
Production of π0 mesons in νµ CC interactions in
the tracker part of the near detector of the T2K

experiment

Doctoral thesis by:

Marcela Batkiewicz

Advisor:

prof. Agnieszka Zalewska

Auxiliary advisor:

dr Tomasz W¡chaªa

H. Niewodnicza«ski Institute of Nuclear Physics

Polish Academy of Sciences

Department of Neutrino and Dark Matter Studies

Cracow, Poland

April 2016





Produkcja mezonów π0 w oddziaªywaniach νµ
CC w poddetektorze ±ladowym bliskiego

detektora eksperymentu T2K

Praca doktorska

Autor:

Marcela Batkiewicz

Promotor:

prof. dr hab. Agnieszka Zalewska

Promotor pomocniczy:

dr Tomasz W¡chaªa

Instytut Fizyki J¡drowej im. Henryka Niewodnicza«skiego

Polskiej Akademii Nauk

Zakªad Neutrin i Ciemnej Materii

Kraków

Kwiecie« 2016





Abstract

The analysis presented in this thesis concerns the inclusive νµ charged

current interactions with at least one neutral pion leaving the target nu-

cleus, (νµCCπ
0)incl.. The total �ux-averaged cross-section on the plastic

scintillator target (CH) was measured using the tracker and calorimeter

of the ND280 o�-axis near detector of the T2K experiment. The cross-

section determined based on 0.549×1021 POT (Protons On Target) real

data sample

〈σ〉data = (1.239± 0.034(stat)+0.235
−0.217(syst))× 10−39cm2/ nucleon

agrees within the errors with the value predicted by the NEUT generator

〈σ〉MC = (1.0522± 0.0028(stat))× 10−39cm2/ nucleon

based on 12.21× 1021 POT MC sample.

Streszczenie

Analiza przedstawiona w tej pracy doktorskiej dotyczy oddziaªywa«

neutrin mionowych przez wymian¦ pr¡dów naªadowanych z co najmniej

jednym pionem neutralnym w stanie ko«cowym, (νµCCπ
0)incl.. Caªkow-

ity, u±redniony po strumieniu przekrój czynny zostaª zmierzony przy

u»yciu poddetektora ±ladowego i kalorymetru pozaosiowego, bliskiego

detektora ND280 eksperymentu T2K. Przekrój czynny wyznaczony na

podstawie próbki danych zawieraj¡cej 0.549 × 1021 POT (protonów na

tarcz¦)

〈σ〉data = (1.239± 0.034(stat)+0.235
−0.217(syst))× 10−39cm2/ nucleon

zgadza si¦ w granicach bª¦du z warto±ci¡ przewidywan¡ w generatorze

NEUT

〈σ〉MC = (1.0522± 0.0028(stat))× 10−39cm2/ nucleon

dla próbki MC zawieraj¡cej 12.21× 1021 POT.
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Introduction

Neutrinos are very mysterious particles. After photons, they are the second

most abundant particles in the Universe. Despite the fact that there are so

many neutrinos, they are almost imperceptible. The average interaction length

of a neutrino from a neutron decay is of the order of a galaxy size and for a

1 GeV neutrino it is a million of Earth's diameter. The concept of neutrino

oscillations is well established and considered by many theorists as the �rst

phenomenon from beyond the Standard Model. CP violation in the lepton

sector, studied via neutrino oscillations, could provide an explanation for the

observed matter dominance in the Universe. There are also interesting non-

oscillation experiments searching for neutrinoless double beta decay, which

would give evidence that neutrinos are the only elementary fermions identical

with their own antiparticles. Such fermions are called Majorana particles.

Neutrino studies constitute an important and dynamic �eld of physics and

astrophysics, which has already been awarded two Nobel Prizes in this century

and the 2016 Breakthrough Prize in Fundamental Physics. However, it must

be noted that further measurements are not possible without a good knowl-

edge of neutrino interaction cross-sections, whose uncertainties are one of the

most signi�cant contributions to systematic errors. The goal of the analysis

presented in this thesis is to improve our knowledge about the reaction denoted

as (νµCCπ
0)incl..

The (νµCCπ
0)incl. reaction is de�ned as resulting from the muon neutrino

interaction with a nucleon of the target nucleus, mediated by the charge current

and characterized by a negative muon, at least one neutral pion and any other

particles in the reaction's �nal state (Fig. 1). The use of the de�nition of the

reaction based on particles leaving the nucleus, i.e. in the �nal state, makes

the results more model-independent and easier to interpret for theorists.

The presented analysis includes the measurement of the total �ux-averaged

(νµCCπ
0)incl. cross-section in the near ND280 detector of the T2K experiment.

Cross-section measurements for multi-pion (or more general multi-meson) neu-

trino interactions are almost non-existent in the literature [1,2]. This analysis

is the �rst inclusive measurement for this reaction. Two di�erent production

mechanisms contribute to the (νµCCπ
0)incl. reaction: single pion resonance

production and Deep Inelastic Scattering (DIS). Secondary interactions inside

the target nucleus, the Final State Interactions (FSI), additionally modify the
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νµ

µ−

π0
γγ

any number
of nucleons

any number
of other particles

nucleus

Figure 1: (νµCCπ
0)incl. reaction de�nition.

multiplicity, types and momenta of produced particles. Thus, this analysis

will help to tune better those aspects of the Monte Carlo (MC) generators

that describe neutrino interactions.

This thesis is composed of six chapters. The �rst chapter serves as an

introduction to the neutrino-nucleus interaction model involving the nuclear

model, neutrino primary interactions and secondary interactions in the target

nucleus. The second chapter succinctly describes the T2K experiment. The

software and data samples used in this analysis are introduced in Chapter 3.

The next three chapters contain the (νµCCπ
0)incl. analysis results. Chapter 4

describes the selection criteria of the signal events in the tracker part of the

ND280 detector. The total �ux-averaged cross-section calculation is presented

in Chapter 5. Chapter 6 delineates the systematic errors related to the neutrino

�ux, MC interaction model and detector response. The paper concludes with a

short summary of the (νµCCπ
0)incl. analysis results and the outlook on further

analysis.
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Chapter 1

Neutrino physics

1.1 Neutrinos in the Standard Model

Figure 1.1: Elementary particles of matter and gauge bosons [3].

For more than 40 years the Standard Model (SM) has been the best model

describing the structure of matter, and allowing to predict many phenomena

in particle physics. The Standard Model predictions agree with almost all

observations. SM assumes that matter consists of elementary particles with

spin 1/2 (called fermions) and the interactions between them are mediated by

11



the particles with integer spins (called bosons) (Fig. 1.1).

There are four fundamental interactions:

• gravitational � negligible in particle physics,

• electromagnetic � mediated by photons (γ),

• strong � mediated by eight gluons, e.g. responsible for con�ning quarks

into hadrons, such as protons and neutrons,

• weak � mediated by massive bosonsW± of mass about 80 GeV and Z0 of

mass about 91 GeV; it is a short range and a relatively weak interaction.

Fermions are divided into two groups: quarks, which undergo all interac-

tions, strong, weak and electromagnetic, and leptons, which do not participate

in strong interactions. There are six types of quarks belonging to three gen-

erations, which are also called families. In each generation there is a pair of

quarks, one with electric charge +2
3
e and one with −1

3
e. Protons and neu-

trons which are composed of three light quarks (up and down quarks) make

up ordinary nuclear matter. Leptons also belong to three generations. In each

family there is one charged lepton (with charge −1e) and one neutral lepton

(neutrino) corresponding to the charged lepton. The lightest charged lepton is

an electron (e) and it is accompanied by electron neutrino (νe). Heavier and

unstable charged leptons are muon (µ) and taon (τ) and the corresponding

neutral leptons are muon neutrino (νµ) and taon neutrino (ντ ), respectively.

Additionally, each elementary particle has its antiparticle with the same mass

but opposite charge, and other quantum numbers according to the CPT the-

orem.

Neutrinos, as neutral leptons, are a�ected only by the weak force, therefore

they penetrate matter unimpeded and are di�cult to detect. Since the �rst

detected neutrino interaction in 1956 [4], our knowledge about these mysterious

particles has been gradually growing, but there are still some open questions

to be answered.

1.2 Neutrino oscillations

Neutrino oscillations is a quantum-mechanical phenomenon in which neutrinos

change their �avour from one to another while propagating in space. This
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results from the fact that the neutrino �avour eigenstates (νe, νµ, ντ ) are linear

combinations of mass eigenstates (ν1, ν2, ν3) and their masses (m1,m2,m3) are

di�erent from each other. This means that at least two of the neutrino mass

values are non-zero.

The relation between �avour and mass eigenstates is given by the Pontecorvo-

Maki-Nakagawa-Sakata (PMNS) unitary mixing matrix U : νe
νµ
ντ

 = U

 ν1
ν2
ν3

 (1.1)

The U matrix can be parametrized by three real numbers called mixing angles

(θ12, θ13, θ23) and one1 imaginary phase (δCP ) responsible for CP asymmetry

in the lepton sector:

U =

 1 0 0

0 c23 s23
0 −s23 c23


︸ ︷︷ ︸

atmosferic neutrino oscillation

 c13 0 s13e
−iδ

0 1 0

−s13eiδ 0 c13


 c12 s12 0

−s12 c12 0

0 0 1


︸ ︷︷ ︸
solar neutrino oscillation

(1.2)

where cij = cos θij, sij = sin θij and δ = δCP .

The last two independent parameters describing the probabilities for neu-

trino oscillations are the di�erences in neutrino mass values: ∆m2
21 = m2

2−m2
1

and ∆m2
32 = m2

3 −m2
2.

The current values of the oscillation parameters [2] are as follows:

sin2 2θ12 = 0.857± 0.024

sin2 2θ23 = > 0.95

sin2 2θ13 = 0.095± 0.010 (1.3)

∆m2
21 = (7.50± 0.20)× 10−5 eV 2

|∆m2
32| = (2.32+0.12

−0.08)× 10−3 eV 2

δCP = ?

The questions in neutrino oscillations still waiting for the answer are:

• the value of δCP ,

1There is one imaginary CP phase if neutrinos are Dirac particles and additional two if

they are Majorana particles. Oscillations are not sensitive to the Majorana phases.
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• the sign of ∆m2
32, which de�nes the neutrino mass hierarchy: m1 < m2 <

m3 for Normal Hierarchy (NH) or m3 < m1 < m2 for Inverted Hierarchy

(IH),

• the octant of the θ23 angle (θ23 ≤ 45◦ or θ23 ≥ 45◦).

The large di�erence between ∆m2
21 and ∆m2

32 makes it possible to use the

two-�avour approximation for the so called atmospheric and solar neutrino os-

cillations, i.e. to take only part of matrix U into account and use the simpli�ed

oscillation formula:

P (να → νβ) ≈ sin2 2θ sin2

(
1.267

∆m2L

E

GeV

eV 2km

)
, (1.4)

where

• P (να → νβ) � probability that the neutrino produced with �avour α will

be observed as the neutrino of a di�erent �avour β,

• θ � mixing angle (θ23 for atmospheric and θ12 for solar neutrino oscilla-

tion),

• ∆m2 � mass square di�erence in eV 2 (m2
23 for atmospheric and m2

12 for

solar neutrino oscillation),

• L � distance travelled by the neutrino in km,

• E � energy of the neutrino in GeV .

Neutrino oscillation studies entered an era of precision measurements, which

requires a very good knowledge of neutrino interactions and neutrino �uxes.

This is why oscillation studies with atmospheric (solar) measurements have

been almost entirely replaced with studies of the arti�cially produced acceler-

ator (reactor) neutrinos.

The analysis presented in this thesis is based on the accelerator neutrino

beam produced in the J-PARC (Japan Proton Accelerator Research Complex)

in Japan.
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1.3 Neutrino interactions

Knowledge of neutrino cross-sections is crucial for precise measurements in

oscillation experiments, as it is one of the main sources of systematic errors.

Figure 1.2 depicts the compilation of neutrino and antineutrino cross-section

measurements. For intermediate energies (0.1-20 GeV) multiple processes play

an important role and the available measurements are not su�cient. This issue

is even more complex, because the nucleons undergoing neutrino interactions

are usually parts of nucleus, which means that they are not at rest, but have

a non-zero momentum which must be taken into account. A neutrino primary

interaction can happen on an entire nucleus, on a single nucleon bound in

a nuclear potential, or on a parton. This requires a good nuclear model,

which describes the behaviour of a single nucleon in a nucleus and quantum

chromodynamics to describe the nucleon structure. Subsequently, the products

of the neutrino primary interactions on a nucleon or parton are propagated

through nuclear medium, where they can interact with other nucleons before

leaving the target nucleus. These are the so called Final State Interactions

(FSI). All that causes modi�cations in neutrino interaction cross-sections and

changes in the types, multiplicity and momenta of the observed particles. In

the following subsections the neutrino interactions will be described in more

detail. Antineutrinos undergo analogical processes.

1.3.1 Nuclear models

Nucleons inside nuclei are not free particles. They are bound in the nuclear

potential and can interact with each other. More or less sophisticated models

of this phenomenon are implemented in neutrino event generators.

The simplest one, the Fermi Gas (FG) model [5] illustrated in Fig. 1.3,

assumes that the nucleons are in an average nuclear potential and are inde-

pendent of each other, except for the Pauli exclusion principle2. The nuclear

potential is assumed to be a rectangular well, deeper for neutrons than for

protons, which is due to the protons' electromagnetic repulsion. The protons

and neutrons in such a well occupy discrete energy levels up to the Fermi

energy, which actually can happen only in the temperature of absolute zero.

2The Pauli exclusion principle states that in a nucleus two identical fermions cannot

occupy the same quantum state simultaneously.
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(a)

(b)

Figure 1.2: Total (solid line) neutrino (a) and antineutrino (b) Charged Current (CC)

cross-section per nucleon divided by (anti)neutrino energy as a function of this energy [1].

Contributions from CC Quasi-Elastic (CCQE � dashed), Resonance production (RES � dot-

dash) and Deep Inelastic Scattering (DIS � dotted) are also shown. Description of these

processes is in further part of this section.
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The most natural extension of this model is the Relativistic Fermi Gas (RFG)

model that uses relativistic formulas in kinematic equations.

Figure 1.3: Nuclear potential for protons and neutrons in the Fermi Gas Model [5]. The

neutron potential results from the strong interaction between the neutron and the nucleus.

The proton potential is a combination of the attractive strong potential and repulsive elec-

tromagnetic potential of the nucleus. EpF is the protons' Fermi energy; EnF is the neutrons'

Fermi energy; B′ is their binding energy, i.e. it is the energy needed to separate the nucleon

from the nucleus.

The most popular among nuclear models is the Spectral Function (SF)

model [6, 7]. The SF model determines momentum probability density taking

into account the nuclear shell structure model and incorporating short-range

correlations between nucleons based on an advanced many-body approach.

The probability distribution of the nucleon momentum for both models is

shown in Figure 1.4. The SF model predicts the occurrence of nucleons with

momenta much higher than the Fermi momentum. An additional consequence

is the existence of interactions with two knocked-out nucleons for a neutrino

interaction with one nucleon from a strongly correlated pair. The nucleons in

such pairs have high relative momenta, which allow also the spectator nucleon

to leave the nucleus. Spectral functions for particular nuclei are obtained from

electron scattering measurements.

Both the RFG and SF introduced nuclear models indicate that nucleons,

as parts of the nucleus, are not at rest, but have non-zero momenta, and this

fact has a signi�cant in�uence on the neutrino interaction cross-sections and

momenta of the produced particles.

17



Figure 1.4: Probability distribution of nucleon momentum in oxygen calculated from the

Spectral Function model (red) and from the Relativistic Fermi Gas model (green) [7].

1.3.2 Neutrino primary interactions

There are several types of neutrino interactions depending on the products

of the interaction and the way they are produced. The neutrino interactions

can be divided with respect to the exchanged boson. A neutrino exchanging

the Z0 boson undergoes the so called Neutral Current (NC) interaction and

remains in the �nal state. TheW± boson is exchanged in the so called Charged

Current (CC) neutrino interaction. In such an interaction the neutrino changes

into a charged lepton from the same family as the neutrino. The NC and CC

interactions are further divided in the following way [1,8]:

• In the Neutral Current Elastic (NCE) and Charged Current Quasi-Elastic

(CCQE) interactions the neutrino scatters on an entire nucleon, which

is usually knocked out of the target nucleus:

ν +N → ν +N (NCE)

νl + n→ l− + p (CCQE),
(1.5)

where N denotes a proton or neutron. The CCQE reaction is particu-

larly important in the neutrino oscillation analyses, because within this

reaction one can reconstruct the neutrino type and energy Eν (Eq. 2.1).

For muon neutrinos, CCQE dominates for Eν below 1 GeV. According to

18



the Llewellyn-Smith formalism [9], the cross-section depends on the vec-

tor and axial form factors. The vector form factor is obtained from the

electron scattering measurements. The axial form factor FA is assumed

to have a dipole form:

FA(Q2) =
gA

(1 +Q2/M2
A)

2 , (1.6)

where Q2 is a square of the four-momentum transfer, gA is an empir-

ical parameter measured in beta decay and MA is the only unknown

parameter called the axial mass. In NCE interactions [1, 10] additional

coupling factors and the contribution from strange quarks must be taken

into account.

• In the NC and CC Resonance production (RES) the neutrino excites

the nucleon to a baryonic resonance, usually ∆ (1232). The resonance

decays back to a nucleon, which is most often accompanied by a single

pion:

ν + p → ν + p+ π0

ν + p → ν + n+ π+

ν + n → ν + n+ π0

ν + n → ν + p+ π− (1.7)

νl + p → l− + p+ π+

νl + n → l− + p+ π0

νl + n → l− + n+ π+

Higher resonances can also be produced and decay into a single pion, mul-

tiple pions, kaon, eta meson or photon. The most common description of

a single pion production through baryon resonances is the Rein-Sehgal

model [11]. In this model 18 resonances with masses below 2 GeV are

considered together with the possible interferences between them and a

simple non-resonant background of isospin 1/2.

• The Deep Inelastic Scattering (DIS) is possible at higher energies for

which the neutrino can resolve the internal structure of a nucleon and

interact with individual partons. The struck nucleon is broken up. Its

fragments hadronise and form a jet of hadrons, which are in a great part
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pions:

ν + A→ ν +X

νl + A→ l− +X,
(1.8)

where A denotes the target nucleus and X denotes hadronic jet. There-

fore, DIS interactions are characterized by higher energies and usually

higher multiplicities of the produced particles. DIS dominates for neu-

trino energies above 10 GeV and then grows linearly with the neutrino

energy.

• In Coherent pion production (COH) the neutrino scatters on the entire

nucleus, producing a single pion:

ν + A→ ν + A+ π0

νl + A→ l− + A+ π+.
(1.9)

In the COH interactions the nucleus remains in the ground state and

the pion is produced at a small angle with respect to the incident neu-

trino direction. The NC COH reaction can be especially dangerous in

the oscillation analyses, because π0 can mimic an electron from electron

neutrino interaction.

• In the multinucleon interactions the neutrino interacts with more than

one nucleon, which are usually ejected out of the target nucleus. These

interactions increase the total neutrino cross-section and can be respon-

sible for the excess of the real data events identi�ed as CCQE in the

MiniBooNE experiment, because nucleons are usually below a recon-

struction threshold [12�15]. This type of interactions is dominated by

Meson Exchange Current (MEC) mechanism, in which a neutrino inter-

acts with two nucleons simultaneously and a virtual meson is exchanged

between the nucleons.

1.3.3 FSI interactions

The products of the neutrino primary interaction can reinteract inside the

target nucleus. These are the so called Final State Interactions (FSI). At

low neutrino energies, for π mesons, which are the most frequently produced

particles in the primary interactions, the most common FSI are: the elastic
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scattering (π + N → π + N), pion absorption (π + N → N ′) and charge

exchange reactions (π+ + n ↔ π0 + p, π− + p ↔ π0 + n). Consequently, the

multiplicity, types and energies of particles produced directly in the neutrino

primary interaction can signi�cantly di�er from those leaving the nucleus.

