3.1 and 3.2. With the help of the permanent probes, the
scaling factor «v and its error can be deduced. The scaling factor is the factor with
which all B-field values, which were measured at 1000 A, have to be multiplied in



60 Chapter 3. Magnetic Field Measurement of the ND280 Magnet

Difference between two neighboured probes for By, y=0mm, z=Omm h1_diff_gauss_By
Entries 38
D2 Mean 0.004737
$4444 AB, before correction ! |— : : RMS 0.166
14 4 H :
—— AB, after correction | : —I
12|
10—
8~
61—
r BZ
A
[ 7
r % 77
2 77777 /e /] IS
o W ;7/ X E/
- o Vi :
ol 1 A i . 1 M
-4 -3 -2 -1 0 1 2 3 4
AB, [G]
Difference between two neighboured probes for Bz, y=0mm, z=0mm ] h1_diff_gauss Bz
Entries 38
7 Mean  0.009737
% AB, before correction : u : : RMS 0.2375
12 s
——— AB, after correction : :
0= . S—
8— S
- e
4 U SO SO IS S e
- 77 % W ; ;
L A 77 7 :
7/ 7 :
2 7 7 ’/‘ o T
- 7 o mri\ |
ot L AL PA VN A A Y. i
-4 -3 2 1 0 1 2 3 4
AB, [G]

Figure 3.17: Deviations of the measured values between adjacent probes before and after
the corrections for B, (top) and B, (bottom). The fact that the mean of the distributions
is at zero shows that there is no rotational bias along the x-direction.

order to retrieve the corresponding B-field at a different current value. The details
for the calculation of the errors of this factor are given in the appendix.

As a cross-check, the field value in the center of the magnet was calculated for
2600 A with the data of the two ramp-ups. The value of B, = 1838.70 = 9.79 G
from April 2010 is in very good agreement with B, = 1838.92 + 9.74 G for the
November 2010 data. This indicates a good reproducibility of the magnetic field.
Note that the specified errors are systematic errors (as explained in more detail in
Section 3.3.6), which cancel out when taking the ratio of the two values. Therefore,
the reproducibility of the magnetic field has a precision of better than 2 x 107%.

Figure 3.18 shows the ratio of the values of the parameters retrieved from the
fit with the November 2010 data and the April 2010 data. The data agrees fairly
well, however, a bias due to external effects, e.g. the magnetization of the basket,
cannot be excluded completely.
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Table 3.1: Measured B-field values in G and fitting parameters for the permanent probes
from ramping up to 2600 A coil current on April 12th 2010.

probe 101 ‘ probe 102 ‘ probe 103 ‘ probe 105
Ioonin A Bheas in G
500 371.3 370.2 368.4 371.0
1000 739.9 738.0 736.8 740.3
1500 1106.9 1104.3 1104.1 1108.2
2000 1471.9 1469.0 1469.4 1474.2
2500 1834.8 1831.6 1832.5 1838.1
2600 1907.2 1903.9 1904.8 1910.7
parameters fitting coefficients
co [G] 0.54 +£0.28 0.43 +£0.25 —2.41 +0.47 —0.45 +0.27
c1 [G kAfl] 743.3 +0.41 741.2 +0.37 743.2 4+ 0.69 744.6 + 0.39
Co [10*3 kAfl] —5.134+0.171 | —4.68 £0.152 | —4.97 +£0.285 | —4.91 +0.163
. 2.577(3 2.580(3 2.584(5 2.580(3
scaling 2600 A ) ( %.5803(46) (5) (3)

Table 3.2: Measured B-field values in G and fitting parameters for the permanent probes
from ramping up to 2950 A coil current in November 2010.

probe 101 ‘ probe 102 ‘ probe 103 ‘ probe 105
Teon in A Beas in G
100 76.7 76.7 74.3 75.6
500 371.0 370.9 368.4 371.0
1000 739.5 739.1 736.4 740.5
1500 1106.3 1105.6 1103.5 1108.4
2000 1471.3 1470.4 1468.8 1475.5
2500 1834.3 1833.3 1831.8 1838.8
2600 1906.7 1905.8 1904.2 1911.5
2700 1979.0 1978.1 1976.5 1984.2
2800 2051.4 2050.3 2048.7 2056.8
2850 2087.7 2086.3 2084.9 2093.2
2900 2123.8 2122.3 2120.8 2129.2
2950 2159.5 21584 2157.0 2165.6
parameters fitting coefficients
co [G] 0.82+0.24 0.78 £0.13 —2.234+£034 | —0.72+£0.57
c1 [G kA_l] 742.3 £0.31 741.9 £ 0.17 742.6 £0.44 745.0 £ 0.74
co [1073kA™Y] | —4.78 £0.113 | —4.80 +0.062 | —4.87 £0.162 | —4.89 & 0.270
scaling 2900 A | 2.8714(3) 2.8714(2) 2.8787(5) 2.8747(8)
Co [G] —0.34
c1 [GkA™! 742.95
ce [1073 kAT —4.84
scaling 2900 A 2.8741(35)
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Figure 3.18: Ratio of parameter values for the four permanent Hall probes (101, 102, 103
and 105) retrieved in November 2010 and April 2010.

Table 3.3: Summary of systematic errors for the B-field determination.

‘ Source of error ‘ Assigned value ‘ Comments

intrinsic uncertainty 0.2 G

error on ¢g (offset) 02 G

skewing of mapping device 1 mrad before correction
0.1 mrad after correction

misalignment between probes | 2 mrad before correction
0.3 mrad after correction

uncertainty from surveys 0.5 mrad

co parameter 1.9 x 103 kA !

scaling 0.0035 for 2900 A

Total effect

resolution 0.28 G
misalignment 0.59 mrad
co parameter 1.9 x 1073 kA~!

scaling 0.0035 for 2900 A
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3.3.6 Summary of Systematic Errors

Table 3.3 summarizes the systematic errors of the B-field calibration and its impact
on the final values. An example for the explicit calculation is given in Table 3.4.
For the main component B, the scaling is the main source of uncertainty; whereas
for the transverse components (B,, B.), the misalignment of the probes dominates
the systematic error.

The resolution is the combination of the intrinsic resolution of the Hall probes
and the error of the offset correction (i.e. the error of the ¢y parameter), both
errors are added in quadrature.

The misalignment combines three effects: uncertainties of the skewing of the
mapping device with its reference frame, the remaining error on the misalignment
between the probes, and finally the uncertainty of the survey which connects the
mapping device reference frame with the ND280 reference frame. All three effects
are added in quadrature. Note that this type of error scales linearly with an
increasing B-field value.

The third kind of corrections concerns the non-linearities of the B-field. For
the measurements at 1000 A, this error contains only the uncertainty on the co
parameter. The value of 1.9 x 1073 kA~! is assigned as systematic error for ¢,
because this is the difference from the mean value for all Hall probes at 1000 A
(Section 3.3.2) and the mean value for the permanent probes which we retrieved
from the ramp-ups to 2600 A and 2900 A (Section 3.3.5). However, when extrap-
olating to higher field values, uncertainties on the non-linear part of the B-field
become the dominant source of systematic errors.

With the following formulas, the errors at a given field strength can be calcu-
lated:

— . /s2 I

51"680111ti0n - 5intrinsic + 520 in G
/52 2 2 i

5a11gn - \/5$kew + 5misahgn + 5survey in mrad

Goy = SV — AN s RALS () in 10 kA

1 1 _
b0 = \/125§a+12(ai—a)2

with ¢ = 1,2, 3,4 being the index for the permanent probes

and §; is the scaling error as decribed in the appendix

Oresolution = Oresolution in G
Oalign = 5align - Bmoa With Bpoq = \/B% + B; + Bg ~ B, in G
Oey = €1 - 0oy - I° with ¢y - I[kA] ~ B in G

Oscaling = 0o - B(1000 A) in G
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Therefore, the systematic error for any desired B value can be calculated with:

U(B) :\/Urzesollltion + O—glign + 0—22 + Us?caling
=[(0.28 G)? + (0.00059 - Brnoa)*
+(0.0019 - I [kA]- B)? + (0.0035 - B(1000 A))?]*?

Table 3.4: Example calculations for determining the systematic errors.

B measured

at 1000 A: B, = 712.60 G B, =10.00 G
misalignment 0.59 mrad 0.42 G 0.42 G
resolution 0.28 G 0.28 G 0.28 G

co parameter 1.9x102kA~ | 1.35 G 0.02 G

total error 0c(Bx)=145G | ¢(B,) =051 G
B(1000 A)

scaled to 2600 A: B, = 1838.92 G B, =2581 G
misalignment 0.59 mrad 1.08 G 1.08 G
resolution 0.28 G 0.28 G 0.28 G

scaling 0.0030 2.11 G 0.04 G

¢y parameter 1.9x103kA~! | 9.15 G 0.13 G

total error 0(Bx) =946 G | 0(B,) =113 G
B(1000 A)

scaled to 2700 A: B, =1908.73 G B, =26.79 G
misalignment 0.59 mrad 1.13 G 1.13 G
resolution 0.28 G 0.28 G 0.28 G

scaling 0.0031 2.23 G 0.04 G

¢y parameter 1.9x 1073kA~! | 9.87 G 0.14 G

total error 0(Bx) =1019 G | ¢(B,) =117 G
B(1000 A)

scaled to 2900 A: B, =2048.14 G B, =28.714 G
misalignment 0.59 mrad 1.21 G 1.21 G
resolution 0.28 G 0.28 G 0.28 G

scaling 0.0035 248 G 0.05 G

co parameter 1.9x 102kA~! | 11.39 G 0.16 G

total error

o(Bx) = 11.72 G

o(B,) =125 G
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3.4 Results of the ND280 Magnetic Field Mapping

In the absence of electric currents and with a quasi static electric field, the Maxwell
equations for the magnetic field take the form V-B = 0 and V x B = 0. This
is the case for the mapped volume. The magnetic field data from the Hall probes
is fitted to a function, which fulfills these constraints and will be derived later in
this section. The goodness of fit gives an indication whether there are additional
sources of the magnetic field which demand a change of the boundary conditions.
The fitting also helps to smooth out statistical errors. The dominant part of the
statistical errors comes from the intrinsic probe resolution, which is rather low
with a value of ~0.2 G.

Based on the conductor geometry, a field model was built with the OPERA-
TOSCA [130] simulation package, which uses the finite element method. From
this model an estimate of the expected field intensity can be inferred, but due to
the simulation method there is no analytical function representing the field.

The geometry of the magnet has symmetries in cartesian coordinates with the
origin in the center of the magnet as a point of symmetry. Exploiting this feature

one obtains the following expression of the magnetic potential ®y; which fulfills
the Maxwell conditions:

Oy = Z Apm sin(anx + ) cos(bpy + Bim) cosh(cpmz + Ynm) (3.3)

n,m

where n,m are integer indices and the constraint a2 + 32, = 42, is obtained
from the solution for the magnetic potential by means of applying the technique
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Figure 3.19: Distribution of residuals for each B-field component of the measurements
done at the field magnitude of 700 G. The widths of the distributions which is 0.5 G for

the B, component and even smaller for B, and B, are a measure for the fit quality and
the understanding of not yet respected uncertainties.
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Figure 3.20: Top view (top) and side view (bottom) of the ND280 basket (in grey) and
its containing detectors. The blue dotted region indicates the volume, for which the data
fitting is applied.

of separation of variables. The other parameters a,, b, cpm and A, are free pa-
rameters which are determined by the fit. From B = —uV®);, the corresponding
series for the magnetic field is obtained. Thus, we can use these series to obtain a
best combined fit Bgt] for each field coordinate and position. The quantity to be
minimized in the fit is:

2
2 _ Z Bglieasured - BEE(Anma Ans Oy by Bms Crms Yam.)
X 02 G

(3.4)

i,C

where ¢ runs over all measured points and the component index c is either z, y
or z. The 0.2G error is the expected intrinsic uncertainty of the Hall probes (see
Figure 3.11). The error of the measurements are roughly the same for each of the
components, as can be seen in Figure 3.19.

For the minimization, the MINUIT [131] code was used. Since the material
of the basket is not completely non-magnetic and welds additionally distort the
magnetic field, the regions close to the basket do not fulfill the criteria for the



3.4. Results of the ND280 Magnetic Field Mapping 67

fitting function. Therefore, the fit is only applied in a central region of the mapped
volume (with a minimum distance of 20 cm from the basket), where no distorting
effects were observed. This central region is indicated in Figure 3.20. The value
for x?/ndf is 3.95, which is consistent with an underestimation of the error by a
factor of two. This is in agreement with values around 0.4 G for the RMS of the
residuals, Bg‘ieasured — Bcﬁfl-, for each component and position. The fit appropriately
describes the data, since this number is of the same order of magnitude as the
intrinsic resolution of the Hall probes (0.2 G). Figure 3.19 shows the results of
this quality measure for the central part of the mapped region. The best goodness
of fit was seen for a second order polynomial. Going to higher orders does not
improve the fit further. For the remaining parts of the mapped region, we rely on
an interpolation between the measured data points. With a maximum distance of
only 5.7cm between two neighboring measurement points, a linear interpolation
is sufficient to describe the data in that region. A slice of the final map for the
main field component is shown in Figure 3.21.