Examples of the primary νµ interactions, classi�ed as belonging to the

(νµCCπ
0)incl. reaction, studied in this thesis, are given in Figure 1.5. For the

νµCCµ
−π0p reaction in Fig. 1.5(a) the neutrino exchanges theW+ boson with

a neutron and changes into a negative muon. The neutron turns into ∆+

resonance, which decays into a proton and a π0. A neutral pion, accompanied

or not by other particles, can also be produced directly in the non-resonant or

DIS interactions, which are illustrated in Fig. 1.5(b) and 1.5(c), respectively.

ν
μ μ-

n

W+

π0

p

Δ+

(a)

ν
μ μ-

n

W+

π0

p

(b)

ν
μ μ-

p

W+
π0

p

π0

π+

(c)

Figure 1.5: Examples of the (νµCCπ
0)incl. reaction on a single nucleon. The plot (a) depicts

resonance νµCCµ
−π0p reaction, plot (b) � non resonance νµCCµ

−π0p reaction, and plot

(c) � DIS νµCCµ
−2π0π+p reaction.

The impact of FSI on the (νµCCπ
0)incl. interaction is illustrated in Fig-

ure 1.6. Figures 1.6(a) and 1.6(b) depict two reactions with the same set

of particles after FSI (µ−, π0, p, 2n), but corresponding to di�erent types of

the neutrino primary interactions. In the �rst case π0 is produced in the

primary νµCCµ
−π0p reaction. In the second one, the primary interaction is

νµCCµ
−π+n, but π+ undergoes charge exchange and π0 leaves the nucleus.

Two other plots, 1.6(c) and 1.6(d), show the situation where in the neutrino

primary reaction a neutral pion is produced, but π0 does not leave the nucleus

because of charge exchange. Such reactions are classi�ed as a signal for the

de�nition based on the neutrino primary interaction products, but they will

fall into a background category if the reaction de�nitions are based on particles

leaving the target nucleus.
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Figure 1.6: Illustration of the impact of FSI on the (νµCCπ
0)incl. reaction. The plot (a)

shows primary νµCCµ
−π0p reaction classi�ed as the (νµCCπ

0)incl. reaction, the plot (b)

� primary νµCCµ
−π+n reaction classi�ed as the (νµCCπ

0)incl. reaction, the plots (c) and

(d) � primary νµCCµ
−π0p reaction classi�ed as the background: νµCC1π+ and νµCC1π−

respectively.
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1.3.4 Reaction de�nitions

Because of FSI, the de�nition of the reaction types requires further speci�ca-

tion. We can consider either products of the neutrino primary interaction or

particles after FSI. In this thesis, if not stated otherwise, all reaction de�ni-

tions are based on particles leaving the nucleus, because they can be observed

in the detector. All the considered reaction types are listed in Table 1.1. It

was also decided that the type and number of nucleons would not be consid-

ered, so in the reaction de�nitions the term nucleons means 0, 1, 2 or more

nucleons. It should be noted that the signal reaction (νµCCπ
0)incl. consists of

two sub-reactions, νµCC1π0 and νµCCπ
0 +X, de�ned in the Table.

The analysis presented in this thesis is the �rst measurement of the (νµCCπ
0)incl.

interaction cross-section and with higher data statistics it should help to test

physics models of Resonance production (RES), DIS and FSI.
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Chapter 2

T2K experiment

Figure 2.1: Overview of the T2K experiment.

The T2K (Tokai to Kamioka) experiment [16,17] (Fig. 2.1) is a long base-

line neutrino oscillation experiment, performed in Japan by an international

collaboration of approximately 500 people from 59 institutions in 11 countries.

The muon neutrino and the muon antineutrino beams are produced in the

Japan Proton Accelerator Research Complex (J-PARC) in Tokai village on

the Japanese east coast. After travelling 280 m, yet before the oscillations

occur, the beam goes through the complex of two detectors [18, 19], INGRID

(Interactive Neutrino GRID) and ND280 (Near Detector at 280 m) [20]. After

passing another 295 km to the west the neutrino beam crosses the far detec-

tor, Super-Kamiokande (SK) [21], in Kamioka. The INGRID near detector is
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placed on the beam axis, while the ND280 near detector and the SK detector

are located 2.5◦ away from the neutrino beam axis. The scienti�c goals of this

experiment are: the measurement of the disappearance of (anti)muon neutri-

nos, appearance of electron (anti)neutrinos in the muon (anti)neutrino beam,

neutrino-nucleus cross-section measurements, search for sterile neutrinos and,

in the longer term, investigation of the CP violation in the neutrino sector.

The neutrino beam production, the near detectors and the far detector are

shortly described below.

2.1 Neutrino beam

Figure 2.2: Overview of the T2K neutrino beamline and near detectors [22].

The T2K neutrino beam is produced at J-PARC in Tokai village on the

east coast of Japan. The scheme of the T2K neutrino beamline is presented in

Figure 2.2. First, the protons are propelled to 30 GeV by the system of accel-

erators. Every 2.5 to 3.5 seconds, depending on the run period, the protons are

extracted as a spill and hit a graphite target. The spill width is 5.5 µs and it

contains 8 bunches (6 by June 2010), each 58 ns wide. The particles produced

in the collisions with the target are mainly pions (∼ 90%) and kaons (∼ 10%).

In order to produce the νµ beam, three magnetic horns focus positive particles

and direct them to a decay tunnel, where positively charged mesons decay

mainly into positively charged muons and muon neutrinos. It is also possi-

ble to reverse the current in the horns to focus negative particles and get the

muon antineutrino beam. The remaining particles, except for neutrinos, are

stopped by the beam dump and in the surrounding ground. The unimpeded

beam of neutrinos travels farther through the set of near detectors (INGRID

and ND280) and then the far detector Super-Kamiokande.

An important feature of the T2K experiment is the use of an o�-axis beam.

Such a beam has a narrower energy spectrum and the peak energy tuned
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to maximise the νµ disappearance and νe appearance probabilities at the far

detector (Fig. 2.3(a)). The o�-axis con�guration also helps to reduce the high

energy background and decrease the νe contribution. The energy spectra of

di�erent types of neutrinos at the ND280 detector are shown in Figure 2.3(b).

(a) (b)

Figure 2.3: (a) T2K neutrino beam energy spectrum at di�erent angles and muon neutrino

survival probability [23] and (b) the predicted neutrino �ux at the ND280 detector for νµ
signal and νe, νµ and νe backgrounds [24].

2.2 Near detectors

The set of two near detectors is located 280 m away from the graphite target.

The INGRID detector is centered on the neutrino beam axis. The ND280

detector is positioned 2.5◦ o� the beam axis on its way to the far detector.

Figure 2.4 presents a relative location of the two near detectors in the detector

shaft.

2.2.1 On-axis near detector INGRID

The INGRID detector is located at the centre of the neutrino beam. INGRID

consists of 16 identical modules composed of iron and plastic scintillator layers.

The con�guration of the modules is shown in Figure 2.5: 7+7 modules form a

�cross� and two extra modules are placed outside the cross. The neutrino beam
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Figure 2.4: Overview of the T2K near detector complex.

axis goes through the centre of the cross. An additional module, consisting of

scintillator layers only, is placed at the beam centre, between the vertical and

horizontal modules.

1.5m 

~10m 

~10m 

X 

Y 

Beam center 

Z 

Figure 2.5: INGRID detector scheme.

The energy spectrum of the o�-axis beam changes depending on the o�-

axis angle. Therefore, the main goal of the INGRID detector is the day-to-day

monitoring of beam position, direction and intensity. INGRID also measures

the neutrino cross-sections on iron and carbon at the energies higher than the
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o�-axis beam energy, taking an advantage of a higher intensity of the on-axis

neutrino beam.

2.2.2 O�-axis near detector ND280

Figure 2.6: ND280 detector scheme.

The ND280 detector, positioned 2.5◦ away from the beam axis, is a mag-

netised detector consisting of a number of specialised subdetectors, con�gured

as it is shown in Fig. 2.6. The Pi-Zero Detector (P0D) and the tracker form

the so called basket, i.e. the inner part of the ND280 detector. P0D [25]

consists of a plastic scitillator, lead and water layers and is optimised for the

reconstruction of neutral pions from the NC interactions. The tracker con-

sists of three Time Projection Chambers (TPCs) [26] and two Fine Grained

Detectors (FGDs) [27] in between them. FGD1, placed more upstream the

neutrino beam, is entirely built of plastic scintillator. In FGD2 the scintillator

layers are sandwiched with water layers. FGDs serve as a target for neutrino

interactions and allow the reconstruction of the neutrino vertex position and

short range particles leaving it. TPCs are �lled with a mixture of gases, whose

main component is argon (95%), and precisely reconstruct the charges, mo-
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menta and directions of charged particles. The tracker is optimised towards

the selection of the CC neutrino interactions. The basket part is surrounded

by a set of three Electromagnetic Calorimeters (ECals) [28]. The calorimeter

around P0D is called P0DECal or PECal and, together with the calorimeter

around the tracker (TECal), it composes the Barrel Electromagnetic Calorime-

ter (BrECal). The Downstream Electromagnetic Calorimeter (DsECal) is per-

pendicular to the neutrino beam and adheres to the most downstream TPC

(TPC3). All calorimeters consist of plastic scintillator layers sandwiched with

lead. PECal has 4.5 radiation lenghts, TECal � 10.5 and DsECal � 11. TECal

and DsECal are essential in the reconstruction of neutral pion decay products

leaving the tracker region. BrECal is surrounded by a magnet generating a

homogeneous magnetic �eld of 0.2 T. The magnet is instrumented with scin-

tillators to measure muon tracks at large angles � Side Muon Range Detector

(SMRD) [29]. The coordinate system used in the ND280 geometry is dex-

trorotary with the Z axis parallel to the neutrino beam direction and the Y

axis pointing upwards. This system is used in each plot containing spatial

coordinates or angles.

ND280 is designed to measure the neutrino cross-sections on di�erent nu-

clear targets, as well as to determine the o�-axis neutrino �ux and �avour

composition at the 2.5◦ angle. These measurements signi�cantly reduce sys-

tematic errors in the oscillation analysis. Because of the ND280 constraints,

the e�ect of the total systematic error on the predicted event rate in the far de-

tector decreases from 23.5% to 7.7% for νµ CC events and from 26.8% to 6.8%

for νe CC events [30]. Figure 2.7 depicts the total systematic error envelopes

for the energy distributions of these events.

The analysis described in this thesis focuses on the events corresponding to

the (νµCCπ
0)incl. reaction with the neutrino interaction vertex in the FGD1

Fiducial Volume (FV), de�ned later in Table 4.2 and shown in Fig. 4.3, with the

produced particles traversing the tracker section of the ND280 near detector

and the surrounding calorimeters. An example of the νµCCµ
−π0p event in the

ND280 tracker is shown in Figure 2.8. The neutrino interacts with a nucleus

inside the FGD1 and produces µ−, p and π0. The negative muon, which is

usually the highest momentum particle, leaves the long track starting at the

vertex. As the particle crosses the TPC, it is possible to measure its charge

and momentum from the track curvature and to identify it through its energy

deposit per unit distance (dE/dx). The neutral pion decays immediately at the
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(a) (b)

Figure 2.7: Total systematic error envelopes for the reconstructed energy distributions of

νµ CC (a) and νe CC (b) candidate events in the far detector, with and without the ND280

constraint [30].

vertex into two photons. The photon, converting in one of the FGD detectors or

in the TPC outer structure, produces an electron-positron pair, which may be

observed in the TPC. If the conversion occurs inside the ECal, it manifests itself

there as a shower. In the (νµCCπ
0)incl. reaction µ

− and π0 can be accompanied

by any number of nucleons and other particles (mainly charged pions), but the

selection performed in this analysis is not oriented towards them.
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Figure 2.8: Example of the νµCCµ
−π0p reaction visualised in the ND280 detector.
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The analysis relies on the information from the TPC, FGD, TECal and

DsECal. Therefore, the reconstruction in these sub-detectors will be described

more in detail [31].

1. The role of the TPC detectors is to measure the charge, momentum

and energy loss of charged particles. It is the most accurate tracking

sub-detector and the track reconstruction starts here. Firstly, the hits

overlapping in time and consecutive in space in the same row (for hori-

zontal track with θ < 550) or in the same column (for vertical track with

θ > 550) are combined into nodes. Then, the nodes are joined together

into tracks by a pattern recognition algorithm.

2. The FGD detectors serve as a target for neutrino interactions. They are

also intended to register products of these interactions near the vertex. If

the particle reaches the TPC, the TPC track is matched with FGD hits.

The FGD hits without continuation in the TPC are matched together

by a di�erent algorithm.

3. One of TECal and DsECal functions is to register particles leaving the

tracker region, which in a large part are photons from π0 decays. The re-

construction in the ECal starts from joining hits into 2D clusters. Then,

the 2D clusters are matched into 3D objects. Based on their shape and

charge distribution, it is decided if these objects are track-like or shower-

like.

4. In the end, the objects reconstructed in each of the sub-detectors are

matched together and re�tted by the global reconstruction of the ND280

detector.

2.3 Far detector Super-Kamiokande

The Super-Kamiokande (SK) detector [21] is a 50 kton water Cherenkov de-

tector located 1000 m underground in the Mozumi mine (Fig. 2.9). It is instru-

mented with approximately 13000 photomultipliers to register charged parti-

cles from the neutrino and antineutrino interactions with water.

The particle identi�cation is based on the shape of the Cherenkov light

rings: sharp for muons and more fuzzy for electrons (Fig. 2.10). The detector
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Figure 2.9: Super-Kamiokande detector scheme [32].

has no magnetic �eld, therefore it cannot distinguish particles from antiparti-

cles. The ring analysis provides the information about the particle directions

and energies. T2K studies neutrinos from the beam, for which the direction

of the incoming neutrino is known, so the angle between the neutrino and the

produced lepton can be easily calculated.

(a) (b)

Figure 2.10: Electron-like (a) and muon-like (b) events in the SK detector [32].

For the CC interactions the neutrino �avour can be reconstructed, and for

the CCQE interaction also the neutrino energy Eν can be determined from the

formula:

Eν =
ElmN −m2

l /2

mN − El + pl cos θl
, (2.1)
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where

• mN � nucleon mass (proton and neutron masses are approximately the

same),

• ml � lepton mass,

• El � lepton energy,

• pl � lepton momentum,

• θl � angle between the incoming neutrino and the produced lepton.

Information about the types and energy distribution of the neutrinos in the

far detector is crucial in the oscillation analyses.

2.4 Main physics results

The T2K experiment is a world leading neutrino experiment, which has already

delivered many important physics results. The most prominent of them are:

• First direct observation of the νµ → νe oscillations at the level of 7.3σ.

For the sample of 6.57× 1020 POT the number of the expected νe back-

ground events in the case of no oscillation was 4.92 ± 0.55, and the

measured number of events was 28 [30].

• The world's best measurement of the θ23 mixing angle. It was measured

based on the di�erence between a measured muon neutrino spectrum and

expectation for no oscillation hypothesis (see Fig. 2.11). The 68% con�-

dence level (C.L.) on sin2 θ23 is 0.514+0.055
−0.56 for NH and 0.511± 0.055 for

IH [33]. The comparison of the results from T2K and other experiments

is illustrated in Figure 2.12.

• First hint of the non zero δCP value. As shown in Fig. 2.13, combination

of the T2K and reactor experiments measurements indicates the maximal

CP violation with δCP = −π/2 [30]. However, more antineutrino beam

data are needed to obtain statistically signi�cant result.

Apart from the oscillation analyses, T2K has already provided seven publi-

cations concerning cross-section measurements of muon and electron neutrinos
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Figure 2.11: Reconstructed muon neutrino energy spectrum in the far detector for data,

best-�t prediction and prediction for no oscillation (top) and the ratio to the prediction for

no oscillation (bottom) [30].

Figure 2.12: T2K 68% and 90% C.L. regions for sin2 θ23 and ∆m2
32 (NH) or ∆m2

13 (IH).

The SK and MINOS 90% C.L. regions for NH are shown for comparison [33].
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Figure 2.13: Credible regions for sin2 θ13 and δCP for the T2K-only and T2K + reactor

combined analyses for both hierarchies [30].

on a range of nuclear targets, such as: hydrocarbon, water and iron. A num-

ber of further cross-section publications is in preparation. For the analysis

presented in this thesis the most important result is the total �ux-averaged

cross-section of the inclusive νµCC interaction [34], which equals

〈σ〉CC = (6.91± 0.13(stat)± 0.84(sys))× 10−39 cm2/nucleon (2.2)

for an average neutrino energy of 0.85 GeV.
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Chapter 3

Software tools and data samples

3.1 Software tools

The ND280 software, including the reconstruction and analysis programmes,

has been continuously developed in order to improve reconstruction algorithms,

physics models, as well as analysis tools. Regularly, after signi�cant changes

are made, the entire real data and Monte Carlo (MC) samples are processed

with a new software version and the corresponding new production identi�ed

by the subsequent numbers (e.g. production 1, 2, etc.). If it appears that the

new production software has bugs, they are �xed immediately and the data

is re-processed once more with the new re-spin of the latest software. This

corresponds to the new re-spin of the production identi�ed by the subsequent

letters (e.g. production 6A, 6B, etc.)

The real data and Monte Carlo samples used in the analysis presented in

this thesis correspond to production 6B and have been processed by the version

v11r31 of the ND280 software1. The following software tools have been used

in this analysis:

• v1r9p3 version of nd280AnalysisTools package2 � a set of routines which

serve to read the real data and MC input �les dedicated to physics anal-

yses.

1http://www.hep.lancs.ac.uk/nd280Doc/devel/invariant/nd280Doc/workbook/

Workbook.html � T2K Intranet.
2http://www.hep.lancs.ac.uk/nd280Doc/stable/invariant/nd280AnalysisTools/

� T2K Intranet.

37

http://www.hep.lancs.ac.uk/nd280Doc/devel/invariant/nd280Doc/workbook/Workbook.html
http://www.hep.lancs.ac.uk/nd280Doc/devel/invariant/nd280Doc/workbook/Workbook.html
http://www.hep.lancs.ac.uk/nd280Doc/stable/invariant/nd280AnalysisTools/


• v0r31 version of highland tools3 � a set of packages for HIGH-Level Anal-

ysis in the ND280 detector (highland). The core of the package contains

basic tools and classes which facilitate the process of building event se-

lections and data analysis. highland also includes several sub-packages

for the o�cial ND280 physics analyses, such as: νµCC analysis, νeCC

analysis, etc.

• v0r27 version of highland/numuCCAnalysis package4 � one of highland

sub-packages for the νµCC analysis. It contains a set of cuts for selecting

events corresponding to the inclusive νµCC reaction with the vertex in

FGD1 FV. The package also allows the relevant detector systematics to

be estimated.

• v2015r1p1 version of T2KReWeight package5 � a uni�ed interface for

external reweighting libraries from di�erent generators, such us GENIE

or NEUT.

The �rst stage of the MC data production is a simulation of neutrino in-

teractions with a target material using neutrino generators. Then, the passage

of produced particles through the detector matter is simulated by a commonly

used program Geant4 [35, 36]. The detector electronics response and further

reconstruction is handled by proper packages of the ND280 software. The

neutrino generators used in T2K are:

• The NEUT generator [37, 38] was developed to study atmospheric neu-

trinos and nucleon decay in the Kamiokande experiment. Then, it has

been used in the Super-Kamiokande [21] and K2K [39] experiments. It

has been further developed over the past years and now it is the o�cial

neutrino generator of the T2K experiment.