v beam
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_1||||||||||||||||||||||||
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Figure 3.21: The plot shows a slice (x = 0m) of the mapped B,-field [G] in the TPC
region. In the picture, the neutrino beam enters from the left.
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Chapter 4

Study of A™" Resonances in the
ND280 Tracker

The study of AT resonances is motivated by two factors. Firstly, it can help to
probe the momentum scale in the ND280 detector. A*+ resonances were studied
in detail in proton beam experiments [132, 133], and the invariant mass and the
width of the resonance have been precisely measured in several experiments until
today. This knowledge can be used to perform a check of the momentum scale in
a detector by reconstructing the invariant mass. The selection of A™T events is
derived in a study of Monte Carlo (MC) data and described in Section 4.1. Kine-
matical distributions to better understand signal and background are presented
in Section 4.2. With this knowledge a simultaneous fit of signal and background
events is performed to obtain the ATT invariant mass peak. A comparison for
different hypothetical biases on the momentum completes this study and is used
to determine the error on the momentum scale, as described in more detail in
Section 4.3. A brief summary and outlook is presented in Section 4.4.

Secondly, A resonances are of great interest in neutrino interaction physics.
They build the dominant part of resonant single pion production in the sub-to-
few GeV neutrino energy region. Single pion production, in turn, is one of the
three most important contributions (CClr, CCQE, DIS) to the CC inclusive cross
section in this energy region (see Figure 1.2). Understanding the composition and
size of the inclusive cross sections is one of the major goals to reduce background
uncertainties in this energy range, because this is the interesting region for the
Ve appearance searches in long baseline oscillation experiments. The work and
the developed methods, which are presented in this chapter, can be used to help
determining the cross section for the CClm channel.

4.1 Selecting A™" Events

This section describes the cuts, which are applied to retrieve an efficient and a
pure sample of AT events. The first series of cuts are selection cuts, with the
main purpose to reduce the amount of data to be looked at. Further cuts are used
for particle identification to refine the selected sample. The cut chain and the
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choices of the corresponding threshold values are developed with the help of MC
data. The studies are based on the neutrino interaction MC simulation program
NEUT [29]. A comparison of real data with MC is presented in Section 4.3.

4.1.1 Topologies of AT Events

The signature of AT resonances in the ND280 tracker can look very differently.
The produced AT either are reabsorbed within the nucleus and thus invisible,
or they decay into secondary particles (p, 71), which form tracks in the detector.
For CC muon neutrino interactions in one of the FGDs, the latter class of events
can be divided in three major event topologies. If all involved particles (u=, p
and 71) possess enough energy, three tracks in the subsequent TPC will be seen.
An example event of this case is shown in Figure 4.1. But it might also happen
that one of the positive charged particles is absorbed within the FGD, leading to
two more topologies. In one case, the proton track is fully contained in the FGD,
and the other two particles escape to the TPC. Analogously, in the other case,
the pion might deposit all its energy in the FGD, and the muon and the proton
penetrate to the TPC. The u~ is always required to be found in the downstream
TPC, because A™T resonances are only produced in CC neutrino interactions.

‘ Event number : 74419 | Partition : 63 | Run number : 4200 | Spill : 0 | SubRun number :17 | Time : Mon 2010-03-22 07:39:05 JST [Trigger: Beam Spill

TPC1 TPC2 TPC3
EGDI FGE Zﬁ Ds-ECal
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Figure 4.1: Candidate event for a A** resonance from a charged current v, interaction
occurring in FGD 2, with three tracks penetrating into the subsequent TPC, also forming
tracks and showers in the Ds-ECal.

A feasibility study with NEUT MCP1* was performed to check if a study of
ATT resonances can be useful to constrain the momentum scale of ND280. The
preferred event topology for more detailed can also be inferred. The relative rates
and the corresponding purities of the three above-mentioned event topologies are
reported in Table 4.1.

#Monte Carlo Production 1 is the first of various stages in the simulation of neutrino events
in the ND280 detector, including the neutrino beam simulation.
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The sample with 3 tracks penetrating into one of the TPCs has the highest
efficiency. It is best suited for studying kinematical variables, because of the mo-
mentum resolution and PID performance of the TPCs. This implies the possibility
of identifying and reconstructing the involved particles, which is necessary for the
envisaged check of the momentum scale. The further analysis will concentrate on
this type of events.

Table 4.1: Relative rate of AT+ events and purity values from the feasibility study with
MCP1 data for the three samples with different AT resonance event topologies. The
relative rate is the number of ATT events with a certain topology divided by the number of
ATT events of all three topologies together. The purity is the ratio of selected A*™ events
with respect to all selected events.

| Sample | AT relative rate | AT purity |
3 TPC tracks | 62.4% 29.5%
proton in FGD | 21.7% 46.1%
pion in FGD 15.9% 34.9%

4.1.2 Monte Carlo Data Production

For the detailed study, more realistic MC data is used, namely events from MCP-
4CP. The MC data describe the status of software, beam configuration, and de-
tector simulation as of autumn 2011. The MC samples can be divided in three
different groups:

e MC-magnet: Monte Carlo data with neutrino interactions in the full ND280
detector including the magnet.

e MC-basket: Monte Carlo data where interactions only occur in the subde-
tectors inside the magnet, namely POD, FGDs, TPCs and ECals.

e MC-ccpiplus: a special Monte Carlo sample of charged current neutrino
interactions with a 77 and no other mesons in the final state.

All three samples are divided into two subsamples: a sample in which the
P®Dis simulated to be filled with water, and one without water. The two sub-
samples are added for the analysis in this thesis, as only interactions in the FGDs
are considered. There is no background from interactions in the P@Dfor the se-
lected sample of ATT events. The MC-magnet sample is further divided in data
for two run periods. RUN 1 corresponds to the real setup for the data taking
between January and June 2010, where the Ds-ECal was the only installed ECal
module, and the neutrino beam was delivered in spills of six bunches at an aver-
age beam power of ~50kW. RUN 2 describes the setup for data taking between

PMCP-4C is a Monte Carlo sample, which was produced in the fourth major production of
MC data for neutrino interactions in ND280. The letter C stands for respin C, the third iteration
of the production.
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November 2010 and March 2011 with an increased beam power of ~100 kW, which
was partly achieved by increasing the number of bunches from six to eight. During
RUN 2, all ECal modules were installed into the ND280 detector. The number of
protons on target (POT) for each of these MC subsamples and for real data are
reported in Table 4.2.

Table 4.2: List of protons on target for each of the MC and real data samples.

sample POD | run POT [10%°] | combined
water | configuration POT [10%]

MC-magnet | in RUN 1 5.45 5.45

MC-magnet | in RUN 2 11.02 91.99

MC-magnet | out RUN 2 10.97 ' 49.61

MC-basket | in RUN 2 11.08 99 17

MC-basket | out RUN 2 11.09 '

real data in RUN 1 0.294

real data both | RUN 2 0.771 1.064 | 1.064

4.1.3 Selection Cuts

To select ATT events, a series of selection and veto cuts need to be applied. The
cuts are listed below and are explained in more detail afterwards. Table 4.3
summarizes the efficiency and purities of the cuts, which are obtained from the
full combined MC-magnet and MC-basket sample:

1. Same Bunch.

2. Track quality.

3. Exactly 1 Vertex in FGD.
4. FGD fiducial volume.

5. At least 3 TPC tracks.

6. 2 positive tracks and 1 negative forward TPC tracks from vertex.

to 1: One beam spill is divided into six (RUN 1) or eight bunches (RUN 2). The
bunches are separated by 582 ns, and each bunch has a duration of 58ns. Only
events and particle tracks which fall into the timing window of a beam bunch are
considered.

to 2: The track quality cut consists of two parts. Firstly, all tracks containing a
TPC segment must fulfill the criteria of having a minimal reconstructed momen-
tum of 50 MeV, to reject noise. Secondly, the highest energetic negatively charged
track, the muon candidate track, is required to have at least 18 hits in the TPC
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segment nearest to to the vertex. This cut is based on studies of a CC inclusive
sample for the ND280 tracker [134]. It ensures a good reconstruction of the muon
candidate track to allow a pure selection of CC events.

to 3: The third cut requires exactly one vertex in the FGD, where a vertex is
defined as the starting point of the muon candidate track, i.e. the most energetic
negative track. Thus, it is naturally fulfilled for reconstructed data. Additionally,
for MC data, this cut requires to have at most one true vertex per FGD in order
to avoid a wrong association of reconstructed tracks with the true vertex.

to 4: The vertex must be in a fiducial volume (FV), which is again based on the
cuts for the CC inclusive selection. This cut is needed to reject particle tracks,
which are produced in the surrounding material of the FGD. These tracks can
be mistaken as starting in the FGD border regions. Slight variations of the FV
do not bias the obtained distributions when comparing MC and real data. The
chosen dimensions for the FV are:

|x| < 0.875m,

ly —0.55m| < 0.875 m,

0.137m < z < 0.447m for FGD 1

or 1.482m < z < 1.810m for FGD 2.

to 5: The minimal condition for obtaining a sample with a proton, a pion and
a muon track in the TPC is to have at least three TPC tracks. All three tracks
together are necessary to select CC events and reconstruct the A* invariant mass.

to 6: Finally, one negative track and two positive tracks must come from the
same vertex. This cut rejects background tracks, which stem from different inter-
actions. These tracks are required to reach the subsequent TPC. In principle, also
events with backward going tracks can be studied, but this introduces additional
complications related to charge confusion and the correct vertex association of
tracks.

4.1.4 PID Cuts

The particle identification (PID) in the ND280 Tracker, with the help of the so-
called pull variable, is well established for CCQE events, as reported in [134].
The pull variable describes the deviation of the measured from the expected en-
ergy deposit of a track with a certain particle hypothesis (in terms of standard
deviations). It is defined as:

O —Cgg,

00,

Oa

where « is the particle hypothesis (e.g. a muon), Cr is the calibrated truncated
mean energy deposit, Cg , is the expected energy deposit for a particle hypothesis
a and

00,0 = 07,0 ® (dCEg/dp)oy
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Table 4.3: Efficiency and purity breakdown of the preselection cuts. All selected events
and true ATT events are shown seperately. Efficiency is defined as the number of true
AT events after a cut divided by the number of ATT events after the track quality cut.
The purity is the number of A*+ events divided by all selected events. In the upper table,
the numbers are reported for the combined MC-magnet sample for RUN 1 and RUN 2
together. The lower table shows the corresponding values for the MC-basket sample.

MC-magnet
cut nr. ‘ cut name ‘ all events ‘ true ATT ‘ efficiency ‘ purity
1& 2 | track quality 586645 38760 100.0% 6.6%
3 1 true FGD vertex | 268786 38616 99.6% 14.4%
4 vertex in FGD FV | 218632 31373 80.9% 14.3%
5 > 3 TPC tracks 62108 9134 23.6% 14.7%
6 2pos and 1lneg 9511 2390 6.2% 25.1%

MC-basket
cut nr. ‘ cut name ‘ all events ‘ true ATT ‘ efficiency ‘ purity
1 & 2 | track quality 325053 31923 100.0% 9.8%
3 1 true FGD vertex | 221489 31923 100.0% 14.4%
4 vertex in FGD FV | 181069 26003 81.5% 14.4%
5 > 3 TPC tracks 49959 7499 23.5% 15.0%
6 2pos and lneg 8063 2168 6.8% 26.9%

is the total width. o7 is the variance of Cp, and op is the uncertainty of the
momentum measurement [135].

Using the same pull variable cuts as for the CCQE case is not necessarily the
best choice when studying other samples, such as resonant particle production.
The cut values for different particle hypotheses, presented in Table 4.4, are the
basis for PID cut studies. First, the negative charged track is extracted and
checked if it is a muon to identify CC candidate events. Then, positive charged
tracks are investigated. e candidates are rejected and 7 candidates selected.
The remaining positive track is accepted when it is compatible with a proton.

This basic selection lacks to implement the full information, which can be
obtained for each track. In order to select AT events more efficiently, several

Table 4.4: Pull cuts for particle identification.

| [p” [~ b
charge | -1 +1 +1
10,4 <25
|0e | > 2 > 2 > 2
|0r| <25
0] <25
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possibilities of improvements of the PID have been studied, such as: setting a
threshold value, e.g. the use of a different pull cut value for tracks with a momen-
tum above 1.5 GeV; assuming that one of the two positive particles is a proton
and match the other track; or looking at the momentum ratio of the two positive
particles.

For the analysis presented in this thesis, a likelihood method has been adopted,
which uses the pull variables for different particle hypotheses and combines the
obtained information. This method guarantees a good PID association, while
decreasing the AT efficiency only marginally. It is described in more detail below.
With Bayes’ theorem, the probability of having a particle a given a pull value dg for
a particle hypothesis 3 with a certain energy E can be expressed as the likelihood:

Ng - Pr(og|a)
ST N; - Pr(dgli)’

Lo = Pr(aldg) = (4.1)

where all terms are energy dependent; i is an index running over all particle
hypotheses which are taken into account; N; is the number of true particles i at
energy F; Pr(dg|a) is the probability of having a certain pull value for hypothesis
5, given the true particle at energy F is of type «. These conditional probabilities
of the pull distributions need to be known a priori. Because detector effects, e.g.
acceptance or energy resolution, need to be taken into account, these distributions
are obtained from simulated data.