The NEUT generator simulates neutrino interactions with a nucleon and

nucleus in a wide range of neutrino energies from several tens of MeV to

hundreds of TeV on various target materials, such as hydrogen, oxygen,

carbon, argon and iron. Nucleons in a target nucleus are described using

3http://www.hep.lancs.ac.uk/nd280Doc/devel/invariant/highLevelAnalysis/ �

T2K Intranet.
4http://www.hep.lancs.ac.uk/nd280Doc/devel/invariant/numuCCAnalysis/

numuCCAnalysis.html � T2K Intranet.
5http://www.t2k.org/asg/oagroup/tool/t2kreweight � T2K Intranet.
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the RFG model by Smith and Moniz [40]. Neutrino primary interactions

cross-sections are calculated using Llewellyn-Smith model [9] for CCQE

interactions, Rein Sehgal model [11] for single pion production, coherent

pion production mechanism by Rein-Sehgal described in [41�43], and for

DIS the nucleon structure functions are taken from the parton distri-

bution function GRV98 [44] with Bodek-Yang corrections [45]. FSI are

simulated using the intranuclear cascade model. Possible meson inter-

actions [46�52] are: elastic scattering, charge exchange, absorption and

production of an additional pion. Nucleons [53, 54] can undergo elastic

scattering or ∆ production, which results in pion production. First, each

hadron is moved by a unit length starting from the generation point.

Then, based on interactions probabilities, it is determined if any of the

above processes happened. If no such process takes place, the particle is

moved again. This procedure is repeated until an interaction occurs or

the hadron leaves the target nucleus.

• GENIE [55,56] (Generates Events for Neutrino Interaction Experiments)

is designed as a universal neutrino generator developed by an interna-

tional collaboration of neutrino interaction experts and is used by many

experiments. In T2K it is used as a complementary neutrino generator.

Its results have been compared with the NEUT predictions.

The GENIE neutrino interaction physics model covers the neutrino en-

ergy range from several MeV to several hundreds of GeV. It is able to

simulate interactions of any neutrino �avour and any type of target nu-

cleus. The nuclear model used by GENIE is the Bodek and Ritchie

RFG model with short range nucleon-nucleon correlations included [57].

The GENIE generator incorporates a large variety of possible neutrino-

nucleus processes, which can happen on the entire target nucleus, indi-

vidual nucleons and quarks contained in the nucleons, as well as atomic

electrons. These processes are: the CCQE interactions modelled us-

ing the Llewellyn-Smith formalism [9], NCE described by Ahrens et al.

in [58], baryon resonance production by the Rein-Sehgal model with the

Feynmann-Kislinger-Ravndal model of baryon resonances [11,59], coher-

ent pion production by the Rein-Sehgal model [41,43], non-resonance in-

elastic scattering by the Bodek-Yang model [60, 61], quasi-elastic charm

production [62,63], DIS charm production [64�67], inclusive inverse muon
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decay [68] and neutrino electron elastic scattering [69]. Similarly as it is

done in the NEUT generator, the FSI interactions are simulated using

the intranuclear cascade model described in [70].

• NuWro [71,72] (Wrocªaw Neutrino Event Generator) is an event genera-

tor which has been developed by the Wrocªaw Neutrino Group [73]. It is

used in T2K to test new theoretical models before they are implemented

in the NEUT generator.

NuWro can be applied to the simulation of neutrino interactions for neu-

trino energies from 100 MeV up to TeV. There are multiple nuclear

models which can be used during the simulations: global or local FG

model, hole spectral function [74�76], e�ective momentum and density

depended potential [77]. For the CCQE and NCE interactions it is pos-

sible to choose from among various parametrisations of nuclear form

factors. NuWro contains also two MEC [78] implementations: the e�ec-

tive transverse enhancement momentum [79] and microscopic model de-

scibed in [80]. Apart from these interactions, NuWro takes into account

resonance pion production for ∆ (1232) [81�84], coherent pion produc-

tion based on the Rein-Sehgal [41] and Berger-Sehgal [85] models, and

DIS using the Bodek-Yang corrections [86] and PYTHIA 6 hadronization

routines [87]. The FSI interactions are modelled using the intranuclear

cascade model [46,88,89], whose more detailed description can be found

in [90].

3.2 Real data sample

The T2K data taking period started in January 2010 and is divided into six

runs. The analysis presented in this thesis uses the data runs 2-4 collected from

November 2010 to May 2013, which correspond to the neutrino beam mode

and are listed in Table 3.1. Run 1 is not used in this analysis because of the lack

of BrECal in the near detector. Since run 5 predominantly the antineutrino

beam mode data have been collected; small data sets for the neutrino beam

mode were taken mainly for the calibration purposes.

Parameters of the neutrino beam have been changing during the data taking

period. Run 2 has the beam type called �beam b�, while the beam type in runs

3c and 4 is so called �beam c�. �Beam c� has a shorter time between spills
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(2.56 s) and a higher average proton beam power (∼ 178 kW) than �beam b�

(3.2 s, ∼ 120 kW). Horn current in runs 2, 3c and 4 had the nominal value

of 250 kA. Due to technical issues, the horn current was decreased to about

205 kA in run 3b (short data taking run with �beam b� type). This run was

not used in this analysis, because of a lack of MC �les with a proper beam

simulation.

The data sample used in this analysis is equivalent to 0.549 × 1021 POT

(Protons On Target) and contains events which passed the 'good spill' data

quality cut. The spill is a good quality spill when the spill �ag (provided by the

beam group) is 'good' and all ND280 sub-detectors and magnet data quality

�ags (provided by the ND280 data quality group) are 'good' [91]. In addition,

this analysis does not include a small amount of data �les (about 0.6% of the

full statistics) that posed computing problems.

Run number Running period POT ×1021

Run 2 November 2010 - March 2011 0.0784

Run 3c April - June 2012 0.1348

Run 4 October 2012 - May 2013 0.3387

Total November 2010 - May 2013 0.552

Table 3.1: T2K data running periods. POT values are taken from Table 21 in [24]. The

running periods are described in Section III of [23].

3.3 Monte Carlo data sets

The MC data sets corresponding to the real data sample used in the (νµCCπ
0)incl.

analysis are summarised in Table 3.2.

Neutrino interactions can happen in di�erent parts of the ND280 detector

and outside this detector. In this analysis two types of Monte Carlo �les

are used: the so called �magnet� �les with events simulated inside the entire

ND280 detector volume (i.e. including the magnet) and �sand muon� �les,

which contain neutrino interactions simulated in the near detector hall as well

as in sand surrounding this hall. The products of the �sand� interactions are

mainly muons which enter ND280. Both samples were generated using version

5.3.2 of the neutrino event generator NEUT and contain all types of neutrino

interactions possible at the T2K neutrino beam energies.
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The number of POTs for the �magnet� MC sample is over 20 times larger

than the number of POTs for the real data sample, which allows us to decrease

statistical �uctuations in the simulated sample. The �sand muon� MC was

generated only for run 3, as the di�erences between the runs for this sample are

expected to be negligible. The �sand muon� sample is scaled to the �magnet�

MC POT, then both MC samples are added together to obtain a minimum

bias sample that is further compared with the real data.

Run number magnet POT ×1021 sand muons POT ×1021

Run2 2.13 �

Run3 3.08 1.19

Run4 7.00 �

Total 12.21 1.19

Table 3.2: Number of POTs for MC data sets used in the analysis.

Similarly to the ND280 software, the neutrino �ux model has been contin-

uously improved. In order to use the latest neutrino �ux without repeating

the MC generation and reconstruction procedure, the studied neutrino interac-

tions are reweighted on an event-by-event basis. The weights from the following

reweighting �les were used in the presented analysis:

• tuned13av1.1/runX/nd5_tuned13av1.1_13anom_runX_�ne.root6,

where X in runX corresponds to the run number: 2, 3c or 4.

6www.t2k.org/beam/NuFlux/FluxRelease/13arelease/13aFlux_updated � T2K In-

tranet.
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Chapter 4

Selection criteria

The selection of (νµCCπ
0)incl. events is performed in four steps.

First, within the pre-selection, spill quality cuts are applied only to the

real data and the spill is divided into bunches. This is the only part where the

conditions for real data and for MC data sets di�er from each other. The next

steps are identical for both samples.

Then, the negative muon-like track starting in the FGD1 FV is chosen by

applying the o�cial νµCC cuts.

After that, the photons from π0 decay are selected. The selection criteria

depend on the type of the object produced by the photons: electromagnetic

cascade, e+e− pair or single e± track. Possible π0 decay products topologies

are listed in Table 4.1

In the end, the observed reaction is considered as the (νµCCπ
0)incl. reaction,

if a muon track and at least two π0 decay products (showers and/or e± tracks)

are found.

4.1 Pre-selection

The following pre-selection conditions have to be satis�ed before the actual

selection starts:

• Spill quality cut applied only to the real data � the spill �ag (provided by

the beam group) is 'good' and all ND280 subdetectors and magnet data

quality �ags (provided by the ND280 data quality group) are 'good' [91].

• Bunching � the spill is divided into 8 bunches (Sec. 2.1) according to
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π0 decay products �rst photon second photon

combinations from π0 decay from π0 decay

no π0 none none

1 shower ECal shower none

1 e± in TPC e+ or e− track none

2 showers ECal shower ECal shower

2 e± in TPC e+ or e− track e+ or e− track

2 e± in TPC e+e− pair none

1 shower and 1 e± ECal shower e+ or e− track

more than 2 π0 decay products ECal shower e+e− pair

more than 2 π0 decay products e+e− pair e+ or e− track

more than 2 π0 decay products e+e− pair e+e− pair

Table 4.1: De�nition of π0 decay products topologies used in the analysis. The abbreviations

listed in the �rst column are further used in the plot legends and table descriptions. In short,

category �more than 2 π0 decay products� is also denoted as �≥ 3π0 dec. prod.�.

the beam structure. All the objects reconstructed within a bunch time

window are treated as belonging to one event. Bunching is handled by

the highland framework.

4.2 Particle identi�cation in the TPC and ECal

Particle identi�cation is crucial for both the muon and π0 selection, thus it

will be introduced prior to the description of the selection criteria.

The selection of charged particles is based mainly on the particle iden-

ti�cation it the TPC. Further information, especially important for neutral

particles, is provided by the calorimeter.

4.2.1 Particle identi�cation in the TPC

In the TPC a measured energy deposit per unit distance (dE/dx) is compared

with a theoretical prediction using the following variable [92, 93]:

Pullα =
dE/dxmeas − dE/dxα

σα
, (4.1)

where
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• α = e, µ, π±, K±, p corresponds to �ve di�erent particle hypotheses,

• dE/dxmeas is a measured dE/dx,

• dE/dxα is a theoretical prediction of dE/dx for the particle hypothesis

α assuming the reconstructed momentum of corresponding track,

• σα is a standard deviation of the dE/dxα distribution.

Figure 4.1 shows that this is an e�cient method of particle identi�cation,

except for the momenta regions where the expected dE/dx values for di�erent

particles are similar.

Using the Pull variable one can construct the likelihoods for each particle

[94]:

Lα =

∏TPC3
i=TPC1 exp(Pull2i,α/2)∑

α=µ,e,p,π

∏TPC3
i=TPC1 exp(Pull2i,α/2)

, (4.2)

with Lµ + Le + Lp + Lπ = 1.

Figure 4.1: Energy loss in gas for di�erent particles as a function of the particle momentum

measured in the TPC of the ND280 detector [92].

4.2.2 Particle identi�cation in the ECal

Particle identi�cation in the ECal relies on a MIP EM (Minimum Ionising

Particle Electro-Magnetic shower) discriminator [93,95,96], which aims at dis-

tinguishing the showering particles, such as electrons and photons, from the

non-showering particles, such as muons. The MIP EM discriminator is cal-

culated using low level variables based on the deposited charge distribution
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and the shape of the reconstructed object. Figure 4.2 depicts the MIP EM

distribution for the pure sample of through-going muons and the pure sample

of electrons producted in γ conversion in DsECal. ECal information can be

also used to di�erentiate between muons and charged pions, which are indistin-

guishable through their dE/dx values in the TPC detectors because of similar

masses.

Figure 4.2: Distribution of the MIP EM discriminator for electrons and muons in the DsECal

[95].

4.3 νµCC inclusive selection

The (νµCCπ
0)incl. analysis starts with the selection of negative muon pro-

duced in the inclusive νµCC sample with vertex inside the FGD1 Fiducial

Volume (FV). Figure 4.3 and Table 4.2 contain the de�nition of the FGD1

FV. Neutrino interactions with the vertex outside the FGD1 Fiducial Volume

are denoted as �out of FGD1 FV� background, regardless of the reaction type

and neutrino �avour. This part of the selection is identical for all π0 decay

product topologies.

The o�cial νµCC cuts [34,94,97] in the highland/numuCCAnalysis package

are as follows:

1. Observation of at least one track in the TPC � this is required because

currently only TPC provides reliable momentum measurement and par-

ticle identi�cation,

2. Selection of the Highest Momentum Negative track (HMN track) starting

in the FGD1 FV with more than 18 nodes in the TPC segment closest
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FGD1 Volume FGD2 Volume

min max min max

X -932.17 932.17 -932.17 932.17

Y -877.17 987.17 -877.17 987.17

Z 115.95 446.955 1473.95 1807.05

FGD1 Fiducial

Volume FV

min max

X -874.51 874.51

Y -819.51 929.51

Z 136.875 446.955

FGD1 Extended Volume FGD2 Extended Volume

min max min max

X -1000.0 1000.0 -1000.0 1000.0

Y -1150.0 1150.0 -1150.0 1150.0

Z 100.0 620.0 1400.0 2000.0

Table 4.2: De�nition of the FGD volume, FGD1 Fiducial Volume (FV) and FGD extended

volume consisting of the FGD volume and TPC outer envelope. Schematic view is shown in

Figure 4.3.
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Figure 4.3: Schematic view of the ND280 tracker and surrounding calorimeter in the ZY

plane on the left and XY plane on the right. A red box shows the position of the FGD1

Fiducial Volume (FGD1 FV). Blue boxes show the position of the FGD extended volume.

FGD volumes, FGD1 FV and FGD extended volume are de�ned in Table 4.2. Black boxes

in the right plot denote external dimensions of the detectors: FGD (the smallest one), TPC

(the medium one), TECal (the biggest one).
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to the track start position; the track has to be long enough to get correct

momentum, charge and Pull values,

3. TPC veto � rejection of events with a broken muon track starting up-

stream to the FGD1,

4. External FGD1 veto � rejection of events with a broken muon track

starting in the FGD1, but outside its FV,

5. Muon-like HMN track cut, i.e. Lµ > 0.05 and, for tracks with momenta

smaller than 500 MeV, (Lµ + Lπ)/(Lµ + Lπ + Le) > 0.8.
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Figure 4.4: Characteristics of the selected muon candidates after the νµCC cuts. The MC

distributions are scaled to real data POT given in Table 3.1. The left column plots show the

reconstructed momentum and the right column ones � the reconstructed cos θ. In the upper

row one can �nd the distributions with Monte Carlo split according to the true particle type

of the selected muon candidate. The bottom row contains the plots with Monte Carlo split

according to the neutrino reaction type (see Table 1.1).

The reconstructed momentum and cos θ distributions of the muon candi-

date after the νµCC cuts are shown in Figure 4.4. Angle θ is an angle between
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the track direction and the Z axis. 90% of the selected tracks are true muons,

the subsequent biggest contributions come from negative (7.2%) and positive

(1.3%) pions. The momentum distribution is equivalent to the top left plot in

Figure 6 in [94], which presents the muon candidate momentum after (inclu-

sive) νµCC selection, but divided into di�erent categories.

Real data sample

Number of events

all selected events 24242

MC sample scaled to real data POT

Number of events purity e�ciency

all selected events 24847

νµCC events 22350 90% 53%

νµCC1π0 events 1243 5% 52%

νµCCπ
0 + others events 2564 10% 68%

Total (νµCCπ
0)incl. events 3807 15% 62%

Table 4.3: Number of events, purity and e�ciency after the νµCC cuts. νµCC1π0 and

νµCCπ
0 + others add up to (νµCCπ

0)incl. .

The results at this level of the selection are listed in Table 4.3. The selected

sample contains 90% of νµCC events with the vertex in the FGD1 FV. Among

them, there are 5% of νµCC1π0 events and 10% of νµCCπ
0 + others events.

After νµCC cuts, the e�ciencies for selecting the νµCC and (νµCCπ
0)incl.

reactions equal 53% and 62%, respectively.

4.4 π0 selection

The second stage of the (νµCCπ
0)incl. selection concerns the selection of π0

decay products. The π0 selection criteria have been entirely elaborated by the

author of this thesis. A Monte Carlo truth study was conducted and the π0

selection criteria have been chosen based on the result of this study.

4.4.1 π0 Monte Carlo truth studies

This section describes the characteristics of true π0 mesons from the (νµCCπ
0)incl.

reaction. Those mesons have been selected using the MC truth information,
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i.e. the properties of events and particles simulated by the MC generator, inde-

pendently of the simulation of particle interactions with the detector material

and the reconstruction software.

Figure 4.5 shows the true multiplicity of π0's, their momentum and cos θ

distributions for signal reactions, before the selection cuts. About 80% of the

signal events contain only one π0, in 15% of events there are two π0's and in

5% more than two π0's appear. The momentum distribution seems to include

two components: a narrow peak below 200 MeV and a broader part with a

maximum near 350 MeV and higher-energy tail1.

The π0 meson itself is invisible in the detector, because its mean life time is

τ = 8·10−17 s (cτ = 25.1 nm). In 98.8% of cases it decays into two photons and

in 1.2% � into e+e−γ. Other decay modes constitute about 0.004%, so they can

be neglected. Since the neutral pion decays immediately and predominantly

into two photons, the selection strategy depends on the photon energies and

location of the point of the photon conversion or the Compton scattering.

In the case of the conversion, in a nuclear �eld the photon disappears and an

electron-positron pair is produced. In the Compton scattering, the photon hits

an electron bound in an atom and transfers part of its energy to the electron,

which recoils. For a better understanding, in the following the number and

characteristics of the photons and electrons involved in the Compton scattering

will be studied.

The MC sample includes the information about the particles produced by

the photon, but not about the type of interaction it underwent. Therefore, an

approximate method, based on the distance between the photon stopping point

and the electron starting point, is used to distinguish the Compton scattering

from the photon conversion. For the conversion, in the case of the primary

e+e− pairs in electromagnetic cascades, this distance should be equal to zero

(Fig. 4.6(a)). However, it is possible that the �rst particles in the cascade are

not saved by the algorithm simulating the passage of the particles through

the detector (Fig. 4.6(b)). This can happen for short particle trajectories

in inactive material, for which the reconstruction is impossible. The starting

point of such e± trajectory is usually downstream to the photon stopping point.

The photons undergoing the Compton scattering can travel a longer distance

before they stop (Figures 4.6(c) and (d)). The electrons' starting point can be

1It was cross-checked that this double structure did not appear in the Monte Carlo sample

generated using GENIE, so it is a feature of the NEUT MC.
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Figure 4.5: Properties of the primary π0's from the (νµCCπ
0)incl. reaction with the neutrino

interaction vertex in FGD1 FV. All distributions are for MC data sets and are scaled to

real data POT given in Table 3.1. The upper row plots show the multiplicity of neutral

pions, the middle row plots � their true momenta, and the bottom row ones � their true

cos θ values. In the left column one can �nd the distributions split according to the neutrino

reaction type after FSI (Table 1.1). The right column contains plots with distributions split

according to the neutrino reaction type before FSI.
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located downstream or upstream to the photon stopping point, depending on

the scattering angle α. The direction of the scattered photon is determined as

parallel to the vector that starts in the e± starting point and goes through the

photon stopping point. Therefore, for the cascades the calculated scattering

angle is usually close to 180◦. Let us assume that the majority of the electrons

with the starting point at non-zero distance from the photon stopping point

are recoiled in the Compton scattering, but we have to remember that some of

them belong to the cascades as discussed above. The other electrons and all

positrons are then assumed to be produced in the photon conversion process.
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Figure 4.6: Relationship between the photon stopping point and the registered e± starting

point for di�erent photon interactions. Relevant particle γ and e± trajectories are marked

with red letters. Plot (a) shows standard photon conversion. Plot (b) depicts the photon

conversion in which the �rst particles in the cascade were not saved by the MC programme.

Plots (c) and (d) present the Compton scattering at di�erent angles.

The fraction of the electrons starting at non-zero distance from the photon

stopping point is 7%. The fraction for positrons equals 0.8%. Figure 4.7

depicts the distribution of the studied distance for electrons. A peak at around

1300 mm comes from photons scattered in FGD, traversing TPC, and stopping

in another dense subdetector: P0D, DsECal or the second FGD. Figure 4.8
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shows an analogical distribution for positrons. Such positrons usually start

in TECal, downstream to the photon stopping points, which stop mainly in

inactive material or TECal (Fig. 4.9). This indicates that these positrons are

part of the cascades in the ECal.
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Figure 4.7: Distance between the photon end position and the electron start position for

electrons starting at non-zero distance from the photon end position. The distribution is

scaled to real data POT given in Table 3.1. The left distribution is split according to the

detector in which the recoiled electron starts. The right one is split according to the detector

in which the photon stops.
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Figure 4.8: Distance between the photon end position and the positron start position for

positrons starting at non-zero distance from photon end position. The distribution is scaled

to real data POT given in Table 3.1. The left distribution is split according to the detector

in which the positron starts. The right one is split according to the detector in which the

photon stops.

Figure 4.10 shows the relationship between the photon scattering angle and

the fraction of the photon momentum transferred to the e±, depending on the

process in which the e± originates. As it was expected, the electrons from the
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Figure 4.9: Photon scattering angle (the angle between the original photon direction and

the vector joining the e± start position and photon stopping point) for the electrons (plot

(a)) and positrons (plot (b)) starting at non-zero distance from the photon end position.

The distributions are scaled to real data POT given in Table 3.1. The distributions are split

according to the detector in which the photon stops.

Compton scattering placed above the magenta line on the plot 4.10(a) inherit

the larger part of the photon momentum, the larger photon scattering angle

is. The electrons and positrons that are part of the electromagnetic cascade

usually share a small part of the photon energy. They start downstream to the

photon stopping point, so the scattering angle assigned to them is close to 180◦,

and therefore they mostly populate the right bottom corner in both plots 4.10.

There are more electrons than positrons below the magenta line, which could

be assigned to a di�erence between the interactions with the matter of both

types of the particles.

Figure 4.11 shows the distribution of the photon momentum fraction inher-

ited by the e±. In the conversion, the photon energy is shared by two particles.

Thus, the intermediate energy fraction is favoured. The electrons starting at

non-zero distance from the photon stopping point tend to capture a very small

part or almost whole photons energy. The electrons from the Compton scat-

tering are marked with the magenta line on plot 4.11(b). The peak around

zero comes from the electrons being a part of the cascade.

The photon reconstruction procedure is the same for the conversion and

Compton scattering processes. An electron recoiled in the Compton scattering

is indistinguishable from an electron from e + e− pair, where a positron was

not reconstructed.

The criteria of the π0 decay products' selection depend on the type of re-

constructed object associated with the photons or e± from their conversion
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Figure 4.10: Relationship between the fraction of the photon momentum transferred to the

electron (a) or positron (b) and the photon scattering angle for e± starting at non-zero

distance from the photon stopping point. The distributions are scaled to real data POT

given in Table 3.1.
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Figure 4.11: Fraction of the photon momentum transferred to the electron (black) or positron

(red) for (a) e± starting immediately in the photon stopping point and (b) e± starting at

non-zero distance. The magenta line on plot (b) shows the distribution for the subsample of

the electrons that are above the magenta line on plot 4.10(a). The distributions are scaled

to real data POT given in Table 3.1.

55



or scattering. The types of the considered reconstructed objects are listed in

Table 4.4. They are ranked with respect to their quality, i.e. ease of identi�-

cation. Therefore, if more than one type of the object was reconstructed for a

single photon, the object type with a lower number (higher quality) is chosen.

Reconstructed object associated

no. Abbreviation with the π0 decay products

0 none Neither photon nor any of its products

give a signal in the detector

1 TPC Reconstructed track with a part in the TPC

2 isoDsECal Isolated object in DsECal

3 isoBrECal Isolated object in BrECal

4 isoFGD1 Isolated object in FGD1

5 isoFGD2 Isolated object in FGD2

6 FGD-ECal Reconstructed track with a part

-(SMRD) in the FGD, TECal and alternatively in SMRD

7 ECal-SMRD Reconstructed track with at least two segments

in TECal, DsECal and/or SMRD

8 other Reconstructed object in other subdetectors

Table 4.4: De�nitions of the types of reconstructed objects associated with the π0 decay

products, i.e. photons or e± tracks or pairs from photon conversion or scattering. The

abbreviations listed in the second column are further used in the plot legends.

Figure 4.12 presents the momentum distributions of photons from π0 de-

cays with the information about the reconstructed object. Almost all Higher-

Energy photons (HE photons, photons from π0 decay with higher energy) have

momenta above 100 MeV (the majority of photons below 100 MeV are not re-

constructed), which can reach even 1 GeV (Fig. 4.12(a)). Nevertheless, 32% of

HE photons are not reconstructed in any subdetector. Lower-Energy photons

(LE photons, photons from π0 decay with lower energy) have much lower mo-

menta, usually below 400 MeV (Fig. 4.12(b)), and 50% of them do not produce

a signal in the detector. The photons' opening angle is depicted in Fig. 4.13

and has two-component structure, resulting from the π0 momentum double

structure (see Fig. 4.5(c),(d)).

Figure 4.14 shows the reconstructed objects associated with HE and LE

photons or e± tracks or pairs from photon conversion or other interactions,
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Figure 4.12: True momenta of photons from the decays of the primary π0 from the

(νµCCπ
0)incl. reaction with the neutrino interaction vertex in FGD1 FV. Distribution (a)

corresponds to the higher energy photon, and distribution (b) � to the lower energy photon.

They are split according to the type of the reconstructed object associated with the photon,

de�ned in Table 4.4 and scaled to real data POT given in Table 3.1.
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Figure 4.13: True opening angle of photons from the decay of the primary π0 from the

(νµCCπ
0)incl. reaction with the neutrino interaction vertex in FGD1 FV. The distributions

are scaled to real data POT given in Table 3.1. In plot (a) one can �nd the distributions

split according to the neutrino reaction type after FSI (Table 1.1). Plot (b) is split according

to the neutrino reaction type before FSI.
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dominated by the Compton scattering. For 16% of neutral pions neither of the

photons produces a signal in the detector. For 50% of neutral pions one photon

is lost, in 34% it is a LE photon and in 16% it is a HE photon. The selection

described in this note is focused on the topology with photons reconstructed as

isolated objects in the ECal (isoDsECal or isoBrECal) or e± tracks or pairs of

tracks in the TPC. These topologies are framed with a black line on the plot.

For 24% of π0's both photons, and for 49% one photon is reconstructed as such

an object. Only such events are analysed using the selection described in this

thesis. By adding the isolated FGD objects to the selection, the fraction of π0's

in which both photons could be reconstructed could increase by about 8%. The

(νµCCπ
0)incl. analysis can be extended by such an object in the future, when

the quality of particle identi�cation in FGD is improved and better tested. By

adding all the other reconstructed objects one can gain another 2% of such

events.

Figure 4.15 depicts the dependence between the type of reconstructed ob-

ject and the subdetector, in which the photon underwent the conversion or

the Compton scattering. As expected, most of those processes occur in dense

materials. For the π0 decay products reconstructed in the TPC, they occur

mainly in FGDs. Isolated ECal objects, as expected, originate from photons

converting or scattered inside the ECal.
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Figure 4.14: Percentage of the types of reconstructed objects associated with the photons

from the decay of the primary π0 from the (νµCCπ
0)incl. reaction with the neutrino interac-

tion vertex in FGD1 FV. Bin numbers corresponding to the types of objects are enumerated

in the bin labels list on the right side and described in Table 4.4. The X axis corresponds

to the higher energy photon, and the Y axis � to the lower energy photon.
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Figure 4.15: Type of reconstructed objects associated with the photons from the decay

of the primary π0 from the (νµCCπ
0)incl. reaction with the neutrino interaction vertex in

FGD1 FV. Bin numbers corresponding to the types of objects are enumerated in the list

on the right side and described in Table 4.4. The distributions are split according to the

subdetector in which the photon conversion or the Compton scattering occurred and scaled

to real data POT given in Table 3.1. Plot (a) corresponds to the higher energy photon, and

plot (b) � to the lower energy photon.
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4.4.2 π0 decay product selection using post-reconstruction

variables

In an ideal situation the signature of the photon from a π0 decay would be a

shower in the calorimeter or an electron-positron pair in the TPC. However, as

it was shown in the previous section, some of the photons do not produce any

signal in the detector because of their low energies, and some of the electrons

and positrons from e+e− pairs are not visible in the TPC. Therefore, in this

analysis only one component of the e+e− pair is required to con�rm the pho-

ton conversion in the FGD extended volume (composed of the FGD volume

and TPC outer envelope, de�ned in Table 4.2 and depicted in Fig. 4.3). In

addition to the muon candidate, at least two reconstructed π0 decay products

are requested, and their possible combinations are listed in Table 4.1. The

photons might originate from di�erent π0's as the products of π0 decays are

not paired.

Further in this section the selection procedure of the electron and positron

candidates in the TPC and photon candidates in the ECal will be described.

The cuts are applied in a loop on all tracks with the segment in the TPC,

except the muon candidate, and on all isolated ECal objects in the events

which passed νµCC selection cuts.

Each plot in the following subsections is made after applying νµCC selection

cuts. Additional cuts are described in the �gure captions. E�ciencies and

purities are calculated for the selected tracks, not for the whole events. In

other words, the e�ciency is calculated with respect to the number of all

e±'s tracks with the segment in the TPC (except the muon candidate) or the

number of isolated objects from primary π0 decays, registered in the ECal; in

both cases for the sample of events that passed νµCC cuts.

4.4.2.1 e± candidates in the TPC

To select e+ or e− (e±) tracks in the TPC the following steps were applied:

1. All TPC tracks, except the muon candidate track, were considered.

2. Tracks with more than 18 nodes in the TPC segment closest to the track

start position were accepted in order to choose good quality tracks.

3. The track start position had to be located in the FGD extended volume.

Replacing the FGD1 FV with the FGD extended volume was justi�ed by
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the fact that the electrons and positrons from the π0 decay are the sec-

ondary particles usually produced at a certain distance from the neutrino

vertex.

This cut is intended to reject particles entering the TPC from the ECal,

P0D and inactive, adjacent material. Figure 4.16 shows that, as ex-

pected, most of the particles passing this cut truly start in the FGD

volume and in the inactive (dead) material between FGD and TPC.

4. Pulle ∈ (−2, 2.5) was required to choose electron-like tracks.

Figure 4.17 depicts the Pulle distribution for the TPC tracks recon-

structed as (a) negative � electron candidates, and (b) positive � positron

candidates. This is a very e�cient cut, which rejects most of the charged

pions and part of the protons. In the distribution a signi�cant real data

excess is visible, which contributes to the surplus of e± candidates further

discussed in Sec. 4.5.

5. For positron candidates (TPC tracks with a positive reconstructed charge)

the momentum smaller than 800 MeV was required. This cut is intended

to reject protons.

6. The track momentum larger than 50 MeV was required to reject δ rays

and track curving back, which are often incorrectly reconstructed, e.g.

as two separate tracks.

Figure 4.18 depicts the momentum distribution of the e± candidates

before the last two, 5 and 6 momentum cuts. Most of the tracks below

50 MeV are electrons and positrons, but they are rejected for the above

reasons. Figure 4.18(b) shows that, in fact, the positive particles above

800 MeV are mainly protons.

The e�ciency, purity and reduction of the number of e± candidates after

each cut are given in Table 4.5. It is assumed that after the �rst cut, i.e.

the selection of all tracks with the segment in TPC (except the muon candi-

date), the e�ciency equals 100%. The reaction and particle composition of

the selected sample chosen after all cuts is presented in Table 4.6. Category

�coincidental particle� denotes particles of any type originating from a di�er-

ent neutrino reaction than the muon candidate. The sample contains 84.2%

of e±; among them 44.6% are decay products of the primary π0 produced in
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Figure 4.16: Reconstructed start position of the selected e± candidates in the TPC after the

νµCC cuts described in Sec. 4.3 and after 1-2 e± cuts. Plot (a) shows X coordinate, plot

(b) � Y coordinate, and plot (c) � Z coordinate. The Monte Carlo distributions are split

according to a subdetector containing the true beginning of the track and scaled to real data

POT given in Table 3.1. The red lines on the plots show the values of cut 3.
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Figure 4.17: Reconstructed Pulle distributions of the selected e± candidates in the TPC

after νµCC cuts (Sec. 4.3) and after 1-3 e± cuts. Plot (a) corresponds to the negative TPC

tracks and plot (b) � to the positive TPC tracks. The Monte Carlo distributions are split

according to the true particle type of the selected e± candidate and scaled to real data POT

given in Table 3.1. The black lines on the plots show the values of cut 4.

the (νµCCπ
0)incl. reaction and another 7.9% originate from the signal reac-

tion, but not from the primary π0 decays. The remaining 31.7% true e±'s

come from the photon conversion or scattering not originating from the signal

reaction (25.4%), and from muon decays (4.2%) and other sources (2.1%) like

scattering and decays of other particles and νe interactions. The e�ciency

of the selection of true e± from the primary π0 decay from the (νµCCπ
0)incl.

reaction inside FGD1 FV that produced a track containing the TPC segment

is 41%. Particles other than e± (15.8%) are mainly charged pions (9.8%), µ−

(2.6%) and protons (2.3%), and among them 4.5% originate from the signal

reaction. So, the overall purity of selecting particles from the (νµCCπ
0)incl.

reaction inside FGD1 FV is 57.0%.
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Figure 4.18: Reconstructed momentum of the selected e± candidates in the TPC after νµCC

cuts (Sec. 4.3) and after 1-4 e± cuts. The distributions are scaled to real data POT given

in Table 3.1. The left column corresponds to the negative TPC tracks and the right column

� to the positive TPC tracks. The upper row distributions are split according to the true

particle type of the selected e± candidates. The bottom row contains plots with Monte

Carlo split according to the neutrino reaction type (de�ned in Table 1.1). The black lines

on the plots show the values of cuts 5 and 6.

64



signal true true

TPC tracks real data/MC reaction e± e±
No. after cut: data MC ratio purity pur. e�.

1. all TPC tracks 45820 42198 1.086 36.3% 46.5% 100%

2. nodes > 18 38007 35528 1.070 36.9% 42.8% 77.6%

3. start in FGD 29892 27112 1.103 39.1% 33.4% 46.2%

extended volume

4. Pulle ∈ (−2, 2.5) 11761 10148 1.159 51.2% 75.0% 38.8%

5. momentum < 800 MeV, 10036 8500 1.181 54.5% 87.8% 38.1%

for positive tracks

6. momentum > 50 MeV 7387 6187 1.194 57.1% 84.2% 26.6%

Table 4.5: Characteristics of the TPC tracks after each e± cut: reduction of the track

number in the real data and MC scaled to the real data POT, real data/MC POT scaled

ratio, purity of the selection of particles produced in (νµCCπ
0)incl. reaction, purity and

e�ciency of the selection of true e± tracks from produced in any type of interaction.

True particle

�Signal� particles

e− 48.9

e+ 34.7

�Background� particles

π+ 7.2

π− 2.5

p 2.3

µ− 2.1

coincidental particle 1.3

µ+ 0.7

True topology

Signal reactions

νµCC1π0 9.3

νµCCπ
0 + others 47.6

Background reactions

νµCCsecπ
0 11.2

νµCC + others 9.4

Out of FGD1 FV 8.8

νµNC 8.0

νµCCQE 2.9

not νµ 2.6

Table 4.6: Percentages of the type of true particle and true reaction for the selected sample

of e± candidates. True electrons and positrons from the same neutrino reaction as the

muon candidate are denotes as the �signal� particles. They do not have to come from the

(νµCCπ
0)incl. reaction, as the selection is oriented towards e

± tracks, not the (νµCCπ
0)incl.

reaction itself. The �background� particles are all other types of the particles.
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4.4.2.2 Photon candidates in the ECal

To select the photons converting in the ECal, three basic steps were done:

1. All isolated ECal objects were considered, i.e. objects inside the ECal

without any part in other subdetectors.

Among such objects 14% come from a di�erent reaction than the muon

candidate (coincidental particles); in 99% these are neutrino interactions

outside the FGD1 volume. The particles produced in those coinciden-

tal reactions are mainly muons (55%), protons (17%), e±/γ (15%) and

charged pions (8%).

For particles produced in the same neutrino reaction as the muon can-

didate, the neutrino interaction vertex is located in FGD1 in 91%, but

only 21% of the particles truly start in FGD1, usually on its borders

(Fig. 4.19), making their reconstruction di�cult. The isolated ECal ob-

jects from those reactions are produced in 36% by the products of the

primary π0 decay, and in 26% by e± and γ from other sources. The

contributions from protons, π± and muons are 15%, 13% and 7%, re-

spectively. Only 26% of protons start in FGD1, while 76% are produced

through rescattering of primary hadrons. For charged pions, 48% start

in FGD1 and 58% are produced in secondary interactions. The muons

start in the FGD1 (78%), usually close to its upper edge, TECal (9%),

dead material (9%) and other subdetectors.

2. Track-like objects were rejected. This cut allows us to signi�cantly reduce

the muon contribution and, to a lesser extent, the proton and charged

pion contributions. Figure 4.20 shows the contributions of true particles

for track-like and shower-like isolated ECal objects for the whole sample

of events, as well as for the signal and background reactions separately.

3. The electromagnetic energy of the shower had to be larger than 50 MeV.

This cut rejects low-energy cascades, which are di�cult to identify. The

electromagnetic energy of the photon candidates before this cut is shown

in Figure 4.21.

The e�ciency, purity and reduction of the number of the photon candi-

dates after each cut is given in Table 4.7. It is assumed that after the �rst

cut, i.e. the selection of all isolated ECal objects, the e�ciency equals 100%.
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Figure 4.19: True start position of the charged particles truly starting in the FGD1 volume,

but reconstructed as isolated objects in the ECal from the events selected after the νµCC

cuts described in Sec. 4.3 and after the �rst ECal photon cut. The distributions are scaled

to real data POT given in Table 3.1. Plot (a) shows Z-X coordinates and plot (b) � Z-Y

coordinates.
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Figure 4.20: Track-shower �ag (0 � track, 1 � shower) of the selected isolated ECal objects

after the νµCC cuts and after the �rst ECal photon cut. The Monte Carlo distributions

are split according to the true particle type of the selected photon candidates in the ECal

and scaled to real data POT given in Table 3.1. Plot (a) corresponds to all isolated ECal

objects. Plot (b) contains objects associated with the signal reaction only, and plot (c) �

with the background reactions. The distributions (b) and (c) contain only MC data.
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Figure 4.21: Electromagnetic energy of the selected photon candidates in the ECal after

the νµCC cuts and after 1-2 ECal photon cuts. The distributions are scaled to real data

POT given in Table 3.1. The plots correspond to the whole sample of the selected ECal

showers before the last cut, showed by the red line. Plot (a) presents the distributions with

Monte Carlo split according to the true particle type of the selected photon candidates in

the ECal. In plot (b) Monte Carlo is split according to the neutrino reaction type (de�ned

in Table 1.1).