Equation 4.1 can be used to discriminate between the pion and the proton by
calculating the likelihood for each particle hypothesis. Because only two particles
(p, %) need to be distinguished, it is sufficient to look at two particle hypotheses
and two pull values. The ratio of the two likelihoods, Ry = Ly /Ly, can be
used as the discriminating number. This also guarantees a proper normalization.
The general expression for two particle hypotheses o and S is:

Pr(aldq) - Pr(aldg)
Pr(ds|a) - Pr(ds|f)

If Ry > 1, or equivalently In(R, ) > 0, then particle o is more likely to be
realized, otherwise particle 3. However, these probabilities are dependent on the
selected sample and the cut value needs to be optimized. For example, the pull
value is not a good discriminator for energies above 1.5 GeV, because the energy
loss due to ionization for protons and pions is comparable in the high energy tail
of the Bethe formula [136].

Figure 4.2 shows the discrimination power of the above presented likelihood
ratio method for the combined MC-magnet and MC-basket sample, after applying
the bunch and the track quality cut. The protons and pions are well separated
except for the overlap region (—2 < In(R,) < 0).

Analogously, a likelihood cut is introduced to reject positron tracks. The
cut value is chosen to be In(R,.) > 0 or In(R;.) > 0 for the proton and pion
hypothesis, respectively.

Finally, it is also required that the angle between the proton and the pion
¥ (p, ) differs from zero. This excludes single tracks, which are erroneously broken
into two tracks in the reconstruction algorithm.

Ryp= (4.2)
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Figure 4.2: The logarithmic likelihood ratio values for true protons (black) and 7+ (blue)
are shown. The TPC tracks for this plot are selected from the combined MC-magnet and
MC-basket sample after the track quality cut. The particles can be well distinguished
except for the overlap region (-2 SIn(Rx ) S 1).
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Figure 4.3: The plot shows the number of selected ATT events (left scale) as a function
of the chosen cut value for the logarithmic likelihood ratio Ry ,. The selected AT events
with a correct association of the reconstructed track to the true particle are shown in
blue, the selected AT+ with a wrong association are shown in yellow. The black triangles
indicate the purity (right scale), which is defined as the ratio of correctly associated
ATT tracks over all tracks passing the selection cuts. This includes background events
which are not shown in the colored stack histogram. The combined MC-magnet and MC-
basket sample is used. The cut value which maximizes the number of correctly associated
A** events, RS = —0.5, is chosen for the further analysis.
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Table 4.5 summarizes the number of events of a correct association of the parti-
cle hypotheses with the true particles. All events are divided into two sets. Signal
events are events with the correct MC interaction code, i.e. true AT events.
Background events are all other neutrino interactions, in which no A™* resonance
is produced. For each of the two sets, the number of events are reported, which
correctly associate the proton and the pion with the true particles, labeled as
“correct PID”. The corresponding purities and efficiencies are also written. The
efficiency is the number of correctly associated ATT events with respect to the
case without any applied PID cut (2pos and 1neg). The purity is the ratio of
correctly associated events over all events remaining after the cut.

Table 4.5: Association of reconstructed p- and m"-tracks to the true particle tracks. For
the PID of the negatively charged particle, the p= pull cut is chosen. The positively
charged tracks are best associated with the likelihood cut. Additionally, positrons are
rejected on a likelihood-based cut. The proton and pion track are required to have a
non-zero angle with respect to each other. The combination of all these cuts leads to the
final sample (last line of the table).

cut name all events | all AT+ ATt with | efficiency | purity
correct PID
2pos and 1lneg 17574 4558 1892 100.0% | 11.1%
u~ pull 14895 4180 1892 100.0% | 12.7%
& e rejection 12708 3613 1663 87.9% | 13.1%
p and 7T pulls 4346 1390 1056 55.8% | 24.3%
& e rejection 2870 917 706 37.3% | 24.6%
p and 7" likelihood 7586 2340 1883 99.5% | 24.8%
& et rejection 7058 2280 1883 99.5% | 26.7%
& Y(p,m) #0 6887 2257 1883 99.5% | 27.3%

4.2 Kinematical and Other Distributions

After applying the preselection and the PID cuts, 2257 AT events are selected,
of which 1883 events have the correct particle association (u~, p and 7). The
final signal purity is therefore 1883/6887 = 27.3%, as shown in Table 4.5. The 374
ATT events with a wrong PID association are considered as background, because
they would bias the kinematical distributions discussed below. For the purposes of
checking the momentum scale, the distribution of the reconstructed AT invariant
mass is interesting, which is shown in Figure 4.4. The A™™ invariant mass can be
reconstructed from the momentum of the 7 and the p which are produced in the
decay AT — p+ 7T

Mine (D) = \/ (B, + Ex)? — (5 + )2,
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The peak of the signal events around the expected invariant AT mass of
1.232GeV [16] is background dominated with deep inelastic scattering (DIS)¢
events as the main contributors.
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Figure 4.4: Reconstructed invariant mass under the AT+ resonance hypothesis for events
passing the selection cuts. The colors of the stacked histogram indicate the different types
of interactions. The signal consists of AT events with correct particle association (blue).
The background is formed from A+ events with an incorrect particle association (yellow),
DIS events (green) and all other backgrounds (red).

Because of its large number of events, the background is studied in more de-
tail. Extended cuts are derived as well as fitting methods, based on several re-
constructed kinematical variables, which are discussed in more detail below the
following list:

E, - the neutrino energy;

Q? - the four momentum transfer from the neutrino to the target nucleus;
pr - the transverse momentum of the neutrino;

Y (p, ™) - the angle between the two decay particles (p and 7) of the AT ;

G(ATT 7)) - the angle between the reconstructed momentum of the
AT and the muon.

The reconstructed neutrino energy
Eu = ‘ﬁu‘ = ‘ﬁu +ﬁp +ﬁ7r‘

is shown in Figure 4.5. As intuitively expected, in average ATT events are less
energetic than DIS events, in which, in general, more particles are produced.

°The definition of DIS in NEUT is events with an invariant mass of the hadronic system
W > 1.3 GeV and more than one pion for W < 2 GeV to avoid double counting of CClw events.
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Often, not the complete neutrino energy can be reconstructed for DIS events,
as can be seen in Figure 4.6. The missing reconstructed energy indicates a lack
of identified particle tracks. This can be caused by reabsorption of short-living
fragments of the target nucleus. Also, not all particles reach the TPCs or they
do not deposit enough energy. This can be the case for gammas or other neutral
particles.
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Figure 4.5: Reconstructed neutrino en-
ergy. The color coding is similar to Fig-
ure 4.4.