The reaction and particle composition of the selected shower sample after all

cuts is presented in Table 4.8. The �nal purity and e�ciency of the primary

π0 decay products selection equal to 41.6% and 71.2% respectively. 49% of the

selected showers come from particles produced in the (νµCCπ
0)incl. reaction;

86% of them are e±, γ from the decays of the primary π0's or from di�erent

sources. The largest contribution to the background (28.0%) comes from e±, γ

not produced by the primary π0's, but originating mainly from the reinterac-

tions of other particles inside the detector. At the present stage of the software

development it is very hard to distinguish this background from the products

of the primary π0 decays, which is due to a poor quality of the shower direction

reconstruction. The second important background are coincidental particles

from di�erent neutrino vertex than the muon candidate (9.9%); around half of

them are true muons and protons from reactions inside the ECal and SMRD.

Other main contributions are following particles from the same neutrino reac-

tion as the muon candidate: protons (9.5%), charged pions (9.4%) and muons

(1.9%).

69



signal prim. prim.

ECal objects real data/MC reaction π0 π0

No. after cut: data MC ratio purity pur. e�.

1. all isolated 17625 15895 1.109 40.9% 31.7% 100%

ECal objects

2. shower-like objects 9906 8936 1.108 49.0% 41.6% 73.7%

3. electromagnetic 9532 8642 1.103 49.0% 41.5% 71.2%

energy > 50 MeV

Table 4.7: Characteristics of the ECal objects after each photon cut: reduction of the

reconstructed object number in the real data and MC scaled to the real data POT, real

data/MC POT scaled ratio, purity of the selection of particles produced in (νµCCπ
0)incl.

reaction, purity and e�ciency of the selection of true primary π0 decay products produced

in any type of interaction.

True particle

�Signal� particles

primary π0

decay products 40.0

�Background� particles

other e± or γ 28.0

coincidental particles 9.9

p 9.5

π+ 5.9

µ− 1.9

π− 3.5

n 0.7

other 0.6

True topology

Signal reactions

νµCC1π0 10.1

νµCCπ
0 + others 38.9

Background reactions

Out of FGD1 FV 18.4

νµCCsecπ
0 15.2

νµNC 7.8

νµCC + others 6.1

not νµ 1.8

νµCCQE 1.6

Table 4.8: Percentages of the type of true particle and true reaction for the selected shower

sample. True primary π0 decay products from the same neutrino reaction as the muon candi-

date are denotes as the �signal� particles. They do not have to come from the (νµCCπ
0)incl.

reaction, as the selection is oriented towards electromagnetic cascades, not the (νµCCπ
0)incl.

reaction itself. The �background� particles are all other types of the particles.
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4.5 (νµCCπ
0)incl. selection � comparison between

the real data and MC

After all (νµCCπ
0)incl. cuts, the number of the selected events in the real data

sample is 3738, while the number expected from the MC simulations is 3387.

The excess of the real data over the MC expectation is around 10%, while after

the νµCC cuts a 2.4% de�cit of the real data was observed (24242 of the real

data events, 24847 of the expected MC events, for details see Table 4.3). As

this is a signi�cant di�erence, which appeared after π0 cuts, the investigation

of possible sources of this discrepancy will be presented in this section.

As described earlier, a neutral pion is assumed to be found if at least two

π0 decay products are found. Let us remind that the possible π0 decay product

combinations, described in Table 4.1, are: two showers in the ECal, two e±

tracks in the TPC, one shower and one e± track, or more than two π0 decay

product candidates.
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Figure 4.22: Combinations of the selected π0 decay product candidates after all cuts. The

considered combinations are enumerated in the list on the right side and described in Ta-

ble 4.1. The Monte Carlo distribution is split according to the neutrino reaction type

(Table 1.1) and scaled to real data POT given in Table 3.1.

Figure 4.22 shows that the number of the selected MC events agrees with

the real data for events with exactly 2 π0 decay products, while MC is signi�-

cantly less populated than the real data for events with more than 2 selected

π0 decay products. The following hypothetical defects of the MC simulations

were considered as possible reasons for this disagreement: underestimation of

the high energy tail of the neutrino beam; incorrect treatment of overlapping
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events, e.g. some of the selected showers can be in fact short range muons

from neutrino interactions in the ECal2; wrong modelling of the cross-section

for neutrino interactions with multiple particles in the �nal state; a larger num-

ber of neutral pions produced in the secondary interactions. In the following

the results of checking all these hypotheses are presented.

4.5.1 High energy neutrino beam tail

Underestimation of the high energy tail of the neutrino beam is the �rst pos-

sible reason of the observed disagreement, because high energy neutrinos are

likelier to produce an event with more particles in the �nal state and the �ux

systematic error is higher there.

However, the distribution of the reconstructed momentum of the muon

candidate in Fig. 4.23 contradicts this assumption, as the real data and MC

predictions are in fairly good agreement for events with muon momenta above

3 GeV, produced by high energy neutrinos. The plot in Figure 4.24 shows that

for these events an overall normalization agrees. The discrepancies between the

real data and MC are at the order of one standard deviation with a small real

data de�cit for the events with 2 showers and a small real data overpopulation

for the events with more than 2 π0 decay products.
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Figure 4.23: Reconstructed momentum of the selected muon candidates after all cuts. The

Monte Carlo distribution is split according to the combinations of the selected π0 decay

product candidates (see legend) and scaled to real data POT given in Table 3.1.

2Described in section 6.3.3.5
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Figure 4.24: Combinations of the selected π0 decay product candidates after all cuts for

the events with the muon candidate reconstructed momentum above 3 GeV. The considered

combinations are enumerated in the list on the right side and described in Table 4.1. The

Monte Carlo distribution is split according to the neutrino reaction type (Table 1.1) and

scaled to real data POT given in Table 3.1.

Figure 4.25 depicts the relationship between the neutrino true energy and

the combinations of the selected π0 decay product candidates and the recon-

structed momentum of the muon candidate after all cuts. There is no strong

dependence between the number of π0 decay product candidates and neutrino

energy. Events with small reconstructed muon momenta can be produced by

neutrinos with much higher momenta. Thus, it is not possible to determine

the neutrino energies producing the data excess. It should be noticed that the

neutrino energy distribution shown in Fig. 4.25(a) is shifted to much higher

energies with respect to the average T2K neutrino beam energy, because the

selection e�ciency for the reaction (νµCCπ
0)incl. is very low for low neutrino

energies.

To conclude, it seems that the discrepancy in Figure 4.22 does not result

from the underestimation of the high energy tail of the incoming neutrinos.
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Figure 4.25: True energy of incoming neutrinos for events selected after all cuts. The dis-

tributions are scaled to real data POT given in Table 3.1. In plot (a) the Monte Carlo

distribution is split according to the combinations of the selected π0 decay product candi-

dates (see legend). Plot (b) shows the relationship between the neutrino true energy and

muon candidate reconstructed momentum.
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4.5.2 Pile-up with other neutrino interactions
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Figure 4.26: Scheme of the neutrino beam position with respect to the ND280 detector.

An overlap with particles produced in other neutrino interactions can also

increase the track and shower multiplicity. To test this assumption, the real

data excess in the number of showers in di�erent parts of the ECal was com-

pared. Photons from decays of neutral pions produced in FGD1 FV should

head on each part (top, bottom, right and left) of the TECal with approxi-

mately the same probability. As it is shown in Figure 4.26, the left part of the

bottom TECal is placed closest to the neutrino beam centre. Therefore, the

neutrino �ux is higher there, so the coincidental neutrino interactions are more

likely to happen. The opposite situation is in the right part of the top TECal

placed at the farthest distance from the beam centre. If the number of over-

lapping interactions is underestimated in the simulations, the real data excess

should be higher in the left-bottom part of the TECal than in the right-top

part. Plots (Fig. 4.27(a)) and (Fig. 4.27(b)) indicate that the real data excess

is only slightly bigger for the ECal part placed closest to the beam centre.

The most signi�cant data-MC di�erence is visible in DsECal (Fig. 4.27(c)).

Most particles are produced at small angles, therefore the showers in DsECal
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Figure 4.27: Electromagnetic energy of the selected photon candidates in the ECal after

all cuts. The Monte Carlo distributions are split according to the true particle type of the

selected photon candidates and scaled to real data POT given in Table 3.1. The �gure

presents the distributions: (a) for the left part of bottom TECal, (b) for the right part of

top TECal and (c) for DsECal.
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are more often produced in the same reaction as the muon candidate than the

BrECal showers. The fractions of the simulated coincidental particles in the

MC data shown in the plots (yellow category at the top of the distributions)

are consistent with the above reasoning.

Another check performed to assess a pile-up with coincidental showers com-

ing from a di�erent interaction than the muon candidate is described in more

detail in Subsection 6.3.3.5. The control sample of showers coming mainly

from the neutrino interactions in the outer heavy part of the ND280 detector

was chosen using the same cuts for the photon candidates in the ECal as in the

analysis sample, but the selected events did not contain the reconstructed ob-

jects inside the tracker. The data-MC di�erence in the number of such showers

in the control sample turned out to be at the level of 9%. This should increase

the number of selected events by less than 1%, so it cannot explain the entire

discrepancy observed in the selected analysis sample.

To sum up, the overlapping events are responsible for the surplus of the

showers in the real data only in a small part. Most showers causing it truly

come from the same interaction as the muon candidate.

4.5.3 Particle multiplicity

Higher particle multiplicity in the selected events is the reason suggested by

the discrepancy in DsECal (Fig. 4.27(c)). The distributions in Figure 4.28

depict the multiplicity of the objects reconstructed in the tracker, TECal and

DsECal after νµCC cuts (plot (a)) and after all (νµCCπ
0)incl. cuts (plot (b)).

In the inclusive νµCC sample a de�cit of the events with a low reconstructed

object multiplicity can be observed in the real data. In the �nal (νµCCπ
0)incl.

sample, the real data events are shifted towards higher multiplicities. For

the selected events within the category with more than 2 π0 decay product

candidates, there is a shift to higher multiplicities in the number of showers

in ECal (Fig. 4.29(a)). The shape of the multiplicity distribution for the e±

candidates in TPC (Fig. 4.29(b)) in the real data is in agreement with MC. An

increase in the number of neutral pions should cause an increase in all types

of π0 decay products, so both showers and e± tracks should be a�ected. Such

behaviour is not observed here.

All that suggests that the true multiplicity of particles in the selected neu-

trino interactions is higher than expected from MC simulations and that it

partly causes disagreements in the number of selected events and an overabun-
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Figure 4.28: Reconstructed object multiplicity in the tracker and surrounding calorimeter

(TECal and DsECal) after the νµCC cuts on top (a) and after all (νµCCπ
0)incl. cuts on

bottom (b). The Monte Carlo distribution is split according to the combinations of the

selected π0 decay product candidates (Table 4.1) and scaled to real data POT given in

Table 3.1.
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Figure 4.29: Number of (a) photon candidates in ECal and (b) e± candidates in TPC after

all cuts for the events with more than two π0 decay product candidates. The plots are

normalized to 100 to show better shape di�erences between real data and MC.

dance of events with more than 2 π0 decay product candidates. Nevertheless,

the types of additional particles are not clear.

4.5.4 Secondary π0s

Neutral pions produced in the secondary interactions in the detector are hard

to distinguish from the primary π0s with the available quality of the recon-

struction in the ND280 detector and the ND280 detector limitations, as it

requires a very good direction reconstruction in order to decide if the recon-

structed photons or pairs point to neutrino interaction vertex. Control plots

for photon candidates in the ECal (Figures 4.30 and 4.31) also do not give a

clear indication if the observed surplus of showers comes from the primary or

secondary π0s, or from other particles.

In the distributions with the reconstructed invariant mass of the two most

energetic showers and their opening angle (Fig. 4.30) the excess of the real data

seems to agree with the showers category denoted as �other e−, e+, γ�, which

mainly contains the products of the secondary π0 decays. Figure 4.31 presents

the angle between the shower reconstructed direction and the direction deter-

mined from the muon candidate start position and shower start position. The

real data excess in this distribution can be partly explained by the underes-

timation of the �other e−, e+, γ� category in the MC simulations. However,

additional e�ects may be required to explain the real data excess between 1

and 1.5 radian.
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Figure 4.30: Reconstructed (a) invariant mass and (b) opening angle of the two most en-

ergetic showers selected in the ECal after all cuts. The Monte Carlo distributions are split

according to the true particle type of the selected photon candidates in the ECal and scaled

to real data POT given in Table 3.1.
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Figure 4.31: Angle between the reconstructed shower direction and vector leading from the

muon candidate reconstructed start position to shower reconstructed start position of the

selected photon candidates in the ECal after all cuts. The Monte Carlo distributions are

split according to the true particle type of the selected photon candidates in the ECal and

scaled to real data POT given in Table 3.1.

The above information suggests that the real data excess may originate

from the underestimation of the number of the secondary π0s. However, the

di�erence between the control distributions for di�erent types of particles is

too small to draw �rm conclusions.
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4.5.5 Summary of the real data-MC comparison

The largest discrepancy between the measured and simulated events appears

in the topology with more than 2 π0 decay product candidates. The analysis

of such events is complicated because of a high number of the reconstructed

objects that need to be considered. Additionally, each of these objects can be

located in di�erent subdetectors, so they can be a�ected by a di�erent set of

systematic e�ects.

The control plots presented in this section do not indicate one clear source

of the discussed discrepancy. The conducted analysis suggests that the real

data excess originates mainly from the particles produced in the same neu-

trino reaction as the muon candidate. The true multiplicity of the particles

in the selected events seems to be higher than expected from the MC simula-

tions. However, it is possible that the additional particles are produced in the

secondary interactions and not directly in the neutrino primary interaction.

Another issue that can contribute to a higher number of the observed recon-

structed objects in the real data, which was not discussed in this section, is the

ine�ciency of matching the reconstructed objects from di�erent subdetectors.

Section 6.3.3.3 presents a procedure of determining the di�erence between the

real data and MC for TPC-ECal matching e�ciency. It was assessed that

it could change the number of selected events by less than 0.1%, but further

studies for other subdetectors are needed.

The origin of the surplus of the selected real data events should be in-

vestigated in the future by taking advantage of larger data statistics and an

improved reconstruction software that will be used in the upcoming produc-

tion 7.
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4.6 Selection summary

The (νµCCπ
0)incl. selection is performed in two main stages:

1. First the νµCC inclusive sample is chosen using the o�cial cuts listed in

Section 4.3.

2. Then events with π0s are selected according to the cuts described in

Section 4.4.

The number of true signal events before cuts, as well as the number of the

selected events after both stages, is shown in Table 4.9.

True events

before cuts

νµCC1π0 events 2393

νµCCπ
0 + others events 3759

Total (νµCCπ
0)incl. events 6152

Selected events

after νµCC cuts after all cuts

Number of real data events 24242 3738

Number of MC events 24847 3387

data/MC ratio 0.976 1.104

events e�. pur. events e�. pur.

νµCC 22350 90% 53% 2752 81% 7%

νµCC1π0 1243 5% 52% 376 11% 16%

νµCCπ
0 + others 2564 10% 68% 1595 47% 42%

Total (νµCCπ
0)incl. 3807 15% 62% 1971 58% 32%

Table 4.9: Number of true signal events before cuts, as well as the number of selected events,

purity and e�ciency after the νµCC cuts and all cuts. νµCC1π0 and νµCCπ
0 + others add

up to (νµCCπ
0)incl. . The number of true signal events is a denominator in the signal

selection e�ciency calculations.

The reconstructed momentum and cos θ distributions of the muon candi-

dates after all cuts for the (νµCCπ
0)incl. selection are shown in Figure 4.32 and

can be compared with analogical distributions after νµCC cuts in Fig. 4.4. The
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momentum distribution after all cuts is �atter and extends to higher momenta.

The sample contains a larger contribution of negative pions misidenti�ed as

muons, which leads to a larger contribution of NC interactions.
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Figure 4.32: Characteristics of the selected muon candidates after all cuts. MC distributions

are scaled to real data POT given in Table 3.1. The left column plots show the reconstructed

momentum and the right column ones � the reconstructed cos θ. In the upper row one

can �nd the distributions with Monte Carlo split according to the true particle type of

the selected muon candidate. The bottom row contains the plots with Monte Carlo split

according to the neutrino reaction type (see Table 1.1).

The number of the selected events and purities for di�erent π0 decay prod-

uct combinations were shown in Figure 4.22 and are summarised in Table 4.10.

The overall purity of all π0 decay product combinations is 58%. The subsample

with exactly 2 showers and no e± track in TPC has the lowest purity (51%).

The purity of �two e±� and �one e± and 1 shower� sample equals 58% and

55% respectively. The subsample with more than two π0 decay products has

the highest purity (62%), which is understandable because for the events with

many particles in the �nal state there is a higher probability that at least one
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of them will be π0. We can see that the purity of the �two e±� subsample

does not di�er signi�cantly from others, despite the fact that two e± can be

produced by only one photon (Table 4.1).

Distributions in Fig. 4.33 depict the true neutrino energy distribution of

the true signal events before cuts (a) and of the selected events after all cuts

(b). Most of the events below 2 GeV, especially the peak from νµCC1π0, are

lost during the selection, in which at least two π0 decay products are required.

This fact can be also observed in the e�ciency distribution in Figure 4.34,

which shows that the e�ciency is low below 2 GeV and it increases steadily

with the neutrino energy, while the purity is roughly �at, except for the �rst

bin.
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Figure 4.33: True energy of the incoming neutrinos for all (νµCCπ
0)incl. events before cuts

(plot (a)) and for the events selected after all cuts (plot (b)). The Monte Carlo distributions

are split according to the neutrino reaction type (see Table 1.1) and scaled to real data POT

given in Table 3.1.

Figure 4.35 depicts the selection e�ciency dependence on the true muon

momentum and cos θ , as well as the true π0 multiplicity. For the true muon

momentum, the e�ciency for the events below 1 GeV is about 20%, and for

the rest of events it remains at the same level of about 45%. The applied

muon selection cuts are not oriented towards the backward going particles and

muons at high angles. Therefore, the e�ciency for them is below 10%. For the

forward going particles the e�ciency grows with the value of cos θ . The plot

with the primary π0 multiplicity shows that a lot of events with one neutral

pion in the �nal state are lost at the second stage of the selection. The π0

selection requires two π0 decay products and in Sec. 4.4.1 it was checked that

the lower energy photon from π0 decay is very often lost. It should be pointed
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Figure 4.34: Final (νµCCπ
0)incl. selection e�ciency after the νµCC cuts (gray) and after

all cuts (blue) and purity after the νµCC cuts (yellow) and after all cuts (red) with respect

to the true neutrino energy.

out that events in the �rst bin, i.e. with one π0 , are not only νµCC1π0, but

also νµCCπ
0 + X with exactly one π0 and at least one other meson in the

�nal state. For the events with two primary π0s a drop in the e�ciency at the

second stage of the selection with respect to the �rst stage is visible, but it is

not so dramatic. For the events with more than two π0s the ine�ciency is at

the same level as after the νµCC selection. The statistical error for the events

with 5 and 6 primary π0s is too large to draw any conclusions for them.
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Figure 4.35: Final (νµCCπ
0)incl. selection e�ciency after the νµCC cuts (gray) and after

all cuts (blue) with respect to (a) the true muon momentum, (b) true muon cos θ and (c)

true neutral pion multiplicity.
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Chapter 5

Total �ux-averaged cross-section

The number of events n corresponding to the signal reaction depends on the

number of target nucleons T , the incident neutrino �ux per unit area Φ(Eν)

and the signal cross-section σ(Eν) as a function of neutrino energy Eν , and is

described by:

n = T

∫
σ(Eν)

∂Φ(Eν)

∂Eν
dEν . (5.1)

In this analysis the energies of interacting individual neutrinos are not known.

Therefore, a simpli�ed formula with the �ux-averaged cross-section 〈σ〉 and
the total integrated neutrino �ux per unit area Φ is used:

n = T · 〈σ〉 · Φ. (5.2)

Thus, the total �ux-averaged cross-section of the (νµCCπ
0)incl. interaction with

the vertex in FGD1 FV is given by:

〈σ〉 =
n

T · Φνµ

, (5.3)

where

• n is the number of the (νµCCπ
0)incl. events with the vertex inside FGD1

FV,

• T is the number of nucleons inside FGD1 FV, as the (νµCCπ
0)incl. re-

action can originate from a neutrino interaction on both proton and

neutron,

• Φνµ is the total integrated �ux per cm2 of the muon neutrinos cross-

ing FGD1 FV; in the interactions of other neutrino �avours in the T2K
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neutrino beam (νµ, νe, νe) a negative muon, required by the signal def-

inition, cannot be produced, so such neutrinos contribute only to the

background.