Figure 4.6: Residual of reconstructed
and true neutrino energy. The color
coding is similar to Figure 4.4.

The four momentum transfer is defined as:
Q2 =2E,E, (1 —cosf,),

with neutrino energy F,, muon energy E,,, and the angle ¢, between the muon
direction and the expected neutrino beam direction. Because ND280 is close
to the decay tunnel, in which the neutrinos are produced, and ~2.5° off-axis
to the central beam direction, the incoming neutrinos are not from a point-like
source, but they have an angular distribution. The value for the expected neutrino
direction is obtained from the full MC sample.The Q? distribution is suppressed
for A** events in comparison with DIS background for @2 < 100 MeV, as shown
in Figure 4.7. The Q? distribution is an important component for model building
and the determination of form factors. However, for discriminating between signal
and background of the A*+ sample, the following properties are more powerful.
The reconstructed transverse momentum of the neutrino

pbr = |(ﬁu +ﬁp +ﬁw)ry|

can help to distinguish between AT events and DIS background events, as shown
in Figure 4.8. A too high value for pr indicates an insufficient amount of recon-
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structed transverse momentum, which can happen when particles are missing in
the reconstruction. For a point-like neutrino source and perfect reconstruction of
all particles, the distribution is expected to show only the contribution of Fermi
motion, which describes the motion of nucleons inside the target nucleus due to
the Heisenberg uncertainty principle. The additional Fermi momentum gives a
contribution of up to ~200MeV. The transverse momentum is calculated with
respect to the expected neutrino beam direction.

The angle 1 (p, 7") also shows different characteristics for AT and background
events (Figure 4.9). In the center of mass reference frame of the AT | 7% and p are
back-to-back. Depending on the transfered momentum in the neutrino interaction,
the Lorentz boost reduces the angle between the two particles in the laboratory
reference frame. The higher the energy the narrower becomes the angle, such that
the typically higher-energetic DIS events are more likely to have lower angles .
Additionally, the angle between p and 7 is reduced when more than two particles
are created, because p and 7T are no longer back-to-back in the rest frame of the
nuclear target system.

The variable ¢(AT" ™) can also help in separating the A1+ signal events
from background (Figure 4.10). The argumentation is analogous to the previous
case. If no other particles are produced, then ;= and AT are back-to-back in the
target nucleus rest frame. This angle is reduced if additional particles are pro-
duced. Fermi motion of the interacting nucleon smears the angular distribution.

The information of these kinematical variables is combined to obtain a sample
with reduced background. Cuts for each of the variables are determined by maxi-
mizing a figure of merit. The chosen figure of merit is the product of purity (7) and
the root of the number of signal events (y/Nsig). This choice differs from 7 - Ny,
which minimizes the expected statistical error of the measured quantity [137], but
it enhances purity considerably. The study of combined cuts revealed that the
application of simultaneous cuts on only two variables, pr and ¢(AT+, ™), are
sufficient to maximize the figure of merit. The optimal cut values pr < 0.3 GeV
and ¢(ATT, 7)) > 0.9 are obtained, as can be inferred from Figure 4.11.
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Figure 4.11: Determination of the optimal cut values for pr and ¢(A*+  u). The colors
indicate the value for the figure of merit 7-/Ngiz. The star (x) marks the maximum value
of the figure of merit. For pp, all events above the corresponding cut value are rejected.
Analogously, all events below the cut value for ¢(A*T+ 1) are rejected.

4.3 Fitting the A™" Invariant Mass Peak

As a result of the cut studies, two samples of ATT events are selected. A highly
efficient sample with 39.6 At events per 102 POT and a purity of 27.3%, and
a sample with increased purity with 15.0 AT* events per 102 POT and a purity
of 60.1%. For each sample the invariant mass of the A™" can be reconstructed,
which is shown for data and MC in Figure 4.12. Because of the low statistics of
the latter sample, fits of the invariant mass peak are not robust. Therefore, the
further analysis is only performed with the former, highly efficient sample.

Since the backgrounds are large, it is important to find appropriate fitting func-
tions for the signal and the background. For the fitting procedure the RooFit [138]
package is used. Figure 4.13 shows the signal and background events separately,
each with the corresponding fitting function. The background distribution can be
described by a Landau distribution, which fits better to the data than polynomi-
als. For the fit of the A"t signal events, a Breit-Wigner function is used. It is
important to note that the fitting functions are not analytically derived from the
underlying processes. They are an empirical description and contain smearings
and biases. These can occur due to final state interactions in the target nucleus,
secondary interactions of the particles emerging the nucleus, and detector effects,
such as geometrical acceptance and energy resolution.

Another approach is to use the obtained MC signal and background data
without the description of an analytical fitting function. The directly obtained
distributions for signal and background are fitted simultaneously to the measured
data. In general, this method is preferred, because detector effects are described
more accurately. But it requires a large set of MC interactions to ensure that
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Figure 4.12: Comparison of the invariant mass of the reconstructed AT+ between data
and MC after the selection cuts (left) or kinematical cuts (right). The histograms are
normalized to POT. Data events are represented by the black circles with statistical error
bars. The color coding for MC events is similar to Figure 4.4.
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Figure 4.13: Left: The selected A*T events from MC data (black with errors) is shown
together with a Breit-Wigner fit (green). Right: The remaining background events of the
selected MC data (black with errors) is shown together with a Landau function (red),
which is fitted to the data.
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Figure 4.14: Two different fitting methods for the invariant mass of the selected
A**+events (black circles with statistical error) are presented. The left plot shows a
simultaneous fit (blue) of signal and background with a Breit-Wigner function (dotted
green) and a Landau function (dashed red), respectively. The analogous fit functions in
the right plot are obtained from the MC distributions directly.

statistical fluctuations do not form the dominant part of the error.

A comparison of the two fitting methods is presented in Figure 4.14. Both
plots show the fits to the signal, the background, and the sum of signal and back-
ground distributions. The first method has the advantage that the fit parameters
can be directly obtained. This allows to determine the peak value for the signal
function together with the corresponding error. The second method describes the
detector effects more accurately and shows a different composition of signal and
background.

For the check of the momentum scale, the first method is applied. The param-
eters of the fit functions are constrained in a way, such that the composition of
signal and background agrees with the results from the second fitting method. The
widths of the signal and the background distributions are required to lie between
0.2 GeV and 0.5 GeV, and the ratio of signal to background events is fixed at 0.273,
the purity of the MC sample. For the MC sample and the real data sample, a best
fit value of mMP(ATH) = 1.21840.013 GeV and m{ata(A++) = 1.20740.025 GeV
is obtained, respectively.