The number of the target nucleons T is the number of nucleons comprising

the FGD1 FV (de�ned in Table 4.2), regardless of a type of nuclei they belong

to. According to [34]:

T = 5.50× 1029 nucleons. (5.4)

The contribution of protons and neutrons is 53.6% and 46.4%, respectively.

The value of the total integrated muon neutrino �ux per cm2 Φνµ for each

run is calculated from the �ux �les (version tuned13av1.1), provided by the

beam group, multiplied by the number of collected POT.

Φνµ = POT data(MC) · φνµ , (5.5)

where

• POT data(MC) is the number of POT in the real (simulated) data,

• φνµ is the muon neutrino �ux per cm2 per number of collected POT.

The actual neutrino �ux changes across the ND280 detector volume, in partic-

ular across the FGD1 �ducial volume. However, in the above calculation the

neutrino �ux averaged over a 150×150 cm2 X-Y plane, located at the centre of

the ND280 detector [23], was used. The plane overlaps largely with the FGD1

FV X-Y projection, therefore this is a su�cient approximation.

In the MC sample the number of the signal events before cuts nMC is known.

The number of the signal events in the real data ndata sample is evaluated from

the number of the real data events selected by applying all (νµCCπ
0)incl. cuts

Ndata, as well as the simulated e�ciency ε and background contamination of

this selection:

ndata =
Ndata −BMC · norm

ε
, (5.6)

where

• Ndata is the number of all selected events in the real data sample,

• BMC is the number of the selected background events in the MC sample,
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• norm = POT data/POTMC is the ratio between the number of POT in

the real data (POT data) and in the MC sample (POTMC),

• ε is the selection e�ciency predicted by MC.

E�ciency ε is de�ned as:

ε =
SMC

nMC
, (5.7)

where

• SMC is the number of the selected signal events in FGD1 FV in the MC

sample,

• nMC is the number of the signal events before cuts in FGD1 FV simulated

in the MC sample.

The neutrino �ux, selection e�ciency and purity can di�er between runs

of data taking. Therefore, cross-section has to be calculated for each run

separately using formula (5.3). Then, the POT-weighted average is calculated:

〈σ〉data(MC) =
∑

r=2,3c,4

POT
data(MC)
r

POT
data(MC)
tot

· 〈σ〉r =
1

POT
data(MC)
tot · T

∑
r=2,3c,4

n
data(MC)
r

φνµ,r
,

ndatar =
Ndata
r −BMC

r · normr

SMC
r /nMC

r

,

(5.8)

where

• r subscript denotes the value for the data taking period: run 2, run 3c

or run 4,

• POT data(MC)
tot denotes the collected number of POT in the real data (MC)

sample of all runs:

POT datatot = 0.549× 1021,

POTMC
tot = 12.21× 1021.

(5.9)

The statistical error (denoted as δ) of the cross-section is calculated as

the sum of contributions from individual variables added in quadrature. The

contribution from the particular variable is calculated as partial derivative of

the cross-section times statistical error of this variable, which is its square root.
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The variables, whose contribution to the statistical error is taken into account,

are nMC
r for the MC prediction and Ndata

r , BMC
r , SMC

r and nMC
r for the real

data. The formula of the statistical error for the MC prediction is:

δ〈σ〉MC =

√√√√ ∑
r=2,3c,4

(
∂〈σ〉MC

r

∂nMC
r

· δnMC
r

)2

=
1

POTMC
tot · T

√√√√ ∑
r=2,3c,4

(
1

φνµ,r
·
√
nMC
r

)2

.

(5.10)

The statistical error for the real data measurement can be expressed as a

function of the ndatar statistical error:

δ〈σ〉data =
1

POT datatot · T

√√√√ ∑
r=2,3c,4

(
1

φνµ,r

)2

· (δndatar )2. (5.11)

The ndatar statistical error equals:

(
δndatar

)2
=

(
∂ndatar

∂Ndata
r

· δNdata
r

)2

+

(
∂ndatar

∂BMC
r

· δBMC
r

)2

+

(
∂ndatar

∂SMC
r

· δSMC
r

)2

+

(
∂ndatar

∂nMC
r

· δnMC
r

)2
(5.12)

where

∂ndatar

∂Ndata
r

· δNdata
r =

1

SMC
r /nMC

r

·
√
Ndata
r , (5.13)

∂ndatar

∂BMC
r

· δBMC
r = − normr

SMC
r /nMC

r

·
√
BMC
r , (5.14)

∂ndatar

∂SMC
r

· δSMC
r = −N

data
r −BMC

r · normr

(SMC
r )2/nMC

r

·
√
SMC
r , (5.15)

∂ndatar

∂nMC
r

· δnMC
r =

Ndata
r −BMC

r · normr

SMC
r

·
√
nMC
r . (5.16)

The input values needed for the (νµCCπ
0)incl. cross-section calculations

are listed in Table 5.1. The total �ux averaged cross-section values of the

(νµCCπ
0)incl. reaction, predicted by NEUT generator and measured in the

real data, are as follows:

〈σ〉MC = (1.0522± 0.0028(stat))× 10−39 cm2/nucleon, (5.17)

〈σ〉data = (1.239± 0.034(stat))× 10−39 cm2/nucleon. (5.18)
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The di�erence between the measurement and the predictions is a result of the

real data excess described in Section 4.5.

Run Run 2 Run 3c Run 4

POT datar (×1021 POT) 0.078 0.134 0.336

POTMC
r (×1021 POT) 2.13 3.08 7.00

normr 0.0368 0.0435 0.0481

φνµ,r (1013/cm2/1021 POT) 1.928 1.937 1.942

Ndata
r 528 922 2288

NMC
r 12952 19142 43260

NMC
r × normr 477 833 2079

BMC
r 5451 8029 18011

SMC
r 7502 11113 25249

nMC
r 23516 34618 78746

εr 0.319 0.321 0.321

ndatar 1026 1784 4437

〈σ〉MC
r (×10−39 cm2/nucleon) 1.0422 1.0553 1.0538

〈σ〉datar (×10−39 cm2/nucleon) 1.236 1.249 1.236

Table 5.1: Input values used in the (νµCCπ
0)incl. cross-section calculations.
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Chapter 6

Systematics

Both the reconstruction e�ciency and selection purity are never 100%. These

limitations are not critical, if they are not too big and are correctly reproduced

in simulations. If physics processes and the behaviour of the detector are not

accurately simulated, the discrepancies have to be estimated and taken into

account as systematic errors. For example, the particle charge misidenti�cation

itself is not a systematic e�ect, but a di�erence between the probability of

the charge misidenti�cation in the real and simulated data is. Similarly, an

incorrect evaluation of the amount of the selected background increases the

systematic uncertainties, but not the background contamination itself.

Systematic errors concern modelling of: the neutrino �ux, the neutrino

primary interactions and FSI, the passage through matter of particles produced

in neutrino interactions and the detector response. The following sections

describe an in�uence of each category of systematics on the calculated cross-

section.

6.1 Flux uncertainty

The neutrino �ux systematic uncertainty results mainly from a limited knowl-

edge of the primary proton beam parameters, hadronic interaction model, horn

current, magnetic �eld and neutrino beam o�-axis angle [23]. The overall un-

certainty of the neutrino �ux in the ND280 detector is provided by the beam

group in the form of a covariance matrix1. This covariance matrix, shown in

1www.t2k.org/beam/NuFlux/FluxRelease/13arelease/13av1-1-flux-uncertainty/

flux-covariance-matrix-with-fine-binning � T2K Intranet.
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Fig. 6.1, contains 80 × 80 elements de�ned with respect to the neutrino type

and neutrino true energy. For each neutrino type: νµ, νµ, νe and νe, there are

20 energy bins with edges: 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 1.5,

2.0, 2., 3.0, 3.5, 4.0, 5.0, 7.0, 10.0 and 30.0 GeV.

Figure 6.1: The covariance matrix of the neutrino �ux systematic uncertainty in the ND280

detector.

In order to calculate the in�uence of the �ux systematic uncertainty on the

cross-section measurement, the following procedure was applied:

1. The Cholesky decomposition [98] of the neutrino �ux systematics covari-

ance matrix C was done:

C = L · LT (6.1)

where L is a lower triangular matrix and LT is its transposition.

2. A statistically large number (100 k in this analysis) of 80 element ran-

dom vectors ~v i, i = 1, . . . 100k were generated according to the standard

Gaussian distribution.

3. A set of 80 element weight vectors ~w i was calculated using the formula:

wij = 1 +
80∑
k=1

Ljkv
i
k, j = 1, . . . , 80, i = 1, . . . , 100k. (6.2)
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The vectors ~w i were used to randomly change the selected sample within

the uncertainties described in the �ux covariance matrix. This procedure

is called reweighting and a single change is called a random throw.

4. In the MC sample, the nominal values of the �ux, the number of selected

signal, background and generated signal events (φνµ,r, S
MC
r , BMC

r and

nMC
r in Eq. (5.8) with r denoting run number) were divided into the

same neutrino type and true energy bins as in the covariance matrix

(Fig. 6.2). The nominal values are denoted with the word nominal in

the superscript.

5. φνµ,r, S
MC
r , BMC

r and nMC
r were reweighted bin-by-bin using the formula:

xi =
∑
j

xnominalj · wij, i = 1, . . . , 100k, (6.3)

where xi is a reweighted value and i denotes each of 100 k random throws.

Index j denotes the neutrino type and neutrino true energy bin. For BMC
r

� the number of selected background events j = 1, . . . , 80 because they

can be produced by any type of neutrino. The other three characteristics

are related only to the muon neutrinos, therefore the bins related only

to νµ were used: j = 1, . . . , 20.

6. The �ux-averaged (νµCCπ
0)incl. cross-section for each throw 〈σ〉data,i was

calculated using reweighted values (bold symbols in the formula below),

applied to the Equation (5.8):

〈σ〉data,i =
1

POT datatot · T
∑

r=2,3c,4

Ndata
r −BMC,i

r · normr

φiνµ,r · S
MC,i
r /nMC,i

r

. (6.4)

〈σ〉data,i distribution is shown in Figure 6.3(a). Distribution in Fig-

ure 6.3(b) shows the relative di�erence between the cross-section nominal

value 〈σ〉data and cross-section for each reweighting throw 〈σ〉data,i de�ned
as:

〈σ〉data,i − 〈σ〉data

〈σ〉data
. (6.5)

7. The �ux systematic error was calculated as the di�erence between nom-

inal value 〈σ〉data and 68% con�dence level values of the 〈σ〉data,i distri-
bution presented as the green lines in Figure 6.3(a). The area under the
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distribution between green lines constitutes 68% of the whole area. The

areas below the left green line and above the right green line are the

same.
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Figure 6.2: The neutrino �ux (a), selected and generated signal (b) and selected background

events (c) in the MC sample in the neutrino energy bins, which are the same as the energy

bins in the �ux systematics covariance matrix. The distributions are scaled to real data

POT given in Table 3.1.

The calculated �ux systematic error is asymmetric and equals:

〈σ〉data = (1.239+0.175
−0.149(flux))× 10−39 cm2/nucleon, (6.6)

δ+flux〈σ〉
data

〈σ〉data = 14.1%,
δ−flux〈σ〉

data

〈σ〉data = 12.0%. (6.7)

The relative �ux uncertainties are bigger for neutrinos with higher energies.

Thus, the �ux systematic error is higher than in the νµCC inclusive analysis,

because in the (νµCCπ
0)incl. analysis the average neutrino energies are higher

and equal: around 4 GeV for the generated signal events and 5.5 GeV for the

selected events (see Fig. 4.33).
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Figure 6.3: The total �ux-averaged (νµCCπ
0)incl. cross-section (a) and its relative error with

respect to the real data cross-section nominal value (b) for each reweighting throw measured

for the real data sample. The red line shows the nominal cross-section value calculated for

the real data 〈σ〉data, the black line shows the predicted value from the NEUT MC generator

〈σ〉MC , and the green lines show the 68% con�dence level.

6.2 MC model uncertainty

The MC systematic uncertainty results from uncertainties related to the model

of:

• The cross-section of the neutrino primary interaction on a nucleon par-

ton or entire nucleon bound in a nucleus and/or the neutrino coherent

interaction on a whole nucleus,

• The interactions of the neutrino primary interaction products with other

nucleons in a target nucleus, called Final State Interactions (FSI).

The systematic errors for these two sources are calculated separately. Both

of them can in�uence the number of selected signal, selected background and

generated signal events (SMC
r , BMC

r and nMC
r in Equation (5.8) with r denoting

the run number). The reweighting procedure is similar for both types of the

systematic errors:

1. There is a set of throws for which the model parameters are varied

in a way elaborated by the T2K Neutrino Interaction Working Group

(NIWG).

2. For each throw weights were calculated for each relevant event, which

can be selected signal, selected background and generated signal event.

99



3. The nominal values SMC
r , BMC

r and nMC
r were reweighted using the for-

mula:

xi =
xnominal∑
j=1

wix,j, xnominal = SMC
r , BMC

r , nMC
r , (6.8)

where wix,j is a weight for j event from the x sample (x = selected signal,

selected background, generated signal), xi = SMC,i
r , BMC,i

r , nMC,i
r is a

reweighted value and i denotes each of the throws.

4. The �ux-averaged (νµCCπ
0)incl. cross-section for each throw 〈σ〉data,i was

calculated using reweighted values (bold symbols in the formula below),

applied to the Equation (5.8):

〈σ〉data,i =
1

POT datatot · T
∑

r=2,3c,4

Ndata
r −BMC,i

r · normr

φiνµ,r · S
MC,i
r /nMC,i

r

. (6.9)

5. At last the cross-section systematic errors were calculated in the way

which is described in the following subsections, speci�c to the error type.

6.2.1 Neutrino primary interaction cross-section modelling

The neutrino primary interactions are described in Section 1.3.2. The neutrino

primary interaction cross-section systematic error (in brief, cross-section sys-

tematic error) arises from the uncertainty of the following parameters described

in detail in [99�102]:

• Parameters related to the Relativistic Fermi Gas (RFG) model:

� The Fermi momentum in carbon (kNIWG2014a_pF_C12) and oxy-

gen (kNIWG2014a_pF_O16).

� The nucleon binding energy in carbon (kNIWG2014a_Eb_C12)

and oxygen (kNIWG2014a_Eb_016).

• The CCQE axial mass (kNXSec_MaCCQE).

• Normalization, i.e. the overall number of events, of Meson Exchange

Current (MEC) interactions on carbon (kNIWGMEC_Norm_C12) and

oxygen (kNIWGMEC_Norm_O16).

• Parameters related to the CC and NC single pion resonant interactions:
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� The resonant axial mass(kNXsec_MaNFFRES).

� The isospin I = 1/2 continuum background (KNXsec_BgSclRES).

� The scaling factor for the axial form factor CA
5 (0) (kNXsec_CA5RES).

• Other parameters:

� The CC νe interaction normalization (kNIWG2012a_ccnueE0).

� �CC other shape� � the parameter related to the number of CC other

events as a function of the neutrino energy (kNIWG2012a_dismpishp).

The CC other interactions are the CC multi-π production, CC DIS

interactions and CC resonant η/K/γ production.

� The CC coherent interaction normalization (kNIWG2012a_cccohE0).

� The NC coherent interaction normalization (kNIWG2012a_nccohE0).

� The NC other interaction normalization (kNIWG2012a_ncotherE0).

As discussed in [100], except for the normalisation of the MEC interactions,

which contribution to the error for the (νµCCπ
0)incl. interaction is negligible

(see Table 6.2), most of the parameters are not correlated, so the correlations

are not taken into account during reweighting. This will be improved in the

future improvement of this analysis.

The values and errors of the cross-section parameters used during the

reweighting procedure are listed in Table 6.1. Each of 15 parameters was

varied separately by two values, which gives 30 throws. Table 6.2 presents

the POT-weighted averages of relative error of the number of selected back-

ground, selected signal and generated signal events, as well as the cross-section

〈σ〉data,i induced by these variations. The relative errors are calculated as

(xi − xnominal)/xnominal. The biggest contributions to the systematic error

come from parameters describing the NC and CC other interactions, and to a

lesser extent, the single pion resonant interactions.

The cross-section systematic error consists of individual contributions added

in quadrature, separately for throws with the cross-section lower and higher

than the nominal value 〈σ〉data:

δ+xsec〈σ〉data

δ−xsec〈σ〉data
=

{√
(〈σ〉data,i − 〈σ〉data)2, if 〈σ〉data,i > 〈σ〉data

if 〈σ〉data,i < 〈σ〉data
(6.10)
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T2KReWeight NIWG NIWG

Parameter mean mean error

kNXSec_MaCCQE (GeV) 1.21 1.15 0.07

kNIWG2014a_pF_C12 (MeV/c) 217 223 12.3

kNIWG2014a_pF_O16 (MeV/c) 225 225 12.3

kNIWGMEC_Norm_C12 1 0.27 0.29

kNIWGMEC_Norm_O16 1 0.27 1.04

kNIWG2014a_Eb_C12 (MeV) 25 25 9

kNIWG2014a_Eb_016 (MeV) 27 27 9

kNXsec_CA5RES (GeV) 1.01 1.01 0.12

kNXsec_MaNFFRES 0.95 0.95 0.15

KNXsec_BgSclRES 1.30 1.30 0.20

kNIWG2012a_ccnueE0 1 1 0.02

kNIWG2012a_dismpishp 0 0 0.40

kNIWG2012a_cccohE0 1 1 1

kNIWG2012a_nccohE0 1 1 0.3

kNIWG2012a_ncotherE0 1 1 0.3

Table 6.1: Summary of the NIWG cross-section parameters. The second column

(T2KReWeight mean) contains default parameter values, and the third column (NIWG

mean) contains the mean values recommended by the NIWG group [102].

Thus, the calculated systematic error is asymmetric and equals:

〈σ〉data = (1.239+0.070
−0.072(xsec))× 10−39 cm2/nucleon, (6.11)

δ+xsec〈σ〉data
〈σ〉data = 5.7%, δ−xsec〈σ〉data

〈σ〉data = 5.8%. (6.12)
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6.2.2 FSI modelling

The FSI interactions are described in Section 1.3.3. FSI in�uence the multi-

plicity, types and momenta of hadrons produced in the neutrino primary in-

teractions. The FSI systematic errors [99, 100, 103] arise from the uncertainty

of the following parameters related to the pion scattering:

• Elastic scattering at low (FSIQE) and high energies (FSIQEH),

• Pion production (FSIINEL),

• Pion absorption (FSIABS),

• Charge exchange at low (FSICX) and high energies (FSICXH).

Values of these parameters for each of 16 reweighting throws are listed in Ta-

ble 6.3. The throws take into account the biggest correlations between the

parameters, e.g. the fact that the elastic scattering (FSIQEH) is strongly

anticorrelated to the pion production (FSIINEL) and the charge exchange

(FSICXH) at high energies. The correlations are discussed in [100, 103]. Ta-

ble 6.4 presents the POT-weighted averages of relative error of the number of

selected background, selected signal and generated signal events, as well as the

cross-section 〈σ〉data,i induced by each reweighting throw. The relative errors

are calculated as (xi − xnominal)/xnominal.
The FSI systematic error was calculated as RMS of the distribution 〈σ〉data,i

with respect to the nominal value 〈σ〉data:

δfsi〈σ〉data =

√
(〈σ〉data,i − 〈σ〉data)2

n_throws
, (6.13)

where n_throws = 16 is the number of the FSI reweighting throw. The

calculated FSI systematic error equals:

〈σ〉data = (1.239± 0.045(fsi))× 10−39 cm2/nucleon, (6.14)
δfsi〈σ〉data
〈σ〉data = 3.6%. (6.15)
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Throw FSIQE FSIQEH FSIINEL FSIABS FSICX FSICXH

Nominal 1.0 1.8 1.0 1.1 1.0 1.8

1 0.6 1.1 1.5 0.7 0.5 2.3

2 0.6 1.1 1.5 0.7 1.6 2.3

3 0.7 1.1 1.5 1.6 0.4 2.3

4 0.7 1.1 1.5 1.6 1.6 2.3

5 1.4 1.1 1.5 0.6 0.6 2.3

6 1.3 1.1 1.5 0.7 1.6 2.3

7 1.5 1.1 1.5 1.5 0.4 2.3

8 1.6 1.1 1.5 1.6 1.6 2.3

9 0.6 2.3 0.5 0.7 0.5 1.3

10 0.6 2.3 0.5 0.7 1.6 1.3

11 0.7 2.3 0.5 1.6 0.4 1.3

12 0.7 2.3 0.5 1.6 1.6 1.3

13 1.4 2.3 0.5 0.6 0.6 1.3

14 1.3 2.3 0.5 0.7 1.6 1.3

15 1.5 2.3 0.5 1.5 0.4 1.3

16 1.6 2.3 0.5 1.6 1.6 1.3

Table 6.3: FSI parameter sets � from Table 1 in [99].
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Relative error (%)

Throw 〈BMC
r 〉 〈SMC

r 〉 〈nMC
r 〉 〈σ〉data,i

1 1.04 4.13 2.06 -2.61

2 1.09 4.95 5.09 -0.53

3 0.40 0.45 -4.57 -5.23

4 0.31 0.99 -1.82 -2.97

5 -1.62 1.59 4.02 3.41

6 -1.28 1.99 7.52 6.24

7 -1.52 -1.88 -4.21 -1.47

8 -1.80 -1.89 0.15 3.21

9 1.82 1.87 0.20 -2.73

10 1.82 2.75 3.32 -0.56

11 1.24 -1.74 -6.36 -5.42

12 1.26 -1.23 -3.58 -3.14

13 -0.30 -0.66 2.23 3.10

14 -0.25 0.02 5.91 6.05

15 -0.52 -3.92 -5.95 -1.81

16 -0.54 -3.73 -1.40 2.75

Table 6.4: POT-weighted averages of relative error of the number of selected background

〈BMC
r 〉, selected signal 〈SMC

r 〉, generated signal events 〈nMC
r 〉 and the calculated cross-

section 〈σ〉data,i for each FSI reweighting throw. The relative errors of 〈BMC
r 〉, 〈SMC

r 〉 and
〈nMC
r 〉 shown in this table are averages of the POT-weight values for all runs. However, to

calculate 〈σ〉data,i values the 〈BMC
r 〉, 〈SMC

r 〉 and 〈nMC
r 〉 individual errors for each run were

used.
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6.3 Detector systematics

The detector systematics2 is related to the simulation of the particle passage

through matter and the detector response. This systematics a�ects the selec-

tion, so it can change the number of the selected signal and background events

only (SMC
r and BMC

r in Equation (5.8) with r denoting the run number).

To evaluate a particular detector systematic error, it is needed to know the

real distribution of a studied variable without relying on simulations. There-

fore, an event sample of the known behaviour, which is called the control

sample, is chosen. For example, the control sample used to evaluate the sys-

tematic error of charge misidenti�cation is a pure sample of protons, chosen

through a cut on Pullp (dE/dx). The energy of the neutrino beam is too

low to produce antiprotons, therefore the control sample consists in the vast

majority of positive particles. The real data-MC di�erence in the fraction of

particles being misidenti�ed as negative is a measure of this systematic error.

The value of the systematic uncertainty of a physical parameter (such as

charge misidenti�cation), evaluated based on the control sample, must be prop-

agated to the change in the number of selected signal and background events.

It can be done in the following three ways described in detail in Section 9

of [94]:

• Observable-variation systematics. The physics parameter is randomly

altered (many times) within its systematic error. For each value of the

parameter, the selection is repeated to get the number of selected events.

This type of propagation is applied to the parameters that can take

continuous values, such as momentum or Pull.

• E�ciency-like systematics. The selection is done once. After the se-

lection, for each event the set of random weights within the parameter

systematic error is calculated. This type of propagation is applied to the

reconstructed object or particle parameters that can take two discrete

values, such as charge or the fact that the object is reconstructed or not.

If the event contains more than one object that needs to be taken into

account, the individual weights must be combined together.

2http://www.t2k.org/nd280/physics/systMasterTablePage � list of the detector sys-

tematic errors � T2K Intranet.
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• Normalization systematics. After the selection, the weight is assigned to

the whole event. This type of propagation is applied to the parameters

related to the whole event, such as FGD mass uncertainty or event pile-

up, and not to an individual particle or reconstructed object.

Table 6.5 comprises the list of all detector systematic errors considered in

this analysis and relative errors of the number of the selected signal 〈δSMC
r /SMC

r 〉
and background 〈δBMC

r /BMC
r 〉 events induced by them. The systematic errors

related to the cuts used to select νµCC events are listed in the �rst part of

this Table at positions 1-13 and are outlined in Section 6.3.1. The selection

of e± inside the tracker uses the same variables as the µ− selection: number

of nodes, momentum, dE/dx, etc. The main di�erence in detector systemat-

ics calculations is that the muon candidates have to start in the FGD1 FV,

while e± candidates start in FGD extended volume, i.e. inside whole FGD1

and FGD2 and TPC outer envelop (see Table 4.2 and Fig. 4.3). Therefore,

after extending the group of reweighted TPC tracks from the tracks starting

in FGD1 FV to the tracks starting in FGD extended volume, the νµCC sys-

tematics can be used to assess the large part of the systematics related to the

e± selection.

The second part of Table 6.5 contains the systematic errors related to the

selection cuts of the π0 decay products not handled by the νµCC systematics.

Two types of π0 decay products are selected: e± tracks in the TPC from

photons from π0 decays (described in Sec. 4.4.2.1) and showers in the ECal

produced by photons from π0 decay (described in Sec. 4.4.2.2). Selection cuts

of these two types of objects are independent. Thus, systematics related to

them also does not depend on each other. The only e± systematic error not

handled by the νµCC systematics is related to the FGD extended volume cut

which is described in Section 6.3.2 (position 14 in Table 6.5). Section 6.3.3

characterises errors related the shower selection in the ECal, which are listed

in Table 6.5 at positions 15-19. The errors related to the π0 selection are

described in more detail, as they have been mostly developed by the author of

this thesis.

The in�uence of the detector systematics on the �ux-averaged (νµCCπ
0)incl.
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Relative error (%) Detailed

No. Systematic uncertainty 〈BMC
r 〉 〈SMC

r 〉 description

Errors related to the muon selection cuts

1. TPC �eld distortion 1.5473 1.4380 [94,104]

2. TPC cluster e�ciency∗ 0.0048 0.0052 [94]

3. TPC single and double track 0.0613 0.0406 [94,105]

Reconstruction e�ciency∗

4. TPC momentum resolution∗ 0.0613 0.0405 [94,106]

5. TPC momentum scale∗ 0.0613 0.0405 [94,97,107,108]

6. TPC charge confusion 0.0784 0.0241 [94,109]

7. TPC PID∗ 0.0613 0.0406 [94,110]

8. FGD-TPC matching e�ciency 0.0542 0.0559 [94,111]

9. FGD mass 0.5056 0.6075 [94,112]

10. OOFV events 4.3213 0.0010 [94,113]

11. Sand muon background 0.0466 0.0010 [94]

12. Event pile-up 0.2811 0.2830 [94,97]

13. Pion secondary interactions 5.4695 4.6380 [94,97,114]

Errors related to the π0 product selection

e± TPC track selection

14. FGD extended volume cut 0.0797 0.0724 Sec. 6.3.2

γ ECal shower track selection

15. ECal reconstruction e�ciency 2.4563 2.6748 [93,115], Sec. 6.3.3.1

16. ECal energy reconstruction 0.3131 0.2222 Sec. 6.3.3.2

17. Tracker-ECal matching 0.0792 0.0605 [93,95,115], Sec. 6.3.3.3

18. ECal PID 1.5453 1.4416 [93,95,96], Sec. 6.3.3.4

19. Shower pile-up 0.5658 0.1047 Sec. 6.3.3.5

Total error added in quadrature 7.7586 5.7741

Table 6.5: Detector systematics uncertainties related to the νµCC selection cuts (upper part

of the table) and to the π0 selection (lower part of the table), which consists of e± track

selection in the TPC and photon shower selection in the ECal. The selection of e± track

in the TPC uses the same reconstructed variables as the muon (or νµCC ) selection. Thus,

after small modi�cations of the uncertainties denoted with a star the νµCC systematics

can be used to assess the large part of the e± related systematics. The systematic errors

denoted with a star were originally applied only to the tracks starting in FGD1 FV. In

the (νµCCπ
0)incl. analysis for the e

± selection the tracks starting in the FGD extended

volume are considered and this denotes the modi�cation. The relative errors of 〈BMC
r 〉 and

〈SMC
r 〉 shown in this table are averages of the POT-weight values for all runs considered

in this analysis. However, to calculate the detector systematic error for the (νµCCπ
0)incl.

cross-section δdet〈σ〉data the 〈BMC
r 〉 and 〈SMC

r 〉 individual errors for each run were used.
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cross-section is calculated using the formula:

δ〈σ〉data =
1

POT datatot · T

√√√√ ∑
r=2,3c,4

(
1

φνµ,r

)2

· (δndatar )2,

(
δndatar

)2
=

(
∂ndatar

∂BMC
r

· δBMC
r

)2

+

(
∂ndatar

∂SMC
r

· δSMC
r

)2

.

(6.16)

where

∂ndatar

∂BMC
r

= − normr

SMC
r /nMC

r

, (6.17)

∂ndatar

∂SMC
r

= −N
data
r −BMC

r · normr

(SMC
r )2/nMC

r

, (6.18)

and δBMC
r and δSMC

r are the total background and signal detector systematic

errors for run r. At this stage of the (νµCCπ
0)incl. analysis, individual system-

atic error contributions listed in Table 6.5 are added in quadrature without

taking into account possible correlations. This should be improved in the

future.

The resulting overall detector systematic error for the total �ux-averaged

(νµCCπ
0)incl. cross-section equals:

〈σ〉data = (1.239± 0.133(det))× 10−39 cm2/nucleon, (6.19)
δdet〈σ〉data
〈σ〉data = 10.7%. (6.20)

As it can be seen in Table 6.5 the largest contributions come from: pion sec-

ondary interactions, ECal reconstruction e�ciency, Out Of Fiducial Volume

(OOFV) events, ECal PID and TPC �eld distortion. All the individual de-

tector systematic errors are described more in detail in the following three

subsections.

6.3.1 Systematics related to νµCC inclusive selection

In the νµCC selection, o�cial cuts from the numuCCAnalysis package were

applied. The highland package includes also the calculation of the systematic

errors related to this selection. Their in�uence on the number of the selected

signal and background events is presented in Table 6.5 as percentages of these

two populations. The individual systematic errors (positions 1-13 in Table 6.5)

are as follows:
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1. TPC �eld distortion [94, 104]. This systematic uncertainty is related

to the distortions of magnetic and electric �elds in TPCs. The value

and source of those distortions are not fully understood. Therefore, it

is assumed that the systematic error equals to the di�erence in MC be-

tween the reconstruction for the perfect �eld and the �eld with empirical

correction.

2. TPC cluster e�ciency [22, 94]. The TPC cluster (also called node) is a

collection of contiguous hits in the same column or row for horizontal

and vertical tracks, respectively. The cluster e�ciency systematics has

an impact mainly on the TPC quality cut, which requires more than 18

clusters in the TPC segment closest to the track start position. The frac-

tion of tracks not passing this cut is small, thus the associated systematic

error is also small.

3. TPC single and double track reconstruction e�ciency [22, 94, 105]. The

control samples used to evaluate this e�ciency were: single tracks of

straight through-going muons, cosmic muons, single short tracks and

two close tracks sample. The later required the use of the TPC pattern

recognition algorithm, whose e�ciency was estimated based only on MC

truth information. For all control samples the e�ciency in the real data

and MC data sets is very high and is independent from the track mo-

mentum, angle or length. The conservative estimate of the systematic

uncertainty is below 1.0% in each TPC.

4. TPC momentum resolution [22,94,106]. The momentum resolution sys-

tematic uncertainty is calculated from the di�erence between the mea-

surements in TPC1 and TPC2, corrected by the energy loss in the in-

termediate FGD1. For global tracks the results of Kalman �lter �t with

di�erent sets of subdetectors are compared.

5. TPC momentum scale [22,94,97,107,108]. The momentum scale uncer-

tainty is related to a systematic shift of the reconstructed momentum

distribution with respect to the true momentum distribution. The value

of this shift was determined through comparison with the momentum

measured from the range in FGD1 for a stopping cosmic muons sam-

ple [97] and through the calculation of the ∆++ reconstructed invariant

mass distribution with di�erent values of the shift [108].
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6. TPC charge confusion [22, 94, 109]. This systematic uncertainty is eval-

uated from data-MC di�erences in the sample of tracks crossing more

than one TPC, for whose the charge assigned by local reconstruction in

each TPC and charge from global reconstruction is compared.

The only π0 cut that depends on the reconstructed charge is the require-

ment that positron candidates in TPC should have momentum below

800 MeV. As the charge reconstruction quality should have only a small

in�uence on π0 selection and because of problems with implementation

of this systematic error in the (νµCCπ
0)incl. analysis, it is assumed that a

percentage change in the number of events is the same as in the inclusive

νµCC selection.

7. TPC PID systematic error [22,94,110] (Pull systematics, Eq. 4.1). The

systematic error on Pullµ, Pulle and Pullp was evaluated through shift-

ing and smearing those distributions in MC by the values determined

from the three control samples: through-going muons, e+e− pairs from

photon conversions and high energy positive particles dominated by pro-

tons.

8. FGD-TPC matching e�ciency [94, 111]. There are two types of FGD-

TPC matching e�ciencies:

• Basic FGD-TPC matching e�ciency � probability that the TPC

track is matched to any hit in FGD; if track is not matched, the

events occurring inside FGD1 FV are reconstructed as located out-

side this volume,

• Good FGD-TPC matching e�ciency � probability that the TPC

track is matched to all or almost all hits in FGD; in this case, the

e�ciency a�ects the Out-Of-Fiducial-Volume (OOFV) background

contamination and is handled by OOFV systematics.

If any hit in FGD exists, the basic TPC-FGD matching e�ciency is

found to be 100% both in the real data and MC. The only possibility

that the matching is not working is when all hits in FGD are lost. This

can happen only for very short segments in FGD. The systematic error

is a consequence of a real data-MC di�erence in the e�ciency of FGD

hits reconstruction. It was decided by group analysing νµCC events to

apply this systematics for tracks with less than 3 hits in FGD.
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In the (νµCCπ
0)incl. analysis only the muon candidate, which has to be

the Highest Momentum Negative track with part in the TPC (HMN

track), is required to start inside FGD. The e± candidates are allowed to

start in the TPC layers adhering to the FGD detectors, inside FGD ex-

tended volume de�ned in Table 4.2. Therefore, this sytematics is applied

to the �rst three highest momentum negative tracks whose true starting

position is located inside FGD1 FV.

9. FGD mass uncertainty. According to [22, 94, 112], an areal density of

the FGD XY modules is overestimated by 0.41% in MC simulations.

Additionally, the results of direct measurements of these modules can

di�er up to 0.38%. These two contributions added in quadrature give

the systematic error of FGD1 FV mass equal to 0.6%.

10. Out Of Fiducial Volume (OOFV) Events [22, 94, 113]. The Out-Of-

Fiducial-Volume background events are split into 9 categories, depending

on the reason why the event was not rejected by the selection cuts. Next,

cross-section rate uncertainty and the systematics related to the recon-

struction are assigned to each category.

11. Sand muon background [22, 94]. This is the background from particles

produced outside the ND280 detector and passing the FGD1 FV νµCC

selection cuts. The systematic uncertainty on the amount of this back-

ground is calculated from the data-MC di�erence in the sand muons en-

riched control sample: sample of tracks entering through the upstream

wall of the P0D detector. The di�erence was found to be approximately

10%.

12. Event pile-up [22, 94, 97]. Particles produced outside of the ND280 de-

tector (sand muons, cosmics), as well as interactions inside the detector,

especially in ECal and SMRD (the heaviest subdetectors), can overlap

with reactions inside FGD1 FV. If they activate the TPC1 veto, the

whole event is rejected, which decreases the e�ciency. If such a track is

assigned to the reaction in the FGD1 FV, it can be misclassi�ed, e.g. as

νµCC1π instead of νµCC0π. The shower pile-up systematics is described

in detail in Section 6.3.3.5.

13. Pion secondary interactions [94,97,114]. Geant4 [35,36] model of charged

pion secondary interactions signi�cantly di�ers from the external data.
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Therefore, Geant4 cross-sections of such interactions were weighted to

�t this data, and the uncertainty on the cross-sections measurement in

these external data was used to calculate this detector systematic error,

the largest one in this analysis.

6.3.2 π0 related systematics � e± tracks in the TPC

This section describes the only systematic error related to the selection of

e± from π0 decays tracks in the TPC which is not handled by the νµCC

systematics. It concerns the cut requiring the electron and positron track to

start in the FGD extended volume. Its in�uence on the number of selected

signal and background events is shown in Table 6.5 at position 14.

The FGD extended volume cut is not a�ected by the FGD-TPC matching

e�ciency systematics because the FGD extended volume de�nition allows the

tracks to start in the TPCs near the edge of FGD, so even if the matching is

not working correctly, the track will be accepted.

Expected number of selected signal events

Cut looser cut (increased standard cut tighter cut (decreased

allowed volume) (standard volume) allowed volume)

Run 2 276 276 276

Run 3c 484 484 483

Run 4 1214 1213 1212

Expected number of selected background events

Cut looser cut (increased standard cut tighter cut (decreased

allowed volume) (standard volume) allowed volume)

Run 2 201 201 201

Run 3c 350 350 350

Run 4 867 867 866

Table 6.6: Change in the number of the selected signal and background events after all

(νµCCπ
0)incl. cuts in the MC sample normalized to the real data POT after increasing

allowed volume (looser cut) and decreasing allowed volume (tighter cut) in the FGD extended

volume cut by the X,Y and Z resolution with respect to the standard size of the allowed

volume (standard cut).

The systematic error related to this cut was evaluated by shifting the size
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of the allowed volume in the MC sample by the resolution in X, Y and Z

coordinates, i.e. ±15 mm, ±15 mm and ±10 mm, respectively. When the

allowed volume was increased in each direction by the resolution value the cut

became looser, and for the case with the allowed volume decreased in each

direction the cut became tighter. Changes in the number of the selected signal

and background events, caused by both shifts, are presented in Table 6.6. To

evaluate the systematic error the values of bigger change in number of selected

signal and background events were taken into account.

6.3.3 π0 related systematics � photon showers in the ECal

This section describes the systematics related to the selection of photons from

π0 decays, showering in the ECal. Its in�uence on the number of selected

signal and background events is shown in Table 6.5 at positions 15-19.

The systematics related to the ECal reconstruction was partly developed

for the νeCC analysis [93,95] and further adjusted by the author of this thesis

to the (νµCCπ
0)incl. analysis.

To avoid double counting it is important to use the control samples which do

not overlap with the analysis sample. A standard control sample to investigate

the shower reconstruction quality, used by the ECal group, is the sample of

e+e− pairs from photon conversion or single electron-like tracks. Electrons

(and positrons) are identi�ed using dE/dx and have their momenta measured

in the TPC. Two e± tracks constitute one of possible signatures of the neutral

pion used in the presented analysis. Therefore, to avoid an overlap with the

analysis sample, the control sample does not contain events with an identi�ed

muon-like track.