This fit is repeated for different momentum biases. For this, the reconstructed
momentum of all particles is shifted by a certain percentage. For example, a bias
of 5% leads to a momentum: ppiss = 1.05 - Pgata. With the information from this
newly reconstructed tracks, the combined fitting function is calculated anew, such
that the peak value, the width and the shape are retrieved. For the check of the



4.4. Summary and Outlook 85

> 1.32—
o .94
(O] - —+— data - best fit for m, (A*)
£ 13—
e L
= - o .
5 1.28/— <= MC - best fit for m, (A*)
c - W
é” 1.26—
o) -
© 1.24—
> | iiiiiiiiiiiimsiiiiihiii A 8N
m Q////////////////////////////////jﬁ///// NN N K,
w .22
<] A A L e
o oI/l VY P, Y Y /s
2 12—
© C
> C
x 1.18—
< -
g c

1.16—

114

: 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
-20 -10 0 10 20 30

momentum bias in %

Figure 4.15: The best fit value for the AT invariant mass peak (black circles) is plotted
as function of momentum bias. The expectation from the MC data is also shown as a blue
line. The shaded region indicates the error on the expectation value from the MC data.)

momentum scale only the fitted peak value and its error are used. The best fit
values and errors for different moment biases between -25% and 35% are shown in
Figure 4.15. The distribution with a momentum shift of 4% agrees best with the
expectations from the MC sample. If only the peak value is taken as the quantity
of interest, momentum shifts between -7% and 18% agree with the best fit value
from the MC data within 10.

4.4 Summary and Outlook

In this chapter, a method to select ATT events in the ND280 tracker was presented.
A likelihood based PID selection method was developed to select ATT events with
high efficiency. Combined with the information from different kinematical vari-
ables, a subsample with a high purity can also be selected. With both types of
selections the invariant mass of the AT invariance mass can be reconstructed.
The comparison of data and MC shows a good agreement, although the number
of selected data events is still limited. The information of two different fitting
methods can be used to extract the AT invariance mass peak from the back-
ground dominated data sample. On the one hand, empirical fitting functions can
describe the shape of the signal and background distributions. On the other hand,
a binned likelihood fit helps to constrain the fitting function parameters, such as
the width and the expected peak position of the combined fitting function. The
fitted peak position of the signal distribution provides a physical quantity, which
is appropriate to use for probing the momentum scale of the detector. By varying
the reconstructed momentum of particle tracks, the agreement of the invariant
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mass peak position with the expectation from MC data is checked. The peak
value of the signal distribution for a momentum bias between -7% and 18% is
consistent with the expected peak value.

With increasing statistics in the upcoming run periods of T2K, the power
of this check will improve. In the future, the presented method of selecting
AT events as well as the study of kinematical variables can help to determine
the A™T production rate. The methods can also be used to constrain the CClxw
cross section, e.g. by comparing the production rates in water and carbon.
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Conclusions

A measurement of the magnetic field of the ND280 near detector in the T2K ex-
periment was performed. For this purpose, a dedicated, automated device formed
from non-magnetic materials, and equipped with Hall probes, has been designed,
built and tested. During the measurement campaign in September 2009, the
ND280 magnet provided a ~700 G dipole magnetic field. A measurement accu-
racy of ~1 G is obtained from a three dimensional mapping of the ND280 inner
detector volume. This precision is ensured by the careful calibration procedure of
each Hall probe in a reference magnetic field. The systematic errors of the mea-
surement are evaluated for the extrapolation to the nominal ND280 magnetic field
of 2000 G (0.2T). This results in an accuracy of better than 2 G for the transverse
magnetic field components (B,;, B.). The systematic error of the main component
is evaluated to be o(B,;) = 11.72G for a field of B, = 2048.14 G in the center
of the magnet, which corresponds to a magnetic field scale uncertainty of 0.57%.
The modulus of the magnetic field and its error varies with less than 1% in the
instrumented detector region, except for the regions which are close to the coils,
where the field drops by up to 5%. The precise knowledge of the magnetic field
meets the requirements for the ND280 TPCs to achieve a momentum accuracy of
better than 2%.

The reconstruction of the A*T invariance mass peak is used to probe the mo-
mentum scale of the ND280 detector. For this purpose the data from the 2010
and 2011 neutrino beam runs is used. A sample of CC muon neutrino inter-
actions in the ND280 tracker is selected, in which A™T resonances are produced
(vup = ATt = — prt 7). The event topology of one negatively charged and two
positively charged tracks in the TPCs, with all tracks coming from the same vertex
in the FGD fiducial volume, is used to study this type of events. With the help of
the TPC PID performance and a likelihood method, which has been developed to
correctly identify protons and pions, 126 candidate events with an expected signal
purity of 27.3% are selected from the data. The combined neutrino flux of the data
taking period corresponds to 1.064 x 102 POT. Another sample of 23 events with
an enhanced expected purity of 60.1% is selected by exploiting the information
from various kinematical variables. These are: the reconstructed neutrino energy,
the transverse momentum of the neutrino, the angle between the ;= and the ATT
and the angle between the AT decay products p and the 7. The reconstructed
invariant mass for both samples agree with the expectations from a MC study.
Because of the higher number of signal events and less biases on the kinematics,
the more efficient sample with 126 candidate events is chosen to be used to check
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the momentum scale of the detector. For this purpose, the signal and background
are fitted simultaneously with functions which are derived from the MC study.
The peak value of the AT signal distribution is compared to the expected value
mMC(ATH) = 1.218 £0.013 GeV. The value of mdata(A++) = 1.207 4+0.025 GeV,
which is retrieved from the data, is compatible with the expectation within one
standard deviation. This feature holds for momentum biases between -7% and

18%.
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A.1 Additional Checks and Plots for the Alignment
Correction

The a posteriori correction of the alignment between the Hall probes is a delicate
issue. Care must be taken to not introduce a bias to the data by putatively
improving the error. Therefore, additional cross-checks are reported in this section.

Figures A.1 and A.2 show the mean values and the error of the mean for the
transverse B-field components for different xy- and xz-slices of the ND280 TPC
region. By construction, the mean values should not change before and after
the correction. This can be verified for B,, where the mean value for all slices
is compatible with zero before and after the correction. However, for B,, there
seems to be a small shift before and after the alignment corrections. The fact that
the mean of B, differs from zero may be explained by a misalignment between the
x-axis and the direction of the main component of the magnetic field. A difference
of 1 G corresponds to a rotation of 1.4 mrad. But there also seems to be an increase
in the mean of B, with rising z values.