The systematic errors related to the ECal reconstruction are not taken into

account for the events with at least two e± candidates in the TPC, because such

events would be selected anyhow, as in this analysis two e±'s are already the

signature of π0 . The events with at least 5 π0 decay products candidates are

also not reweighted, as the probability of losing at least 4 showers is negligible.

For the e�ciency-like systematics, the weight is calculated for each relevant

true or reconstructed object and the event weight is the multiplication of these

�object� weights. For the (νµCCπ
0)incl. selection it is not important if all such

objects are correctly reconstructed, but only if at least two of them would pass

cuts for π0 decay product candidates. Therefore, arti�cially high value of a

systematic error can be assigned to events with high multiplicity of objects
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relevant for the reweighting. To avoid such situation, in the reweighted events,

e.g. events with less than two e±'s and less than 5 π0 decay product candidates,

the weight is assigned to not more than three objects relevant for particular

systematic error. This procedure of selecting events and objects in these events

for reweighting was applied to the systematic error related to the ECal shower

reconstruction e�ciency, track-shower discrimination (ECal PID) and Tracker-

ECal matching e�ciency systematics.

6.3.3.1 ECal reconstruction e�ciency

Track pointing to TECal DsECal

Real data events 4306 4886

Expected events 4277 5250

Particle Contribution (%)

e− 24.3 41.9

e+ 28.8 34.3

µ− 25.5 12.8

π+ 12.8 6.1

π− 5.0 2.8

p 2.0 0.9

µ+ 1.5 0.9

other 0.2 0.3

Table 6.7: Percentages of the true particle types for the control sample used to assess the

ECal reconstruction e�ciency systematic error of the showering particles.

The ECal reconstruction e�ciency systematics [115] for this analysis is

evaluated using the sample of electron-like tracks with the momentum between

100 MeV and 800 MeV pointing into TECal or DsECal. This is the control

sample described in [93, 95] and used for the ECal reconstruction e�ciency

systematics, but for this analysis modi�ed by rejecting events with muon-like

track and restraining momenta of e±-like tracks to [100 − 800] MeV region.

The contributions from di�erent true particles in the control sample are listed

in Table 6.7. The e�ciency is calculated as the ratio of the events where

the object in the ECal was reconstructed not farther than 70 cm from the

point where the e± track leaves the TPC and enters ECal. The calculated
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e�ciency systematics is presented in Table 6.8. This error was propagated as

e�ciency-like systematics. The objects relevant for this systematic error were

true electrons, positrons or photons, for which an isolated shower in the ECal

with the electromagnetic energy larger than 50 MeV was reconstructed. The

weight was assigned to at most three such objects, as it was described at the

beginning of Section 6.3.3.

MC e�. (%) real data e�. (%)

TECal 43.27± 0.16 40.36± 0.75

DsECal 94.48± 0.07 94.94± 0.31

Table 6.8: ECal reconstruction e�ciency of the showering particles.

6.3.3.2 ECal energy reconstruction

Expected number of selected signal events

Cut looser cut standard cut tighter cut

(energy > 47.5 MeV) (energy > 50 MeV) (energy > 52.5 MeV)

Run 2 277 276 275

Run 3c 485 484 483

Run 4 1215 1213 1210

Expected number of selected background events

Cut looser cut standard cut tighter cut

(energy > 47.5 MeV) (energy > 50 MeV) (energy > 52.5 MeV)

Run 2 201 201 200

Run 3c 351 350 349

Run 4 869 867 864

Table 6.9: In�uence of shifting the shower electromagnetic energy cut on the number of

the selected signal and background events after all (νµCCπ
0)incl. cuts in the MC sample

normalized to the real data POT. The looser cut means standard cut -2.5 MeV while the

tighter cut equals to standard cut +2.5MeV.

The electromagnetic energy reconstructed in the ECal for photon candi-

dates is required to be larger than 50 MeV. To check the in�uence of the
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energy measurement systematic error on the �nal sample, it was decided to

vary the shower minimal energy cut by the resolution of the electromagnetic

energy reconstruction equal to 2.5 MeV. The change in the number of the

selected signal and background events is presented in Table 6.9.

6.3.3.3 Tracker-ECal matching

The tracker-ECal matching systematics [115] has two contribution:s TPC-ECal

and FGD-ECal matching systematics.

The TPC-ECal matching e�ciency systematic error [93, 95] is needed to

assess the probability that the photon candidate in the ECal can result from

a part of the broken track entering the calorimeter from the TPC. The con-

trol sample for this systematic error is a subset of the sample used for the

ECal reconstruction e�ciency systematics. It consists of the events with the

electron-like track in TPC pointing to TECal or DsECal and with the shower

in the ECal closer than 70 cm from the point where the electron-like track

leaves TPC. The fraction of events where these two objects are matched to-

gether equals to the TPC-ECal matching e�ciency in the real and simulated

data. The measured e�ciency uncertainty is presented in Table 6.10.

EM energy MC e�. (%) real data e�. (%)

50-400. 72.92± 0.35 75.7± 1.6

TECal 400-800. 72.33± 0.79 65.0± 4.7

800-5000. 58.8± 1.2 58.2± 5.5

50-400. 78.05± 0.20 76.40± 0.97

DsECal 400-800. 65.93± 0.35 64.0± 1.7

800-5000. 43.12± 0.37 39.5± 1.8

Table 6.10: TPC track-ECal shower matching e�ciency.

FGDs consist of a dense material in which electrons quickly lose energy and

are likely to stop before reaching the calorimeter. Those subdetectors also have

a poor particle identi�cation ability. Therefore, it is hard to select the control

sample of electrons passing through FGD and heading for the calorimeter, to

estimate the FGD-ECal matching e�ciency for showering particles. For that

reason, the FGD-ECal matching e�ciency systematic uncertainty is assumed

to be equal to the TPC-ECal matching e�ciency systematic uncertainty. It is
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also propagated together with the TPC-ECal matching systematics under the

analogical conditions.

This error was propagated as the e�ciency-like systematics. The objects

relevant for this systematic error were true charged particles crossing the

tracker (TPC or FGD) and ECal, for which the track in the tracker and the

shower in the ECal with the electromagnetic energy larger than 50 MeV were

reconstructed. The weight was assigned to at most three such objects, as it

was described at the beginning of Section 6.3.3. First, TPC-ECal tracks are

taken into account. If there was less than three relevant TPC-ECal tracks,

FGD-ECal tracks are reweighted.

6.3.3.4 ECal PID

Particle identi�cation in the ECal relies on the Minimum Ionising Particle

Electro-Magnetic shower (MIP EM) discriminator [93, 95, 96] and allows to

discriminate shower-like objects from track-like objects, and thus e±/γ from

µ. The systematic error of this variable was studied using a sample of cosmic

muons in TECal, through-going muons in DsECal and a pure sample of elec-

trons produced in γ conversions for TECal and DsECal separately. All these

uncertainties appeared to be below 3.0%. This error was propagated as the

e�ciency-like systematics. The objects relevant for this systematic error were

showers in TECal and DsECal. The weight was assigned to at most three such

objects, as it was described at the beginning of Section 6.3.3.

6.3.3.5 Shower pile-up

The last cut of the (νµCCπ
0)incl. selection requires the existence of at least two

π0 decay products, i.e. e± tracks in the TPC and/or γ showers in the ECal.

The showers, being photon candidates in the ECal, are reconstructed far from

the neutrino vertex, in the outer heavy part of the ND280 detector where more

neutrino interactions happen than in the tracker. Additionally, this selection

does not take into account either the poorly known shower direction or the

invariant mass of π0 decay products. Therefore, γ candidates in the ECal are

exposed to a pile-up with the products of other neutrino interactions, which

in consequence can increase the number of events passing the selection cuts.

According to the simulations, after all cuts about 6%3 of the selected show-

3In Table 4.8 the number of coincidental particles is higher, because these are showers
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ers come from a di�erent neutrino interaction than a muon candidate and

98.7% of these objects come from reactions outside FGD1 FV. To check if the

expected number of such showers agrees with the real data, a control sample

based on the following cuts was selected:

1. good beam and good ND280 data quality �ags,

2. at least one shower in the ECal passing exactly the same requirements

as the showers in the (νµCCπ
0)incl. sample,

3. no tracks either in TPC or in FGD.

Thanks to the selection of events with no object in the tracker, 99.8% of the

showers come from reactions outside FGD1 FV and the control sample does

not overlap with the selected analysis sample. For this control sample, 81.2% of

showers come from the reactions in the outer detectors (70.6% � ECal, 10.6%

� SMRD). Most of them are produced by muons incorrectly categorized as

showers (40.5%) and protons (22.2%). Electrons, positrons and photons from

the primary π0 decay and from other sources constitute 22.5% in total. The

detailed composition of the showers from a di�erent neutrino vertex than the

muon candidate in the analysis sample and showers from the control sample

is presented in Table 6.11. The table contains information about the type of

a particle producing the shower, the type of a reaction in which the particle

was produced and the detector in which the neutrino reaction occurred. In

other distributions and tables shown in this thesis all reactions with the vertex

outside FGD1 FV are denoted as �Out of FGD1 FV�. However, over 98% of the

showers studied here come from the reaction with the vertex outside FGD1 FV.

Therefore, in this subsection, while categorising with respect to the reaction

type, it is not taken into account if the neutrino vertex was inside FGD1 FV or

not. As it can be seen from the percentage contributions in Table 6.11, both

samples are similar, which allows us to expect that the chosen control sample

re�ects also the real data-MC di�erence in the amount of the coincidental

showers in the analysis sample.

In the control sample, the real data sample contains around 9% more events

than predicted (Table 6.12). The excess in the real data is visible for showers

with a low electromagnetic energy and a small number of hits (Fig. 6.4).

before the last cut on the minimum number of π0 decay product candidates. In particu-

lar, this sample contains events with a muon candidate and exactly one π0 decay product

candidate in the ECal, which will not pass the last cut.
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Particle Analysis sample Control sample

primary π0 17.2% 13.2%

decay products

other e± or γ 14.4% 9.3%

µ− 30.5% 40.5%

π± 13.6% 11.5%

p 21.6% 22.2%

other 2.7% 2.7%

Reaction Analysis sample Control sample

(νµCCπ
0)incl. 25.3% 16.5%

νµNC 25.3% 22.9%

νµCCQE 22.6% 34.2%

νµCC+others 12.4% 13.9%

νµCCsecπ
0 9.0% 5.3%

not νµ 7.3% 6.5%

Detector Analysis sample Control sample

BrECAL 61.8% 60.3%

dead material 9.3% 15.6%

SMRD 8.7% 10.6%

Tracker 8.0% 1.6%

DsECAL 5.4% 8.0%

P0D 3.5% 1.4%

P0DECAL 3.3% 2.3%

Table 6.11: Characteristics of the showers from a di�erent neutrino vertex than the

muon candidate in the analysis sample (second column) and showers from the control

sample (third column): the type of a particle producing the shower (upper part), the

type of a reaction in which the particle was produced (middle part) and the detector

in which the neutrino reaction occurred (bottom part).

The excess in the number of coincidental showers passing the photon cuts

in the ECal can increase the amount of selected background and signal events,

if such showers overlap with the event after νµCC cuts with less than two π0

decay product candidates. Events chosen because of the overlap with coinci-

dental showers most likely will fall into the category with exactly two showers
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Number of selected events

Run data MC magnet MC sand total MC data/MC

Run 2 219162 186221 13473 199695 1.09748

Run 3c 376429 316611 23234 339845 1.10765

Run 4 921558 796753 58098 854851 1.07803

Number of selected showers

Run data MC magnet MC sand total MC data/MC

Run 2 239243 203058 13770 216828 1.10338

Run 3c 412299 345952 23737 369689 1.11526

Run 4 1012190 870507 59372 929879 1.08852

Table 6.12: Number of selected events and selected showers in the shower pile-up control

sample in the real data and MC magnet, MC sand and total minimum bias MC (mag-

net+sand) scaled to the real data POT, as well as the real data/total MC POT scaled

ratio.
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Figure 6.4: Properties of the showers from the (pile-up) control sample. The plot (a) shows

the reconstructed electromagnetic energy and the plot (b) � the number of hits. The Monte

Carlo distributions are split according to the true particle type of the selected showers and

scaled to the real data POT given in Table 3.1.

or the category with one shower and one e± candidate in the TPC. Events

with more than two π0 decay product candidates are less a�ected, because

having at least two coincidental showers in one event is very unlikely. The

expected relative systematic error in the number of selected background and
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signal events in the analysis sample is calculated as:

δXMC
r

XMC
r

= δNpile−up CS,r ×
XMC
pile−up shower,2sh,1sh+1e±,r

XMC
shower,2sh,1sh+1e±,r

×
XMC

2sh,1sh+1e±,r

XMC
r

,

X = B, S,

δNpile−up CS,r =
Ndata
pile−up CS,r −NMC

pile−up CS,r

NMC
pile−up CS,r

,

(6.21)

where

• X denotes selected background B or selected signal S events,

• δXMC
r /XMC

r is the expected relative error in the simulated MC analysis

sample (MC) in the number of selected background (X = B) or signal

(X = S) events in run r,

• Ndata/MC
pile−up CS,r is the number of selected events in the pile-up control sample

in the real data or in the MC sample scaled to the real data POT,

• XMC
pile−up shower,2sh,1sh+1e±,r is the number of coincidental showers in the

selected X sample with exactly two showers in the ECal or one shower

and one e± candidate in the TPC,

• XMC
shower,2sh,1sh+1e±,r is the number of all showers in the selected X sample

with exactly two showers in the ECal or one shower and one e± candidate

in the TPC,

• XMC
2sh,1sh+1e±,r is the number of X events in the selected sample with

exactly two showers in the ECal or one shower and one e± candidate in

the TPC,

• XMC
r is the total number ofX events in the sample after all (νµCCπ

0)incl.
cuts.

The input values and the calculated error in the number of selected back-

ground and signal events are shown in Tables 6.12 and 6.13. The procedure

described above is used to evaluate an increase in the number of selected back-

ground and signal events caused by additional coincidental showers. It must

be noted that the excess of coincidental showers can also increase the aver-

age number of showers in the selected event sample and therefore it can rise

the amount of events with more than two π0 decay product candidates in the

selected sample.
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Run Run 2 Run 3c Run 4

δNpile−up CS,r 9.75% 10.77% 7.80%

BMC
pile−up shower,2sh,1sh+1e±,r
BMC
shower,2sh,1sh+1e±,r

13.04% 14.84% 14.75%

BMC
2sh,1sh+1e±,r

BMC
r

44.50% 43.83% 44.51%

δBMC
r

BMC
r

0.5656% 0.7001% 0.5124%

SMC
pile−up shower,2sh,1sh+1e±,r
SMC
shower,2sh,1sh+1e±,r

3.04% 3.11% 3.63%

sMC
2sh,1sh+1e±,r

SMC
r

35.91% 34.89% 35.11%

δSMC
r

SMC
r

0.1063% 0.1168% 0.0995%

Table 6.13: Input values used in the calculations of the relative errors in the number of

selected background and signal events resulting from the pile-up with coincidental showers

produced in a di�erent neutrino reaction than the muon candidate.
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6.4 Systematics summary

The calculated cross-section systematic errors related to the neutrino �ux un-

certainty (�ux), the modelling neutrino primary interactions (xsec) and FSI

(fsi), as well as the detector response (det) equal:

〈σ〉data =(1.239± 0.034(stat)+0.175
−0.149(flux)±+0.070

−0.072 (xsec)

± 0.045(fsi)± 0.133(det))× 10−39 cm2/nucleon

=(1.239± 0.034(stat)+0.235
−0.217(syst))× 10−39 cm2/nucleon.

(6.22)

The biggest contributions come from the �ux uncertainty and detector sys-

tematics. The other errors are signi�cantly lower. The percentage error con-

tributions with respect to 〈σ〉data are listed in Table 6.14.

Systematics source Relative error

�ux +14.1%
−12.0%

xsec +5.7%
−5.8%

fsi ±3.6%

det ±10.7%

Total +19.0%
−17.5%

Table 6.14: Summary of the total �ux-averaged (νµCCπ
0)incl. cross-section systematic er-

rors.
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Summary

The analysis presented in this thesis was done on the 0.549 × 1021 POT set

of the real data collected from November 2010 to May 2013 and divided into

runs 2, 3c and 4. The results were compared with the predictions from the

corresponding 12.21×1021 POT set of NEUT MC events. The sample of FGD1

FV (νµCCπ
0)incl. events was selected using the ND280 tracker and ECal with

58% purity and 32% e�ciency. Based on this sample, the total �ux-averaged

cross-section was measured:

〈σ〉data =(1.239± 0.034(stat)+0.175
−0.149(flux)±+0.070

−0.072 (xsec)

± 0.045(fsi)± 0.133(det))× 10−39 cm2/nucleon

=(1.239± 0.034(stat)+0.235
−0.217(syst))× 10−39 cm2/nucleon,

(6.23)

while the NEUT generator prediction is

〈σ〉MC = (1.0522± 0.0028(stat))× 10−39 cm2/nucleon. (6.24)

The statistical (stat) and systematic (syst) errors were assessed using the

procedures approved by the T2K physics analyses groups. The measured cross-

section is consistent within the errors with the expectations. The observed

excess of the number of selected real data events is at the level of 10%, which

results in the 18% excess in the measured cross-section.

The improvement of the ND280 software including better ECal reconstruc-

tion and systematic error treatment, will make it possible to further develop

important parts of the (νµCCπ
0)incl. analysis, such as: selection of low energy

photons in the ECal and e± tracks contained inside the FGD subdetectors

to increase π0 selection e�ciency, taking into account correlations between

systematic errors, more detailed studies of secondary π0s and �nally recon-

struction of neutral pions momenta, directions and multiplicity. All these

improvements should eventually lead to the calculation of the �ux-averaged

di�erential cross-section as a function of muon momentum and cos θ and π0

momentum, cos θ and multiplicity.
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Acronyms

BrECal Barrel Electromagnetic Calorimeter.

CC Charged Current.

CCQE Charged Current Quasi-Elastic.

COH Coherent pion production.

DIS Deep Inelastic Scattering.

DsECal Downstream Electromagnetic Calorimeter.

ECal Electromagnetic Calorimeter.

FG Fermi Gas.

FGD Fine Grained Detector.

FSI Final State Interactions.

FV Fiducial Volume.

GENIE Generates Events for Neutrino Interaction Experiments � the neu-

trino event generator.

GRV98 M. Glueck, E. Reya, A. Vogt package ; 1998 update � the parton

distribution function.

HE photon Higher-Energy photon, i.e. photon from π0 decay with a higher

energy.

highland HIGH-Level Analysis in the ND280 detector.
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HMN track Highest Momentum Negative track with part in the TPC.

IH Inverted Hierarchy.

INGRID Interactive Neutrino GRID.

J-PARC Japan Proton Accelerator Research Complex.

LE photon Lower-Energy photon, i.e. photon from π0 decay with a lower

energy.

MC Monte Carlo.

MEC Meson Exchange Current.

MIP EM Minimum Ionising Particle Electro-Magnetic shower.

NC Neutral Current.

NCE Neutral Current Elastic.

ND280 Near Detector at 280 m.

NEUT NEUT � the neutrino event generator.

NH Normal Hierarchy.

NIWG Neutrino Interaction Working Group.

NuWro Wrocªaw Neutrino Event Generator.

OOFV Out Of Fiducial Volume.

P0D Pi-Zero Detector.

PECal P0D ECal, part of BrECal around P0D.

PID Particle Identi�cation.

POT Protons On Target.

RES Resonance production.
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RFG Relativistic Fermi Gas.

RMS Root Mean Square.

SF Spectral Function.

SK Super-Kamiokande.

SM Standard Model.

SMRD Side Muon Range Detector.

T2K Tokai to Kamioka.

TECal Tracker ECal, part of BrECal around the tracker.

TPC Time Projection Chamber.
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