For both B, and B,, the errors become smaller because of the alignment
corrections. To see this, one needs to compare the error bars for B, in the xz-
planes and for B, in the xy-plane (see the top left and bottom right plots in
Figures A.1 and A.2). The errors of the other two plots show the variation of
the transverse B values and are expected to be different from zero. However, the
mean values are expected to be constant in the other two plots, which is the case
(top right and bottom left).

Furthermore, it can be confirmed that indeed the planes of symmetry were
used for the correction method. In the symmetry planes, the error of the mean
is expected to be lowest after the correction. For B,, this is clearly the plane
where y=0 (top left plot of Figure A.2), for B, this is not so obvious. But for
B, the variation remains small for a wide range of xy-planes around z=0. This
means that the correction method is not sensitive to small deviations from the
true symmetry plane.

Another check to see a possible rotation of the mapping device reference system
with respect to the main B-field direction, is to look at the slices orthogonal to
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Figure A.1: The mean value and the error of the mean for B, (top plots) and B, (bottom
plots) for different xz-slices (left plots) and xy-slices (right plots) before the alignment
corrections are shown.
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Figure A.2: The mean value and the error of the mean for B, (top plots) and B, (bottom
plots) for different xz-slices (left plots) and xy-slices (right plots) after the alignment
corrections are shown.

the one of the symmetry planes. For By, this could be for example the xy-slice
with z=0. For B,, the xz-plane with y=0 is chosen analogously. These planes are
shown in Figure A.3 before the correction, and in Figure A.4 after the correction.
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Figure A.3: Transverse B-field values before alignment correction in the planes orthogonal
to the symmetry planes for B, at z =0 (left) and B, at y = 0 (right).
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Figure A.4: Transverse B-field values after alignment correction in the planes orthogonal
to the symmetry planes for By at z =0 (left) and B, at y = 0 (right).

A.2 Error Propagation for B-field Extrapolation
The error propagation starts from Equation 3.2:
B[G] =y + 611(1 + CQI)

Three parameters (cg, c1,c2) and their errors (s(¢;) = s;) are retrieved from the
fit. To propagate the errors properly, the correlations p(c;,cx) = pi have to be
taken into account:

2

0B \? OB OB 2 9B OB
2 _ “2 . Y e — ittt ;
§ (B) - ; (acl sl) + #Zk 8Ci 8Ck p’l,kslsk ; P 8Ci 8Ck COV(Z’ k)

with the covariance matrix elements cov (i, k) = p;is;si and the partial derivatives

0B 0B
— =1, —=I+4cl* —=cl
860

We therefore get:

s (B) = s+ (I +c2l?)?s] + (e1]?)?s5+
+ 2([ + 6212),0015051 + 26112p028082 + 26112(I + 6212),0128182
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For the fit to 2900 A, the following fit values and correlation matrix R are
retrieved. R turns out to be identical for the fit for each of the four permanent

probes at the level of 1073

parameters probe 101 probe 102 probe 103 probe 105
co [G] | 0.82+0.24 0.78 £0.13 —223+£0.34 | —0.72£0.57
c1 [GKA™Y | 742.340.31 741.9 £0.17 742.6 £ 0.44 745.0 £0.74
co [1073kA™Y] | —4.78 £0.113 | —4.80 +0.062 | —4.87 £ 0.162 | —4.89 & 0.270
p(co,co) plco,c1)  pleo,c2) 1.000 —0.933 0.867
R= | p(c1,c0) plci,er) pler,ea) | =1 —0.933  1.000  —0.986
plca,co) plea,c1)  plea,ca) 0.867 —0.986 1.000

The error of the scaling from one current value 74 = 1000 A to another cur-
rent value I'p = 2900 A is of interest. Including this, the formula for the error
propagation become slightly more complicated:

2 BBB BBAB 8BBB 8BAB
() - yoy (B ) (B iy
i=0 k=0 B} A
0B 4

1 K /0Bg
a2 (G-

1=0 k=0

dc;

0Ba BB> <8BB B,
8ck

B 8ck

BB> cov(i, k)

As a result, the following values are retrieved for the scaling factor « = Bg/Ba
This is done for each of the four permanent
probes at the different nominal current values:

and its error ¢,

= /s2(Bp/B.).

parameters | probe 101 | probe 102 | probe 103 | probe 105
(2600 A) | 2.57825 2.57825 2.58441 2.58107
90(2600 A) | 0.00025 0.00014 0.00037 0.00061
(2700 A) | 2.67608 2.67607 2.68260 2.67905
30(2700 A) | 0.00027 0.00015 0.00039 0.00066
(2900 A) | 2.87144 2.87142 2.87869 2.8472
0,(2900 A) | 0.00032 0.00017 0.00045 0.00076
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A.3 Measurement of Magnet Stability with the Per-
manent Probes

Four permanently installed probes monitor the temperature and the B-field values
over a longer period, which allows to correct precisely the temperature dependence
of the four probes, as it is shown in Figure A.5. Since these are the reference
probes for determining the scaling of the B-Field from ~700 G up to ~2000G a
good knowledge of this effect is required.
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Figure A.5: Temperature dependence of the B-field value for the four permanent probes.
A linear trend for each probe is visible which is corrected for by using the parameters of
the linear fit for each probe. The x-axes show the temperature in °C, the y-axes show the
measured magnetic field in G.
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A.4 Some Slices of the B-field Map

This section shows various slices of the B-field maps after corrections in all three
dimensions. In addition to the planes through the origin of the ND280 coordinate
system, the B-field values at the TPC readout planes and at the downstream end
of TPC 3 are shown.
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Figure A.6: B, (top left), B, (top right) and B, (bottom left) in the x=0-plane. The
colors indicate the B-field in G. Note that each plot has a different scale for the colors.
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Figure A.7: B, (top left), B, (top right) and B, (bottom left) in the y=0-plane. The
colors indicate the B-field in G. Note that each plot has a different scale for the colors.
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Figure A.8: B, (top left), By (top right) and B, (bottom left) in the z=0-plane. The
colors indicate the B-field in G. Note that each plot has a different scale for the colors.
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Figure A.9: B, (top left), B, (top right) and B, (bottom left) in the yz-plane where
x=912mm. This corresponds roughly to the position of one of the two readout planes
(x=900mm) of the TPCs. The colors indicate the B-field in G. Note that each plot has
a different scale for the colors.
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Figure A.10: B, (top left), B, (top right) and B, (bottom left) in the yz-plane where
z=2700mm. This corresponds to the most downstream position of TPC 3. The colors
indicate the B-field in G. Note that each plot has a different scale for the colors.
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